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Over the last few decades, technological advances in the physical and life sciences have enabled
scientists to look at various systems ever so intricately and to gather evidence for the mechanisms behind
these systems, be they at the biological level or the astrophysical level. One of the many tools that has spurred
the collection of large amounts of data for a better understanding of the World around us is mass
spectrometry. Critical advancements in the engineering of mass spectrometers since their inception over a
century ago have secured mass spectrometry’ position as a robust technology in the field of Chemistry. The
versatility of this tool is illustrated by its application to a variety of scientific disciplines and by its
predominance in the scientific literature. Currently, mass spectrometry is utilized routinely in the clinical
laboratory as a means to evaluate the potential for certain biomarkers to be disease-causing. Such biomarkers
typically are in protein or peptide form, hence the need to develop tools aimed at probing the sequences and
structures of these compounds. Gaining insight into the building blocks of proteins and peptides and their
overall organization is crucial for determining their functions and biological impact. The body of work
presented herein focuses on the development of two separate tools for the study of peptides and proteins in
the gas phase; the first tool was aimed at probing the structure of tyrosine-containing peptide cation radicals,
which are particularly important in the functioning of redox enzymes, while the second tool was aimed at the
synthesis of a unique iodine-containing charge tag in view of increasing the sequence coverage of digested

proteins for easier and more reliable identification.
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In the first instance, a comprehensive study of collision-induced dissociation (CID) and near-UV
photodissociation (UVPD) of a series of tyrosine-containing peptide cation radicals of the hydrogen-deficient
and hydrogen-rich types is reported. Hydrogen-rich and hydrogen-deficient peptide cation radicals vary in
electronic states and reactivity. Hydrogen-rich cation radicals [M + nH](®1+® are produced when an electron
attaches to a multiply charged peptide ion, such as in electron transfer dissociation (ETD). Their backbone
fragmentation is dominated by N-Ca cleavage and yields valuable sequencing information. Hydrogen-
deficient cation radicals [M + (n-1)H]»** are produced by an atom abstraction from a protonated peptide or
via electron loss from a neutral peptide, as in electron ionization. Formation of the latter highly depends on
the presence of both a basic amino acid and a tyrosine or tryptophan residue in the peptide and their
fragmentation is dominated by C-Ca backbone cleavage. The former are far less studied and their
mechanisms less understood. The generation and photodissociation of both hydrogen-rich and hydrogen-
deficient cation radicals in tyrosine-containing pentapeptides was investigated in parallel studies. Using
tandem analyses with an LTQ-XL ion-trap equipped with an ETD source and a A=355nm Nd:YAG laser, crown-
ether-peptide and Cu(II)(Terpy)-peptide complexes were formed via electrospray to generate [M+2H]** and
[M]* ® cation radicals, respectively. Their subsequent photodissociation was achieved using a range of pulses,
each conferring 18 m] of energy to the cation radicals. The peptides investigated were AAAYR, AAYAR, AYAAR
and YAAAR, with special interest in the effect of the tyrosine residue position. A validity experiment was
conducted in order to mass-label the fragments obtained, where one alanine residue was substituted with
one valine residue. All UVPD spectra obtained were compared to non-zero collision energy CID spectra.

Additionally, the body of work described here reports the first application of UV/Vis photo-
dissociation action spectroscopy for the structure elucidation of tyrosine peptide cation radicals produced by
oxidative intra-molecular electron transfer in gas-phase metal complexes. Action spectroscopy exploits an
optical parametric oscillator (OPO) for the tuning of a given laser frequency. In doing so, the dissociation
channels for particular precursor ion are monitored as a function of wavelength, from A = 200-700 nm in this
case. For any intermediate species that may not be studied in solution, the action spectrum may be compared
and correlated to putative ion structures obtained from density functional theory (DFT) calculations
combined with time-dependent DFT (TD-DFT) calculations of electronic excitation energies and oscillator

strengths in the cation radicals. The study showed that the oxidation of YAAAR produces Tyr-0 radicals by



combined electron and proton transfer involving the phenol and carboxyl groups. Oxidation of AAAYR
produces a mixture of cation radicals involving electron abstraction from the tyrosine phenol ring and N-
terminal amino group in combination with hydrogen-atom transfer from the Ca positions of the peptide
backbone.

