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Abstract
The identification and characterisation of post-translational modifications (PTMs) of
proteins and peptides is vital to understanding their functional properties and complex
biological problems. The work presented in Chapters 2-4 of this thesis describes the
development and application of a joint negative ion electrospray ionisation tandem mass
spectrometry (ESI-MS/MS) and theoretical study into the identification and
characterisation of several PTMs.
Chapter 2 deals with the characteristic negative ion fragmentations of deprotonated
peptides containing mono- and di-phosphorylated systems. The characteristic
fragmentations of monophosphorylated peptides containing pSer and pThr are the loss
-

of H3PO4 from the (M-H)- anions and the formation of H2PO4 (previously identified by
Lehmann, et al.). These characteristic cleavages were found to be more energetically
favourable than the negative ion backbone cleavages of peptides described previously.
The characteristic loss of HPO3 from pTyr-containing peptides was found to be
comparable with those already reported for negative ion backbone cleavages. The
(M-H)

-

anions

from

selected

diphosphopeptides

-

show

characteristic

peaks

-

corresponding to m/z 177 (H3P2O7 ), 159 (HP2O6 ) and sometimes [(M-H)--H4P2O7]-.

The characteristic fragmentations of a pTyr group in the negative ion electrospray
-

tandem mass spectrum of the (M-H) parent anion of a peptide or protein involve the
-

-

-

formation of PO3 (m/z 79) and the corresponding [(M-H) -HPO3] species. In some
tetrapeptides where pTyr is the third residue, these characteristic anion fragmentations
-

-

-

are accompanied by peaks corresponding to H2PO4 and [(M-H) -H3PO4] (these are
fragmentations normally indicating the presence of pSer or pThr). These fragment ions
are formed by rearrangement processes which involve initial nucleophilic attack of a Cterminal -CO2

-

-

[or -C(=NH)O ] group at the phosphorus of the Tyr side chain [an

SN2(P) reaction].

i
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Chapter 3 describes how the negative ion ESI-MS of the peptides produced by tryptic
and chymotrypsin digests of bovine insulin, and from the tryptic digest of lysozyme
identify at least 80% of the sequences of these proteins as well as the positions of
disulfide moieties.
Chapter 4 reports on the experimental and theoretical investigation into the negative ion
fragmentations of Asp and isoAsp. It was found that it is not possible to differentiate
between Asp and isoAsp containing peptides (used in this study) using negative ion
ESI-MS because the isoAsp residue cleaves to give the same fragment anions as those
formed by ! and " backbone cleavage of Asp. No diagnostic cleavage cations were
observed in the electrospray mass spectra of the MH+ of the Asp and isoAsp containing
peptides (used in this study) to allow differentiation between these two amino acid
residues.
Chapter 5 describes the mass spectrometric component of a study showing that some
selected His-containing anuran peptides, namely caerin 1.8, caerin 1.2, Ala15 maculatin
1.1, fallaxidin 4.1, riparin 5.1 and signiferin 2.1, all form MMet2+ and (M+Met2+-2H+)2+
cluster ions (where Met is Cu, Mg and Zn) following ESI.

Peaks due to Cu(II)

complexes are always the most abundant relative to other metal complexes.
Information concerning metal2+ connectivity in a complex was obtained using b and y
fragmentation data from CID ESI-MS/MS.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Overvie w
The advent of the Human Genome Project and other large-scale genome
sequencing projects in the 1990s changed the face of biochemical research,
catalysing fundamentally different research paradigms, one of which was
proteomics. The field of proteomics is concerned with structural and functional
properties of large sets of proteins expressed by a genome, cell, tissue or
organism, under certain environmental conditions

1-3

. The proteome (the entire

protein complement expressed by a genome 4) is highly dynamic in nature; the
types of proteins expressed, their abundance, subcellular location, and state of
modification are all dependent on the physiological state of the cell or tissue. The
task of protein analysis for determining primary sequence, post-translational
modifications (PTMs) or protein-protein interactions appears a daunting task
when faced with the reality that the proteome of a differentiated cell is estimated
to consist of thousands to a few ten-thousands of different types of proteins, with
an estimated dynamic range of at least 5 orders of magnitude 3. In the last thirty
years, mass spectrometry (MS) has emerged as an indispensable tool for proteome
analysis, overcoming the limitations of classical methods of protein sequence
determination (such as Edman degradation) and establishing itself as the method
of choice for identifying and characterisation PTMs 3, 5-10.
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Chapters 2-4 of this thesis details the development and application of a study into
the identification and characterisation of several PTMs (phosphorylation, disulfide
bridging, and Asp/isoAsp isomerisation) in some selected peptides and proteins
using

negative

ion

electrospray

ionisation

tandem

(ESI-MS/MS) in concert with ab initio calculations.

mass

spectrometry

In relevant cases, the

negative ion experiments are compared to their positive ion counterparts to
highlight any advantages negative ion methods have over positive ion methods, or
to show their complementary nature when used for the purpose of primary
sequence determination. This work builds upon the Bowie group’s extensive
body of research in the field of negative ion mass spectrometric investigations
into fragmentations of deprotonated peptides.

1.2 Pro tein and Pe pti de Struc ture
The importance of proteins is inferred by their name, which originates from the
Greek word proteios, meaning “first place” 11. Proteins are the molecular tools of
the cell, with virtually every property that characterises a living organism being
affected by proteins.

Proteins are used for structural support, providing the

filamentous architecture within cells, and the materials that are used in hair, nails,
tendons, and bones of animals. They are vital in signaling mechanisms, and for
the storage and transport of a variety of particles, ranging from electrons to
macromolecules; as hormones they transmit information between specific cells
and organs in complex organisms; as enzymes they regulate metabolism by
selectively accelerating chemical reactions within the cell; and as antibodies they
function in the immune system of complex organisms to defend against foreign
bodies, such as bacteria and viruses 11-14.
In spite of their diverse range of functions, proteins are a relatively homogenous
class of molecules, all being linear polymers constructed from various
combinations of the same 20 naturally occurring amino acids (see pp. vi-vii).
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These polymers of amino acids are known as polypeptides. When incorporated
into a protein or peptide, amino acids are referred to as amino acid residues, and
are represented by either a unique three-letter abbreviation or a one-letter code
(see pp. vi-vii for abbreviations, codes, structure and nominal mass of each
residue). The unique sequence of amino acids is known as a protein’s primary
structure 11, 12, 14.
Amino acids are organic molecules possessing both carboxyl and amino groups.
Of the 20 amino acids usually found in proteins, 19 have the general structure as
illustrated in Figure 1.1 (A), differing only in the chemical structure of the side
chain R. The 20th amino acid, Pro, is similar, however its side chain is bonded to
the nitrogen atom to give the imino acid depicted in Figure 1.1 (B)

12

.

Figure 1.1: (A) General structure of 19 of the amino acids found in proteins.
(B) Structure of Pro.

With the exception of glycine, where the side chain is only a hydrogen atom, the
central carbon atom is asymmetric and is always the L isomer. The central carbon
atom of an amino acid is designated as !, and the atoms of the side chain are
commonly designated ", #, $, % and & in order away from the ! carbon 12, 14.
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Two amino acids can be linked together by a condensation reaction (the notional
removal of H2O) between the !-amino and !-carboxyl groups of adjacent
residues, to produce a dipeptide as illustrated in Figure 1.2 (A). The resulting
covalent bond is known as a peptide bond. Repeated over, this process yields a
polypeptide [Figure 1.2 (B)], with the repeating sequence of atoms (NH-CHC=O) in the chain known as the polypeptide backbone. The polypeptide chain
has polarity, with one end consisting of a free amino group (N-terminus), and the
other end consisting of a free carboxyl group (C-terminus) 14, 15.

Figure 1.2: (A) The peptide bond. (B) General structure of a polypeptide.

The distinction between various types of polymerised amino acids is subjective,
although generally, a peptide is defined as a short chain of residues (usually
smaller than 50 amino acids in length) whose physical properties are expected
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from the sum of its amino acid residues and if there is no fixed three-dimensional
conformation; a polypeptide is a longer chain, usually of defined sequence and
length; and a protein are those polypeptides that occur naturally and have a three
dimensional structure under physiological conditions 12, 15.
The key to the functional diversity of proteins lies in the unique three-dimensional
structures (conformations) formed simply through the differing sequences of the
amino acid building blocks. A protein’s specific conformation determines how it
functions by dictating its ability to recognise and bind to other molecules. For
instance, the ability of an antibody to recognise a particular foreign substance that
has invaded a body, or an enzyme to recognise and bind to its substrate (the
substance the enzyme works on) are dependent on the functional conformation of
a protein.

These higher levels of protein structure are known as secondary,

tertiary and quaternary structures, and are depicted in Figure 1.3.

Secondary structure collectively refers to the coils and folding of a polypeptide
chain that are driven directly by hydrogen bond networks at regular intervals
along the polypeptide backbone. These coiled and folded structures can be in the
form of !-helices, "-sheets, "-strands and turns. The different regions of protein
that fold or coil independently of each other are termed protein domains. ! Helices are delicate coils consisting of 3.6 residues per turn, and result from
hydrogen bonding between the backbone carbonyl oxygen of residue i and the
amide hydrogen of residue (i+4). " -Sheets (or pleated sheets) form as a result of
hydrogen bonding between parallel or antiparallel regions of a polypeptide chain,
where successive !-carbons of the amino acid residues lie slightly above and
below the plane of "-sheet alternatively, giving rise to a pleated pattern. Turn
motifs form tight folds in a polypeptide chain, such as the "-turns, which results
from hydrogen bond interactions between the backbone carbonyl oxygen of
residue i and the amide hydrogen of residue (i+2). These turn motifs require a cis
arrangement around the peptide bond, rather than the more common trans
configuration. Pro and Gly form cis arrangements about their peptide bond more
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easily than other residues, and thus, are common in these regions of structure 11, 14,
16-18

.

Tertiary structure refers to a protein’s geometric shape. Here, the arrangement
of the various secondary structures into a three-dimensional globular protein is
largely determined by non-covalent interactions between domains.

However,

disulfide bonds may further reinforce the conformation of a protein (see Chapter
3). The folding of a polypeptide into its functional conformation is initiated by
the behaviour of water molecules, which exclude non-polar substances as the
water molecules hydrogen bond to one another and to hydrophilic parts of the
protein. The amino acids with hydrophobic side chains congregate in clusters
within the protein core, with van der Waals attractions reinforcing the
hydrophobic interactions. Hydrogen bonding between polar side chains and ionic
bonds between positively and negatively charged side chains also help to stabilise
the tertiary structure. In many instances, a protein may exist in its functional form
simply by the folding of the polypeptide chain, as described. However, some
proteins require conjugation to non-protein ligands, such as metal ions (e.g.
calmodulin requires Ca2+), or more complex structures, known as prosthetic
groups (e.g. myoglobin requires heme) to adopt a stable globular structure 11, 14, 1618

.

Protein functionality may only be achieved in some instances by the association
of multiple protein chains to form a protein complex. This is the quaternary
structure level, and it is driven by non-covalent interactions between protein
subunits.
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Figure 1.3: The four levels of protein structure as illustrated for the protein
transthyretin, a blood protein that transports certain hormones and vitamins.
Primary structure is the sequence of covalently joined amino acids in a
polypeptide (unlabelled).

Secondary structure is the bending and hydrogen

bonding of a polypeptide backbone to form !-helices and "-pleated sheets.
Tertiary structure is the overall conformation (shape) of a polypeptide, as
reinforced by interactions between the sidechains (R groups) of amino acids.
Quaternary structure is the association between two or more polypeptides that
make up a protein. In the case of transthyretin, the whole protein consists of four
identical polypeptide subunits 19.
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1.3 Biosynthesi s o f Pro tei ns a nd Pepti des
The instructions required for the biosynthesis of the primary structure of proteins
(and peptides) are encoded in genes.

Genes are the discrete regions of

deoxyribonucleic acids (DNA) [or ribonucleic acids (RNA) in some viruses] that
consist of specific nucleotide sequences, which code for the primary structure of
every protein that is synthesised by any organism. There are two main processes,
both complex and intricate, linking gene to protein, these being transcription and
translation. Transcription is the synthesis of messenger RNA (mRNA) under the
direction of DNA. This mRNA carries a genetic message from the DNA to the
protein-synthesising machinery of the cell. This genetic message is in the form of
nucleotide base triplets, called codons. These base components can be adenine
(A), cytosine (C), guanine (G), or uracil (U). Translation is the process where a
sequence of codons along the mRNA molecule is decoded, or translated, into a
sequence of amino acids, with transfer RNA (tRNA) acting as the interpreter
(through complementary codon pairing). The function of tRNA is to transfer
amino acids from the pool of amino acids in the cytoplasm, to a ribosome.
Ribosomes are the particles on which protein biosynthesis occurs.

Each codon

specifies which one of the 20 amino acids will be incorporated at the
corresponding position along a polypeptide chain. Of the 20 amino acids, only
two, Met and Trp, have single codons (AUG for Met, UGG for Trp). The rest
have several codons, for example, Leu has six (UUA, UUG, CUU, CUC, CUA,
CUG) and Ser has two (AGU, AGC)

11, 12, 14

summarised in Figure 1.4.
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Figure 1.4: Translation: the basic concept.

As a molecule of mRNA slides

through a ribosome, codons are translated into amino acids, one by one. The
interpreters are tRNA molecules, each type with a specific anticodon at one end
and a certain amino acid at the other end. A tRNA adds its amino acid cargo to a
growing polypeptide chain where the anticodon bonds to a complementary codon
on the mRNA. An anticodon is a specialised base triplet at one end of a tRNA
molecule that recognises a particular complementary codon on an mRNA
molecule 11.

1.4 Post-Tra nslatio nal Mo di fica ti ons
Release of a completed polypeptide chain from a ribosome is rarely the final
chemical step in the formation of a protein. Additional covalent changes usually
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take place, either by addition of a modifying functional group or by proteolytic
cleavage, before a biologically active protein is produced.

These covalent

processing events are known as post-translational modifications (PTMs) and
there have been over 200 distinct types reported in the literature 7. Some of the
most common include phosphorylation (see Chapter 2), disulfide bridge formation
(see Chapter 3), isomerisation (e.g. Asp/isoAsp, see Chapter 4), acetylation, Cterminal

amidation

20

,

glycosylation,

sulfation,

lipid

modification

and

ubiquitination 7, 8, 21. PTMs are critical to protein function and activity, with most
biological processes being regulated by these modifications. For example, in
signalling, kinase cascades are turned on and off by the reversible additional and
removal of phosphate groups

22

, and in the cell cycle, cyclins are marked for

destruction at defined time points by ubiquitination

23

. Any disruption to the

regulation of biological processes can lead to disease, and hence the development
of strategies to identify and characterise PTMs will generate indispensable insight
into biological function 8, 21, 24. Most covalent modifications change the molecular
weight of the amino acid involved, and therefore MS is ideally suited for mapping
PTMs. A comprehensive list of PTMs and 'mass values (the mass difference
between unmodified and modified amino acid residues) can be found at
http://www.abrf.org/index/cmf/dm.home 25.
Chapters 2-4 of this thesis explores the application of negative ion ESI-MS/MS to
the characterisation of several post-translational modifications:

Chapter 2

investigates the characteristic negative ion fragmentations of deprotonated
peptides containing phosphorylated Ser, Thr and Tyr residues

26-29

; Chapter 3

reports on the application of negative ion MS for the sequence determination of
underivatised disulfide-containing proteins, namely insulin and lysozyme

30

; and

Chapter 4 compares the negative and positive ion fragmentations of peptides
containing Asp and isoAsp residues 31.
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1.5

Pepti de/P rotei n Se que nc ing and P roteo mi c

Analy sis of Post-Transla tiona l Modi fica tio ns
The pioneering studies into protein/peptide sequencing can be traced to two
almost parallel bodies of work by Frederick Sanger and Pehr Edman. In 1953
Fred Sanger established a method for determining the N-terminal amino acid
residue of a polypeptide chain by labelling it with a dinitrophenyl group. He
developed this method further by using several proteolytic enzymes to produce Nlabelled di- and tri-peptides. Following total hydrolysis, the identification of
labelled and unlabelled amino acids was established by paper chromatography.
By piecing together the residues like a jigsaw puzzle, Sanger was able to
determine the first full sequence of a protein, insulin, in 1955 5, 32.
Around the same time, Edman was developing methods that later led to the first
automated sequential sequencing instrument. Edman’s method, known as Edman
degradation, utilises a fixed cycle of standard chemical reactions to allow removal
and identification of successive N-terminal amino acid residues. The peptide is
bound to a solid membrane support, and then in each cycle the free N-terminal
amine group is treated with phenylisothiocyanate to yield a phenylthiocarbamoyl
derivative.

Subsequent acid hydrolysis affords a phenylthiohydantoin, with

concomitant cleavage of the amide bond.

The hydantoin undergoes high-

performance liquid chromatography (HPLC) analysis for identification based on
the known retention times of common amino acids, while the new N-terminal
residue is subjected to another cycle for characterisation, (Figure 1.5)
are several limitations to Edman sequencing.

33-35

. There

For instance, as amino acid

identification relies on known HPLC retention times, any uncommon or modified
amino acids will be missed. Also, peptides with a pyroglutamate residue Nterminal block Edman sequencing because the initial phenylthiocarbamoyl cannot
form. Furthermore, Edman sequencing is susceptible to contamination because the
degradation reactions may not go to completion, sometimes making conclusive
sequencing difficult. Finally, as peptide size decreases, there in an increased risk
of it being washed from the solid support, thereby missing terminal information
36

. Nevertheless, Edman degradation proved to be a very successful method for
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sequence determination, and prior to the emergence of mass spectrometry it was
the preferred sequencing method.

Today, coupled with mass spectrometry,

Edman sequencing is used as a complementary technique to provided supporting
sequence information, for example, Edman sequencing has the advantage of being
able to distinguish between isomeric Leu and Ile residues (113 Da) and isobaric
residues, Lys and Gln (128 Da) 33, 36.

Figure 1.5: Edman sequencing reaction scheme.

1.6

Ma ss Spec tro me try

Mass spectrometry is an analytical technique based on the production,
differentiation and detection of ions in the gas phase, allowing for the
determination of mass-to-charge ratios (m/z) of ions in a high-throughput manner.
The origin of mass spectrometry dates back to the early 1900s and is attributed to
J.J. Thomson and his protégé Aston, whose investigations into the positively
charged rays emanating from gaseous discharges led them to construct the first
mass spectrometer (then called a parabola spectrograph)

- 12 -
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instrumentation has evolved with the development of new ionisation techniques
and mass analysers. The early single magnetic sector instruments have been
superseded by double sector and tandem double sector instruments that contain
both a magnetic and electric sector, resulting in enhanced experimental
capabilities and greater resolution 39, 40. Time of flight (TOF) 41, 42, quadrupole 43,
44

and ion trap mass spectrometers

45, 46

are now the most commonly used

spectrometers for the study of proteins and peptides.
Major advances in the application of MS to the field of proteomics can be
attributed to the development of “soft ionisation” methods such as electrospray
ionisation (ESI – Section 1.8) and matrix assisted laser desorption ionisation
(MALDI) 47-49, which allow for the direct analysis of large, polar, thermally labile
molecules, such as proteins and DNA.
Today, MS is the most accurate, sensitive and rapid method for the structural
elucidation of biomolecules, rendering it an indispensable tool in the fields of
physical, health and life sciences 50.

1.7 The Q-T OF 2 Mass Spec tro me ter
The mass spectrometric research presented in this thesis was carried out primarily
using a Q-TOF 2 hybrid quadruple TOF mass spectrometer (Micromass Q-TOF
2). Figure 1.6 is a schematic diagram of the principle components of a Q-TOF
instrument. Q-TOF mass spectrometers have been embraced by the analytical
community, particularly for peptide analysis, due to the instrument’s ability to
combine high performance TOF analysis, both in the MS and tandem MS
(MS/MS) modes, with the widely used technique of ESI, resulting in high
sensitivity and high mass accuracy 43, 51.
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Figure 1.6: Schematic diagram of the Q-TOF 2 mass spectrometer.

Figure

adapted from 52.

Gas phase ionisation is achieved in the Z-spray ion source of the Q-TOF 2 mass
spectrometer through the ESI method (Section 1.8).

An electrical potential

applied to the sample cone cause the generated ions to be drawn through the
sample cone aperture. Altering the applied cone voltage allows for ions to be
preferentially selected based on their differing mass-to-charge ratio (m/z).
Generally, employing larger voltages attracts larger m/z into the analyser

53

. The

analysing component of the Q-TOF 2 instrument consists of two sectors, a
quadrupole mass filter, coupled to a hexapole collision-gas cell, followed by an
orthogonal-acceleration TOF sector.
Quadrupole mass analysers consist of four precisely parallel metal rods, equally
spaced around a central axis, which generate an electric field through the
application of radio frequency (rf) and direct current (DC) voltages. An opposing
rod pair, will have identical DC and rf fields applied to them, with the two pairs
having rf fields 180° out of phase, and opposite DC potentials 54. This results in
one set of rods being positively charged, and the other set negatively charged.
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The potential difference focuses the ions into a continuous beam with an
oscillating motion, along the central axis of the rods. The motion of the ions in
this sector is dependent on the electrical field, such that only ions with a particular
m/z will have a stable trajectory and be able to pass through to the detector. The
resolution and ion transmission are controlled by varying the frequency and
strength of applied rf and DC potentials between adjacent rod pairs. By varying
the electric field in this way, ions of different m/z are brought into focus on the
detector, thereby generating a mass spectrum 43, 45, 55, 56.
In the MS mode, the quadrupole essentially acts as an ion guide, allowing ions of
all m/z to pass through the quadrupole mass analyser to collect at the pusher. The
pusher imparts translational energy to these ions for entry into the TOF sector.
However, if further structural information is required, tandem MS (MS/MS) is
utilised 50, 57-59. In MS/MS mode, the ion of interest is allowed to pass through the
quadrupole mass analyser and into the hexapole collision cell for collisioninduced dissociation (CID) 53, 57-63. All other ions are ejected from the quadrupole
by striking the rods or the walls of the device (Figure 1.7).

