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Abstract

Protein and Lantibiotic Sequencing by Gas-Phase Dissociation
Involving Vibrational Excitation and Ion-Electron Reactions

by

Anastasia Kalli

Chair: Kristina 1. Hakansson

In proteomics, protein identification and characterization are largely performed by
tandem mass spectrometry (MS/MS), in which sequence specific product ions are
generated from precursor peptide or protein ions. Such MS/MS data can reveal the
protein identity either by database search, or via de movo sequencing. However,
successful and confident protein identification, either by database searching or by de
novo sequencing, relies heavily on the extent and quality of the obtained sequence
information generated by MS/MS. In addition, the higher the extent of fragmentation, the

higher the probability of localizing post-translational modifications (PTMs).
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Electron based reactions, electron capture dissociation (ECD) and electron
detachment dissociation (EDD), have shown great promise for PTM analysis, and for
improved peptide sequence coverage. In this thesis, ion electron reactions, ECD, EDD,
and electron induced dissociation (EID), are explored for peptide sequencing, and for
PTM analysis.

Disulfide bond formation is a PTM present in extracellular proteins. We
demonstrate that EDD and infrared multiphoton dissociation (IRMPD) of peptide anions
containing disulfide linkages result in preferential cleavage of S-S and C-S bonds and,
therefore, both techniques can be used for probing disulfide bonds in peptide anions.

Factors such as precursor ion charge state and m/z value, peptide mass, and protease
selection that may influence the dissociation outcome in ECD were investigated, aiming
to improve peptide sequence coverage. We show that doubly protonated peptides do not
fragment efficiently in ECD, and that precursor ion m/z value is the main factor
determining a successful ECD outcome. Highly charged precursor ions at m/z < ~960
fragment efficiently in ECD and yield high peptide sequence coverage.

The utility of EID for dissociation of singly deprotonated species was also explored.
We show that EID results in extensive fragmentation, providing structural information for
peptide anions. For modified peptides, EID results in retention of sulfation and
phosphorylation allowing localization of the modification site.

Vibrational excitation, collision induced dissociation and IRMPD, were explored
for structural characterization of native and oxidized lantibiotics. These experiments
provided insights into the fragmentation behavior of native and oxidized lantibiotics,

allowing prediction of their fragmentation pathways.
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Chapter 1

Introduction

1.1 Mass Spectrometry and Proteomics

The term “proteome” was first introduced in the mid-1990s by Wilkins and
Williams' to define the entire protein complement expressed by a cell, tissue, or
organism. Proteomics aims to identify proteins expressed in a cell or tissue as well as to
define their post-translational modifications (PTMs), their expression levels, their
functions, and their interactions with other molecules for obtaining a comprehensive
understanding of biological systems at the protein level.>®  Since its inception,
proteomics has emerged as an exciting new research area and it continues to rapidly
expand.

For an analytical method to be suitable for proteomic analysis, it needs to fulfill
several requirements because proteomes are highly diverse with high and unknown
complexity.”™ The technique to be used must provide high sensitivity so proteins with
low abundance can be detected, identified, and characterized. It is also important that

this technique can deal with complex protein mixtures and that it can detect and identify



post-translational modifications. High sample throughput and wide dynamic range are
also required, given that hundreds to thousands of proteins need to be analyzed.

Mass spectrometry (MS) has been established as the preferred method for

9-14

proteomic analysis because it fulfils most of these demands. High sensitivity, wide

dynamic range, high mass accuracy, and high sample throughput can be achieved by

3, 11, 13, 14

modern mass spectrometers. For example, mass spectra and tandem mass

15, 16

spectra have been obtained in the low femtomole region whereas intact peptides have

17, 18

been detected at low attomole and even zeptomole'’ levels. Mass accuracies as low

as 1-5 ppm can be achieved on a routine basis by Fourier transform ion cyclotron

resonance (FT-ICR) and Fourier transform orbitrap mass spectrometers.zo'28

Moreover,
MS has the ability to analyze complex protein mixtures and is highly suitable for
identification of PTMs. > % 13- 2932

It should also be pointed out that the establishment of mass spectrometry as the
preferred proteomics method would not have been possible without the development of

electrospray ionization (ESI)** **

and matrix-assisted laser desorption/ionization
(MALDI),* *® which made biomacromolecules amenable to mass spectrometric analysis.
These ionization techniques softly ionize large nonvolatile biomolecules, such as
peptides, proteins, oligonucleotides, lipids, and carbohydrates, and transfer them into the
gas phase without significant fragmentation.

Another important factor that shifted the trend towards mass spectrometry for
proteome analysis was the rapid growth in genomic databases. Genomic sequences are
an important resource for identifying proteins by the correlation of mass spectrometric

5, 37, 38

data of proteolytic peptides with genomic sequence databases. Amino acid



sequences, peptide mass fingerprints (Section 1.2), and peptide tandem mass
spectrometric data (Section 1.2) can be translated into DNA sequences and then
compared with genomic sequence databases.’

Identifying protein populations isolated from cells or tissues is the first step in a
proteomic experiment and the ability to do so in a systematic and unambiguous manner
comprises a core component of proteomics research. Protein identification is most
commonly achieved by the determination of peptide sequences. Methods for protein

identification are discussed in section 1.2.

1.2 Protein Identification by Mass Spectrometry

Almost all protein identification is based on the analysis of peptides generated by
proteolytic digestion of the protein of interest (bottom-up approach). This approach
offers several advantages compared to the analysis of intact proteins (top-down
approach). For example, gas-phase fragmentation of peptides is more efficient compared
to proteins, and mass spectrometers are more sensitive to the detection of smaller
molecules. Moreover, peptides can be more easily eluted from gels compared to elution
of intact proteins.”

Peptide mass mapping or mass fingerprinting is one approach for protein

identification.***

The principle of this method is that, after cleavage with a specific
proteolytic enzyme, every protein results in a unique set of peptide masses. In this
approach, the mass spectrum of proteolytically derived peptides is acquired and a mass
list with the experimental peptide masses is generated. This mass list constitutes a mass

fingerprint unique for a specific protein. The resulting mass list is then compared to the

theoretically expected peptide masses available in protein sequence databases. DNA



sequence databases can also be used. In the latter case, the DNA sequences are translated
into protein sequences prior to in silico digestion. This approach is best suited for
genetically well-characterized species for which the entire genome is known, or for
which extensive protein or cDNA sequence databases are available.”” For unambiguous
protein identification with this approach, high mass accuracy is required'* *** because
increased mass accuracy decreases the number of isobaric peptides for any given mass in
a sequence database.”” Also, matching a large number of peptides to cover a larger
percentage of a protein sequence is essential to ensure correct assignments, paticularly as
genomic and protein databases are continuing to grow rapidly.46’ 49

The major limitation of peptide mass fingerprinting is that, for a protein to be
identified, its sequence needs to exist in a database.”” Another limitation of this approach
is erroneous assignments due to errors in sequence databases, and due to the presence of
PTMs or non-specific modifications occurring during sample extraction, separation, and
preparation. Errors also arise from non-specific cleavage of the protein. Moreover, the
presence of multiple proteins in the sample complicates mass spectral interpretation,
since it is not apparent which peptides originate from the same protein. %>

A second approach for protein identification is the “peptide sequence tag” which
utilizes tandem mass spectrometry (MS/MS)’' data to match product ions against
predicted fragmentation spectra from proteins in a database.”>>* In MS/MS (Section 1.5),
peptide ions of interest are dissociated in the vacuum of the mass spectrometer and the
resulting product ions are used for determination of the primary structure. The

fragmentation data can also be searched against nucleotide databases.® The latter

approach is undertaken by converting the short amino acid sequence information,



obtained from MS/MS, into a degenerate nucleotide sequence pattern that can be used to
find matches within nucleotide databases.”> Tandem mass spectra are usually generated
by collision induced dissociation (CID,’® *’ discussed in Section 1.4). The “peptide
sequence tag” method makes use of the fact that the majority of tandem mass spectra
contain a sufficient amount of product ions to allow specification of a unique amino acid
sequence in a protein, and therefore allow identification of the protein. Although it is
possible that a single peptide will correctly identify a protein, in closely related proteins
sequence tags may be duplicated. Therefore, matching of multiple peptide sequences
increases the confidence of identification and the probability of a correct assignment.46

With the peptide sequence tag method, proteins can be identified from complex
protein mixtures, given that at least one CID spectrum is generated per protein.
Therefore, it is not necessary to separate proteins to homogeneity prior to analysis, as is
the case in the peptide mass fingerprinting approach.”®  Furthermore, sequence
information obtained from a peptide in the peptide sequence tag approach is generally
more specific and discriminative for protein identification compared to relying solely on
the intact peptide masses that are used in the peptide mass fingerprinting approach.® *°
For these reasons, the peptide sequence tag approach is becoming the accepted method
for protein identification over the peptide mass fingerprinting approach.*®

Regardless of the database, protein or genome database, used for protein
identification, both the peptide mass fingerprinting and the peptide sequence tag
approaches require that the protein to be identified is included in the database. In cases
where a protein is not included in a database, de novo sequencing is required for protein

identification and characterization. De novo sequencing is also essential in cases in



which a significant number of peptides diverge from the predicted ones due to errors in
databases, discrepancies between genomic sequences, or due to the presence of PTMs.*®
Furthermore, de novo sequencing can distinguish between proteins having a single amino
acid change, i.e. isoforms, and reveals sites of modifications. An additional advantage of
de novo sequencing is that false positive identifications arising from database searches
due to limited fragmentation or side chain fragmentation can be eliminated.”

It should be noted that de novo sequencing by mass spectrometry remains a
challenge because it not only requires complete protein sequence but also complete
peptide sequence coverage. Complete protein sequence coverage refers to the detection
of all generated proteolytic peptides after digestion of a protein of interest whereas
complete peptide sequence coverage refers to the generation and detection of all possible
sequence-specific product ions following fragmentation of proteolytic peptides. In
practice, whether a large or small fraction of peptides generated from any protein is
detected depends on the amount of protein present in the sample, and the efficiency of
protein extraction and digestion, and peptide extraction.* Achieving 100% protein
sequence coverage is still impractical on a routine basis,”’ particularly when hundreds to
thousands of proteins need to be analyzed. One approach to optimize protein sequence
coverage and be able to achieve complete or near complete protein sequence coverage is
to use three or more different proteases, e.g., trypsin, chymotrypsin, Lys C, or Glu C for
digestion so that overlapping peptides are generated.®” ' Product ion spectra of the
peptides provide information about the primary structure of the protein. Cleavage

between each pair of amino acids is essential for complete peptide sequence coverage.



However, as mentioned above, this is a rather difficult task and no such fragmentation
technique currently exists that can routinely provide complete peptide sequence coverage.

3657 \which is

The development of fragmentation techniques complementary to CID,
by far the most widely used technique for ion activation, shows promise for improved
peptide sequence coverage. Such dissociation techniques are discussed in Section 1.4.

Sequencing by the means of Edman degradation and genomic sequencing to reveal

peptide and protein primary structure is discussed below.

1.3 Primary Structure Determination
1.3.1. Edman Degradation

Protein sequencing by Edman degradation is the classical method of protein
sequencing to determine protein identity.*> ® Edman sequencing involves reaction of the
N-terminal amino group of the peptide, or protein, of interest with phenylisothiocyanate
to yield phenylthiocarbamoyl peptides. Under mild acidic conditions, the
phenylthiocarbamoyl derivative is cleaved at the peptide bond immediately adjacent to
the modified residue to yield 2-anilinothiazolin-5-one and the peptide chain shortened by
one amino acid. Following hydrolysis of the thiazolinone derivative, the
phenylthiocarbamoyl amino acid is formed, which by ring formation is converted to 3-
phenyl-2-thiohydantoin. The 3-phenyl-2-thiohydantoin derivative is extracted and
identified by reverse-phase HPLC by comparing its retention time with that of a series of
standards.”* In several approaches, HPLC has been replaced by mass spectrometry. In
such protocols, the peptide sequence is identified by measuring the mass of the cleaved 3-
phenyl-2-thiohydantoin amino acid,”> or the mass of the remaining underivatized

peptide.®



Chait et al. combined a modified Edman degradation with mass spectrometric
analysis for obtaining peptide sequence information.” Their approach, termed ladder
sequencing, involves generation of a peptide ladder, each “step” of which differs by one
amino acid, and readout of the sequence from a MALDI mass spectrum. In this
approach, the Edman degradation is performed with an excess of phenylisothiocyanate in
the presence of phenylisocyanate as terminating agent. The phenylcarbomoyl peptide is
stable in acidic solution whereas the phenylthiocarbamoyl peptide is degraded.
Therefore, in each cycle a small amount of peptide is blocked N-terminally and protected
from further Edman degradation. A number of degradation cycles is performed and, at
the end, the MALDI mass spectrum of the whole mixture is recorded. The mass
differences of adjacent peaks correspond to particular amino acid residues and the order
of their occurrence defines the peptide sequence. In this method, no intermediate
isolation or analysis of released amino acid derivatives are required in each cycle.®’

Edman degradation has several limitations. For example, proteins or peptides
containing a modified N-terminus, such as acetyl-, formyl-, or pyroglutamyl- N-termini,
cannot react with phenylisothiocyanate and, therefore, cannot be sequenced by Edman

37, 68

degradation. This drawback is significant, given that 80% of cellular proteins are

blocked at their N-termini.*’

Methods for deblocking the N-terminus have been
developed but they are not always efficient and they considerably increase the analysis
time.”” One method developed to overcome the N-terminal blockage problem is protein
internal sequence analysis based on chemical or enzymatic digestion of gel separated

71-73

proteins blotted to various membranes. Following separation and purification of the

resulting peptides, internal sequences are obtained by Edman degradation. This approach



allows generation of amino acid sequences from internal peptides even if the protein was
blocked to traditional Edman sequencing, and it also provides significantly higher
sequence coverage compared to N-terminal sequencing alone. In fact, this approach is
required for proteins containing more than 50 residues because Edman degradation is not
suitable for larger proteins due to the fact that each cycle is not 100% efficient. Because
of this limited yield there will be a mixed population of molecules in the analyte after a
large number of cycles, rather than a pure sample and, thus, single rounds of Edman
degradation result in multiple peaks.”

Another limitation of Edman sequencing arises from the presence of unusual or
modified amino acids, containing, e.g., phosphorylation and glycosylation sites or
disulfide bonds, which cannot be identified, or which require elaborate analytical

procedures for their identification.’” ™7

Given the high number of known post-
translational modifications (~300), this limitation of Edman degradation poses a
significant problem for the identification and characterization of modified peptides.”’
Other drawbacks of Edman degradation are the limited applicability in cases when
the peptide or protein of interest is available only at low concentrations, or when a
mixture of peptides with similar chemico-physical properties are being analyzed so that
they cannot be separated easily.*””® Sequence data generated by Edman degradation can
only be interpreted if the polypeptide is purified to near homogeneity before analysis.”* 7
Furthermore, Edman degradation suffers from a relatively low sample throughput,
making this approach unsuitable in cases where hundreds to thousands of proteins need to

be analyzed.” * " Because of these limitations, Edman degradation is not the preferred

method for protein sequencing in proteomics approaches. Also, as discussed above,



because mass spectrometry provides high sensitivity, high mass accuracy, and high
sample throughout it has reduced the utility of Edman degradation.

1.3.2 Genomic Sequencing

Large scale genomic sequencing has simplified and facilitated the determination of
peptide and protein primary structure in many organisms, because open reading frames
(ORFs) in the nucleotide sequence serve as templates for the construction of the
corresponding proteins. Expressed sequence tags can also be used to reveal potential
proteins. However, use of DNA sequence information for predicting protein sequences
has significant limitations. For example, the existence of an ORF in genomic data does
not necessarily imply the existence of a functional gene.> In addition, the genome
sequences of many organisms are still unknown,* and even for those that are known they
frequently do not reflect the complete primary structure of the expressed proteins due to
post-translational modifications, such as phosphorylation, sulfation, methylation,
acetylation, glycosylation, and disulfide bonding, which cannot be predicted by the gene
sequences.” > ** % Tt is also well known that, in both eukaryotes and prokaryotes, the
same gene can result in the expression of many protein variants because of single
nucleotide polymorphism, gene splicing, alternative splicing of pre-mRNA, RNA editing,
and proteolytic cleavage of the protein.> ** % A single spliced mRNA is usually chosen
as template for each gene, and the many other mRNAs which result in protein isoforms
are omitted, resulting in loss of the natural diversity of proteins.” For example, the
human genome is estimated to contain about 23,000 genes whereas the total number of

unique protein components encoded by this genome is on the order of several million due

to extensive PTMs and alternative mRNAs splicing.®

10



Furthermore, proteomes are highly dynamic with protein expression changing in
response to external factors, and during development whereas the genome is less dynamic
over its lifetime. Therefore, genome sequences cannot be used for predicting changes in

the proteome of a cell, tissue or organism.”

1.4 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry, introduced
in 1974 by Comisarow and Marshall, ** *” is a technique that effectively converts the
mass to charge ratio of an analyte to an experimentally measurable ion cyclotron orbital
frequenc:y.88

The main components of an FT-ICR instrument are the ionization source (usually
ESI), the analyzer cell, the superconducting magnet, the ultra high vacuum system, and
the data acquisition system. The analyzer cell is located in a strong, homogeneous,
magnetic field. As the magnetic field strength increases, the performance of the FT-ICR

instrument improves, including increased mass resolving power, mass accuracy, dynamic

89, 90 91, 92

range and signal-to-noise ratio. The analyzer cell can adopt different geometries.
A common geometry is the cylindrical cell (Figure 1.1). The analyzer cell consists of six
electrodes; one front and one back trapping electrode, two opposite excitation electrodes,

and two opposite detection electrodes. lons are stored, mass analyzed and detected in the

ICR cell.
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Figure 1.1. Schematic diagram of a cylindrical analyzer cell. The detection, excitation
and trapping electrodes are indicated. In this representation, ions are entering from the
left. The direction of the magnetic field (B) is also indicated.

The ultra high vacuum environment, provided by cryogenic or turbomolecular
pumps, of the analyzer cell is required to achieve high resolution. Low pressure (10 to
10" Torr) is required only when ions are detected so that collisions happen
infrequently.” Another advantage of the ultra high vacuum environment is that ions can
be stored for extended periods of time, ranging from milliseconds to hours.”* * This
extensive ion trapping time is a distinct feature of FT-ICR instruments and it allows
investigation of slow ion-molecule reactions and slow conformational changes in gas-
phase biomolecules.

The ion motion in the ICR cell is governed by both electric and magnetic fields.
The electric field arises from the voltages that are applied to the electrodes of the
analyzer cell. However, the basic ion cyclotron motion is governed solely by the
magnetic field (B). An ion moving in the presence of a magnetic field will experience a
Lorentz force (F) given by equation 1:

F=qvxB (1)

12



where q is ion charge and v ion velocity. As a consequence of the Lorentz force, the ions
travel in a circular orbit that is perpendicular to the magnetic field. Cyclotron motion is
characterized by the frequency with which the ions repeat their orbit, called the cyclotron
frequency (f.). The cyclotron frequency, given by equation (2), is characterized by only
three parameters; the strength of the magnetic field (B), which is constant, the charge of
the ion (q), and the mass of the ion (m).

fe=qB2am (2)

The mass to charge ratio (m/q) of an ion is determined by measuring its cyclotron
frequency. One important feature of equation (2) is that it is independent of ion kinetic
energy and, therefore, ion kinetic energy has no influence on the accurate determination
of the m/q ratio of ions. Furthermore, because the cyclotron frequency (f.) can be
measured very accurately, high mass accuracy can be achieved with FT-ICR MS
instruments.

When ions are moving parallel to the magnetic field, the Lorentz force traps them
radially in the magnetic field but does not prevent them from leaving the cell in the axial
direction. In order to trap the ions in the cell, an electric potential is applied to the two
end trapping plates, resulting in axial oscillation of the ions between the two plates and
allowing trapping of the ions.

After ions are formed and trapped in the analyzer cell they have a small kinetic
energy and random cyclotron phase. In order for the ions to be detected they need to be
excited coherently to larger detectable cyclotron radii and come close to the detection
electrodes. Excitation of ions is achieved by applying a spatially uniform electric field,

via the excitation electrodes, which oscillates at the ion cyclotron frequencies of ions of
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interest. lons orbiting at these particular frequencies absorb energy and are coherently
excited to higher kinetic energies so their cyclotron radii increase. All ions of the same
mass to charge (m/q) ratio are excited coherently and undergo cyclotron motion as a
packet. This coherently orbiting packet of ions moves alternately toward and away from
the cell walls, generating an image current which is detected by the two opposite
detection electrodes. The image current is amplified and digitized to yield a time domain
signal. The time domain signal contains the frequencies of all ions in the cell and is
converted to the frequency domain by Fourier transformation. By applying equation 2,
frequencies are converted to m/z values. Figure 1.2 (lower left panel) shows the time

domain signal obtained after excitation and detection of the ions.

~ -~ ” N
B
@
@ Induced Image
Current
s — >
lon Excitation lon Detection
Fourier
Transformation
f. = qB/2Trm ’
I th AHM\\JL n“ l { |
60 120 180 240 400 600 800 1000
Time (ms) m/z
Time Domain Signal Mass Spectrum

Figure 1.2. Excitation and detection events in an ICR cell, and generation of the time
domain signal. A spatially uniform electric field oscillating at the ion cyclotron
frequency is applied via the excitation plates. Ions in resonance with the applied
frequencies will be excited coherently to a larger ion cyclotron radius. The coherently
orbiting ion packets induce an image current in a pair of detection electrodes. The image
current is amplified and digitized to yield the time domain signal which is converted to a
frequency spectrum via Fourier transformation. The m/z spectrum is obtained from the
frequency spectrum by applying equation 2.
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The experiments presented in this thesis were collected with a 7T- ESI-quadrupole-
FT-ICR mass spectrometer (Figure 3). ESI is the most common ionization technique for

coupling to FT-ICR mass spectrometers.”® *’

The popularity of this configuration is
mainly because ESI generates multiply charged ions, which are detected at lower m/z
ratios compared to singly charged ions, and FT-ICR MS performance degrades with
increasing m/z.*° For example, resolving power degrades with increasing m/z.”’

Furthermore, for electron capture dissociation (ECD, Section 1.5) and electron

detachment dissociation (EDD, Section 1.5), multiply charged ions are required.

B_ Glass COI(I:IZ;;) " Gate Cathode
«Capillary Quadrupole Valve CO;
’ l IR Laser

\/

Dual Ion Hexapole Cell

Funnels Ton
Transfer g ﬁ

Optics
7T Magnet

Ly b
;

Figure 1.3. Schematic diagram of the 7 T-Q-FT-ICR mass spectrometer used in this
work. The instrument is equipped with an ESI source, dual ion funnels, a quadrupole
mass filter, a hexapole collision cell for CID experiments, a cylindrical infinity analyzer
cell,98 a hollow cathode for ion-electron reactions, and a 10.6 um CO, laser for infrared
multiphoton dissociation experiments.

The dual ion funnels” %

in the front of the instrument provide improved ion
transmission and increased sensitivity. A quadrupole mass filter (Q), located between the

ion source and the ICR cell, allows mass selective external ion accumulation prior to the
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introduction of ions into the cell. This configuration improves the sensitivity and the
dynamic range of the instrument.'”® A hexapole collision cell, located after the
quadrupole, serves to externally accumulate ions, or to fragment these via collisions with
a neutral gas (CID, Section 1.5), usually argon. Ions are transferred to the ICR analyzer
cell with high voltage ion transfer optics that allow ions to overcome the magnetic mirror
effect. An indirectly heated hollow dispenser cathode,'® located at the rear of the ICR
cell, provides electrons for ion-electron reactions. A 10.6 pm CO, IR laser beam
provides photons for infrared multiphoton dissociation (IRMPD, Section 1.5)
experiments.

FT-ICR mass spectrometry combines high mass accuracy, high mass resolving
power, and high mass resolution and is considered one of the most powerful techniques
in proteomics research.'” As mentioned above, high mass accuracy can be obtained
because frequency, which is the measured physical property in an FT-ICR MS
experiment, can be determined very accurately. Mass accuracy down to 1 ppm can be

28, 106

obtained for large biomolecules. Even sub-ppm mass measurement accuracy for

protein identification has been reported by Smith and co-workers using FT-ICR MS in an

105, 107

approach called accurate mass tag. High mass accuracy is essential when proteins

are to be identified via a data base search because the accuracy of mass measurement has
a significant effect on successful and unambiguous protein identification.'®®

Mass resolving power refers to a single spectral peak and is defined as m/Am,
where m represents the ionic mass and Am is the mass spectral peak width at half

maximum peak height. Resolution refers to the ability to separate two species with

closely spaced mass values. For resolution, m represents the mass of the lighter species
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to be resolved and Am = m;, - m; in which m, and m; are the masses of the two closely
spaced species to be resolved. The resolving power is directly proportional to the
duration of the time domain signal.'” In the ultrahigh vacuum environment of the mass
analyzer, the detection signal can last for several seconds and resolving power exceeding
10° can be achieved for large biomolecules. Unit mass resolution has been achieved for a

110

112 kDa protein.. ~ Moreover, the isotopic resolution provided by FT-ICR MS allows

direct determination of the charge state of ions from the spacing of the isotopic peaks.'"!

Baseline resolution of two peptides differing by only 0.00045 Da at ~ 904 Da

monoisotopic mass has been demonstrated in a 9.4 T FT-ICR mass spectrometer.''?

1.5 Tandem Mass Spectrometry

In tandem mass spectrometry,”’ precursor ions are mass selected from a mixture
and subjected to gas-phase fragmentation. The resulting product ions provide structural
information for the precursor ions. Various dissociation techniques are available in FT-
ICR MS, including sustained off-resonance irradiation collision induced dissociation

(SORI-CID),'"? blackbody infrared radiative dissociation (BIRD),!"* ' infrared

116, 117 118-123

multiphoton dissociation (IRMPD), surface induced dissociation (SID),

124135 and electron detachment dissociation

electron capture dissociation (ECD),
(EDD).'** '*" The fragmentation techniques used in the work presented here include
CID, IRMPD, ECD, EDD, and EID. These techniques are summarized in Table 1.1 and

discussed in detail below.
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Table. 1.1. Summary of fragmentation techniques used in this dissertation.

MS/MS Vibrational activation lon-electron reactions
techniques
g ciD IRMPD ECD EDD EID
Slow heating Absorption Low energy | Electron Excitation of
by collisions of multiple electron detachment singly charged
Fragmentation | between resonant (<1eV) from negatively | cations or
energy source | reactant infrared capture by charged ions .aniops'after
ions and photons positively after irradiation irradiation
neutral gas charged with high energy | with high energy
molecules ions electrons electrons
(>10eV) (>10¢eV)
Precursor ion ) . . ) . )
charge states <1orz1 22 <2 =1*or=1
Positively charged lons: Cleavages at | Cleavages at Cleavages at
. Cleavage at amide bonds (C-N) amine (N-C,) | C,-C amide (C-N),
Peptide ' and labile bonds of post- bonds and bonds and amine (N-C,)
Fragmentation |translational modifications retention retention and
Features of post- of post- C,-C bonds
Negatively charged lons: translational translational
Cleavages at amide (C-N), modifications | maodifications

amine (N-C,) and C,-C bonds

1.5.1 Dissociation via Vibrational Excitation

CID** " and IRMPD''® ''7 can be categorized as vibrational excitation or slow
heating based dissociation techniques in which the product ions are formed via the lowest
energy pathways.'”® Both CID and IRMPD result in cleavage of peptide backbone amide
(C-N) bonds, producing b- and y- type product ions (Figure 1.4).'*

In CID, precursor ions are activated by collisions with a neutral target gas, such as
argon or helium. These collisions between the precursor ions and the neutral target gas
are accompanied by a conversion of the ion translational energy into internal energy. The
internal energy is rapidly redistributed within the ion and, once it exceeds the threshold

dissociation energy, fragmentation occurs. CID is the most widely used MS/MS

fragmentation technique.
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In IRMPD, precursor ions are excited and subsequently fragmented by the
absorption of multiple photons. The absorption occurs by IR active groups present in the
ion, followed by rapid redistribution of energy over all vibrational degrees of freedom.
The outcome is an internal energy distribution similar to CID. For photodissociation to

occur, precursor ions must be able to absorb energy in the form of photons, producing

excited states above the threshold of dissociation.'** %!
z.
>
X 5“")’)’ :
> .
R 0 O R n
H
N OH
H,N N
H
<o
EDD <--.: :
comRMPD &
ECD

Figure 1.4. Peptide fragmentation and product ion nomenclature'** following vibrational
excitation (CID and IRMPD) and electron based dissociation techniques (ECD and
EDD). CID and IRMPD result in cleavage of backbone amide bonds (C-N), yielding b-
and y-type product ions. ECD induces cleavage of amine bonds (N-C,), resulting in
formation of ¢- and z-type product ions, and EDD results in cleavage of C,-C bonds,
yielding a- and x-type product ions.

The accepted fragmentation mechanism for peptide CID and IRMPD is the mobile
proton model.”***® According to this mechanism, fragmentation of protonated peptides
requires the involvement of a proton at the cleavage sites. Protons are initially located at
basic sites, such as basic side chains or the amino terminus, and are typically internally
solvated by amide carbonyl oxygens or amide nitrogens. Following activation, the proton

1s “mobilized” from the basic sites to the solvation sites to initiate backbone

fragmentation. The energy required for proton “mobilization” from the basic side chains
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or the amino terminus depends on the amino acid composition, with arginine-containing
peptides requiring the greatest energy because Arg can strongly sequester the protons due

to its high basicity."*

1.5.2 Dissociation via Electron Based Reactions

ECD,' introduced in 1998, and EDD,126 introduced in 2001, are dissociation
techniques involving gas phase ion-electron reactions and they are relatively new
compared to CID and IRMPD. The fragmentation patterns observed in these two
activation techniques are different from those observed in slow heating techniques and,
therefore, electron based reactions are complementary to traditional MS/MS techniques.

In ECD, multiply charged precursor ions are irradiated with low energy (<1 eV)
electrons, resulting in electron capture and formation of a radical species, [M + nH]™"V™,
called the charged reduced species (n = number of protons). This charged reduced
species can undergo fragmentation to produce c- and z-type fragments as a result of
amine, N-Ca, bond cleavage (Scheme 1.1 and Figure 1.4). The N-terminal c-type
product ions are usually detected as even electron species, whereas the z-type product
ions are detected as radical species.'?
[M+nH" + e v —> [M+nH]™P" — N-Co cleavage

Scheme 1.1. Fragmentation pathway in ECD.

There are two major accepted mechanisms for ECD. According to the first
mechanism (Scheme 1.2), electron attachment occurs at one of the protonation sites,

usually a lysine e-ammonium group, an arginine guanidinium group, a histidine

137-144

imidazolium ring, or an N-terminal ammonium group. Following electron capture

at these protonation sites, a radical intermediate is formed that dissociates via hydrogen
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atom migration. The hydrogen atom is captured by the carbonyl group of a sterically
proximate amide bond, forming an aminoketyl intermediate that dissociates by cleavage
of the adjacent N-Ca bond. This intermediate dissociates to form N-terminal c-type

product ions and C-terminal z-type product ions.

H\ \\\H H‘ ~\\\H
H=N _ H—N
+ [ ]
H (”) R'\ \\\H — € 5 H (”: R\C.~\\H
poptide " >N peptide”” \?/ N %
ll? i (”) R o)
H, H l H K
4 8 J
N ‘N"
H
/
OH R' '
N ¢ & PN
- ™
peptide~” \Cll/ SNH " H '\(”3 peptide”” \cl;/ (.:\”/\/.\%
R O R )
c- type ion z*- type ion

Scheme 1.2. ECD fragmentation mechanism. Scheme adapted from references [145]
and [146].

The second mechanism (Scheme 1.3)'*%

suggests electron capture in a ©* orbital
delocalized over an amide group to yield an electronically excited state of the charged
reduced radical species. These amide superbases can exothermically abstract a proton

from a close proximity proton donating group to form fragile aminoketyl radicals that

generate backbone dissociation.
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Scheme 1.3. ECD fragmentation mechanism. Scheme adapted from reference [146].

One main advantage of ECD compared to slow heating, such as CID or IRMPD, is

the retention of labile PTMs. ECD has been successfully applied for the characterization

149-153 151, 154-157 156, 158, 159

and localization of phosphorylation, glycosylation, and sulfation.

In contrast, following vibrational excitation of modified peptides, cleavage of the
modification is observed. Furthermore, disulfide bonds, which show limited

160

fragmentation in low energy CID, are preferentially cleaved in ECD. Another

advantage of ECD is that the cleavage sites show less sequence dependence and ECD

therefore results in more extensive fragmentation,'>> 137 144 161164

thus higher peptide
sequence coverage can be obtained compared to CID. ECD is applicable to positively
charged ions but requires at least two charges because one of the charges is neutralized
upon electron capture. One disadvantage of ECD is its low fragmentation efficiency, that
is, the percentage of precursor ions converted to product ions. '¢>'%7

EDD is applicable to negatively charged ions. In EDD, precursor ions are

irradiated with higher energy electrons (> 10 eV), resulting in electron detachment and
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formation of a charged reduced species, [M - nH]™"" ). This charged reduced species
undergoes fragmentation mainly at the Ca-C bond to produce a- and x- type product ions
(Scheme 1.4, Figure 1.4). The x-type product ions are mainly observed as even electron
species, whereas a-type product ions are detected as odd electron species.'** '?

[M-nH]™ +e-10ev —> [M-nH]"Y"® +2e- — Ca-C cleavage

Scheme 1.4. Fragmentation pathway in EDD.

The proposed mechanism of EDD (Scheme 1.5)'?7- 1%

suggests that cleavage occurs
near the deprotonation sites, which correspond to locations of acidic hydrogens.
Following the hydrogens of carboxylic groups located at the side chains of aspartic and
glutamic acid, and at the C-terminus, the next most acidic hydrogens are those located at
amide nitrogens. Therefore, deprotonation can occur at backbone amide nitrogens.
Following electron detachment from a deprotonation site, the radical site may be located
at a backbone amide nitrogen. Bond cleavage N-terminal to such a radical site is
expected, based on computational work,'?’ to result in formation of N-terminal a* product
ions and C-terminal even electron x-type product ions, in agreement with experimental

data.

Similar to ECD, EDD has been shown to result in retention of labile PTMs, such

6 152

as sulfation'”® and phosphorylation.'*” EDD has also been applied to the

170 171-173

characterization of oligonucleotides,'®” and oligosaccharides. One major

drawback of EDD is that it exhibits even lower fragmentation efficiency than ECD.
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Scheme 1.5. EDD fragmentation mechanism. Scheme adapted from references [127] and
[145].

Similar to ECD and EDD, electron induced dissociation (EID)'"* '™ is an electron
based activation method. In EID, singly protonated, or deprotonated, species are
irradiated with higher energy electrons (> 10 eV), resulting in fragmentation (Scheme
1.6).

[M + nH] Tt ey —> M £ nH]i O ye —> Fragments
Scheme 1.6. Fragmentation pathway in EID of singly protonated, or deprotonated,

precursor ions.

EID was initially applied to the fragmentation of small organic molecules in

175-177

positive ion mode, and it was later extended to sodium cationized precursor ions

from the cyclic peptide gramicidin S."”® Fragmentation patterns in EID were analogous

to those observed in CID. The technique was initially termed electron impact excitation

176,177 174, 175

of ions from organics (EIEIO) and it was later termed EID.
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For singly charged carbohydrates cations, EID was shown to result in full sequence
coverage, similar to ECD of doubly charged precursor ions.'” Recently, EID has been
applied to singly protonated precursor ions of aromatic amino acids, cystine, and small
peptides and it was demonstrated that it yielded different and complementary
fragmentation compared to that observed in CID. '

Negative ion mode EID has been performed on singly charged precursor ions from
phosphate-containing metabolites and it has been shown that it results in complementary

180

fragmentation compared to CID. EID of singly charged anions from sulfated

glycosaminoglycans has also been investigated.'®'

1.6. Structural Characterization of Lantibiotics

As discussed above, tandem mass spectrometry is a valuable method for obtaining
sequence information about a variety of biomolecules such as proteins, peptides
oligonucleotides, and oligosaccharides. Lantibiotics are a unique class of antimicrobial

'21%% These molecules are highly modified

peptides produced by Gram positive bacteria.
and include thioether cross-linked amino acids, lanthionine and 3-methyllanthionine, and
the unusual amino acids 2,3-didehydroalanine (Dha), (Z)-2-3,-didehydrobutyrine (Dhb),

183187 L antibiotics have recently drawn significant attention

and PB-hydroxy-aspartate.
because they hold great promise for the development of novel antimicrobial agents for
biomedical and food applications.lgz’ 183. 186 188 Structural elucidation of lantibiotics has
been hampered by the presence of unusual amino acids and thioether bridges, as these
modifications block routine Edman sequencing. NMR spectroscopy has been proven to
constitute an alternative method for obtaining structural information when significant

189

quantities of pure samples are available.™ Tandem mass spectrometry in positive ion
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mode has been applied for structural elucidation of lantibiotics, however rather limited
fragmentation was observed. For example, SORI-CID of nisin resulted in fragmentation
mainly at the N- or C-terminus of the molecule, and in dissociation of the two thioether

190-192

bridges located at the N-terminus. Fragmentation of nisin A and Z, mersacidin and

193. 194 ECD of nisin resulted in extensive

lacticin 481 has been examined in ECD.
fragmentation, whereas mersacidin showed moderate fragmentation and lacticin 481

resulted in very limited fragmentation.

1.7. Dissertation Overview

The research work in this dissertation focuses mainly on the utilization of electron
based dissociation techniques, EDD, ECD and EID, for peptide sequencing. The utility
of EDD to probe disulfide bonds is also illustrated. The bottom-up approach, in which
proteins are digested with a proteolytic enzyme and the resulting peptides are subjected to
fragmentation to provide structural information, was used throughout this thesis. This
choice was mainly made because most proteomics approaches, such as peptide mass
fingerprinting, peptide sequence tag approach, and de novo sequencing, rely on the
bottom-up approach. Finally, the utility of CID and IRMPD was examined and evaluated
for structural characterization of highly modified antimicrobial peptides, i.e., lantibiotics.

Chapter 2 explores the application of EDD and negative ion mode IRMPD for the
characterization of disulfide bonded peptides. Disulfide bonds are a post-translational
modification present in many extracellular proteins and an important component of
protein primary structure. The determination of the presence and connectivity of
disulfide bonds is of great interest due to their importance for the stabilization of native

structures of proteins. In addition, the determination of disulfide bridges is a significant
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feature for complete characterization of protein primary structure. Our results
demonstrate that EDD and IRMPD of peptide anions containing disulfide linkages result
in preferential cleavage of S-S and C-S bonds. We furthermore show that, in EDD, the
presence of tryptophan can compete with disulfide bond cleavage. These experiments
also provide some insights into the EDD mechanism. This work has been published in
the International Journal of Mass Spectrometry (2007, volume 263, page 71).

Chapters 3 and 4 focus on examining how precursor ion charge state, m/z ratio, and
protease selection influence the ECD outcome. The aim of this work was to examine
how peptide sequence coverage can be improved in ECD. Increasing peptide sequence
coverage is essential in proteomics research because it facilitates de novo sequencing and
improves protein identification via database searches. Moreover, improved peptide
sequence coverage increases the probability of detecting PTMs. For instance, if product
ions containing the modified amino acids are not observed, localization of modification
sites is unfeasible.

In Chapter 3, we show that doubly protonated peptides, which are the kind of
peptides that most bottom-up approaches rely on, do not fragment efficiently and
therefore result in low ECD peptide sequence coverage. Their triply protonated
counterparts provided high ECD peptide sequence coverage, reaching complete peptide
sequence coverage in several cases. We also show that tryptic peptides exhibit higher
ECD sequence coverage compared to chymotryptic and Glu-C digest peptides. This
work has been published in the Journal of Proteome Research (2008, volume 7, page

2834).
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In Chapter 4, ECD of longer triply protonated species is investigated and precursor
ions at higher charge states (+4, +5, and +6) are examined. Our results reveal that the
major factor affecting ECD outcome is the precursor ion m/z ratio. Triply protonated
precursor ions detected at m/z > 960 showed limited fragmentation, in sharp contrast to
triply protonated species at low m/z, which showed extensive ECD peptide sequence
coverage. The majority of precursor ions at high charge states (+4, +5, and +6) were
detected at low m/z values and exhibited good to high ECD peptide sequence coverage.
The average percent ECD peptide sequence coverage obtained was almost identical for
Lys C, Lys N and Glu C derived peptides.

Chapter 5 investigates the applicability of EID for the dissociation and
characterization of singly deprotonated peptides and compares EID fragmentation
patterns with those observed in negative ion mode CID of the same species. Obtaining
informative spectra from singly protonated species is particularly useful for MALDI
generated peptides, because MALDI produces predominantly singly charged ions.
However, dissociation of singly charged species is more challenging, compared to that of
multiply charged precursor ions because singly charged ions do not dissociate as
efficiently as their multiply charged counterparts. Our results show that, in EID of singly
deprotonated peptides, formation of b-, y-, a-, x-, c- and z-type product ions is observed.
More extensive fragmentation was obtained in EID compared to that obtained in CID
and, therefore, EID provides additional structural information. For modified peptides,
EID resulted in retention of sulfation and phosphorylation, allowing localization of the

modification site.
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Chapter 6 focuses on gas-phase dissociation of lantibiotics upon vibrational
excitation for obtaining structural information. Negative ion mode CID and IRMPD of
native and oxidized lantibiotics is examined. In addition, we examine positive ion mode
CID and IRMPD of oxidized lantibiotics. We show that negative ion mode IRMPD
reveals information about the number of thioether bridges in such molecules. Some
sequence information can be obtained from CID and IRMPD of native and oxidized
lantibiotics.