In a second instance, a unique method of C-terminal lysine guanidination coupled to a diiodinated
tyrosine insertion allowed the synthesis of a novel mass defect-containing charge tag. The potential for this
diiodinated charge tag to enhance the electron transfer dissociation (ETD) efficiency of peptides and to thus
increase their sequence coverage was evaluated for both synthetic and tryptic peptides. lodine is a large atom
with a large mass defect; this simply means that the nominal mass of iodine differs from its exact mass more so
than is the case for the majority of the other atoms. The addition of iodine’s mass-defect is aimed at preventing
the loss of information from low-mass cutoff typically seen in ion traps and also at shifting both precursor ions
and their fragments to a spectral area with no native peptide fragments. Peptide fragmentation can generate
several ion series, which results in complex spectra. Simplifying these spectra is one approach to enhancing
peptide sequence coverage. Sequence identification commonly relies on the use of databases for spectral
comparisons to known proteins. However, this approach suffers many shortcomings and has catalyzed the
need for de novo sequencing, made possible by peptide tagging. Our mass defect labeling approach consisted in
building the guanidine tag on a solid phase substrate bound to resin beads confined to a fritted syringe. Excess
of thiocyanate-modified tyramine was then reacted with the substrate to form a thiourea analog before being
oxidized and diiodinated to produce the precursor tag. In a last step, the tag is coupled with lysine-terminated
peptides (synthetic or from digest) before being cleaved off the beads and analyzed. The mass spectral analyses
of the tagged peptides products and their unmodified counterparts were conducted on at high-resolution. After
optimization of the iodination process (3,5-diiodinated product yield >95%), lysine-terminated peptides were
tagged. The diiodinated chargeable tag was successfully attached at the e-amine of the lysine side chain of a
mixture of synthetic lysine-terminated peptides (AAXAK, where X = D, F, H, K, N,). Overall, and across all five
peptides, the ETD fragmentation efficiency was enhanced by the availability of multiple charges provided by
the guanidine group and the complete coverage of the z-ion series, starting with z1, was made possible by
addition of the iodinated charge tag. This method was applied to the peptides from bovine albumin (BSA)

digests using Lys-C and Trypsin proteases in two separate experiments and showed equal success.
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Chapter 1 Introduction

1.1 Mass Spectrometry

1.1.1 The Development of lonization Sources

Over the past century, mass spectrometry (MS) has established itself as one of the most powerful
analytical tools for the study of compounds from diatomics to macromolecules. The versatility of mass
spectrometry finds its application in the majority of scientific fields, from forensic science? to environmental
sciences2?-* and the clinical laboratory,5 amongst others.57 As technology advanced ever so rapidly following
the industrial revolution, mass spectrometry was able to adapt to the growing need for higher-performance
instruments. Here is a brief summary of how this technique evolved from a means to study atomic structures
to an intricate instrument capable of at analyzing the human proteome.

What exactly is a mass spectrometer? At the most basic level, a mass spectrometer is an instrument
that measures the mass-to-charge ratio (m/z) of ions. This, in turn, allows for the determination of the
molecular mass of that ion. Regardless of how obsolete or modern a mass spectrometer is, three major steps
make up the process by which this mass determination is made. lonization, by which a molecule under study
is converted into gas-phase ions is the first, and also the most challenging, step. Separation of the gas-phase
ions previously generated ensues, and can be achieved via magnetic or electric fields in a part of the mass
spectrometer known as the mass analyzer. Detection of the separated ions of a given m/z and their associated
abundance follows and completes the general MS process.8

Historically, the advent of mass spectrometry is intricately associated with the discovery of the
electron by physicist ].J. Thomson in 1899.° Thomson developed the first mass spectrograph using a cathode
ray tube, as a means to measure the atomic weight of elements.1? Additionally, the first clue as to the
existence of stable isotopes can be attributed to this early approach of mass study by Thomson'’s students,
F.W. Aston and A.]. Dempster, when they proved the existence of the stable isotope of neon, 22Ne.!! The
domino effect that this breakthrough had on the fate of mass spectrometry cannot be underrated. The finding
led Alfred Nier to verify that the fissionable isotope of uranium was 235U, and to discover the 13C isotope,

which precipitated the ubiquitous use of isotope tracers in both chemical and biological studies, and



subsequently steered the use of mass spectrometry as the detector of these markers.?12 After the start of the
Second World War, efforts in advancing the field of mass spectrometry stagnated for a time and the
instrument was primarily used for the detection of 235U leaks in enrichment chambers, as well as for
petroleum purity control as the need for and dependence on fossil fuel grew immensely. Nonetheless, the use
of the mass spectrometer for the diagnosis of petroleum quality generated an interest in understanding the
processes behind molecular ionization, in order to develop a systematic method that would yield
reproducible and diagnostic spectra for fuel quality screening. These efforts, in turn, led a handful of
scientists, notably Beynon, Budzikiewicz, Djerassi, and McLafferty,13-17 to focus on the development of mass
spectrometers for the mass measurement and structure assignment of organic, which, until that point, were
only crudely made.1819 Additionally, Klaus Biemann, then newly appointed chemist at MIT, was particularly
interested in the characterization of natural products by mass spectrometry, and he used electron Impact
ionization (EI) towards that end.