43, 45, 55, 56

The

fragment ions generated by CID are then accelerated via the pusher to the TOF
analyser for subsequent mass determination.

Figure 1.7: Mass selection by a quadrupole analyser. Ions coloured red have a
stable trajectory through the RF field and are transmitted along the quadrupole.
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Upon entering the TOF analyser an accelerating potential (V) from the pusher,
will give an ion of charge z an energy of zV, which can be equated to kinetic
energy, as follows:

where m and v are the mass and velocity of the ion respectively. Since velocity
can be related to distance (d) and time (t), the above equation can be rewritten to
show the relationship of mass to charge, as follows:

Therefore, ions with a larger m/z will have a longer flight time as they travel the
fixed distance between the pusher and the detector. Consequently, the detector
observes a spread in arrival times, and this is interpreted as a mass spectrum 41, 42,
56

. As packets of ions enter the TOF tube and are accelerated by the pusher

towards the reflectron, variations in kinetic energy of the ions will arise due to
their location relative to the pusher; ions closer to the pusher receiving more
kinetic energy than those further away. Accordingly, ions with the same m/z may
obtain different energies and hence different flight times, causing a reduction in
resolution of the spectrum. The reflectron effectively aids in mass resolution by
correcting for the distribution of kinetic energies amongst the ions. The reflectron
consists of a series of electrodes that create a retarding electric field at the end of
the TOF tube, which reverses the flight direction of the ions. Ions with higher
kinetic energies will penetrate the reflectron more deeply than those with lower
kinetic energy. This allows ions of different kinetic energies but same m/z to
catch up with one another and arrive at the detector simultaneously, resulting in
increased resolution, (Figure 1.8) 64, 65.
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Figure 1.8: TOF mass analysis, showing two ions with the same m/z but different
kinetic energies arriving together at the detector due to the presence of a reflectron
ion mirror.

Ion detection in the Q-TOF 2 instrument is achieved using a microchannel plate
(MCP) detector, which is a plate comprising an array of tiny tubes
(microchannels) from one face to the other. Each microchannel operates as an
electron multiplier, such that when an ion strikes the MCP, electrons are emitted
from the surface, which are then accelerated down the channel, striking the walls,
and thereby releasing more electrons (up to 106 electrons) and amplifying the
signal. The amplified electron pulse is sent to the time to digital converter (TDC)
where the arrival time relative to the ejection of ions from the pusher is recorded.
A full spectrum is recorded at 50 µs intervals, with up to 20,000 scans able to be
summed per second, to yield a mass spectrum. The Q-TOF 2 has a m/z range to
10,000 Th (Thomson) and can acquire spectra at nanomolar concentrations 51.
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1.8 Electro spray Io nisa tion
Arguably, the most important process of mass spectrometry is the one that
converts analytes of interest into gas phase ions.

In its infancy, MS-based

analysis of biological molecules relied on ionisation techniques such as chemical
ionisation (CI) and electron impact (EI). These techniques, however, limited the
types of analytes that could be analysed intact to volatile compounds of relatively
low molecular weight and that were thermally stable. A major stumbling block
for biological MS was the high molecular weight and highly polar, zwitterionic
character of peptides, which severely limited their volatility 9.

MS-based

proteomics was revolutionised first by the development of fast atom
bombardment (FAB) mass spectrometry

36

and then by ESI-MS for which John

Fenn won the Nobel Prize in Chemistry in 2002 6, 66. The pioneering experiments
into the generation of ions by ESI are attributed to Dole et al. (1968). However,
ESI did not catch the attention of the international MS community until Fenn
reported the successful ionisation of intact proteins at the 1988 American Society
for Mass Spectrometry (ASMS) conference in San Francisco 67. One of the major
advantages of this technique was that an ESI source could be coupled to a
quadrupole mass spectrometer, which were, by then, ubiquitous.
ESI is known as a ‘soft’ ionisation technique, due to its mildness. Ions are formed
with minimal internal energies, which limits unwanted fragmentation in the ion
source and preserves weak non-covalent interactions

68-71

. Additionally, ESI can

generate multiply charged ion states, thus reducing the m/z of the formed species
and opening up the field of MS for the characterisation of biological
macromolecules. Whole virus particles and plasmid DNA with molecular weights
of megadaltons can now be investigated 5, 72, 73.
The charge state of the ions can be elucidated from the isotope peaks, with the
mass difference between these peaks being inversely proportional to charge. For
example, an ion of +2 charge will be observed as an isotope peak envelope, with a
mass difference of 0.5 Da between each signal
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methods can be employed to determine the molecular mass of a protein or large
peptide from the statistical distribution of multiply charged peaks 74-76.

For an ESI-MS experiment, the analyte is initially dissolved in a solvent, typically
an aqueous organic solvent for peptide sequencing

71, 77

, forming positive and

negative ions 50. The analyte solution is then passed through a heated capillary at a
low flow rate, typically in the nL.min-1 to µL.min-1 range. A strong electric
potential (1-6 kV) is applied between the needle (capillary) and an adjacent
counter electrode. This electric field penetrates below the surface of the liquid at
the capillary tip, causing partial charge separation

56, 78

.

By controlling the

polarity bias of the applied electric field, either positive or negative ions are
selected. Charge accumulation at the capillary tip causes the liquid to adopt a
conical shape, known as a ‘Taylor cone’, the tip of which is drawn into an
elongated filament, or jet. The tip of the cone becomes unstable as the charge
density increases, causing a fine mist of charged droplets to be sprayed 56, 61, 79-82.
The electric field required for electrospray is given by the equation:

where # is the surface tension of the liquid, cos 49° is the half-angle of the Taylor
cone, %0 is the permittivity of the vacuum and rc is the radius of the capillary 82, 83.
At this point, the jet breaks up into a mist of fine droplets, less than 10 µm in
diameter, which then travel down a pressure and potential gradient towards the
high-vacuum component of the mass spectrometer 56.
Solvent evaporation is promoted by the application of heating and dry gas as the
droplets traverse the distance between capillary tip and counter electrode. This
leads to a decrease in the droplet radius at a constant charge. The radii of the
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droplets are reduced, within approximately 100 µs, to the point approaching the
Rayleigh stability limit, represented as follows:

where q and R describe the charge and radius of a supposed spherical droplet,
respectively. At this point, the cohesive surface tension forces can no longer
sustain the Coulombic repulsion, resulting in a “Coulombic explosion” or
“Coulombic fission”, where the parent droplet disintegrates into much smaller
offspring droplets. Repeated solvent evaporation and droplet fission occurs until
finally generating the charged droplets (in the nm range), from which the gas
phased charged analyte molecule is formed (Figure 1.9) 81, 84.

Figure 1.9: Schematic representation of the ESI process.

The exact mechanism describing the production of isolated gas phase ions is not
entirely understood.
evaporation model

Two models have been proposed, namely the ion-

82, 85

and the charge-residue model

78, 82, 86, 87

. The ion-

evaporation model proposes that direct emission of ions will occur due to
electrostatic repulsion once the droplet radius is reduced to a range of 10 to 20
nm. In contrast, the charge-residue model suggests that gas phase ions result from
repeated droplet fission to the point where no further solvent evaporation can
occur. It is likely that both processes apply in different situations 50, 78.
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1.9 Fragmenta tions
Spe ctro metry

in

P ositive

Ion

Mass

The mass spectrometric determination of the amino acid sequence of peptides and
proteins has primarily been achieved through the collisional activation of peptides
in the positive ion mode, whereby peptide MH+ ions are subjected to CID. The
positive ion CID spectra produced are dominated by two amide bond cleavages,
the b and y cleavages, from which the sequence of the peptide can be determined
(Scheme 1.1)

36, 50, 53, 88

. The b cleavages provide sequencing information from

the C-terminus, whilst the y fragmentations allow for sequencing from the Nterminus 89. The distinctive mass differences between successive ions of the same
fragmentation series provide the amino acid residue sequence of the peptide 36, 90.

The structures of the b and y fragment cations are illustrated in Scheme 1.1. The
b fragment ion is represented as both the originally proposed acylium cation, as
well as the more recently suggested cyclic oxazolone structure 91-95. Other cyclic
structures for b ions have also been proposed 96, 97.
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Scheme 1.1: Positive ion cleavage of the peptide bond to afford b and y fragment
cations. Both the acylium and cyclic oxazolone cation structures of the b ion are
shown.

Used in combination, the b and y fragmentation ions can provide the full
sequence of a peptide, with the exception of the differentiation between isomeric
Leu and Ile, and isobaric Lys and Gln. Leu and Ile can be differentiated by
application of techniques complementary to MS, such as Edman degradation

34

.

Lys and Gln can be distinguished by use of mass spectrometers with high mass
accuracy

98

, through Edman degradation or the use of the endoproteinase Lys-C

prior to MS analysis 99 or by analysis in the negative ion mode 100.
Positive ion MS does not always provide full sequencing information of peptides.
This may be the case for peptides containing residues with modified side chains
such as sulfated and phosphorylated Ser, Thr and Tyr residues, as well as acidic
residues (e.g. Asp and Glu). The high acidity of these residues means that these
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peptides may more readily form deprotonated ions (M-H)- than protonated ions
(MH)+ 101.

1.10
Fragme nta tio ns i n Negative Io n Mass
Spe ctro metry
The mass spectra generated by collisional activation of peptide anions of the form
[M-H]- usually display increased complexity when compared to their positive ion
counterparts. As a consequence, the application of negative ion MS to peptide
analysis has, historically, been limited to molecular weight determination

102-104

and identification of post-translational modifications such as sulfate and
phosphate groups

105-108

. The complexity of negative ion mass spectra is due to

the large array of fragmentation ions produced, many of which correspond to
facile side-chain cleavages, rather than the amide backbone cleavages which are
well suited to peptide sequencing.

As a consequence of the vast array of

competitive fragmentations, the amide backbone cleavages are often of low
relative abundance. Despite these limitations, negative ion MS can provide useful
sequencing information that is complementary to that obtained from positive ion
experiments. Furthermore, negative ion MS can yield data that provides structural
information that cannot be obtained in the positive mode

100

. A small number of

research groups are contributing to the body of literature examining negative ion
spectra in the hopes of explaining the formation of the multitude of ions produced
109-114

. For over two decades, the Bowie group has been involved in studying the

(M-H)- ions of small peptides, with initial work carried out using Fast Atom
Bombardment (FAB) spectroscopy on a two sector mass spectrometer (VG ZAB
2HF)

115, 116

, and more recent work on three-dimensional quadrupole ion trap

(ESMS LCQ, liquid chromatography quadrupole) and Q-TOF 2 instruments

100

.

Negative ion MS has many advantages over conventional positive ion MS in the
study of post-translational modifications, such as in the identification of disulfide
bridges (Chapter 3). The research presented in this thesis contributes to the body
of literature about negative ion MS through the investigations of the characteristic
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cleavages associated with several post-translational modifications, namely
phosphorylation, disulfide bridging and peptides containing isoAsp residues.

1.10.1 Ami de Backbone Fragme ntations
In the negative ion mode, there are two amide backbone cleavage ions that
provide sequencing information analogous to the b and y cleavages of the
corresponding positive ion spectra. These cleavages have been named " and !
backbone cleavages, respectively, to distinguish them from their positive ion
counterparts. The " cleavage ions provide sequencing information from the Nterminus (analogous to y cleavages), whilst ! cleavage ions provide sequencing
information from the C-terminus (analogous to b cleavages)

100

. The proposed

mechanism for the formation of " and ! cleavage ions are shown in Scheme 1.2.
It is postulated that the process proceeds via enolate anions adjacent to the amide
carbonyl in the peptide backbone.

An alternative cyclic structure for the "

cleavage ion (Scheme 1.2), formed by a different mechanism, has also been
proposed 95, 96, 117.
Ab initio studies into the energetics of these processes reveal that the " and !
cleavage processes are endothermic by 285 kJ mol-1 and 134 kJ mol-1
respectively, with a maximum transition state barrier of 397 kJ mol-1 118.
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Scheme 1.2: Negative ion cleavage of the peptide amide backbone to yield ! and
" fragment anions.

An additional amide backbone cleavage, known as a "’ fragmentation, also occurs
in negative ion mode and provides sequencing information from the C-terminal
end of a peptide

100, 118, 119

. The "’ fragment anion is thought to form by a

mechanism involving SNi substitution/cleavage and cyclisation
of the "’ fragment anion is shown in Scheme 1.3.

Scheme 1.3: Structure of the "' backbone fragment anion.
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Amide backbone cleavages can also be induced by anions situated on the side
chain of particular amino acid residues. These side chain induced backbone
cleavages are caused by amino acids which can be deprotonated in a position
adjacent to the backbone to form a stabilised anion, such is the case for Asp, Asn,
Glu, Gln, Phe, Tyr, His and Trp 100. Unlike ! and " processes which result from
cleavage of the amide bond, side chain induced backbone fragmentations result
from cleavage of the NH-CH bond, adjacent to the amide bond

120

. Peptide size

can influence the facility of side chain induced backbone fragmentations. For
instance, CID of small peptides generally yields side chain induced backbone
cleavages of Phe, Tyr and His more readily than it yields amide bond
fragmentations, when compared to larger peptides.

However, Asp and Asn

fragmentations remain abundant, irrespective of peptide size. The product ions
resulting from side chain induced backbone fragmentations have been named $
and # ions (Scheme 1.4 A), and are formed by mechanisms reviewed elsewhere
100, 121

. For Glu and Gln, the side chain enolate that forms is not directly adjacent

to the backbone, therefore the resulting side chain induced backbone cleavages
occur through a different mechanism, which is described in references 122, 123. The
structure for the $ and # ions of Glu are shown in Scheme 1.4 B.

Scheme 1.4: Structures of the $ and # ions formed by side chain induced
backbone cleavage from (A) Asp and (B) Glu.
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1.10.2 Characteristic Si de Chain Fragmentations
In negative ion mode, the side chains of many amino acids undergo characteristic
cleavages, an attribute generally not observed in positive ion mode

121

. These

fragmentations often confirm the presence of a particular amino acid, but not its
relative position within the peptide.

Many of these fragmentations are only

present in small peptides of up to four residues in length, however there are some
amino acids that produce pronounced side chain cleavages irrespective of the size
of the peptide (indicated in Table 1.1). These side chain cleavages will often
dominate a negative ion spectrum, particularly for small peptides, forming in
preference to the !, " and "’ backbone cleavages. Furthermore, the !, " and "’
cleavage ions are sometimes observed from the side chain cleavage ion instead of
the (M-H)- ion. For example, in Ser containing peptides, !, " and "’ ions are
observed from the [(M-H)--CH2O] fragment, often not the (M-H)- parent ion

100,

121

.

Table 1.1: Characteristic negative ion side chain fragmentations
Fragmentations prevalent in peptides of all sizes are indicated by *.
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1.11 T heoretical Calculations
Theoretical chemistry is a vital adjunct to experimental studies as it seeks to
provide explanations to chemical and physical observations. However, it is also
used independently, to give insight into molecules and reactions where
experimental observation is impossible. Computational chemistry is a branch of
theoretical chemistry that uses mathematical methods that have been developed
for automated implementation on a computer.

The use of computational

chemistry has expanded rapidly over the past two decades, largely due to
developments of software and advances in super-computers.
To follow is an explanation of the aspects of the broad field of computational
chemistry that are relevant to the research presented in this thesis. The levels of
theory used for these studies were selected (from the many now available)
because they provide a cost effective method in terms of accuracy, and for the
purpose of making a fair comparison to results obtained in previously reported
studies where the same level of theory was used. The results of the theoretical
studies presented in this thesis have been published 26-28, 31.
There are two main areas of computational chemistry devoted to the structure and
reactivity of molecules, namely molecular mechanics and electronic structure
theory. Each method uses a different approach to perform the same basic types of
calculations, such as geometry optimisations and determination of energies and
vibrations of molecules. Molecular mechanics uses simulations based on the laws
of classical mechanics to predict the structures and properties of molecules. The
basis of molecular mechanics is the Born-Oppenheimer approximation, where the
protocol is to calculate interaction among nuclei, without explicitly considering
the electrons in the system. As such, this approach is limited in that it cannot
explain phenomena where electronic effects predominate, such as those involving
bond formation or bond breakage 124, 125.
Electronic structure methods apply the laws of quantum mechanics, rather than
classical physics, to their computations. The cornerstone of quantum mechanics
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is the Schrödinger equation (H( = E(). Quantum theory states that the solution to
the Schrödinger equation provides the wavefunctions ((), which describe the
behaviour of electrons in atoms and molecules, as well as the eigenvalues, viz
their associated energies, E. H is the Hamiltonian operator (the sum of the kinetic
energies and the potential energy of all the particles associated with the system).
The exact analytical solutions for the Schrödinger equation can only be found for
simple cases such as the particle in a box, harmonic oscillator, the hydrogen atom
or hydrogen-like ions. Various mathematical approximations of the Schrödinger
equation are therefore utilised, even for simple two-electron systems such as the
helium atom 124, 126.
There are two main classes of electronic structure methods, these being semiempirical methods, and ab initio methods (ab initio is Latin for “from the
beginning”).
parameters

Semi-empirical methods are characterised by their use of
derived

from

experimental

measurements,

in

particular

thermochemical and spectroscopic data. While not very reliable, semi-empirical
methods are relatively inexpensive and can yield results, even for very large
molecules, within a reasonable timescale. These methods can be a valuable aid to
the interpretation of experimental data.

They are also useful as a first step

optimisation for large systems to obtain a starting structure, before subsequent
Hartree-Fock (HF) or Density Functional Theory (DFT) optimisation. Among the
best-known semi-empirical methods are AM1, PM3 and MNDO 124, 126, 127.
For ab initio methods, unlike either semi-empirical methods or molecular
mechanics, no experimental parameters are used in their computations. Instead,
their computations are rigorously based on first principles (quantum theory) and
on several physical constants: the speed of light, the mass and charges of electrons
and nuclei, and Planck’s constant. Ab initio computations provide high quality
quantitative predictions and are generally not limited to any specific class or size
of system. The simplest type of ab initio structure calculation is the HF scheme,
an extension of molecular orbital theory

128, 129

. HF theory does not take into

consideration the effects of specific correlated electron-electron repulsion, but
rather includes it as an average effect in its calculations. HF theory is reasonably
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good for computing structures and vibrational frequencies of stable molecules and
some transition states, but may not be satisfactory for situations where the effects
of electron correlation are important, such as modelling the energetics of
reactions. A variety of methods have been developed that do include some effects
of electron correlation. These include Møller-Plesset perturbation theory (e.g.
MP2)

130

and Coupled Cluster methods.

DFT methods are a third class of

electronic structure methods and provide an alternative approach to electron
correlation.

DFT methods are similar to ab initio methods in many ways,

although rather than trying to solve the wave function, they use functions
designed to connect electron density probability to energy 124, 126, 127.
Electronic structure calculations use basis sets, mathematical descriptions
representing linear combinations of atomic orbitals (LCAO), to approximate the
total electronic wavefunction of a system.

Larger basis sets impose fewer

restrictions on the locations of electrons in space, and thus more accurately
describe the orbitals. Basis sets can be made larger by increasing the number of
basis functions for each orbital. The theoretical calculations described in this
thesis used split valence basis sets, specifically the 6-31G basis set, where there
are two sizes of basis functions for each valence orbital. Split valence basis sets
recognise that different orbitals have different spatial extents and therefore allow
orbitals to change size, but not to change shape. Polarised basis sets remove
shape limitations by adding orbitals with angular momentum beyond what is
required for the ground state description of each atom. For example, 6-31G(d,p)
indicates the 6-31G basis set with d functions added to carbon atoms (or heavy
atoms) and p functions added to hydrogen atoms. Adding diffuse functions to
basis sets allows orbitals to occupy larger-size versions of s- and p-type functions
than the standard valence-size function.

Diffuse functions are particularly

important for systems where electrons are relatively far from the nucleus, such as
molecules with lone pairs or anions. Diffuse functions are indicated in the name
by the ‘plus’ sign. For instance, 6-31+G(d) is the 6-31G(d) basis set with diffuse
functions added to heavy atoms, and 6-31++G(d,p) adds diffuse functions to the
hydrogen atoms as well 124.
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The naming convention designated to the theoretical calculation parameters for
the model systems described in this thesis is represented as:
ENERGY_level_of_theory/ENERGY_basis_set//GEOMETRY_level_of_theory/GEOMETRY_basis
_set

where the model to the left of the double slash is the one at which the energy is
computed, and the model to the right of the double slash is the one at which the
molecular geometry was optimised 124. The HF/6-31+G(d)//AM1 levels of theory
was chosen to investigate the reaction systems presented in this thesis. The AM1
level has previously been shown to demonstrate good correlation with ab initio
methods when used for geometry optimisations of minima and transition
states

122, 131

. However, there were instances during this investigation where it

was necessary to use a higher level of theory for more complex systems, in which
case, the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory was employed. 1

1

An examiner has suggested the need for caution when interpreting the computational data
obtained at the HF/6-31+G(d)//AM1 level of theory, noting that this methodology is lacking by
2014 standards and can only be expected to produce general rather than quantitative pictures of the
potential energy surfaces.
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Chapter 2

Characteristic Negative Ion
Fragmentations of Phosphorylated
Peptides and Proteins

2.1 Intro ductio n
In 1906, Levene and Alsberg became the first to discover protein phosphorylation,
in the protein vitellin 132, 133. It was not until almost 30 years later that the site of
phosphorylation was mapped to serine residues

134

.