A summary of all results in this dissertation is given in Chapter 7. Finally, two
appendices are included. The first appendix demonstrates use of ultra-high resolution
FT-ICR mass spectrometry to determine the intrinsic deuterium kinetic isotope effect in
glutamate mutase by an intramolecular competition experiment. This work was a
collaborative project with Professor Neil Marsh and part of this work has been published
in Angewandte Chemie (2007, volume 46, page 8455). The second appendix examines
the ECD fragmentation behavior of tryptic peptides derivatized with a fixed charge group
(tris (2,4,6-trimethoxyphenyl)phosphonium-acetyl group). Our results demonstrate that
ECD of doubly charged derivatized tryptic peptides results in formation of solely c-type
product ions, simplifying spectral interpretation. However, as the precursor m/z value of
the derivatized peptides increases, the ECD sequence coverage decreases. For multiply
charged precursor ions, the derivatized and underivatized species resulted in identical or

almost identical ECD peptide sequence coverage.
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Chapter 2

Preferential Cleavage of S-S and C-S Bonds in Electron
Detachment Dissociation and Infrared Multiphoton
Dissociation of Disulfide-Linked Peptide Anions

2.1. Introduction

Tandem mass spectrometry (MS/MS)' is widely used for peptide sequencing and
protein characterization. >’ Several dissociation techniques, including collision activated
dissociation (CID). *° infrared multiphoton dissociation (IRMPD),' ' surface induced
dissociation (SID), '*'* UV photodissociation, 1316 electron capture dissociation (ECD),
' electron detachment dissociation (EDD), '® and electron transfer dissociation (ETD), "
have been employed for peptide ion fragmentation. Each technique has unique
advantages and disadvantages and the mode of fragmentation needs to be carefully
chosen to suit a particular application. For a protein to be completely characterized,
identification and localization of post-translational modifications (PTMs) such as
phosphorylation, glycosylation, acetylation, methylation, sulfation, and disulfide bond
formation, is essential. That is because such modifications can determine protein

function and activity as well as interactions with other molecules.””?' Disulfide bond
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formation is a PTM occurring in extracellular proteins. Determination of the presence
and connectivity of disulfide bonds is of great interest due to their importance for the

21-24

stabilization of the native structures of proteins. Thus, knowledge considering

disulfide bridging is a significant component for a complete understanding of the
chemical structure and folding of a protein.24’ 2

Traditionally, determination of disulfide linkages by mass spectrometry is
performed by comparing spectra of proteolytic peptides obtained with and without
reduction and alkylation of the disulfide bonds. MS/MS is an alternative approach,
offering the advantage of decreased analysis time. However, low energy CID of cations,
which is by far the most widely used fragmentation strategy, yields little cleavage of
disulfide bonds. Thus, alternative dissociation methods are needed. Disulfide bonds can
cleave in high energy CID*® and in matrix-assisted laser desorption/ionization post-
source decay (MALDI-PSD)*’, which also involves high energy deposition. In addition,
McLafferty and co-workers demonstrated that ECD, which involves gas-phase cation
radical chemistry, preferentially cleaves disulfide bonds®®. Zubarev and co-workers have
noted similarities between ECD and MALDI in-source decay (ISD) in terms of peptide
backbone cleavage and retention of PTMs and proposed that ISD is mediated by
hydrogen radicals.”’ Another similarity is indeed the facile cleavage of disulfide bonds
that has been reported in MALDI ISD.** *' Furthermore, Fung et al. recently
demonstrated that photodissociation at 157 nm provides cleavage of both intra and

intermolecular disulfide bonds in peptides and proteins.”* That process was proposed to

occur via electronic excitation and radical intermediates. Finally, ETD, which involves
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electron transfer from small anions and in many ways is analogous to ECD, also provides
disulfide bond cleavage in peptide cations.*

Chrisman and McLuckey have demonstrated that CID of peptide anions containing
disulfide bridges results in preferential cleavage of S-S and C-S bonds **. This strategy
was recently extended by Zhang and Kaltashov.”” In addition, Standing and co-workers
showed that the singly charged anion of insulin decays into its constituent A and B
chains, involving cleavage of two intermolecular disulfide bonds, following MALDI.*®
Although not nearly as extensively used as positive ion mode for protein analysis,
negative ion mode can provide complementary information and is particularly valuable
for acidic proteins,”’ constituting ~50% of the protein pool, and for characterization of
acidic PTMs, such as phosphorylation,38 and sulfation.”® For example Bigwarfe and
Wood reported negative ion mode detection of a number of tryptic peptides that were not
observed in positive mode.*” They also highlighted the importance of employing both
positive and negative ion mode for the improvement of protein sequence coverage and
identification. In addition, Cassady and co-workers have shown that positive and
negative ion PSD provide complementary information on peptide primary structure.*’
Fragmentation pathways of deprotonated peptides are not as well understood as those of
protonated peptides. However, Bowie and co-workers have employed a combination of
experiments and theory to investigate CID dissociation pathways of singly deprotonated
peptide ions.*”  That approach was recently applied to peptides containing an
intramolecular disulfide bridge. **

EDD is a rather recently introduced technique for dissociation of negative ions via a

radical ion intermediate.'® This technique has been shown to be analogous to ECD in that
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more random peptide backbone cleavage can be obtained compared to CID* and that
PTMs'® *> ¢ as well as higher order structure’’ can be retained. In EDD precursor ions
are irradiated with >10 eV electrons, resulting in electron detachment and subsequent
fragmentation. A major fragmentation pathway in EDD of peptides is cleavage of
backbone C,-C bonds, forming x- and as-type product ions.'®** Cleavage of N-C, bonds,
producing ¢ and z¢ ions, is also observed as well as y-type product ions.'™** The details
of the EDD fragmentation process are still a matter of investigation, however, Zubarev
and co-workers proposed that cleavage occurs near the location of negative charges.*
Thus, EDD backbone cleavage should occur near acidic residues. Following the C-
terminus and the side chains of aspartic and glutamic acid, the next most acidic sites in

4548 and a unidirectional mechanism in which the

peptides are backbone amide nitrogens
radical sites are located on amide nitrogens has been proposed for the formation of x and
a* ions.*”

Here, we employ EDD and IRMPD in an electrospray ionization quadrupole-
Fourier transform ion cyclotron resonance (ESI-Q-FTICR) mass spectrometer to
characterize disulfide-bonded peptide anions. One goal of these experiments was to
address further similarities, or differences, between ECD and EDD with disulfide bond
cleavage constituting the behavior under investigation. IRMPD is preferred over CID in
the cell of an FT-ICR instrument because there is no need for the introduction of collision

49, 50
’ Because

gas, which deteriorates instrument performance and adds analysis time.
IRMPD and CID are similar activation methods (both are based on slow heating of ions),

we expected to observe disulfide bond cleavage in negative mode IRMPD. However, to

our knowledge, such experiments have not previously been reported.
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2.2. Experimental Procedures
2.2.1. Sample Preparation

Chicken egg white lysozyme and insulin from bovine pancreas were purchased
from Sigma (St. Louis, MO). 3.1 nanomoles of lysozyme were digested with trypsin
(Princeton Separations, Aldelphia, NJ) at a 1:20 enzyme to protein ratio for 10 hours at
37 "C. Insulin (1.8 nanomoles) was digested with Glu-C (Roche, Indianapolis, IN) at
1:20 or 1:40 enzyme to protein ratios for nine hours at 25 °C. The reactions were
quenched with 0.1% formic acid (Acros Organics, Morris Plains, NJ). For lysozyme, the
digested samples were desalted with C18 Ziptips (Millipore, Billerica, MA). For peptide
pairs containing one intermolecular disulfide bond, improved recovery was obtained from
the remaining solution after desalting, therefore that solution was used. The solution was
diluted with 300 pL electrospray solvent containing 40% 2-propanol and 10 mM
ammonium bicarbonate (Fisher Scientific, Fair Lawn, NJ). For peptide pairs containing
one intermolecular and one intramolecular disulfide bond, the desalted solution was used
after dilution with 600 puL spraying solvent, containing 40% 2-propanol and 10 mM
ammonium bicarbonate or 20 mM tripropylamine. For insulin, no desalting was
performed following digestion. The digested samples were diluted to a final
concentration of 1.8 pM in 1 mL spraying solvent containing 40% 2-propanol and 5 mM
ammonium acetate (Fisher).

The peptides p-Glu-Gln-D-Trp-Phe-D-Trp-D-Trp-Met-NH,, H-Trp-His-Trp-Leu-
GlIn-Leu-OH, H-Gly-Asn-Leu-Trp-Ala-Tyr-Gly-His-Phe-Met-NH,, and p-Glu-Val-Asn-
Phe-Ser-Pro-Gly-Trp-Gly-Tyr-NH, were obtained from Sigma and the peptide H-Asp-

Tyr-Met-Gly-Trp-Met-Asp-Phe-NH, was obtained from Advanced Chemtech
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(Louisville, KY) and used without further purification. The first two peptides were
electrosprayed at 10 uM, and the three latter ones were electrosprayed at 5 uM from a
spraying solvent containing 50% 2-propanol and 10 mM ammonium acetate.
2.2.2. Mass Spectrometry

All experiments were performed with an actively shielded 7 Tesla Q-FT-ICR mass
spectrometer (Apex-Q, Bruker Daltonics, Billerica MA), which has been previously
described.*” The proteolytic mixtures were electrosprayed in negative ion mode at a flow
rate of 80 ulL/h, and the peptides were electrosprayed at a flow rate of 70 uL/h. Tons were
accumulated in the first hexapole for 0.1 s, transferred through the mass selective
quadrupole (10 m/z isolation window) and mass selectively accumulated in the second
hexapole for 1 to 5 s for IRMPD experiments and 1 to 6 s for EDD experiments. All
spectra were acquired with XMASS (version 6.1, Bruker Daltonics) using 256k or 512k
data points and summed over 16 to 64 scans. Data processing was performed with the

MIDAS analysis software.”’ >

EDD spectra were internally calibrated using the
calculated masses of the precursor ion and the charge reduced species. IRMPD spectra
were externally calibrated (see below), except for the peptide C6&C127 (Scheme 1a) for
which internal calibration was performed using the calculated masses of the precursor
and the [M - HJ ions. Oxidized insulin chain A (Sigma) was used as the external
calibrant for the peptides C30&C115 (Scheme 1b), C62&C68-C74&C96 (Scheme Ic),
C7A&CTB-C6A&CI11A (Scheme 1f) and for the intact molecule of insulin (Scheme 1d).
The pp60C-SRC carboxy-terminal phosphoregulatory peptide (Advanced Chemtech) was

used as the external calibrant for the peptide C20A&C19B (Scheme le). Specifically, the

bs (m/z = 676.2617) and y;; (m/z = 1443.5049) product ions from oxidized insulin chain
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A were used for the peptide C30&C115, the [M - 2H]* (m/z = 1263.9491) and bg (m/z =
898.2928) ions were used for the peptide C62&C68-C74&C96, the bg and y13 (m/z =
1629.6054) ions were used for the peptide C7TA&C7B-C6A&CI11A, and the by (m/z =
1084.3933) and y;3 ions were used for insulin For the peptide C20A&C19B, the bg (m/z
= 933.3961) and ys (m/z = 527.2471) product ions from pp60C-SRC carboxy-terminal
phosphoregulatory peptide were used for calibration. Only peak assignments with a mass
accuracy better than 15 ppm were accepted.

IRMPD experiments were performed with a vertically mounted 25 W, 10.6 um,
CO; laser (Synrad, Mukilteo, WA). Photon irradiation was performed for 0.05 to 0.08 s
at 40 to 45% laser power, except in one case, peptide C6&C127 (see below), for which
the photon irradiation was performed at 30% laser power. EDD experiments were
performed with an indirectly heated hollow dispenser cathode at a bias voltage of — (18-
19.2) V and an irradiation time of 0.4 to 1 s. A lens electrode located in front of the

hollow cathode was kept at (19-20) V.

2.3. Results and Discussion

Lysozyme contains four disulfide bridges between cysteine 6 and cysteine 127,
cysteine 30 and cysteine 115, cysteine 64 and cysteine 80, and between cysteine 76 and
cysteine 94>  Following proteolytic digestion with trypsin, three disulfide bond-
containing species were detected with negative ion mode electrospray ionization. Two of
these consisted of two peptide chains connected via an intermolecular disulfide bond; the
peptide GCR disulfide-linked to the peptide CELAAAMK, here abbreviated as
C6&C127 (Scheme 2.1.a), and the peptide CK disulfide-linked to GYSLGNWVCAAK,

here abbreviated as C30&C115 (Scheme 2.1.b). We will refer to the sequences GCR and
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CK as R; and to the sequences CELAAAMK and GYSLGNWVCAAK as R, (Schemes
2.1.a and b). The third species contains an additional intramolecular disulfide bond in
one of the peptides; WWCNDGR (Ry) disulfide-linked to
NLCNIPCSALLSSDITASVNCAK (R;,) with an intramolecular disulfide bond between
C3 and C21 of the R, peptide chain (Scheme 2.1.c). This species will be referred to as
C62&C68-CT4&C96.

Insulin contains two polypeptide chains linked together with two intermolecular
disulfide bridges between cysteine 7 of chain A and cysteine 7 of chain B and between
cysteine 20 of chain A and cysteine 19 of chain B. In addition to these intermolecular
disulfide bridges, insulin contains one intramolecular disulfide bond formed between

cysteine 6 and cysteine 11 of chain A (Scheme 2.1.d) ** .

Proteolytic digestion of
insulin with Glu-C resulted in detection of two disulfide bond-containing species in
negative ion mode. The first species contained one intermolecular disulfide bond: the
peptide NYCN of chain A, disulfide-linked with the peptide ALYLVCGE of chain B,
here referred to as C20A&C19B (Scheme 2.1.e). The second species contained one
intermolecular disulfide bond and one intramolecular disulfide bond: the peptide

GIVEQCCASVCSLYQLE of chain A  disulfide-linked to the peptide

FVNQHLCGSHLVE of chain B, here referred to as C7TA&C7B-C6A&CI11A (Scheme

2.1.9).
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a) R, GCR
R, CELAAAMK
Peptide C6&C127

b) R, CK
R,GYSLGNWVCAAK

Peptide C30&C115

¢) R, WW(i)NDGR

R, NLCllNlPCSALLSSDITASVNcllAK

Peptide C62&C68-C74&C96

Scheme 2.1. Structures of disulfide-bonded peptide pairs characterized by negative ion

mode IRMPD and EDD.
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2.3.1 EDD and IRMPD of Peptide Pairs Containing one Intermolecular Disulfide
Bond

C6&C127. Figure 2.1.A shows the EDD tandem mass spectrum of the doubly
deprotonated ([M - 2H]*) ions of the peptide pair C6&C127 (Scheme 2.1a). The
dominant product ions correspond to cleavage of either the intermolecular S-S bond or its
neighboring C-S bonds, resulting in product ions containing none, one, or two sulfur
atoms, respectively (see Scheme 2.2 for the product ion nomenclature). No product ions
corresponding to peptide backbone cleavage are observed although neutral loss of CO; is
seen, which constitutes a ubiquitous fragmentation channel in EDD.'®* This behavior
can be rationalized within the previously proposed mechanism for EDD peptide
fragmentation, depicting cleavage close to sites of deprotonation,” because the R,
peptide chain contains a glutamic acid residue next to the disulfide bond. The previously
proposed cleavage mechanism also involves radical migration to the complementary
fragment, consistent with the observation of primarily even-electron fragments containing
the R, peptide chain. The only exception is the larger product [R,SSH - H]', which also
appears in its radical form [R,SSe - H], see inset. However, that product could be a
result of electron detachment from a deprotonated R; C-terminus, also located in close
proximity to the disulfide bond. Nevertheless, detection of this radical product ion
implies that the disulfide cleavage mechanism in EDD is different from the one in
negative ion mode CID, which also results in prominent S-S and C-S bond cleavage.’
We have previously noted that doubly charged product ions are observed in EDD of
doubly charged precursor ions' and, furthermore, Zubarev and co-workers have
demonstrated that extensive fragmentation of singly charged precursors occurs from ~10

eV electron irradiation.”® In both cases, several observed product ions are of the same
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type as those observed in CID/IRMPD and are believed to be a consequence of
concomitant precursor ion vibrational excitation. Thus, one can envision that the
observed disulfide cleavage in EDD originates from such a process but, because we
observe radical product ions, we believe the cleavage mechanism is different than that in
CID/IRMPD.

To further explore whether EDD cleaves disulfide bonds in a manner different from
vibrational excitation, we compared the EDD data to IRMPD of the same species. The
corresponding spectrum for the peptide pair C6&C127 is shown in Fig. 2.1.B. As for
EDD and previous CID, S-S and C-S bond cleavage dominate although no radical ions
are observed from IRMPD, as expected. The inset in Fig. 1b reveals that the dominant
product ion is a mixture of two species, [R,SH - 2H] and [R,S - 2H] (see Scheme 2.2 for
nomenclature), where the former is somewhat more dominant. This mixture was also
observed in EDD although the latter species was less abundant compared to IRMPD (Fig.
2.1.A inset). CO, loss is not observed in IRMPD, further corroborating a cleavage
mechanism different from that in EDD. In ECD of disulfide-bonded peptide cations a
mixture of odd-electron RSe and even-electron RSH products is also observed **.
Cleavage of S-S bonds is highly favored over the backbone amine bond cleavage
typically observed in ECD. One difference between ECD and EDD of disulfide-bonded
peptides is the lack of backbone product ions in EDD, which could be a result of the low
EDD fragmentation efficiency.”” An alternative explanation is that electron detachment
from disulfide bonds is favored over the previously proposed detachment from
deprotonated acidic residues and deprotonated backbone amide hydrogens.'® ** Indeed,

disulfide bonds are easily oxidized to form radical cations.”’ The vertical ionization
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energy (IE) has been measured to be 8.46-9.1 eV, i.e., significantly lower than the

electron energy used here (18-19.2 eV). This possibility will be further discussed below.
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Figure 2.1. EDD (A) and IRMPD (B) of the doubly deprotonated ions of the peptide pair
C6&C127. One radical and two even-electron products are detected in EDD whereas
solely even-electron species are observed in IRMPD. In some cases (e.g., insets),
mixtures of product ions in which hydrogen atoms were transferred between the two
chains, R; and R;, are observed (see Scheme 2.2 for product ion structures and
nomenclature). ’ = unidentified product ion.
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C30&C115 and C20A&C19B. Further information on the EDD behavior of
disulfide-linked peptide pairs is gained from Fig. 2.2.A, which shows EDD of the
peptides C30&C115 (Scheme 2.1.b). Here, radical product ions dominate (see inset),
consistent with the hypothesis above, that electron detachment occurs from the proximal
C-terminus of the R, peptide chain, leaving the radical site on the R, chain. As for the
peptide C6&C127 (Fig. 2.1.A), CO; loss is observed but to a lower extent than disulfide
bond cleavage. IRMPD of C30&CI115 (Fig. 2.2.B) was very similar to IRMPD of
C6&C127 in that disulfide bond cleavage to form even-electron product ions dominates.
However, only [R; - 2H] and [R;S - 2H] ions are observed in this case. A third example
is given in Fig. 2.3.A, which shows EDD of the peptide C20A&C19B (Scheme 2.1.e).
Again, S-S and C-S bond cleavages as well as CO; loss constitute the only observable
fragmentation pathways. However, for this peptide pair, products containing both the R;
and R, peptide chains are detected. The R; C-terminus is closer to the disulfide bond
than the R, C-terminus. Consistently, the R;-containing product ion is primarily an even-
electron species whereas the Ry-containing products are predominantly radical species.
IRMPD of C20A&C19B (Fig. 2.3.B) also provided product ions containing both the R;
and R, peptide chains. In addition, neutral losses of water and ammonia are seen as well
as a neutral loss of 129 Da. The latter product most likely corresponds to loss of the R,
C-terminal glutamic acid residue through a rearrangement reaction in which one of the
carboxyl oxygens is retained, i.e. formation of a [0 + H,O] ion, as previously reported for

protonated peptides.>
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Figure 2.2. EDD (A) and IRMPD (B) of the peptide pair C30&C115. As for C6&C127
(Fig. 2.1.A), EDD resulted in cleavage of both S-S and C-S bonds. However, here,
radical product ions are mainly observed whereas IRMPD again resulted in formation of
even-electron species, supporting a cleavage mechanism different from that in EDD. The
R, chain containing two sulfur atoms was not observed in IRMPD whereas this product
ion was present as an odd electron species following EDD. * = noise peaks, 9= peak
from imperfect isolation.
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Figure 2.3. EDD (A) and IRMPD (B) of the peptide pair C20A&C19B. In EDD, the
charge reduced species dominates the spectrum, however, product ions corresponding to
cleavage of S-S and C-S bonds in both peptide chains are also observed, similar to
IRMPD. The product ion corresponding to chain R, is a mixture of two species. * =
noise peaks, * = ammonia loss, * = water loss.

57



2.3.2. EDD and IRMPD of Peptide Pairs Containing one Intermolecular and one
Intramolecular Disulfide Bond

C7A&CTB-C6A&C11A. The EDD mass spectrum of the [M - 3H]> ions of the
peptide pair CTA&C7B-C6A&CI11A is shown in Figure 2.4.A. Compared to the
peptides discussed above, this peptide pair contains an additional intramolecular disulfide
bond in the R; chain (see Scheme 2.1.f). The EDD spectrum is dominated by the charge-
reduced radical species, [M - 3H]*". Charge reduction as a dominant process has
previously been observed in EDD of nucleic acid anions and it has been proposed to be
due to retention of hydrogen bonding, which prevents product ions from separating,*” °
similar to the behavior found in ECD.®" Here, cleavage of the intramolecular disulfide
bond would result in product ion pairs that are covalently linked, rendering it even more
difficult to produce separated (and hence detectable) product ions. However, cleavage of
the intermolecular disulfide bond should result in detectable product ions, which are
observed although their relative abundance is lower than for peptide pairs lacking an
intramolecular disulfide (Figs. 2.1.-2.3.). Interestingly, only product ions corresponding
to S-S cleavage are observed whereas products corresponding to C-S bond cleavages are
absent. However, the former products were more abundant for all peptide pairs discussed
above (Figs. 2.1.-2.3.) so the absence of C-S cleavages could simply be a signal-to-noise
(S/N) issue. Consistent with competition between intra- and intermolecular disulfide
bond cleavage, the product ion corresponding to neutral CO, loss (whose detection is
independent of disulfide cleavage) displays a higher relative abundance as compared to
the peptides lacking an intramolecular disulfide.

The cleavages observed in EDD of the peptide pair C7A&C7B-C6A&C11A (Fig.

2.4.A) cannot be readily explained within the previously proposed EDD mechanism®
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because there are no acidic sites close to the intermolecular disulfide bond. The glutamic
acid at the fourth position in the R; peptide chain could possibly explain the cleavage of
the intramolecular disulfide bond. However, it does not appear to be involved in
cleavage of the intermolecular disulfide because the corresponding product ion
containing the R, peptide chain is predominantly an even-electron species (see inset)
whereas the product containing the R; peptide chain is observed both as a predominantly
even-electron species (doubly charged) and as a predominantly radical species (singly
charged). As mentioned above (and further discussed below), an alternative explanation
could be direct electron detachment from the disulfide bond. IRMPD of the same species
resulted in richer fragmentation than EDD (see Fig. 2.4.B) in which both S-S (to form
both [RSH - nH]" and [RS - nH]" ions (n = 1,2), as above), C-S, and one backbone bond
are cleaved. In addition, cleavage of the intramolecular disulfide bond is observed, as
evidenced by the detection of the product ions, [R; - 3H - 2H]*, [R; - S - 3H -2H]*, [R; -
2S - 3H -2H]*. The former product ion corresponds to cleavage of the intramolecular S-
S bond, while the two latter correspond to cleavage of the neighboring C-S bonds. One
backbone product ion corresponding to a [b;2 + H,O] ion of chain R, is observed. As
discussed above, such product ions can be formed from elimination of the C-terminal

. . . . . 59
glutamic acid residue in a rearrangement reaction.
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Figure 2.4. EDD (A) and IRMPD (B) of the peptide pair CTA&C7B-C6A&CI11A. No
product ions corresponding to cleavage of C-S bonds are observed in EDD whereas both
C-S and S-S bond cleavage is seen in IRMPD. The product ions [R;- 3H - 2H]*, [R; - S -
3H - 2H]* and [R, - 2S - 3H - 2H]* result from intramolecular bond cleavage in the R,
peptide chain, * = noise peaks, ” = ammonia loss
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C62&C68-C74&C96. A second example of EDD of a peptide pair containing both
an intermolecular and an intramolecular disulfide bond, C62&C68-C74&C96 (see
Scheme 2.1.c), is shown in Figure 2.5.A. For this species, very limited fragmentation is
observed. Neither S-S, nor C-S bond cleavage is seen although charge reduction to form
[M - 3H]*" as well as CO, loss are observed. Because the two latter product ions were
significantly more abundant than products corresponding to S-S bond cleavage for the
C7A&CTB-C6A&CI11A peptide pair discussed above (Fig. 2.4.A), the absence of such
products for the current peptide could be due to limited dynamic range (i.e., S/N ratio).
An alternative explanation for the low fragmentation efficiency of both C7A&C7B-
COA&CI1A and C62&C68-C74&C96 could be that a different charge state (3°) was
fragmented as compared to the peptides with solely an intermolecular disulfide bond (2).
These charge states were chosen for fragmentation because they constituted the most
abundant species following electrospray ionization. The charge state effect in EDD has
not been well established although one can envision that an increased precursor ion
charge may lower the fragmentation efficiency due to increased Coulomb repulsion,
which can reduce the electron interaction cross-section. However, in EDD of
oligonucleotides, higher charge states (4 and 37) were found to dissociate more
efficiently than doubly deprotonated ions. This behavior was attributed to a higher
degree of gas-phase unfolding for the more highly charged ions (thereby preventing
product ion pairs from remaining bound).”” For the peptides characterized here, gas-
phase conformational flexibility is limited due to the presence of the intramolecular

disulfide bond. Quadruply deprotonated ions were not observed, however, EDD of
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doubly deprotonated precursor ions resulted in a slightly decreased fragmentation
efficiency (Figure 2.6).

In addition to the [M - 3H]*" and CO, loss product ions mentioned above, EDD of
C62&C68-C74&C96 resulted in a product corresponding to neutral loss of 129. This
species cannot result from elimination of a C-terminal glutamic acid residue because this
peptide pair was produced by trypsin rather than Glu-C digestion. Possible assignments
(within the 15 ppm criterion) are cx2)”" or za@)" from backbone cleavage within the R,
peptide chain without S-S or C-S bond cleavage. However, because the latter cleavages
dominated in all EDD spectra shown above and we did not previously observe any EDD
product ions that resulted from backbone cleavage, we also considered alternative
assignments. One possibility is neutral loss of CoH7N (129.058 amu), which corresponds
to a tryptophan side chain. Loss of 129 was observed in CID of fast atom bombardment-
generated deprotonated tryptophan and has been proposed to result from charge
migration (producing a deprotonated N-terminus) followed by formation of an indole

63

anion and hydride transfer.”” In ECD, neutral loss of 131.074 has been attributed to an

even-electron fragment from the Trp side chain, originating from proton solvation onto

% Consistent with the proposed EDD mechanism,* loss of 129 in EDD could

Trp.
involve amide deprotonation, similar to CID. Alternatively, deprotonation of the Trp side
chain, followed by electron detachment from Trp may explain this behavior. However, it
is also interesting to note that tryptophan has the lowest vertical ionization energy of all
amino acids (7.07-11.61 eV), depending on conformation.®® This IE can be lower than the

ionization energy for the disulfide bond (8.46-9.1 eV ).** thus suggesting that direct

electron detachment from Trp can compete with detachment from disulfide bonds, as
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discussed in more detail below. On the other hand, loss of 129 was not observed in EDD
of the peptide pair C30&C115 (Fig. 2a), which also contains a tryptophan residue.
However, the C62&C68-C74&C96 peptide pair discussed here contains two Trp
residues, which may strengthen this effect.

The IRMPD mass spectrum of the peptide pair C62&C68-C74&C96 is shown in
figure 2.5.B. This spectrum is less informative than the corresponding spectrum for the
peptide pair CTA&C7B-C6A&CI11A (Fig. 2.4.B), which contained a mixture of S-S, C-
S, and peptide backbone cleavages. However, it is more informative than the EDD
spectrum for the same species (Fig. 2.5.A) in that both S-S and C-S bond cleavage is

observed although the former dominates.
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Figure 2.5. EDD (A) and IRMPD (B) of the triply deprotonated ions of the peptide pair
C62&C68-C74&C96. No product ions corresponding to S-S or C-S bond cleavage are
observed in EDD although charge reduction, CO, loss, and neutral loss of 129 Da are
detected. The latter product ion presumably corresponds to loss of the tryptophan side
chain. * = noise peaks,” = unidentified product ion.
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Figure 2.6. EDD of the doubly deprotonated ions of the peptide pair C62&C68
C74&C96. Very limited fragmentation is observed. * = noise peak
2.3.3. The Role of Tryptophan in EDD

To further characterize the influence of tryptophan on the EDD behavior, we
subjected a range of different Trp-containing peptides to electron irradiation. EDD of the
doubly deprotonated peptide pPEVNFSPGWGT-NH; (peptide 1) is shown in Fig. 2.7.A.
Here, selective cleavage on the N-terminal side of tryptophan is observed in the form of
an abundant c¢7 ion. In addition, neutral loss of 129 from the charge-reduced species is
detected, as was observed for the peptide pair C62&C68-C74&C96 discussed above.
The peptide H-GNLWATGHFM-NH,; (peptide 2) displayed only limited fragmentation
in EDD. However, an abundant product ion corresponding to loss of 129 Da and a zs®
fragment ion corresponding to cleavage next to the tryptophan residue were observed
(Fig. 2.7.B). By contrast, EDD of the peptide H-DYMGWMDF-NH,; (peptide 3) did not
result in loss of 129 (Fig. 2.8). Here, the charge-reduced [M - 2H] " species was the most
prominent product ion followed by CO; loss. All these peptides contain one tryptophan
residue, as does the peptide pair C30&C115. However, the latter peptide as well as
peptide 3 did not display 129 loss. Those two peptides are different from the other two
(peptides 1 and 2) in that two acidic sites are present (the two C-termina for C30&C115
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and the two aspartic acid residues for peptide 3). Thus, amide or tryptophan side chain
deprotonation is unlikely. However, peptides 1 and 2 only contain one acidic site (the C-
terminus) and amide or tryptophan deprotonation is therefore much more likely for the
doubly deprotonated precursors, consistent with the mechanism for tryptophan side chain
loss proposed above.

Figure 2.7.C. shows the EDD mass spectrum from the doubly deprotonated peptide
H-WHWLQL-OH, which contains two Trp residues. Here, neutral loss of 129
constitutes the dominant product ion. Similarly, even more pronounced loss of 129 is
detected in EDD of pPEQWFWWM-NH,, which contains three tryptophans (Fig. 2.7.D).
The latter spectrum also displays pronounced backbone cleavage although backbone
product ions are less abundant than the product corresponding to neutral loss of 129. The
two latter EDD spectra corroborate our claim that the presence of two Trp residues in
C62&C68-CT74&C96 can enhance the fragmentation pathway resulting in loss of 129 and

thereby suppress disulfide cleavage.
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Figure 2.7. EDD of tryptophan-containing peptides. Neutral loss of 129 (tryptophan
side chain) is observed in all cases with an abundance correlating with the number of Trp
residues. Peptide backbone cleavage next to tryptophan is also prevalent. In A), neutral
loss of 30 Da (HCHO, 30.0106 Da) corresponds to cleavage of a serine side chain while
neutral loss of 44 Da (MeCHO, 44.0262 Da) corresponds to threonine side chain
cleavage. In B), neutral loss of the threonine side chain is observed (44 Da, MeCHO)
from the charged reduced species The neutral loss of MeCHO from the precursor ion
was present prior to electron irradiation..In D), neutral loss of 44 Da (*CONH,, 44.0136
Da) is observed from the xs product ion and attributed to the loss of the amidated C-
terminus. Tryptophans in D) are D-Trp. * = noise peaks, * = unidentified product ion, * =
water loss.
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Figure 2.8. EDD of the doubly deprotonated peptide H-DYMGWMDEF-NH,. Only
formation of the charge-reduced species and CO; loss was observed. An x; product ion
was also observed but with low abundance (not labeled). No cleavages corresponding to
the loss of the tryptophan side chain is detected. * = noise peak, §= water loss, 9= peak
from imperfect isolation.
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2.3.4. EDD and IRMPD of Intact Insulin Molecule

EDD of quadruply deprotonated insulin (Fig. 2.9.A) resulted in formation of a
charge reduced species and a product ion corresponding to loss of CO; from the charge
reduced species. No product ions corresponding to cleavage of S-S or C-S bonds were
observed. However, two disulfide bridges need to be cleaved in order to detect such
products. Nevertheless, such behavior was observed in ECD of insulin cations.”®
Similarly, IRMPD of insulin anions (Fig. 2.9.B) resulted in cleavage of both the
intermolecular disulfide bonds to produce separated A and B chains. In addition,
backbone cleavages of chain B were observed. These results are similar to those
obtained from negative ion mode CID of insulin.** In particular, one c-type product ion
corresponding to cleavage N-terminal to cysteine was detected although this product can
also be assigned as an internal fragment corresponding to the sequence

LVEALYLVCGERGFFYTP of chain B minus water.
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2.4. Conclusions

Electron detachment dissociation of multiply charged disulfide-bonded peptide
anions results in preferential cleavage of C-S and S-S bonds in many cases. However, in
the case of insulin for which multiple disulfide linkages are present, EDD did not provide
any detectable disulfide bond cleavage. In addition, the presence of tryptophan in a
polypeptide chain can alter the preferred fragmentation pathway in EDD and yield
abundant product ions corresponding to the loss of its side chain. This behavior
correlates with the vertical ionization energies of a disulfide bond and tryptophan,
respectively. By contrast, the IRMPD fragmentation behavior was more consistent,
showing strongly favored cleavage of both S-S and C-S bonds in all peptides
investigated, even in cases where multiple disulfide linkages were present. Thus, the
mechanism of disulfide bond cleavage appears to be different in IRMPD compared to
EDD, further corroborated by the formation of mainly odd-electron species in EDD and
exclusively even-electron species in IRMPD. Nevertheless, both these fragmentation

techniques can be useful for probing disulfide bonding in peptide anions.
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Chapter 3

Comparison of the Electron Capture Dissociation
Fragmentation Behavior of Doubly and Triply protonated
Peptides from Trypsin, Glu C and Chymotrypsin Digestion

3.1. Introduction

Mass spectrometry has become the method of choice for protein identification,
characterization and quantification due to its high accuracy and sensitivity that allow
analysis of low abundance proteins and also its ability to analyze complex protein

11-13
approaches

samples from cells, tissues and organisms.'™ Bottom-up’'° and top-down
are both used in mass spectrometric protein analysis, with the former being the most
widely applied. In the bottom-up approach, proteins are digested with a sequence-
specific protease and the derived proteolytic peptides are analyzed by tandem mass
spectrometry to provide sequence information for protein identification.

In tandem mass spectrometry, individual peptides are first selected and then
fragmented by, e.g., collisions with an inert gas. Preferably, a single fragmentation

technique should result in the formation of a sufficient number of product ions to

unambiguously identify a peptide and subsequently the corresponding protein in a
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database search, either based on MS/MS data from a single peptide or from multiple
peptides from the same protein. However, in cases where genome data are not available
to generate a protein database, or when peptides are posttranslationally modified, de novo
sequencing may be required. De novo sequencing by mass spectrometry remains a
challenge because it requires cleavage between each pair of amino acid residues and
detection of all generated products.

Collision activated dissociation (CID),'* '*

which induces cleavage of peptide
backbone amide bonds to generate N-terminal b and C-terminal y-type ions, is by far the
most widely used technique for obtaining peptide sequence information by MS/MS.
However, in some cases, CID results only in uninformative neutral losses or selective
cleavage at specific residues, thereby preventing formation of a sufficient number of
product ions for peptide identification.'®'” Electron capture dissociation (ECD)'® '* and
electron transfer dissociation (ETD),”” which result in extensive cleavage of peptide
backbone N-C, bonds to form N-terminal ¢ and C-terminal z-type product ions, are
complementary to CID and constitute promising methods for de novo sequencing of
peptides and proteins. In ECD, precursor ions are irradiated with low energy (<1 eV)
electrons, resulting in electron capture by multiply charged cations and subsequent
fragmentation. Because ECD provides more random backbone bond cleavages and does
not show high specificity with respect to the identity of the neighboring amino acids,

more extensive sequence coverage can be obtained compared to “slow heating”

techniques such as CID."?'** Another advantage of ECD and ETD compared to CID is

25,26 20, 27-29

the retention of labile posttranslational modifications, such as phosphorylation,

glycosylation®*”* and sulfation.***?’
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It has been suggested that ECD and ETD proceed via a similar or identical cleavage
mechanism. Furthermore, it has been demonstrated that doubly protonated precursor ions
exhibit limited fragmentation in conventional (i.e., no ion activation or heating) ETD.***
However, elevated bath gas temperatures for precursor ion activation® or supplementary
collisional activation of the charge reduced species®’ increase the sequence coverage
obtained for tryptic doubly protonated precursor ions in ETD. For model peptides, ETD
of triply protonated peptides resulted in more extensive sequence coverage compared to
doubly protonated peptides.”® In ECD, limited fragmentation of doubly protonated
peptides has not been reported. McLuckey and coworkers suggested that the lower
reaction exothermicities, the possibly lower energy partitioning into product ions, and the
higher product ion cooling rates associated with electron transfer experiments could
explain why ETD might show more dependence on parent ion charge than ECD.*®
However, no direct comparison between doubly and triply protonated peptides has been
performed in ECD. Previous experiments examining the relationship between peptide
sequence coverage and precursor ion charge state were performed exclusively on model
peptides and focused on a variety of charge states. For example, Williams and
coworkers*' have characterized ECD of the [M + 2H]*" to [M + 5H]>" precursor ions of a
synthetic peptide. The [M + 3H]*" and the [M + 4H]"" precursor ions resulted in almost
identical fragmentation behavior and a wider range of product ions was observed for
these charge states compared to the doubly protonated precursor ions. However, the [M
+ 5H]’" precursor ion showed less fragmentation compared to the triply and quadruply
protonated species. Zubarev and coworkers® suggested that, for model peptides, the

frequencies of N-C, bond cleavages in ECD are less dependent on the precursor ion
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charge state, the total number of basic sites, and the nature of the terminal group
compared to amide bond cleavage in CID.

Even though these experiments provided some insights into the effect of precursor
ion charge state on peptide sequence coverage, they were performed on model peptides
and, therefore, they do not necessarily represent the ECD fragmentation behavior of
proteolytically derived peptides. Since proteolytic peptides are the kind of peptides
encountered in bottom-up proteomics, examining their ECD fragmentation behavior is of
particular interest. Furthermore, most bottom-up proteomics approaches and nearly all
mass spectrometric de novo sequencing approaches rely on tryptic doubly protonated
peptides. To which extent tryptic doubly protonated peptides provide the highest
possible sequence coverage in ECD remains to be answered. Increasing the number of
observed product ions in ECD would be an essential step to improve de novo sequencing.
For these reasons we were interested in investigating and comparing the ECD
fragmentation behavior of proteolytically derived peptides. Therefore, we examined the
ECD fragmentation behavior of 64 doubly and 64 triply protonated proteolytic peptides
(i.e., 128 total peptide ions), containing up to four missed cleavages (10-23 residues
long), from trypsin, Glu C and chymotrypsin digestion. By these experiments we were
aiming to address whether triply protonated peptides result in greater degree of sequence
coverage compared to doubly protonated peptides, as is the case in ETD, and also to seek
the optimum enzyme (in terms of maximum MS/MS peptide sequence coverage
obtained), if any, for ECD. Only peptides that appeared in both the 2+ and 3+ charge
states were chosen for analysis, i.e., the amino acid sequences of doubly and triply

protonated peptides were the same. This choice was made to ensure that observed

78



differences in fragmentation behavior were due to differences in charge state (and/or
structural differences associated with charge state) rather than due to differences in the
amino acid context of individual peptides. Budnik et al have suggested that “ECD
cleavage frequencies are determined primarily by the local sequence™ and Savitski et.al.
have also reported sequence preferences in ECD.*  Finally, we compare our results for

tryptic doubly protonated peptides with those previously reported for ETD.*’

3.2. Experimental Procedures

3.2.1. Sample Preparation

To obtain proteolytic peptides containing none or several missed cleavages,
digestion conditions, time, and enzyme to protein ratio were varied. Trypsin (Promega,
Madison, WI) and chymotrypsin (Sigma, St. Louis, MO) digestions were performed in 50
mM ammonium bicarbonate (Fisher Scientific, Fair Lawn, NJ) at 37 °C and 30 OC,
respectively, unless otherwise noted and Glu C (Roche, Indianapolis, IN) digestions were
performed in 25 mM ammonium bicarbonate at 26-27 °C.