The technology, developed during the war, used a beam of highly energetic electrons to bombard
volatilized molecules; the underlying mechanisms by which EI fragmented these molecules into smaller ions,
however, were poorly understood. Biemann was a visionary and he believed that understanding the
mechanisms that imparted EI fragmentation would make the de novo determination of a molecule’s structure
possible.20-22 Towards that goal, he developed a spectral library and a series of algorithms assisting in the
interpretation of mass spectra for de novo sequencing. To date, no fully reliable system of automated spectral
interpretation for de novo has been developed. A major advantage of EI was that it allowed the ionization of
molecules with inherently low volatility. On the other hand, the fact that EI heavily relied on the
derivatization of molecules to achieve their volatilization and the fact that it triggered substantial
fragmentation of the molecules subjected to it made the method less than ideal and made the analysis of
polar, charged compounds like biomolecules, practically impossible. These undesirable aspects would not be
entirely addressed prior to the development of soft ionization techniques, and until then, mass spectrometry
heavily depended on derivatization methods for the analysis of compounds with low volatility.

Chemical ionization (CI), a method that used gas-phase ion-molecule reactions between a reagent
like CH4* and analytes emerged?2324 and led way to peptide sequencing.?> The technique supplied low energy

to the molecules as it involved the transfer of only one proton, thereby inducing only little fragmentation in



the newly formed protonated ions and leaving enough intact molecular ion for molecular mass

determination; it was the first of the soft ionization methods to be developed.2¢ Contemporary to this
technological advancement, came about the interfacing between gas-chromatography and mass-spectrometry
(GC-MS).27 With their powers combined the two technologies offered the ability to separate the compounds of
a mixture and to determine their molecular weights in a single analysis. This advancement was revolutionary
as it allowed the mass spectrometric analysis of impure compounds for the first time. This online GC-MS
approach was extensively applied by Biemann to the detection and de novo sequencing of peptides
derivatized with polyamino alcohols and the comparison of these sequences with DNA-derived ones.2829
Despite the major landmark of this sequencing method, it was still limited by tedious derivatization reactions,
by its sub-par sensitivity and by its inability to volatilize larger peptides. Research in the 1970’s produced the
automation of the method and the development of a new kind of mass analyzer, the triple quadrupole, which
would give birth to tandem mass spectrometry (MS/MS).30

The triple quadrupole, developed by Yost and Enke, laid the foundation for a systematic sequencing
procedure based on tandem mass spectrometry (MS»), Scheme 1.1. The way it works makes use of a first
quadrupole mass analyzer, which allows the selection of a particular ion, which is then guided to a
quadrupole collision chamber, where the ion is fragmented upon collision with inert gas molecules for
collision-induced dissociation (CID) before entering a second mass analyzer, where the product ions are
further mass-analyzed, and finally detected by an electron multiplier.3! The practical value of the triple
quadrupole rests on the structural information that the fragment ions of a MS/MS sequence provides for a
variety of compounds.39-35 While the technique allowed both the combination of a soft ionization and the
more controlled and extensive fragmentation of peptides than before the existence of the triple quadrupole, it
did not overcome the need for extensive derivatization of the peptides prior to ionization.

The continuous efforts to design new ionization methods, soft ionizations particularly, had fronted
the advancement of mass spectrometry for a couple of decades when parallel research brought both fast atom
bombardment (FAB) and electrospray ionization (ESI) to light.3637 FAB, which used a fast beam of atoms
(~8000 eV) to ionize samples from a matrix, could volatilize samples softly and without prior derivatization;
this made the technique very attractive for protein and peptide sequencing.38 The peptides studied by this

method could be as large as thousands of Daltons, which was a considerable improvement from past



techniques, but yet could not accommodate the larger biomolecules. Due to the little fragmentation that
resulted from using FAB, the method was routinely used in combination with tandem mass spectrometry for
sequencing and analysis of peptide mixtures.

In the same vein as FAB, another soft ionization method known as matrix-assisted laser desorption
ionization (MALDI),3° developed independently by Tanaka*? and Karas and Hillenkamp,*! proved to make the
study of large biomolecules such as carbohydrates, proteins and DNA possible.*2 Much like FAB, the method
utilizes a beam of photons that interacts with a sample held on a stage.*3 Typically, MALDI was interfaced to
time-of-flight analyzers (TOF), which measure the time a compound takes to travel a determined distance.**
The reason was that no other analyzer type could compete with their capacity to analyze very large mass
ranges.

Introduced contemporarily to MALD], in the 1980’s, a newly designed ionization method, known as
electrospray ionization (ESI), would soon appear in the field of mass spectrometry and revolutionize the
discipline. Illustrating how truly remarkable the technique was, its inventor, John Fenn —-who went on to win
the 2002 Nobel prize in Chemistry for his invention - said: ESI is “wings for molecular elephants”.4> The
image does not fail to describe the incredible contribution that the method made to the ionization of very
large molecules. Indeed, by generating multiply charged species, ESI guaranteed that the detectors commonly
used at the time it was developed would accommodate the m/z range of large molecules. In ESI, samples flow
through a capillary, to which a high voltage is applied. At the tip of the capillary is formed a plume of droplets,
which desolvate as they move towards the mass spectrometer source.*¢ Particularly attractive was the
possibility of interfacing a liquid chromatography (LC) separation system to ESI-MS.47-49 Indeed, the online
interfacing of a LC system with a tandem mass spectrometer meant that compounds could easily be separated
and analyzed online in a single run and thus, the method represented an incredible increase in time efficiency
for sample analysis. With the development of ES], the field of proteomics took off and LC-MS became a
ubiquitous tool in the physical and life sciences for the study of biological samples.>0-53

Together, MALDI and ESI have permitted the emancipation of mass spectrometry and took it to the
masses by providing biologists and chemists alike with an invaluable tool for the study of their biological

samples. To this day, these are the two most common methods used for the ionization of biomolecules.