Then, in the 1950s,

phosphorylation was recognised as a reversible means of modulating protein
function with many aspects of cell growth, metabolism, division, motility, and
differentiation

being

controlled

by

dephosphorylation of cellular proteins
integrated

network

of

protein

the

selective

133, 135-137

kinases and

phosphorylation

and

. A delicately complex and
phosphatases catalyse the

phosphorylation and dephosphorylation of proteins, respectively

138

. Today, as a

result of genomic sequencing, it is thought that 3-5% of all eukaryotic genes may
code for protein kinases, which constitutes a substantial commitment of an
organism’s genome to this modification

135, 139, 140

. In turn, it is estimated that

approximately 30% of the proteins encoded by the human genome contain
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covalently bonded phosphate, making phosphorylation the most ubiquitous posttranslational modification of proteins 22, 136, 141, 142.
Abnormal phosphorylation is now recognised as a cause or consequence of many
human diseases

143-150

. Therefore, understanding protein phosphorylation on a

molecular level is of great importance and interest to researchers as it opens new
avenues of disease therapy

133, 151-154

. Due to the complex nature of protein

phosphorylation, analysing this PTM presents a formidable challenge.

For

instance, phosphorylation is a transient modification and therefore “capturing” the
associated structure for analysis may be difficult if the lifetime of a
phosphorylated site is short.

Furthermore, a given protein may exist

simultaneously, in substoichiometric populations, as differentially phosphorylated
isoforms (i.e. different sites of phosphorylation), meaning only a small fraction of
a particular protein population may be phosphorylated at any given time.
Complicating analysis further is the sheer number of potential phosphorylation
sites across the proteome. In eukaryotes, phosphorylation predominately occurs
on serine (Ser), threonine (Thr) and tyrosine (Tyr) residues (Figure 2.1), which
equates to approximately 17% of total amino acid content in an average protein
155

. Based on this figure, it has been estimated that nearly 700,000 different

potential phosphorylation sites exist in an average eukaryotic cell 156.

Figure 2.1: Structures of phosphorylated serine, threonine and tyrosine residues.
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Prior to MS becoming a tool for protein analysis, Edman degradation was the
method of choice for phosphorylation analysis. However, unfortunately Edman
chemistry is not well suited to identifying phosphorylated residues. Usually
phosphopeptides in a protein digest would have to be labelled with radioactive
[32P] phosphate, and then several rounds of HPLC purification may be necessary
to isolate a single peptide and prepare it for Edman sequencing. Furthermore, each
of the three major phosphoamino acids (pSer, pThr and pTyr) requires a different
set of conditions for successful sequencing by Edman degradation 157-163.

MS based approaches to phosphorylation analysis are able to overcome many of
these inherent biological challenges, and thus MS has emerged as the method of
choice for the identification of phosphorylation sites in peptides and proteins. In
the last decade, more than 500 papers have been published describing the
application of positive ion MS to the determination of phosphorylation sites,
some of which involve the use of tandem mass spectrometry (MS/MS).
Consideration of a small number of recent publications together with the research
referenced in their introductions highlights the current level of sophistication of
the positive ion MS analytical procedures 164-170.

In contrast, reports of the application of negative ion MS to the identification of
phosphorylation sites in peptides and proteins have been limited. Characteristic
formation of m/z 97 (H2 PO4-) and 79 (PO3 -) have been reported
negative ion

MS

literature includes

phosphorylation by

MS

178

of

. The

the identification

of

liquid chromatography

collision-induced dissociation

173-177

, atmospheric pressure ionisation

electrospray ionisation (LC-CID ESI) MS
(API) CID MS/MS

reports

171-173

, and matrix-assisted laser desorption/ionisation (MALDI)

179, 180

. More recently, Lehmann and co-workers have described the use of

negative ion ESI-MS of phosphorylated Ser, Thr and Tyr residues (pSer, pThr
and pTyr); pSer and pTyr are identified by the process [(M-H)--H3 PO4]-

107, 108

,

and pTyr by the major process (M-H)- to PO3 -173. Their research indicates that
the negative ion technique is sometimes better for the detection of
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phosphorylation than the conventional positive ion techniques, particularly when
using fragmentations of doubly charged phosphopeptide anions 107.

The research presented in Section 2.2.1
Lehmann and co-workers

107, 108

26

of this thesis builds upon the work of

by (i) comparing the positive and negative ion

fragmentations of phosphorylated Ser, Thr and Tyr amino acids, some very
simple monophosphorylated tetrapeptides and then some more complicated ones;
(ii) using theoretical calculations to probe the reaction coordinate profiles of some
characteristic negative ion cleavages of the phosphorylated residues in model
systems; and (iii) comparing the relative extents of negative ion cleavages of
phosphorylated residues and other facile negative ion cleavages of some common
amino acid residues.

In the case of the (M-H)- anion of the tetrapeptide GApYL-OH, the characteristic
pTyr fragmentations, PO3 - and [(M-H)--HPO 3]-, are accompanied by two
‘anomalous’ ions, H2PO4- and [(M-H)--H3 PO4]- , which normally indicate the
presence of pSer or pThr. These two anomalous ions cannot arise from the
processes of the type occurring in pSer- and pThr-containing peptides.
Therefore, an experimental and theoretical study was undertaken to explain their
formation. Section 2.2.2 27 of this thesis, details this study, describing an unusual
cyclisation/rearrangement involving pTyr.
Section 2.2.3

28, 29

is an extension of the studies summarised above, and seeks to

investigate fragmentations in the negative ion mass spectra of peptides that
contain two phosphorylated residues.
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2.2 Re sults a nd Di sc ussion
The negative ion cleavages of the (M-H)- ions of peptides have been summarised
in two reviews 100, 121. The first review 100 contains details of (i) the characteristic
cleavages of the peptide backbone, (ii) backbone cleavages initiated from
particular side chains (Asp, Asn, Glu, Gln, Ser, Thr and Phe) and (iii)
characteristic cleavages of particular side chains (Asp, Asn, Glu, Gln, Ser and
Thr). The second review

121

contains details of the characteristic fragmentations

of (i) Cys, (ii) intra and intermolecular disulfides, and (iii) some unusual losses
involving internal amino acid residues. Of particular relevance to this study are
the simple !, " and # backbone cleavages of peptides (Scheme 2.1), the side
chain enolate-directed # backbone cleavage of Asp (Scheme 2.2) (relative
energies

shown

in

Schemes

2.1

and

2.2

were

determined

at

the

HF/6-31G(d)//AM1 level of theory) and the characteristic side chain cleavages of
Asp (-H2O), Ser (-CH2O), Thr (-CH3CHO) and Arg (-NH=C=NH) 100.

Scheme 2.1

Scheme 2.2
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2.2.1 Characteristic Negative Io n Fragmenta tions of
Deprotonated Pepti des Contai ni ng Post-Translational
Modifications: Mono-Pho sphorylated Ser, Thr and Tyr.
A Joint Experimental and Theoretical Study
The negative ion CID ESI-MS/MS data of phosphoamino acids, some simple
synthetic

monophosphotetrapeptides,

and

some

more

complex

monophosphorylated peptides were studied. In selected cases, the negative ion
spectra were compared to their positive ion counterparts. The systems studied are
listed in Table 2.1.

Table 2.1: Studied monophosphorylated amino acids and peptides.
1

pS-OH

2

pT-OH

3

pY-OH

4

GApSL-OH

5

GApTL-OH

6

GDpSL-OH

7

GApYL-OH

8

GApYL-NH2

9

VAVVRTPPKpSPSSAK-NH2

10

*CDFNGPpYLGPPH-NH2

*C is NH2CH(CH2SCHCONH2)CO-

2.2.1.1 The Negativ e Ion Fragm entation s of pSer(OH), pThr(OH)
and pTyr(OH)
The negative ion CID ESI-MS/MS data for pSer(OH), pThr(OH) and pTyr(OH)
are listed in Table 2.2. The spectra of pSer and pThr are similar, with both
showing a major product ion corresponding to H2PO4- at m/z 97, and less
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abundant ions resulting from the process [(M-H)--H2O] (pSer m/z 166; pThr m/z
180) and the formation of PO3- (m/z 79)

173

.

The H2PO4- ion at m/z 97 is

characteristic of pSer and pThr, and forms via the mechanism depicted for pSer in
Scheme 2.3 (A), 107, 108, 171-175, 177-181. PO3- is formed upon collisional activation of
source-formed m/z 97, as depicted in Equation (1) of Scheme 2.3.
In contrast to the pSer(OH) and pThr(OH) analogues, the most abundant product
ion of the negative ion CID ESI-MS/MS data of deprotonated pTyr(OH) is PO3(m/z 79), the presence of which allows for easy identification of pTyr. It is likely
that formation of PO3- occurs via deprotonation within the ion complex formed by
the process depicted in Scheme 2.3 (B). The (M-H)- species from pTyr(OH)
cannot fragment via the mechanism shown in Scheme 2.3 (A), thus the H2PO4species is absent in the pTyr(OH) spectrum.
A theoretical consideration of all the discussed mechanisms is described later in
Section 2.2.1.4.

Table 2.2: Negative ion mass spectra of phospho-Ser, -Thr and -Tyr. [m/z (loss
or formation) relative abundance].
pS(OH)

184 [(M-H)-] 100; 166 (H2O) 2; 97 (H2PO4-) 100; 79 (PO3-) 9.

pT(OH)

198 [(M-H)-] 35; 180 (H2O) 3; 97 (H2PO4-) 100; 79 (PO3-) 8.

pY(OH)

260 [(M-H)-] 25; 79 (PO3-) 100.
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Scheme 2.3

2.2.1.2

The

Negative

Ion

Fragmentations

of

Some

Monophosphorylat ed Tetrapeptides
The negative and positive ion CID ESI-MS/MS data of GApSL(OH) (4) are
shown in Figures 2.2 and 2.3 respectively, and are very similar to the spectra of
the GApTL(OH) (5) analogue, the data for which is listed in Table 2.3. The base
peak of the negative ion spectra of both peptides is due to the [(M-H)--H3PO4]product anion [(4) m/z 327; (5) m/z 341], indicating that this process is the most
energetically

favourable

negative

ion

cleavage

of

these

deprotonated

phosphorylated tetrapeptides. The H2PO4- (m/z 97) and PO3- (m/z 79) ions are of
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lower abundance. Full sequencing information of both peptides can be obtained
from the ! and " cleavages, occurring from both the (M-H)- and the [(M-H)-H3PO4]- anions. There is an unusual decomposition sequence involving the !
cleavages of Gly (m/z 226) then Ala (m/z 155) from the [(M-H)--(H3PO4+CO2)]anion (m/z 283) of GApSL(OH) (4), (Figure 2.2).
The CID MS/MS spectra of the MH+ ions of GApSL(OH) (4) (Figure 2.3) and
GApTL(OH) (5) (Table 2.3) are very similar. The MH+-H3PO4 product ion is
pronounced in both spectra and full sequencing information is obtained from the b
and y backbone cleavages from this ion.
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Figure 2.2: CID MS/MS data for the (M-H)- ion of GApSL(OH) (4). Obtained
on the Q-TOF 2 mass spectrometer. The ! and " fragmentations originating from
the [(M-H)--H3PO4]- ion are drawn above and below the spectrum, respectively.
Other fragmentations are annotated on the spectrum. *S = -NH-C(=CH2)-CO-.
Magnification ranges: m/z 60-100 (2x), 100-280 (4x).

Figure 2.3: CID MS/MS data for the MH+ ion of GApSL(OH) (4). Obtained on
the Q-TOF 2 mass spectrometer. The b fragmentations originating from the
[MH+-H3PO4]+ ion are drawn above the spectrum, while the y ions are shown
below the spectrum. *S = -NH-C(=CH2)-CO-. MH+ fragmentations: b, m/z 296
[L(OH)]; y, m/z 370, 299, 132 (GApS). Magnification ranges: m/z 125-130 (4x),
130-135 (16x), 265-275 (4x), 290-300 (2x), 350-390 (16x).
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Table 2.3: Negative and positive CID ESI-MS/MS of monophosphorylated
peptides.

- 42 -

43

Chapter 2: Phosphorylation

The next tetrapeptide investigated, GDpSL(OH) (6), contains an Asp residue. The
purpose of including an Asp residue in the peptide was to investigate whether the
characteristic loss of H3PO4 from pSer is more energetically facile than the
characteristic cleavages associated with an Asp residue; these being the Asp #
backbone cleavage and the loss of H2O from the Asp # ion (Section 1.10.1 and
1.10.2).

Both Asp processes are more energetically favourable than the

ubiquitous ! and " cleavages (Scheme 2.1), 100. The negative ion spectrum of (6)
(Figure 2.4) shows that H3PO4 from pSer is lost directly from the (M-H)precursor ion (m/z 425) to produce m/z 371: this ion then undergoes competitive
losses of H2O (the Asp side-chain fragmentation) and GlyNH2 (the Asp2 #
cleavage reaction). In addition, ! and " backbone cleavages from the [(M-H)-H3PO4] ion identify the sequence of this monophosphorylated tetrapeptide. There
are no ! and " cleavage ions detected from the (M-H)- anion in this spectrum. It
is concluded that the loss of H3PO4 from pSer is more energetically favourable
than the Asp backbone cleavages in the negative ion spectra of deprotonated
peptides.

Figure 2.4: CID MS/MS data for the (M-H)- ion of GDpSL(OH) (6). Obtained
on the Q-TOF 2 mass spectrometer. The ! and " fragmentations originating from
the [(M-H)--H3PO4]- ion are drawn above and below the spectrum, respectively.
Other fragmentations are annotated on the spectrum. *S = -NH-C(=CH2)-CO-.
Magnification ranges: m/z 50-100 (4x), 125-135 (16x), 165-175 (6x), 235-245
(8x).
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The negative ion CID ESI-MS/MS data of GApYL(OH) (7) is shown in Figure
2.5. This pTyr-containing peptide exhibits quite different behaviour from those
systems studied that contained pSer and pThr. Not only that, the negative ion
spectrum contained several unexpected peaks, given the observed behaviour of
pTyr(OH) under negative ion CID conditions.

Figure 2.5: CID MS/MS data for the (M-H)- ion of GApYL(OH) (7). Obtained
on the Q-TOF 2 mass spectrometer. The ! and " fragmentations originating from
the (M-H)- ion are drawn above and below the spectrum, respectively. Other
fragmentations are annotated on the spectrum.

m/z 258* is an unusual

rearrangement ion involving phosphate rearrangement (of a type covered later,
Section 2.2.2) followed by a Tyr cleavage [(M-H)--H3PO4-GA(NH2)]-.
Magnification range: m/z 100-495 (36x).

The base peak of the negative ion CID ESI-MS/MS of GApYL(OH) (7) is due to
the PO3- anion (m/z 79).

There is a less abundant peak at m/z 421 due to

[(M-H)--HPO3]- and a $Tyr3 cleavage anion at m/z 144, 100. The full sequence of
the peptide can be obtained from the ! and " cleavage ions from the (M-H)- anion
of this tetrapeptide. The presence of a major peak at m/z 97 (due to the ion
H2PO4-) and a minor peak due to [(M-H)--H3PO4]- (m/z 403) were quite
unexpected given that the H2PO4- ion and the [(M-H)-- H3PO4]- process are
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characteristic of systems containing pSer and pThr, and are not observed in the
negative ion spectrum of pTyr(OH). In this context, it is also interesting to note
the presence of a #Tyr3 anion (m/z 258), which originates from [(M-H)--H3PO4]-.
It is possible that the anomalous pTyr anions arise due to a rearrangement process
that involves nucleophilic attack of the C-terminal carboxylate anion at
phosphorus, with accompanying P-O cleavage to produce a C-terminal
phosphorylated carboxylic acid derivative [(CO)OP(O)(OH)(O-)], which may
then undergo competitive cleavage/proton transfer processes to yield the anions
H2PO4- and [(M-H)--H3PO4]-.

To probe the unexpected behaviour of

GApYL(OH) under negative ion CID conditions, further experimental and
theoretical studies were carried out where the C-terminal –CO2H of this
tetrapeptide was replaced with a C-terminal –CONH2. The results of the study
comparing GApYL(OH) (7) and GApYL(NH2) (8) are discussed later (Section
2.2.2).
The positive ion spectrum of GApYL(OH) (7) (Table 2.3) shows no loss of
H3PO4 or HPO3, but does exhibit b, a and y backbone cleavages from MH+ to
provide full sequencing information (see

182

for description of a backbone

cleavages).

2.2.1.3

The

Negative

Ion

Fragm entations

of

Some

Larger

Monophosphorylat ed Peptides
The negative and positive ion CID ESI-MS/MS fragmentation data of
VAVVRTPPKpSPSSAK(NH2) (9) are summarised in Figure 2.6. The negative
ion spectrum shows the presence of one Thr, two Ser and one pSer. The major
ion

in

the

negative

ion

spectrum

is

m/z

1398,

[(M-H)--

(MeCHO+H3PO4+2CH2O)]-. MeCHO and CH2O are the characteristic negative
ion side-chain cleavages of Thr and Ser, respectively (Section 1.10.2)

100, 121

.

MS/MS of m/z 1398 gives the ! and " sequencing data shown in Figure 2.6, with
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Ser and Thr being converted to Gly as a consequence of their side-chain
cleavages. The positive ion spectrum has a major ion at MH+-H3PO4 (m/z 1504)
from which b and y cleavages provide the full sequence of this peptide. In this
case, although the negative ion spectrum is informative and gives most of the
sequence, the positive ion spectrum is the less complex of the two, and provides
the full sequence.

Figure 2.6: Summary of the negative and positive ion CID MS/MS fragmentation
data of VAVVRTPPKpSPSSAK(NH2).

The final peptide studied was *CDFNGPpYLGPPH(NH2) (10). This peptide
contains

one

pTyr

and

a

derivatised

Cys

residue

carboxamidomethyl cysteine, monoisotopic 'mass 57 Da,

25

(i.e.

CamCys,

). The negative and

positive ion spectra of this peptide are recorded in Figures 2.7 and 2.8,
respectively. These spectra illustrate how different the positive and negative ion
spectra of a peptide can be, and further demonstrate how the two techniques may
be used in concert to provide sequencing information. Consider the negative ion
spectrum (Figure 2.7) first. The pTyr is identified by the presence of the ions
[(M-H)--HPO3]- (m/z 1370) and PO3- (m/z 79), while the derivatised Cys residue is
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identified by the presence of [(M-H)--(HSCH2CONH2+H2O)]- (m/z 1341) and
H2NCOCH2S- (m/z 90). The pronounced # ions, #Asp2 (m/z 1273) and #Asn4
(m/z 1011), together with the subsequent fragmentation of these ions (see Figure
2.7 and cf.

100

) identify Asp2 and Asn4.

The # cleavage processes are

energetically facile (cf. Scheme 2.2), and consequently many of the normal ! and
" backbone cleavage anions (see Scheme 2.1) are absent from this spectrum.
There is a major ion at m/z 96, the genesis of which is not established. This ion
was initially thought to correspond to –NHP(O)(OH2), [rather than m/z 97
(H2PO4-)], and formed by the condensation reaction of the C-terminal –ONH- with
the P of the pTyr, with accompanying P-O bond cleavage. Enolate-initiated bond
cleavage from RR’C--CONHPO3H2 would then yield –NHP(O)(OH2) (m/z 96).
However, further experimental and theoretical studies [comparing the behaviours
of GApYL(OH) (7) and GApYL(NH2) (8), detailed in Section 2.2.2] would
suggest that nucleophilic attack through nitrogen is energetically unfavourable.

Figure

2.7:

CID

MS/MS

spectrum

of

the

(M-H)-

ion

of

*CDFNGPpYLGPPH(NH2). *C=NH2CH(CH2SCH2CONH2)CO-, **=[(M-H)-(HSCH2CONH2+H2O)]. Magnification ranges: m/z 50-105 (6x), m/z 150-155
(82x), m/z 250-255 (10x), m/z 800-1215 (4x), 1270-1430 (24x).
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MH+ cations of peptides containing pTyr usually fragment by b and y cleavages,
as illustrated by the positive ion spectrum of this peptide (10) (Figure 2.8). The b
and y data in this spectrum are easy to interpret if you know that the peptide
contains a pTyr and a CamCys. The negative ion spectrum, although it does not
provide the full sequence, immediately identifies pTyr and CamCys: thus data
from the two spectra provide complementary information.

Figure

2.8:

CID

MS/MS

spectrum

of

the

MH+

ion

of

*CDFNGPpYLGPPH(NH2). The b and y fragmentations originating from the
MH+

ion

are

drawn

above

and

below

the

spectrum,

respectively.

*C=NH2CH(CH2SCH2CONH2)CO-. Magnification ranges: m/z 240-270 (4x), m/z
500-600 (2x), m/z 725-775 (6x), m/z 990-1190 (2x), 1285-1300 (10x).
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The Mechanisms of Negativ e Ion Cleavages of pSer,

pThr and pTyr – a Theoretical Approach
Figure 2.9 is a summary of the mechanisms for the loss of H3PO4 and formation
of H2PO4- from (M-H)- anions of peptides containing pSer (and pThr) shown for a
model system (containing pSer).

The mechanisms shown are the results of

calculations carried out at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of
theory.2
The theoretical data shown in Figure 2.9 are in accord with the experimental data
described earlier (Section 2.2.1.1), showing that the negative ion cleavages of the
pSer (and pThr) groups are more energetically favourable than the normal !, "
and # negative ion backbone cleavages of peptides. At the MP2/631++G(d,p)//HF/6-31++G(d,p) level of theory, both fragmentation sequences
shown in Figure 2.9 have a barrier of 49 kJ mol-1 to the transition state, while the
(M-H)- ) H2PO4- and [(M-H)- - H3PO4]- processes are endothermic by 83 and
exothermic by 3 kJ mol-1, respectively. In contrast, the negative ion !, " and #
backbone cleavages all have larger barriers to the highest energy transition states
(218 kJ mol-1 for ! and ", and 197 kJ mol-1 for #, Schemes 2.1 and 2.2) 100.