Apomyoglobin from horse skeletal muscle (0.47 nmol, Sigma) was digested with
trypsin, Glu C, or chymotrypsin at an enzyme to protein ratio of 1:50. Chymotrypsin
digestion was performed in 100 mM Tris-HCl (Promega) and 10mM calcium chloride
(Fisher). Digestion time was 90 min or seven hours for trypsin, 75 min or eight hours for
Glu C and 12 hours for chymotrypsin. Bovine brain calmodulin (0.60 nmol, Sigma)
digestion was performed at 1:50 enzyme to protein ratio for trypsin and chymotrypsin.
Trypsin digestion was performed for three or eight hours, and chymotrypsin digestion
was performed for eight hours. For Glu C digestion, a ratio of 1:30 enzyme to protein

was used and the digestion time was five or nine hours. Bovine heart cytochrome ¢ (0.21
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nmol, Sigma) was digested with trypsin at an enzyme to protein ratio of 1:30 for 12
hours. For chymotrypsin digestion, cytochrome ¢ was first heat denatured in a water bath
for 10 min at 98 °C and then placed in an ice bath for ~five minutes. Chymotrypsin was
then added at a 1:50 enzyme to protein ratio and digestion proceeded for five hours.
Ubiquitin from bovine red blood cells (0.34 nmol, Sigma) was digested with trypsin at a
1:50 enzyme to protein ratio for three hours. BSA (0.45 nmol, Sigma) was reduced with
10 mM dithiothreitol (DTT, Sigma, St. Louis, MO) in 50 mM ammonium bicarbonate for
45 min at 56 °C and then carboxyamidomethylated with 50 mM iodoacetamide (Sigma,
St. Louis, MO) in 50 mM ammonium bicarbonate in darkness for one hour. Following
reduction and alkylation, BSA was digested with trypsin at an enzyme to protein ratio of
1:50 for four hours, or at a ratio of 1:100 for 45 minutes. Glu C digestions were
performed at an enzyme to protein ratio of 1:50 for 10 hours, or at a ratio of 1:100 for
three hours and chymotrypsin digestion were performed at 1:50 enzyme to protein ratio
for seven or 10 hours, or at 1:100 enzyme to protein ratio for one or three hours. All
reactions were quenched with 0.2-0.5 % formic acid (Acros Organics, Morris Plains, NJ).
The digested samples were desalted with Cig Ziptips (Millipore, Billerica, MA) and
diluted into 600-740 pL electrospray solvent containing 50% acetonitrile (Fisher) and
0.1% formic acid.

3.2.2. Mass Spectrometry

All experiments were performed with an actively shielded 7T quadrupole Fourier
transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer (Apex-Q, Bruker
Daltonics, Billerica, MA), which has been previously described.** Proteolytic mixtures

were electrosprayed in positive ion mode at a flow rate of 70 pL/hour. Ions were
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accumulated in the first hexapole for 0.1 s, transferred through the mass selective
quadrupole (1-6 m/z isolation window), mass selectively accumulated in the second
hexapole for 0.1 to 5 s, transferred through high-voltage ion optics, and captured in the
ICR cell® by dynamic trapping. This accumulation sequence was looped 2-5 times to
maximize precursor ion signal. The accumulation time in the second hexapole and the
number of loops of the accumulation sequence were varied to ensure that the total signal
of ions entering the ICR cell for the ECD experiments was very similar (9x10° to 1x10’
absolute abundance (single scan) in XMASS software) for all peptides examined.
Further precursor ion isolation was achieved by correlated harmonic excitation fields*®
inside the ICR cell.

Peptides that were detected as both doubly and triply protonated species were
selected for ECD experiments. ECD was performed with an indirectly heated hollow
dispenser cathode at a bias voltage of 0.01-0.50 V and an irradiation time of 30-80 ms. A
lens electrode located in front of the hollow cathode was kept at 1.0 V. All spectra were
acquired with XMASS (version 6.1, Bruker Daltonics) using 256 or 512 K data points
and summed over 64 scans. Data processing was performed with the MIDAS analysis
software.”’” Internal frequency-to-mass calibration was performed by Microsoft Excel
using a two term calibration equation. The calculated masses of the precursor ions and
the charge-reduced species were used for calibration. In some cases the precursor ion
and abundant ¢’ or ze product ions were used for calibration. In these cases, calibration
was repeated with the precursor ion and one additional product ion to ensure correct
assignments. Product ion spectra were interpreted using the MS Product function

(http://prospector.ucsf.edu/prospector/4.0.8/html/msprod.htm) in Protein Prospector.
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Only peak assignments with a mass accuracy better than 15 ppm were accepted (most
assignments were within 10 ppm, however, the relatively high error tolerance is due to
low signal-to-noise ratios of some fragment ions, and the use of in-cell isolation).

3.2.3. Mascot Search

ECD data obtained for doubly or triply protonated peptides from the investigated
proteins were combined and a Mascot MS/MS search was performed

(http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=MIS).

The tandem mass spectra were searched against the SwissProt data base and the
taxonomy used was Mamalia (mammals). Searches were performed for both trypsin and
chymotrypsin digests allowing up to 4 missed cleavages. No Glu C search was
performed because Mascot does not currently support that enzyme. The peptide mass
tolerance was set to 15 ppm and the MS/MS mass tolerance was set to 0.02 Da. The

instrument setting was “FTMS-ECD”.

3.3. Results and Discussion

A total of 128 doubly and triply protonated peptides from trypsin, chymotrypsin
and Glu C digestion of apomyoglobin, calmodulin, cytochrome ¢, ubiquitin, and BSA
were characterized by ECD. Trypsin cleaves at the C-terminal side of lysine and
arginine, while chymotrypsin cleaves at the C-terminal side of tyrosine, phenylalanine,
tryptophan, leucine, and methionine and Glu C provides cleavage at the C-terminal side
of glutamic acid. Peptides resulting from these enzymatic digestions vary in length from
10-23 amino acid residues and they contain none or up to four missed cleavages. 48 of
these peptides were tryptic peptides, 40 were chymotryptic peptides and another 40

peptides were derived from Glu C digestion.
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The percent peptide sequence coverage was defined as: number of observed
backbone N-Ca cleavages/number of N-Ca backbone bonds) X 100. When calculating
the number of N-Ca backbone bonds in peptides we do include Pro linkages, unless
otherwise indicated, even though ECD cleavage at the N-terminal side of Pro is generally
not observed. Because of hydrogen rearrangements, N-terminal product ions are
assigned here as ¢’ (or c¢*) and C-terminal product ions as z* (or z'), according to the
nomenclature proposed by Zubarev and co-workers in which “”* denotes a hydrogen.*®
Formation of ce/z’ versus c’/ze due to hydrogen rearrangement has been previously
observed in ECD.** Hydrogen rearrangement to and from ze product ions has been
extensively characterized in a large dataset of doubly protonated tryptic peptides and it
has been shown to be as high as 47%.* Furthermore, hydrogen abstraction from c'-type
fragments to form ce-type product ions, has been examined in synthetic peptides and it
was found that extensive hydrogen rearrangement and H/D scrambling occurs in ECD.”’
Recently, it was demonstrated that the rate and direction of hydrogen atom transfer
between N-terminal and C-terminal product ions can be used to distinguish N- from C-
terminal product ions in ECD.”!

3.3.1. Triply Protonated Peptides Showing the Same or Less ECD Fragmentation
Compared to Doubly Protonated Peptides

A total of nine triply protonated peptides (Table 3.1, peptides 1 to 9) showed the
same number of N-Ca backbone cleavages, resulting in the same amount of peptide
sequence coverage as their doubly protonated counterparts. Three of these peptides are
derived from Glu C digestion, two are chymotryptic peptides and four are tryptic
peptides. Peptides 10, 11, 13. and 14 in Table 3.1 showed one more backbone cleavage

when the doubly protonated peptides were fragmenting in ECD compared to the
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corresponding triply protonated species. Doubly protonated peptide 12 in Table 3.1
showed two more ECD fragments compared to the corresponding triply protonated
peptide. The triply protonated peptides which resulted in less ECD fragmentation
compared to their doubly protonated counterparts represent 7.8% of all peptides
examined and they are short length peptides showing an average of 12 amino acid
residues. These peptides are mainly chymotryptic (4.6% out of 7.8%). Only one tryptic
and one Glu C digest peptide showed increased fragmentation when the doubly
protonated species were subjected to ECD. Our data, shown in Table 3.1, is in agreement
with ETD experiments, in which it was shown that short length doubly protonated
peptides fragment sufficiently in ETD.*® For all the [M + 3H]’" peptides, more c-type
product ions were detected compared to the [M + 2H]*" species. Thus, a main advantage
of fragmenting [M + 3H]*" ions is the formation of complementary fragment pairs. Only
one doubly protonated peptide, peptide 1 in Table 3.1, showed complementary product
ions in contrast to triply protonated peptides, which all showed formation of
complementary fragment pairs. The presence of complementary product ions is highly
useful in spectral interpretation and for further verification of the peptide sequence, not
only when searching databases but also when de novo sequencing is required. However,
complementary product ions are less common in ECD of doubly protonated peptides than
in CID because one of the charges is neutralized by electron capture.

Differences in fragmentation behavior of doubly and triply protonated peptides can
also be attributed to differences in their gas phase structures/conformations. Structural
dependence of the ECD fragmentation outcome as well as dependence on differences in

sites of charge solvation have been previously reported in a number of experimental
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configurations.””’ Structural effects may explain the behavior of the peptides which did
not show improved fragmentation in their 3+ charge states compared to their 2+ charge
states.

Table 3.1. ECD fragmentation summary of doubly and triply protonated peptides with

triply protonated species showing the same or less fragmentation compared to their
doubly protonated counterparts

Pepide M + 2H] Seacon. M + 3H] Beacon.
1 LFTGHPETLEK 70% LATGHPETLEK 70%
2 | HiVDERQy so% | HYPERONK a0
3one TePNLHGLFGR 60% TGPNLHGLFGR 60%
4 rpom Lﬁ@tﬂqwge 91% LF%%MSE 91%
S | VIRFTSPERE | % | vRfiobeERE i
o KOLIGEEHFKGL 90% KDLGEEHAKGL 90%
- SLr-FrUFHDrEch!( 82% SLﬁﬂohE% 82%
. DE({MHHDJE@QHL 83% D(%H}\ﬂ[{spfaﬂL 83%
9 s pvilstlitn RLCMLHE 86% DYfLrsﬁ.JLﬁ\f@jq%Hﬁ 86%

10 sen VPKRFDEKLF 89% VPKAFDEKLF 78%

1 e SRRHPENAVSIL 73% SRRHPENAVSVL 67%

12 sen szERhPEJW%HL 83% SF%PEJYA\QSMI} 64%

13 ssa vavBVillRL AKENE 85% vavis RiakeyE 7%

14 o TGOPGFSYDANK 92% TGQAPGFSYTDIANK 85%

* These peptides have smaller size, showing an average length of 12 amino acid residues.
Although no increase in sequence coverage was observed in ECD of the [M + 3HJ*"
ions, more complementary fragment pairs were detected compared to ECD of the
corresponding [M +2H]*" ions. Also, a larger number of ¢-type ions is observed for the
triply protonated species. Proteolytic peptides with Lys (K) at the C-terminus are derived
from trypsin digestion, peptides with a C-terminal Glu (E) are derived from Glu C
digestion and peptides with Leu (L) or Phe (F) at the C-terminus are chymotryptic
peptides. Apom, Peptides are derived from apomyoglobin digestion; BSA, Peptides are
from BSA digestion; Cyt ¢, Peptides are from cytochrome ¢ digestion.
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3.3.2. Triply Protonated Peptides Showing Greater Degree of Sequence Coverage
Compared to their Doubly Protonated Counterparts

Table 3.2 displays peptides in which ECD of the [M + 3H]’" precursor ions resulted
in more N-Ca backbone bond cleavages, compared to the [M + 2H]*" precursor ions, thus
improving peptide sequence coverage. These peptides represent 33% of the examined
peptides. Eleven of these peptides derived from Glu C digestion, five are tryptic
peptides, and five are chymotryptic peptides. Similar to the peptides discussed above,
with the exception of two peptides (peptides 20 and 21 in Table 3.2, which produced one
complementary fragment pair each), complementary product ions are absent for doubly
protonated peptides, whereas triply protonated peptides produced a high number of
complementary fragment pairs. Notably, the increase in peptide sequence coverage is
very similar for all three peptide types, i.e., chymotryptic, tryptic and Glu C digest
peptides. Overall, ECD of triply protonated chymotryptic peptides resulted in a 19%
increase in peptide sequence coverage versus 22% for Glu C digest peptides and 20% for
tryptic peptides. An increased production of z- and c-type ions was seen for the majority
(95 %) of peptides examined (see also discussion below).

Figure 3.1 shows ECD spectra of both the doubly and triply protonated form of a
Glu- C digest peptide from apomyoglobin (peptide 34, Table 3.2.). ECD of the [M +
2H]* precursor ions resulted in cleavages at 10 out of 17 backbone interresidue bonds,
whereas ECD of the [M + 3H]’" precursors yielded cleavages at 15 out of 17 backbone
bonds. ECD of the triply protonated peptide resulted in formation of 26 out of 34
possible c- and z-type product ions whereas only 10 ¢- and z-type ions were formed in
ECD of the doubly protonated peptide. Both z¢/(z") and c'/(c®) product ions were

observed for the [M + 2H]*" precursor ions whereas only one product ion, zss, showed
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hydrogen rearrangement (hydrogen loss) for the triply protonated precursor ions.
Hydrogen loss from ze ions has recently been studied in detail by Zubarev and co-
workers.* Their work reported that He loss occurs when serine, threonine or tryptophan
are adjacent to the radical site formed following N-C, backbone bond cleavage.
Consistently, the observed (zs* - He) fragment has an N-terminal tryptophan residue.

As mentioned above the fragmentation outcome in ECD is believed to be
influenced by the gas-phase conformation of precursor ions.” *® The higher sequence
coverage observed for triply protonated peptides is likely due to more unfolded gas-phase
conformations (due to increased Coulomb repulsion). In addition, charge-reduced
precursor ions resulting from electron capture by doubly protonated species are singly
charged and, therefore, there is no Coulomb repulsion that can assist in product pair
separation.”’ Consistently, we observed that charge reduced [M + 2H]™ ions dominate
ECD spectra of doubly protonated peptides. By contrast, abundant even electron [M +
2H]*" products were observed in ECD of triply protonated peptides. The corresponding
hydrogen loss has been previously examined and it was suggested that more highly
charged and more unfolded charge-reduced ions lose He atoms to a larger extent,’
consistent with our observations.

Another important factor for the higher amount of product ions observed for triply
protonated peptides is the existence of two charges instead of one following electron
capture. The increased availability of charge increases the probability of fragments being

charged and thereby detectable.
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Table 3.2. ECD fragmentation summary of doubly and triply protonated peptides with
the latter yielding higher sequence coverage compared to the former *

i 2+ Seq.Cov. M + 3H]?* Seq.Cov.
Pe;tlde [M + 2H] %) [M + 3H] b
15 4o, VLIRJﬂ'IJ’GJ-I IﬁE 60% VLHRbFﬁJ(#IPF 70%
16, MKDTOSEEER 80% MKDIOSEEEIR 90%
17 g IAHRHPYJFJ\J(AFTE 55% IA%PJYJFﬁAF/’IE 73%

00| KRy s | opfollgee |
19 i KBEF(D%rErEH%EJAjF 75% Kqﬁ]q&%@w 92%
20, TGHPETLEKFDKF 67% TAHRETERADKF 83%
21 o DDPHrAC@%ﬁj\ﬂﬁDJ( 67% DDﬂ%C%W}( 83%
2., IKQNCDQREKLGEY 62% IKQNCDOFEKLGEY 92%
2%, LivvNkINGVFQE 85% LN NGFE 92%
2. |  AdikkeerepLayr 79% AGHKiKGEREDLIAY 86%
25, | vUEFiSDRIHVLASK 67% VUERSDIHV HsK 87%
26 i {HI]EK[EPSDTlEJ\J\ﬂK 57% Tﬂ'ﬂlﬁﬂépﬁfﬂﬁjﬂ%& 86%
Zw | MAFwpopeple | % | KAFPCHATE | se

SH[AGCEE(SLHHTLFGD\E 53% SHAGCEE(&“—HI{FGDE Q3%
411 ] 5L 1P 1 ) B e

29, EATLEECCAKDDPHACY 50% EnTLEECHADDPHACK 75%
30, | OfWoEETLMEYLENPK 50% GITWeERTLVEMENFK —

3 ey | APRVFDKDGNGIISAAFE 56% AFRUFPkpaNG YIS 81%
.| AFSLFOKDGDGTITTKE 75% AFSLFDKDGDETITITKE —
3., F(LFFRAE\AARKMKDTDEEBE 50% AMVARIvikoTOSEEE 81%
o | GLSDGEWRQVLNVWGKYE s9% | GLSDGEWQQVINWGKVE | s8%

3, | ACFHEGPKYVSTOTAA | ssw | ACHVESRKUMSTRIAA | s

*For all peptides listed in this table, ECD of the [M + 3H]" precursor ions resulted in the
formation of significantly more c¢- and z- type product ions and also in higher sequence
coverage. Only two doubly protonated species showed complementary product ions,
whereas tripl protonated peptides yielded high numbers of complementary fragment
pairs. Proteolytic peptides with Lys (K) or Arg (R) at the C-terminus are derived from
trypsin digestion, peptides with a C-terminal Glu (E) are derived from Glu C digestion,
and peptides with Phe (F) or Tyr (Y) at the C-terminus are chymotryptic peptides. Calm,
Peptides are from Calmodulin digestion; Apom, Peptides are derived from apomyoglobin
digestion; BSA, Peptides are from BSA digestion; Ubiq, Peptides are from ubiquitin
digestion; Cyt ¢, Peptides are from cytochrome ¢ digestion. Peptide 35 derived from Clu-
C digestion and it contains the C-terminal of the protein.
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Figure 3.1. ECD of A) doubly and B) triply protonated peptide from apomyoglobin Glu
C digestion. ECD of the doubly charged peptide resulted in formation of 10 out of 34
possible backbone product ions, whereas ECD of the triply charged ion yielded 26
product ions. No complementary fragment pairs were detected for the doubly protonated
Two doubly charged product ions, cj6” and c;7’, were observed in the ECD
spectrum of the [M + 3H]’" precursor ion. All others product ions are singly charged. ®

species.

electronic noise peaks, “= neutral losses, vs= 3" harmonic @= y-type product ion.

3.3.3. Doubly Protonated Peptides Showing Poor ECD Fragmentation

ECD of all triply protonated peptides listed in Table 3.3 resulted in a significant

increase in sequence coverage compared to ECD of the corresponding doubly protonated

species.
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These doubly protonated peptides showed less than 50% sequence coverage



from ECD and they represent 23% of all peptides examined. Eight of these peptides are
chymotryptic peptides, three are Glu C digest peptides, and four are from trypsin
digestion. All peptides listed in Table 3.3, independently of the proteolytic enzyme used,
behaved similarly in ECD, showing significantly more fragmentation for triply
protonated precursors compared to doubly protonated precursors. This behavior is
similar to that of the peptides discussed in the previous section.

Peptides displayed in Table 3.3 are generally longer compared to the peptides
shown in Tables 3.1 and 3.2. On average, peptides in Table 3.1 are 12 amino acid
residues long versus an average of 15 amino acid residues for peptides shown in Table
3.2 and an average of 18 amino acid residues for peptides displayed in Table 3.3. In
ETD, it has been observed that, for doubly protonated peptides, the extent of

fragmentation decreases with increasing peptide size.* *°

For example, ETD of an eight
residue, doubly protonated, tryptic peptide resulted in cleavages at every possible N-Ca
backbone bond whereas ETD of a 22 residue peptide showed only three product ions
under non-heated conditions.® Our results are similar to those reported from ETD: as the
peptide length increases, doubly protonated species tend to show limited fragmentation in
ECD. Peptide 50, the largest peptide examined here, showed only 14% sequence
coverage from doubly protonated precursors. In contrast, the extent of fragmentation for

triply protonated precursor examined here does not appear to be affected by the peptide

size.
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Table 3.3 ECD fragmentation summary of doubly and triply protonated peptides with
the former showing poor sequence coverage *

Peptide [M + 2H]* Seq.Cov. [M + 3H]** Seq.Cov.
# (%) (%)

36 ., MPCTEDYLSLILNR 38% MPCITEDLSLIINR 85%
37 ., VDKCCAADDKEACF 38% VDKCCANDDKEACF 85%

38, TNLGEKLTDEEVDEM 43% TNLGEKLTIDEEVDEM 93%
39 .., SH_FHKBGDGTW'TSEJ_ 47% sﬁpﬁ%@ﬁ#} 93%

40, IhEADIDGDQG\ﬂNJ\ﬂI%Ef 38% 'WP%Q%%QF 88%

a1, M'I/READIDGDGQ\ﬂNJYEF 25% MHFS%DPJGPHQM%EJE 81%
42, iﬁ(p(DPNTLCDEFKﬁDJEﬁ 31% ﬂ&ﬁquﬁK 81%
B deEHTLMEYLENPlﬁK 47% G'FFWGHQC[W@%%PFKK 70%

a4, LiLhcH KPKATEEQLKTMME 41% LL%K@@%E@&WMF 88%

45, | NVWGKVEADIAGHGQEML 41% WW%HGBHV} 04%
46 ., |  LQQCPFDEHVKLVNELJIEF 22% UdacPApEHVKLYNELTIEF 67%

47 | TRKVPQUSTPTLVEVSRSL 2% | TRAAAVETRTMEVERSL .
48 c,|  LRHVMTNLGEKLTDEENDE 17% | LRHVMINLGEK TDEEMDE 67%
49 o | EADIDGDGQVNYEEFVAMMTAK | 29% EADIDEDIVNYEEFViMMTAK | s0%
50 ,gun | HSKHPGDFGADAQGAMTKALELF | 14% H@'@-IPGJBH@{%@WH 82%

* As the peptide size increases, [M + 2H]*" ions tend to show limited fragmentation. In
sharp contrast, their triply protonated counterparts yielded a large number of both ¢- and
z-type ions, resulting in peptide sequence coverages ranging from 67 to 93%. Proteolytic
peptides with Lys (K) or Arg (R) at the C-terminus are derived from trypsin digestion,
peptides with a C-terminal Glu (E) are Glu C derived peptides, and proteolytic peptides
having a C-terminal Phe (F) or Leu (L) or Phe (F) are chymotryptic peptides. BSA,
Peptides are from BSA digestion; Calm, Peptides are from Calmodulin digestion; Apom,
Peptides are derived from apomyoglobin digestion; Cyt ¢, Peptides are from cytochrome
c digestion; (), indicates that these product ions cannot be distinguished based on their
masses.
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It is worth noting that the doubly protonated forms of some of the peptides in Table
3.3 exhibit extremely low fragmentation, which poses a problem for protein
identification/peptide sequencing. For example, ECD of the [M + 2H]*" ions of both
peptides 48 and 50 resulted in only three backbone fragments, rendering peptide
sequencing unfeasible. In sharp contrast, ECD of the corresponding triply protonated
species showed cleavage at 12 of 16 backbone bonds for peptide 48 and 18 of 21
backbone bonds for peptide 50, thereby increasing the sequence coverage by 50 and 68%,
respectively.

Figure 3.2 displays ECD spectra of the doubly and triply protonated precursors of a
peptide from a BSA tryptic digest. Only five out of 24 possible backbone cleavages are
observed in the ECD spectrum of the doubly protonated species, as opposed to 19
backbone fragments in the spectrum of the triply protonated species. ECD of the [M +
3H]*" ions resulted in cleavages at 11 out of 12 N-Ca backbone bonds (counting the N-
terminal side of Pro, which is generally not observed in ECD). Also, all but three
complementary fragment pairs are detected for the triply protonated precursors.
Unsurprisingly, no complementary fragment pairs were observed in ECD of the doubly

protonated precursors.
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Figure 3.2. ECD of A) doubly and B) triply protonated peptide from BSA trypsin digest.
For the doubly charged precursor ion, five out of 12 possible N-Ca backbone bond
cleavages were observed whereas ECD of the triply protonated precursor showed
cleavages at 11 backbone interresidue bonds. " = electronic noise peaks, & = neutral
losses, vz = 3rd harmonic, ? = unidentified product ions.

3.3.4. Triply Protonated Peptides Showing Cleavages at Every Possible N-Ca
Backbone Bond

ECD of all [M + 3H]’" peptides in Table 3.4 showed dissociation at all possible
nonproline N-C, bonds, as opposed to ECD of the corresponding doubly protonated
species, which showed varying, lower degrees of sequence coverage. These peptides

represent 22% of all peptides characterized and they are mainly tryptic peptides (17% out
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of 22%). These peptides further demonstrate that ECD of triply protonated precursors
produce more product ions compared to the corresponding doubly protonated species,
thereby increasing the sequence information that can be obtained.

In analogy to the doubly protonated peptides in Tables 3.1, 3.2 and 3.3, with the
exception of peptides 51, 55, and 62 (Table 3.4), doubly protonated peptides in Table 3.4
showed no complementary fragment pairs. For four of these 14 doubly protonated
peptides, the sequence coverage was high (87%-93%), however, it was still lower
compared to the complete sequence coverage achieved when their triply protonated
counterparts were fragmented by ECD.

ECD of triply protonated peptides 52, 53, 54, 56, 58 and 59 in Table 3.4, resulted
not only in full sequence coverage but also in formation of almost all possible ¢ and z-
type product ions.

ECD of triply protonated peptide 51 (Table 3.4) resulted in formation of six b-type
ions, in addition to the formation of c- and z-type ions, whereas ECD of the
corresponding doubly protonated species showed only one b-type ion. ECD of triply
protonated peptide H-ADQLTEEQIAFK-OH (data not shown) resulted in formation of
11 b ions but, similar to peptide 51, only one b ion was observed in ECD of the [M +
2HT*" precursor ions. Formation of 4 ions in ECD has been previously discussed™®** and
it has been proposed to be a consequence of charge location,”’ peptide ion

. 58 . - 59,60
conformation,” and low gas-phase basicity.™
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Table 3.4. ECD fragmentation summary of doubly and triply-protonated peptides with
triply protonated peptides showing dissociation at every possible N-Ca backbone bond *

Peptide [M + 2H]* Seq.Cov, [M + 3HJ* Seq.Cov.
# (%) (%)

51 0n HaTWATTAL GGy 92% HeTWWTALGGILK 100%
o SAIFPKAEFVENTIL 64% SAFPKAEFVEMTRL 93%
53 ., K/PQVETPTLVENSR 64% KvPRVETPITMEVSR 85%
. VFrDI;(BHNESR(ISAAEHR 60% Jﬁ@%@%@;}%&}ﬁ 100%
55,,.| HPGDFGADAQGAMK 1% H%Dfﬁ%Qf%hﬁK 93%
56 ..., JEEL\HUAE;%HEVLHR 79% VERDIAGHGREVLIR 100%
57 oo | KTGQAPGESNDANK 79% KjcRAPGRSTDANK 93%
58, | RPCFSALTPDETVPK a7% RPCHSALTPDETMVPK 80%
59,0, |  RHPYFYAPELLYYANK 53% RHPIYEMAPELLMYANK 87%
60, | NEVAPVDKCCAAPDKE 87% NFyARVDKcGARDDKE 100%
o | EAPSLFDKDGDGITIK 88% ENFSLADKDEDETITTK 100%
62 pun|  GLSDGEWGGVLNVIWGK 93% cLispleEindd Nywick 100%
63 | LKPLAGISHATKHIIPYCLE a% | UkrLosHATHKIPIKYLE 84%
84 1om TNLE;E;WEKE(KGHHEA%KPL 47% Tﬁlw}%%[ﬁﬂt 95%

* These peptides are mainly tryptic peptides. Cleavages N-terminal to proline are
generally not observed in ECD. Similar to other triply protonated peptides (Tables 3.1-
3.3), a large number of complementary fragment pairs was observed compared to doubly
protonated peptides, which resulted in less ECD product ions with only one peptide
showing complementary fragment pairs. Proteolytic peptides with Lys (K) or Arg (R) at
the C-terminus are derived from trypsin digestion, peptides with a C-terminal Glu (E) are
Glu C derived peptides, and proteolytic peptides having a C-terminal Leu (L) are
chymotryptic peptides. Apom, Peptides are derived from apomyoglobin digestion; BSA,
Peptides are from BSA digestion; Calm, Peptides are from calmodulin digestion; Cyt c,
Peptides are from cytochrome ¢ digestion.

52

54

61
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Figure 3.3 displays one example, from a BSA tryptic peptide, of ECD in which
triply protonated precursor ions generated every possible c- and z-type ion, with the
exception of z;. By contrast, only one z and six c-type product ions are observed for the
doubly protonated precursors. In general, ECD of doubly protonated tryptic peptides
results in dominant formation of C-terminal z-type ions due to the presence of a basic
amino acid at the C-terminus.”’ However, peptide 59 contains a missed trypsin cleavage
site and therefore has an arginine residue at the N-terminus in addition to a C-terminal
lysine. Preferred neutralization of lysine over arginine in ECD has been proposed to be
either due to differences in gas-phase basicity,”” or due to differences in their hydrogen
donating properties.” Independently of mechanism, charge retention at arginine results
in detection of N-terminal product ions (c-type ions). The same behavior, i.e., detection
of c- rather than z-type product ions, was observed for peptide 58 (Table 3.4), which also
contains an N-terminal arginine. Peptide 55 (Table 3.4), which contains a lysine at the C-
terminus and a histidine at the N-terminus, and peptide 57 (Table 3.4), which contains

lysine at both ends, produced both c- and z-type ions.
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Figure 3.3. ECD of A) doubly and B) triply protonated precursor ions of a tryptic
peptide from BSA. ECD of the triply charged precursor ions resulted in cleavages at all
possible N-Ca backbone bonds and almost all of the possible complementary fragment
pairs were detected. One more product ion, coe, is present in the ECD spectrum of the [M
+ 2H]* but at low abundance (shown in the inset). One product ion, ¢s5°, was detected as
a doubly charged ion for the [M + 3H]** precursor ion whereas all others fragments were
singly charged. * = electronic noise peaks, & = neutral losses, v = 3™ harmonic.

3.3.5. Evaluation and Comparison of the Three Proteolytic Enzymes Examined and
Comparison between ECD of Doubly and Triply Protonated Peptides

In order to directly compare the three proteolytic enzymes used in this work, we
recalculated the sequence coverages, excluding cleavages N-terminal to proline. This

precaution was necessary because tryptic, chymotryptic and Glu C digest peptides do not
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contain the same number of Pro residues. More specifically, the tryptic peptides
examined, contained 5.4% Pro, versus 3.6% for chymotryptic peptides and 2.5% for Glu
C digest peptides. The average length of proteolytic peptides from the three enzymes is
comparable: tryptic peptides were on average 14.9 amino acids long, whereas
chymotryptic peptides were on average 15.3 amino acids long and Glu C digest peptides
had an average length of 15.7 amino acid residues. A detailed graph showing the peptide

length produced by each proteolytic enzyme examined is shown in Figure 3.4.
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Figure 3.4. Number of peptides as a function of peptide length for the different
proteolytic enzymes examined.

Table 3.5 displays the total number of observed N-Ca backbone bond cleavages,
the total number of observed c- and z-type product ions, and the number of detected
complementary fragment pairs for all doubly and triply protonated proteolytic peptides.
For both doubly and triply protonated species, tryptic peptides exhibit a higher degree of

sequence coverage, and generated a higher number of complementary fragment pairs.
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Due to the presence of a basic residue at the C-terminus (as discussed above), a
larger number of z-type product ions was observed for tryptic peptides compared to
chymotryptic and Glu C digest peptides. The number of c-type ions is comparable for all
three enzymes examined. For doubly protonated precursor ions, chymotryptic peptides
show the lowest degree of ECD fragmentation, whereas chymotryptic and Glu C digest
peptides show similar sequence coverage for triply protonated precursors. Differences in
fragmentation behavior can be attributed to different gas-phase structures/conformations
and different charge solvation patterns, as discussed above. The higher degree of
sequence coverage obtained for tryptic peptides can also be attributed to the fact that
tryptic peptides examined here were shorter in length, as discussed above, compared to
chymotryptic peptides and peptides derived from Glu C digestion.

Table 3.5 also illustrates that triply protonated precursors produce more ECD
fragments and yield dramatically increased numbers of complementary fragment pairs
(44%) compared to doubly protonated precursors. Complementary fragment pairs are
rare in ECD spectra of doubly protonated precursor ions. Increasing the number of
complementary fragment pairs is essential because it improves the confidence in protein
identification by database searching. In addition, a significant increase (27%) in the
peptide sequence coverage is observed for triply protonated precursors as compared to
the corresponding doubly protonated species. This increase was particularly high (34%)

for chymotryptic peptides.
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Table 3.5. ECD summary for A) all doubly and B) all triply

protonated peptides

examined *
A. Doubly-protonated Tryptic Glu-C digest Chymotryptic
peptides peptides peptides peptides
# of total backbone 214/314 168/269 149/275
N-C_cleavages 68% 62% 54%
222/628 169/538 150/550
# of total product (127 201 2 (632 /27 (622 /2
ions 95c¢’/ ce) 106 ¢’/ ce) 88c’/ce)
35% 31% 27%
# of complementary 7/314 1/269 11275
fragment pairs 2.2% 0.37% 0.36%
B. Triply-protonated Tryptic Glu-C digest Chymotryptic
peptides peptides peptides peptides
# of total backbone 290/314 235/269 242/275
N-C_cleavages 92% 87% 88%
485/628 327/538 342/550
# of total product (216 2+ /1 Z’ 113z /2 (123 2/ Z
ions 269 ¢’/ c) 214 ¢’/ ce) 219 ¢’/ cv)
77% 61% 62%
# of complementary 194/314 92/269 100/275
fragment pairs 62% 34% 36%

* Total number of observed N-C, bond cleavages, total number of ¢- and z-type product
ions, and total number of complementary fragment pairs observed is listed for all
peptides. Here, cleavages N-terminal to proline were excluded because the Pro
composition was different for tryptic, chymotryptic and Glu C digest peptides. Triply
protonated peptides produced more ECD fragments and generated a dramatically
increased number of complementary product pairs. A significant increase (27%) in
peptide sequence coverage was also observed. ECD of tryptic peptides provided higher
sequence coverage than for chymotryptic and GluC digest peptides for both doubly and
triply protonated precursors.

Figure 3.5 shows a direct comparison between doubly and triply protonated
precursor ions as a function of observed sequence coverage. Doubly protonated

precursor ions show a wide range of sequence coverages, ranging from 14 to 92%. By
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contrast, triply protonated precursors show a sequence coverage ranging from 64 to 100%
with only one triply protonated peptide showing a 60% sequence coverage. 75% of the

triply protonated precursors showed a sequence coverage between 80 and 100%.
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Figure 3.5. Percent peptide sequence coverage obtained in ECD for all doubly and triply
protonated peptides examined. Higher sequence coverage is observed for triply
protonated peptides.

Figure 3.6 shows the sequence coverage obtained for each proteolytic peptide as a
function of precursor ion m/z ratio. Notably, full sequence coverage is mainly observed
for tryptic triply protonated peptides. Only three doubly protonated peptides showed full
sequence coverage, and two of these peptides are tryptic peptides. Furthermore,
sequence coverage for doubly protonated peptides shows a strong dependence on
precursor ion m/z ratio. The sequence coverage decreases with increasing precursor ion
m/z ratio, in analogy with reported ETD fragmentation behavior of doubly protonated

39, 40

peptides. This decrease in sequence coverage is seen for all doubly protonated

peptides examined, independent of which proteolytic enzyme was used for protein
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digestion. For longer peptides, the advantage of fragmenting triply protonated precursors

in ECD versus doubly protonated precursors becomes even more apparent than for

shorter ones.

For the peptide lengths of 10 to 23 amino acids examined here, triply

protonated precursors do not show a strong dependence on precursor ion m/z ratio.

However, it is possible that a maximum peptide length for which high sequence coverage

is obtained exists for each charge state, as has been suggested for ETD.” This question

could not be answered based on our current data set for triply protonated species.
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Figure 3.6. ECD sequence coverage as a function of precursor ions m/z ratio for A)
doubly and B) triply protonated proteolytic peptides. For doubly protonated peptides,
sequence coverage decreases with increasing peptide size.
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We also calculated the occurrence of even-electron z' and radical ce-type product
ions (which are due to hydrogen transfer between z¢/c’ ion pairs) based on the first peak
in the isotopic distribution for each product ion (i.e., if a mixture of radical and even-
electron products was observed, the isotopic cluster was assigned as a radical species).
This occurrence was calculated as: number of observed z' and ce-type product ions / total
number of observed z¢/z" and c¢'/ce product ions. These data indicate that formation of z’
versus z¢ and ce versus ¢’ was more frequent in ECD spectra of doubly protonated
precursors (12%) compared to ECD spectra of triply protonated precursors (5%). Such
rearrangements may complicate spectral interpretation, particularly when analyzing
unknowns and, thus, triply protonated precursor ions offer an additional advantage. We
also noted that one and two hydrogen atom losses from z* product ions were prevalent
when Thr residues were adjacent to the radical site, in agreement with previously
reported results.*

Finally, we compared the Mascot MS/MS protein identification scores for ECD of
doubly and triply protonated peptides from BSA and calmodulin. In all examined cases,
significantly higher scores were obtained for the triply protonated species. Specifically,
search against all BSA tryptic doubly protonated species resulted in a Mascot score of
220 versus 898 obtained for the triply protonated species. The same trend was observed
for BSA chymotryptic peptides, for which the score for doubly protonated species was
216 versus 783 for the triply protonated species. For calmodulin tryptic peptides, we
obtained a score of 134 for the doubly protonated species versus a score of 548 for the
triply protonated species. The higher Mascot scores obtained for triply protonated

species are a result of both the higher MS/MS peptide sequence coverage, the higher
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number of complementary fragment pairs, as well as the lower degree of hydrogen atom
rearrangement for triply protonated species compared to their doubly protonated
counterparts. The Mascot search engine does not support hydrogen atom rearrangements.
Similar results were recently reported by Kjeldsen et.al. who demonstrated that ETD of
triply protonated proteolytic peptides, generated via charge enhancement with m-
nitrobenzyl alcohol, yielded higher Mascot scores compared to the corresponding doubly

protonated peptides.®’

3.4. Conclusions

We believe the data presented above constitute the first systematic comparison of
the ECD fragmentation behavior of doubly vs. triply protonated peptides resulting from
different proteolytic enzymes. Our results demonstrate that ECD of triply protonated
precursor ions significantly increases the number of c-and z-type product ions as
compared to doubly protonated precursors. In addition, tryptic peptides were found to
provide higher degree of sequence coverage compared to chymotryptic and Glu C digest
peptides. Although it has been suggested that trypsin is not the optimum enzyme for
ETD,* our results indicate that the presence of two basic sites, the N-terminus and the
basic C-terminal residue, contributes to the observation of both C- and N-terminal
product ions, thereby increasing the peptide sequence coverage.

When comparing the peptide sequence coverage obtained for doubly protonated
tryptic peptides in ECD with that obtained in ETD, the results are very similar. ETD of
doubly protonated tryptic peptides resulted in an average sequence coverage of 62.5%,*
whereas we obtained an average of 64.1% for ECD of doubly protonated tryptic peptides.

Some variation between these two values are likely due to differences in the length of the
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examined peptides (as mentioned above, the extent of ECD and ETD fragmentation
decreases with increasing precursor ion m/z ratio, which relates to peptide length). The
tryptic peptides characterized by ETD ranged from seven to 16 amino acids in length,
whereas the tryptic peptides examined in our experiments ranged from 11 to 18 amino
acids with one peptide containing 22 amino acids.