Electrospray ionization (ESI) tandem mass spectrometry is the method that was used throughout the

experiments described herein, Scheme 1.1.
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Scheme 1.1. Overall process of ion isolation and ion fragmentation during the MS® process in a linear ion
trap. Note that on triple quadrupole mass analyzers, isolation and fragmentation of a selected ion can only be

done at the MS? level.

1.1.2 Tandem Mass Spectrometry: Ion activation methods

In order to gain insight as to the structure of a molecular ion using tandem mass spectrometry, the
isolated ion needs to be fragmented in the mass analyzer. For this fragmentation to occur, is required a
change in the internal energy of the molecular ion, which can be supplied by any of the several activation
methods available. The well-established method of ion activation known as collisional activation (CAD), or
collision-induced dissociation (CID), relies on the collision of the molecular ions with inert gas molecules.5*
Known as a “slow-heating” activation process (5 x 10-°s),17 the energy causing the fragmentation is more
quickly redistributed along the ion and produces mass spectra rich in fragment ions characteristic to that
molecular ion, specifically b and y ions in peptides and proteins.3! Adopted nomenclatures for peptide ions
are defined in section 1.2.1. Despite some limitations, collision-induced dissociation, which was the first
activation method to be developed, is still the most widely used today. The efficiency of CID depends on
several parameters, including the amount of kinetic energy supplied to the ion, the nature of the ion itself and

the number of collisions allowed, amongst other criteria.>s This activation method was used in the



experiments described in Chapters 2-3 as grounds for comparison with two other activation methods (ETD
and UVPD) for the generation of peptide cation radicals in the gas phase. These other methods, with more
specific applications, have been developed over the years and are briefly described as follows.

Multiply charged ion species can be fragmented under specific mechanisms with methods like
electron capture dissociation (ECD) or electron transfer dissociation (ETD). These methods, together referred
to as ExD, involve the attachment of an electron to a peptide or protein.5¢ An electron source is necessary for
the electron capture or transfer to occur; fluoranthene is one of the commonly used radical anion donor.>?
These two methods generate the complementary c and z ion series, and each ion can be observed in a
spectrum when it carries the charge with it. It has been well-documented that the ETD efficiency is increased
as the number of charges is increased, thereby resulting in greater fragmentation and hence, in more
sequencing information for a given peptide.5® One major advantage of ETD rests on the fact that it does not
affect post-translational modifications, tagging or labeling of a protein, unlike CID.59-65 Electron transfer
dissociation was used in the work described in Chapter 2 for the generation of hydrogen-rich peptide cation
radicals and in Chapters 4-5 for the sequence coverage analysis using a novel iodinated charge-tag.

Photodissociation (PD) is a method that utilizes a laser for the dissociation of gas phase ions; both
infrared (IR) and ultraviolet (UV) lasers have been widely used for this purpose. Infrared Multiphoton
photodissociation (IRMPD) involves the stepwise vibrational excitation of a gas-phase ion by absorption of
several photons to trigger dissociation, and as such, is classified as a slow heating process.t¢ The
fragmentation patterns observed in IRMPD spectra show similarities to those obtained via CID and the
mechanisms behind these two processes have been investigated.6”.68 The nature of the IRMPD dissociation
process has been covered extensively reviewed.6?70 Ultraviolet photodissociation (UVPD)utilizes higher
energy lasers and targets chromophores -light-absorbing groups such as aromatics, or radicals newly formed
via ETD or CID.7174 In the case of peptide and protein studies, the chromophore may be inserted either
covalently or non-covalently’s for absorption in the near-UV wavelength range. The advantages of the PD
approach are multiple; it is possible to couple this activation type with both time-of-flight (TOF) and ion trap
instruments, and the energy that is deposited to the peptide or protein under study can be modulated. The
coupling of an optical parametric oscillator (OPO) to a laser pump allows the frequency tuning of the laser for

absorption at a wide range of wavelengths76-79 and for action spectroscopy studies.89-82 Action spectroscopy



consists in the monitoring of all the dissociation channels resulting from the exposure of a precursor ion to
laser pulses as a function of wavelength. The interpretation of the spectra obtained by action spectroscopy is
typically assisted by time-dependent density functional theory (TD-DFT) calculations, and the sound
candidate structures for the dissociation fragments are proposed. This method was used in the work
described in Chapters 2-3.