2

An examiner has suggested an alternative possible mechanism for the loss of phosphate (H3PO4),
which has not been calculated computationally. The examiner proposed that these systems might
be undergoing aspartate-driven phosphate losses, where the Asp carboxylate side chain induces
cyclisation to the beta-carbon on the adjacent pSer residue and loss of phosphate (as depicted
below).
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Figure 2.9: Mechanisms for the loss of H3PO4 and formation of H2PO4- from the
backbone enolate anion of a model system containing pSer at the
MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.3

3

An examiner has asked for the rationale behind the choice of ground-state anion for the
computational work contained within this thesis, and whether the deprotonated amide is more
stable than the deprotonated phosphate. Generally, anion stability is in the following order: sulfate
(SO3-) (-100 kJ mol-1), phosphate (OPO3H-) (-50-70 kJ mol-1), CO2- (0 kJ mol-1), CONH- (+10-+20
kJ mol-1), enolate, either backbone or side chain (+40-+60 kJ mol-1), CH2O- (+120 kJ mol-1).
These values are all approximate, and we calculated for model systems at the
CAM B3LYP/6-311++g(d,p) level of theory. Precise values depend upon the particular molecule
under consideration. [T.T.Nha Tran, Ph.D. thesis, p. 79, The University of Adelaide, October
2014. Structural and Mechanistic Studies of Post-Translationally Modified Peptides and Proteins].
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The reaction coordinate profile for the formation of PO3- and the loss of HPO3from the (M-H)- anion of phosphorylated tyrosine is shown in Figure 2.10. The
HF/6-31G(d)//AM1 level of theory was used for this system. The higher level of
theory [MP2/6-31++G(d,p)//HF/6-31++G(d,p)] was not used in this case due to
the extra computing time required to handle structures containing the phenyl
substituent. The two pTyr cleavages processes are more energy demanding than
the pSer and pThr fragmentations, an observation supported by the experimental
data described above (Section 2.2.1.1). The (M-H)- ) PO3- and [(M-H)--HPO3]processes are endothermic by 137 and 318 kJ mol-1 at the HF/6-31G(d)//AM1
level of theory. The barrier to the first transition state of both processes is 198 kJ
mol-1, and is of the same order as those calculated previously for the !, " and #
negative ion backbone cleavages (Schemes 2.1 and 2.2, also 100).

Figure 2.10: Mechanisms for the loss of HPO3 and formation of PO3- from the
(M-H)- anion of pTyr. R=NH2CHCO2H. HF/6-31+G(d)//AM1 level of theory.

- 51 -

52

Chapter 2: Phosphorylation

2.2.1.5 Conclusions
(i)

pSer and pThr can be identified in negative ion CID ESI-MS/MS
experiments by the [(M-H)--H3PO4]- process and the formation of
H2PO4- (m/z 97), cf. also

107, 108

. The reaction producing H2PO4- is

exothermic (-3 kJ mol-1), while the [(M-H)--H3PO4]- process is
endothermic (+83 kJ mol-1) at the MP2/6-31++G(d,p)//HF/631++G(d,p) level of theory.

Both processes have a barrier to the

transition state of 49 kJ mol-1 at this level of theory and are more
energetically favourable than the characteristic !, " and # negative ion
backbone cleavage processes already reported.
(ii)

pTyr can be identified in negative ion CID ESI-MS/MS experiments
by the [(M-H)--HPO3]- process and the formation of PO3- (m/z 79), cf.
also 107, 108. These processes are higher in energy than those described
above for pSer and pThr, and the barrier to the transition state (198 kJ
mol-1) is of the same order as those already reported for !, " and #
backbone cleavage processes.
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2.2.2
The
Negative
Ion
Fragmenta tions
of
Deprotonated Pepti des Contai ni ng Post-Translational
Modifications. An Unusual Cycli sation/Rearrangement
Involving Pho spho tyrosine; A Joi nt Experimental and
Theoretical Study
The characteristic negative ion fragmentations of pSer and pThr are (i) the
formation of H2PO4- and (ii) [(M-H)--H3PO4]-

107, 108

. These processes are shown

in Scheme 2.4. Calculations performed at the MP2/6-31++G(d,p)//HF/631++G(d,p) level of theory (Section 2.2.1.4)

26

show the Ser and Thr phosphate

fragmentations to be energetically more facile than the standard ! and " backbone
cleavages of peptide (M-H)- anions 100, 121.
The characteristic fragmentations of pTyr are different. The processes shown in
Scheme 2.4 cannot occur for pTyr; instead, one or both of the processes [(M-H)-HPO3]- and (M-H)- ) PO3- are observed. The negative ion fragmentations of
pTyr-OH are summarised in Scheme 2.5; these are more energy demanding than
the fragmentations of pSer and pThr (Scheme 2.4). Calculations (Scheme 2.5)
were at the HF/6-31+G(d)//AM1 level of theory (Section 2.2.1.4) 26.
In the case of the (M-H)- parent of tetrapeptide GApYL-OH, the characteristic
pTyr fragmentations involve the formation of PO3- and [(M-H)- - HPO3]- (cf.
Scheme 2.5). Co-occurring with the characteristic pTyr fragmentations are peaks
corresponding to the formation of H2PO4- and [(M-H)--H3PO4]-: these two peaks
are of smaller abundance than those corresponding to PO3- and [(M-H)-- HPO3]26

. The two "anomalous" peaks cannot arise by processes of the type shown in

Scheme 2.4. This study reports the results of an investigation of this unexpected
reaction using both experiment and theory 27.
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Scheme 2.4

Scheme 2.5
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2.2.2.1 The Fragmentations of the (M-H) - Anions
Tetrapeptides GApYL(OH) (7) and GApYL(NH 2 ) (8)

of

The formation of PO3- (m/z 79) and the corresponding [(M-H)--HPO3]- species are
characteristic fragmentations of a pTyr group in the negative ion electrospray
mass spectrum of the (M-H)- anion of a peptide or protein, (Section 2.2.1.1). In
some tetrapeptides where pTyr is the third residue, these characteristic
fragmentations are accompanied by ions corresponding to H2PO4- and [(M-H)-H3PO4]-, fragmentations which normally indicate the presence of pSer and pThr
(Section 2.2.1.1). These product ions must be formed by rearrangement processes
involving

initial

nucleophilic

attack

of

a

C-terminal

–CO2-

[or

-

–(CONH) ] group at the phosphorus of the pTyr side chain [an SN2(P) reaction].
The peptides GApYL(OH) (7) and GApYL(NH2) (8) were chosen as models to
investigate the rearrangement processes leading to the formation of these product
ions because there is only one –CO2- or –(CONH)- group which can approach and
interact with the phosphate side chain. The negative ion CID spectra of (7) and
(8) are shown in Figures 2.11 and 2.12, respectively. In Figure 2.11, the Cterminal group is CO2H, and the spectrum shows a major peak at m/z 97 due to
the ion H2PO4-, and a less abundant peak at m/z 403 produced by the ion [(M-H)-H3PO4]-. In Figure 2.12, the C-terminal group is CONH2. The base peak of this
spectrum corresponds to the ion PO3- (m/z 79). There are peaks with smaller
abundances at m/z 97 [H2PO4-] and m/z 402 [(M-H)--H3PO4]-. Comparison of the
data in Figures 2.11 and 2.12 indicates that replacement of the C-terminal –CO2H
with the C-terminal –CONH2 has a significant effect on the product anions
produced. For example, the rearrangement process [(M-H)--H3PO4]- appears to be
more facile when the C-terminal is –CONH2, yet the characteristic pTyr process
[(M-H)--HPO3]- and several of the ! cleavage processes are absent.
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Figure 2.11: CID MS/MS data for the (M-H)- ion of GApYL(OH) (7). Q-TOF 2
mass spectrometer. The ! and " fragmentations originating from the (M-H)- ion
are drawn above and below the spectrum, respectively. Other fragmentations are
annotated on the spectrum. m/z 258* is #Tyr, i.e. [(M-H)--(145+H3PO4)], i.e. [(MH)--H3PO4-GA(NH2)]. Magnification range: m/z 100-495 (36x).

Figure 2.12: CID MS/MS data for the (M-H)- ion of GApYL(NH2) (8). Q-TOF 2
mass spectrometer. The ! and " fragmentations originating from the (M-H)- ion
are drawn above and below the spectrum, respectively. Other fragmentations are
annotated on the spectrum. Magnification ranges: m/z 100-130 (36x), 140-155
(700x), 360-375 (450x), 390-465 (124x).
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2.2.2.2 Possible Mechanisms for the Formation of H 2 PO 4 - and
[(M-H) - -H 3 PO 4 ] There are two mechanistic pathways that could lead to formation of the H2PO4anion from a tetrapeptide containing pTyr3 and a C-terminal carboxylate anion.
Both

are

rearrangement/cyclisation

processes

involving

the

C-terminal

carboxylate anion. A simple model system is used to illustrate each possible
pathway in Scheme 2.6 and 2.7. The first pathway (Scheme 2.6) involves the
nucleophilic carboxylate attacking at P [an SN2(P) process] to effect the transfer
of PO3H2 from Tyr to the carboxylate end group. At this stage, two processes are
possible. Process A involves the cyclisation of the liberated phenoxide anion at
the carbonyl group to form H2PO4- and an internal lactone. In contrast, Process B
results in the direct elimination of H2PO4- via an enolate anion. The anion H2PO4anion can then effect deprotonation of either neutral (formed in process A and B)
to yield [(M-H)--H3PO4]- ions (processes not shown in Scheme 2.6).
The second possible mechanism is the ipso nucleophilic substitution shown in
Scheme 2.7. Gas phase ipso processes (the Smiles arrangement
previously been reported for phenoxide systems

187, 188

183-186

) have

. Scheme 2.7 shows the

carboxylate anion attacking the phenyl ring at the carbon bearing the phosphate
group. The phosphate is displaced by the ipso intermediate to yield the same
products as those shown for process A of Scheme 2.6. In principle, 18O labelling
of either the phosphate or the C-terminal carboxylate moiety of the tetrapeptide
can be used to distinguish between the mechanisms shown in Schemes 2.6 and
2.7. The ipso process gives H2PO4- containing the original phenoxide oxygen,
while nucleophilic substitution involving P will incorporate one oxygen from the
carboxylate group into the H2PO4- species.

Unfortunately, the synthesis of

tetrapeptides labelled in this way is not straightforward; therefore, ab initio
theoretical calculations for the model systems shown in Schemes 2.6 and 2.7 were
used to investigate the rearrangement/cyclisation processes. These calculations,
undertaken by collaborator Wang, attempt to answer the following questions:
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1. Which of the mechanisms, proposed in Schemes 2.6 and 2.7, to form
H2PO4- and [(M-H)-- H3PO4]- is/are the more energetically favourable?
2. If the more favourable mechanism is that involving cyclisation at P
(Scheme 2.6), does the subsequent reaction involve pathway A or B?
3. Why are the rearrangement processes apparently more facile for
C-terminal (CONH)- (Figure 2.12) than for a C-terminal carboxylate
anion (Figure 2.11)?
4. Why does the rearrangement proceed exclusively through the oxygen
of the ambident nucleophile -(CONH)-?

The theoretical evidence, based on Wang’s calculations, are summarised in
Section 2.2.2.3.
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Scheme 2.6
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Scheme 2.7

2.2.2.3 The Evidence Based on Theory

27

(a) Rearrangements involving the C-terminal carboxylate anion
The results of calculations [at the HF/6-31+G(d)//AM1 level of theory] for a
model system containing a C-terminal carboxylate group are summarised in
Figures 2.13 (processes A and B of Scheme 2.6) and Figure 2.14 (ipso process of
Scheme 2.7). The results of the ab initio studies show the mechanisms of all
processes to be more complex compared with the summary mechanisms in
Schemes 2.6 and 2.7, however, only the major steps are indicated in Figures 2.13
and 2.14.
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Comparison of the data contained in Figures 2.13 and 2.14 with those of Figure
2.15 show the ipso process to be the least kinetically favourable of the three
mechanisms under consideration. Thus, the ipso process is eliminated as the
mechanism by which the two rearrangement ions H2PO4- and [(M-H)--H3PO4]- are
formed in this system. The ipso process proceeds directly through ipso transition
state 13/14 (+192 kJ mol-1) to ipso intermediate 14 (+174 kJ mol-1), which then
decomposes to the same products as produced by the nucleophilic substitution
process A shown in Scheme 2.6 and Figure 2.13.
In contrast, both SN2(P) nucleophilic substitution processes are initiated by the
same stabilised H-bonded intermediate [structure 2 (-47 kJ mol-1), Figures 2.13
and 2.14], which places the attacking carboxylate anion in a position where it may
readily approach phosphorus (barrier to transition state 2/3 = 38 kJ mol-1) to form
intermediate 3 [(-102 kJ mol-1), Figures 2.13 and 2.14]. Intermediate 3 dissociates
via transition state 3/4 (+60 kJ mol-1) to give the H-bonded phenoxide
intermediate 4 (+28 kJ mol-1).

At this stage the mechanisms diverge.

For

mechanism A (Figure 2.13) the incipient phenoxide anion attacks the carbonyl
moiety [transition state 4/5, (+229 kJ mol-1)] to produce anion complex 5 (+127
kJ mol-1). The anion complex 5 dissociates to give H2PO4- 6 and effects an
internal proton transfer to yield the cyclic [(M-H)--H3PO4]- species 7. The two
processes are overall endothermic by 180 and 319 kJ mol-1, respectively.
Mechanism B (Figure 2.14) is more complex than mechanism A. The phenoxide
anion within complex 4 effects a deprotonation at the CH2 next to the carboxylate
phosphate unit through transition state 4/8 (+227 kJ mol-1) to give enolate anion 8
(+198 kJ mol-1).

Enolate 8 then dissociates via transition state 8/9 (+237

-1

kJ mol ), to anion complex 9 (+108 kJ mol-1). Complex 9 fragments to the two
product ions H2PO4- 6 and the acyclic [(M-H)--H3PO4]- anion 11 in a process
overall endothermic by 187 kJ mol-1 and 344 kJ mol-1, respectively.
A comparison of the energy data shown in Figures 2.13 and 2.14 indicate that the
processes of mechanism A (Figure 2.13) are kinetically and thermodynamically
more favourable than those of mechanism B (Figure 2.14). This suggests that
energised 1 should preferentially fragment via pathway A (Figure 2.13).
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However, the energy differences shown in Figures 2.13 and 2.14 are not sufficient
to exclude the possibility that some fragmentation may occur via mechanism B.

Figure 2.13: SN2(P) involving -CO2-. Mechanism A. HF/6-31+G(d)//AM1 level
of theory. Relative energies in kJ mol-1.

Figure 2.14: SN2(P) involving -CO2-. Mechanism B. HF/6-31+G(d)//AM1 level
of theory. Relative energies in kJ mol-1.
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Figure 2.15: ipso process involving C-terminal -CO2-. HF/6-31+G(d)//AM1 level
of theory. Relative energies in kJ mol-1.

(b) Rearrangements involving a C-terminal –(CONH)- group
Figures 2.16 and 2.17 show the results of ab initio calculations used to rationalise
the experimental observations that the CID rearrangement ions are more
pronounced when the C-terminal of a tetrapeptide containing pTyr3 is (CONH)(Figure 2.12) rather than a carboxylate (Figure 2.11). Ab initio calculations were
also used to rationalise why the rearrangement involving the C-terminal (CONH)group gives (i) H2PO4-, rather than HNP(O)(OH)2- and (ii) [(M-H)--H3PO4]-,
rather than [(M-H)--H4PNO3]-. Figures 2.16 and 2.17 show the SN2(P) processes
A and B occurring via –C(=NH)O-, while the same processes occurring through
–C(=O)NH- are shown in Appendix Figures A1 and A2.
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Comparison of Figure 2.16 (mechanism A) and Appendix Figure A1 clearly
reveals that the ambident nucleophile –[CONH]- acts exclusively through
–[C(=NH)O-] in SN2(P) rearrangement A. The data in Figure 2.16 show that (i)
–[C(=NH)O-] forms a stabilised H-bonded complex 16 (-67.4 kJ mol-1), while
–[C(=O)NH-] does not (Appendix Figure A1), and (ii) overall, the reactions which
proceed through –[C(=NH)O-] are more energetically favourable. The same result
is seen through a comparison of the SN2(P) process B data (Figure 2.17 and
Appendix Figure A2), i.e. the reaction through –[C(=NH)O-] is both kinetically
and thermodynamically favoured.
Careful consideration of the computational detail allows for the elucidation of the
relative reactivities of –CO2- and –[C(=NH)O-] in the SN2(P) rearrangements A
(Figures 2.13 and 2.16) and B (Figures 2.14 and 2.17). For rearrangement A,
reaction through –[C(=NH)O-] is kinetically more facile; for example, (i) the
H-bonded complex 16 (Figure 2.16) (-67.4 kJ mol-1) is more stable than complex
2 (Figure 2.13) (-46.9 kJ mol-1) and (ii) the maximum barrier to a transition state
is smaller, TS 18/19 (Figure 2.16) is 212.3 kJ mol-1, while TS 4/5 (Figure 2.13) is
229.4 kJ mol-1. In terms of the overall endothermicity of the processes concerned,
the formation of H2PO4- is more favoured in Figure 2.16 [when the C-terminal is
–[C(=NH)O-]], while the formation of the [(M-H)--H3PO4]- ion is more favoured
in Figure 2.13 [when the C-terminal is –CO2-]. In qualitative terms, it appears that
the attacking nucleophiles –CO2- and –[C(=NH)O-] have roughly comparable
reactivity.
The scenario is very different for SN2(P) rearrangement B. A comparison of the
data in Figures 2.14 and 2.17 reveals that reaction [of the phosphate side chain]
with –[C(=NH)O-] (Figure 2.17) is now favoured both kinetically and
thermodynamically, [over reaction with –CO2-]. In Figure 2.17, the maximum
barrier to a transition state is 189 kJ mol-1 (TS 18/21), compared to Figure 2.14
where TS 8/9 is 237 kJ mol-1. The final ion complex (Structure 22) in Figure 2.17
is more stable (-22 kJ mol-1) than in Figure 2.14 (Structure 9) (+108
kJ mol-1); this in turn means that dissociation of 22 (Figure 2.17) to products is
significantly more favoured than dissociation of 9 (Figure 2.14).
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Considering only the reaction through –[C(=NH)O-] now, a comparison of SN2(P)
rearrangements A (Figure 2.16) and B (Figure 2.17), reveals that rearrangement B
is favoured over rearrangement A. The reactions 15 to 18 are the same in Figures
2.16 and 2.17, but thereafter the deprotonation site is different. The barrier TS
18/21 [Figure 2.17 (+189 kJ mol-1)] is lower than TS 18/19 [Fig 2.16 (+212 kJ
mol-1]. The final ion complex (Structure 22) in Figure 2.17 is more stable (-22 kJ
mol-1) than in Figure 2.16 (Structure 19) (+91 kJ mol-1), indicating that
dissociation of 22 (Figure 2.17) to products is significantly more favoured than
dissociation of 19 (Figure 2.16).

Thus, for the SN2(P) reaction between

–[C(=NH)O-] and the phosphate side chain, rearrangement B is favoured over
rearrangement A. In addition, reaction B with –[C(=NH)O-] is more favoured
energetically than either of the two SN2(P) rearrangements with –CO2-. This may
explain why the rearrangement process [(M-H)--H3PO4]- is observed in Figure
2.12, while the standard pTyr process [(M-H)--HPO3]- is not.

Figure 2.16: SN2(P) involving C-terminal -(CONH)- (occurring via –C(=NH)O-).
Mechanism A.

HF/6-31+G(d)//AM1 level of theory.

-1

kJ mol .
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Figure 2.17: SN2(P) involving C-terminal -(CONH)- (occurring via –C(=NH)O-).
Mechanism B. HF/6-31+G(d)//AM1 level of theory.

Relative energies in

kJ mol-1.

2.2.2.4
(i)

Conclusions
A combination of experiment and theory shows that an SN2(P) process
occurring between the C-terminal residue [-CO2- or –(CONH)-] and the
phosphate side chain of pTyr results in the formation of the H2PO4and [(M-H)--H3PO4]- rearrangement ions observed in the negative ion
CID spectra of the pTyr3-containing tetrapeptides (shown in Figures
2.11 and 2.12). This study only dealt with cases where the pTyr
occupied the position adjacent to the C-terminal amino acid residue.

(ii)

The cyclisation processes shown in Scheme 2.6 and in more detail in
Figures 2.13 and 2.14 have barriers to transition states of the same
order as those required to effect the standard !, " and # backbone
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cleavages of peptide (M-H)- anions [Figures 2.13 (TS 229 kJ mol-1)
and 2.14 (TS 237 kJ mol-1), HF/6-31+G(d)//AM1], (see reviews 100, 121,
whereas, in contrast, these processes (Scheme 2.6) are much less
favourable than the diagnostic cleavages of pSer and pThr (see
Scheme 2.4 and reviews

100, 121

).

The processes in Scheme 2.6

[Figures 2.13 (TS 229 kJ mol-1) and 2.14 (TS 237 kJ mol-1),
HF/6-31+G(d)//AM1] have barriers to transition states some 20-40 kJ
mol-1 larger than those required for the characteristic formation of PO3from the (M-H)- anion of pTyr (TS 198 kJ mol-1, HF/631+G(d)//AM1). Thus, it is not surprising to see an abundant PO3- ion
accompanied by a smaller ion for H2PO4- in the negative ion spectra of
these pTyr-containing peptides. The corresponding process, formation
of [(M-H)--H3PO4]- of pTyr, is more energy demanding (than
formation of H2PO4- from pTyr) [by 139 kJ mol-1 for rearrangement A
(Figure 2.13) and 157 kJ mol-1 for rearrangement B (Figure 2.14).
(iii)

When the attacking nucleophile is the ambident species –[CONH]-,
experiment and theory show that the reacting species is exclusively
–[C(=NH)O-].