In summary, we have shown that ECD of triply protonated precursor ions increases
peptide sequence coverage by 26% compared to doubly protonated precursor ions. In
addition, the number of complementary fragment pairs increases by 44%. The large
number of complementary fragment pairs detected from triply protonated precursors, and
the higher degree of sequence coverage achieved by fragmenting this charge state in ECD
can improve protein identification via data base searching, and facilitate de novo protein
sequencing. However, a remaining challenge is to routinely be able to achieve 100%

sequence coverage for proteolytic peptides in ECD.
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Chapter 4

Electron Capture Dissociation of Highly Charged Proteolytic
Peptides from Lys N, Lys C and Glu C Digestion

4.1. Introduction

Primary structure of peptides and proteins can be obtained from their gas-phase
dissociation in tandem mass spectrometry (MS/MS). In such experiments, individual
peptide ions are activated and fragmented to yield ladder-like product ion spectra which
provide sequence information based on the characteristic mass differences between
amino acids. MS/MS is a powerful method for obtaining primary structure information
for peptides and proteins''* and has been key to the success of proteomics research.
Sequencing by MS/MS is preferred over other methods such as Edman degradation, due
to its ability to identify unnatural or modified amino acid residues, including blocked
amino termini, and also due to its ability to determine the sequence of peptides present in

1% In proteomics, the utilized gas-phase dissociation technique

complex mixtures.
should result in a sufficient number of sequence-informative product ions so that the

peptide, or protein, can be successfully identified and characterized.
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20, 21

Collision induced dissociation (CID), which results in cleavage of peptide

amide bonds to produce N-terminal b-type ions and C-terminal y-type ions, is the most
commonly used technique to obtain structural information from peptide ions. However,

in some cases CID produces internal product ions and neutral losses, or results in

22-25

selective cleavage at specific residues. In such cases the fragmentation data obtained

by CID is not sufficient to identify the peptide, or protein, and an alternative

26, 27

fragmentation technique is needed. Electron capture dissociation (ECD) and electron

transfer dissociation (ETD),** %

which result in extensive cleavage of peptide backbone
N-Ca bonds to produce N-terminal c-type and C-terminal z-type product ions are
complementary to CID and constitute promising tools for peptide and protein sequencing.
In ECD, multiply charged cations are irradiated with low energy (<1 eV) electrons,
resulting in electron capture and subsequent fragmentation. In ETD, an electron is
transferred from an anionic reagent to peptide, or protein, cations leading to
fragmentation similar to ECD. In both techniques, a radical cation intermediate is
generated via electron capture/transfer and, thus, one even-electron and one radical
product ion is formed upon dissociation. The C-terminal z-type product ions generally
contain the radical site and are therefore designated ze-type ions. However, hydrogen
migration between complementary product ions is frequently observed in ECD,’%?’
resulting in complementary ¢ and z'-type ions (the prime specifically denotes a hydrogen

as proposed by Zubarev).*

One main advantage of ECD and ETD, compared to CID, is the retention of labile

28,35 29, 36-41 41-47

post-translational modifications such as phosphorylation, glycosylation and

45,48, 49

sulfation. In addition, ECD and ETD show less sequence dependence and result in
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22,27, 33, 50-53

more extensive fragmentation, thus higher peptide sequence coverage can be

obtained compared to CID. However, both electron based reactions are not very effective
for the dissociation of large size doubly protonated species.*® >+

McLuckey and co-workers demonstrated that, for model peptides, triply charged
species produce more ETD product ions, compared to their doubly protonated
counterparts, resulting in greater degree of sequence coverage.”® The same group showed
that, for doubly protonated tryptic peptides, ETD sequence coverage and percent ETD
decrease with increasing peptide size:>> for small size peptides (<7 amino acids) a high
ETD sequence coverage was obtained, whereas medium size peptides (>8 amino acids)
gave an average sequence coverage of 48%, and larger size peptides (>14 amino acids)
yielded an average sequence coverage of only 23%. These authors suggested that, for a
given charge state, there is a maximum peptide size for which high ETD sequence
coverage can be obtained. To increase the ETD sequence coverage for medium and large
size doubly protonated peptides, which were not fragmented efficiently in conventional
ETD, the precursor ions were activated by use of elevated bath gas temperatures.”> Coon
and co-workers examined the ETD fragmentation behavior of 755 doubly protonated
tryptic peptides and observed a decrease in product ion yield with increasing precursor
mass-to-charge (m/z) value.”® A supplemental collision activation method that targets the
nondissociated electron transfer species was proposed (termed ETcaD), and shown to
improve both the ETD efficiency and the peptide sequence coverage for doubly
protonated species.>®

In Chapter 3 we examined and characterized the ECD fragmentation behavior of

doubly and triply protonated proteolytic peptides from trypsin, chymotrypsin and Glu C
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digestion.®® ECD of triply protonated peptides resulted in higher peptide sequence
coverage and also in a higher number of complementary fragment pairs. Doubly
protonated species showed a decrease in ECD sequence coverage with increasing
precursor m/z value, in agreement with the reported ETD fragmentation behavior of
doubly protonated peptides. By contrast, the ECD sequence coverage for medium size
(10-23 amino acid residues) triply protonated peptides did not show a strong dependence
on the precursor m/z value.”® However, because a limited m/z range (391-832 as
compared to 585-1245 for doubly protonated peptides) was investigated, it is possible
that highly charged ions also may show a decrease in ECD sequence coverage as a
function of precursor m/z value. Nevertheless, these ECD and ETD experiments suggest
that highly charged precursor ions are more desired for both fragmentation techniques.
One approach to increase the charge state of peptide and protein ions utilizes the
addition of m-nitrobenzyl alcohol into the electrospray solution, so called
“supercharging”.””> It has been shown that addition of 0.1% m-nitrobenyl alcohol
changes the predominant charge state from +2 to >+3 for bovine serum albumin tryptic
peptides.” This strategy also increased the average charge state of phosphopeptides by
0.5 charge units. Triply protonated peptides, generated via supercharging, resulted in
higher ETD efficiency and higher Mascot® identification scores compared to the
corresponding doubly protonated species.”” Nonenzymatic digestion of proteins by
microwave D-cleavage, which leads to site specific cleavage at aspartic acid, is another
approach to produce highly charged precursor ions.”> Because of the relatively low
occurrence of aspartic acid residues (~5%) in proteins, microwave D-cleavage produces

large peptides that tend to be highly charged due to the presence of several basic amino
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acids within their sequences. These highly charged peptide ions exhibit extensive
fragmentation in ETD.

Multiply charged precursor ions can also be obtained by enzymatic digestion with
proteases such as Lys C, Asp N, Glu C, and Arg C.***®' Similar to the microwave D-
cleavage digestion, enzymatic digestion with Lys C, Asp N, Glu C, and Arg C generates
longer peptides that tend to be multiply charged. Karger and co-workers examined the
ETD and CID fragmentation behavior of large size peptides generated by Lys C
digestion.*> These authors demonstrated that doubly charged peptides show better
fragmentation in CID whereas large precursor ions at higher charge states are more
extensively fragmented in ETD or ETcaD. Coon and co-workers compared ETD and
CID of small to medium size peptides varying from +2 to +5 charge state and reported
that ETD outperformed CID for all charge states greater than two.®’ These experiments
also revealed that the main factor for a successful ETD experiment is the ratio of
residues/charge and that, regardless of the precursor ion charge state, ETD fragmentation
decreases with increasing precursor m/z value.

Here, we explore the effect of protease selection in ECD of multiply charged (+3 to
+6), medium size (1600 — 4800 Da) peptides generated by Lys C, Lys N and Glu C
digestion. These experiments also aimed to characterize the extent of fragmentation,
measured by the total number of z¢/z' and c'/ce type ions, and the sequence coverage,
measured by the total number of backbone amine bond cleavages, for highly charged
proteolytic peptides. Lys C and Glu C are extensively applied in proteomics research
whereas Lys N has not been extensively combined with gas-phase dissociation for

peptide sequencing. Lys N is a metalloendopeptidase that catalyzes specific cleavage of
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acyl-lysine bonds (-X-Lys) in peptides and proteins.”® Recently, Lys N digestion was
combined with ETcaD and the fragmentation behavior of doubly protonated species was
examined.®® It was shown that Lys N derived peptides containing a single lysine residue
produce solely c-type product ions in ETD, thereby simplifying spectral interpretation,
whereas peptides containing more than one basic residue produce both c- and z- type
product ions.

Here, we explore the utility of Lys N digestion in combination with ECD for the
characterization of multiply charged ions. We also examine ECD of doubly protonated
peptides from Lys C and Lys N digestion, containing identical amino acid composition
but differing in the location of the lysine residue, to address whether the charge location
affects ECD fragmentation behavior. Furthermore, we examine whether factors such as
precursor ion mass, charge, or m/z value influence ECD fragmentation of medium size
peptides carrying multiple charges.

To address these questions, ECD of 152 proteolytic peptides generated from Lys
C, Lys N and Glu C digestion was investigated. The proteolytic peptides selected for
fragmentation were highly charged, +3 to +6, and contain 14-41 amino acid residues

(1600 — 4800 Da).

4.2. Experimental Procedures
4.2.1. Sample Preparation

Digestion conditions, time and enzyme to protein ratio, were varied to optimize the
abundance of the proteolytic peptides of interest and also to allow for none and several
missed cleavages. Bovine serum albumin (BSA), lactoferrin from bovine colostrum,

human apo-transferrin and carbonic anhydrase II from bovine erythrocytes were obtained
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from Sigma (St Louis, MO). Lys C (Sigma, St Louis, MO) digestions were performed in
100 mM ammonium bicarbonate (pH = 8.4) (Fisher Scientific, Fair Lawn, NJ) at 37 °C.
Lys N (Associates of Cape Cod Incorporated, East Falmouth, MA) digestions were
performed in 50 mM ammonium bicarbonate (pH = 8.4 or 9.5) at 37 °C. Lys N is
inhibited by dithiothreitol (DTT),* which must therefore be removed prior to adding the
enzyme (DTT is used for disulfide reduction prior to digestion as described below). DTT
was removed with microcon centrifugal filter devices (3,000 nominal molecular weight
limit, Millipore Corporation, Bedford, MA). Glu C (Roche, Indianapolis, IN) digestions
were performed in 50 mM ammonium bicarbonate at 25-26 °C.

Carbonic anhydrase II (0.34 nmol) was first denatured in 6 M urea (Sigma) for 45
min at 56 °C. The urea concentration was diluted to 1 M before adding the enzyme. Lys
C was added at an enzyme to protein ratio of 1:100 and Lys N was added at an enzyme to
protein ratio of 1:100 or 1:150. Digestions were performed for 5 hours. BSA (0.45
nmol) was reduced with 10 mM DTT (Sigma) in 50 mM ammonium bicarbonate (Fisher
Scientific) for 45 min at 56 °C and then carboxymethylated with 50 mM iodoacetamide
(Sigma) in 50 mM ammonium bicarbonate in darkness for 1 h. Following reduction and
alkylation, BSA was digested with Glu C at an enzyme to protein ratio of 1:50, 1:75, or
1:100 for 3h, 5h or 9 hours. Lys C digestions were performed at 1:50 or 1:75 enzyme to
protein ratio for 75 min or 6 hours. After DTT removal, Lys N was added at an enzyme
to protein ratio of 1:50, 1:75, or 1:150 for 75 min or 6 hours.

Apo-transferrin (0.45 nmol) and lactoferrin (0.45 nmol) were denatured, reduced
and alkylated. For denaturation and reduction, urea and DTT were added to a final

concentration of 6 M and 10 mM, respectively, in the presence of 50 mM ammonium
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bicarbonate. In the case of lactoferrin, 6.8 M urea was used. Mixtures were incubated
for 45 min at 56 °C. Alkylation was performed as described above. Before addition of
enzymes, urea was diluted to 1 M, or removed with microcon centrifugal filter devices
(3,000 nominal molecular weight limit). Apo-transferrin was digested with Glu C at an
enzyme to protein ratio of 1:50, 1:100, or 1:150 for 75 min, 5 h, 8 h, or 12 h. Lys C was
added at an enzyme to protein ratio of 1:50, 1:75, 1:100, or 1:150 for 75 min, 6 hours, or
14 hours. For Lys N digestion, ratios of 1:50, 1:100, or 1:150 were used and the
digestion proceeded for 75 min, 3 h, or 8 h. For lactoferrin digestion, Glu C was added at
an enzyme to protein ratio of 1:30 or 1:100 for 14 h. Lys C digestion was performed at a
ratio of 1:50 for 12 h and Lys N digestion was performed at ratios of 1:50, 1:100, or
1:150 and the digestion time was 5 h or 12 h. All reactions were quenched with 0.2-0.5
% formic acid (Acros Organics, Morris Plains, NJ). Digested samples were desalted with
Cis Ziptips (Millipore, Billerica, MA) and diluted with 500-740 pl electrospray solvent
containing 50% acetonitrile (Fisher) and 0.1 % formic acid.

4.2.2. Mass Spectrometry

All experiments were performed with an actively shielded 7T quadrupole-Fourier
transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer (Apex-Q, Bruker
Daltonics, Billerica, MA), which has been previously described.®® Proteolytic mixtures
were electrosprayed in positive ion mode at a flow rate of 70 pL/hour. Ions were
accumulated in the first hexapole for 0.1 s, transferred through the mass selective
quadrupole (2-6 m/z isolation window), mass selectively accumulated in the second
hexapole for 0.3 to 4 s, transferred through high-voltage ion optics, and captured in the
ICR cell by dynamic trapping. This accumulation sequence was looped 2-4 times to

maximize precursor ion signal. The accumulation time in the second hexapole and the
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number of loops of the accumulation sequence were varied to ensure that the total signal
of ions entering the ICR cell for the ECD experiments was very similar (9x10° to 1x10’
absolute abundance (single scan) in XMASS software) for all peptides examined.
Further precursor ion isolation was achieved by correlated harmonic excitation fields®
inside the ICR cell.

Peptides that were detected at charge states from +3 to +6 (containing 14 to 41
amino acid residues, corresponding to 1645 - 4779 Da) were selected for ECD
experiments. ECD was performed with an indirectly heated hollow dispenser cathode at
a bias voltage of 0.01-0.30 V and an irradiation time of 30-60 ms. A lens electrode
located in front of the hollow cathode was kept at 1.0 V. All spectra were acquired with
XMASS (version 6.1, Bruker Daltonics) using 512 K data points and summed over 64
scans. Data processing was performed with the MIDAS analysis software.®” Internal
frequency-to-mass calibration was performed by Microsoft Excel using a two term
calibration equation.”® The calculated masses of the precursor ions and the charge-
reduced species were used for calibration. In some cases, the precursor ion and abundant
¢’ or z+ product ions were used for calibration. In these cases, calibration was repeated
with the precursor ion and one additional product ion to ensure correct assignments.
Product ion spectra were interpreted with the aid of the MS Product function in Protein
Prospector (http://prospector.ucsf.edu/prospector/4.0.8/html/msprod.htm).  Only peak
assignments with a mass accuracy better than 15 ppm were accepted (most assignments
were within 10 ppm, however, the relatively high error tolerance is due to low signal-to-

noise ratios of some product ions, and the use of in-cell isolation).
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4.3. Results and Discussion

One hundred and fifty two peptides, ranging from 14 to 41 amino acid residues,
from Lys C, Lys N, and Glu C digestion were fragmented by ECD. Fifty of these
peptides were from Lys C digestion, 51 were from Lys N digestion, and 51 were derived
from Glu C digestion (a detailed graph showing the number of peptides examined as a
function of their length for the different proteolytic enzymes is shown in Figure 4.1). The
percent sequence coverage was defined as follows: (number of observed backbone N-Ca
cleavages/number of N-Ca backbone bonds) x100. ECD cleavage at the N-terminal side
of proline is generally not observed due to its cyclic structure (even though a backbone
N-Ca bond is cleaved, the two fragments will be connected through the proline side
chain). In order to be able to directly compare the ECD sequence coverage obtained from
each proteolytic enzyme, the sequence coverage was calculated by excluding cleavages
N-terminal to proline. This precaution was necessary because Lys N, Lys C and Glu C
digest peptides do not contain the same number of Pro residues.

Hydrogen rearrangements are commonly observed in ECD.*** Therefore, both
radical and even-electron product ions must be considered. N-terminal product ions are
assigned as c'/c’, and C-terminal product ions are assigned as z'/z'. Hydrogen atom loss
from z" type product ions to form z'- H and z* - 2H is also observed in ECD when serine,
threonine or tryptophan are adjacent to the radical site formed following N-Ca backbone
bond cleavage.*> Therefore, when assigning z type product ions this hydrogen atom loss
was also taken into account for those specific residues. Furthermore, some c'-type

product ions, 1.4% of all ¢'-type fragments observed, showed addition of one hydrogen
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atom to form c¢" ions. This hydrogen addition was observed for long c-type fragments

containing 21-38 amino acid residues.
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Figure 4.1. Number of peptides as a function of peptide length for all proteolytically
derived peptides examined.

4.3.1. ECD of Triply Protonated Peptides

The ECD sequence coverage as a function of the precursor ion m/z value for triply
protonated species is displayed in Figure 4.2. The triply protonated peptides examined
contain 14 to 27 amino acid residues. Detailed fragmentation patterns, i.e., identities of
all ¢ and z-type product ions, for the triply protonated species are shown in Tables 4.1,
4.2 and 4.3. Similar trends were observed for all triply protonated peptides, independent
of which proteolytic enzyme was used for digestion: a decrease in peptide sequence
coverage was observed with increasing precursor ion m/z value. Triply protonated
peptides at low m/z values (<880) showed good ECD peptide sequence coverage, ranging
from 43% to 100%. Most of these peptides, 31 out of 44, exhibited high ECD sequence

coverage ranging from 80%-100% and only one peptide showed a sequence coverage as
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low as 43%. Peptides at higher m/z values (>960) exhibited decreased ECD sequence
coverage. Some of these peptides showed poor sequence coverage (29%-36%) and only
one peptide at m/z 974, from Glu C digestion, showed good ECD sequence coverage
(69%). These data suggest that peptides at high m/z values do not fragment efficiently in
ECD, therefore, the m/z ratio of precursor ions should be taken into consideration when
sequence information is to be derived from ECD. Alternatively, activated ion ECD (AI-
ECD, in which ECD is combined with collisional or IR activation) can be employed to
increase structural information, as has been demonstrated for proteins and for
glycosylated and phosphorylated peptides.* % 7 As mentioned above, the trend of
decreasing ECD sequence coverage with increasing precursor ion m/z value was also

observed for doubly protonated peptides, in both ECD and ETD.*">>-%
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Figure 4.2. ECD sequence coverage as a function of m/z ratio for triply protonated
proteolytic peptides from Lys C, Lys N and Glu C digestion. Independent of the
proteolytic enzyme used for digestion, sequence coverage decreases with increasing
precursor ion m/z ratio.
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Table 4.1. ECD fragmentation summary of all triply protonated peptides from Lys C
digestion

Charge | Peptide Sequence Seq%Cov.

+3 | GACLLPETMREK 83%
+3 | AEFVEMTKLVIDLTK 86%
+3 | CSTSSLLEACTFRRP 69%
" | LPADICR el ik
+3 | EFQlFssPHoKDLLAK 100%
+3 | LoEVarNALIVRYTRK 80%
*3 | FRAEFVEVTIVTDLTK 81%
+3 DEPWCH@@%WDE TK* 93%
+3 | VPQVSTRTLVEVSRSLGK 100%
v | EcoHeDHEchrPRApl A B0%
+3 | SRSFioFesPROaRDLLfK 100%
+3 mhjcﬁf%ﬁljshqcﬁpbﬁsvsk* 89%

3 GUVfLﬁAquﬂerQCPFBHH\ﬁK* 53%

+3 YHY(EIA%RH PVFR(APEG_L%AjNJK 4 50%

o | SRRy | won

+3 LH&R@EME%WBNH 86%
+3 | EGWeyTeAFRCLVEKGDVARVK® 64%

+3 CJTESLVNRJRPCFSALFTPDEFI'R(VPK* 33%

* Peptides of the same composition but with a lysine residue at the N-terminus rather
than the C-terminus were generated by Lys N digestion and also examined with ECD (see
also Table 4.2).
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Table 4.2. ECD fragmentation summary for all triply protonated Lys N derived peptides

harge Peptide Sequence Seq%cov'
+3 KEPPqErPW%v{ﬂK 85%
s | kePPNTLODEFkADE o2
| KTAPICTePTE” 100%

3 | KikPDPNTLCHEFKADE 86%
+3 | KIGEYCFONALVRYTR” 94%
w3 | *ePLywEL NG 8%
w3 | VPDKTVRWCHYSEHEAT 03%
3| KoFANGERasPypT” 73%
| KvRQvSETEvRRsLe” 100%
+3 | KVASLRETYGDMADCCE 75%
+3 | KHvDEPQNLIKGNCDQFE 65%
3| KEponePhuEchPPRAp ok
+3 | KSPNGERTPERGYEAK 4%
w3 | KINHORFPEFFSEGhPasK” 83%
3| veryaFsavigacerbERy” 8%
v | MikguypEray kancoase 2%
+ | KyNevrarcdapEpkeag P 89%
+3 KQLYEIA%RHPVFYAPELLYMA)N d 35%
3 | KEGHMoYToAFRGIVEKGDWARV" | 77%
+3 KE(%CHJI?M(#/RTAGWNIPMGLHYJN 43%

+3 KCCJ'IJ'EJSLVNRRPCFSALTPDEEYJVP e 29%

* Peptides of the same composition but with a lysine residue at the C-terminus rather than
the N-terminus were generated by Lys C digestion and also examined with ECD (see also
Table 4.1).
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Table 4.3. ECD fragmentation summary for all triply protonated species from Glu C
digestion

Charge | Peptide Sequence Seq%cov'
2| KSHoEVEReE 2%
+3 Acﬂopvjﬂaq\ﬂ%e 82%
+3 | VPDKTVRINCAVSEHE 85%

3 | APRKNVRWCTISQPE 55%
+3 | YVIAANLKKCSTSPULE 94%
| MO RResTSSHE 8%
+3 | clydGaRPTYEEYLGTE 69%
+3 NLPPL]%HﬁqKﬁ\ﬂCRr\MqE 72%
3 | UGTEvvTANLKKCSTISPLLE 76%

+3 YE;E:HNALIVRYTRKVPQVSJTP'HLME 36%

+3 SWN%RPCFSALTPL}EﬁWPKAIjDF 43%
+3 G[%DHEWQQVL}IJK/WCM/E})HU\HHJGBE 69%

The lower extent of ECD fragmentation observed for larger peptides could be
attributed to the presence of gas-phase intramolecular non-covalent interactions: when the
number of charges remains unchanged, non-covalent interactions are expected to increase
with increasing peptide size.  Non-covalent interactions lower ECD and ETD
fragmentation efficiency because such interactions prevent complementary product ion
pairs from separating following backbone bond cleavages.*> ! 7072

Table 4.4 summarizes the average ECD sequence coverage, the total number of
product ions, and the number of complementary fragment pairs observed for triply

protonated peptides. Lys N and Lys C peptides showed an almost identical ECD

sequence coverage, whereas Glu C peptides exhibited lower ECD sequence coverage.
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Furthermore, Glu C digest peptides showed the lowest extent of fragmentation compared
to Lys N and Lys C digest peptides, in terms of total product ions, and complementary
fragment pairs. The average peptide length of Glu C digest peptides was higher
compared to the average peptide length of Lys N and Lys C digest peptides. Therefore,
the lower ECD sequence coverage obtained for Glu C digest peptides can be due to the
higher average peptide length of these peptides and accompanying increased non-
covalent interactions as discussed above.

Table 4.4. ECD summary of triply protonated peptides *

[M + 3H]* Lys N digest Lys C digest Glu C digest
peptides peptides peptides
# of total backbone 274/357 237/303 145/206
N-C_cleavages 7% 78% 70%
394/714 366/606 189/412
# of total product (138 2/ 2’ (180 2+ / 2’ (75212
ions 256 ce/ C’) 186 ce/c’) M4 ce /)
55% 60% 46%
# of complementary 120/357 125/303 43/206
fragment pairs 349, 41% 21%
Average Peptide Length 19.1 19.0 19.3

* Total number of observed N-Ca. backbone bond cleavages, total number of ¢- and z-

type product ions, and total number of complementary fragment pairs observed are listed
for all Lys N, Lys C, and Glu C digest peptides. Glu C derived peptides have the highest
average peptide length and showed the lowest extent of fragmentation. Lys C and Lys N
derived peptides showed an almost identical ECD sequence coverage. Higher numbers
of total product ions and complementary fragment pairs are observed for Lys C digest
peptides.

Lys C digest peptides showed a higher total number of product ions, and a higher
number of complementary fragment pairs as compared to Lys N and Glu C derived
peptides. Furthermore, peptides from Lys C digestion produced an almost identical

number of z- and c-type product ions. This behavior can be explained based on the
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presence of a positive charge at both peptide termini for Lys C derived peptides (one at
the N-terminal amine group and one at the C-terminal lysine residue), which could
facilitate detection of both N- and C-terminal product ions. In contrast, Lys N digest
peptides produced a significantly higher number of c-type fragment ions, compared to z-
type product ions, due to the presence of a lysine residue at the peptide N-termini.
Similar to Lys N digest peptides, Glu C digest peptides produced less z-type product ions
compared to c-type product ions, in agreement with the absence of a basic residue at the
C-terminus of Glu C derived peptides.

We note that the average ECD sequence coverage obtained here for longer triply
protonated peptides generated by Lys N, Lys C, and Glu C digestion is lower compared
to that obtained in our previous work (Chapter 3) for shorter triply protonated peptides
derived from trypsin, chymotrypsin, and Glu C digestion.”® The average peptide length
for triply protonated species in our previous work was 15.3 amino acid residues whereas
triply protonated species examined here have an average peptide length of 19.1 residues.
As documented in Fig. 4.2, peptide sequence coverage decreases with increasing
precursor ion m/z value, therefore it is not surprising that the longer peptides examined
here showed less fragmentation compared to shorter peptides carrying the same number
of charges.

4.3.2. ECD of Multiply Protonated Peptides with Four, Five, and Six Charges

Detailed fragmentation behavior of all examined multiply protonated peptides at
charge states 4, 5, and 6" is shown in Tables 4.5-4.10. The quadruply protonated
peptides contain 14-33 amino acid residues whereas [M + 5H]*" precursor ions consist of
18-40 amino acid residues. [M + 6H]®" precursor ions contain 29-41 amino acid residues

with one peptide from Glu C digestion containing 21 amino acid residues.
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Table 4.5. ECD fragmentation summary for all quadruply protonated species from Lys
C digestion

Charge | Peptide Sequence Seq%cov'

[ erSFeTRy
| ity
+4 | SKEFQLFSsPHAKPLLFK 100%
|
| Fechtbfbocrodic
+ | cLvirsviacPrpEHK 63%
|
+4 | ADRDQYELLCLPNTRIKPVDEYK 85%
| oA
| SHPyeRmawyAMe K el
4 _| UshpsficvRRapn ecirAfiex %
| gyl
| cobHahspacrrbefies
4| SHOAEVERpARENLPPUTADHAEDK” Ui
4| FPRINFNAEGERELLMLANWRAAQPLK e
+ | DiFLGSHLYEYSRRHPEVAVSVLLRLAK 62%
+4 | SHOEVEKDIVPENLPPLIADFAEDKDYCK” e
+4 | schTGLGRSAGWNIPIGLLYCDLPEPRKPLEK 52%

* Peptides with the same composition but with a lysine residue at the N-terminus rather
than the C-terminus were generated by Lys N digestion and also examined with ECD (see
also Table 4.6). ™= Product ions that cannot be distinguished based on their mass.
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Table 4.6. ECD fragmentation summary for all quadruply protonated species derived
from Lys N digestion

Charge| Peptide Sequence Seqo-/Cov.
0

« [ by
+4 | KNLNREDFRLLCLDGTR 94%
4| kAT PPiTEKalk 100%
| Witk
w4 | KINHCRFDEFFSEGAAPGS 8%
+4_| KHOTVPONTIEGKNADRWA B6°%
+4 | KINHORADERFSEGCAPGsK™ 89%
o [t
+4 ﬁH}SjSIﬂC\ﬁLhﬂﬁﬁbﬁ%\ﬁK 90%
+4 KV%HRBHPVFYA%%YJ\J(AJM * 80%
| oA
+4 | KaDRDGYEL LoLPNTRKRVDEY * 85%
+4 | KSCHTA/GRTAGWNAMEL N 5%
+4 KSBC%E\HKDAIIjEJ\ILPPLJTAPhﬂjEJD* 61%
+4 | KOFFIANGERQsPVDIRTRAYVAPRAL 91%
| xecHLgaPshAnREpcken Soip
w4 | KSCIAEVERDAIPEN-PRLTADFARDDC 89%

4| kiR REGTCPEAPTRECKRY o5%
+4 | KALAVYGEATSRRMVNNGHSFNVEYDDSQPD 69%
+4 K%Hﬁﬁ%ﬁ?SAGWNIPIGLL\j%%[F{FﬂR}(ﬂLF 61%
* Peptides with the same amino acid composition but with a lysine residue at the C-
terminus rather than the N-terminus were generated by Lys C digestion and also

examined with ECD (see also Table 4.5). The peptidle VPDTVRWCAVSEHEAT
contains the N-terminus of the protein (apotransferrin).
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Table 4.7. ECD fragmentation summary for all quadruply protonated Glu C derived
peptides

Charge| Peptide Sequence Seq;/ocov'
| VISP B5%
+4 | DFRLLCLDGTRKPVTE 86%
+4 | VPDKTVRWCAVSEHE 92%
+4 vsfFSsHGj(quﬁ%ﬁ(P 80%

M| o keER e our
4 | RAKVSVARIEaKFPIpE B8%
| cohePiagyideTivRe i
|| veNCH RN TRl 9%
| A og
| T LRPPiy A HoRne B67%
| KM GEEVKVONRKGSTSSUE 7%
+4 | YoFoNALIVRYTRKvPQUSTPTLVE 76%
o | b
+4 CFESJHJKJBESI{DJ_P%PP@NTHCHE 80%
w4 | SIVNRRRCASALTPPEfTYVPKAFDE 95%
| redvPEraccEkel sl nope 8%
4| YipcHAvRsTnRBMackep] e B1%
w4 | FISDAHVHSKHPGDFGAPRGshMTHALE B6%
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Table 4.8. ECD fragmentation summary for all [M + 5H] " and all [M + 6H]6+ precursor
ions from Lys C digestion

Seq. Cov.
%

+5 | SKEFQLFsSPHGKDLLFK 63%
R
o | RexpritFohodstosion
+5 | HNGPEHWHKDFP )L{NGIEBEJSFj\ﬂDﬁK 78%
+5 | DAFLGSHIVEYSRRHPEYAVELLRLAK 88%
DR L
+5 ?cjl-ﬁqLGfREsjArc;V\fnyplcﬂ[ﬁ\jcﬁj_$P¢ijEjK 74%
+5 L%E@JG%@U%K@P})}/HWEMEVSB@H% 78%
+5 | LoMASGLNLGEPNNKEGYYGY TAFRCLVEKGDVAF VKK 78%
*5 | AMIDPALKPLANGEATSRRMVNNGHSFNVENDDSaDK | 78%
*6 | VOTROCITKPESERMAGTED LS NRUGV Hex 87%
+6 | DYELLCLDGTRKPVERYANCHLARAPNHAWTRK” 74%
*6 | AwiprakpLALYGEATSRRIMVNNGHSFNVENDDSADK | 84%

* Peptides with the same composition but with a lysine residue at the N-terminus rather
than the C-terminus were generated by Lys N digestion and also examined with ECD (see
also Table 4.9). = Product ions that cannot be distinguished based on their mass.

Charge | Peptide Sequence
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Table 4.9. ECD fragmentation summary for all [M + 5H] " and all [M + 6H]6+ precursor
ions from Lys N digestion

) Seq. Cov.
Charge| Peptide Sequence eq% >

+5 | KAVEEYANCHLARAPNHAWMTR 79%
+5 | KecHAQVPsHAvARBVDaKEDLW 9%
w5 | }OAHLGSFYEVSRRHREN LR o61%
w5 | KNLRETAEEKARYTRMcVoPEFOK 2%
s KPJ%%C{EIAT%F%WNJNHHBFMVB%DJDFPP 100%
w5 | KOYELLCLDGTRKPVEEVANGHLRRAPNHA IR 81%
6| KKSOHToLRASMNIIGH Yol PEPRKPLE e2%
+6_| koA figRl R HwesspbacseHTvVOR 67%
+6 KEM{L[%%RFKP\@@%QHWPNHFAV%* 77%
w6 | KNINEKOELLCLBGTRIPVEEVANCHLARRPNHANIR | 75%

* Peptides with the same amino acid composition but with a lysine residue at the C-
terminus rather than the N-terminus were generated by Lys C digestion and also
examined with ECD (see also Table 4.8). ~ = Product ions that cannot be distinguished
based on their mass.
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Table 4.10. ECD fragmentation summary for all [M + 5H]" and all [M + 6H]°"
precursor ions from Glu C digestion

Charge | Peptide Sequence Seq%COV-
"5 | AcHRheN iy TRKDKE a5t
5| RAWSVRL S FRIAEVE as%
*5 | ol LRppTVG A HORNYE 82%
*5 | FaovsPEHAGCEksHTLAGDE 5%
+5 | KFTFhApicTLPDTEKafkaALYE 96%
5| porhvesHiiypRsmeckent e 2%
+s | criSHkopsepl i kepRNTLOREFkADE 967
5| wHRFoLeEERFKAM aRsafaacerE Bo%
*5 | MpsEDk kT Ty ofliikaHHEAR 93%
o | PO AAMISHE
5| oo oAb
5| cbirorhybiidepimalsibor
R T T st i
*5 | Fol FePHokpLLFKDlsAHGH kvePRMDAKMYLGYE 70%
+6 Y&NCH}L@PNHMT%@I‘SE 58%
o | WA b R
| cokiscet o BTl
+6 | KOPVAFVIHATvANTEeNPDPWAN NEIDYE 90%
*6 | FLASSPHOKD] FpsAHaH verRMpAkMI GYE 91%
+6 | ATKGQSFRDHMKSVPSDISPSVACVIIRASYLDCIRIAMNE | 71%
+6 | LLCLDNTRKPVDEYKDCHLAQVRSHTWWVARSMGGKEDLIWE 66%

Figure 4.3 displays the ECD spectrum of [M + 5H]’" precursor ions of a Lys N

digest peptide from BSA with a molecular weight of 3300 Da.

ECD resulted in

formation of 43 out of 52 possible ¢- and z-type product ions and 25 out of 26 backbone
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interresidue bonds were cleaved, resulting in nearly complete peptide sequence coverage.
Eighteen out of 26 possible complementary fragment pairs were detected. A second
example is shown in Figure 4.4. for [M + 6H]®" precursor ions of a Lys C digest peptide
from carbonic anhydrase having a molecular weight of 4433 Da.. Following ECD, 31 out
of 37 possible N-Ca backbone bonds were cleaved, resulting in 84% sequence coverage.
Similar to the ECD spectrum of the Lys N digest peptide (Fig. 4.3), several

complementary fragment pairs are observed.
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Figure 4.3. ECD of [M + 5H]”" precursor ions from a BSA Lys N digest peptide.
Cleavages at 25 out of 26 possible N-Ca backbone bonds are observed, resulting in
extensive peptide sequence coverage. Vv; = 3™ harmonic, * = neutral losses, ' =

unidentified product ions, © = y-type product ion.
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Figure 4.4. ECD of [M + 6H]®" precursor ions from a peptide derived from Lys C
digestion of carbonic anhydrase. For this 40 amino acid residue peptide, ECD resulted in
cleavages at 31 out of 37 possible N-Ca backbone bonds, resulting in 84% peptide
sequence coverage. v;= 3" harmonic, €= neutral losses, * = unidentified product ions.

In contrast to the behavior observed for triply protonated peptides, ECD sequence
coverage for these higher charge states (+4, +5, and +6) is less affected by the precursor
m/z value (Figures 4.5 A-C). However, it should be noted that these peptides, carrying 4,
5 and 6 charges, were detected at m/z values less than 950 whereas triply protonated
species showing a significant decrease in peptide sequence coverage were detected at
m/z>960. Some [M + 4H]*", [M + 5H]>", and [M + 6H]*" species were detected at higher

m/z values (>950) but were of low abundance (<10% relative abundance). There are two

reasons we elected not to examine low abundance species: first, the low fragmentation
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efficiency of ECD”*"° requires relatively abundant precursor ions for generation of
detectable product ions, and, second, in common data dependent MS/MS approaches,
only the most abundant species are selected for fragmentation. We believe that precursor
ions carrying more or equal to four charges at high m/z values would also show a
decrease in peptide sequence coverage, similar to triply protonated species. However,
such behavior does not appear to pose a problem for ECD experiments because precursor
ions carrying four to six protons were mainly detected at low m/z values that are optimal
for ECD.

As illustrated in Figures 4.5 A-C, the majority of highly charged peptides, 89 out of
101 examined, resulted in ECD sequence coverage above 70%, independent of the
precursor ion m/z value. It is worth mentioning that 31 out of 101 peptides showed
complete or near complete ECD sequence coverage, 90-100%. Only few peptides, 12 out
of 101 examined, showed moderate ECD sequence coverage (50-70%). However, the
lower peptide sequence coverage observed for the latter species is not directly correlated
with their m/z values because some of these species were detected at low m/z values.
Differences in fragmentation behavior may be attributed to differences in gas-phase
structures of the individual peptides. Gas-phase conformations and structures of
precursor ions have been shown to influence the fragmentation outcome in ECD.”*”® The
average peptide sequence coverage, the total number of c¢- and z-type product ions, and
the number of complementary fragment pairs for each charge state (+4, +5, and +6), and
for each proteolytic enzyme are displayed in Tables 4.11 A-C. Overall, for these higher

charge states, the extent of fragmentation, i.e., number of ECD products, is very similar
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regardless of precursor ion charge state and enzyme used for digestion. Some variations

from this general trend are observed and discussed in detail below.
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Figure 4.5. ECD sequence coverage as function of precursor ion m/z ratio for A) [M +
4H]*",B) [M + 5H]’", and C) [M + 6H]®" species from Lys C, Lys N and Glu C digestion.
These highly charged proteolytic peptides were detected at relatively low m/z values and
their ECD sequence coverage is not strongly affected by the precursor m/z ratio.
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For quadruply protonated species (Table 4.11A), both the ECD sequence coverage
and the total number of ¢- and z-type product ions are very similar for Lys C, Lys N, and
Glu C digest peptides. Similar to triply protonated species, ECD of quadruply protonated
Lys C digest peptides resulted in a higher number of complementary fragment pairs for
the reasons discussed above. The sequence coverage, and the total number of ¢- and z-
type product ions were higher for quadruply protonated species compared to triply
protonated species, particularly for Glu C digest peptides. The higher extent of
fragmentation observed for quadruply protonated species can be attributed to increased
Coulomb repulsion, due to the presence of one additional charge compared to triply
protonated species, which results in more unfolded gas-phase structures and also
enhances separation of complementary fragment pairs. Because triply and quadruply
protonated species from Glu C digestion have very similar average peptide length, a
greater increase in peptide sequence coverage was observed for quadruply protonated
species compared to Lys C and Lys N derived peptides.

[M + 5H]’" precursor ions showed very similar peptide ECD sequence coverage as
quadruply protonated species (Tables 4.11A and 4.11B). Also, the total number of
product ions and the number of complementary fragment pairs are similar for +4 and +5
precursor ions. The similar extent of fragmentation observed for the +4 and +5 precursor
ions was not expected but is not surprising considering that the examined +4 and +5
multiply protonated peptides have different amino acid compositions (see discussion
below). Furthermore, [M + 5H]>" precursor ions have a higher average peptide length

compared to the quadruply protonated species. Another factor to be considered is once
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again the gas-phase structures of precursor ions. Williams and co-workers suggested that
ion shape can have a greater effect on ECD efficiency than ion charge state.”®

[M + 5H]’" precursor ions from Lys C derived peptides showed lower ECD
sequence coverage but very similar, or equal, numbers of total product ions and
complementary fragment pairs compared to Lys N and Glu C digest peptides. This
outcome may be attributed to the fact that [M + 5H]’" Lys C digest peptides were longer
compared to the +5 Lys N and Glu C digest peptides. However, this explanation is in
disagreement with the data obtained for [M + 6H]®" precursor ions (Table 4.11C). For +6
precursor ions, Lys C digest peptides showed the highest ECD sequence coverage
although these peptides were, on average, larger in size compared to the other +6
precursor ions. Once again, differences in ion gas-phase structures may explain these
differences. Another factor is the amino acid context of the individual peptides. It has
been suggested that ECD cleavage frequencies are determined by the local sequence’
and sequence preferences in ECD have been previously reported by Savitski et. al.*’
Similar to the +5 precursor ions, the total number of c- and z-type product ions, and the
number of complementary fragment pairs were very similar, or identical, for +6 precursor
ions from Lys C, Lys N and Glu C digest peptides. Interestingly, for [M + 6H]*"
precursor ions, peptides from Lys N and Glu C digestion exhibited lower fragmentation
compared to the +4 and +5 charge states, whereas Lys C digest peptides showed very
similar fragmentation for all three charge states. [M + 6H]°" precursor ions have the
highest average peptide length and, therefore, are expected to exhibit increased
intramolecular non-covalent interactions, resulting in more folded structures. Increasing

peptide charge state is expected to cause, to some extent, unfolding of the peptide gas-
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phase structure due to Coulomb repulsion. However, depending on peptide size, more
than six charges may be required to effectively unfold these structures. Therefore, the
decrease in fragmentation observed for peptides in the +6 charge state can be due to the
presence of intramolecular non-covalent interactions.

Table 4.11. ECD summary for A) all [M + 4H]**, B) all [M + 5H]’", and C) all [M +
6H]*" species examined

4 Lys N digest Lys C digest Glu C digest
A, [M+4H] peptides peptides peptides
# of total backbone 349/414 325/395 305/355
N-C_cleavages 84% 82% 86%
520/828 541/790 464/710
# of total product 19120/ 2 (247 2+ 1 2 (184 2/ 2
ions 329ce/c) 294 ce/c’) 280 ce/c’)
63% 68% 65%
# of complementary 170/414 214/395 159/355
fragment pairs M1% 54% 45%
Average Peptide Length 23.4 23.3 21.8
B. [M+5H Lys N qigest LysC fiigest GluC qigest
peptides peptides peptides
# of total backbone 137/155 214/268 312/372
N-C_cleavages 88% 80% 84%
215/310 344/536 480/744
# of total product 882z /2 (166 2+ / 2’ (18920 /2
ions 127 ce/ ) 178 ce/c’) 291 ce/ )
69% 65% 64%
# of complementary 74/155 127/268 168/372
fragment pairs 47% 47% 45%
Average Peptide Length 28.2 29.8 28.7
6+ Lys N digest Lys C digest Glu C digest
C. [M+6H] peptides peptides peptides
# of total backbone 94/125 81/99 166/217
N-C_cleavages 75% 82% 76%
153/250 123/198 259/434
# of total product (682 /2 (56 2z / 2’ (Mze/2
ions 85ce/c’) 67ce/c) 148 co/ ¢’)
61% 62% 60%
# of complementary 54/125 42/99 93/217
fragment pairs 43% 42% 43%
Average Peptide Length 345 36.0 33.7

Similar numbers of ECD product ions were obtained for these higher charge state
peptides, independent of the enzyme used for digestion. [M + 6H]®" precursor ions from
Lys N and Glu C digestion exhibited lower ECD sequence coverage compared to
peptides carrying four and five positive charges, whereas [M + 4H]*", [M + 5H]*", and
[M + 6H]®" species from Lys C digestion resulted in similar ECD sequence coverage.
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4.3.3. Effect of Charge State, Charge Location, and Peptide mass on ECD

In order to directly examine the effect of charge state on ECD fragmentation
behavior, we selected a subset of peptides (having the same amino acid sequence) that
were detected in more than one charge state. The ECD sequence coverage of these
peptides was examined as a function of peptide mass (Figures 4.6, 4.7 and 4.8) . Figure
4.6 displays peptides from Lys C digestion. Seven out of 12 peptides yielded increased
sequence coverage when higher charge states were fragmented with ECD. A particularly
significant increase in sequence coverage was observed for two peptides with molecular
weights of 2952 and 2999 Da when the quadruply rather than triply protonated species
were fragmented. For the former peptide, the triply protonated species resulted in 33%
sequence coverage whereas the quadruply protonated species showed 95% sequence
coverage. For the latter peptide, cleavages at all possible backbone amine bonds were
observed when the quadruply protonated species was fragmented. By contrast, ECD of
the triply protonated form showed 50% sequence coverage. Four out of 12 peptides
showed similar ECD sequence coverage for higher and lower charge states and only one
peptide showed decreased ECD sequence coverage (63%) when its +5 charge state was
used for fragmentation. This peptide with a molecular weight of 2107 Da (18 amino acid
residues) showed cleavages at all possible backbone amine bonds when its +4 charge
state was fragmented.