While only these three aforementioned ion-activation methods were utilized to obtain data in the
work described in the following chapters, it is worth briefly mentioning a few other commonly used
activation methods. Infrared multiphoton dissociation (IRMPD), a photon-driven activation method, yields
spectra with an abundance of fragment ions, but is a non-selective method.8 Typically used with quadrupole
ion traps and Fourier transform ion cyclotron resonance instruments, this method can be employed with both
high-power pulsed laser or with continuous wave (slow heating) power.17 Blackbody radiation, another slow
heating method, has been used to study the folding and unfolding of peptide ions in the gas phase8485 and to
determine both the activation energies and various critical parameters for the characterization of
fragmentation pathways.83 Lastly, higher collision dissociation (HCD), is found in hybrid instruments, such as
the Thermo LTQ-Orbitrap Fusion mass spectrometer, and operates the ion dissociation in a C-trap with radial
ion ejection from a curved RF-only quadrupole ion trap.8¢ HCD is comparable to CID operated on a triple-
quadrupole or time-of-flight instrument (TOF); it can be used alone for the identification and quantification of
proteins using reporter ions from labeled peptides®8” or it can be used in conjunction with CID, with no effect
on the duty cycle, in order to achieve a higher number of protein identifications and a greater number of
quantifiable proteins with better accuracy.8889

As previously mentioned, CID and ETD were used as ways to generate tyrosine-containing peptide
cation radicals, of both hydrogen rich and deficient types, and UVPD was utilized as a probe to the structure of

these peptide cation radicals, introduced below.
1.2 Peptide Cation Radicals
1.2.1 Peptides

Natural peptides are composed of any combination of the twenty naturally occurring amino acids

joined together at their C- and N-termini via an amide bond. The study of natural peptides often requires the



cleavage of a protein into smaller units, which is achieved enzymatically.? For greater ease of sequencing of
these peptides, a variety of modification methods such as phosphorylation,®! guanidination,60.92-94
methylation5? or yet ubiquitination® are available. Oftentimes, modifications are performed on the side chain
of lysine (Lys, K) residues,® but they also commonly target either terminus of a peptide.?297 The major
common advantage to the many peptide modifications available is a reduction in spectral complexity, be it for
its steering of the peptide fragmentation towards a single ion series?8 or for its shifting of the masses of
natural peptides into an unoccupied space of the spectrum,?100 as observed for mass defect labeling,
described thoroughly in Chapters 4-5. Non-naturally occurring peptides are made synthetically and can be
modified in identical ways as for natural peptides. Additionally, some peptide modifications, such as photo-
labels using diazarine,82101.102 have been devised for purposes other than peptide sequencing and may help
reveal structural information about the peptide. The structural information of a peptide can also be
elucidated using tandem mass spectrometry (MS/MS) by analysis of the fragment ions composition resulting
from activation of a precursor ion.

Peptide fragment ions are conventionally named according to the types of broken backbone bonds
(C-C, C-N, or N-Cq) from which they result. Those are labeled an, bn, or cn ions if the ions contain the N-
terminus of a peptide, and their complementary xn, yn, or zn ions are named for C-terminus-containing
fragments. A subscript number is assigned to each identified ion in a spectrum, which indicates its location on
the peptide backbone. The convention is illustrated in Figure 1.1. It is worth noting that different ion
activation methods will generate different types of fragment ions. For example, the slow-heating collision-
induced dissociation (CID) mostly generates b and y types ions, while electron transfer dissociation (ETD)
generates almost exclusively c and z ions. The aforementioned nomenclature was devised2%-103 for ease of
spectrum peak labeling, but with no intention of proposing a given structure for these ions.104 This
nomenclature is used in Chapters 4-5.
Furthermore, a recently introduced nomenclature,1%5 which builds upon the Biemann naming convention, is
also used’* and aims at uniformly describing fragment ions from various cation radical sources. This new and
comprehensive naming method differs from Biemann'’s in that it assigns charge, radical and the number of
hydrogen atoms comprising the given fragment ions. This nomenclature is used and detailed in Chapter 2 for

the study of tyrosine-containing peptide cation radicals.
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Figure 1.1. [llustration of peptide fragment ion nomenclature for pentapeptide AAKAK (Ala-Ala-Lys-Ala-Lys).