(iv)

Following the SN2(P) reaction, the ab initio study indicates that there
are two competitive pathways which may form the two product ions.
In one pathway (rearrangement A), the reactions of –CO2- and
–[C(=NH)O-] should give product ions in roughly comparable
amounts.

In contrast, the other pathway (rearrangement B), the

reactions involving –[C(=NH)O-] are favoured over reactions with
–CO2-. Thus, the presented theoretical data supports the experimental
observation that there are significant rearrangement products in the
spectra of the pTyr3-containing tetrapeptides with either C-terminal
carboxylate or primary amide functionality.
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2.2.3 The Negative Ion Fragmenta tions o f Deprotona ted
Peptide s Contai ning Po st-Transla tional Modifica tions:
A Characteristic Phosphate/Phosphate Cyclisatio n of
Diphosphorylated Syste ms Co ntaining Ser, Thr a nd
Tyr. A Joi nt Experimental and Theoretical Study
The following study is an extension of those presented in Sections 2.2.1 and 2.2.2,
and seeks to investigate fragmentations in the negative ion mass spectra of
peptides that contain two phosphorylated residues.
The negative ion CID ESI-MS/MS data of some small diphosphorylated peptides
(peptides 11-18, Table 2.4) were studied. Peptides 11-17 were chosen so that the
only residues, apart from the phosphorylated residues, were Gly and Leu. This
was done to ensure that the negative ion fragmentations under investigation did
not compete with other fragmentations, except for the ubiquitous ! and "
backbone peptide cleavages: for example, no other side-chain fragmentations and
no facile # cleavage reactions from side chains are possible (see Section 1.10 and
100, 121

). Furthermore, the precursor anions derived from the longer peptide, 4,8-

diphosphocaerin 1.1 (18) were studied with the purpose of seeing whether
phosphate cyclisations only occur from singly charged precursors, or whether they
may also originate from multiply charged anions [M-nH]n-, a phenomenon which
has been observed previously in some other negative ion reactions of
phosphopeptides 189.

Table 2.4: Diphosphorylated peptides used in this study.
11

GpSpSL(OH)

12

GpSpTL(OH)

13

GpSpYL(OH)

14

GpSLpT(OH)

15

GpSLGpSL(OH)

16

GpSLGLpSG(OH)

17

GpSLGLGpSL(OH)

18

GLLpSVLGpSVAKHVLPHVVPVIAEHL(NH2) 4,8-diphosphocaerin 1.1
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2.2.3.1 The Negative Ion Fragmentations of Diphosphorylated
Peptides

(a) 1,2 and 1,3 diphosphate substitution
The negative ion CID ESI-MS/MS data for GpSpSL(OH) (11) and GpSpTL(OH)
(12) are recorded in Table 2.5 and Figure 2.18, respectively. The two systems
behave similarly. Both spectra exhibit the characteristic pSer and pThr fragment
ions of the type previously reported (Section 2.2.1). m/z 97 (H2PO4-) and 79
(PO3-) are major fragment ions [m/z 97 ) m/z 79 + H2O]

26

. m/z 339 (Figure

2.18) and m/z 325 (Table 2.5) are formed by the fragmentation sequence [(M-H)-2H3PO4]- (see Scheme 2.8 and cf.

26

), and the ! and " backbone cleavages

originating from m/z 339 and m/z 325 provide sequencing data [see legend to
Figure 2.18 and Table 2.5 for negative ion ! and " backbone cleavages].

Scheme 2.8

(R=CH3CO; R’=CH3).

In addition to the characteristic pSer and pThr fragment ions, there are a number
of interesting processes in the negative ion spectra of (11) (Table 2.5) and (12)
(Figure 2.18) that were not anticipated. These result from the interaction between
two phosphate side chains (a phosphate/phosphate cyclisation process), and
include the formation of m/z 177 [(H3P2O7-), the base peak of the spectrum of
(11), (Table 2.5) and m/z 159 [(HP2O6-), the base peak in Figure 2.18, and the
related process [(M-H)--(H4P2O7)]- to form m/z 343 (Table 2.5) and m/z 357
(Figure 2.18). CID MS/MS of m/z 177 gives m/z 159 (plus H2O).
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Table 2.5: Negative ion CID ESI-MS/MS data from (M-H)- parent ions of (11),
(15) and (17).
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Figure 2.18: MS/MS of the (M-H)- parent ion of GpSpTL(OH) (12). Obtained on
the Q-TOF 2 mass spectrometer. Magnification ranges: m/z 120-135 (10x), 205250 (6x), 330-425 (4x), 455-520 (4x). MS/MS of m/z 339; ! ions, m/z 213, 130
[(G*S)**TL(OH)];

"

ions,

m/z

208,

125

*S = -NHC(=CH2)CO-; **T = -NHC(=CHCH3)CO-.

[(G*S)**TL(OH)].
[m/z 158.9246 (calc.

-

158.9248 for HP2O6 )]. [m/z 176.9358 (calc. 176.9354 for H3P2O7-)].

Interestingly, the negative ion spectra of Ser and Thr diphosphates also show the
minor process [(M-H)--HPO3]-, which is analogous to the characteristic loss of
HPO3 from pTyr (see Scheme 2.9). This process, although not observed in the
negative ion spectra of monophosphates of Ser/Thr does not affect the
identification of pSer/pThr. The mechanism of this process is discussed later in
Section 2.2.3.1 (b).
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[R=NH2CH(CH2-)CO2H].

Figure 2.19 is the negative ion spectrum of GpSLpT(OH) (14). This spectrum
shows the [(M-H)--2H3PO4]- fragment sequence (to m/z 339), and CID MS/MS of
this ion provides sequencing information due to " backbone cleavages. The
major ions at m/z 79 (PO3-) and 97 (H2PO4-) are present, as well as two less
abundant peaks at m/z 159 (HP2O6-) and 177 (H3P2O7-).
The negative ion CID MS/MS spectrum of GpSpYL(OH) (13) is shown in Figure
2.20. This spectrum shows major peaks at m/z 79, 97, 159 and 177, as also
observed in Figures 2.18 and 2.19. Because this tetrapeptide has both pSer and
pTyr, the major sequential fragmentation involves [(M-H)--(H3PO4+HPO3)]-, to
give m/z 419 (cf. Schemes 2.8 and 2.9; also

26

). Sequencing information is

provided by the ! and " cleavages obtained from the CID MS/MS of the [(M-H)-H3PO4]- ion (m/z 499), (see legend to Figure 2.20).
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*

Figure 2.19: MS/MS of the (M-H)- parent ion of GpSLpT(OH) (14). Obtained on
the Q-TOF 2 mass spectrometer. Magnification ranges: m/z 115-145 (20x), 220225 (24x), 230-405 (16x), 410-485 (6x), 510-585 (4x).

Figure 2.20: MS/MS of the (M-H)- parent ion of GpSpYL(OH) (13). Obtained
on the Q-TOF 2 mass spectrometer. Magnification ranges: m/z 70-90 (2x), 120130 (16x), 285-390 (6x). Source formed MS/MS of m/z 499; ! ions, m/z 373, 130
[(G*S)YL(OH)]; " ions, m/z 368 [-L(OH)]. *S = -NHC(=CH2)CO-.
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(b) Peptides containing 1,4, 1,5, and 1,6 diphosphorylation
The data from the tetrapeptide spectra indicate that the anions m/z 159 and 177 are
observed for 1,2 and 1,3 diphosphate substitution involving pSer, pThr and pTyr.
The next set of MS experiments were performed to determine whether these ions
are also present in longer peptides (of up to 25 residues) when the phosphate side
chains are more than three residues apart.

Peptides with 1,4, 1,5 and 1,6

diphosphorylation substitution of exclusively Ser (compounds 15-18), Table 2.4)
were used for this study.
The CID MS/MS of the (M-H)- ion of GpSLGLpSG(OH) (16) is shown in Figure
2.21 and is representative of this set of spectra (peptides 15-17). The spectra of
GpSLGpSL(OH) (15) and GpSLGLGpSL(OH) (17) are listed in Table 2.5. It is
interesting to note that m/z 177 and 159 are present as major peaks in the spectra
of 15-17, and in these cases, the rearrangement peaks are more abundant than they
are in the spectra of 11-14.

Surprisingly, there is no diminution in relative

abundance as the phosphate groups become further apart. This has to mean that
the (M-H)- anions that are decomposing to m/z 177 must be completely flexible in
order for the two phosphate groups to approach in order to effect the reaction.
The spectrum of (16) (Figure 2.21) has m/z 159 and 177 as its major peaks. The
process [(M-H)--H4P2O7]- forms m/z 570. The peptide has two pSer groups and
consequently loses two H3PO4 units. Septapeptide (16) is readily sequenced using
the ! and " backbone cleavages from the [(M-H)--2H3PO4]- anion, as shown in
Figure 2.21. The spectra of (15) and (17) (listed in Table 2.5) show the same
characteristics as those illustrated in Figure 2.21, except these spectra lack !
cleavage ions. The negative ion spectra of (15), (16) and (17) all show minor
[(M-H)--HPO3]-, i.e. [(M-H)--80]-, fragment ions.
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Figure 2.21: MS/MS of the (M-H)- parent ion of GpSLGLpSG(OH) (16).
Obtained on the Q-TOF 2 mass spectrometer. Magnification ranges: m/z 50-150
(5x), 190-545 (5x), 560-645 (2x), 665-745 (2x).

! and " ions from the

[(M-H)--2H3PO4]- fragment anion (m/z 552) are indicated by schematic arrows
above and below the spectrum, respectively.

Now turning to a longer peptide. Caerin 1.1 is a potent antibiotic consisting of
twenty-five residues, including two Ser groups separated by three residues. In
water, caerin 1.1 is known to be conformationally random and flexible. However,
in membrane-mimicking solvents (e.g. d3-trifluoroethanol/water 1:1), nuclear
magnetic resonance (NMR) studies have determined that caerin 1.1 adopts a
helix-hinge-helix three-dimensional (3D) structure, as depicted in Figure 2.22, 190.
It is important to consider both structures when studying the diphosphate
cyclisation process. If the anions formed from 4,8-diphosphocaerin 1.1 have the
3D structure shown in Figure 2.22, then cyclisation to form H3P2O7- (m/z 177) is
not possible because the two phosphates cannot approach each other closely
enough in order to effect this cyclisation. The ESI-CID MS/MS data for the
(M-H)- anion of 4,8-diphosphocaerin 1.1 (18) gives sequencing information, as
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Also present, is a pronounced peak at m/z 177

corresponding to anion H3P2O7-, and indicative of the cyclisation process. Thus,
at least some of the (M-H)- ions of diphosphocaerin 1.1 must be conformationally
flexible in order to allow cyclisation of the two phosphates to form m/z 177. The
doubly charged anion [M-2H]2- of 4,8-diphosphocaerin 1.1 is also a stable
species. CID of this anion yields the monoanion m/z 177; but no doubly charged
counterpart at m/z 88.5 is observed.

Figure 2.22: Helix-hinge-helix structure of caerin 1.1, a membrane active
peptide, determined using 2D NMR in d3-trifluoroethanol/water (1:1) 190.
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Figure 2.23: CID MS/MS electrospray data for the (M-H)- anion of
diphosphocaerin 1.1 (18) analysed by the Q-TOF 2 mass spectrometer. ! and "
backbone cleavages are shown schematically above and below the spectrum,
respectively. *S is NHCH(=CH2)CO.

2.2.3.2 A Theoretical Approach

(a) The mechanisms of formation of m/z 159 and 177
The formation of m/z 177 and 159 is dependent on the two phosphate groups of
the studied peptides being able to interact.

It follows that the decomposing

(M-H)- anions of all the studied peptides must have random conformations to
allow for the interaction of the two phosphate groups. The ion at m/z 177 could
be pyrophosphate anion A, or its cyclic isomer B, whereas m/z 159 may be C or D
(refer to Scheme 2.10 for structures).
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Scheme 2.10

The following is a summary of the theoretical study undertaken by collaborator
Tianfang Wang 28. A summary of the calculations to elucidate the mechanism for
the formation of m/z 177 in a model system containing two adjacent pSer groups
is shown in Figure 2.24. Calculations are at the HF/6-31+G(d)//AM1 level of
theory.

The mechanism is a two-step process. The first step involves an

intramolecular nucleophilic attack of the phosphorus of one pSer residue, by the
oxygen next to CH2 of the second pSer. This step is exothermic (-178 kJ mol-1)
and has a barrier of +112 kJ mol-1. The second step is a P-O bond cleavage with
concomitant proton transfer to yield A (m/z 177) plus the neutral shown in Figure
2.24. The barrier for this step of the reaction is +87 kJ mol-1 and the overall
reaction is strongly exothermic (-299 kJ mol-1). There is no evidence for the
formation of cyclic B (cf. Scheme 2.10). This process (Figure 2.24) is more
favourable thermodynamically than the characteristic loss of H3PO4 from pSer or
pThr (see data in Scheme 2.8); kinetically however, the barrier for the reaction
shown in Figure 2.24 is higher (+112 kJ mol-1) than for the loss of H3PO4 [+49 kJ
mol-1 (Scheme 2.8)]. Further details of geometries and energies for minima and
transition states are contained in Appendix B. Both of these reactions are more
energetically favourable than the normal ! and " backbone cleavage processes
that provide sequencing information 100, 121.
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Figure 2.24: Reaction coordinate profile of the cyclisation of two phosphorylated
Ser residues to form m/z 177 (H3P2O7-) A. HF/6-31+G(d)//AM1 level of theory.
Relative energies in kJ mol-1. See Appendix B for further details concerning
geometries and energies.
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The reaction coordinate calculations for the loss of water from phosphate anion A
to form C and/or D were carried out using the MP2/6-31++G(d,p)//HF/631++G(d,p) level of theory, and are summarised in Figures 2.25 and 2.26. This
level of theory was used previously for the small phosphorus-containing systems
in Section 2.2.1.4

26

. It contains electron correlation. The loss of water is a

complicated process, which is surprising given that A is formed with significant
excess energy and decomposition of this species is expected to be pronounced, as
observed experimentally (Figures 2.18-21). When searching for the transition
state for the first step of the water loss from A, two transition states were found
which gave different product ions. One of these gave C as the product, the
mechanism of which is straightforward and can be followed in Figure 2.25. The
other transition state yielded D, the ring closed and more stable isomer. The
formation of D is more complex and is illustrated in Scheme 2.11, where the first
structure corresponds to the first transition state where “H2O” is partially bonded
to both O and P. The nucleophilic attack rationalised within this transition state
structure gives the solvated reactive intermediate shown, which then dissociates to
give product anion D plus water. Figure 2.26 (and Scheme 2.11) show the more
favourable reaction sequence. However, the excess energy which may be retained
by at least some of the product ions A (cf. Figure 2.24) is more than sufficient to
effect either of the processes shown in Figures 2.25 and 2.26.

Scheme 2.11
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Figure 2.25: Reaction coordinate profile of the conversion m/z 177 (H3P2O7-) A
to m/z 159 (HP2O6-) C. MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.
Relative energies in kJ mol-1. See Appendix B for details concerning geometries
and energies.
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Figure 2.26: Reaction coordinate profile of the conversion m/z 177 (H3P2O7-) A
to m/z 159 (HP2O6-) D. MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.
Relative energies in kJ mol-1. See Appendix B for details concerning geometries
and energies.

(b) The formation of the minor process [(M-H)--HPO3]- from diphosphates of Ser
and Thr
Figure 2.27 is the reaction coordinate profile for the [(M-H)--HPO3]- process
[described earlier, Section 2.2.3.1 (a)]. Fortunately, this is a minor process and
does not interfere with the identification of pSer/pThr by the presence of a
pronounced [(M-H)--H3PO4]- fragment anion. The mechanism of the [(M-H)-HPO3]- process is similar to that involving the loss of HPO3 from the (M-H)-
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anion of a pTyr-containing peptide (Scheme 2.9), and is significantly more energy
demanding than that shown in Scheme 2.8 for the characteristic loss of H3PO4
from pSer and pThr: thus it is the minor of the two processes, as observed
experimentally. See Appendix B for details concerning geometries and energies.

Figure 2.27: Reaction coordinate profile for [(M-H)--HPO3]- process from a pSercontaining peptide.

MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.

Relative energies in kJ mol-1. See Appendix B for details concerning geometries
and energies.
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2.2.3.3 Conclusions
1. The negative ion mass spectra of diphosphopeptides (phosphate groups of
Ser, Thr, or Tyr), where the two phosphate residues can approach each
other, show characteristic peaks corresponding to m/z 177 (H3P2O7-), 159
(HP2O6-), and, on occasion, the related process [(M-H)--(H4P2O7)]-. For
small diphosphopeptides with presumably random conformations, this
behaviour is prevalent when the two phosphate groups are six (or fewer)
amino acid residues apart. Examples where the two phosphate groups are
greater than six residues apart have not been studied.
2. When a peptide contains two pSer/pThr groups, the diagnostic loss of
H3PO4 from the (M-H)- anion is accompanied by a competing but minor
loss of HPO3.
3. The phosphate residues of two pSer groups may cyclise in both (M-H)and (M-2H)2- anions to form singly charged H3P2O7- (m/z 177), provided
that the precursor anions are conformationally flexible.
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2.3 Experi mental

A. Materials
Phosphorylated amino acid residues 1-3 were obtained commercially from SigmaAldrich Pty Ltd. Peptides 4-8 and 11-18 were synthesised by GenScript USA
Incorporated (Piscataway, NJ, USA). Phosphopeptide 9 was obtained from Dr.
Mark Guthridge from the Hanson Institute (Institute of Medical and Veterinary
Science, Adelaide, SA, Australia). Peptide 10 was obtained from Prof. Ralf
Hoffmann from the Institute of Bioanalytical Chemistry, (Centre for
Biotechnology and Biomedicine, Faculty of Chemistry and Mineralogy, Leipzig
University, Leipzig, Germany).
B. Mass Spectrometry
ESI-MS/MS

data

were

determined

using

a

Micromass

Q-TOF 2 orthogonal acceleration time of flight mass spectrometer with a mass
range to 10 000 Da. The Q-TOF 2 is fitted with an electrospray source in an
orthogonal configuration with the Z-spray interface. Samples were dissolved in
acetonitrile/water (1:1) and infused into the electrospray with a flow rate of 8 µL
min-1. Conditions were as follows: capillary voltage 2.24 kV; source temperature
80 °C, desolvation temperature 150 °C and cone voltage 40 V.

The argon

collision energy was 30 eV. Masses of anions were recorded as nominal masses,
i.e. the sum of the integral mass of the individual amino acid residues.
C. Theoretical Calculations
Calculations were carried out at either the HF/6-31+G(d)//AM1 level of theory
(Figure 2.10)

131, 191

or at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of

theory (Figure 2.9) which uses Gaussian 03

192

and includes electron correlation.

Stationary points were characterised as either minima (no imaginary frequencies)
or transition states (one imaginary frequency) by calculation of frequencies using
analytical gradient procedures. The connectivity between minima and transition
states was established by intrinsic reaction coordinate (IRC) calculations.
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Calculations were performed with the HYDRA supercomputer [South Australian
Partnership for Advanced Computing (SAPAC), The University of Adelaide].
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Chapter 3

The Application of Negative Ion Electrospray
Ionisation Mass Spectrometry for the
Sequencing of Underivatised DisulfideContaining Proteins: Insulin and Lysozyme

3.1 Intro duc tio n
Disulfide bridge formation between two Cys residues is one of the most common
and important post-translational modifications in peptides and proteins. Disulfide
bonds are important for the stabilisation of the native structure of proteins, and
therefore, correct assignment of disulfide bonds is crucial for protein structure
characterisation 193-197.
Insulin was the very first protein to have its amino acid sequence determined, and
accompanying the sequence determination, was the assignment of insulin’s
disulfide bridge arrangement
were characterised

200

198, 199

. Soon after, the disulfides of ribonuclease

. These early studies established the basic strategy that still

applies today, for the determination of protein disulfides

201, 202

.

The steps

involved in this strategy are: (1) proteolytic cleavage of the protein chain between
half-cystinyl residues to obtain disulfide-linked peptides, under conditions that
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avoid rearrangement (interchange) of disulfide bond

198-200, 203, 204

; (2) the

separation of disulfide linked peptides from one another; (3) fragmentation of the
disulfide-linked peptides at the disulfide bond; and (4) the isolation and
characterisation of the half-cystinyl products of the disulfide cleavage reaction
and the determination of amino acid sequences by Edman degradation

205

, mass

spectrometry, or both.
Mass spectrometric methods for disulfide bond analysis have improved
dramatically over the last three decades, largely due to the development of
MALDI

206

, ESI

207

, and complementary analysers with high resolution and

accuracy. However, there are drawbacks to the current methods used to pair halfcystinyl peptides, including time-consuming derivatisation and purification
processes

198, 200, 204, 208

.

Generally, the pairing of half-cystinyl peptides is

achieved by comparing masses of non-reduced and reduced aliquots of a protein
digest using positive ion MS. This method involves the reduction of disulfide
bonds to form two individual Cys residues, followed by alkylation of reduced
peptides to prevent the reformation of the disulfide linkage during isolation and
analysis of the peptide 209. In order to achieve complete reduction of the disulfide,
the reduction conditions may need to be optimised for each individual peptide 210.
The most common reducing agents used are tris(2-carboxyethyl)phosphine
(TCEP)

209, 211, 212

alkylating

and dithiothreitol (DTT)

agents

include

211, 213-215

iodoacetamide

. Examples of common
(IAM)

216

and

N-ethylmaleimide (NEM) 217.
The research presented in this section proposes that negative ion ESI-MS is the
method of choice for detecting disulfide post-translational modifications in
peptides and proteins.