For Glu C and Lys N derived peptides (Figures 4.7 and 4.8), similar trends were
observed as for the Lys C derived peptides discussed above. For Glu C derived peptides
(Figure 4.7), half of the peptides examined exhibited increased sequence coverage when
fragmenting a higher charge state. Two peptides with molecular weights of 2879 and

2911 Da showed two-fold increase in their sequence coverage when their quadruply
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rather than triply protonated species were fragmented. For five out of the 10 peptides
examined, very similar ECD sequence coverage was observed for both these charge
states. Only one peptide exhibited lower ECD sequence coverage when the +6 precursor
ions were fragmented in ECD. This +6 precursor ion showed 58% sequence coverage
compared to 89% for its quadruply protonated counterpart and 95% for its +5 protonated
form. This peptide was the smallest +6 precursor ion we examined here, having a

molecular weight of 2449 Da (21 amino acid residues).
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Figure 4.6. ECD sequence coverage as function of peptide mass for Lys C derived
peptides detected in more than one charge state. Most of the peptides exhibit greater
sequence coverage when a higher charge state was fragmented. However, some peptides
showed very similar sequence coverage, independent of charge state, and one peptide
resulted in lower ECD sequence coverage when a higher charge state was fragmented.
For Lys N derived peptides (Figure 4.8), six out of 10 peptides showed increased
sequence coverage when higher charge states were fragmented in ECD. Three out of 10

peptides showed very similar ECD sequence coverage for higher and lower precursor ion

charge states. One peptide exhibited lower ECD sequence coverage when the +5 charge
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state was fragmented compared to the +4 charge state. The latter, rather small (22 amino
acid residues) peptide showed cleavages at all possible backbone amine bonds in ECD of
its quadruply protonated form. For small size peptides (derived from digestion with
either proteolytic enzyme) for which ECD of a higher charge state resulted in decreased
peptide sequence coverage, we noted that the abundance of the charge reduced species
(i.e., the species resulting from electron capture but without dissociation) was higher
compared to precursor ions that fragmented efficiently in ECD. Breuker et al have
reported that hydrogen ejection from the charge-reduced species without further
fragmentation can effectively compete with c- and z-type product ion generation for some
charge states of ubiquitin.*' In our experiments, charge reduced species are mixtures of
radical and even electron hydrogen-ejected species, however, such mixtures were also
seen for peptides that fragmented well in ECD. Further experiments are therefore needed

to elucidate the basis for this behavior.
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Figure 4.7. ECD sequence coverage as function of peptide mass for Glu C derived
peptides detected in more than one charge state.
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Figure 4.8. ECD sequence coverage as function of peptide mass for Lys N derived
peptides detected in more than one charge state.

The data presented in Figures 4.6, 4.7 and 4.8 suggest that, for peptides with the
same amino acid composition, a higher charge state will, generally, result in increased
peptide sequence coverage. This behavior is in agreement with the existence of more
unfolded gas-phase structures with increasing charge state (due to increased Coulomb
repulsion). However, our data also suggest that, depending on the peptide size, there is a
maximum number of charges for which the highest sequence coverage is obtained, and
that increasing the charge state above this optimum value does not increase the sequence
coverage.

The effect of charge location in ECD was investigated by comparing peptides from
Lys C and Lys N digestion, resulting in peptides with the same amino acid composition
but differing in the location of a lysine residue: peptides from Lys N digestion have a Lys
residue at the N-terminus whereas peptides from Lys C digestion have a Lys residue at

the C-terminus. Selected examples are displayed in Tables 4.12 A and 4.12 B (all other
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examples are displayed in Tables 4.1, 4.2, 4.5, 4.6, 4.8, and 4.9, marked with an asterisk).
ECD of peptides 1a and 1b (Table 4.12A) resulted in the same sequence coverage (100%)
whereas peptides 6a and 6b showed almost identical ECD sequence coverage (77% and
74%, corresponding to cleavage of 24 and 23 backbone interresidue bonds, respectively).
ECD of peptides 2a, 4a, and 5a from Lys N digestion resulted in higher sequence
coverage compared to ECD of peptides 2b, 4b, and 5b from Lys C digestion. By
constrast, peptide 3b from Lys C digestion showed higher ECD sequence coverage
compared to peptide 3a derived from Lys N digestion. The same trends were observed
for doubly protonated species (Table 4.12B). These results suggest that charge location
does influence the ECD fragmentation behavior but not in a consistent manner, indicative
of other influencing factors such as the peptide gas-phase structure.

Recently, Heck and co-workers performed ETcaD of doubly protonated peptides
from Lys N and Lys C digestion.*® These authors reported that dissociation of doubly
protonated species from Lys N derived peptides containing a single lysine residue
resulted in formation of solely N-terminal c-type product ions whereas Lys C derived
peptides yielded both c- and z-type product ions. This behavior is in agreement with our
ECD data for peptides 2a, 2b, 3a, 3b, 5a, and 5b (Table 4.12B). The same authors also
reported that, when more than one basic residue was present in Lys N derived peptides,
both c-and z-type product ions were detected, similar to our ECD data for peptides 1a and

4a (Table 4.12B).
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Table 4.12. ECD fragmentation summary of A) selected peptides at +3, +4, +5, and +6
charge states, and B) all doubly protonated peptides from Lys N and Lys C digestion.”

Charge Lys N digest peptides Seqn./Cov. Lys C digest peptides Seqn./Cov.
0 0

1

i3 KVAAVSTATLVEVBRSLG ! 100% veQvETRfT VESRSLaK | 100%
3 KECCHEPLLECAPDRADLA 2| 94% ECCHADLLECADDRADLAK * 9%
+4 KAVEIRRHPVFYAPELLYYAN ! s0% VLVEIARRFPYHYAPELLIVANK *! 100%
+4 | KSHCIEVEKDAIPENLPRUTADFAEDIDVC “| go9 SHOWEVEKDPENLPPLTADFAEDKDVCK ®! 84w
s | “PHesESRmRnERA 7| oen | ohrogvEvsribieysiiRac | s
+6 Kﬂ#ﬁ@ﬁ@gﬁ@ﬁ%@ﬁ%m&%sa 77% | DYELLGUDGTRKPVEEMANCHLARAPNHATRK | 7a%

Charge Lys N digest peptides Seq‘;/Cov Lys C digest peptides Seq‘;/Cov
0 (]
1b
42 KSLHLFGDELC 1 919 stk FeDELCK 100%
+2 KTVMENFVAFVD 2| gq9, TVMENFVAFDK 2l a1y
3a 3b
+2 KYNGVFQECCQAED 46% YNGV%ECCQAEJDJK 38%
*2 KUFTFHADICTILPDTIE 2 79% LFTFHADICTLPDTEK ®1 1%
+2 KDAIPENLPPLTJADFAED 2l 7% DAIPEWLPPLTADFAEHK 1 20%

* The peptides presented here have the same amino acid composition but differ in the
location of the lysine residue. In some cases, Lys N derived peptides resulted in higher
ECD sequence coverage compared to Lys C derived peptides, and, in other cases,
peptides from Lys C digestion resulted in better peptide sequence coverage

Figure 4.9 displays ECD sequence coverage as a function of peptide mass for all
peptides examined. It is apparent from this Figure that ECD sequence coverage is not
strongly affected by the peptide mass. Low sequence coverage is observed for triply
protonated species with a molecular weight around 3000 Da. These peptides were
detected at high m/z values (>960), as discussed. Peptides at the +4 and +5 charge states
with similar molecular weights (around 3000 Da) fragment efficiently in ECD. These +4

and +5 species were detected at lower m/z values compared to triply protonated species

with similar molecular weights. Good ECD sequence coverage was also obtained for
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longer peptides having molecular weights up to 4779 Da and carrying five or six positive
charges. Due to the presence of five or six charges, these larger peptides were detected at

low m/z values and, therefore, fragment fairly well in ECD.
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Figure 4.9. ECD sequence coverage as function of precursor ion mass for all peptides
examined. ECD sequence coverage does not correlate strongly with peptide mass. Only
triply protonated species with high molecular weight (detected at high m/z ratios) showed
low peptide sequence coverage.

4.3.4. Summary of the ECD Behavior of Lys C, Lys N, and Glu C Digest Peptides

Table 4.13 summarizes the average peptide sequence coverage, the number of c-
and z-type product ions, and the number of complementary fragment pairs for all peptides
examined, independent of precursor ion charge state. The average ECD sequence
coverage is almost identical for Lys C, Lys N, and Glu C digest peptides. Furthermore,
the total number of ECD product ions is similar, regardless of which proteolytic enzyme
was used for digestion. Lys N and Glu C derived peptides produced more c-type product
ions, for reasons discussed above, whereas, for Lys C digest peptides, the number of c-

and z-type fragments is comparable. Lys C digest peptides showed a slightly higher
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number of complementary fragment pairs compared to Lys N and Glu C digest peptides,
as previously discussed. It is apparent from the data presented in Table 4.13 that protease
selection does not affect the ECD outcome, and that ECD provides high peptide sequence
coverage independent of the proteolytic enzyme used for digestion. It is also worth
mentioning that the majority of peptides examined here, 125 out of 152 (82%), exhibited
good to high peptide sequence coverage, ranging from 70 to 100% (Figure 4.10).
Thirteen percent of all peptides examined (20 out of 151) showed a moderate sequence
coverage, ranging from 50 to 70% and only 5% of all peptides showed low peptide
sequence coverage below 50%. All of the latter peptides were triply protonated and
detected at high m/z values.

Table 4.13 ECD summary of all peptides examined, independent of precursor ion charge
state *

[M + 3HJ*, [M + 4H]*, Lys N digest Lys C digest Glu C digest
[M + 5H]>, [M + 6H]* peptides peptides peptides
# of total backbone 854/1051 857/1065 928/1150
N-C, cleavages 81% 80% 81%
1282/2102 1374/2130 1392/2300
# of total product (4852+/ 2’ (649 2+ / 2’ (559 z¢ | 2’
ions 797 c’l c») 725c’/ ce) 833 c’/ce)
61% 64% 60%
# of complementary 418/1051 508/1065 463/1150
fragment pairs 40% 48% 40%
Average Peptide Length 23 24 25
Average Charge State 3.8 4.0 4.4

* The total number of observed N-Co bond cleavages, the total number of ¢- and z-type
productt ions, and the total number of complementary fragment pairs are displayed.
Almost identical ECD sequence coverage was obtained for Lys C, Lys N, and Glu C
derived peptides. The number of ECD products is also very similar for all three peptide
types whereas a slightly higher number of complementary fragment pairs was detected
for proteolytic peptides derived from Lys C digestion.
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Figure 4.10. Percent ECD sequence coverage obtained for all proteolytic peptides. The
majority of peptides exhibited good or high ECD sequence coverage.

4.4. Conclusions

We have compared and evaluated the utility of ECD in conjunction with Lys C, Lys
N, and Glu C digestion for the analysis of medium size proteolytic peptides carrying
multiple charges. Our results demonstrate that, independent of the enzyme used for
digestion, ECD provides considerable sequence information for proteolytic peptides
containing 14 to 41 amino acid residues at high charge states (+3 to +6). The average
ECD sequence coverage was 81% whereas the average % fragmentation (total number of
observed c- and z-type product ions divided by the theoretical number of c- and z-type
product ions) was 62%. Generation and detection of all possible c- and z-type product
ions is more challenging compared to observation of cleavage at each backbone
interresidue bond (the latter requires detection of only one of the two complementary

product ions) and, therefore, the % fragmentation is lower than the % sequence coverage.

149



We have also investigated the effects of precursor ion charge, precursor ion m/z
value, precursor ion mass, and charge location on ECD. We observed that precursor ion
m/z value is a major factor affecting the extent of fragmentation in ECD. Triply
protonated peptides detected at m/z values higher than 960 did not fragment efficiently in
ECD whereas triply protonated species detected at lower m/z values provided rich
sequence information. Precursor ions carrying +4, +5, and +6 charges were mainly
detected at m/z values less than 950 and resulted in informative ECD spectra. In
addition, gas-phase conformations and structures of precursor ions appear to influence
ECD fragmentation behavior. ECD sequence coverage was less affected by precursor ion
mass and charge location.

Furthermore, from the data presented here, it appears that, for a given peptide
length, there is an optimum number of charges for which high ECD sequence coverage
can be obtained. Nevertheless, good to high peptide sequence coverage (70% -100%)
was obtained for the majority of peptides, demonstrating that ECD is a powerful tool for

structural characterization of medium size proteolytic peptides carrying multiple charges.
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Chapter 5

Electron Induced Dissociation of Singly Deprotonated Peptides

5.1. Introduction

The dissociation of peptides in tandem mass spectrometry (MS/MS) is a widely
used technique for obtaining sequence information, with the vast majority of tandem
mass spectrometric techniques utilizing positive ion mode and frequently relying on
fragmentation of doubly protonated species generated by electrospray ionization (ESI).'
Biomolecules can also be introduced into the gas phase by matrix-assisted laser
desorption/ionization (MALDI),> * which is more tolerant to salts and impurities, and
shows less ion suppression compared to ESI. However, because MALDI produces
predominantly singly charged ions, generation of informative tandem mass spectra is
more challenging compared to the dissociation of multiply charged precursor ions.*”
Specifically, low-energy collision induced dissociation (CID) MS/MS of singly
protonated peptides containing lysine and arginine often results in highly selective bond
cleavages and poor sequence coverage,'*"* due to the absence of a mobile proton that can

promote backbone bond cleavages.'®'* '

157



To overcome this limitation, Lebrilla and co-workers employed a combination of
infrared and collisional activation (CIRCA) to access higher energy fragmentation

112 These authors demonstrated that, for singly protonated model and tryptic

pathways.
peptides, CIRCA provided greater sequence coverage and higher quality spectra
compared to CID or infrared multiphoton dissociation (IRMPD) alone. In a different
approach, Reilly and co-workers have shown that 157 nm photodissociation of singly
protonated peptides produces informative spectra from which structural information can
be obtained.”!” The fragmentation pathways observed in 157 nm photodissociation are
different compared to those observed in vibrational excitation of precursor ions: x-, v-,
and w- type product ions were observed when the charge was localized at the C-terminus
whereas a- and d- type product ions were detected when the charge was localized at the
N-terminus."” Photodissociation at 193 nm has also been exploited for fragmentation of
singly protonated peptides.'®** Similar to 157 nm dissociation, formation of a- and d-
type product ions was observed when arginine residues were in close proximity to the N-
terminus and y-, x-, v- and w- type fragments were detected when Arg residues were

located near the C-terminus.>® 2!

193 nm photodissociation has been reported for singly
protonated ubiquitin (m/z 8561), however, product ion yields are small above m/z 4000.%
Detailed investigations of 193 nm photodissociation revealed that the fragmentation
behavior is significantly affected by the presence and location of arginine residues,'” and
that product ion types and abundances vary depending on precursor ion charge location.
Photodissociation at 157 and 193 nm have been directly compared for several peptides in

tandem time-of-flight (TOF/TOF) and linear ion trap mass spectrometers and it was

shown that product ion distributions can be influenced by both the activating wavelength
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and the type of mass analyzer: in a TOF/TOF instrument, different photodissociation
spectra were obtained at 157 and 193 nm whereas, in an ion trap, similar spectra were
observed at the two wavelengths.**

All the aforementioned work focuses on fragmentation of singly protonated
peptides, i.e., positive ion mode MS/MS. However, utilization of negative ion mode is
often desired, given that ~50% of naturally occurring proteins are acidic. Peptides
containing numerous acidic residues (e.g., glutamic and aspartic acid) may be challenging
to detect in positive ion mode.”>*” On the other hand, it has been shown that highly basic
peptides can easily form singly deprotonated ions with sufficient intensities.”®
Furthermore, negative ion mode provides enhanced sensitivity for peptides containing
acidic post-translational modifications such as sulfation”” and phosphorylation.™

Cassady and co-workers have examined the dissociation of singly charged basic
and acidic peptides in positive and negative ion mode post source decay (PSD) and
showed that negative ion PSD results in structurally informative spectra, complementary

S PRI 25,28,31
to those obtained in positive ion mode.”™ “*

The main product ion types in negative ion
mode PSD correspond to y-, b-, and c-type ions. Bowie and co-workers have extensively
examined the dissociation of singly deprotonated peptides in negative ion mode CID and
demonstrated that sequence information can be derived.**>® For example, comparison of
positive and negative ion mode CID of singly charged bioactive peptides containing 4 to
5 amino acids showed that negative ion spectra were as informative, or at least
complementary to the positive ion spectra.”> Harrison has shown that low-energy CID of

singly deprotonated peptides resulted in sufficient fragmentation to establish the amino

acid sequence of di- to pentapeptides containing H or alkyl side chains and he concluded
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that negative ion mode CID provided as much information as positive ion mode CID of
protonated peptides.”” However, one drawback of negative ion mode peptide PSD and
CID is extensive neutral and side chain loss, and the formation of internal product ions.
Neutral losses do not provide sequence information and the diverse fragmentation
processes yield complex spectra, thereby reducing MS/MS sensitivity and rendering
spectral interpretation more difficult.

Electron capture dissociation (ECD)*® and electron transfer dissociation (ETD),”
have been shown to be complementary and result in more extensive fragmentation
compared to slow heating techniques such as CID.**** However, ECD and ETD are only
applicable to positively charged precursor ions carrying at least two charges. Electron
detachment dissociation (EDD)*" ** involves dissociation of multiply charged anions and
results in the formation of a- and x- type product ions. A major advantage of EDD
compared to slow heating techniques is the retention of phosphorylation® and sulfation.*
Similar fragmentation pathways, i.e., formation of a- and x- type product ions, was
observed in negative electron transfer dissociation (NETD), although phosphate loss was
prevalent in that approach.** EDD and NETD spectra are less complex compared to
those obtained from PSD and CID because neutral and side chain losses are significantly
less prevalent. However, both EDD and NETD require at least doubly negatively
charged precursor ions, limiting their applicability for singly charged peptides.

Ion-electron reactions of singly charged cations were first examined for small

- 47-49
organic molecules.

For such cationic species, interaction with electrons in the energy
range 2-70 eV, produced by a continuous electron beam, resulted in excitation followed

by fragmentation similar to that obtained in CID. This technique was originally termed
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48,49 and later termed electron

electron impact excitation of ions from organics (EIEIO)
induced dissociation (EID),"” which is the term we will use here. McLafferty and co-
workers performed 70 eV EID of sodium cationized, [M + Na]", precursor ions from the
cyclic peptide gramicidin S.° Similar to the case of small organic molecules, the
fragmentation observed in EID was similar to that in CID.

More recently, O’Hair and co-workers explored EID of singly protonated aromatic
amino acids, cystine, and small peptides. These authors showed that EID yielded
different and complementary fragmentation compared to CID and suggested that ion
activation in EID proceeds via both electronic and vibrational excitation.”’ The same
group also examined the fragmentation of singly protonated and sodiated betaine dimers
in EID and reported that betaine loss was the dominant fragmentation pathway for both
the protonated and sodiated species.’> Zubarev and co-workers performed EID of
protonated and sodiated oligosaccharides and showed that full sequence coverage could
be obtained, similar to CID of the same species and to ECD of the corresponding doubly

protonated species.”

EID of singly charged anions has, to our knowledge, not been
explored until quite recently. Yoo and Hakansson applied negative ion mode EID to
phosphate-containing metabolites and showed that EID results in complementary
fragmentation compared to CID and IRMPD.>* 1In addition, EID was recently applied to
singly charged anions from sulfated glycosaminoglycans.” It was shown that EID
resulted in fragmentation similar to that observed in EDD, but different from that

observed in CID and IRMPD of the same molecule. Both odd and even electron product

. . 55
1ons were observed in EID.
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Here, we examine the applicability of EID for the dissociation and characterization
of singly deprotonated peptides and compare the fragmentation patterns to those observed
in negative ion mode CID. These experiments aimed to examine the fragmentation
pathways in EID of model peptides and also to address whether EID provides

complementary information compared to CID.

5.2. Experimental Procedures

5.2.1. Sample Preparation

The peptides H-RPKPQQFFGLM-NH,, H-RPKPQQFFGLM-OH, CH;CO-
RRA(pS)VA-OH (phosphorylated at serine), H-WHWLQL-OH, pEHWSYGLRPG-NH,
pEHWSYGLRPG-OH, H-PPGFSPFR-OH, pEQWFWWM-NH,, pEVNFSPGWGT-
NH2, and H-GNLWATGHFM-NH, were purchased from Sigma (St. Louis, MO) and the
peptides H-DY*MGWMDF-NH, (sulfated at tyrosine) and H-DYMGWMDF-NH, were
obtained from Advanced Chemtech (Louisville, KY) and used without further
purification. Peptide H-WHWLQL-OH was diluted to a final concentration of 1 uM,
peptide CH3;CO-RRA(pS)VA-OH was diluted to a final concentration of 1.7 uM, and
peptide H-PPGFSPFR-OH was diluted to a final concentration of 3 uM. The other
peptides were diluted to a final concentration of 5 puM. All peptides, except H-
WHWLQL-OH, were electrosprayed from a spraying solvent containing 1:1
isopropanol:water (Fischer Scientific, Fair Lawn, NJ) and 10 mM ammonium acetate
(Fischer Scientific). For the peptide H-WHWLQL-OH, 0.4% piperidine (Acros

Organics, Morris Plains, NJ) was used instead of 10 mM ammonium acetate.
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5.2.2. Mass Spectrometry

All experiments were performed with an actively shielded 7 T quadrupole Fourier
transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer (Apex-Q, Bruker
Daltonics, Billerica, MA) which has been previously described.® The peptides were
electrosprayed in negative ion mode at a flow rate of 70 pl/hr. Ions were accumulated in
the first hexapole for 0.1 s, transferred through the mass selective quadrupole (10 m/z
isolation window), mass selectively accumulated in the second hexapole for 0.1 to 3 s to
optimize ion abundances for MS/MS experiments, transferred through high-voltage ion

optics, and captured in the ICR cell’’

by dynamic trapping. This accumulation sequence
was looped twice. EID was performed with an indirectly heated hollow dispenser
cathode at a bias voltage of 10-12 V and an irradiation time of 5, 8, or 10 s. A lens
electrode located in front of the hollow cathode was kept 0.3-1.0 V lower than the
cathode bias voltage. CID was performed in the hexapole collision cell with argon as
collision gas.

All spectra were acquired with XMASS (version 6.1, Bruker Daltonics) using 256
or 512 K data points and summed over 32 (for CID experiments) or 64 (for EID
experiments) scans. Data processing was performed with the MIDAS> analysis
software. Internal frequency-to-mass calibration was performed by Microsoft Excel with
a two term calibration equation.”® The calculated masses of the precursor ions and
abundant product ions were used for calibration. Product ions used for calibration are
indicated in Tables 5.1 to 5.24. Product ion spectra were interpreted using the MS
Product function (http://prospector.ucsf.edu/prospector/4.0.8/html/msprod.htm) in Protein

Prospector. Only peak assignments with a mass accuracy better than 15 ppm were

accepted.
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5.3. Results and Discussion

5.3.1. EID and CID of Singly Deprotonated Amidated and Free Acid Forms of
Substance P

EID of singly deprotonated substance P, H-RPKPQQFFGLM-NH,, is shown in
Figure 5.1A. CID of the same species was performed for comparison (Figure 5.1B). All
assigned product ions are summarized in Tables 5.1 and 5.2. EID of the substance P
anion resulted in the formation of several b- and y- type product ions, which dominate in
slow heating techniques such as CID and IRMPD. However, for this peptide several odd
electron species, z7, z9, ao, and ajy, were also detected. The ag product ion was a
mixture of odd and even electron species (see inset, Figure 1A). These radical ions were
unique to EID (absent following CID). In EID, the y-type product ions corresponding to
cleavages on the N-terminal side of proline were observed as ys and [yg - 2H] and y; and
[0 - 2H]. These hydrogen deficient species were not observed in CID. Side chain
losses from phenylalanine (PhCH», 91.055 Da) and methionine (CH,CH,SMe, 75.027
Da) were only detected following EID. Such side chain losses have been previously
reported in CID of singly deprotonated dipeptides formed by fast atom bombardment
(FAB),”" °! however they were absent in our low energy CID of substance P-NH, (Fig.
I1B). CID of C-terminally amidated substance P resulted in the formation of mainly b-
and y-type product ions although some c-type products, c¢7, cs, and ¢y, were also detected.
In EID, only the ¢9 product ion was observed. Formation of c-type product ions is
generally observed in negative ion mode CID.?" "% Some y- and b- type ions, s, ba,
and b7, observed in CID were absent in EID. Interestingly, several CID product ions
could not be identified based on known fragmentation pathways (a-, b-, c-, x-, y-, and z-

type product ions, NH3 and H,O losses from precursor and product ions, and amino acid
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side chain losses from precursor and product ions). In contrast, EID resulted in less

complex spectra in which all product ions were identified.
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Figure 5.1. EID (A) and CID (B) spectra of the singly deprotonated amidated form of
substance P (H-RPKPQQFFGLM-NH;). Following both electron irradiation and
collisional activation, b- and y- type product ions are observed. However, in EID, several
radical species are detected. By contrast, no odd electron species are formed in CID.
Characteristic side chain losses from phenylalanine and methionine are detected in EID.
Several product ions in the CID spectrum could not be assigned based on known
fragmentation pathways. ’ = unidentified product ions, v; = 3" harmonic.
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Table 5.1. Product ions observed following EID of singly deprotonated substance P-NH;

Observed m/z Theoretical m/z Assignment Error (ppm)
1345.7208 [M-HI Calibrant
1270.7014 1270.6940 m,; (M) 5.8
1254.666 1254.666 m; ¢ (F) 0.3
1189.618 1189.620 Y10~ 1.2
1187.605 1187.604 [V10- 2HI -1.0
1170.666 1170.667 a " 0.4
1101.595 1101.596 Cy 1.3
1092.566 1092.567 Yo 0.9
1076.549 1076.548 FA -0.5
1057.579 1057.582 ag* 3.5
1000.552 1000.561 ag” 8.8
999.5560 999.5538 ag -2.2
964.4713 964.4720 Vg 0.7
962.4563 962.4564 [ys - 2H] 0.1
867.4200 867.4192 Yy -0.9
852.4844 852.4854 a; 1.2
851.3997 851.4005 z;" 1.0
739.3601 739.3606 Yo 0.7
733.4117 733.4114 bg 0.4
722.3333 722.3341 [y - NH,J 1.1
611.3021 Vs Calibrant
605.3524 605.3529 bs 0.9
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Table 5.2. Product ions observed following CID of singly deprotonated substance P-NH,

Observed m/z Theoretical m/z Assignment Error (ppm)
1345.721 [M - H] Calibrant

1327.695 1327.710 [M - H,0] 11

1303.705 1303.699 [M-42 R) -4.6
1284.665 1284.657 [M-44 (R) - NH,J -6.0
1252.691 1252.696 M- 45 (Q) - 48 (M) 3.9
1189.627 1189.620 Yio~ -6.6
1101.600 1101.596 Cy -3.7
1092.568 1092.567 Yo -1.5
1083.590 1083.586 [cy - H,OT -3.6
1044.584 1044.575 Cg -8.7
1030.563 1030.548 lyg - 62 (M) -15

964.4720 Vg Calibrant

946.4604 946.4614 [ys - H,OT 1.0
897.5088 897.5064 c; -2.6
880.4849 880.4798 b, -5.8
867.4225 867.4192 \23 -3.8
850.3952 850.3927 [y; - NH,I -2.9
789.3767 789.3815 [z; - 62 (M)] 6.0
739.3610 739.3606 Yo -0.5
733.4119 733.4114 bs -0.7
722.3354 722.3341 [y - NHSJ" 0.1
637.2830 637.2813 X5~ -2.6
611.3017 611.3021 Vs 0.7
605.3524 605.3529 bs 0.9
477.2923 477.2943 b, 43
464.2317 464.2338 % 4.6

EID and CID of the singly deprotonated free acid form of substance P, H-
RPKPQQFFGLM-OH, are displayed in Figures 5.2A and 5.2B (complete lists of all
assigned product ions are shown in Tables 5.3 and 5.4). Similar to EID and CID of the
singly deprotonated amidated form, extensive b- and y- type product ions are formed.
For this peptide, only one radical species, zo', was detected in EID. Some a-type product

ions, as, ag, ajo, are also observed, however they are even electron species whereas, in
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EID of amidated substance P, the a-type products were detected as odd electron species.
The product ions zy', as, ay, and a9 were absent in the CID spectrum. Also, the product
ions x4, x5, and y; were present only in the EID spectrum. Side chain losses from
methionine  (MeSMe, 62.019 Da), phenylalanine (91.055 Da), arginine
(CH2CH,CH,NHC(NH)NHa, (100. 087 Da), leucine (CH,CH(CH3)CHj3, 57.070 Da), and
glutamine (CH,CH,CNH,, 72.045 Da) were observed in EID, but were absent in CID.
As observed for the amidated form of substance P, y-type product ions, ys and yo,
corresponding to cleavage at the N-terminal side of proline were detected as both y, and
[vn - 2H]-type species. These hydrogen deficient species were not observed following
CID. The cs, c¢, cs, and bg product ions were only detected following CID. For both the
amidated and free acid form of substance P, several product ions were unique in the EID
or CID spectra, respectively, suggesting that EID and CID can provide complementary
structural information.

The differences observed between the EID spectra of the amidated and free acid
singly deprotonated forms of substance P, and also between the CID spectra of these two
singly deprotonated forms, suggest that charge location can affect fragmentation patterns
in both EID and CID. For example, side chains losses from arginine (100. 087 Da),
leucine (57.070 Da), glutamine, and methionine (62.019 Da), and x-type product ions
were only detected in EID of the free acid form. Also, the y; and y4 product ions were
only present in EID of the free acid form whereas the bs, a7, and ¢y product ions were
only detected for the amidated form. Several product ions in the EID spectrum of the
free acid form could not be assigned based on know fragmentation pathways (as defined

above) whereas, in EID of the amidated form, all product ions were assigned.
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Differences in fragmentation patterns between the amidated and free acid form of
substance P were also reported by Tsybin et al. in ECD spectra of doubly protonated
species: ECD of the free acid form resulted in formation of several a-type product ions,
not detected following ECD of the amidated form.*® These authors suggested that charge
location affects the ECD outcome.”® Differences observed in negative ion mode CID
(Figs. 1B and 2B) of the two forms of substance P include the product ions b4, b7, ¢7, z7,
xs, and c9, only detected for the amidated form whereas the product ions cs, cg, cs, and bg
were present only in CID of the free acid form. Furthermore, the free acid form produced
a less complex spectrum compared to that of the amidated form. For the free acid form,
the C-terminal carboxylic acid is likely the deprotonation site whereas, for the amidated
form, the charge location is less predictable because no acidic groups are present. It has
been suggested that backbone amide hydrogens are the next most acidic hydrogens after
the hydrogen atoms of carboxylate groups.** Therefore, for the amidated form of
substance P, possible deprotonation sites include any of the backbone amide hydrogens.
Regardless of the exact position of the deprotonation site, it appears that charge location
influences the fragmentation outcome in both EID and CID of singly deprotonated

species.
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Figure 5.2. EID (A) and CID (B) spectra of the singly deprotonated free acid form of
substance P (H-RPKPQQFFGLM-OH). EID resulted in more extensive fragmentation
compared to CID. a- and x-type product ions were solely formed in EID. Characteristic
side chain losses from the precursor and product ions are dominant in EID. Some
product ions formed in EID could not be assigned based on known fragmentation
pathways. Only the major peaks are labeled in the Figure, complete lists of all observed

product ions are given in Tables 5.3 and 5.4. = unidentified product ions, == noise
peak.
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Table 5.3. Product ions observed following EID of singly deprotonated Substance P-OH

Observed m/z Theoretical m/z Assignment Error (ppm)
1346.706 [M - H] Calibrant
1331.680 1331.682 [M - CH,J 1.3
1318.707 1318.710 [M - 28 (CO)I 2.1
1302.670 1302.691 [M - 44 (CONH,)I -6.4
1284.680 1284.686 M - 62 (M)]- 4.4
1271.677 1271.678 m,,~ (M) 1.3
1255.648 1255.650 m, &(F) 2.0
1246.625 1246.617 m,” (R) 6.3
1237.640 1237.639 [m, &- H,0T -0.2
1227.630 1227.615 [y (L) - 62 (M) -12
1217.590 1217.589 Mg g0~ (Q/(L) 0.6
1190.602 1190.604 Yio 1.0
1188.588 1188.588 [Vi0-2H] 0.5
1181.635 1181.631 M, g1 (F)/(M) -3.7
1169.669 1169.659 ay -8.5
1099.545 1099.548 [y10-91 (F) 3.8
1093.554 1093.551 Yo -3.0
1077.532 1077.532 zy -0.1
1056.585 1056.575 ag -9.7
999.5511 999.5533 ag 23
965.4560 Yo~ Calibrant
963.4445 963.4404 lys - 2HI 4.2
868.4052 868.4032 Y, -2.3
851.3821 851.3767 ly; - NH,] 6.3
791.3736 791.3734 [z; - 62 (M)] -0.2
740.3481 740.3547 Ve 8.9
723.3209 723.3181 [y - NH,] -3.9
638.2664 638.2653 X5 -1.7
612.2903 612.2861 Vs 6.9
605.3532 605.3529 bs -0.5
595.2650 595.2596 [ys - 2NH,] -9.0
521.2334 521.2308 Iys - 91 (F)I 5.0
491.1997 491.1969 Xy 5.8
465.2212 465.2177 A 7.5
318.1533 318.1493 Y3 -13
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Table 5.4. Product ions observed following CID of singly deprotonated Substance P-OH

Observed m/z Theoretical m/z Assignment Error (ppm)
1346.705 [M - HJ Calibrant
1329.677 1329.678 M - NH,] 1.1
1304.685 1304.683 [M-42 (R)] -1.8
1190.605 1190.604 Yio™ -0.9
1093.555 1093.551 Yy -3.8
1044.578 1044.575 Cy -3.3
1027.562 1027.548 by -13
1002.540 1002.553 [ce - 42 (R)I 13
965.4573 965.4560 Vg- -1.4
868.4055 868.4032 Yy 2.7
851.3795 851.3767 ly; - NH,J -3.3
750.4392 750.4416 Ce 3.2
740.3457 740.3448 Ve -1.3
723.3193 723.3181 [yg - NH,J 1.7
622.3817 622.3794 Cs 3.7
612.2861 612.2861 Vs Calibrant
605.3512 605.3529 bs 2.9
465.2166 465.2177 Vo 24

5.3.2. EID and CID of Singly Deprotonated Amidated and Free Acid Forms of
LHRH

EID and CID of the singly deprotonated amidated form of luteinizing hormone
releasing hormone (LHRH, pEHWSYGLRPG-NH;) showed relatively similar
fragmentation, including formation of mainly - and y-type product ions (Tables 5.3 and
5.4). Products corresponding to loss of HCHO (30.011 Da) from the serine residue were
present in both spectra, although this loss was more dominant in the CID spectrum.
Characteristic side chain loss from serine- (formaldehyde, HCHO) and threonine-
(acetaldehyde, CH;CHO) containing peptides have previously been reported in negative

ion mode CID.** %% Recently, Pu and Cassady extensively examined the dissociation
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of singly deprotonated hexapeptides containing hydroxyl side chains in sustained off-
resonance irradiation (SORI) CID and PSD® and, in agreement with previous reports,
loss of formaldehyde was observed from serine side chains and loss of acetaldehyde was
observed from threonine side chains. These authors suggested that these characteristic
side chain losses are due to deprotonation of hydroxyl side chains in negative ion mode.**

Table 5.5. Product ions observed following EID of singly deprotonated LHRH-NH,

Observed m/z Theoretical m/z Assignment Error (ppm)
1180.566 [M-HI Calibrant
1162.559 1162.555 [M - H,0T -3.4
1150.545 1150.555 m, (S) 8.6
1136.549 1136.552 [M - 44 (CONH,) 2.9
1079.522 1079.531 ag "’ 8.1
1052.509 1052.507 [yg - NHSJ 1.4
1050.494 1050.500 mg™ (W) 5.6
1022.493 1022.505 [m, (W) - 28 (CO)} 12
982.4749 982.478 ag’ 3.0
932.4748 Vg Calibrant
902.4591 902.4642 [yg - 30 (S)I 5.6
711.3555 711.3583 [y; - H,0 - NH,J- 4.0

In CID of singly deprotonated LHRH-NH,, product ions corresponding to multiple
neutral losses are formed. For example, combined loss of the side chains of tryptophan
(see discussion below) and serine from the precursor ions is observed (the corresponding
product ion is indicated as ms4 (W)/(S)). Another example is the combined loss of
HCHO from serine and NH=C=NH (42.022 Da) from arginine, a fragment absent in EID.
The loss of NH=C=NH from arginine has been previously reported for dipeptides in CID
of singly deprotonated peptides formed by FAB.®” Neutral loss from tryptophan side
chains was observed in both CID and EID. In CID, loss of 129 Da (CoH7N, 129.058 Da)

was seen whereas, in EID, loss of 130 Da (CoHgN, 130.066 Da) was observed. In
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agreement with our results, loss of 129 Da from Trp residues has been previously
observed in CID of singly deprotonated peptides formed by FAB.®' This loss was also
reported in the recent EID experiments involving singly protonated amino acids.”' In
ECD, loss of 131 Da (CoHyN, 131.074 Da) from Trp residues has been reported68 and we
have documented loss of 129 Da from the Trp side chain in EDD.”

A major difference between CID and EID of singly deprotonated LHRH-NHj is the
detection of two radical species, ag® and aq*, in EID, similar to EID of substance P-NH,.
These radical species are absent in CID. The [y9 - NH3] product ion was only detected in
EID whereas the c3 and bg product ions were only observed in CID. The bg product ion
was detected as bg- 30 (HCHO) - 42 (NH=C=NH).

Table 5.6. Product ions observed following CID of singly deprotonated LHRH-NH,

Observed m/z Theoretical m/z Assignment Error (ppm)
1180.566 [M-HI Calibrant
1162.561 1162.555 [M - H,0T -4.9
1150.548 1150.555 m, (S) 6.1
1108.534 1108.533 [m, (S) - 42 (R)]- -0.6
1021.485 1021.497 mg,,~ (W)/(S) 12
1004.489 1004.477 [mMy, (W)/(S) - NH,J -11
937.4301 937.4325 [bg - 42 (R) - 30 (S)I 2.6
932.4748 Vg~ Calibrant
914.4664 914.4642 [yg - NH,I- -2.5
902.4604 902.4642 [yg - 30 (S)I 4.2
746.3936 746.3955 \2a 2.5
728.3806 728.3849 [y; - H,Ol 5.9
716.3858 716.3849 Iy, - 30 (S)I 1.2
711.3550 711.3584 [y; - H,O - NH;I 4.8
681.3486 681.3478 [y, - H,O - NH, - 30 (S)I 1.2
450.1859 450.1894 Cy 7.8

The free acid form of LHRH was also investigated (Tables 5.7 and 5.8). For this

peptide, no odd electron products were detected in EID of the singly deprotonated
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species. Some a-type ions, a; and as, were formed but they were detected as even
electron species, similar to EID of the free acid form of substance P. These product ions
were absent in CID. Also, the ¢s product ion was present only in the EID spectrum.
Some b- and y-type product ions, ys, ys, and b7, were only formed in CID. Similar to CID
of LHRH-NH,, the bg product ion was detected as bg - 30 (HCHO) - 42 (NH=C=NH).
Loss of the entire tryptophan side chain was observed in both CID and EID, similar to the
amidated form. Characteristic side chain loss from serine was also detected. For the free
acid form of LHRH, loss of NH=C=NH from the side chain of arginine was observed.
This loss was particularly prevalent in CID. For the amidated form of LHRH, the
NH=C=NH loss was significantly less pronounced in CID and it was absent in EID. In
EID of the free acid form, a loss of 59.038 Da was detected from the y; product ion. This
loss can be attributed to the arginine side chain (C;HsNs, 59.048 Da) and it has been
previously reported in ECD.”’ Furthermore, the aforementioned side chain losses, and
H,O and NHj; losses from both the precursor and product ions were significantly more
pronounced in CID compared to EID. The observed differences between CID and EID
spectra of substance P and LHRH suggest that these two fragmentation techniques
proceed via different activation pathways.

Similar to EID of the amidated and free acid forms of substance P, differences are
observed between the EID spectra of the amidated and free acid form of LHRH. For
example, formation of odd electron species was not observed for the free acid form.
Furthermore, the ys, ¢s, and a7 product ions were only detected for the free acid form
whereas the yg product ion was only observed for the amidated form. Similar trends were

observed in CID spectra, in which some product ions were only observed for the
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amidated or free acid form, respectively. Neutral losses from the precursor and product
tons were more abundant in CID of the free acid form. Therefore, as discussed above,
the charge location appears to influence the fragmentation outcome in both EID and CID.
Differences in fragmentation behavior were also reported in ECD of the amidated and
free acid forms of LHRH.® For example, for the free acid form, several y- type product
1ons were detected, which were not observed in ECD of the amidated form.