1.2.2 Cation Radicals

With the advent of electron impact, which abundantly generated cation radicals upon ionization of
organic molecules, the field of mass spectrometry turned its attention to studying these intermediate
species.14 The tools available to them allowed mass spectrometrists to investigate the nature of these
intermediate radicals and to simultaneously study the underlying mechanisms that cause fragmentation.106
Many biological processes of research interest are driven by a number of intermediary steps that involve
reactive radicals. Examples of such important transient and reactive intermediates are the aromatic cation
radicals and the tyrosyl O-radical, which can result from the one-electron oxidation of the tyrosine residue.’*

There are two main types of peptide cation radicals that can be generated in mass spectrometry,
namely hydrogen-rich peptide cation radicals and hydrogen-deficient cation radicals; each of these two types
of odd-electron ions displays very different fragmentation patterns and supplies complementary structural
information regarding the peptide. Characteristic of the peptide cation radicals, relative to their even-electron
counterparts, is the uncertainty of the location of the backbone and side-chain radicals, shown to migrate by
hydrogen transfer of radical isomers.82 Investigations on the location of the radical center was at the core of
the projects presented herein (Chapters 2-3).197 There are several ways in which each type of cation radical
can be formed, as discussed below.

Hydrogen-rich peptide cation radicals, [M+2H]*", also known as charge-reduced cation radicals, can
be formed by the transfer of an electron to a multiply charged peptide via ETD.198 While the direct transfer of

an electron to a doubly-charged peptide may only result in its backbone fragmentation, the peptide can first



be mixed with a 18-crown-6-ether solution (CE) to form a non-covalent complex that is isolated and broken
apart by the incoming electron, leaving behind the peptide cation radical to be studied, Scheme 1.2.74 Once
formed, the cation radical can be probed by various methods, including CID, ion-molecule reactions!0? and
UVPD at A=355 nm,”3 which selectively targets the radical chromophore, while the rest of the peptide remains
transparent to the laser light.102 Upon dissociation, hydrogen-rich peptide cation radicals are subjected to
homolytic bond cleavages that produce closed-shell and radical backbone fragments that provide sequence

information.62.64
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Scheme 1.2. Hydrogen-rich peptide cation radical formation via ETD using 18-crown-6-ether
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radicals.

Hydrogen-deficient peptide cation radicals, [M]**, on the other hand, lack one hydrogen atom relative
to their fully protonated, even-electron peptide ion counterpart.11? These peptide cation radicals can be
generated by various methods, including electron-induced dissociation of peptide ions,'1! photolysis,!!2 and
collision-induced dissociation,’6113 among others;11* however, only the method utilized in the work presented
here is described in details below. The method,115-118 developed by the Siu lab at York University, involves the
non-covalent binding of the desired peptide to a copper (II) ligand, i.e. Cu(Il) terpy, where terpy = 2,2":6’,2"-
terpyridine, in solution.118 The complex formed at the free peptide carboxylate19-121 is jonized and its doubly
charged ion isolated before being dissociated under CID. During the dissociation process, the complex is
broken apart and, rather than yielding a spectrum dominated by b and y ions, a one-electron transfer reaction
occurs, which generates the hydrogen-deficient peptide cation radical in high yield, Scheme 1.3. Several
isomers of these peptide cation radicals exist, notably the delocalized distonic cation radicals, where the

charge and radical are spatially separated, the localized zwitterion cation radicals, where the charge and the
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radical are close together and both termini are oppositely charged, and finally the localized canonical form,
where the charge and the radical are close together and no other charge resides on the cation radical.
Determining which structures contribute to a given peptide cation radical is greatly valuable in
understanding the underlying mechanisms that cause the dissociation patterns observed via tandem mass
spectrometry.

The overall motivation for the study of peptide cation radicals is that the dissociation of these odd-
electron species provides reliable and informative insight as to the structure of a peptide.1% Indeed, peptide
cation radicals are far less subject to partial sequence scrambling due to backbone rearrangements than their
even-electron counterparts.!?2 Additionally, the bond connectivity (structure) and geometry of peptide cation
radicals is identical to the precursor molecule, which implies that parallel conclusions can be drawn about the
two species.123 Consequently, knowledge of the mechanisms that regulate the formation and dissociation of
peptide cation radicals is essential to learn the fundamental biological processes that cause, for example,

protein damage,'24 and which explains the current wealth of MS-based research on peptide radicals.125

1.3 Protein and Peptide Sequencing via Mass Spectrometry

1.3.1 Charge-tags in Protein and Peptide sequencing

Peptide tagging has been recently used for quantitative purposes;8 however, the major impetus for
developing tags toward protein and peptide sequencing rests on the complexity of reliable peak assignments.
While some methods allow intact protein studies,'26-128 proteins of interest are commonly analyzed in a
bottom-up approach, whereby the protein is first enzymatically digested into its smaller peptide units before
rebuilding the entire identified sequence. Tagging the resulting complex mixture of peptides can prove useful
in achieving lower spectral complexity and better sequence assignment. With the emergence of ETD in
proteomics as an ideal ion activation method that does not alter post-translational modification (PTMs),12°
several charge-tags have been developed.130-135 [ndeed, the efficiency of ETD was shown to increase with the
increasing charge-state of a peptide,13¢ hence the motivation in the development of these fixed-charged tags.
Several synthetic methods of charge-tags have been utilized,33 and the one used in the described work

involves the guanidination of the lysine side chain at the e-amino group.?? The guanidination of this side-chain
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renders the lysine residue more basic by modifying it into a homoarginine, Figure 1.2, which localizes a fixed
charge on the derivatized peptide!37 and thus, increases the charge state of the peptide for a more efficient
dissociation by ETD. Though valuable by itself, another dimension can be added to the guanidination of the
lysine side-chain by inserting unique components to the guanidine moiety, which distinguishes it from any

other non-derivatized peptide. One such unique component currently exploited in peptide sequencing is the

addition of a mass defect, described below.