Intra- and inter-molecular disulfide linkages can be

identified in negative ion mode without the need for time-consuming
derivatisations. The characteristic fragmentations of intra- and intermolecular
disulfides in underivatised peptides are reviewed by Bilusich and Bowie

121

and

are summarised as follows: An intramolecular disulfide may be identified by the
facile fragmentation [(M-H)--H2S2], a process favourable by 20 kJ mol-1, but with
a barrier (to the highest transition state) of 38 kJ mol-1 at the HF/6-31G(d)//AM1
level of theory. CID of this fragment normally identifies the positions of the two
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Cys residues and often the full sequence of the peptide. The basic cleavages of an
intermolecular disulfide are outlined in Scheme 3.1 for a model system,
fragmentations first reported by Zhang and Kaltashov
218

207

, while McLuckey et al.

have compared positive and negative ion fragmentations of disulfide

containing somatostatin systems. Relative energies are shown in Scheme 3.1 are
in kJ mol-1 and were calculated at the HF/6-31G(d)//AM1 level of theory. These
are the most energetically favourable fragmentations in the negative ion spectra of
peptides studied by the Bowie group, to date. Processes 1-4 are all favoured with
only small barriers to the transition states (+7 kJ mol-1 for the formation of 1 and
2, and +14 kJ mol-1 for 3 and 4).

Scheme 3.1
Extending the work of Zhang and Kaltashov

207

who reported the use of negative

ion MS to detect one disulfide containing fragment in lysozyme, this thesis reports
the success of a study into the application of negative ion fragmentations for the
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determination of the sequences of disulfide containing proteins, namely lysozyme
and insulin, following digestion by proteolytic enzymes

30

.

Along with the

characteristic intra- and inter-molecular disulfide fragmentations illustrated in
scheme 3.1, the other diagnostic negative ion cleavages of relevance to this study
are: (i) the simple ! and " backbone cleavages of peptides (Scheme 3.2), (ii) the
side chain enolate-directed $ and # backbone cleavages of Asp (Scheme 3.3), and
(iii) the characteristic side chain cleavages of Asp (-H2O), Glu (-H2O), Asn, (NH3), Gln (-NH3), Ser (-CH2O), Thr (-CH3CHO), Cys (-H2S) and Arg (NH=C=NH) (Section 1.10.2) and 31, 100, 121.

Scheme 3.2

Scheme 3.3
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3.2 Insuli n
3.2.1 Summary
Figure 3.1 (A) gives the full sequence of bovine insulin, as determined by the
combined results of negative ion ESI-MS on tryptic and chymotryptic digests of
the protein. Figure 3.1 (B) shows the six peptides identified (using negative ion
ESI-MS) from the chymotrypsin digestion of bovine insulin. Other peptides have
also been identified, but these do not provide further sequence information. There
are a few overlaps between individual fragment peptides shown in Figure 3.1 (B),
however all amino acid residues are identified, together with the three disulfides
including the disulfide connectivity and positions.

Figure 3.1: (A) Sequence of bovine insulin, (B) peptides from chymotrypsin
digestion of bovine insulin identified by negative ion electrospray mass
spectrometry.
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3.2.2 Individual Peptides without
Identified from Insulin Digestion

Disulfide

Functionality

The negative ion ESI-MS of the tryptic digest of bovine insulin gives only one
fragment peptide, GFFYTPL(OH) (1). The negative ion MS of the chymotrypsin
digest of bovine insulin is shown in Figure 3.2 and the sequences of the peptides
corresponding to the numbered peaks are listed in Figure 3.3. The negative ion
MS/MS of the (M-H)- ions of peptides 1-5 are summarised in Figure 3.4 while
that of 6 is shown in Figure 3.5.

Figure 3.2: Negative ion ESI-MS of insulin chymotrypsin digest.

Peaks

corresponding to singly and doubly charged fragment peptides. Q-TOF 2 mass
spectrometer. Magnification range: m/z 1965-2010 (2x). Components numbered
as indicated in Figure 3.3.
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Figure 3.3: Sequences of peptides formed by trypsin and chymotrypsin digests of
bovine insulin.

Sequences determined using negative ion ESI-MS.

2-10

correspond to the molecular weights of the numbered peaks in Figure 3.2. Masses
cited are nominal masses (the sum of the integral masses of each amino acid
residue). See 119 for details of the "’ fragmentation mechanism.

The negative ion fragmentations of the (M-H)- ions of peptides 1-5 are
straightforward and are summarised in Figure 3.4. All designated masses of
(M-H)- and fragment anions (in text and figures) are nominal masses derived from
the sum of the integral masses of individual amino acid residues. Figure 3.5 is the
negative ion spectrum of digest peptide 6 and is representative of peptides of this
type. The ! and " cleavage ions (schematically represented above and below the
spectrum respectively) show the amino acid sequence. The $ and # cleavage ions
at m/z 262 and 492 identify Asn3. Gln4 is identified by $ and # cleavage ions at
m/z 376 and 378, and is distinguished from isobaric Lys4 because Lys does not
produce $ and # fragment anions 100. The C-terminal residue is either Leu(OH) or
Ile(OH). Normally, Edman sequencing would be used to differentiate between
Leu and Ile, however the sequence of bovine insulin is known, and this residue is
Leu.
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Figure 3.4: Negative ion fragmentations of bovine insulin digestion peptides 1-5,
and partial data for disulfides 8 and 10.
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Figure 3.5:

CID ESI-MS/MS of the (M-H)- parent anion of component 6

[FVNQHL(OH)] of the chymotrypsin digest of bovine insulin. Obtained on the
Q-TOF 2 mass spectrometer. Magnification ranges: m/z 505-520 (6x); m/z 600625 (2x).

3.2.3 Indivi dual Peptides with D isulfi de Functio nality
Identi fied fro m Insulin Chy motry psin Digesti on
Digestion peptides 8, 9 and 10 contain disulfide substitutions, therefore, their
negative ion CID spectra should provide data as to whether the disulfides are
intra- or intermolecular and also uncover their positions within bovine insulin.
The simplest of these peptides is 9, which has the lowest molecular weight (1259
Da) and contains only one intermolecular disulfide unit. The four basic negative
ion cleavages of an intermolecular disulfide of this type are shown in Scheme 3.1
for a symmetrical model.
The CID MS/MS data of the (M-H)- parent ion (m/z 1258) of 9 are shown in
Figure 3.6.

Peptide 9 is unsymmetrical, so, in theory, there could be eight
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fragment anions originating from cleavage of the central CH2SSCH2 group. The
spectrum in Figure 3.6 is surprisingly simple, showing four characteristic
cleavage ions, namely m/z 234 (cf. cleavage 4, scheme 3.1), m/z 266 (cf. cleavage
2, scheme 3.1), m/z 991 (cf. cleavage 2, scheme 3.1), and m/z 1023 (cf. cleavage 4,
scheme 3.1). These cleavage ions identify the intermolecular disulfide and its
position in the peptide. The CID MS/MS spectra of the source formed anions m/z
234 and 991 give sequence data for these two peptide constituents of the
intermolecular disulfide, with the exception of the arrangement of the residues
Gly/Glu. The fragmentations are depicted in Scheme 3.4.

Scheme 3.4

Figure 3.6: CID ESI-MS/MS of the (M-H)- parent ion of component 9 of the
chymotrypsin digest of bovine insulin. Q-TOF 2 mass spectrometer.
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Magnification ranges: m/z 125-135 (4x), m/z 1230-1245 (2x). For CID MS/MS
data of fragmentations of source formed m/z 234 and m/z 991, see Scheme 3.4.
The salient details of the negative ion spectrum of 8 are summarised in Figure 3.4.
There are six ions originating from cleavage of the CH2SSCH2 moiety observed in
this spectrum. These are as follows (numbers in parentheses identify the type of
cleavage as specified in Scheme 3.1): m/z 480 (2), 512 (4), 514 (3), 1437 (2),
1468 (4) and 1470 (3).

The CID MS/MS of m/z 1470 shows the major

fragmentation pattern, m/z 1470 ) H2S2 ) H2S.

The loss of H2S2 is the

characteristic fragmentation of an intramolecular disulfide, while loss of H2S is
the diagnostic cleavage of a Cys side chain 121. This result indicates that m/z 1470
contains both an intramolecular disulfide unit and an intact Cys residue. The CID
MS/MS of source formed m/z 514, 1404, (m/z 1470-H2S2) and 1370 [m/z 1470(H2S2+H2S)] provide the sequencing data of 8, (as shown in Scheme 3.5), with the
exception of the relative orientation of Gly/Ile (1,2) and Leu/Tyr (13,14).
The negative ion spectrum of 10, shown in Figure 3.7, provides data similar to
those already considered for 8. The MS/MS data for source formed ions is
summarised in Figure 3.4. These data combined with the information obtained
from 8 (Figure 3.4 and Scheme 3.5) and 4 (Figure 3.4) provide the sequence of 10
with the exception of the relative orientation of Gly/Ile (1,2) and Leu/Tyr (13,14).
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Scheme 3.5

Figure 3.7: CID negative ion ESI-MS/MS of the (M-H)- parent ion of component
10 of the tryptic digest of bovine insulin. Q-TOF 2 mass spectrometer. CID
MS/MS data of the fragmentations of source formed m/z 1087 and m/z 1370 are
recorded in Figure 3.4. *C is –NHC(=CH2)CO-; **C is –NHCH(CHS)CO-.
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3.3 Lysozy me
3.3.1 Summary
Figure 3.8 shows the combined results that were obtained using negative ion MS
of peptides produced following tryptic digest of lysozyme. Figure 3.8 (A) gives
the sequence of chicken lysozyme, and Figure 3.8 (B) shows ten peptides (and
their molecular weights) that were identified from the tryptic digest, using
negative ion ESI-MS. There are no overlaps between the individual fragment
peptides shown in Figure 3.8 (B). The negative ion spectra of these peptides
provides the majority of the sequence of the protein, although K1V2, R14, R29,
N113,R114, and I129 are not covered by the digest peptides shown in Figure 3.8 (B).
The connectivities of the one intra- and three inter-molecular disulfides in Figure
8B are identified.
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Figure 3.8: (A) Sequence of lysozyme. (B) Peptides identified by negative ion
ESI-MS from the tryptic digest of lysozyme. Molecular weights indicated in
parentheses.
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3.3.2
Indivi dual
Peptides
Lacking
Disulfi de
Functio nality Identi fied from the Tryptic Digest of
Lysozyme
The negative ion mass spectral data of those peptides not containing disulfide
groups [peptides 1, 3, 5, 6, 8-10, see Figure 3.8 (B)] are summarised in Figure 3.9.
The negative ion fragmentations provide the full sequences of the peptides 1, 5
and 8, and partial sequences of 3, 6, 9 and 10. This is with the exception of
isomeric Leu and Ile, the correct residue taken from the known sequence of
lysozyme.

3.3.3
Individual
Peptide s
Containing
Di sulfi de
Functio nality Identi fied from the Tryptic Digest of
Lysozyme
The negative ion spectrum of disulfide peptide 2 is shown in Figure 3.10. The
major fragmentation ions [GCR(OH)-H]- (m/z 333) and [CELAAAMK(OH)-H](m/z 834) result from type 3 intermolecular disulfide cleavages, as depicted in
Scheme 3.1. The ! cleavages in the CID MS/MS of source formed m/z 333 and
834 are shown schematically in Figure 3.10, and in detail in Figure 3.9. The
negative ion data provide the sequence of 2 with the exception of the relative
orientation of Ala/Met.

Both m/z 333 and 834 lose H2S, the characteristic

cleavage of the side chain of an intact Cys residue.
The mass spectral data for 4 are listed in Figure 3.9. There are three characteristic
peaks; m/z 248 (cleavage type 3, Scheme 3.1), m/z 1263 [loss of CK-OH
(cleavage

type

4,

Scheme

3.1)],

and

m/z

1202

[(M-H)--

(NH2CH(CH2S2H)CO2H+CH2O]- [cleavage type 2 (Scheme 3.1)]. The additional
loss of CH2O is from the side chain of Ser3; Ser3)Gly3+CH2O

100

. The CID

MS/MS data from source formed m/z 248 and m/z 1202 are listed in Figure 3.9.
The base peak at m/z 248 loses H2S and also forms an ! cleavage ion (m/z 145),
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indicative of the sequence CK(OH). The ! and " ions in the spectrum of m/z
1202, together with m/z 463 ($Asn6) and m/z 738 (#Asn6) provide the sequence
of m/z 1202 as [(GY)GLGNW*CAAK-OH)-H]-, [*C = -NHC(=CH2)CO-] (Gly3
becomes Ser3 in the final sequence). The negative ion data provide the sequence
of 4 with the exception of the relative orientation of Gly/Tyr (see Figure 3.9).
The disulfide primary cleavage pattern in the negative ion mass spectrum of the
final disulfide containing peptide (7) is shown in Figure 3.11. This peptide is the
most complex disulfide considered in this study, containing one intra- and one
inter-molecular disulfide unit. Zhang and Kaltashov

207

reported the primary

disulfide cleavage ions, however the sequence was not elucidated. The most
diagnostic cleavage ions are m/z 932 (cleavage type 4, Scheme 3.1) and m/z 2332
(see Figure 3.11). The CID MS/MS data for source formed m/z 932 provide the
sequence [WW-NHCH(CH=S)CO-NDGR(OH)-H]-, as detailed in Figure 3.9 and
summarised in Scheme 3.6. The CID MS/MS data for source formed m/z 2332
shows a pronounced loss of H2S2 (to m/z 2266) indicative of the presence of an
intramolecular disulfide unit

121

. The species m/z 2266 is the most complex

fragment anion considered in this study. The CID MS/MS data for source formed
m/z 2266 is detailed in Figure 3.9 and summarised in Scheme 3.6. This anion
sequentially loses H2S, CH3CHO, four units of CH2O and one H2O, identifying
one intact Cys, one Thr, four Ser and either an Asp or Glu residue 100. These data,
together with the observed !, ", $ and # fragmentations of m/z 2266 (Figure 3.9)
provide the partial structure of this peptide. The structure lacks only the detail of
the missing 285 Da (Ile Thr Ala).
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Figure 3.9: Negative ion fragmentations and sequences of peptides 1, 3, 5, 6, 8, 9
and 10 from tryptic digest of lysozyme, and partial data for disulfides 2, 4 and 7.
[*C is -NHC(=CH2)CO-. **C is -NHCH(CHS)CO-].
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Figure 3.10: CID ESI-MS/MS of the (M-H)- parent ion of component 2 of the
chymotrypsin digest of lysozyme. Obtained on the Q-TOF 2 mass spectrometer.
CID MS/MS of source formed fragment ions m/z 333 and m/z 834 are shown
schematically on the spectrum.

Figure 3.11: CID negative ion ESI-MS/MS of the (M-H)- parent anion of
component 7 of the tryptic digest of lysozyme.

The spectrum shows peaks

produced by the primary cleavages of the disulfide moieties. m/z 914 is (m/z 932H2O), the characteristic side chain fragmentation of Asp (in this case) or Glu 100.
Q-TOF 2 mass spectrometer. For sequencing data see Figure 3.9 and Scheme 3.6.
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Scheme 3.6
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3.4 Co ncl usio ns
Negative ion MS can be used to determine much of the amino acid sequences of
the proteolytically digested proteins insulin and lysozyme. In particular, negative
ion MS can be used to cleave (M-H)- anions of both intra- and inter-molecular
disulfides indicating the bond connectivity of the disulfides.

Intramolecular

disulfide containing peptides are identified by the characteristic loss of H2S2 in
their negative ion spectra, whereas intermolecular disulfides undergo the
characteristic cleavage processes as shown in Scheme 3.1. CID MS/MS of the
characteristic negative ions formed by cleavage of the disulfides may yield data
that provide sequencing information of the disulfide containing peptides. It is
concluded that negative ion MS is a viable analytical method for the structure
determination of disulfide containing peptides following proteolytic digestion of
insulin and lysozyme.

- 106 -

Chapter 3: Disulfide Bridges

3.5 Experi mental

A. Materials
Bovine insulin, chicken lysozyme, trypsin and !-chymotrypsin were obtained
commercially from Sigma-Aldrich Pty Ltd and were used unpurified.

B. Digests
Tryptic and chymotryptic digests were carried out using standard procedures
220

219,

; reduction and alkylation steps were omitted.

Insulin was solubilised in dilute acetic acid (pH 2-3) prior to digestion.
Tryptic digests: Trypsin (100 µg/µL in 5 mM NH4HCO3) and protein (in 50 mM
NH4HCO3, pH 7.5-8.5) were used so that the final enzyme:protein ratio
(mass:mass) was 1:50. The mixtures were incubated overnight at 37 °C.
Reactions were stopped by lyophilisation of the sample. Samples were then
reconstituted in 50% acetonitrile and stored at -20 °C until ready to use.
Chymotryptic digest: Solubilised insulin (0.1 mg) was added to an aqueous
solution of Tris buffer solution (1 µL of 0.1 µM, pH 8) and !-Chymotrypsin [1
µL made from 3 units dissolved in water (200 µL)]. The mixture was adjusted to
pH 8 with dilute ammonia and Tris digestion buffer. The mixture was incubated
overnight at 45 °C. Reactions were stopped by lyophilisation of the sample.
Samples were then reconstituted in 50% acetonitrile and stored at -20 °C until
ready to use.

C. Electrospray mass spectrometry
ESI-MS/MS data were determined using a Micromass Q-TOF 2 orthogonal
acceleration time of flight mass spectrometer with a mass range to
10 000 Th. The Q-TOF 2 is fitted with an electrospray source in an orthogonal
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configuration with the Z-spray interface.

Samples were dissolved in

acetonitrile/water (1:1) and infused into the electrospray with a flow rate of
8 µL min-1.

Conditions were as follows:

capillary voltage 2.9 kV, source

temperature 80 °C, desolvation temperature 150 °C and cone voltage 40 V.
Argon was used as the collision gas with laboratory frame collision energies of
30 eV. Masses of anions were recorded as nominal masses, i.e. the sum of the
integral mass of the individual amino acid residues.
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Chapter 4

Negative Ion Fragmentations of Deprotonated
Peptides. The Unusual case of isoAsp: A Joint
Experimental and Theoretical Study

4.1 Intro duc tio n
Most PTMs are enzyme-catalysed modifications. However, proteins and peptides
are also susceptible to many spontaneous non-enzymatic PTMs under
physiological conditions

221-225

.

The types of non-enzymatic covalent

modifications that a protein/peptide can undergo are varied and include
isomerisation, racemisation, deamidation, glycation, oxidation, "-elimination,
cross-linking, dehydration and hydrolysis. The presence of these modifications
can be of little or no importance to the structure and overall stability of a
protein/peptide, or alternatively, they may be absolutely detrimental to the ability
of the biomolecule to perform its biological function

221, 224

. The occurrence of

these spontaneous non-enzymatic modifications is often determined by the
sequence, structure, half-life and microenvironment (temperature, pH, redox
potential, osmotic conditions) of the protein, usually in a time-dependent manner,
with their frequency varying with age 221, 226.
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The isomerisation of Asp under physiological conditions is one example of
spontaneous non-enzymatic PTMs that occurs in proteins and peptides during
ageing

222, 223

. The isomerisation of Asp occurs via a five-membered ring

succinimide intermediate formed by nucleophilic attack of the C-flanking amide
nitrogen on the side chain carbonyl group. The !-succinimidyl function then
undergoes hydrolysis at either the !- or "-carboximide to give a mixture of
isoAsp [-NHCH(CO2H)-CH2CO-] and Asp [-NHCH(CH2CO2H)CO-] residues,
respectively, normally in a ratio of approximately 3:1 (Scheme 4.1) 227-229.

Scheme 4.1

The process of isoAsp formation occurs more readily when the C-flanking amino
acid is either small or hydrophilic (e.g. Gly, Ser and His)

230, 231

. Conversely, the

presence of large hydrophobic side chains on the residue following Asp usually
prevents isoAsp formation; however there has been a recent report of Asp
isomerisation occurring in a cyclic peptide with Leu following Asp

232

. The

residue preceding Asp has been found to have minimal effect on succinimide
formation and the subsequent isomerisation of Asp 227, 228, 233.
This non-enzymatic isomerisation process is a frequent outcome of age related
protein degradation, and has been noted for proteins following heat shock

234

,

photochemical stress 235, and oxidative stress 236, 237. Effects to biological activity
resulting from Asp isomerisation have been reported for a number of proteins and
peptides 238 as a consequence of structural changes that occur due to the side chain
methylene group being inserted into the polypeptide backbone 239. The disruption
of bioactivity by isoAsp formation is associated with a variety of disease states.
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Specifically, isomerisation of Asp has been shown to trigger amyloid formation
and pathogenic aggregation, processes that have been implicated in the amyloid
diseases Type 2 diabetes mellitus

240

, cataract

241, 242

and Alzheimer’s

243-245

.

Protein turnover may also be effected by the presence of isoAsp because most
proteases are not capable of directly hydrolysing the "-carboxyl peptide linkage
246, 247

.