Table 5.7. Product ions observed following EID of singly deprotonated LHRH-OH

Observed m/z Theoretical m/z Assignment Error (ppm)
1181.550 [M-HJ Calibrant
1163.541 1163.539 [M - H,0I -1.4
1151.540 1151.5639 m, (S) -0.9
1139.627 1139.528 [M-42 (R)I 1.0
1051.480 1051.484 my (W) 3.8
981.4695 981.4700 ag 0.5
967.4436 967.4431 [bs - 42 (R)] 0.5
825.3686 825.3689 a; 0.4
747.3795 V23 Calibrant
729.3699 729.3689 ly; - H,0I -1.4
712.3431 712.3424 [y; - H,O - NHjJ -0.9
700.2851 700.2848 Cs -0.4
694.3326 694.3318 [y; - 2H,0 - NH,] -1.1
688.3418 688.3315 ly, - 59 (R)] -15
660.3476 660.3474 Yo -0.4
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Table 5.8. Product ions observed following CID of singly deprotonated LHRH-OH

Observed m/z Theoretical m/z Assignment Error (ppm)
1181.550 [M-HJ Calibarnt
1164.527 1164.523 M - NH,J 3.7
1151.534 1151.539 m, (S) 45
1146.5117 1146.513 [M - NH; - H,0]- 0.8
1139.5300 1139.528 [M-42 (R)I -1.8
1134.511 1134.513 [m, (S) - NH,I 1.7
1109.517 1109.530 [m, (S) - 42 (R)| 12
967.4476 967.4431 [bg - 42 (R)I -4.7
937.4308 937.4325 [bg - 42 (R) - 30 (S) 1.9
933.4617 933.4588 Yg- -3.1
915.4477 915.4482 lyg - H,OI 0.6
903.4489 903.4482 [ys - 30 (S)I -0.7
886.4260 886.4217 [yg - 30 (S) - NHJ- -4.8
861.4242 861.4264 lyg - 30 (S) - 42(R)I 2.6
853.3622 853.3638 b, 1.9
747.3795 V2 Calibrant
729.3687 729.3689 [y; - H,0O] 0.3
717.3693 717.3689 ly, - 30 (S)I 0.6
712.3427 712.3424 [y;- H,O - NH,] -0.4
694.3332 694.3318 [y; - 2H,0 - NH,J -2.1
682.3340 682.3318 [y; - H,O - NH; - 30 (S)I -3.2
670.3183 670.3206 [y;- H,O - NH, - 42 (R)I 3.4
660.3484 660.3474 Yo -1.5
497.2824 497.2841 Vs 3.5

5.3.3. EID and CID of Other C-terminally Amidated Peptides without Acidic Sites

Because C-terminally amidated substance P and LHRH (neither of which contains
acidic sites) yielded more radical (unique) product ions in EID compared to their free
acid forms, we proceeded to characterize EID of other C-terminally amidated peptides

without acidic sites.

Product ions observed in EID and CID of singly deprotonated

neuromedin B, H-GNLWATGHFM-NH,, are listed in Tables 5.9 and 5.10.
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Table 5.9. Product ions observed following EID of singly deprotonated neuromedin B *

Observed m/z Theoretical m/z Assignment Error (ppm)
1130.521 [M-H] Calibrant
1112.498 1112.510 [M-H,0l 11
1086.483 1086.495 mg (T) 10
1056.462 1056.473 [yg- NH] 10
1038.448 1038.461 [y - NH; - H,Ol 13
1012.441 1012.447 2y - 45 (T)I 5.6
1012.441 1012.447 [yg- NH, - 44 (T)]- 5.5
1000.448 1000.455 m, (W) 7.1
959.4596 959.4564 Ve -3.4
955.4720 955.4670 ag” -5.2
942.4300 942.4302 [ys - NH,] 0.2
915.4279 915.4305 lyg - 44 (T)I 2.8
898.4065 898.4039 [z4- 45 (T)] 2.8
898.4065 898.4040 [yg - NH; - 44 (T)I -2.9
829.3461 829.3461 [y; - NH,J Calibrant
785.3240 785.3199 [z, - 45 (T)} 5.2
785.3240 785.3199 [y;- NH; - 44 (T)I -5.2
644.2783 644.2746 zg® -5.7

*. Based on their masses, product ions at m/z = 1012.441, 898.4065, and 785.3240 can be
assigned as either y-type product ions exhibiting NH; loss, and a 44 Da loss from
threonine (C,H40;, 44.026 Da), or as z-type product ions exhibiting 45 Da loss from Thr
(C,Hs04, 45.034 Da).

The precursor ions and the majority of product ions exhibited abundant neutral loss
of CH3CHO (44.026 Da) from the threonine residue. As discussed above, this
characteristic side chain cleavage has been previously reported in CID and PSD.* 6% 6466
y-type product ions were detected in both CID and EID. In EID, product ions at m/z =
1012.441, 898.4065, and 785.3240 can be assigned as either y-type fragments exhibiting
NH; loss, and a 44 Da loss from threonine (C,H4O,, 44.026 Da), or as z-type fragments
exhibiting a 45 Da loss from threonine (C,Hs0O;, 45.034 Da). In CID, only the product

ion at m/z = 1012.441 was detected. The y; product ion was observed only in EID
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whereas the cg product ion was only present in CID. Furthermore, for this peptide, side
chain loss from tryptophan was only detected in EID. By contrast, in the case of LHRH,
side chain loss from tryptophan was present in both CID and EID. Two radical species,
z¢ and ay’, were only formed in EID, although the ay product ion was detected with low
abundance. Similar to CID of substance P-NH,, several product ions detected in CID of
neuromedin B could not be assigned based on known fragmentation pathways.

Table 5.10. Product ions observed following CID of singly deprotonated neuromedin B *

Observed m/z Theoretical m/z Assignment Error (ppm)
1130.521 [M - H]- Calibrant
1112.507 1112.510 [M - H,OT 2.7
1086.495 1086.495 mg (T) 0.7
1068.484 1068.484 [mg (T) - H,OF 0.2
1056.476 1056.473 [ye- NH,I 2.8
1039.448 1039.446 [yg - 2NH,] -1.3
1012.445 1012.447 [z5-45 (M) T 2.2
1012.445 1012.447 [ye - NH; - 44 (T) 2.1
959.4567 959.4567 Ve Calibrant
808.3832 808.3860 [cg - 44(T)] 35
915.4284 915.4305 lyg - 44 (T)I 2.3

a. Based on its mass, the product ion at m/z = 1012.441 can be assigned as either a y-type
fragment exhibiting NH; loss, and a 44 Da loss from threonine (C,H4O1, 44.026 Da), or
as a z-type fragment exhibiting 45 Da loss from Thr (C,Hs0,, 45.034 Da).

EID (Table 5.11) of the singly deprotonated peptide pEVNFSPGWGT-NH;
resulted in several product ions not detected in CID (Table 5.12), including ¢, [b7 — H]",
[bs — 30] (serine side chain loss), as and c4. Also, the ay radical species was only
detected in EID. In CID, only two product ions corresponding to backbone bond

cleavages were observed, y; and ys. Loss of the phenylalanine side chain (91.055 Da)

was observed from the yg product ion in both EID and CID. This loss is characteristic for
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Phe-containing peptides, as previously reported for collisional activation of singly
deprotonated dipeptides formed by FAB.!

Table 5.11. Product ions observed following EID of singly deprotonated
pEVNFSPGWGT-NH, *

Observed m/z Theoretical m/z Assignment Error (ppm)
1072.486 [M-HJ Calibrant

1042.475 1042.475 m; (S) 0.1

1028.463 1028.459 m,g (T) 3.8
1028.463 1028.472 [M - 44 (CONH,)I 8.5
1024.462 1024.464 [m; (S) - H,O 1.9
1010.455 1010.449 [m,o (T) - H,OT 5.7
1010.455 1010.461 [M - 44 (CONH,) - H,OT 6.7
998.4481 998.449 Mgq0" (S)(T) 0.8
998.4481 998.460 [mj (S) - 44 (CONH,)I 12

980.4379 980.4383 [Ms10 (SY(T) - H,OF 0.4
980.4379 980.4509 [m; (S) - 44 (CONH,) - H,0] 13
927.4261 927.4244 ag” -1.9
815.3510 815.3481 [yg - 30 (S) - NH,J -3.6
771.3224 771.3305 lyg - 91 (F)I 10
753.3116 753.3199 [ys - 91 (F) - H,OT 11

728.3372 c; Calibrant

710.3055 710.3034 [b; - H] -2.9
674.3060 674.3056 [y;-30(S)-44 (T)I -0.5
624.2787 624.2791 [bs - 30 (S)I 0.6
529.2423 529.2450 ag 5.0
487.2318 487.2310 Cy -1.6

* The 44 Da loss can be assigned to loss of the threonine side chain (CH;CHO, 44.026
Da), or to loss of the amidated C-terminus (CONH,, 44.014 Da).

Similar to the previously examined peptides containing Ser or Thr residues,
characteristic HCHO (30.0106 Da) and CH3;CHO (44.026 Da) losses were highly
abundant in CID and EID spectra of pPEVNFSPGWGT-NH,. For this peptide, the 44 Da
loss could also be assigned as the loss of CONH, (44.014 Da) from the amidated C-
terminus. However, the mass error was higher for this assignment and, also, because

CH3;CHO loss from the Thr residue is known to be prevalent in negative ion mode
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MS/MS of Thr containing peptides (as discussed above), this assignment seems more
likely. Furthermore, in CID the assignment [ms — 44] (44.014 Da, CONH,) has an error
higher than 15 ppm and it was therefore excluded. @ The EID spectrum of
pEVNFSPGWGT-NH; was more informative compared to CID because it contained
more backbone product ions.

Table 5.12. Product ions observed following CID of singly deprotonated
pEVNFSPGWGT-NH2 *

Observed m/z Theoretical m/z Assignment Error (ppm)
1072.486 [M - H] Calibrant
1042.473 1042.475 mg (S) 2.4
1028.461 1028.459 m, (T) 1.6
1028.461 1028.472 [M - 44 (CONH,)I 11
1024.467 1024.464 [m5 (S) - H,0F 2.1
1010.448 1010.449 [my, - H,OT 0.7
1010.448 1010.461 [M - 44 (CONH,) - H,0T 13
998.4464 998.4600 [mj (S) - 44 (CONH,)I 14
980.4399 980.4509 [m; (S) - 44 (CONH,) - H,0f 11
815.3482 [yg- 30 (S) - NH ] Calibrant
771.3211 771.3305 [ys - 91 (F)I 12
718.3319 718.3318 Iy, - 30(S)I -0.1
674.3047 674.3056 [y, - 30(S) - 44 (T)]- 1.4

* The 44 Da loss can be assigned to loss of the threonine side chain (CH;CHO, 44.026
Da) or loss of the amidated C-terminus (CONH,, 44.014 Da).

The peptide pEQWFWWM-NH, was the only peptide examined here for which
EID (Table 5.13) resulted in less extensive fragmentation compared to CID (Table 5.14).
Four product ions, ys, [z4 — 75], [x5 — 62], and [z¢ — 130], detected in CID, were absent in
the EID spectrum. The neutral losses of 75.027 Da and 62.013 Da correspond to losses
of CH,CH,SMe (75.027 Da) and MeSMe (62.019 Da), respectively, from the methionine
side chain. Such cleavages have been previously reported in negative ion mode FAB-

CID.®® One additional neutral loss of 45.013 Da was observed from the precursor ions in
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CID. This loss, corresponding to loss of HCONH,; (45.021 Da) from a glutamine residue,
has previously been observed in ECD,” but it has not been reported in negative ion mode
CID. Similar to other tryptophan-containing peptides, Trp side chain loss is present. In
EID a loss of 130 Da from the precursor ions is observed, similar to the peptides LHRH
and neuromedin B, whereas loss of 129 Da was observed from the cs product ion. The
loss of 129 Da is particularly abundant from both precursor and product ions in CID.
One product ion, zg, in CID exhibited a loss of 130 Da.

Table 5.13.  Product ions observed following EID of singly deprotonated
pEQWFWWM-NH,

Observed m/z Theoretical m/z Assignment Error (ppm)
1091.457 [M-H] Calibrant
1073.448 1073.446 [M - H,O -1.5
1047.436 1047.443 [M - 44 (CONH,) 6.4
963.3990 963.3981 [¥g - NH,T -1.0
961.3932 961.3909 M356 (W) 2.4
852.3673 852.3660 Ys -1.6
835.3405 835.3395 lys - NH,I -1.2
774.3384 774.3368 (o -2.1
692.2698 692.2660 X4 5.5
649.2602 Iy, - NH,I Calibrant
645.2791 645.2789 [cs - 129 (W) -0.4
588.2585 588.2575 cy -1.6
441.1901 441.1891 cy 2.2

We have previously examined EDD of the doubly deprotonated peptide
pEQWEWWM-NH,* EID of the [M - H] precursor ions from this peptide (Table 5.13)
showed similar fragmentation as EDD of the [M - 2H)* precursor ions, however, some
differences between these spectra were also observed. For example, formation of ¢- and
x-type product ions was observed in both techniques whereas formation of y-type product

ions was detected only in EID. Neutral loss of the tryptophan side chain and neutral loss
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of the amidated C-terminus were present in both spectra, however, these losses were
more predominant in EDD spectra.

Table 5.14. Product ions observed following CID of singly deprotonated
pEQWFWWM-NH,

Observed m/z Theoretical m/z Assignment Error (ppm)
1091.457 [M-HJ Calibrant
1073.454 1073.446 [M - H,0OI -7.5
1046.443 1046.435 M- 45 Q) -8.0
962.4033 962.4041 My 56 (W) 1.0
944.3922 944.3881 [M - 129 (W) - H,OF -4.1
917.3780 917.3772 [M - 129 (W) - 45 (Q) 0.6
901.3876 901.3791 [ys - 62 (M) - NH] -9.1
852.3663 852.3661 Vs 0.2
834.3472 834.3402 [zg - 130 (W) 7.9
816.3325 816.3263 [X5 - 62 (M)] -7.1
774.3377 774.3368 cs -0.7
756.3260 756.3262 [c5 - H,OT 0.8
723.3093 723.3082 lys - 129 (W) -1.0
692.2654 692.2660 Xy 15
666.2867 \7 Calibrant
649.2597 649.2602 [y, - NH,J 0.7
645.2789 645.2789 [cs - 129 (W)I 0.8
630.2507 630.2559 [cs - 129 (W) - 15 (CH,)[- 8.9
594.2482 594.2418 Iy, - 72 (QT -10
588.2573 588.2575 Cy 1.2
575.2412 575.2414 [z, - 75 (M) 1.1
519.2161 519.2183 123 5.1
441.1869 441.1891 Cy 6.0

In our previous work,” we also performed EDD of the peptides pEVNFSPGWGT-
NH, and H-GNLWATGHFM-NH, For these two peptides only one backbone product
ion was observed and instead neutral loss corresponding to cleavage of the tryptophan
side chain was dominant suggesting that the presence of Trp can direct the fragmentation
in EDD. By contrast, EID and CID of the corresponding singly deprotonated species

(Table 5.9 for H-GNLWATGHFM-NH,; and Table 5.11 for the peptide
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pEVNFSPGWGT-NH;) produced more informative spectra, allowing structural
information to be derived although Trp side chain loss was also present for the peptide H-
GNLWATGHFM-NH,.

5.3.4. EID and CID of Peptides with a C-terminal Carboxylic Site but No Acidic
Residues

Because most natural peptides are not C-terminally amidated, we proceeded to
characterize the EID behavior of peptides with a carboxylate C-terminus but no other
acidic sites. EID and CID spectra of singly deprotonated bradykinin, H-PPGFSPFR-OH,
are shown in Figures 5.3A and 5.3B, respectively. Complete lists of observed product
ions are included in Tables 5.15 and 5.16. The observed fragmentation behavior for
singly deprotonated bradykinin was similar to that of the peptide pPEVNFSPGWGT-NH,
(see previous section), for which EID resulted in more extensive fragmentation compared
to CID. Several product ions from backbone bond cleavage, including y», x2, v, ya, ba, [24
—30], z6, [c6— 30], [vs — 30], [v7— H]", [¢c7 — 30], and a7, were detected in EID but absent
in CID. Therefore, for bradykinin, EID was more informative than CID. CID resulted in
the formation of only two backbone product ions, b7 and [ys — 30], which were also
formed in EID. The y3 product ion, corresponding to cleavage on the N-terminal side of
proline was detected as both y; and [y; - 2H]. The same trend was observed in EID of
substance P, for which y- type product ions corresponding to cleavages on the N-terminal
side of proline showed a mixture of y, and [y, - 2H] species. In EID, side chain losses
from phenylalanine (91.055 Da) and arginine (100.087 Da) were observed. These side
chain losses were absent in CID although Phe side chain loss was observed in CID of the
peptide pPEVNFSPGWGT-NH, discussed above and, as mentioned above, such losses

have been previously reported in FAB-CID of singly deprotonated dipeptides.®’ Similar
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to the peptides pPEVNFSPGWGT-NH,, LHRH-NH,, and LHRH-OH, neutral loss of
HCHO was observed in EID and CID of bradykinin. Neutral loss of NH=C=NH (42 Da)

from arginine is also present in both spectra, although this loss is more dominant in CID.
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Figure 5.3. EID (A) and CID (B) spectra of singly deprotonated bradykinin (H-
PPGFSPFR-OH). EID resulted in a highly informative spectrum: a series of - and y-
type product ions is observed, and a-, x-, and z- type product ions are also detected,
resulting in highly extensive fragmentation. Product ions corresponding to loss of serine
and phenylalanine side chains are also present. In CID, few sequence specific product
ions were formed. Instead, side chain and small molecule neutral losses are mainly
observed. Only the major peaks are labeled in the Figure, complete lists of all observed
product ions are given in Tables 5.15 and 5.16. * = unidentified product ions, v; = 3™
harmonic.
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Table 5.15. Product ions observed following EID of singly deprotonated bradykinin

Observed m/z Theoretical m/z Assignment Error (ppm)
902.4530 [M-HI Calibrant

884.4466 884.4424 [M - H,OT -4.8
872.4424 872.4424 mg (S) 0.0
860.4309 860.4312 M- 42 (R)I 0.3
854.4410 854.4318 [ms (S) - H,0l- -11

844.4505 844.4475 [m; (S)- 28 (CO)[ 36
830.4212 830.4206 [m; - 42 (R)] -0.7
826.4379 826.4369 [m; - 28 (CO) - H,OF 1.2
811.3993 811.3982 m, 7 (F) 1.4
804.3933 804.3907 [y;- HI -3.3
802.3595 802.3655 mg (R) 7.5
794.3751 794.3717 [m, ; (F) - H,O[ 4.3
781.3899 781.3876 M7~ (F)/(S) -3.0
774.3792 774.3824 [y;- 30 (S) - HI 4.1

746.3510 746.3519 [y; - 42 - NHy] 11

728.3439 728.3413 b, -3.6
715.3543 715.3572 [c,-30 (s)I 4.0
698.3317 698.3307 [b, - 30 (S)I 15
700.3468 700.3464 a; -0.5
692.3296 692.3287 Zg -1.3
678.3390 678.3368 [y - 30 (S)I 3.2
670.3364 670.3358 [a, - 30 (S)- 0.9
587.2801 587.2860 [z5- NH; - H,OT 10

568.2939 568.2888 [cs-30 (S)I -9.0
504.2522 504.2576 ' 11

487.2309 487.2310 [y, - NH,T 0.1

469.2203 469.2205 [y, - NH;-H,0T 0.5
458.2282 458.2282 [z, - 30 (S)I -0.1

417.2255 Vs Calibrant

415.2095 415.2099 [y; - 2H] 1.0
397.1840 397.1881 b, 10

346.1503 346.1520 Xy~ 4.8
320.1726 320.1728 123 0.6
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Table 5.16. Product ions observed following CID of singly deprotonated bradykinin

Observed m/z Theoretical m/z Assignment Error (ppm)
902.4530 [M-HI Calibrant
884.4421 884.4424 [M - H,0I 0.4
872.4410 872.4424 m; (S) 1.6
860.4309 860.4312 M - 42 (R)I 0.3
854.4361 854.4318 [mg - H,OT -5.0
830.4216 830.4206 [m; - 42 (R)I -1.2
812.4078 812.4100 [m; - 42(R) - H,0] 27
728.3358 728.3413 b, 7.5
698.3310 698.3307 [b, - 30 (S)I 0.4
678.3368 [y6 - 30 (S)I Calibrant

EID (Figure 5.4A and Table 5.17) of the peptide H-WHWLQL-OH showed similar
fragmentation to that observed in CID (Figure 5.4B and Table 5.18), including formation
of c-, y- and b-type product ions. However, some product ions detected in EID were not
observed in CID. These include mainly even electron species; v, ba, [b3 — 129], [z5 —
129], and as. Two odd electron species, z3* and zs’, are also unique to EID. On the other
hand, the product ions a3, a4, and ys, are unique to CID. Therefore, EID and CID provide
complementary structural information. Similar to other tryptophan-containing peptides,
loss of the Trp side chain was observed in both EID and CID. In EID a loss of 129 Da
was detected from the product ions zs and b3, similar to the peptide pPEQWFWWM-NH,.
The same loss (129 Da) was observed from product ions in CID. Product ions formed in
EID exhibited less neutral losses compared to CID, resulting in a less complex spectrum.
For example, in CID, the product ions c¢3 and ¢4 exhibited multiple neutral losses whereas
these product ions did not show any neutral losses in EID. We have also previously
examined EDD of the peptide H-WHWLQL-OH.* We observed that, similar to the

peptides pEVNFSPGWGT-NH; and H-GNLWATGHFM-NH,, loss of the tryptophan
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side chain dominated the EDD spectrum. In contrast EID (Figure 5.4A, and Table 5.17)
and CID (Figure 5.4B, and Table 5.18) of this peptide provided more extensive
fragmentation as was observed for the peptides H-GNLWATGHFM-NH, (Tables 5.9 and

5.10) and pPEVNFSPGWGT-NH, (Tables 5.13 and 5.14).
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Figure 5.4. EID (A) and CID (B) spectra of the singly deprotonated peptide H-
WHWLQL-OH. EID and CID show similar fragmentation patterns, however, EID
resulted in the formation of more backbone product ions. Several product ions are unique
to EID or CID, respectively. Products ions corresponding to tryptophan side chain loss
are detected in both spectra. ? = unidentified product ions, v = 3nd harmonic, * = noise
peak.
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Table 5.17. Product ions observed following EID of singly deprotonated H-WHWLQL-

OH

Table 5.18. Product ions observed following CID of singly deprotonated H-WHWLQL-

OH

Observed m/z Theoretical m/z Assignment Error (ppm)
880.4475 [M-HJ Calibrant
862.4313 862.4369 [M - H,0I 6.5
834.4424 834.4420 [M - H,0O - 28 (CO)I -0.5
749.3603 749.3529 bs -9.9
721.3533 721.3579 ag 6.4
678.3505 678.3494 Z5 -1.6
638.3191 638.3208 Cy 2.6
621.2876 621.2943 b, 11
557.3094 557.3093 ' -0.3
549.2877 549.2915 [z5- 129 (W)] 6.9
525.2377 525.2368 Cy -1.6
379.1519 379.1523 [b; - 129 (W)] 1.0
371.2299 Y3 Calibrant
355.2105 355.2112 z5" 1.9
339.1568 339.1575 Cy 2.2
322.1301 322.1309 b, 25
258.1453 258.1459 173 2.5
241.1189 241.1193 [y, - NH I 1.7

Observed m/z Theoretical m/z Assignment Error (ppm)
880.4475 [M-HI Calibrant
862.4363 862.4369 [M - H,0T 0.7
749.3545 749.3529 by -2.2
694.3692 694.3682 7 -1.4
638.3218 638.3208 Cy -1.5
621.2948 621.2943 b, -0.8
593.3038 593.2994 a,- -7.5
557.3096 557.3090 7 -1.1
525.2368 525.2368 Cy 0.0
507.2250 507.2262 e, - H,OF 23
509.2624 509.2629 [c, - 129 (W)]- 0.9
480.2157 480.2153 ag -0.8
396.1781 396.1789 [cs - 129 (W)]- 2.0
378.1676 378.1683 [cs - H,0 - 129 (W)]- 1.9
371.2299 Y3 Calibrant
339.1567 339.1575 Cy 23
321.1465 321.1469 [c, - H,Ol 1.3
304.1196 304.1204 [c, - H,O - NH,J 2.7
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5.3.5. EID and CID of Cholecystokinin

Cholecystokinin, H-DYMGWMDEF-NH,, which is C-terminally amidated but has
two acidic residues, was also examined in our previous EDD experiments.”’ EDD of this
doubly deprotonated peptide resulted solely in the formation of the charge reduced
species and CO; loss from this species. No backbone product ions were detected in EDD.
By contrast, EID (Table 5.19) and CID (Table 5.20) of the singly deprotonated species
produced more informative spectra, allowing structural information to be derived. For
this peptide Trp side chain loss was absent in EID and CID spectra, similar to the results
obtained with EDD.”

Table 5.19. Product ions observed following EID of singly deprotonated cholecystokinin

Observed m/z Theoretical m/z Assignment Error (ppm)
1061.387 [M-H] Calibrant
1043.381 1043.376 [M - H,0J -5.1
1026.354 1026.349 [M - H,O - NH,J -4.6
1008.346 1008.339 [M-2H,0 - NH,J -6.8
999.3701 999.3676 [M-62 (M) -H,Of -2.5
986.3706 986.3598 m, ¢ (M) -1
946.3633 946.3596 \23 -3.9
870.3092 870.3097 [z, - 62 (M)| 0.6
782.2836 782.2885 Iy - HI 6.3
764.2586 764.2541 [bg - H,OI -5.8
764.2586 764.2541 [cs- H,O - NH, -5.8
764.2586 764.2626 [a, - 107 (Y)]- 5.3
754.2722 754.2698 ag- -3.2
652.2558 Vs Calibrant
623.2281 623.2293 as- 1.9

* The product ion at m/z = 764.2586 can be assigned as either [bs - H,O] , [¢6 - H,O -
NH;s] oras [a7 - 107 (Y)] .
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EID of singly deprotonated cholecystokinin resulted in the formation of several
backbone product ions, as, ys, as, and z;, which were not observed following CID of the
same species. Furthermore, side chain loss from methionine (62.019 Da) was only
observed in EID. A product ion at m/z = 764.2586 could correspond to loss of the
tyrosine side chain (107.050 Da) from the a; product ion, or it could correspond to water
loss from the b¢ product ion. This product ion was detected in both EID and CID. All
backbone product ions formed in CID were also present in the EID spectrum, therefore
CID did not produce any additional structural information for this peptide.

Table 5.20.  Product ions observed following CID of singly deprotonated
cholecystokinin *

Observed m/z Theoretical m/z Assignment Error (ppm)
1061.387 [M-H] Calibrant
1043.378 1043.376 [M - H,0T -2.0
1026.350 1026.349 [M - H,O - NH,J -0.6
1008.340 1008.339 [M - 2H,0 - NHJ -1.5
946.3596 \23 Calibrant
781.2826 781.2807 [ys - 2HT -2.5
764.2561 764.2626 [a, - 107 (Y)]- 8.5
764.2561 764.2541 [cs - H,O - NH, I -2.7
764.2561 764.2541 [bs - H,OT -2.7

* The product ion at m/z = 764.2561 can be assigned as either [bs - H,O], [c6 - H,O -
NH;], oras [a7- 107 (Y)].

5.3.6. EID and CID of Modified Peptides

Lastly, two modified peptides were examined with EID: the first peptide, CH3CO-
RRA(pS)VA-OH, contains a phosphorylated serine residue and the second peptide, H-
DY*MGWMDF-NH,, contains a sulfated tyrosine residue. Both these modifications are

acidic and therefore may benefit from negative ion mode analysis. In EID of the singly
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deprotonated Ser4-phosphorylated peptide, a major product ion corresponding to neutral
phosphate (H3PO4) loss from the precursor ions is observed in both EID (Figure 5.5A)
and CID (Figure 5.5B). All assigned product ions are displayed in Tables 5.21 and 5.22.
However, in EID, the majority of backbone product ions, ya, a4, zs, and as, retained the
labile phosphate group, allowing localization of the phosphorylation site. Retention of
phoshorylation has been previously reported for multiply charged protonated precursor
jons in ECD,* " and ETD,” and it was demonstrated that these electron based
reactions can successfully be applied for localization of phosphorylation sites. In sharp
contrast, following CID, only one product ion, bs, retained the phosphorylation.

Similar results were observed for the Tyr2-sulfated peptide (complete lists of all
assigned product ions are provided in Tables 22 and 24). Facile SO; loss is observed
from the precursor ions following EID (Figure 5.6A) and CID (Figure 5.6B). However in
EID, almost all backbone product ions containing the sulfated tyrosine residue retained
the labile sulfate group, analogous to the behavior of the phosphorylated peptide
discussed above. Only one backbone product ion, y;, displayed loss of the phosphate
moiety, and the ¢ product ion was detected as both a sulfated and non-sulfated species.
These results are similar to those observed in EDD of a Tyr-sulfated peptide, in which a
mixture of sulfated and non-sulfated products was observed.” Following CID, SOj; loss
from both the precursor and product ions dominated the spectrum. All, but one, product
ions containing the sulfated tyrosine residue lost the modification. Furthermore, for this
peptide EID resulted in more extensive fragmentation compared to CID. A series of a-
type product ions, az, as, as, as and a;, was observed for this peptide. These a-type

product ions were absent in CID. The c¢3 and x; product ions were also only present
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following EID. Neutral losses of 59.013 Da, 75.027 Da, and 130.066 Da were observed
from the precursor ion upon electron irradiation. These losses can be attributed to the loss
of CH,COOH (59.013 Da) from the aspartic acid, loss of CH;CH,SMe (75.027 Da) from

Met residue and loss of CoHgN (130.066 Da) from Trp residue. These losses were absent

following CID.
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Figure 5.5. EID (A) and CID (B) spectra of the singly deprotonated serine-
phosphorylated peptide CH;CO-RRA(pS)VA-OH. The majority of product ions from
EID retained the labile phosphate group, allowing its localization. By contrast, in CID,

all product ions exhibited loss of the phosphate group. * = unidentified product ions, v; =
3™ harmonic.
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Table 5.21. Product ions observed following EID of singly deprotonated CH;CO-

RRA(pS)VA-OH

Observed m/z Theoretical m/z Assighment Error (ppm)
779.3570 [M - H] Calibrant
761.3467 761.3464 [M - H,0T -0.4
737.3364 737.3352 [M-42 (R)] -1.6
681.3801 [M - H;PO,I Calibrant
679.2653 679.2695 m,, (R) 6.1
662.3138 662.3144 ag 1.0
664.3545 664.3536 [M - H;PO, - NH,J -14
639.3561 639.3583 [M-H4PO, -42 (R)I 3.5
565.2288 565.2266 z5* -3.8
563.2453 563.2460 a, 1.3
493.2632 493.2640 [b, - H,PO, I 1.6
425.1419 425.1442 2 5.5

Table 5.22. Product ions observed following CID of singly deprotonated CH;CO-

RRA(pS)VA-OH

Observed m/z Theoretical m/z Assignment Error (ppm)
779.3570 [M - H] Calibrant
761.3490 761.3464 [M - H,Of -3.5
762.3324 762.3305 [M - NH,J 2.5
737.3367 737.3352 M - 42 (R)I 2.0
719.3320 719.3248 [M-42-H,0l -10
690.3118 690.3093 bs -3.6
681.3804 681.3801 [M-H,PO,] -0.4
663.3692 663.3691 [M - HsPO, - H,0O] -0.2
657.3699 657.3689 [M-HPO3 - 42 (R)I -1.5
639.3593 639.3583 [M - Hy,PO, - 42 (R)]- -1.4
528.3025 528.3012 [c, - HPO, -2.6
493.2642 [b, - H;PO,I Calibrant
424.2435 424.2426 b,- -2.0
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Figure 5.6. EID (A) and CID (B) spectra of the singly deprotonated tyrosine-sulfated
peptide cholecystokinin, H-DY*MGWMDEF-NH,. EID produced b, y, ¢, and mainly a-
type product ions that retained the sulfate group, allowing its localization. By contrast,
CID resulted in sulfate loss from all, but one, product ions. For complete lists of all

generated product ions see Tables 5.23 and 5.24 ’ = unidentified product ions, v; = 3™
harmonic
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Table 5.23. Product ions observed following EID of singly deprotonated tyrosine 2-
sulfated cholecystokinin

Observed m/z Theoretical m/z Assignment Error (ppm)
1141.343 [M - HJ Calibrant
1126.325 1126.320 [M - CH,I -4.3
1123.340 1123.333 [M - H,OF 6.3
1097.338 1097.354 [M-CO,- 14
1097.338 1097.330 [M - CONH,J -7.4
1082.331 1082.331 m, ;7 (D) -0.5
1066.320 1066.317 myg (M) -3.6
1061.393 1061.387 [M - SO3J -6.0
1053.299 1053.304 [x, + HI 4.2
1043.377 1043.376 [M - SO, - H,OT -1.5
1026.360 1026.350 [M - SO, - H,0 - NH,J 11
1011.274 1011.278 mg (W) 36
1007.312 1007.298 ly; - H,O - HI -14
977.2485 b, Calibrant
967.2931 967.3032 Iy, - 59 (D) 10
950.2614 950.2613 a;”’ 0.5
946.3619 946.3597 ly; - SO, 2.8
905.2597 905.2637 [a; - CO,J 4.0
879.2493 879.2480 Ce -2.0
834.2244 834.2267 ag 21
781.2811 781.2806 [cg - SO, - H,OT 0.7
781.2811 781.2807 [ye - 2H] -0.6
764.2509 764.2542 [cs - SO, - Hy0 - NHJ 42
764.2509 764.2542 [bg - SO, - H,OT 4.2
703.1823 703.1861 ag 4.5
505.1022 505.1068 cy 7.8
460.0797 460.0854 ay 11.0
329.0402 329.0449 ay 12.8

* The product ion at m/z = 781.2811 can be assigned as either [y, - 2H], or [¢s - SO3 -
H,O] and the product ion at m/z = 764.2509 can be assigned as [bs - SO; - H,OJ, or as
[C6 - SO3 - HQO - NH3]_ .
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Table 5.24. Product ions observed following CID of singly deprotonated tyrosine 2-
sulfated cholecystokinin *

Observed m/z Theoretical m/z Assignment Error (ppm)
1141.3434 [M-HI Calibrant
1124.3301 1124.3169 [M - NH,J -11.7
1061.3844 1061.3867 [M-SO,] 22
1043.3773 1043.3745 [M - SO, - H,0] 2.7
1026.3489 1026.3563 [M - 80, - H,0 - NH;] 7.2
1008.3273 1008.3388 [M - SO, - 2H,0 - NH,]- 11.4
946.3597 [y; - SO, Calibrant
977.2476 977.2484 b, 0.8
781.2820 781.2806 [c - SO, - H,OT -1.8
781.2820 781.2807 [ys - 2H] -1.7
764.2511 764.2541 [cs- SO, - HyO - NH,J 4.0
764.2511 764.2541 [bg - SO, - H,OI 4.0

* The product ion at m/z = 781.2820 can be assigned as either [y, - 2H], or as [c6 - SO3 -
H,0] and the product ion at m/z = 764.2511 can be assigned as [bs - SO; - H,O]J, or as
[c6 - SO3 - H,O - NH3]™
5.4. Conclusions

EID of singly charged peptide anions has been examined and compared with CID
of the same species. Formation of b-, y-, a-, c- and some x- and z- type product ions was
detected in both EID and CID and some product ions were common to both
fragmentation techniques. However, unique product ions, observed solely in EID or CID
spectra, respectively, were also detected and, in some cases, significant differences were
observed between EID and CID spectra of the same species. The different fragmentation
pathways observed between EID and CID suggest differences in the manner of ion
activation in the two techniques. Freiser and co-workers suggested that ion activation
during electron-ion collisions proceed through excitation of electronic modes, whereas

CID proceeds via excitation of vibrational modes.*” O’Hair and co-workers suggested
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that EID proceeds via both electronic and vibrational excitation, however, as these
authors mention, the exact mechanism of EID is likely to be complex.’" 52

Regardless of the fragmentation mechanism, we show that electron irradiation of
singly charged deprotonated peptides results in formation of several unique backbone
product ions, not detected following CID of the same species and, thus, providing more
extensive structural information. Interestingly, for some peptides CID provided poor
fragmentation whereas EID resulted in very informative spectra.  Furthermore,
characteristic amino acid side chains losses from the precursor ions corresponding to side
chain loss from Phe, Met, Arg, and Trp residues were present in the majority of EID
spectra of peptides containing these amino acid residues. These characteristic amino acid
side chain losses were less consistent in CID spectra. Formation of several radical
species was also unique to EID. In EID of a phosphorylated and a sulfated peptide,
abundant neutral loss of H;PO4 and SO; was observed from the precursor ions, similar to
CID. However, in EID, the majority of product ions retained the phosphorylation and
sulfation, respectively. Therefore, EID can reveal the presence of phosphorylation, or
sulfation, and also identify its location.

One drawback of negative ion CID and EID is the lack of selective fragmentation
to produce specific types of product ions. Both CID and EID result in the formation of
various product ion types and uninformative small neutral losses from precursor and
product ions are also observed, although these losses are less pronounced in EID spectra,

rendering them less complex compared to CID. Nevertheless, the results presented here

demonstrate that EID may be a useful fragmentation technique for the analysis of singly
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deprotonated peptides, and suggest that EID can provide complementary structural

information to that observed in negative ion mode CID.
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Chapter 6

Collision Induced Dissociation and Infrared Multiphoton
Dissociation of Native Lantibiotics Anions and Oxidized
Lantibiotics Ions of both Polarities

6.1. Introduction

Lantibiotics are a unique class of antimicrobial peptides produced by Gram-positive
bacteria.'"™ They are produced on the ribosome and they undergo a series of post-

translational modifications to produce their biologically active forms.*®

These post-
translational modifications include thioether cross-linked amino acids, lanthionine and 3-
methyllanthionine, and the unusual amino acids 2,3-didehydroalanine (Dha), (Z£)-2-3,-
didehydrobutyrine (Dhb), and B-hydroxy-aspartate. Lanthionine and 3-methyllanthionine
bridges are formed by dehydration of a serine and a threonine to form dehydroalanine and
dehydrobutyrine, respectively, followed by addition of the thiol group of a cysteine to the
0, unsaturated residue.” Disruption of lanthionine bridges results in complete loss of

lantibiotic activity, thus lanthionine bridges serve to stabilize biologically active

conformations and they also provide structural stability against proteases.®’
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Lantibiotic research has recently drawn significant attention because these
molecules hold great promise for the development of novel antimicrobial agents for

biomedical and food applications.” * > '

For example, nisin exhibits antimicrobial
activity against a wide range of Gram positive bacteria and it has been used as a food
preservative for almost 50 years without development of significant bacterial

11-14

resistance. Lacticin 481 also shows bactericidal activity against Gram positive

15, 16

bacteria. Furthermore, mersacidin has been shown to be very effective in the

treatment of systematic staphylococcal infections'’ and gallidermin is highly active
against Propionibacterium acnes."®

Structural elucidation of lantibiotics has been hampered by the presence of the
unusual amino acids and thioether bridges, as these modifications block routine Edman
sequencing. Chemical derivatization procedures which convert the dehydro amino acids
and thioether bridges to sequencing friendly amino acids suitable for Edman degradation
facilitates the structural determination of lantibiotics. Nisin was the first lantibiotic for
which the primary structure was determined. This feat was achieved by a combination of
chemical derivatization, enzymatic and chemical cleavage followed by Edman

.19, 20
sequencing.

Furthermore, direct sequence analysis of gallidermin and Pep5 was
achieved by chemical modification employing an alkaline ethanethiol-containing mixture
to open the lanthionine bridges and convert the unsaturated 2,3-didehydroamino acids
into saturated S-ethylcysteinyl derivatives, followed by Edman degradation.”’ Another
approach involves nickel boride for desulfurization of the thioether bridges and reduction

of the dehydro amino acids, followed by Edman degradation and mass spectrometry to

identify the locations of dehydro side chains and lanthionine bridges.”” Nuclear magnetic
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resonance (NMR) spectroscopy is an alternative method for obtaining structural

23-30

information when significant quantities of pure samples are available. In many cases,

a combination of peptide chemistry, mass spectrometry and NMR is required to
determine lantibiotic structures.”>'>*

Reports of the use of tandem mass spectrometry (MS/MS) for structural elucidation
of lantibiotics have been rare because the presence of thioether bridges is expected to
complicate fragmentation patterns and to limit the extent of fragmentation. However,
Lavanant et al. obtained some amino acid sequence information for nisin and some from
its variant using sustained off-resonance irradiation collision induced dissociation (SORI-

CID)* in positive ion mode.*

These authors showed that, in SORI-CID, fragmentation
occurred mainly at the N- or C-terminus of the molecule. Fragmentation of the two
thioether bridges located towards the N-terminus was also observed. This work also
reported that the obtainable structural information is somewhat limited by the small
number of product ions detected, and by the fact that fragmentation occurred only at the
termini of the peptide. Nevertheless, the authors successfully assigned the hydration site
in [nisin + 18 Da], and the sites of mutation in nisin variants from the product ion

36,37
spectra.”

Furthermore, positive ion mode CID has been applied to the characterization
of mutacin 1140. In contrast to CID of nisin and its variants, cleavages at the thioether
bridges, and an almost complete series of b- and y-type product ions were observed for
mutacin 1140.%

Electron capture dissociation (ECD), which involves cation fragmentation, has also

been shown to provide structural information for lantibiotics.”® Kleinnijenhuis et al.

examined nisin A and Z, mersacidin, and lacticin 481 with ECD. These authors observed
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cleavages of both the backbone amine bonds, and the thioether bridges and they reported
that cleavages occur mainly near the location of the lanthionine bridges. However, ECD

of lacticin 481 resulted in very limited fragmentation,* *°

probably due to its less linear
structure compared to nisin.