H 9 H 7
—_C == —_— = 1l
2 2
H
CH, HoN" “NH, CH, EHZ’
CH, CH, 2
: ' CH
CHz CH, 2
NHZ HMN NH5 HNTNHZ
NH NH
Lysine Guanidine Homoarginine Arginine

Figure 1.2. Structures of lysine and its guanidinated counterpart, homoarginine, with one additional carbon
atom relative to arginine

1.3.2 Mass Defect Labeling and Filtering

A certain amount of energy, known as the binding energy, is supplied to a nucleus during its
formation. It can be thought of as the amount of energy released if a nucleus was to be formed from separate
particles coming together. This release of energy translates into a “loss of mass” as a portion of the mass of a
nucleus is converted into that binding energy.138-140 Thus, the mass of any given atom or molecule is typically
slightly less than the sum of its individual protons, neutrons, and electrons. This discrepancy is referred to as
the mass defect (MD) and it is greatly illustrated in Einstein’s equation E = mc?, in which mass is related to

energy. The following equation gives the mass defect of an atom:

Am=[Z(mp+me)+(A—Z)mn]'matom
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where Am is the mass defect (amu), my is the mass of a proton (1.007277 amu), mn is the mass of a neutron
(1.008665 amu), me is the mass of an electron (0.000548597 amu), matom is the mass of the nuclide (amu), Z is
the atomic number (number of protons) and A is the mass number (number of nucleons). For example,
iodine, with Z = 53, a nominal mass A = 127 -defined as the integer mass of an atom, and an atom mass of
126.90004 amu has a mass defect Am = 1.1574. The definition of mass defect is in the field of mass
spectrometry slightly varies from that above and simply refers to the difference in the nominal mass of an
atom (i.e. 127 amu for iodine) and its exact mass (126.90447 amu), which gives a mass defect of -0.09553 for
iodine. By convention, carbon was assigned a mass defect of zero, while any other existing isotope has either
a positive or negative mass defect relative to its binding energy to 12C, Table 1.1. The mass defect can be
exploited as a valuable marker in protein sequencing. Proteins and peptides are made up of a small subset of
elements, the most abundant of which —carbon (MD = 0.000), hydrogen (MD = +0.0078), nitrogen (MD =
+0.0031) and oxygen (MD = -0.0051)- have negligible mass defect relative to 12C.141 Other elements found in
proteins have larger mass defects, but these are also less abundant in the protein makeup; they include sulfur
(MD =-0.0279) and phosphorus (MD =-0.0262). In the typical mass spectrum of a naturally occurring protein
or peptide, the distribution of masses from a given combination of the twenty available amino acids is
heterogeneous and distributed in clusters separated by spaces devoid of spectral information, also known as
“gaps” or “forbidden zones”, usually at around one Dalton’s distance from one another, where no common
elemental composition would exist, even in noisy or complex spectra.140-142 These empty spectral areas, in
which only either modified peptides or non-peptide compounds may exist, can be taken advantage of in
protein sequence identification with high accuracy mass measurements. Seminal work by Mann et al'#4 on the
mass distribution of all possible theoretical peptides first reported the existence of this clustered distribution
of peptide masses and laid grounds for research on the potential benefits of those vacant zones; the work was
expanded by Nefedov et al'43145 for tryptic peptides as large as 3.5 kDa. Two methods emerged from utilizing
the mass defect as an analytical tool for complex data; namely, mass defect filtering and mass defect labeling.

Mass defect filtering refers to a peak identification method that uses a restricted range of possible

mass defect that encompasses a class of compounds.142 Any identified compound having a mass defect
outside of that range is essentially filtered out during data processing, post-acquisition. The less common the

mass defect range, the more easily the data of interest is extracted from background noise or signal from
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other compounds. The work of Taguchi et al*¢ illustrates successful mass filtering for the identification of an

unknown series of polychlorinated compounds using a Kendrick plot of mass defect (y-axis) versus nominal

mass (x-axis). Other prominent applications of high-resolution mass defect filtering reviewed by Sleighter et

al%0147 include drug metabolite detection!48 and natural organic matter studies, such as humic acid

comparisons based on the mass defect trends of compound classes.
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Mass Defect % isotopic composition

99.9885
0.0115
98.93
1.07
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0.368
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0.038
0.205
100
100
94.93
0.76
4.29
75.78
24.22
100
50.69
49.31
100
100
100
100