Much of the work by Bowie, et al. on negative ion spectra of peptides stems from
studies of anuran peptides 248, 249. There are anuran peptides that contain Asp Xaa
sequences, which, in theory, may isomerise to isoAsp Xaa.
peptides where Xaa is His
anuran

peptide

250

containing

, Ser
the

251-257

, and Gly

Asp

Gly

258, 259

These include

. An example of an

moiety

is

caeridin

[GLLDGLLTLGL(NH2)], which is isolated from the tree frogs Litoria gilleni
and Litoria chloris

1.1
258

259

, along with the cyclised succinimide derivative, and the

isoAsp derivative, caeridin 1.2 [GLLisoDGLLTLGL(NH2)]. It has not been
established whether this interconversion has some biological function, or whether
it is merely a serendipitous process that occurs because of the Asp Gly
functionality. It was noted that these two peptides could be distinguished on the
basis of peak intensity, with the a fragmentation due to the cleavage of Asp in the
product ion mass spectrum of the MH+ ion of caeridin 1.1 being significantly
larger than the corresponding peak in the mass spectrum of caeridin 1.2 258. More
recently it has been reported that some peptides containing Asp/isoAsp can be
differentiated by (i) a comparison of b/y ion ratios and the relative abundances of
immonium cations in the product ion mass spectra of MH+ ions

259

, (ii) the

presence of c + 57 and z – 57 peaks in the electron-transfer dissociation (ETD)
spectra of isoAsp-containing peptides 260, (iii) the presence of Cr – 57 and Zl-r + 58
peaks in the electron capture dissociation (ECD) spectra of isoAsp-containing
peptides and the loss of 60 Da from [M+nH](n-1)+ ions in the corresponding spectra
of Asp isomers 233, 261.
This chapter reports the outcomes of (i) a joint experimental and theoretical
investigation to ascertain whether fragmentations of (M-H)- anions can be used to
distinguish between Asp and isoAsp in synthetic peptides, and (ii) comparisons of
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the negative ion data with that obtained from the corresponding positive ion
spectra of MH+ ions 31.

4.2 Re sults a nd Di sc ussion
The negative ion fragmentations of Asp have been reported

100, 121

. The Asp

residue in a peptide undergoes a characteristic side-chain loss of H2O, a
fragmentation also observed for Glu (Section 1.10.1). However, it is a facile
backbone cleavage pathway, directed by the side-chain enolate anion, which
dominates the negative ion spectra of Asp-containing peptides (shown in Scheme
4.2). This reaction pathway proceeds over a barrier of 197 kJ mol-1 to form an
intermediate, which may either dissociate to yield R1NH- [a $ ion (+309
kJ mol-1)]; or effect internal proton transfer to form the characteristic # anion by
loss of R1NH2, a process exothermic by 42 kJ mol-1 at the HF/6-31G(d)//AM1
level of theory.

Scheme 4.2

The process described for the Asp residue in Scheme 4.2 cannot occur for the
isoAsp residue [R1NHCH(CO2H)CH2COR2] as isoAsp is unable to form a side
chain enolate anion. In order to compare the negative ion fragmentations of
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peptides containing Asp and isoAsp residues, the peptides listed in Table 4.1 were
studied. Apart from the naturally occurring caeridin 1.1 (3) and caeridin 1.2 (4),
the other Asp and isoAsp pairs of isomers (see Table 4.1) were chosen such that
the C-flanking amino acid residues do not correspond to Gly, Ser or His. This
was done to minimise the possibility of Asp to isoAsp conversion occurring
during the ESI procedure.

Table 4.1: Peptides studied
1

GLDFG(OH)

2

GLisoDFG(OH)

3

GLLDGLLGLGGL(NH2)

Caeridin 1.1

250

4

GLLisoDGLLGLGGL(NH2)

Caeridin 1.2

250

5

GLFDVIKKVAAVIGGL(NH2)

11 Ala citropin 1.1

256

synthetic modification of citropin 1.1

6

GLFisoDVIKKVAAVIGGL(NH2)

7

APGDRIYVHPF(OH)

8

APGisoDRIYVHPF(OH)

4.2.1 The isoA sp
Experimental Data

Crinia angiotensin

Nega tive

Ion

257, 262

Fragme ntatio ns:

Figures 4.1 and 4.2 illustrate the CID-MS/MS data for (M-H)- ions of peptides 1
and 2, respectively.

Although the two spectra are reproducibly different,

remarkably, the major fragmentations observed in each spectrum appear to be the
same. In particular, the spectrum of the isoAsp-containing peptide 2 (Figure 4.2)
shows peaks at the same masses and atomic compositions as those corresponding
to the Asp $ (m/z 186), # (m/z 319), and (#-H2O) (m/z 301) fragmentations of
Figure 4.1. The CID MS/MS of source-formed m/z 319 anions [the # anion for
the Asp isomer (Figure 4.3)] are identical in both spectra, as are those of the two
m/z 301 anions [the Asp (#-H2O) species, (data not shown)]. This means that m/z
319 in both Figures 4.1 and 4.2 corresponds to the # Asp ion structure (cf. Scheme
4.2).
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Figure 4.1: CID MS/MS of the (M-H)- anion of GLDFG(OH). Q-TOF 2 mass
spectrometer. ! and " fragmentations are shown on the formula. $ and #
fragmentations are indicated on the spectrum. Magnification ranges, m/z 140-290
(10x); 310-440 (10x).

Figure 4.2: CID MS/MS of the (M-H)- anion of GLisoDFG(OH). Q-TOF 2 mass
spectrometer. m/z 432 is the " ion [(M-H)--G(OH)]. $ and # fragmentations are
indicated on the spectrum. Magnification ranges, m/z 140-290 (10x); 310-440
(10x). Found m/z 319; 319.0930, calculated for C15H15N2O6, 319.0940; m/z 301;
301.0821, calculated for C15H13N2O5, 301.0824. Exact masses determined on
Orbitrap mass spectrometer.
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Figure 4.3: CID MS/MS of m/z 319, the #D3 product anion formed from the
(M-H)- anion of GLDFG(OH) (cf. Figure 4.1). Q-TOF 2 mass spectrometer. !
fragmentations are shown above the spectrum. D* is maleic anhydride. Other
fragmentations are indicated on the spectrum.
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Table 4.2: MS/MS data for (M-H)- ions of 3-6 [m/z (relative abundance in %)].
Masses are recorded as nominal masses (the sum of the integral masses of the
individual amino acid residues). Argon collision gas energies (CE in eV) are
listed for each spectrum. For explanations of backbone cleavage reactions of
negative ions see reviews 100, 121.

GLLDGLLGTLGL(NH2)

caeridin 1.1 (3). (M-H)- = 1138. CE 45.

! ions: 855 (1), 740 (3).
" ions [m/z (%)]: 1138 (100), 1008 (1), 951 (1), 737 (1), 282 (1), 169 (1)
[(GL)L-455-(TL)GL(NH2)].
$D4 [299 (3)]; #D4 [838 (2)]; (#D4-H2O) [820 (61)]; [#D4 - (H2O + MeCHO)] [776 (54)].
[#D4 - (H2O + MeCHO)] [776 (54)] ! 773 (1), 620 (10), 563 (1), 450 (76), 393 (21), 336 (3),
223 (1), 110 (0.5). [C5H4NO2-LLGLGL(NH2) - H]- (*).
GLLisoDGLLGTLGL(NH2) caeridin 1.2 (4). (M-H)- = 1138. CE 45.
! ions [m/z (%)]: 1138 (100), 855 (1), 186 (2), 129 (1). [(GLL)-669-GL(NH2)].
"' ions [m/z (%)]: 1025 (1), 855 (2), 697 (1), 186 (2) [(GL)-511-(GT)(GL)L(NH2)].
isoD cleavages[m/z (%)]: 299 (4), 820 (5), 776 (26).
m/z 776 (26) ! 733 (5), 620 (15), 563 (0.5), 450 (25), 393 (25), 336 (4), 223 (2), 110 (0.2).
[C5H4NO2-LLGLGL(NH2) - H]- (*).
GLFDVIKKVAAVIGGL(NH2) 11Ala citropin 1.1 (5). (M-H)- = 1596. CE 72.
! ions [m/z (%)]: 1596 (25), 1164 (9), 1065 (5), 952 (12), 824 (12), 696 (10), 597 (16), 526 (17),
455 (7), 356 (16), 243 (5), 186 (10). [432 - VIKKVAAVIGGL(NH2)].
$D4 [333(39)]; #D4 [1262 (54)]; (#D4 - H2O) [1244 (100)].
GLFisoDIKKVAAVIGGL(NH2) 4-isoAsp 11Ala citropin 1.1 (6). (M-H)- = 1596. CE 72.
! ions [m/z (%)]: 1596 (28), 1164 (10), 1065 (7), 952 (9), 824 (9), 696 (7), 597 (18), 526 (20),
455 (5), 356 (12), 243 (2), 186 (8).
{432-VIKKVAAVIG[GL(NH2)]}.
isoD cleavages; 333 (18); 1262 (3); 1244.
O

*

C5H4NO2- is

NCH2O
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Table 4.3: MS/MS data for MH+ parent ions of 1-8. [m/z (relative abundance in
%)]. Masses are recorded as nominal masses (the sum of the integral masses of
the individual amino acid residues). Argon collision gas energies (CE in eV) are
listed for each spectrum. For explanations of backbone cleavage reactions of MH+
ions see reviews 36, 90.

GLDFG(OH)

(1)

MH+ = 508. CE 20.

b ions [m/z (%)]: 508 (24), 490 (14), 433 (33), 286 (100), 171 (26). [(GL)DFG(OH)].
y ions: 508 (24), 451 (2), 338 (28), 223 (43). [GLD(FG)(OH)].
immonium ions: L [86 (2)]; D [found 88.0391, calc. for C3H 6NO2 88.0397 (0.5)]; F [120 (15)].
GLisoDFG(OH) (2)

MH+ = 508. CE 20.

b ions [m/z (%)]: 508 (7), 490 (9), 433 (18), 286 (7), 171(100). [(GL)isoDFG(OH)].
y ions: 508 (7), 451 (5), 338 (7), 223 (14). {GLisoD[FG(OH)]}.
GLLDGLLGTLGL(NH2) caeridin 1.1 (3)

MH + = 1140. CE 47.

b ions [m/z (%)]: 1140 (82), 1123 (100), 1010 (68), 953 (30), 840 (61), 739 (57), 682 (81), 569
(84), 456 (47), 399 (52), 284 (3), 171 (32). {[GL] [LD] [GLLGTLGL(NH2)]}.
y ions: 1140 (82), 857 (8), 572 (22), 188 (8). {[GLL][DGL][LGTL][GL(NH2)]}.
GLLisoDGLLGTLGL(NH2) caeridin 1.1 (4) MH+ = 1140. CE 47.
b ions [m/z (%)]: 1140 (22), 1123 (38), 1010 (36), 953 (22), 840 (14), 739 (22), 682 (58), 569 (78),
456 (100), 399 (78), 284 (41), 171 (10). [(GL)(LisoD)GLLGTLGL(NH2)].
y ions: 1140 (22), 572 (15), 188 (8), 131 (3). {[GLLisoDGL] [LGTL] GL(NH2)]}.
GLFDVIKKVAAVIGGL(NH2) 11Ala citropin 1.1 (5) MH+ = 1598. CE 73.
b ions [m/z (%)]: 1598 (100), 1581 (10), 1468 (6), 1411 (2), 1354 (6), 1241 (7), 1142 (5), 1071
(6), 1000 (3), 901 (4), 773 (2), 645 (6), 532 (25), 433 (10), 318 (3), 171 (24).
[(GL)FDVIKKVAAVIGGL(NH2)]
y ions: 1598 (100), 954 (2), 826 (5), 599 (2), 528 (1), 358 (3), 245 (2), 188 (2).
{(GLFDVI)K(KV)A(AV)IG[GL(NH2)]}.
GLFisoDVIKKVAAVIGGL(NH2) 4 iso-Asp 11Ala citropin 1.1 (6) MH+ = 1598. CE 73.
b ions [m/z (%)]: 1598 (100), 1581 (40), 1468 (9), 1411 (10), 1354 (37), 1241 (42), 1142 (28),
1071 (28), 1000 (38), 901 (31), 773 (6), 645 (13), 532 (25), 433 (2), 318 (4), 171 (8).
[(GL)FDVIKKVAAVIGGL(NH2)].
y ions: 1598 (100), 954 (10), 826 (16), 599 (8), 188 (3).
{(GLFDVI)K(KV)(AAVIGG)[GL(NH2)]}.
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Table 4.3 continued…
APGDRIYVHPF(OH) Crinia angiotensin (7)

MH+ =1271. CE 73.

b ions [m/z (%)]: 1271 (23), 1253 (7), 1106 (2), 1009 (12), 872 (9), 773 (17), 341 (18), 226 (13),
169 (16). [(AP)GDR-432-VHPF(OH)].
y ions: 1271 (23), 1200 (1), 1103 (1), 1046 (1) 931 (26), 775 (5), 400 (43), 263 (78), 166 (8)
[APGD-375-HPF(OH)].
immonium ions: P 70 (60); V 72 (4), I 86 (2), H 110 (88); F 120 (9).
APGisoDRIYVHPF(OH) 4 isoAsp Crinia angiotensin (8) MH+ = 1271. CE 73.
b ions [m/z (%)]: 1271 (13), 1253 (6), 1106 (1), 1009 (6), 872 (15), 773 (12), 497 (56), 341 (12),
226 (34), 169 (18) [(AP)GisoD-276-YVHPF(OH)}.
y ions: 1271 (13), 1200 (1), 1103 (4), 1046 (10), 931 (83), 775 (12), 499 (15), 400 (48), 263
(100), 166 (8). [APGisoDR(IY)VHPF(OH)].

Consideration of the negative ion spectra of 3-8 leads to precisely the same
conclusions as drawn above for the negative ion spectra of 1 and 2. The pairs of
spectra are not identical, however, the major product ions, including ions
corresponding to Asp $, # and (#-H2O), are the same in each case. The negative
ion data for 3-6 are summarised in Table 4.2, while the negative ion spectra of
crinia-angiotensin (7) and its isoAsp analogue (8) are illustrated in Figures 4.4 and
4.5, respectively.
The spectra shown in Figures 4.4 and 4.5 are similar, but not identical. The
spectrum of the Asp-containing peptide (7, Figure 4.4) shows the characteristic
Asp $, # and (#-H2O) ions at m/z 241, 1027 and 1009 respectively. These same
ions are present in the isoAsp isomer (Figure 4.5). MS/MS data for the two m/z
1027 anions are identical, as are the corresponding data for the two m/z 1009
anions. As an illustration, the MS/MS of m/z 1009 from the Asp-containing
peptide is shown in Figure 4.6.
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Figure 4.4: CID MS/MS of the (M-H)- anion of APGDRIYVHPF(OH) (7).
Q-TOF 2 mass spectrometer. ! fragmentations are shown above the spectrum. $
and # fragmentations are indicated on the spectrum.

m/z 1009 shows the

following " cleavage pattern: m/z 1009, 844, 610 {[-F(OH)], [-HP(OH)]}.
Magnification ranges, m/z 70-270 (4x); 271-665 (6x); 666-1000 (8x).

The observation that each pair of Asp/isoAsp spectra are not identical means that
the equivalence of ion structures in the two spectra are not the result of an
Asp/isoAsp interconversion occurring during the ESI procedure. A mechanistic
rationale for the formation of the isoAsp cleavage ions is proposed in Scheme 4.3.
Enolate A initiates backbone cleavage to give anion complex B, which may either
dissociate to give C (which is the same as the Asp $ anion), or undergo internal
proton transfer to yield D (which has the same structure as the Asp # anion). In
addition, enolate A could effect backbone fragmentation via anion complex E, to
yield F (an ! cleavage anion) and G (a " cleavage anion) (Section 1.10.1 and 100,
121

). The results of theoretical studies of this proposed mechanism are discussed

in Section 4.1.2, but first, it is of interest to see whether the ions corresponding to
the specific ! and " cleavages F and G are present in the negative ion spectra of
the isoAsp containing peptides 2, 4, 6, and 8. Small peaks corresponding to
isoAsp ! and " ions can be seen for peptide 2 (Figure 4.2, ! ions m/z 221; " ions
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m/z 431, 284) and peptide 8 (Figure 4.5, m/z 773, 660, 497, 398, 261, 164; " ions
m/z 1009, 844, 747, 610). Small ! ion peaks are present for peptide 4 (Table 4.2,
! ions m/z 1138, 855, 186, 129) and peptide 6 (Table 4.2, m/z 1596, 1164, 1065,
952, 824, 696, 597, 526, 455, 356, 243, 186). The low abundance (or absence) of
! and " ions in the isoAsp spectra indicate that processes proceeding via the ion
complex E (to give F and G) (Scheme 4.3) are energetically unfavourable in
comparison with the two processes which proceed through ion complex B.

Scheme 4.3

As far as the Asp spectra are concerned, there are ! and " cleavage ions observed
for peptide 1 (Figure 4.1, ! ions m/z 221; " ions m/z 431, 284), peptide 3 (Table
4.2, ! ions m/z 855, 740; " ions m/z 1138, 1008, 951, 737, 282, 169), and peptide
7 (Figure 4.4, ! ions m/z 929, 773, 660, 497, 398, 261, 164; " ions m/z 1009, 844,
747, 610). The ! ion is observed in the spectrum of Peptide 5, (Table 4.2, ! ions
m/z 1596, 1164, 1065, 952, 824, 696, 597, 526, 455, 356, 243, 186). While the
peaks due to ! and " cleavage ions are of slightly higher abundance for the Aspcontaining peptides, generally the ! and " ions are low abundance (or absent) in
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both the Asp and isoAsp peptides. Therefore, it would be unwise to use their
presence or absence to attempt to differentiate between Asp and isoAsp.

Figure 4.5: CID MS/MS of the (M-H)- anion of APGisoDRIYVHPF(OH) (8).
Q-TOF 2 mass spectrometer. ! fragmentations are shown above the spectrum. $
and # fragmentations are indicated on the spectrum.

m/z 1009 shows the

following " cleavage pattern: m/z 1009, 844, 610 {[-F(OH)], [-HP(OH)]}.
Magnification ranges, m/z 70-270 (60x); 271-850 (30x); 851-1020 (2x).
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Figure 4.6: CID MS/MS of m/z 1009 formed from the (M-H)- anion of
APGDRIYVHPF(OH) (7). Q-TOF 2 mass spectrometer. ! fragmentations are
shown above the spectrum.

4.2.2 The isoA sp
Theoretical Data

Nega tive

Ion

Fragme ntatio ns:

The reaction coordinate profiles for the two mechanistic proposals shown in
Scheme 4.3 are summarised in Figures 4.7 and 4.8 for a model system.
Calculations were performed at the HF/6-31+G(d)//AM1 level of theory. Figure
4.7 shows that processes A to C and D are more complex (in the detail) than those
summarised in Scheme 4.3. The pathway forming D is exothermic (-85 kJ mol-1)
while that to C is endothermic (+115 kJ mol-1 ).
transition state in Figure 4.7 is 42 kJ mol-1.

- 122 -

The barrier to the highest

Chapter 4: Asp/isoAsp

Figure 4.7: Reaction coordinate of A through B to C and D. R = CH3CO-; R' =
CH2CO2H. HF/6-31+G(d)//AM1 level of theory. Relative energies in kJ mol-1.
The energy required to convert the lower energy carboxylate anion into a
backbone enolate anion is normally about 85 kJ mol-1 100.

The possible C-terminal isoAsp ! and " cleavage processes proceeding through
ion complex E are shown in Figure 4.8. Both processes are endothermic (+15 and
+305 kJ mol-1, respectively) with the barrier to the first transition state being 79 kJ
mol-1. The theoretical calculations therefore indicate that processes A through B
to C and D (Scheme 4.3 and Figure 4.7) are energetically more favourable in
comparison with A though E to F and G (Scheme 4.3 and Figure 4.8), in
agreement with the experimental results described above (Section 4.1.1).
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Figure 4.8: Reaction coordinate of A through E to F and G. R = CH3CO-; R' =
CH2CO2H. HF/6-31+G(d)//AM1 level of theory. Relative energies in kJ mol-1.

4.2.3 The Asp and i soA sp Frag mentatio ns i n the ESI
Mass Spectra o f MH + Ions of 1-8
The positive ion cleavages of peptide MH+ ions have been described in Section
1.9 and in detail in several reviews, 36, 90.
The b and y fragmentations of the MH+ ions of peptides 1-8 are listed in Table
4.3. The immonium ions of 1 and 7 are also recorded in Table 4.3. The data
shows that the decompositions of the MH+ ions provide the sequences of 1 and 2,
and partial sequences of the other compounds 3-8. It has been suggested that
immonium ions can be used to differentiate between Asp and isoAsp

259

,

therefore, the data in Table 4.3 were examined to determine whether it is possible
to differentiate between Asp and isoAsp in the positive ion spectra of these
peptides. There is a small peak at m/z 88, corresponding to an immonium cation
(+NH2=CHCH2CO2H) for Asp of compound 1 (Table 4.3), but there is no
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corresponding ion in the spectra of 3, 5 and 7. The Asp a ion of compound 3 is of
higher abundance than the isoAsp a ion of 4 (as reported previously 258) however,
no such correlation holds for the positive ion spectra of 1, 2, 5, 6 or 7, 8 (a
fragmentation data not included). There is no consistent difference between b/y
ratios for the Asp/isoAsp-containing peptides 1-8 (cf.

259

).

There is some

correlation between the peak abundances of the b cleavages around Asp and
isoAsp as shown in Scheme 4.4. The numbers recorded in Scheme 4.4 are the
actual relative abundances of the two peaks in each spectrum. For seven of the
eight examples shown in Scheme 4.3, the ‘C-terminal’ Asp b cleavage is more
pronounced (than the ‘N-terminal’ Asp cleavage) in the spectra of Asp-containing
peptides, whereas the ‘N-terminal’ b isoAsp cleavage is more pronounced for the
isoAsp-containing peptides. The exception is compound 4, where the expected
ratio is reversed.

The above results do not uncover any simple method for

unequivocally differentiating Asp from isoAsp using the positive ion dissociations
of the MH+ ions of 1-8.

Scheme 4.4
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4.2.4 Electron Transfer Dissociati on Spectra o f 1 -8
Cournoyer et al.