Negative ion mode, although not nearly as extensively used as positive ion mode
for peptide and protein analysis, is particularly informative for acidic molecules and it

40-45
For

can provide complementary information compared to positive ion mode.
example, it has been demonstrated that a number of tryptic peptides that were not
observed in positive ion mode were detected in negative ion mode.** In addition, it has
been shown that positive and negative ion post source decay (PSD) provides
complementary information on peptide primary structure.*’  Furthermore, disulfide
bonds, which are not cleaved in low energy positive ion mode CID, can easily be cleaved
in negative ion mode CID and IRMPD.***’ Negative ion mode is also very useful for the
characterization of acidic post-translational modifications such as phosphorylation*® and
sulfation.*

Here, we examine the fragmentation behavior of three lantibiotics, nisin, (produced
by Lactococcus lacti)”® gallidermin, (produced by Staphylococcus gallinarium T$3928),”
and duramycin, (produced by Streptoverticillium hachijoense DSM 40114)°" in negative
ion mode CID and IRMPD. We also investigate the fragmentation behavior of oxidized
gallidermin in negative ion mode, and we characterize the fragmentation patterns of
oxidized gallidermin and nisin in positive ion mode. These experiments aimed to address

whether negative ion mode MS/MS provides additional information for structural

elucidation of lantibiotics, and also to reveal similarities, or differences, between the
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fragmentation behavior of lantibiotics and oxidized lantibiotics in both negative and
positive ion mode CID and IRMPD. It has been shown that CID of peptides containing
oxidized carbamidomethyl cysteine residues results in characteristic neutral loss of
RSOH (where R represents the carbamidomethyl group, -CH,CONH,) from the precursor

: 52, 53
and product ions.™

Furthermore, diagnostic neutral loss of methane sulfenic acid
(CH3SOH) is observed from both precursor and product ions in CID of methionine
sulfoxide containing peptides.”*” The loss of CH;SOH (64 Da) is specific to methionine
sulfoxide containing peptides and it can be useful for identifying oxidized methionine
residues, thereby possibly increasing the confidence of protein identifications.’*”’

An improved understanding of the fragmentation behavior of lantibiotics and

oxidized lantibiotics may allow further application of MS/MS to the structural elucidation

of this important class of biomolecules.

6.2 Experimental Procedures
6.2.1. Sample preparation

Duramycin and nisin were obtained from Sigma (St. Louis, MO). 4.7 mg of nisin
(2.5% purity) were dissolved in 340 pl water. The sample was centrifuged to precipitate
denatured milk solids. The supernatant was taken and 4.1 nanomoles of nisin were
desalted with C;s Ziptips (Millipore, Billerica, MA) and diluted into 380 pl spraying
solvent containing 1:1 isopropanol:water and 20 mM ammonium acetate (Fisher
Scientific, Fair Lawn, NJ) for negative ion mode electrospray ionization. Duramycin was
used without further purification, diluted to a final concentration of 1.7 pM into a
spraying solvent containing 1:1 isopropanol:water and 10 mM ammonium acetate

(Fisher). Gallidermin, oxidized gallidermin, and oxidized nisin were provided by the
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laboratory of Professor Leif Smith (Department of Biological Sciences and Department
of Basic Sciences at the College of Veterinary Medicine, Mississippi State University,
Mississippi  State, Mississippi). Gallidermin and oxidized gallidermin were
electrosprayed in negative ion mode at a final concentration of 0.3 uM from a spraying
solvent containing 1:1 isopropanol:water and 10 mM ammonium acetate.

For positive ion mode electrospray ionization, oxidized gallidermin and nisin were
diluted to a final concentration of 0.3 uM and 0.9 uM, respectively, into a spraying
solvent containing 1:1 acetonitile:water and 0.1% formic acid (Acros Organics, Morris
Plains, NJ).

6.2.2. Mass spectrometry

All experiments were performed with an actively shielded 7T quadrupole (Q)-FT-
ICR mass spectrometer (Apex-Q, Bruker Daltonics, Billerica MA), which has been
previously described.”® Lantibiotics and oxidized lantibiotics were electrosprayed in
negative or positive ion mode at a flow rate of 70 puL/h. Ions were accumulated in the
first hexapole for 0.1 s, transferred through the mass selective quadrupole (10 m/z
isolation window) and mass selectively accumulated in the second hexapole for 1 to 5 s.
IRMPD experiments were performed with a vertically mounted 25 W, 10.6 um, CO; laser
(Synrad, Mukilteo, WA). Photon irradiation was performed for 0.04 to 0.2 s at 40 %
laser power. CID was performed in the collision cell with argon.

All spectra were acquired with XMASS (version 6.1, Bruker Daltonics) using 256k
or 512k data points and summed over 16 to 32 scans. Data processing was performed
with the MIDAS analysis software.” CID and IRMPD spectra for nisin and gallidermin

were internally calibrated using the calculated masses of the precursor ions and the
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protonated species [M - (n - 1)H](n-1)-, where n is the charge of the precursor ions. In
cases where protonated precursor ions were absent, abundant product ions were used for
calibration. In the case of duramycin, external calibration was performed using product
ions from neurotensin as external calibrants. All frequency-to-mass calibrations were
performed by Microsoft Excel using a two term calibration equation.”” Only peak

assignments with a mass accuracy better than 15 ppm were accepted.

6.3. Results and Discussion

293161 and gallidermin®® are shown in Scheme

The structures of nisin, '’ duramycin,
6.1. Nisin contains 5 thioether bridges, gallidermin contains 4 thioether bridges and
duramycin contains 3 thioether bridges and one lysinoalanine bridge. All product ions
are labeled according to Scheme 6.2. The chemical structures of lanthionine, 3-
methyllanthionine, and the lysinoalanine bridge are shown in Schemes 6.3 and 6.4
respectively
6.3.1. Negative lon Mode CID and IRMPD of Nisin

IRMPD (Figure 6.1) and CID (Figure 6.2) spectra of the [M - 3H]* precursor ions
of nisin showed very similar fragmentation patterns, involving abundant SH, neutral
losses from both the precursor and product ions. Mainly C-terminal y-type product ions
are detected, consistent with the most acidic site being the free C-terminus. However,
some N-terminal c-type product ions are also observed. Although c-type product ions are
generally not observed in positive ion mode, their formation in negative ion mode CID
has been previously discussed. For example, Cassady and co-workers examined the

negative ion mode fragmentation behavior of hirudin (54-65), fibrinopeptide B, and

insulin chain A and reported that c- and y- type product ions were predominant in CID
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spectra. In addition, these authors reported the observation of internal product ions and

neutral losses.*” Our observations are in agreement with their results.

S—S—CH,
o
oo H ||
i—N—CH-C—Tyr—N—CH—C—NH—CH
HoC s CH

Scheme 6.1. Structures of lantibiotics examined, A) nisin,'® B) gallidermin,50 C) detailed
structure of gallidermin C-terminus,’” > ® D) duramycin, >"°' (the N-terminal Ala and
C-terminal Lys are underlined) and E) structure of hydroxyaspartic acid. Dha represents
dehydrated serine and Dhb represents dehydrated threonine. Ala-S-Ala represents

lanthionine and Abu-S-Ala represents 3-methyllanthionine.
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Y46 Product ion

Y16 - SH,

Y16 - 2SH,

Y16 - 3SH,

Scheme 6.2. Nomenclature used for the observed product ions in negative ion mode CID
and IRMPD. A y;s product ion from nisin is used as an example (the exact position of
SH; elimination cannot be determined based on the product ions masses). For example,
for the y; product ion, SH; can either be lost from the terminus or from internal thioether
bridges and therefore there are three possibilities for elimination of SH, groups. For
clarity, only one possibility is shown in each case). The same behavior was observed for
nisin, gallidermin, and duramycin. For oxidized lantibiotics, the same nomenclature was
used but the thioether group is replaced with an oxidized (+ O) thioether group.
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Differences in product ion abundances are observed between the IRMPD and CID
spectra. For example, the ¢4 and [c4 - SH;] product ions are the most abundant fragments
in the IRMPD spectrum whereas, in the CID spectrum, both these product ions were
detected at very low abundance (c4 is not labeled in the CID spectrum due to its low
abundance). Furthermore, the y;, product ion was only detected following IRMPD

whereas the [y;5- SH;] and [y;5- 2SH;] products ions were only observed following CID.
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Figure 6.1. Negative ion mode IRMPD spectrum of the triply deprotonated precursor
ions of nisin. Sequential SH, neutral losses from both the precursor and product ions are
observed. These SH; neutral losses are due to cleavage of the thioether bridges. The y»4,
V28, 130, V31, and y3, product ions and their secondary fragments are shown in detail in the
insets. “=NHj loss, = internal product ions, * = unidentified product ions.
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A closer inspection of the IRMPD and CID spectra (see insets in Figures 6.1 and
6.2) reveals sequential SH; neutral losses, originating from the thioether bridges, from
both the precursor ions and backbone product ions. These SH; neutral losses suggest that
thioether bridges are labile in negative ion mode. SH, neutral loss has been previously
reported by Bowie and co-workers for singly deprotonated peptides containing free

64-66

cysteine residues. Possible structures of product ions formed after cleavage of the

thioether bridges and elimination of SH, are shown in Scheme 6.3.
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Figure 6.2. CID of the [M - 3H]" precursor ions of nisin. Similar to IRMPD (Fig. 1),
the CID spectrum shows abundant SH, losses from the precursor and product ions.
Sequential SH, losses are shown in the inset. = NHj loss, = noise peak, v; = 3rd
harmonic.

It is worth noting that, in IRMPD, the majority of product ions (y7, o, V16, V24, V23,
V30, ¢4, and ¢g) exhibited sequential SH; losses equal to the number of constituent thioether

bridges. For example, the y;¢ product ion contains 3 thioether bridges and exhibited three

SH, losses. Another example is the y3y product ion, containing 5 thioether bridges and
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showing up to 5 SH; losses. Although assignment of the exact position of thioether
bridges is not straightforward from these data, the SH; neutral losses observed in IRMPD
can be used for assigning the number of thioether bridges present in lantibiotics. In CID
spectra, these SH, losses do not correspond to the number of constituent thioether
bridges. In CID, a maximum of 3 SH; losses were observed from product ions regardless
of the number of thioether bridges present. For example, the product ion y»s, containing 5
thioether bridges, exhibited 3 SH; losses in CID whereas it exhibited 5 SH; losses in
IRMPD. The absence of these additional sequential SH; losses in CID is not unexpected
because they derive from secondary fragmentation. Secondary product ions (resulting
from multiple bond cleavages) are more easily observed in IRMPD because primary
product ions can further absorb IR photons and thereby become further activated to yield
secondary product ions. Even though secondary fragmentation is in many cases
undesirable (because it can complicate spectral interpretation), it appears useful for
lantibiotic characterization because it provides information about the number of thioether
bridges present in the molecule.

It is also worth noting that negative ion mode CID of nisin resulted in additional
structural information compared to positive ion mode SORI-CID of the same molecule.*®
In positive ion mode SORI-CID, only two out of five thioether bridges were cleaved and
fragmentation was mainly observed close to the N- or C-terminus. In negative ion mode,
we observed cleavages at all five thioether bridges and several y- and c-type product ions
were detected. Therefore, negative ion mode can be used in combination with positive

ion mode to provide complementary information.
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Scheme 6.3. Possible structures of product ions following cleavage of a thioether bridge
and SH, elimination.
6.3.2. Negative Ion Mode CID and IRMPD of Gallidermin

For gallidermin, [M - 2H]* precursor ions were selected for fragmentation because
this charge state was the most abundant. CID (Figure 6.3A) and IRMPD (Figure 6.3B)
fragmentation patterns of gallidermin were very similar to those of nisin. Formation of
mainly y- and c-type product ions was observed, and sequential SH, losses from both the
precursor and product ions dominated the spectra. Similar to IRMPD of nisin, several
product ions (i3, ¥19, and c¢g) from gallidermin exhibited sequential SH, losses equal to
the number of constituent thioether bridges. By contrast, CID products showed a

maximum of 3 SH; losses, as observed in CID of nisin.
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Figure 6.3. CID (A) and IRMPD (B) spectra from the doubly deprotonated precursor
ions of gallidermin. Characteristic SH, losses due to cleavage of thioether bridges are
abundant in both CID and IRMPD. CID resulted in more backbone bond cleavages

compared to IRMPD. #= NH; loss

For gallidermin, the CID spectrum contains several unique product ions not

observed in IRMPD. These product ions correspond mainly to c-type fragments, c;3, [c13

- SHy], [c13 - 2SH3], c12, [c12 - SHz], and [c10 - 2SH,]. The product ions at m/z 875.914
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[c1s - NH3 - SH; or b3 - SH;] and 858.921 [c¢15 - NH;3 - 2SH; or big - 2SH;] were also
observed only in the CID spectrum. These product ions cannot be distinguished based on
their masses, however, because we did not detect b- type product ions for nisin and, also,
because formation of c-type product ions is common in negative ion mode,** we believe
that these ions are most likely c-type fragments. Although CID and IRMPD are both
“slow heating” activation methods and therefore have many common characteristics,
differences between these two dissociation techniques have been previously reported.®” "
For example, it has been shown that photodissociation of protonated ethanol resulted
exclusively in the lowest energy product ion, whereas low energy CID produced a
mixture of higher- and lower-energy product ions.”” These authors suggested that
IRMPD is much more energy selective and more discriminative against higher energy
fragmentation pathways compared to (SORI)-CID, and that the average energy
deposition is smaller in IRMPD. Furthermore, Keller and Brodbelt reported differences
between CID and IRMPD spectra of protonated and deprotonated oligonucleotides’® and
Volmer and co-workers reported variation between CID and IRMPD spectra of
protonated saxitoxin and neosaxitoxin.” Differences between CID and IRMPD spectra
were also reported for alkali metal-coordinated oligosaccharides,”' and it was suggested
that, for CID, the larger variations in energy transferred during collisions provide
dissociation pathways that are not accessible in IRMPD. In addition, CID and IRMPD of
doubly protonated petrobactin showed some differences in fragmentation patterns®’ and it
was suggested that these differences may be related to the different activation processes
involved in CAD versus IRMPD. Finally, one more factor to be considered is that

efficient fragmentation in IRMPD requires good overlap between the laser beam and the
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ion cloud. Accomplishing such overlap can be particularly challenging for ions having a
large magnetron radius. By contrast, CID is insensitive to ion position.”*
6.3.3. Negative Ion Mode CID and IRMPD of Duramycin

For duramycin, [M - 2H]* precursor ions were selected for fragmentation (Figure
6.4.A). In addition to the three thioether bridges, this lantibiotic contains one
lysinoalanine bridge (Scheme 6.1.D and Scheme 6.4.A). In CID (Figure 6.4.A) and
IRMPD (Figure 6.4.B) of duramycin, the precursor ions exhibited a neutral loss of 36.003
Da instead of 33.988 Da (corresponding to SH, loss), suggesting elimination of two
hydrogen atoms in addition to the SH; loss. We believe that the additional H, loss (which
was only observed for duramycin) is due to cleavage of the lysinoalanine bridge, as
shown in Scheme 6.4. This explanation is in agreement with the observation that two
product ions (z14 and y;15 - NH3 - 3SH,) containing the lysinoalanine bridge also exhibited
loss of two hydrogen atoms.

For duramycin, less extensive fragmentation was observed in both CID and
IRMPD, compared to nisin and gallidermin. Also, x-type product ions, which were not
observed for nisin and gallidermin, were detected. An additional product ion, detected in
both singly and doubly deprotonated form at m/z 1529.586 and 764.296, respectively,
and its secondary product ions following one and two SH; losses, can be assigned as y4 -
H,O or [z14 - 2H] based on their masses. Even though we did not detect any z-type
product ions for the other two lantibiotics examined, this assignment cannot be
eliminated because duramycin showed different fragmentation behavior. The x;7 and y3g
product ions were only observed in the CID spectrum. Most of the product ions resulting

from CID were observed as both singly and doubly deprotonated species whereas, in
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IRMPD, only doubly deprotonated product ions were detected.

In CID, the most

abundant product ion corresponds to a neutral loss of 73.992 Da from the [M - HJ

protonated species.

This loss is most likely due to cleavage of the hydroxyaspartic acid

side chain (74.000 Da, see Scheme 6.1.E for structure). This product ion was absent in

the IRMPD spectrum.
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Figure 6.4. CID (A) and IRMPD (B) of the [M - 2H]*

precursor ions from duramycin.

The major fragmentation pathway corresponds to cleavage of the thioether bridges,

resulting in abundant SH, losses.

Product ions are shown in detail in the insets.

In

IRMPD, zoomed-in regions for the yi4, zj4 and xj6 product ions and their secondary
fragments are very 51m11ar to CID, as shown in A. "
internal product ions,v; = 3" ¢ harmonic, ’= unidentified product ions.
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Scheme 6.4. Cleavage of the lysinoalanine bridge and loss of two hydrogen atoms was
observed in negative ion mode CID and IRMPD of duramycin.

The results obtained for duramycin are similar to those obtained for ECD of lacticin

d.**3% Both lacticin 481 and duramycin are

481 in that limited fragmentation was observe
less linear molecules compared to, e.g., nisin, for which more extensive fragmentation
was observed. Duramycin exhibits a cyclic structure (Scheme 6.1.D) due to the
arrangement of the thioether bridges, and the presence of the lysinoalanine bridge, which
may hamper its fragmentation. In fact, all product ions observed for duramycin were
formed from cleavages close to the N-terminus, which is more accessible.

Although, the fragmentation pattern for duramycin is different compared to those of
nisin and gallidermin, sequential SH; losses are still present. Assignment of the number

of thioether bridges is feasible because the precursor and product ions exhibited up to 3

SH» sequential losses, which is equal to the number of constituent thioether bridges.
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6.3.4. Negative Ion Mode CID of Oxidized Gallidermin

The CID fragmentation of [M - 2H]* precursor ions from oxidized gallidermin is

shown in Figure 6.5.A Oxidized nisin was not detected in negative ion mode and

therefore was not examined. Oxidized duramycin was not available

experiments.
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Figure. 6.5. Negative ion mode CID (A) and IRMPD (B) of the [M - 2HT" precursor
ions of oxidized gallidermin. Very limited fragmentation is observed. Water losses are
observed from the oxidized thioether bridges. The structure of oxidized gallidermin is

also shown in A.

Following CID of the oxidized molecule of gallidermin only limited fragmentation

is observed with no backbone bond cleavages. This behavior is in stark contrast to non-

oxidized gallidermin (see above).
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thioether bridges significantly affects the fragmentation behavior.  The main
fragmentation pathway for oxidized gallidermin anions corresponds to abundant neutral
H,0 losses. We propose two different pathways for this water elimination: First, an
oxidized thioether bridge may be cleaved but retain the sulfur atom on either one of the
two carbons linked by the bridge (Scheme 6.5.A), or ejection of water may occur without
cleavage of the oxidized thioether bridge (Scheme 6.5.B). Water loss is commonly
observed from Asp, Glu, Thr, and Ser residues, however, gallidermin does not contain
any of these residues. Furthermore, we observed four water losses, which are equal to the
number of oxidized thioether bridges, strongly suggesting that these water losses
originate from the oxidized thioether bridges. The same fragmentation pattern was
observed in IRMPD (Figure 6.5.B). Structural information for oxidized gallidermin
could not be obtained from negative ion mode CID or IRMPD due to the limited
fragmentation observed, however, the stark differences in fragmentation patterns between
non-oxidized and oxidized lantibiotics may be useful for easily distinguishing between

these two forms.
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Scheme 6.5. Ejection of water from an oxidized thioether bridge may proceed A) by
cleavage of the thioether bridge or B) without cleavage of the thioether bridge. In both
cases double bonds are formed between the thioether sulfur atom and a neighboring
carbon. R = CH; or H.
6.3.5. Positive Ion Mode CID and IRMPD of Oxidized Gallidermin

Because negative ion mode CID and IRMPD of gallidermin resulted in limited
fragmentation, we decided to examine whether positive ion mode provides more
structural information for oxidized lantibiotics. = Such experiments have, to our
knowledge, not been previously reported. The CID spectrum of the [M + 3H]*" precursor
ions from oxidized gallidermin is displayed in Figure 6.6. A complete list of detected
product ions is shown in Table 6.1. Similar to negative ion mode CID, positive ion mode
CID resulted in sequential water losses from the precursor ions. However, in addition to
these abundant water losses, positive ion mode resulted in several backbone bond

cleavages that provide sequence information for this molecule. A series of b-type (ba, bg,

bs, bio, b11, b13, b4, bis, bis, b1s) and also several y-type (ys, 7, Vs, V11, Vi3 (not shown in
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Figure 6.6, see Table 6.1), and y,9) product ions are observed. The b3 and b4 product
ions were detected as b13/ [b13 - 2H], and b14 / [b14 - 2H], whereas the ys product ion was
solely detected as [yvs - 2H]. The majority of product ions were detected with
accompanying single and multiple water losses. Neutral losses of -OH and —SOH were
also accompanying some product ions. We propose that these neutral losses both
originate from the oxidized thioether bridges. Hydroxyl loss may occur via elimination
of the oxygen atom of the thioether bridge and a neighboring hydrogen atom whereas —
SOH loss may involve elimination of the oxidized thioether SO group and a neighboring
hydrogen atom. Possible structures of the corresponding products are shown in Scheme

6.6. These mechanisms are supported by the fact that these neutral losses were observed

from product ions originating from cleavage between two thioether bridges.
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- H20
'2H20
307 -3H,0
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Figure.6.6. Positive ion mode CID of triply protonated oxidized gallidermin. Oxidized
thioether bridges exhibit characteristic -SOH and -OH losses from the product ions.
Water losses from oxidized thioether bridges are also prevalent. Not all product ions are
labeled in Figure. For a complete list of all generated product ions refer to Table 6.1. =
unidentified product ions.
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IRMPD (Table 6.2) of oxidized gallidermin resulted in less extensive fragmentation
compared to CID. Several product ions (s, ¥7, V11, V13, V19, ba, bs, bro, b11, b12, b14, bis)
observed in CID were not detected in the IRMPD spectrum. Interestingly, the same
trend, i.e., more extensive backbone bond cleavage in CID compared to IRMPD, was also
observed in negative ion mode fragmentation of gallidermin. The characteristic loss of
SOH from the oxidized thioether bridges was present following IRMPD, however, the
OH loss was absent. These results are consistent with previous data suggesting that CID
and IRMPD may provide complementary structural information even though they are

both slow heating activation techniques.’®’" 7

C-terminal
product ions

* >

o= I 0=C_ 'f N-terminal
HC—C= ,C=CH product ions

er/ th/
Scheme 6.6. Possible structures of product ions formed after cleavage of an oxidized
thioether bridge and A) elimination of -OH, or B) elimination of -SOH.
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Table 6.1. Product ions observed in CID of triply protonated precursor ions of oxidized
gallidermin

Observed m/z Theoretical m/z Assignment Error (ppm)
1181.4537 1181.4503 | y,,- SOH 2.9
1170.5464 1170.5441 | b, - H,O 2.0
1105.9731 1105.9676 | M-H,0 -4.9
1013.9010 1013.9070 | y,q - H,0 5.9
1004.8983 1004.9017 | y,q- 2H,0 34

995.8954 995.8964 | yy - 3H,0 1.0
908.9029 908.9024 | b, - H,0 0.5
913.2967 | vy, Calibrant
917.9090 917.9077 | b,q 1.5
986.8851 986.8911 | yyq- 4H,0 6.1
895.2861 895.2861 | yg - H,0 0.0
876.4127 876.4113 | bg - OH -1.6
858.4066 858.4010 | bg - OH - H,O -6.6
844.4391 844.4391 | bg - SOH 0.0
830.2624 830.2596 | vy, -3.4
826.4292 826.4285 | bg - SOH - H,0 -0.9
812.2485 812.2490 | y,-H,0 0.6
771.2245 771.2219 | yg-2H -3.4
763.3678 763.3685 | b, - SOH 0.9
743.6510 | [M + 3HP* Calibrant
755.2284 755.2275 | y - H,0 -1.2
737.6477 737.6475 | M -H,0 -0.3
731.6443 731.6440 | M - 2H,0 0.4
725.6411 7256404 | M - 3H,0 -0.9
728.8577 728.8578 | b, 0.2
719.6361 719.6369 | M - 4H,0 1.2
719.8528 719.8525 | by - H,0 -0.4
700.3474 700.3471 | by, -0.4
699.3406 699.3393 | by, -2H -1.9
691.3426 691.3417 | b,,- H,O -1.3
682.3361 682.3364 | b,,- 2H,0 0.5
674.3693 674.3701 | bg- OH 1.2
668.2655 668.2659 | y,; - SOH 0.6
658.8281 658.8285 | b,, 0.6
657.8210 657.8207 | by, -2H -0.4
649.8233 649.8229 | b,; - H,0 -0.6
642.3976 642.3974 | bg - SOH -0.3
640.8181 640.8176 | b,y - 2H,0 -0.8
585.7764 585.7757 | by, - H,0 1.3
550.2581 550.2571 | by, - H,0 1.8
523.7440 523.7439 | byy-H -0.3
515.7465 515.7464 | b,y - OH 0.2
499.7618 499.7604 | b,, - SOH -2.8
422.7236 422.7232 | by - SOH -1.0
414.2176 414.2176 | b, - OH 0.1

229



Table 6.2. Product ions observed in IRMPD of triply protonated precursor ions of
oxidized gallidermin

Observed m/z Theoretical m/z Assignment Error (ppm)
1114.9729 | [M + 4H}** Calibrant
1105.9628 1105.9676 | M - H,O 4.3
913.2923 913.2816 | v, -11.8
895.2855 895.2861 | yz - H,0 0.7
884.9132 884.9186 | b,g- SO -H,0 6.1
755.2294 755.2275 | ys -H,0 25
743.6510 | [M + 3H]3* Calibrant
737.6481 737.6475 | M-H,0 0.8
731.6445 731.6440 | M - 2H,0 -0.6
728.8568 728.8578 | by 14
725.6410 725.6404 | M - 3H,0 0.9
719.6372 719.6369 | M - 4H,0 -0.4
719.8527 719.8525 | bys - H,0 0.3
710.8481 710.8469 | b,s - 2H,0 1.7
691.3424 691.3417 | by, - H,0 -1.0
682.3357 682.3364 | by, - 2H,0 1.1
657.8229 657.8207 | by, -2H -3.3
649.8248 649.8229 | by, - H,0 2.9
640.8202 640.8176 | by, - 2H,0 -4.0
633.8374 633.8369 | b3 - SOH-H 0.8
624.8320 624.8316 | b,; - SOH - H - H,0 0.6
619.2007 619.1969 | y, - SOH - H,0 - NH, 6.1
585.7775 585.7757 | by, - H,0 -3.1
422.7273 422.7232 | bg- SOH 9.8

6.3.6. Positive Ion Mode CID and IRMPD of Oxidized Nisin

CID and IRMPD of oxidized nisin showed very similar fragmentation patterns.
Complete lists of product ions detected in CID and IRMPD of the [M + 5H]’" precursor
ions are displayed in Tables 6.3 and 6.4 respectively. Figure 6.7 shows the IRMPD
spectrum of the [M + SH]’" species. Similar to gallidermin, neutral water losses from
both the precursor and product ions dominate both CID and IRMPD spectra of nisin.
Some backbone product ions (21, V30, V31, V32, V33, b3, ba, bys, and b3y) are also observed,
providing sequence information. The product ions [b3; - HO]*" and [y;» — 3H,0]",
detected at m/z = 804.350, cannot be distinguished based on their masses. One additional

b-type product ion, b,, was detected in IRMPD but was absent in the CID spectrum.
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Furthermore, the characteristic -SO and -OH losses from the thioether bridges (Scheme
6.6), observed for oxidized gallidermin, are also present in nisin MS/MS spectra.

Table 6.3. Product ions observed in CID of the [M + 5H]’" precursor ions of oxidized
nisin

Observed m/z Theoretical m/z Assignment Error (ppm)

866.8848 866.8848 | [M + 4H]** Calibrant

862.3822 862.3821 | M- H,O -0.1
838.6124 838.6138 | yy3 1.7
834.1113 834.1112 | yy5 - H,0 -0.1
857.8821 857.8795 | M - 2H,0 -3.0
853.3739 853.3768 | M - 3H,0 3.4
829.8559 829.8545 | yg3 - H,0 - NH, A7
825.3537 825.3519 | yg5 - 2H,0 - NH, 2.2
820.8508 820.8492 | yg5 - 3H,0 - NH, 2.0
816.3503 816.3466 | y35- 4H,0 - H,0 -4.6
813.3546 813.3519 | y;, - H,0 -3.3
808.8513 808.8492 | yy, - 2H,0 25
808.6065 808.6005 | by, - H,O -7.5
804.3491 804.3465 | y,, - 3H,0 -3.3
804.3491 804.3439 | bs, - H,O - NH, 6.5
799.8482 799.8439 | y,, - 4H,0 5.4
796.0959 796.0965 | y,,- OH 0.8
791.5912 791.5938 | ys - OH - H,0 3.2
787.0911 787.0912 | y3 - OH-2H,0 0.2
767.8252 767.8255 | y,, - OH 0.4
763.3235 763.3228 | yao- OH-H,0 0.9
758.8204 758.8202 [ y55- OH - 2H,0 0.3
754.3165 754.3175 | ys - OH - 3H,0 1.3
733.9761 733.9791 | y,, 4.1
727.9761 727.9756 | y,; - H,0 0.7
721.9704 721.9721 |y, - 2H,0 2.3

693.7093 | M + 5H

690.1065 690.1072 | M-H,0 1.0
686.5051 686.5051 | M - 2H,0 -0.1
682.9026 682.9029 | M -3H,0 0.4
679.2998 679.3008 | M - 4H,0 1.5
675.6954 675.6987 | M - 5H,0 4.9
664.0853 664.0851 | ys5 - NH; - H,0 0.2
660.4828 6604830 | yg5 - NH; - 2H,0 0.3
615.2946 615.2943 | b3 - SOH - H,0 -0.5
379.2335 379.2346 | b, - SOH 29
266.1491 266.1505 | by -SOH 54
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Table 6.4. Product ions observed in IRMPD of the [M + 5H]’" precursor ions of

oxidized nisin

Observed m/z Theoretical m/z Assignment Error (ppm)
866.8848 | M + 4H Calibrant
862.3812 862.3821 | M- H,0 1.0
834.1107 834.1112 | y33-H,0 0.6
857.8783 857.8795 | M - 2H,0 14
853.3785 853.3768 | M - 3H,0 -1.9
848.8727 848.8742 | M - 4H,0 1.8
834.3593 834.3572 | ys3- NH, 2.5
829.8547 829.8545 | yz5- HyO - NHy 0.2
825.3528 825.3519 | y35- 2H,0 - NH, 1.1
820.8481 820.8492 | ys3 - 3H,0 - NH, 1.3
816.3475 816.3466 | ys3 - 4H20 - NH, 1.1
813.3516 813.3519 | y;, - H,0 0.3
811.8463 811.8439 | y33- 5H,0 - NH, -3.0
808.8499 808.8492 | y;,- 2H,0 0.9
808.5943 808.6005 | bs, - H,0 7.7
804.3504 804.3465 | y,, - 3H,0 4.9
804.3504 804.3439 | by, - H,0 - NH, -8.1
799.8441 799.8439 | y,, - 4H,0 0.3
791.5936 791.5938 | y3; - OH-H,0 0.2
787.0934 787.0912 | y5 - OH-2H,0 2.9
782.5870 782.5885 | y3 - OH-3H,0 1.9
767.8258 767.8255 | y,,- OH 0.3
763.3227 763.3228 | y3, - OH-H,0 0.1
758.8184 758.8202 |y, - OH - 2H,0 2.3
754.3171 754.3175 | y; - OH - 3H,0 0.5
749.8147 749.8149 | y;0- OH-4H,0 0.3
745.5588 7455582 | a0 - OH - 4H,0 - NH3 0.8
733.9806 733.9791 |y, - OH 2.1
727.9725 727.9756 | y, - OH-H,0 42
721.9716 721.9721 | yp - OH-2H,0 0.7
693.7093 | M + 5H Calibrant
690.1070 690.1072 | M- H,0 0.3
686.5052 686.5051 | M - 2H,0 -0.1
682.9032 682.9029 [ M - 3H,0 -0.5
679.3009 679.3008 [ M - 4H,0 -0.2
675.6970 675.6987 | M - 5H,0 2.6
664.0852 664.0851 | ya3 - NH; - H,0 0.2
660.4818 660.4830 | ys3- NH, - 2H,0 1.8
656.8814 656.8809 | ys3 - NH, - 3H,0 0.8
653.2775 653.2787 | ya3 - NH, - 4H,0 1.9
615.2952 615.2943 | b, - SOH - H,0 1.4
266.1506 266.1505 | b, - SOH -0.2
379.2347 379.2346 | b,- SOH -04
197.1288 197.1285 | b, -1.6
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Figure 6.7. IRMPD of the [M + 5H]’" precursor ions of oxidized nisin. Product ions
corresponding to cleavage of the oxidized thioether bridges are detected. Not all product
ions are labeled in the Figure, see Table 6.4 for a complete list of all generated product
ions. = noise peak, v = 3™ harmonic. ¥ = NH; loss.

The [M +6H]°" precursor ions of nisin were also subjected to fragmentation with
IRMPD and the results are summarized in Table 6.5. Only minor differences were
observed between the IRMPD spectrum of this charge state as compared to CID and
IRMPD of the [M +5H]’" precursor ions. More specifically, the product ions [b;3 - SO -

H - H,0O], [¥31 - OH - H,0], [v31 - OH - 2H,0], and [y3; - OH - 3H,0], were not detected

in IRMPD of the [M + 6H]°" precursor ions.

233



Table. 6.5. Product ions

oxidized nisin

observed in IRMPD of the [M + 6H]®" precursor ions of

Observed m/z Theoretical m/z Assignment Error (ppm)
829.8544 829.8545 | y;5 - H,0 - NH, 0.2
825.3529 825.3519 | y;, - 2H,0 - NH, 1.2
820.8516 820.8492 | y;; - 3H,0 - NH, 2.9
816.3492 816.3466 | y;, - 4H,0 - NH, -3.2
813.3527 813.3519 | y,, - H,0 -1.0
804.3550 804.3465 | y,, - 3H,0 -10.6
804.3550 804.3439 | by, - H,0 - NH, -13.8
866.8848 [M + 4H]** Calibrant
862.3835 862.3821 | M - H20 -1.6
857.8785 857.8795 | M-2H,0 1.1
767.8248 767.8255 | y5,- OH 1.0
763.3247 763.3228 | y5,- OH - H,0 25
758.8177 758.8202 | y5 - OH - 2H,0 3.3
754.3207 754.3175 | y40 -OH - 3H,0 -4.3
749.8170 749.8149 | y5- OH - 4H,0 2.8
733.9822 733.9791 | y,,- OH -43
727.9768 727.9756 | y,, - OH - H,0 -1.6
721.9712 721.9721 | y,, - OH - 2H,0 1.2
578.2590 [M + 6H]6* Calibrant
575.2575 575.2572 | M-H,0O -0.5
572.2558 572.2554 | M - 2H,0 -0.7
569.2542 569.2537 | M - 3H,0 -0.8
566.2532 566.2519 | M - 4H,0 -2.2
553.5727 553.5721 | y33- H,0 - NH, -1.1
664.0848 664.0851 | y33 - H,0 - NH, 0.5
660.4831 660.4830 | ya3 - 2H,0 - NH, -0.2
656.8812 656.8809 | ys3 - 3H,0 - NH, 05
653.2786 653.2787 | y33 - 4H,0 - NH, 0.1
649.6753 649.6766 | ys3 - SH,0 - NH, 2.0
693.7094 693.7093 | [M + 5H]5* -0.1
690.1071 690.1072 | M-H,0 0.1
686.5057 686.5051 | M - 2H,0 -0.8
682.9036 682.9029 | M - 3H,0 -1.0
679.2987 679.3008 | M - 4H,0 3.1
675.6998 675.6987 | M - 5H,0 -1.6
614.4632 614.4618 | y,, - OH 2.3
610.8608 610.8597 | y;0- OH - H,0 -1.9
607.2584 607.2576 | y,,-OH - 2H,0 14
379.2343 379.2346 | b, - SOH 0.8
266.1500 266.1505 | by - SOH 1.8
197.1284 197.1285 | b, 0.4
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6.4. Conclusions

We have investigated the fragmentation patterns of native and oxidized lantibiotics
in CID and IRMPD. These experiments revealed that lantibiotics exhibit characteristic
sequential SH, losses, originating from the thioether bridges, in negative ion mode CID
and IRMPD. In IRMPD, the majority of product ions exhibited sequential SH, losses
equal to the number of constituent thioether bridges. Therefore, this tandem mass
spectrometric technique can be applied to newly discovered lantibiotics for determination
of thioether bridges.

Following oxidation of thioether bridges, we observed limited fragmentation in
negative ion mode CID and IRMPD. However, oxidized lantibiotics showed extensive
fragmentation in positive ion mode. Neutral losses corresponding to OH and —SOH
elimination were characteristic of the oxidized thioether bridges. The differences in
fragmentation patterns observed between native and oxidized lantibiotics may be used to
easily distinguish between these two forms. In some cases, CID resulted in more
backbone bond cleavages, resulting in more structural information, compared to IRMPD.
However, IRMPD of non-oxidized lantibiotics provided information about the exact
number of thioether bridges. Therefore, use of both CID and IRMPD for the
characterization of lantibiotics would yield the maximum amount of information.

The experiments presented here provide insights into the fragmentation behavior of
native and oxidized lantibiotics and allow us to be able to predict their fragmentation
pathways, assisting the use of tandem mass spectrometric techniques for the

characterization of these unique peptides.
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Chapter 7

Conclusions and Prospects for Future Work

7.1 Purpose of Dissertation

Mass spectrometry has become the method of choice for protein identification and
characterization in proteomics research due to its sensitivity, high mass accuracy, and its
ability to analyze complex protein samples from cells, tissues, and organisms.'” Most
proteomics approaches utilize the bottom-up approach for protein identification.®"" In
this approach, proteins are digested with a sequence-specific protease, such as trypsin,
Lys C, Glu C, or chymotrypsin. The resulting proteolytic peptides are analyzed by
tandem mass spectrometry to provide sequence information for protein identification via
database searches.

Successful and confident protein identification by database searching relies heavily
on the extent and quality of the obtained sequence information generated by MS/MS.'***
The greater the number of product ions generated and detected in tandem mass spectra,

the greater the peptide sequence coverage and, thus, the greater the probability of a
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correct identification. Furthermore, the higher the peptide sequence coverage, the higher
the probability of detecting the presence of PTMs.

For complete protein characterization it is particularly important to determine the
presence and location of PTMs."” Disulfide bond formation, although not as widely
examined in tandem mass spectrometry as phosphorylation and glycosylation, is a post-
translational modification present in many extracellular proteins. However, disulfide
bonds show only limited fragmentation in positive ion mode CID.

De novo sequencing of peptides is a promising tool for identification and
characterization of proteins not present in databases, for proteins with incomplete
genomic sequence, or for error-containing databases. Furthermore, de novo sequencing is
essential for revealing information about splice variants, mutations, and modifications
that are not apparent from databases. However, as mentioned in Chapter 1, de novo
sequencing by mass spectrometry remains a challenge because it requires cleavage
between each pair of amino acids and detection of all generated products. The
development of electron based fragmentation techniques, ECD and EDD, has shown
great promise for PTM analysis and improved peptide sequence coverage.

Lantibiotics are ribosomally synthesized and post-translationally modified peptide

16, 17
’ The amount of

antimiocrobial agents that are produced by Gram-positive bacteria.
amino acid modifications present in lantibiotics is extraordinarily high and these
modifications are generally unique. These modifications include formation of thioether
bridges, lanthionine and 3-methyllanthionine, formation of lysinoalanine bridges, 2,3-

didehydroalanine (Dha), (Z)-2-3,-didehydrobutyrine (Dhb), and p-hydroxy-aspartate.

Lantibiotics research is rapidly expanding because these molecules display antimicrobial
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activity against Gram-positive bacteria, such as streptococci, bacilli, listariea, clostridia,
and staphylococci, and they are usually several orders of magnitude more potent than

'8 19 Therefore, they have the potential of

traditional antibiotics, such as penicillin.
becoming the new generation of antibiotics. However, the presence of thioether bridges
and unusual amino acids complicates their structural elucidation. More often a
combination of peptide chemistry, mass spectrometry and NMR spectrscopy is required
to reveal their structure.

The main purpose of this dissertation was to examine the utility of gas phase ion-
electron reactions for peptide sequencing and disulfide bond determination by FT-ICR
mass spectrometry. Moreover, we examined factors, such as precursor ion charge state,
m/z ratio, peptide mass, and protease selection, that influence the dissociation outcome in
electron capture dissociation aiming to improve peptide sequence coverage. Advantages
of improved peptide sequence coverage are improved protein identification via database
searches, increased probability of detecting PTMs, and facilitation of de novo sequencing.

Finally, dissociation via vibrational excitation was investigated for structural elucidation

of native and oxidized lantibiotics.

7.2. Summary of Results

The formation of disulfide linkages in proteins is an important PTM process
leading to stabilization of protein structure. The fragmentation behavior of disulfide
bonded peptides was examined in EDD and negative ion mode IRMPD. EDD resulted in
preferential and facile cleavage of S-S and C-S bonds in most cases examined. However,
when multiple disulfide linkages are present, as is the case for insulin, EDD did not

provide any detectable disulfide bond cleavage. Fragmentation in IRMPD was more
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consistent showing strongly favored cleavage of both S-S and C-S bonds in all peptides
examined. In EDD, the resulting product ions were mainly radical species whereas, in
IRMPD, only even electron species were formed, as expected. These observations
suggest that the mechanism of disulfide bond cleavage is different in these two
fragmentation processes. We also showed that the presence of tryptophan residues can
compete with disulfide bond cleavage in EDD and result in abundant loss of the
tryptophan side chain. This behavior correlates with the vertical ionization energies of a
disulfide bond and of tryptophan. Tryptophan has the lowest ionization energy of all
amino acids (7.07-11.61 eV, depending on its conformation)* whereas the ionization
energy of disulfide bonds is 8.46-9.1 eV.*! We proposed that direct electron detachment
from the disulfide bonds, or from tryptophan, can occur and initiate dissociation. In
IRMPD, the presence of tryptophan had no effect on disulfide bond cleavage, once again
supporting that different fragmentation mechanisms are involved in EDD and IRMPD.
Nevertheless, both dissociation techniques can be useful for probing disulfide bonding in
peptide anions.