233, 261

have shown that electron capture dissociation (ECD)

conditions can be used to differentiate between positively charged isoAsp and
Asp-containing peptides (* 11 residues) formed by tryptic digests of three
selected proteins. Similar fragmentations (c+57 and z-57) have been reported in
electron transfer dissociation (ETD) spectra. For this study, peptides 1-8 were
examined under ETD conditions

263, 264

. As expected, peptides 1-4 do not give

ETD spectra (due to their low molecular mass and inability to form multiply
charged species under ETD conditions). However, peptides 5-8 do give ETD
spectra (data not shown). The spectra of both isoAsp peptides (5 and 7) do show
peaks with masses the same as those of z-57 ions, but these peaks are of small
abundance and each is contained within a small cluster of peaks.

As such,

peptides 1-8, chosen for the negative ion study, are not a suitable selection for a
meaningful ETD study.

4.2.5 Conclusions
1. It is not possible to differentiate between Asp and isoAsp residues using
negative ion MS for the eight peptide examples used for this study. The
(M-H)- anion of an isoAsp-containing peptide undergoes cleavage via the
isoAsp backbone enolate anion to give product anions which have the
same structures as the $ and # backbone cleavage anions of Asp. Ab initio
calculations indicate that the two described isoAsp backbone cleavages are
more favourable energetically than the $ and # fragmentations of Asp.
2. Similarly, there is no diagnostic cleavage of the MH+ cation of a peptide
containing an isoAsp residue that unequivocally differentiates isoAsp from
Asp in the spectra of the eight compounds used for this study.
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4.3 Experi mental

A. Materials
Peptides were prepared by GenScript Corporation (Piscataway, NJ, USA) and
were >90% purity.
B. Electrospray Ionisation Mass Spectrometry
ESI-MS/MS data were determined using a Micromass Q-TOF 2 orthogonal
acceleration time-of-flight mass spectrometer with a mass range to 10,000 Th.
The Q-TOF 2 is fitted with an electrospray source in an orthogonal configuration
with the ZSPRAY interface. Samples were dissolved in acetonitrile/water (1:1)
and infused into the electrospray source with a flow rate of 8 µL/min. Conditions
were as follows: capillary voltage 2.9 kV; source temperature 80 oC, desolvation
temperature 150 oC and cone voltage 40 V. Argon collision gas energies (CE, in
eV) used for particular spectra are recorded in Tables 4.2 and 4.3 and Figures 4.1
– 4.6. Masses of anions are recorded as nominal masses, i.e. the sum of the
integral masses of the individual amino acid residues. When exact masses are
recorded, they are the monoisotopic masses, determined using an Orbitrap mass
spectrometer.
C. Electron Transfer Dissociation Mass Spectrometry
ETD spectra were measured with a Bruker HCT ultra ETD ion trap mass
spectrometer (using fluoranthene as carrier of electrons generated from methane)
over a range of m/z 100– 2600 (Bruker Daltonics, Bremen, Germany). Peptides
were dissolved in acetonitrile/water (1:1) + 0.5% formic acid and infused into the
source at a flow rate of 3 mL/min. The peptide concentration was 50 nM. In each
cycle, the peptide was reacted with approximately 500 000 fluoranthene ions for
400 ms before measurement of the fragments. Peptides were ionised at 4 kV with
the skimmer set to 40 V.
D. Calculations
Calculations were carried out at the HF/6-31+G(d)//AM1 level of theory
using Gaussian 03

192

131, 191

,

. Stationary points were characterised as either minima (no
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imaginary frequencies) or transitions states (one imaginary frequency) by
calculation of frequencies using analytical gradient procedures. AM1 has been
used previously for geometric optimisation and transition state searches and has
demonstrated good correlation with structures obtained by ab initio methods

122,

265

. Transition states were confirmed using IRC calculations. Calculations were

performed using APAC supercomputer facilities (Australian Partnership for
Advanced Computing, Australian National University).
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Chapter 5

Histidine-Containing Host-Defence Skin
Peptides of Anurans Bind Cu2+.
An Electrospray Ionisation Mass
Spectrometry Study

5.1 Intro duc tio n
During the last two decades, host defence peptides from the skin secretions of
Australian anurans (frogs and toads) of the genera Crinia, Cyclorana, Litoria and
Uperoleia have been identified

248, 249

. Among these peptides are a variety of

opioids, neuropeptides, hormones, immunomodulators, membrane active peptides
[antibacterial, anticancer, antifungal, antiviral (for viruses with envelopes)],
peptides that inhibit the formation of nitric oxide by neuronal nitric oxide
synthase (nNOS) (by complexation with the regulatory protein Ca2+ calmodulin),
a male sex pheromone, and a number of small peptides whose activities have yet
to be established. 248, 249
The caerin 1 peptides isolated from Australian tree frogs of the genus Litoria are
potent membrane-active amphibian peptides. The prototypical example is caerin
1.1 [GLLSVLGSVAKHVLPHVVPIAEHL-NH2; (from L.caerulea, L.splendida
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and L. gillini)] which has multifaceted activity: it is a wide-spectrum antibiotic, a
fungicide, an anticancer agent [active against all human cancers tested by the
National Cancer Institute (Washington, US)] with MIC values at 10-6 M or better.
It is active against the herpes virus and HIV, it kills nematodes and it inhibits the
formation of NO by nNOS, again at 10-6 M concentrations. All these activities
are at concentrations below that at which caerin 1.1 is cytotoxic to red blood cells
248, 249

.

Nuclear magnetic resonance (NMR) studies have shown that the caerins 1 are
hinged peptides when attached to a membrane bilayer

190, 266

. Figure 5.1 shows

the 3D structure of the helix-hinge-helix amphipathic peptide caerin 1.1 and it is
suggested that caerin 1.1 interacts with the lipid bilayer of bacterial cells, as
shown in Figure 5.2, disrupting membrane integrity.

One of the interesting

features of the structure of caerin 1.1, is that it has two histidine residues close to
the central hinge region and a third histidine near to the C-terminal end of the
peptide. The presence of these residues suggests that the caerin 1 peptides might
complex with metal cations, for example Cu2+, and that such complexation might
have some influence on the activities of the complexed caerins 1.

Figure

5.1:

The

"helix-hinge-helix"

structure

of

caerin

1.1

(GLLSVLGSVAKHVLPHVVPVIAEHL-NH2), determined by 2D NMR in
aqueous d3-trifluoroethanol as solvent 190, 266.
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Figure 5.2: Representation of the penetration of a bacterial lipid bilayer by caerin
1.1 as determined by solid-state NMR spectroscopy 248, 249.

There is an extensive body of literature concerning the complexation of peptides
and proteins with metal cations, including Cu2+. Among the literature are studies
showing that Cu2+ complexes with peptides are usually square planar (around
Cu2+), but trigonal pyramidal and octahedral complexes are also possible

267-271

.

There are also reports to show that copper and copper ions may be used as
disinfectants

272

; they are also antibacterial and antiviral agents; for example,

acting against methicillin resistant Staphylococcus aureus and vancomycinresistant bacteria 272. Cu2+ is essential for the operation of superoxide dimutase 273.
Copper peptide complexes activate human angiotensin converting enzyme 274, and
copper is an essential component of multicopper blue proteins 275, metallo-oxidase
Fet3p

276

, and human Sco proteins

277

. Copper activates arginine vasopressin

action and is a major component in contraceptive devices 278. Cu2+ binds to prion
proteins 279, 280, and to prion-related amyloid peptides 281. Cu2+ chelates inhibit the
replication of human

282

and avian

283

influenza viruses, and AIDS viruses
2+

Methanobacin bacteria are involved in Cu uptake

285

284

.

.

There have been many reports of the use of MS to probe the structures of charged
metal complexes of peptides and proteins. Some of these involve Cu2+, which is
paramagnetic and therefore not amenable to nuclear magnetic resonance (NMR)
studies.

Therefore, MS studies of Cu2+ peptide and protein complexes are

important. A selection of MS methods used to examine metal/peptide or protein
complexes includes FAB

286

, ESI

287-295

, MALDI ionisation

mobility MS 298.
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This chapter reports on the ESI-MS component of a study to investigate whether
caerin 1 peptides complex with Cu2+ and other metal cations, and whether some
other His-containing amphibian peptides undergo complexation with metal
cations including Cu2+. The ESI-MS study initiated further investigations by
others, including studies into the bioactivities of caerin 1 peptide complexes with
Cu2+, and further structural studies involving ion mobility MS, NMR, circular
dichroism (CD) and computational methods, the details of which can be found in
299

.

5.2 Re sults a nd Di sc ussion
5.2.1 The Evidence
Spectrometry

Based

on

Electrospray

Mass

The initial aim of this study was to investigate complexes of selected anuran
peptides with Cu2+, because of the anticipated complexation of Cu2+ with their His
residues. Caerin 1.8, caerin 1.2 and the Ala15 synthetic modification of maculatin
1.1 (see Table 5.1 for sequences) were chosen for this study, with Cu2+, Mg2+,
Zn2+ (because these metal cations have very similar ionic radii) and also with
Ni2+, K+ and Na+ (which have significantly different ionic radii compared with
Cu2+). Since the complexes between these peptides with Ni2+, K+ and Na+ were of
small abundance compared with other complexes; this chapter only describes the
complexes with Cu2+, Mg2+ and Zn2+. This work was then followed up with
studies on the complexes formed between these metal cations and three other His
containing amphibian peptides, namely fallaxidin 4.1, riparin 5.1 and signiferin
2.1, which have different sequences to the caerins 1 and the maculatins 1.
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Table 5.1: Sequences of studied amphibian peptides.
Amphibian Peptide

Sequence

Caerin 1.8

GLFKVLGSVAKHLLPHVVPVIAEKL-NH2

Caerin 1.2

GLLGVLGSVAKHVLPHVVPVIAEHL-NH2

Ala15 maculatin 1.1

GLFGVLAKVAAHVVAIEHF-NH2

Fallaxidin 4.1

GLLSFLPKVIGHLIHPPS-OH

Riparin 5.1

IVSYPDDAGEHAHKMG-NH2

Signiferin 2.1

IIGHLIKTALGMLGL-NH2

5.2.1.1

Caerin 1.8,

Caerin 1.2 a nd Ala 1 5 Maculatin 1.1

These peptides were chosen because they are all amphipathic peptides which have
helix-hinge-helix

structures

in

membrane-mimicking

trifluoroethanol/water and model lipids

249, 300

solvents
2+

like
2+

. The three cations, Cu , Mg

Zn2+ have very similar ionic radii (namely 74, 72 and 74 pm respectively)

and

301

. In

principle, caerins 1.8 and 1.2 might bind metals between the two central His with
the overall structures remaining helix-hinge-helix, but if caerin 1.2 binds metal
cations between one of the central His and the C-terminal His, it cannot do this
within a helical structure. The maculatin structure has one His in the centre of the
peptide and one at the C-terminal end and should the metal cation bind to both His
residues, such a complex cannot be effected through a helical peptide structure.
Extensive data were obtained for this project and are not fully tabulated in this
chapter.

Instead, a number of specific examples will be cited with data

summarised in Table 5.2.
Representative spectra are shown in Figures 5.3 and 5.4, with data summarised in
Table 5.2. Peptide-metal2+ and [peptide + 2 metal2+ - 2H+] ions are noted in the
majority of cases, with the peptide-metal2+ peak being the more abundant of the
two (see Table 5.2). The relative abundance of the peak produced by the MCu2+
ion is always more abundant than those corresponding to MMg2+ or MZn2+
(Table 5.2). Spectra shown in Figures were converted to "singly charged" masses
for ease of interpretation and illustration using MassLynx software.
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Figure

5.3:

CID MS/MS

data

for

the MCu2+

ion

of

caerin

1.8

(GLFKVLGSVAKHLLPHVVPVIAEKL-NH2). Obtained on the Q-TOF 2 mass
spectrometer. Doubly charged ion spectrum converted into a “singly charged”
spectrum by Waters MassLynx Q-TOF 2 software. Magnification ranges: 145–
190 (54x), 295–480 (6x), 535–690 (2x), 705–824 (6x), 880–1310 (6x), 1400–
1415 (10x), 1445–1545 (4x), 1730–1915 (10x), 2055–2065 (24x), 2140–2550
(4x), 2455–2630 (2x).
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Figure 5.4: CID MS/MS data for the [M + 2Cu2+ - 2H+]2+ ion of caerin 1.8
(GLFKVLGSVAKHLLPHVVPVIAEKL-NH2). Obtained on the Q-TOF 2 mass
spectrometer. Doubly charged ion spectrum converted into a “singly charged”
spectrum by Waters MassLynx Q-TOF 2 software. Magnification ranges: 320–
325 (16x), 435–525 (6x), 595–810 (10x), 950–980 (6x), 1020–1045 (4x), 1215–
1410 (10x), 1465–1590 (4x), 1805–2040 (4x), 2165–2745 (2x).

The residue(s) to which the cation is attached can generally be determined from a
careful study of the b and y cleavage ions in the positive ion ESI CID MS/MS of
the peptide/metal complex. The ESI CID mass spectrum of the [caerin 1.8-Cu2+]
complex is shown in Figure 5.3 and in this case only the b fragmentations are
indicated in schematic form above the spectrum. Competitive fragmentation
schemes

show

[K11H12(Cu)]

and

[P15H16(Cu)]

losses,

indicating

Cu2+

complexation across the central hinge region of the peptide. In this case,
fragmentations do not indicate the specific connectivities (H12Cu) or (H16Cu). The
y fragmentations (not designated in Figure 5.3) provide the same information. The
data obtained from the spectra of the analogous Mg2+ and Zn2+ complexes are
consistent with the above (see Table 5.2).
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Table 5.2: Complexes of amphibian peptides with Cu2+, Mg2+ and Zn2+.

* The formulae in column 1 summarise the positions from which one Cu2+, Mg2+
and Zn2+, and two Cu2+ occupy on the amino acid sequences of individual
peptide/metal complexes (information from b and y cleavages in MS/MS spectra).
Column 2 provides data concerning the relative abundance ratios of (M+2H)2+,
(MMet2+) and (M+2Met2+-2H+) ions in individual spectra. Column 3 provides
approximate ratios of peaks corresponding to MCu2+, MMg2+ and MZn2+ in those
spectra under comparison.

The ESI-MS/MS data for the [caerin 1.8 + 2Cu2+ - 2H+] complex is shown in
Figure 5.4. Competitive b cleavage fragmentation pathways are shown on the
spectrum. Similar information can be obtained from y cleavages. Fragmentations
involving Cu loss show [K4Cu], [K11H12(Cu)] and [P15H16(Cu)] connectivity.
This is indicative of a complex or complexes involving both the central hinge of
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the peptide and K4. Any binding of Cu2+ to H12 and/or H16 and K4 cannot be
accommodated by a helix-hinge-helix structure (cf. Figure 5.1).
Caerin 1.2 is more complex than caerin 1.8 in that it has an additional His residue
towards the C-terminal end of the peptide (see Table 5.2). b and y cleavages
show the presence of the Cu2+ connectivities (H12Cu) and [P15H16(Cu)]. H24/Cu2+
binding is not observed suggestive of a single complex involving the two His
residues on the central hinge. A similar situation is observed (Table 5.2) for the
analogous Mg2+ and Zn2+ complexes. In this system, the complex containing
2Cu2+ involves K11, H12 and H16, suggestive of a mixture of complexes.
Ala15 maculatin 1.1 forms a mixture of single Cu2+ complexes involving K8, H12
and H19 whereas the corresponding Mg2+ and Zn2+ complexes appear to be single
complexes involving only H12 and H19. None of these complexes can involve the
helical form of Ala15 maculatin 1.1 shown in Figure 5.5 302.

Figure

5.5:

The

3D

structure

of

Ala15

maculatin

1.1

(GLFGVLAKVAAHVVAAIAEHF-NH2) determined by 2D NMR spectroscopy
in aqueous d3-trifluoroethanol 302.
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5.2.1.2

Fallaxidin

4.1a,

Riparin

5.1

and

Signiferin

2.1

The complexing studies of caerin 1.8, caerin 1.2 and Ala15 maculatin 1.1 (above)
demonstrate that some of the metal complexes cannot involve the intact "helixhinge-helix" form of the uncomplexed peptides. Three final examples of systems
that would not be expected to form simple "helix-hinge-helix" structures on
membrane surfaces were studied.

Only one of these, the antibiotic peptide

fallaxidin 4.1, has had its 3D structure determined by 2D NMR in membranemimicking solvents

300

. That unusual structure is shown in Figure 5.6, where it

can be seen that although K8 and H12 are close enough to form a metal complex,
that is not the case with H12 and H15. The binding data, summarised in Table 5.2,
indicate that whereas Mg2+ and Zn2+ form unique (1:1) complexes with H12 and
H15, Cu2+ forms (1:1) complexes involving K8 as well as H12 and H15.

Figure 5.6: The 3D structure of fallaxidin 4.1a (GLLSFLPKVIGVIGHLIHPPSOH) determined by 2D NMR spectroscopy in deuterated dodecylphosphocholine
micelles 300.

The summarised data for the metal complexes of riparin 5.1 and signiferin 2.1 are
shown in Table 5.2. Riparin 5.1 is of particular interest because it produces the
most abundant peptide [(M+2Cu2+ - 2H+)] complex observed in this study. The
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ESI-MS/MS data for this complex are shown in Figure 5.7. b and y cleavage
processes indicate the Cu2+ connectivity [H11A12(Cu)] and [H13Cu]. Interestingly,
no fragmentation involves K14Cu loss (which of course does not exclude the
possibility of K14 involvement in the complex). Binding of Cu2+ to two His
residues separated only by Ala excludes the possibility of metal binding through a
helical peptide structure in the binding region.

Figure 5.7: CID MS/MS data for the [M + 2Cu2+ - 2H+]2+ ion of riparin 5.1
(IVSYPDDAGEHAHKMG-NH2). Q-TOF 2 mass spectrometer. Doubly charged
ion spectrum converted into a “singly charged” spectrum by Q-TOF 2 MassLynx
software. Magnification ranges: 450–470 (4x), 600–605 (2x), 985–995 (2x),
1305–1325 (4x), 1630–1645 (4x), 1725–1740 (4x).

The data summarised in Table 5.2 indicate 1:1 complexes of signiferin 2.1 with
Mg2+ and Zn2+ to involve H4 and K7 exclusively, whereas the analogous complex
with Cu2+ identifies metal binding through H4, K7 and L10. This is the only
example (in this study) of a Leu residue directly detected in Cu2+ complexation:
presumably the Leu amide backbone provides a complexing ligand.
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5.2.1.3 Conclusion
The six His containing peptides used in this electrospray MS study all form
(MMet2+) and (M + 2Met2+ - 2H+) complexes with Cu2+, Mg2+ and Zn2+, with the
peak corresponding to the MMet2+ complex generally being of higher abundance.
Comparison between the relative abundances of the uncomplexed (M+2H)2+ and
complexed MMet2+ peaks for each of the three metal2+/peptide systems indicated
that the MCu2+ peak was always formed in significantly larger abundance than the
corresponding MMg2+ or MZn2+ peaks. The MS data contained in Table 5.2
indicate that in general, there may be several isomers of some peptide/Cu2+
complexes.4

4

An examiner has suggested it would have been interesting to conduct competition experiments
where all three metals were present together and perhaps this may be a better means to establish
binding affinity.
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5.3

Experimental

A. Materials
Peptides were synthesised by GenScript Corporation (Piscataway, NJ, USA) from
L-amino acid derivatives and were shown to be identical with the same peptides
isolated from natural sources by HPLC and ESI-MS. All peptides were of > 90%
purity.
B. Electrospray Ionisation Mass Spectrometry
ESI mass spectra were obtained using a Micromass Q-TOF 2 hybrid orthogonal
acceleration time-of-flight mass spectrometer with a mass range to 10,000 Th.
The Q-TOF 2 is fitted with an electrospray (ES) source in an orthogonal
configuration with the ZSPRAY interface. Peptides and the metal acetate were
dissolved in ammonium acetate buffer (5 mM) and infused into the ES source at a
flow rate of 5µL min-1. The data recorded in Table 5.2 used peptide:metal acetate
at a 1:10 molar ratio. Other conditions were as follows: capillary voltage 2.1 kV,
source temperature 80 oC, desolvation temperature 150 oC, and cone voltage 50 V.
Tandem mass spectrometry (MS/MS) data were acquired with the argon collision
gas energy set to 40 eV. Masses of ions are recorded as nominal masses, i.e. the
sum of the integral masses of the amino acid residues. Recorded MS/MS data for
doubly charged anions are converted to "singly charged" spectra for ease of
interpretation and illustrated in Figures 5.3, 5.4 and 5.8 using MassLynx software
(Waters Corporation, Manchester, UK) 303.
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Appendix A

Figure A1: SN2(P) rearrangement A with attack of ambident (CONH)- through
nitrogen. Mechanism of formation of -NHPO3H2. HF/6-31+G(d)//AM1 level of
theory. Relative energies in kJ mol-1. 27
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Appendix A

Figure A2: SN2(P) rearrangement B with attack of ambident (CONH)- through
nitrogen. Mechanism of formation of -NHPO3H2. HF/6-31+G(d)//AM1 level of
theory. Relative energies in kJ mol-1. 27
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Appendix B
Table B1: Zero-point vibrational energies, total energies and relative energies of structures in Figure 2.24, calculated at HF/6-31+G(d)/AM1 level
of theory.28
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Appendix B
Table B1 (Continued): Zero-point vibrational energies, total energies and relative energies of structures in Figure 2.24, calculated at
HF/6-31+G(d)/AM1 level of theory.28
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Appendix B
Table B2: Zero-point vibrational energies, total energies and relative energies of the structures in Figures 2.25 and 2.26 calculated at
MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.28
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Appendix B
Table B3: Zero-point vibrational energies, total energies and relative energies of the structures in Figure 2.27, calculated at
MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.28
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Appendix B
Table B3 (Continued): Zero-point vibrational energies, total energies and relative energies of the structures in Figure 2.27, calculated at
MP2/6-31++G(d,p)//HF/6-31++G(d,p) level of theory.28
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