Most bottom-up proteomics approaches rely on tryptic doubly protonated peptides
for generating sequence information. However, the effectiveness, in terms of peptide
sequence coverage, of tryptic doubly protonated peptides in ECD remained to be
characterized. We performed for the first time a systematic comparison of ECD of
doubly versus triply protonated peptides generated from trypsin, chymotrypsin, and Glu-
C digestion. We showed that tryptic peptides resulted in higher degree of peptide
sequence coverage compared to chymotryptic and Glu-C digest peptides, particularly in

the case of doubly protonated species. Furthermore, our findings demonstrate that ECD
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of triply protonated precursor ions significantly increases the number of c- and z-type
product ions, thereby providing greater peptide sequence coverage and greater number of
complementary fragment pairs as compared to doubly protonated species. More
specifically, ECD of triply protonated precursor ions increased peptide sequence
coverage by 26% and the number of complementary fragment pairs increased by 44%
compared to ECD of doubly protonated species. The higher number of complementary
fragment pairs and the higher degree of sequence coverage obtained from triply
protonated species can improve protein identification via data base searches and facilitate
de novo sequencing.

When comparing ECD of doubly and triply protonated species we also observed
that, for doubly protonated species, the ECD peptide sequence coverage decreased with
increasing precursor ion m/z ratio. For triply protonated species at the m/z ratios we
examined we did not observe a strong correlation between precursor ion m/z value and
ECD peptide sequence coverage. Furthermore, as mentioned above, higher ECD peptide
sequence coverage was obtained for triply protonated species. Based on these
observations, the next step was to examine whether triply protonated species at higher
m/z values show decreased ECD peptide sequence coverage, and also to examine the
fragmentation behavior of medium size (i.e., 1600-4800 Da) proteolytic peptides,
generated by Lys C, Lys N and Glu C digestion, detected at higher charge states (+4, +5,
and +6). With these experiments, we aimed to examine how precursor ion charge state,
m/z ratio, and protease selection affects the ECD outcome.

Our results revealed that the major factor determining a successful ECD outcome is

the precursor ion m/z ratio. Triply protonated species detected at m/z ratios>960 showed

246



decreased ECD sequence coverage whereas triply protonated precursor ions at m/z<960
fragment efficiently in ECD. The majority of precursor ions carrying four, five, and six
charges were detected at low m/z ratios and exhibited good to high ECD sequence
coverage.

In summary, 82% of the peptides we examined showed high ECD peptide sequence
coverage ranging from 70-100% whereas 13% of the examined peptides showed a
moderate sequence coverage ranging from 50-60%. Only 5% of the peptides examined
showed an average peptide sequence coverage below 50% and these were all triply
protonated species detected at high m/z values. Furthermore, the average peptide
sequence coverage we obtained for Lys N and Glu C generated peptides was 81% and,
for Lys C derived peptides, we obtained an average sequence coverage of 80%. The
extent of fragmentation, measured by the total number of ¢- and z-type productt ions, was
also very similar for Lys N, Lys C and Glu C digest peptides. These experiments allowed
us to gain a better understanding of the ECD fragmentation behavior of proteolytic
peptides generated by different proteases, and to explore the strengths and limitations of
this technique to most effectively use it for obtaining the highest possible peptide
sequence coverage.

MALDI generally produces singly charged ions in contrast to ESI which generates
multiply charged ions. ECD and EDD require multiply charged precursor ions because
one charge is neutralized upon electron capture or detachment, respectively. Therefore,
these two electron based fragmentation techniques are not compatible with MALDI.
Furthermore, dissociation of singly charged species is more challenging compared to that

of multiply charged precursor ions, and it is often difficult to obtain informative tandem
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mass spectra from this type of ions because singly charged precursor ions do not
fragment as efficiently as multiply charged precursor ions.

We investigated the possibility of applying medium energy (~10 eV) electron
irradiation, EID, for the dissociation of singly deprotonated model peptides and compared
the resulting product ion spectra with those obtained in CID of the same species. We
observed that fragmentation induced upon electron irradiation is not specific and results
in the formation of b-, y-, a-, c- and some x- and z-type product ions, similar to the results
obtained upon collision activation. However, significant differences are also observed
between EID and CID product ion spectra. Formation of several radical product ions was
only detected in EID spectra. Characteristic amino acid side chains losses from the
precursor ions, corresponding to side chain loss from Phe, Met, Arg, and Trp residues
were always present following EID of peptides containing these amino acid residues
whereas these characteristic amino acid side chain losses were not always detected in
CID. Furthermore, EID resulted in formation of several new backbone product ions, not
detected in CID, thereby providing more extensive fragmentation. Following EID of
modified peptides, the majority of product ions retained phosphorylation and sulfation.
By contrast, in CID, the majority of product ions did not retain the modification.
Therefore, EID not only reveals the presence of phosphorylation, or sulfation, but also
identifies its location. The observed differences between EID and CID suggest
differences in the manner of activation involved in these two techniques.

One drawback of both negative ion mode CID and EID is the lack of selective
fragmentation to produce specific types of product ions. Nevertheless, we demonstrated

that EID is a useful fragmentation technique for the dissociation of singly deprotonated
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species, and that it provides additional sequence information for such species compared
to CID.

We also explored the utility of negative ion mode CID and IRMPD for structural
elucidation of native and oxidized lantibiotics. Oxidized lantibiotics were also examined
in positive ion mode CID and IRMPD. We demonstrated that thioether bridges are easily
cleaved in negative ion mode CID and IRMPD and that characteristic sequential SH;
neutral losses, originating from lanthionine bridges, were abundant in both spectra. In
IRMPD, the majority of product ions exhibited sequential SH, losses equal to the number
of constituent thioether bridges and, thus, this tandem mass spectrometric technique can
be applied to newly discovered lantibiotics for determining the number of thioether
bridges present. Following oxidation of the thioether bridges, very limited fragmentation
was observed in negative ion CID and IRMPD. In sharp contrast, CID and IRMPD of
protonated oxidized precursor ions resulted in extensive fragmentation. The differences
in fragmentation patterns observed between native and oxidized lantibiotics can be used
to easily distinguish between these two forms. These experiments provided information
about the fragmentation behavior of native and oxidized lantibiotics and generated clues
for the prediction of their fragmentation pathways, thereby assisting the use of tandem

mass spectrometric techniques for structural elucidation of lantibiotics.

7.3. Prospects for Future Work

In Chapter 2, we demonstrated that EDD and IRMPD result in selective and
preferential S-S and C-S bond cleavages, thereby allowing determination of disulfide
linkages. These experiments were performed on disulfide bonded peptides generated

from proteolytic digestion of model proteins. The next step would be to investigate the
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utility of EDD and IRMPD for probing disulfide bonds in peptides from biological
samples, i.e., peptides generated from proteins extracted from cells or tissues.

Chapters 3 and 4 investigated how precursor ion charge state, precursor ion m/z
value, and protease selection affect the ECD outcome. However, ECD is only applicable
to positively charged precursor ions. Given that 50% of naturally occurring proteins are
acidic, and that peptides containing numerous acidic residues such as Glu or Asp may not
be easily detected in positive ion mode, use of negative ion mode would be essential for
characterizing acidic peptides and proteins. As mentioned in Chapter 1, EDD is suitable
for negatively charged anions and has shown promise for localizing PTMs. However,
how precursor ion charge state, precursor ion m/z, and protease selection affect the
dissociation outcome is not well established. It would be essential to perform a
systematic comparison of the EDD fragmentation behavior of proteolytically derived
peptides to examine whether this dissociation technique can be widely applied to
proteomics research for obtaining sequence information from acidic proteins.

As illustrated in Chapter 5, EID of singly deprotonated species from model peptides
resulted in extensive fragmentation and provided additional information compared to CID
of the same species. However, the fragmentation observed upon electron irradiation is
not specific and results in formation of mainly a-, b- ,y- and c- and also several z- and x-
type product ions. Although the formation of many types of product ions provides a
spectrum rich in sequence information, it also complicates spectral interpretation,
particularly for unknown species because it is not apparent from which terminus the
product ions are generated. A method to distinguish between N-terminal and C-terminal

product ions would significantly facilitate spectral interpretation. For example, by
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isotope labeling of the N- or C- terminus, C-terminal and N-terminal product ions could
be easily distinguished. Silberring and co-workers have used a mixture of acetic
anhydride and deuterated acetic anhydride to incorporate a stable isotope label to the N-
terminus.””> This strategy allows labeling of all N-terminal product ions, resulting in
simplification and faster interpretation of spectra. A different approach utilizes C-
terminal labeling by incorporation of '*0 into the C-terminal carboxylic groups formed

#3-24 This labeling is achieved by digestion of the

during enzymatic digestion of proteins.
protein mixture in H,'®O whereas, in the control experiment, the sample is digested in
normal H,O. Several other procedures exist for N- or C- terminal labeling® that can be
used in combination with EID to distinguish C- from N-terminal product ions in order to
simplify spectral interpretation. Furthermore, the utility of EID for dissociation and
structural analysis of proteolytically derived peptides should be tested.

Labeling procedures could also be used in combination with ECD to distinguish
between c- and z- type product ions, particularly in cases where de novo sequencing is
required. So far, no labeling approach has been combined with ECD for distinguishing
between N- and C-terminal product ions. In fact, most of the isotope labeling methods
have been developed and used for peptide quantitation in combination with CID.
However, it has been shown that isotopic labeling could also be used for distinguishing
between N- and C-terminal product ions.”® Recently, a method was introduced in which
N- and C-terminal product ions were distinguished based on changes in the relative
abundance of c- and ze product ions produced in consecutive ECD and activated ion

ECD. It was demonstrated that, in AI-ECD, the ratio of ce/c decreases whereas the ratio

of ze/z increases compared to that observed in ECD.?” A potential alternative method that
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could distinguish between c- and z-type product ions is, as mentioned above, isotope
labeling of the N- or C-terminus of proteolytic peptides prior to ECD.

In Chapter 6, we showed that IRMPD of deprotonated lantibiotics can reveal the
number of thioether bridges in such molecules. However, a remaining challenge is to
determine the precise lanthionine bridge connectivity. For this task, a combination of
peptide chemistry and MS/MS is more suitable. It has been demonstrated that treatment
with nickel boride, which is a reducing and desulfurizing agent, in the presence of
deuterium gas resulted in lanthionine desulfurization with concomitant incorporation of a
single deuterium atom at each residue participating in a thioether bridge. Following
Edman degradation and mass spectrometry, the locations of the residues participating in
lanthionine bridges could be identified based on the deuterium incorporation.”® While
this method is valuable for determining the location of the residues participating in a
thioether bridge, it does not reveal the precise lanthionine bridging. We propose
digestion of the lantibiotic of interest with a sequence specific protease, or several
proteases independently or in combination, to ensure only one lanthionine bridge per
proteolytic peptide, followed by reduction with nickel boride in the presence of
deuterium gas. The resulting products can then be analyzed by MS/MS, such as ECD or
CID, and mass analysis of the product ions can reveal the exact lanthionine bridging.
The presence of solely one lanthionine bridge per proteolytic peptide after digestion can

be tested in negative ion mode IRMPD as described in Chapter 6.
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Appendix A

Measurement of the Intrinsic Deuterium Kinetic Isotope
Effect in Glutamate Mutase by Ultra-High Resolution FT-ICR
MS

A.1. Introduction

Glutamate mutase belongs to the group of adenosylcobalamin (AdoCbl, coenzyme
Bi2)-dependent enzymes that catalyze unusual isomerization reactions involving 1,2
hydrogen atom migration and proceeding through a mechanism involving carbon-based
free radical intermediates.'® Radicals are generated by homolysis of the reactive cobalt-
carbon bond of the coenzyme to form cob(Il)alamin and the 5’-deoxyadenosyl radical.
The 5’-deoxyadenosyl radical abstracts the migrating hydrogen from the substrate to
form 5’-deoxyadenosine and the substrate radical. The substrate radical then undergoes
rearrangement to yield the product radical which is then quenched by hydrogen transfer
from 5’-deoxyadenosine to yield the product and regenerate the 5°-deoxyadenosyl
radical. In the last step of the reaction, the 5’-deoxyadenosyl radical recombines with the

cob(IT)alamin to reform the coenzyme and the catalytic cycle is completed.

255



Kinetic isotope effects (KIE) are one of the most powerful tools for investigating
enzyme mechanisms,’ given that the intrinsic kinetic isotope effect, i.e., the isotope effect
undiminished by other isotope-insensitive steps that may contribute to the overall
reaction rate, of the chemical step of interest can be measured. Deuterium KIE are
widely measured in enzymatic reactions as they provide a useful method to probe enzyme
mechanisms.” Mass spectrometry can be used to measure deuterium KIEs, however the
natural presence of C in substrates and products complicate accurate analysis of
deuterium context because peaks due to deuterated and "*C containing molecules
generally overlap. Because FT-ICR mass spectrometry provides high resolution, it can
be used to overcome this limitation. As defined in Chapter 1, resolution refers to the
ability to separate two species with closely spaced mass values.

810 Most common

There are two modes of detection in FT-ICR mass spectrometry.
is the broadband mode, which allows detection over a wide m/z range. The second mode
is called heterodyne detection, or narrowband mode, which facilitates the achievement of

ultra-high resolution.” °

High resolution is achieved by recording long lived transient
(time domain) signals. The number of data points, N, that are required to record a
transient of duration T depends on the rate, S, at which data are sampled and is given by
the equation T = N/S.” To digitize a signal without introducing artifacts, the sampling
rate, S, must be at least twice the highest frequency that is recorded. The sampling rate is
determined by the lowest mass ion that is recorded because the mass to charge ratio is
inversely proportional to cyclotron frequency. Narrowband mode detection serves to
reduce the frequency of the ICR signal and therefore allowing sampling to occur at a

9, 11

lower rate. As a result, a longer transient can be acquired compared to broadband
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mode detection, and, thus, higher resolution can be obtained. In narrowband detection,
the image signal is multiplied by a reference frequency that is close to that of the analyte
cyclotron frequency. This multiplication produces additional signals at the sum and
difference frequencies of the reference and analyte frequencies. The high frequency
component is removed with a low pass filter to leave only the difference frequency
signal. As a result, the frequency of the original signal is reduced and, thus, it can be
sampled at a lower rate. As the sampling rate of narrowband mode decreases, longer
transients can be recorded but the detected mass range becomes narrower.

Marshall and co-workers demonstrated that with a 94T FT-ICR mass
spectrometer operated in narrowband mode, the isotopic fine structure of proteins up to
15.8 kDa could be resolved."” For example, for bovine insulin, isotope combinations
differing by only 2.5 mDa were successfully resolved. Furthermore, because isotopic
fine structure reveals elemental composition directly, the authors were able to determine
the number of sulfur atoms solely from the abundance ratio of the resolved **S peak to
the monoisotopic peak.

Baseline resolution of two isobaric 904 Da peptides, RVMRGMR and RSHRGHR,
differing by only 0.00045 Da was also achieved by a 9.4T FT-ICR mass spectrometer in
narrowband mode."” Interestingly the mass difference of these two peptides is less than
one electron mass (0.00055 Da).

Negative ion microelectrospray ionization FT-ICR mass spectrometry in broadband
mode detection was used to baseline resolve endohedral fullerenes containing ~1% *He
or *He from closely adjacent *C-containg nuclides of Cy itself.'"* More specifically,

4He@Cf,o' was baseline resolved from 13C412C5(,' (Am =10.8 mDa) and 3He@C(,O' was
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baseline resolved from *C;'?Csy” (Am =5.96 mDa). Resolution of these species enabled
the direct determination of the extent of He incorporation into a fullerene by measuring
the mass spectral peak heights.

In the experiments presented here, we measured the intrinsic deuterium KIE in
glutamate mutase using methylaspartate, specifically monodeuterated in its methyl group
[*H,]methylaspartate, as the substrate. The 5’-deoxyadenosyl radical, generated by
homolysis of AdoCbl, can abstract either a protium or deuterium from the methyl group
of the same substrate molecule, to form a mixture of non- and mono-deuterated 5’-
deoxyadenosine (5°-dA) (Scheme Al). Hydrogen or deuterium abstraction generates
methylasparate radical, which rapidly rearranges to the more stable glutamyl radical so
that, at sufficiently short times (< 100 ms), the reaction is effectively irreversible and the
intrinsic isotope effect is determined. The mixture of non- and mono-deuterated 5°-dA
was detected and analyzed by ultrahigh-resolution FT-ICR MS.

In order to precisely detect the mixture of non- and mono-deuterated 5’-dA, a
resolution of 70,000 is required. The mass of 12Cg 1H13 13C1 14N5 1603 (second isotopic
peak of the non-deuterated species) is 252.10436 Da and the mass of 12C10 1H12 2D1 14N5
'°0; (first isotopic peak of the mono-deuterated species) is 252.10799 Da. The mass
difference (Am) between these two species is 3.6 mDa and, therefore, the resolution can
be calculated by dividing the mass of the non-deuterated species with this mass

difference: m/Am = 252.10436/0.00363 = 69,450.
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Scheme Al. Reaction between monodeuterated methylaspartate and glutamate mutase.
The 5’-deoxyadenosyl radical, generated by homolysis of AdoCbl, can abstract either a
protium or deuterium from the methyl group of the same substrate molecule, to form a
mixture of non- and mono-deuterated 5’-deoxyadenosine, which can be detected by ultra-
high resolution FT-ICR mass spectrometry.
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Figure Al. Structure of 5’-deoxyadenosine (5°-dA).
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A.2. Experimental Procedures
A.2.1 Sample preparation

Rapid quench experiments were performed at 10 °C with a Hi-Tech RQF-63
apparatus. 73.5 uL of 275 uM glutamate mutase in 50 mM potassium phosphate buffer
(pH 7.0) was immediately mixed with 6.5 pL of 3.4 mM AdoCbl before the experiment
to reconstitute the holoenzyme. The holoenzyme mixture was reacted with 80 uL of 2.2
mM [*H, Jmethylaspartate in 50 mM potassium phosphate buffer (pH 7.0). The reactions
were quenched with 80 pL of 2.5% trifluoroacetic acid after aging for various times (28 -
76 ms). 5°-dA was purified by C;s reverse-phase HPLC, concentrated to dryness and
stored at -20 °C prior to mass analysis. All the procedures were conducted in dim red
light.

A.2.2 Mass Spectrometry

5’-dA was redissolved in an electrospray solvent containing 50% MeOH (Fisher
Scientific, Fair Lawn, NJ) and 0.1% formic acid (Acros Organics, Morris Plains, NJ).
Experiments were performed in positive ion mode at 50 pLL/h with a 7T Q-FT-ICR mass
spectrometer (Bruker Daltonics, Billerica, MA), which has been previously described.'’
Data were collected in narrowband mode. The masses of [12C9 1H13 13C1 14N5 1603]5’-dA
and [°C 'Hy2 “D; "N '°0O5 5°-dA] are 252.10436Da and 252.10799Da, respectively: a
mass difference of 3.6 mDa. The identities of the peaks due to unlabeled, *C-labeled,
and “H-labeled 5°-dA were confirmed by examining a sample of commercially available
5'-dA (Sigma, St Louis, MO) under the same experimental conditions. Only the lower
m/z peak was observed for nondeuterated 5°-dA, whereas two peaks, (12C9 1H13 13 C 14N5
1603 and 12C10 1H12 2D1 14N5 1603), were seen following incubation in 1% D,0. The

experimental masses of the enzymatic samples compare accurately (<2ppm) with the
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masses of the standards and the calculated theoretical masses. As internal control, the
instrument was tuned to ensure that the detected relative abundance of 'C-5’-dA to *C-

5’-dA was as close as possible to the calculated ratio of 0.1324.

A.3. Results and Discussion
A.3.1. Broadband versus Narrowband Detection Mode

Broadband and narrowband detection modes were compared for commercially
available 5°-dA, and for samples from enzymatic reactions. Examples are given in
Figures A.1. and A.2. The resolving power (m/Am, where m represents the ionic mass
and Am is the mass spectral peak width at half maximum peak height) for the peak of
interest is also indicated in these figures. For broadband mode, data were collected using
512 K data points whereas 128K data points were used for narrowband mode. As can be
seen from Figures A.1.A and A.1.B, higher mass resolving power is obtained in
narrowband mode. Narrowband mode detection resulted in a mass resolving power of
~560,000, for the 12C91H1313 C114N51603 peak whereas the mass resolving power obtained
in broadband mode was ~106,000.

Similar trends were observed for an enzymatic sample collected after 55.8 ms
reaction time (Figures A.2.A and B). In this Figure, only peaks of interest, the non-
deuterated peak (12C9 1H13 13 C 14N5 1603’ second isotopic peak) and the mono-deuterated
peak (12C101H122D114N516O3), are displayed. Similar to the results obtained for
commercially available 5’dA, higher resolving power was achieved in narrowband mode.
For example, with broadband detection, a mass resolving power of ~93,000 and ~87,000
was obtained for the 12C91H1313C114N51603 and 12C101H122D114N51603 peaks, respectively,

whereas, in narrowband mode, a mass resolving power of ~321,000 and ~299,000 was
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obtained for the non-deuterated and mono-deuterated peaks, respectively. Furthermore,
the two peaks of interest are better baseline resolved in narrowband mode detection.

Based on these observations, we performed the rest of the experiments presented here

with narrowband mode detection.
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Figure A.2. Commercially available 5’dA tested in A) narrowband (data collected at
128K) mode and B) broadband (data collected at 512K) mode. Higher resolving power is
more easily achieved in narrowband mode.
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Figure A.3. Enzymatic sample collected after 55.8 ms reaction time tested at A)
narrowband mode and B) broadband mode. Only the peaks of interest are displayed in
the Figure. The second peak corresponds to the mono-deuterated species. Higher
resolving power is observed in narrowband mode and the peaks of interest are better
baseline resolved in this detection mode. ~~ peak from contaminant

A.3.2 Control Experiments

In order to examine whether we could measure the extent of deuterium
incorporation into 5’-dA, we incubated commercially available 5°dA in 0.3% D,O
(Sigma, St Louis, MO), 0.5% D0, 0.8% D0, and 1% D,0O v/v. We then calculated the
ratio of mono- to non-deuterated 5’-dA (Figure A.4. A-D). As can be seen from this
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Figure, the ratio of the mono- to non-deuterated species increases as the concentration of
D0 increases,, allowing for quantification of the incorporation of deuterium into 5’-dA.
For example, after incubation with 0.3% D,O v/v the ratio of mono- to non-deuterated 5’-
dA is 0.2950 whereas after incubation with 1% D,O v/v the ratio of mono- to non-
deuterated 5°-dA increases to 1.137. These observations suggest that the extent of
deuterium incorporation into 5’-dA can be measured using FT-ICR mass spectrometry in

narrowband detection mode.
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Figure A.4. Commercially available 5’-dA incubated in A) 0.3% D,O, B) 0.5% D,0, C)
0.8% D0, and D) 1% D,O v/v. As the D,0 concentration increases, the ratio of mono-
to non-deuterated 5’-dA also increases, allowing for quantification of the incorporation of
deuterium into 5’-dA.
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A.3.3. Determination of the Intrinsic Deuterium Kinetic Isotope Effect in Glutamate
Mutase

Figure A.5. displays the mass spectrum of 5°-dA isolated from a reaction stopped
after 36 ms. As illustrated above, the 12C9 1H13 B, 14N5 1603 and 12C10 1, 2D1 14N5 1603
peaks are baseline resolved. The intrinsic KIE can be calculated by measuring the peak
heights for the two peaks and comparing their ratio. Because there are two protium
atoms and only one deuterium atom in the methyl group of methylaspartate, the KIE must
be corrected by a factor of 2. Alternatively, because the natural abundance of "°C is
known to great precision, the intrinsic KIE can also be calculated by comparing the ratio
of 12C9 1H13 13C1 14N5 1603 to 12C10 1, 2D1 14N5 1603 to and correcting the result for the
natural abundance, n, by using the following equation:

KIE = 15[( '*Co 'Hi3 °C "*Ns '°03)/ C1p 'Hi2 *Dy '*Ns '°05] x [(1-n)/n]

The KIE for hydrogen transfer from methylaspartate to 5’-dA was calculated for
reaction times ranging from 28 ms to 78 ms and the results are summarized in Table A.1.
The KIEs calculated from either the ratio of *Cyo "Hyz "*Ns '®05 to *C 1o 'Hy, Dy N5 105
,Or 12C9 1H13 13C1 14N5 1603 to 12C10 1le 2D1 14N5 1603 are, as expected, the same within
experimental error. Furthermore, these values do not change significantly over the
timescale investigated, suggesting that multiple transits of deuterium between 5’-dA and
methylaspartate do not occur on this timescale. The average value of the intrinsic
deuterium KIE we obtained is 4.1 £ 0.2. This value is within the semiclassical limit for a
deuterium isotope effect and is much smaller than the large KIEs, contributed to
hydrogen tunneling, previously measured in other B, enzymes. A control experiment in

which the substrate was allowed to react with the enzyme for approximately 1 s gave, as
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expected, a KIE close to 1, indicating that, at longer times, equilibration of deuterium

between coenzyme and substrate occurs.
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Figure A.5. Mass spectrum of 5’-dA isolated from glutamate mutase after reaction with
[*H,]methylaspartate for 36 ms. The non- and mono-deuterated species are shown in the
inset.

Table A.1. Intrinsic KIEs at 10 °C for hydrogen transfer, determined at various reaction
times.

Reaction time (ms) KIE [2C/H]® KIE [PC/H]® n®©

28 3.7+0.1 3.9+0.3 9
37 4.4+0.3 3.9+0.2 9
56 4.3+0.4 4.0+0.4 11
76 4.1+0.2 4.210.4 3
~1000 0.95+0.04 0.96+0.06 4

(a) KIE determined from the ratio of [12C10 1H13 14N5 1603] to [12C10 "H,,%D, 14N5 1603].

gg) KIE determined from the ratio of ['*Co 'Hiz °C; "*Ns °05] to [*Cio 'Hyz 2Dy N5
0Os].

(c) Number of measurements.
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A.4. Conclusions

Baseline resolution of 12C9 1H13 B, 14N5 1603 (252.10436Da) and 12C10 H,, 2D1
N5 %05 (252.10799Da) was achieved and, therefore, we were able to precisely follow
the incorporation of deuterium into 5'-deoxyadenosine from the reaction between
[*H,]methylaspartate and glutamate mutase/adenosylcobalamin. Assignments for the
observed two peaks were confirmed by examining commercially available 5'-
deoxyadenosine under the same experimental conditions. Only the lower m/z peak was
observed for nondeuterated 5'-deoxyadenosine whereas two peaks (12C9 'Hy; By YNs
%05 and ’Cy 'Hy, D, 14N5 1603) were seen following incubation in 0.3-1% v/v D,O.
The experimental masses of the enzymatic samples compare accurately (<2 ppm) with
the masses of the standard and the calculated theoretical masses. Data were collected in
narrowband mode due to more facile generation of long (>4 s) transients compared to
broadband mode. As a result, higher resolving power is obtained and the two peaks of
interest are better baseline resolved in narrowband mode. For all experiments, the
instrument was tuned to ensure that the detected relative abundance of °C; versus the
monoisotopic peak is as close as possible to the calculated ratio of 0.1324 before the ratio
of mono- to nondeuterated 5'-deoxyadenosine was determined. The intrinsic deuterium

KIE in glutamate mutase for hydrogen atom transfer from the substrate, [*H;]

methylaspartate, to 5’dA was measured and determined to be 4.1.
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Appendix B

Electron Capture Dissociation of Fixed Charge Derivatized
Tryptic Peptides

B.1. Introduction

De novo sequencing by mass spectrometry is a valuable method for obtaining
peptide and protein sequence information, particularly in cases where the protein to be
identified is not present in a database. However, in several cases, product ion mass
spectra produced by vibrational excitation are difficult to interpret, either due to the
formation of various types of product ions, or formation of internal product ions. In
addition, product ions corresponding to small neutral losses can further complicate
spectral interpretation. One approach for simplifying tandem mass spectra utilizes charge
derivatizing reagents to incorporate a fixed charge group at one of the peptide termini to
direct fragmentation so that solely N- or C-terminal product ions are formed.'”

One of these fixed charge derivatizing reagents is tris(2,4,6-trimethoxyphenyl)
phosphonium acetic acid N-hydroxysuccinimide ester (TMMP-Ac-OSu), which
introduces a tris (2,4,6-trimethoxyphenyl)phosphonium-acetyl (TMPP-Ac) group at

peptide N-termini, as shown in Scheme B1.°"> TMMP-Ac-OSu derivatization has been
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used in combination with low and high energy collision induced dissociation (CID), and
matrix assisted laser desorption/ionization post source decay (MALDI-PSD). Following
dissociation of singly charged TMMP-Ac-peptides, formation of solely N-terminal
product ions was observed, facilitating mass spectral analysis. Mainly a-type product
ions were formed although some b-, c-and d-type product ions were also detected. A
mechanism involving charge remote fragmentation has been proposed for the formation

13 .
4 An associated

of a-type product ions from fixed charge derivatized peptides.
advantage with this approach is that for numerous of the peptides examined, higher
peptide sequence coverage, reaching complete peptide sequence coverage for several
peptides, is obtained for TMMP-Ac-peptides compared to the sequence coverage

obtained for the corresponding underivatized peptides, thereby improving peptide de

novo sequencing.

OCH;
Q R
+ é Peptide
7~
(HsCcO —ECHzcoo—N + H,N"H
Br- G o
OCH;
TMPP-Ac-Osu
OCH;
Il-l o
Peptide
OCH,3 R

TMPP-Ac-Peptide
Scheme B.1. Reaction of tris(2,4,6-trimethoxyphenyl) phosphonium acetic acid N-
hydroxysuccinimide ester, (TMMP-Ac-OSu), with the N-terminus of a peptide. Adapted

from reference [7].
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Recently, electron capture dissociation (ECD) of phosphorylated and glycosylated
model peptides derivatized with the TMMP-Ac-OSu reagent has been examined." It was
demonstrated that, following ECD of doubly charged derivatized peptides, the sequence
coverage was significantly increased compared to ECD of the corresponding
underivatized species. Full sequence coverage was obtained for nearly all the
glycopeptides and phosphopeptides examined, facilitating localization of these
modifications.  Furthermore, solely N-terminal c-type product ions were formed,
resulting in simpler mass spectra.

Here, we examine the ECD fragmentation behavior of tryptic peptides derivatized
with TMMP-Ac-OSu. We aimed to address whether simpler fragmentation and higher
peptide sequence coverage can be obtained for proteolytically derived peptides, similar to
the results obtained in ECD of modified model peptides, and in vibrational excitation of
model and tryptic peptides. TMMP-Ac-peptides in +2, +3, and +5 charge states were
examined in ECD and their fragmentation was compared with that of the corresponding

underivatized species.

B.2. Experimental Procedure
B.2.1 Sample Preparation

Apomyoglobin from horse skeletal muscle (0.47 nmol, Sigma, St. Louis, MO)
was digested with trypsin (Promega, Madison, WI) in 50 mM ammonium bicarbonate
(Fisher Scientific, Fair Lawn, NJ) at 37 °C. The digestion was performed at an enzyme to
protein ratio of 1:50 for 10 min. BSA (0.45 nmol, Sigma) was reduced with 10 mM
dithiothreitol (DTT, Sigma, St. Louis, MO) in 50 mM ammonium bicarbonate for 45 min

at 56 °C and then carboxyamidomethylated with 50 mM iodoacetamide (Sigma, St.
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Louis, MO) in 50 mM ammonium bicarbonate in darkness for one hour. Following
reduction and alkylation, BSA was digested with trypsin at an enzyme to protein ratio of
1:50 for four hours. Reactions were quenched with 0.2-0.5 % formic acid (Acros
Organics, Morris Plains, NJ) and the proteolytic samples were evaporated to dryness.
Tryptic peptide samples were then redissolved in 2 pul of 50 mM Tris-HCI (Promega,
City, State) (pH = 8.2) in 80% acetonitrile and 10 pul of 10 mM (N-
succinimidyloxycarbonylmethyl)tris-(2,4,6-trimethoxyphenyl)phosphonium bromide
(Sigma) in anhydrous acetonitrile (Fisher) was added to the mixture. The mixture was
vortexed for 30 s, placed in a water bath and allowed to react for 30 min at 27-28 °C.
After derivatization, the mixture was evaporated to dryness, redissolved in 50 pl water
and desalted with C;3 Ziptips or with strong cation exchange (SCX) Ziptips (Millipore,
Billerica, MA). Finally, it was diluted into 600-740 pL electrospray solvent containing
50% acetonitrile (Fisher) and 0.1% formic acid.

B.2.2 Mass Spectrometry

All experiments were performed with an actively shielded 7T quadrupole Fourier
transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer (Apex-Q, Bruker
Daltonics, Billerica, MA), which has been previously described.'® Proteolytic mixtures,
derivatized or underivatized, were electrosprayed in positive ion mode at a flow rate of
70 uL/hour. Tons were accumulated in the first hexapole for 0.1 s, transferred through the
mass selective quadrupole (1-6 m/z isolation window), mass selectively accumulated in
the second hexapole for 0.1 to 4s, transferred through high-voltage ion optics, and
captured in the ICR cell by dynamic trapping. This accumulation sequence was looped
twice to maximize precursor ion signal. Further precursor ion isolation was achieved by

correlated harmonic excitation fields'’ inside the ICR cell.
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ECD was performed with an indirectly heated hollow dispenser cathode at a bias
voltage of 0.01 to 0.40 V and an irradiation time of 30 to 60 ms. A lens electrode located
in front of the hollow cathode was kept at 1.0 V. All spectra were acquired with XMASS
(version 6.1, Bruker Daltonics) using 512 K data points and summed over 64 scans. Data
processing was performed with the MIDAS analysis software.'® Internal frequency-to-
mass calibration was performed by Microsoft Excel using a two term calibration
equation.”” The calculated masses of the precursor ions and the charge-reduced species
were used for calibration. Product ion spectra were interpreted with the assistance of the
MS Product function (http://prospector.ucsf.edu/prospector/4.0.8/html/msprod.htm) in
Protein Prospector. Only peak assignments with a mass accuracy better than 15 ppm

were accepted.

B.3. Results and Discussion

Figure B.1. shows the ECD fragmentation of derivatized and underivatized tryptic
doubly charged peptides. Following ECD of TMPP-Ac-peptides, solely N-terminal
product ions are detected, similar to the results obtained in vibrational excitation of
charge derivatized peptides. As expected, the N-terminal product ions formed following
ECD are c-type product ions. The same trend, formation of solely N-terminal c-type
product ions, was also observed in ECD of doubly charged fixed charge derivatized
glyco- and phosphopeptides. '

ECD of underivatized peptides resulted in formation of z-type product ions due to
the presence of basic residues at the tryptic peptide C-termini. However, for several
peptides, peptides C, D, and E (Figure B.1.), both ¢- and z-type product ions were

detected. For peptide B, c-type product ions were detected due to the presence of a lysine
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residue close to the N-terminus. This peptide contains the C-terminus of the protein.
Thus, ECD mass spectra obtained from charged derivatized doubly charged tryptic
peptides are more easily interpretable compared to those obtained from underivatized

species, due to formation of solely c-type product ions.

A.
™ PP-AC-AHI%HIjR 80%

ALEIIFE? 40%

BTM PP-Ac-YKELGRQG 100%
YKELGHAG s6%
CTMPP-AC-H\ﬁr\ﬁHTJ%ﬁAJ( 100%

LVF\IHI[THEE%K 89%

TMPP-ACALELFRNDK  100%
AllELFRNDIAAK 100%
E

TMPP-Ac-l_JC;JIEJ\gcanC)JNALI\/JR 67%
LE;EK(CH)NN.NB 75%
F

TMPP-AC-DAFLGSFLYEYSR  25%

pAFLGSFLYEYSR 50%

Figure B.1. ECD fragmentation summary of derivatized (TMPP-Ac-) and underivatized
doubly charged tryptic peptides. The obtained peptide sequence coverage is indicated
next to each peptide. Peptide B contains the C-terminus of the protein (apomyoglobin).
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For some of the doubly charged TMPP-Ac-peptides, peptides A, B, and C (Figure
B.1), the ECD sequence coverage was higher compared to that obtained for the
corresponding underivatized species. The derivatized peptide D showed the same extent
of fragmentation compared to its underivatized counterpart whereas the derivatized
peptides E and F exhibited lower fragmentation compared to the corresponding
underivatized species. The derivatized peptides E and F showed the lowest ECD
sequence coverage compared to the other TMPP-Ac-peptides. We believe that this low
sequence coverage is due to the fact that these two peptides were detected at high m/z
ratio and, as discussed in Chapters 3 and 4, ECD sequence coverage decreases with
increasing precursor ion m/z value, particularly when this value is above ~ 960. This
trend was more pronounced for doubly protonated species. The derivatized peptide E
was detected at m/z = 1026. 494 whereas its underivatized counterpart was detected at
m/z = 740.401 and the TMPP-Ac-peptide F was detected at m/z= 1070. 466 whereas its
underivatized species was detected at m/z = 784.375. The derivatized peptides are
detected at higher m/z compared to their underivatized counterparts due to the addition of
the fixed charge group (+ 573.188 Da) at the N-terminus of the peptide. These results
suggest that charge derivatization of large size tryptic peptides followed by ECD is not
the preferred method to obtain the highest possible sequence coverage because of the
existing m/z limit in ECD. However, for small size tryptic peptides, the combination of
fixed charge derivatization and ECD can be an effective way to simplify ECD mass
spectra.

Our results are in some disagreement with those obtained in ECD of fixed charge

derivatized modified model peptides.'”> For glycosylated and phosphorylated peptides,
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ECD of the charge derivatized species resulted in significantly increased peptide
sequence coverage compared to the corresponding underivatized species, regardless of
precursor ion m/z ratio. In fact, complete peptide sequence coverage was obtained for
nearly all the charge derivatized peptides examined, containing 9 to 17 amino acid
residues. None of the underivatized species resulted in complete ECD sequence
coverage. The differences observed in the two experiments can be attributed to possible
differences in gas-phase structures/conformations of modified versus unmodified
peptides. Structural dependence of the ECD fragmentation outcome has been previously
reported in a number of experimental configurations.***’

ECD fragmentation summary of some TMPP-Ac-peptides detected at higher charge
states is shown in Figure B.2. For these more highly charged peptides, ECD of the
TMPP-Ac-peptides resulted in formation of both N-terminal c-type product ions and C-
terminal, z-type product ions, similar to ECD of the corresponding underivatized species.
This behavior is in agreement with the results obtained in ECD of modified TMPP-Ac-
peptides for which triply charged species resulted in formation of both c¢- and z-type
product ions."

For the peptides G and H, ECD of both derivatized and uderivatized species
resulted in the same peptide sequence coverage. For peptide H, the [M + 4H]** precursor
ions (one charge is due to the fixed charge group) were selected for fragmentation of the
derivatized species. For the underivatized peptide, the quadruply protonated ions were
fragmented because the [M + 5H]™ precursor ions were detected with low abundance.

Nevertheless, for both the derivatized and underivatized species, the same peptide

sequence coverage was obtained regardless of precursor ion charge state. These
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observations are in agreement with the results obtained in Chapter 4, in which it was
shown that highly charged precursor ions (n>3) detected at low m/z values fragment
efficiently in ECD regardless of their charge state.

For peptide I, slightly higher peptide sequence coverage was obtained for the
underivatized species compared to that observed for the corresponding TMPP-Ac-
peptide. The results obtained for highly charged derivatized tryptic peptides suggest that
the incorporation of a fixed charge in peptides carrying multiple charges does not

improve ECD sequence coverage, nor simplifies spectral interpretation.

vee AoEDRGHHEIAIR
ERH R
o o
e

TMPP-Ac-YﬁF@qAIIq\{ql{g[ﬁHpc{qﬁquqﬂqqﬁMﬂK ¢5  73%
VigPiSAMHskHP oA 9 0%

Figure B.2 ECD fragmentation summary of derivatized (TMPP-Ac-) and underivatized
multiply charged tryptic peptides. The peptide sequence coverage is indicated next to
each peptide and the precursor ion charge state is indicated in parenthesis
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B.4. Conclusions.

We have investigated the ECD fragmentation behavior of tryptic peptides
derivatized with  tris(2,4,6-trimethoxyphenyl) phosphonium acetic acid N-
hydroxysuccinimide ester (TMMP-Ac-OSu). Our results show that ECD of doubly
charged derivatized tryptic peptides resulted in formation of solely c-type product ions,
thereby simplifying spectral interpretation. For almost all small size peptides examined,
complete peptide sequence coverage was observed. However, as the precursor ion m/z
value of derivatized peptides increases, the ECD sequence coverage decreases, similar to
the results reported in Chapters 3 and 4 for underivatized peptides. Therefore, for larger
size peptides, ECD of the underivatized species provided higher peptide sequence
coverage, mainly because the underivatized species were detected at lower m/z values.
Differences in fragmentation behavior can also be attributed to differences in gas-phase
structures and conformations, as mentioned earlier in the thesis.

ECD of highly charged TMPP-Ac-peptides was very similar to ECD of the
corresponding underivatized species. Both c- and z-type product ions were detected and
identical, or very similar, peptide sequence coverage was observed. Therefore, for highly
charged precursor ions, fixed charge derivatization with TMMP-Ac groups did not

provide any advantage for ECD sequencing compared to the underivatized species.
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