Figure 1.3. Table of mass defects for the various isotopes of elements of interest140
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The second approach, known as mass defect labeling, consists in tagging either an intact protein or

the peptides resulting from a digested protein with the goal of increasing their detectability. Using accurate

mass measurement, mass-defect labeling explores ways to incorporate an uncommon molecule or atom -such

as chlorine,'#! 1 bromine!#° or iodine -with a singular mass defect that is not typically found in natural amino

acid sequences.140.141 The purpose of the method, as described by Bajrami et al, is to force a given protein,

peptide or peptide fragment ion into the “forbidden zones” of the spectrum by shifting its mass.1%° [n doing so,

the peptides are moved in a less noisy spectral space, thereby making their detectability more likely.140 This

approach is particularly attractive for the analysis of complex bottom-up proteomics data that result from the

digestion of a protein by a given protease and subsequently matched to potential sequences using a spectral

database. The greatest shortcoming of the reliance on spectral databases is the propensity for false positive
results, which catalyzed the need for de novo studies.1>1 Several applications of mass defect labeling can be

found in the literature and is becoming an attractive method to simplify spectral complexity.139.149, 152-159

Moreover, this approach finds value in de novo sequencing, which relies on the analytical process of deriving a

peptide’s amino acid sequence from its experimentally obtained mass spectrum (MS/MS) with no reference

to sequence databases.!>® An example of de novo application is the analysis of a novel or unknown protein for

which no known spectrum exists. The mass defect utilization will be further discussed as we propose our

newly developed tag as a tool for de novo sequencing.
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The major advantage of de novo sequencing lies in the possible identification of both known and
entirely novel peptides. The use of tandem mass spectrometry, MS», (whereby the product ion from a
fragmented precursor ion can itself be isolated and further fragmented) is crucial for de novo analysis, where
the full sequence of a peptide is reconstituted from its individual fragments. De novo sequencing makes use of
the mass difference between two fragment ions to identify the corresponding amino acid residue in the
peptide backbone.1¢0 [f one ion series can be identified, the mass difference between two adjacent ions in that
series can be calculated and assigned to a known amino acid until the complete sequence is identified. It
should be noted that de novo sequencing is simplified when a single ion series stands out of a complex
spectrum and that, reversely, it is greatly complicated when more than one ion series appear in the spectrum,
hence the interest in steering the fragmentation towards a single ion series. De Novo sequencing can not only
be useful in the analysis of a novel peptide, for which no spectral comparison via database is available, it can
also be used when a database is available for validation of a peptide identification obtained via direct spectral
comparison or when the presence of novel peptide mutations is suspected.161162 Additionally, though the use
of manual de novo sequencing alone is a rather tedious and slow method of peptide determination,
commercially available software can assist in the automation of de novo analysis and help speed the analytical
process.!>! One such software, PEAKS, has established itself has a powerful tool in de novo peptide
sequencing6? and has spurred the development of the UniNovo algorithm, a decade later, which can be
applied to spectra obtained via CID, ETD and HCD, or a combination thereof.163 These algorithms have helped
bring de novo analyses back to the table and the method shows a promising future as a fierce competitor of
spectral database searches.

Based on all the factors stated above, we proposed the development of a novel iodinated charge tag
aimed at decreasing the complexity of data obtained from protein digests and aimed at enhancing the ETD
backbone cleavage and thus, the sequence information of peptides for de novo analysis. The results of this

work are thoroughly discussed in Chapters 4 and 5.
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Chapter 2 Ground and Excited-Electronic-State Dissociations of Hydrogen-Rich and

Hydrogen-Deficient Tyrosine Peptide Cation Radicals

2.1 Introduction

Whereas isolated peptide molecules and ions are inherently stable species with closed-electronic
shells, perturbation of their electronic structure results in novel, and often, unexpected chemistry.104 There
are now several ways of generating peptide radicals and cation-radicals in the gas phase to be investigated by
mass spectrometry. Resonant multiphoton ionization of gas-phase peptide molecules is the most direct
method that was reported as early as in 1986.164-166 One-electron oxidation of peptide ligands upon collision-
induced dissociation of ternary complexes of transition metal ions represents another useful method for
generating peptide cation-radicals.115116118,167,168 Thermall13 or light-induced?® homolytic bond dissociations
in suitably derivatized peptide ions have also been developed into methods of peptide cation-radical
generation. All these techniques produce peptide cation radicals that are stoichiometrically equivalent to
neutral peptide molecules and because they do not contain additional hydrogens from protonation; they are
called "hydrogen deficient".194 Of note is that the structures of hydrogen-deficient peptide cation-radicals,
wherever the charge and radical sites are known to be, depend on the particular activation method.

A fundamentally different method of generating peptide cation-radicals relies on electron attachment
to multiply protonated peptides via capture of a slow free electron®! or collisional transfer from a suitable
neutral®%169-173 or anionic donor.1° Peptide cation-radicals of this type are called "hydrogen rich". They are
often unstable and undergo extensive dissociation by multiple channels, forming backbone fragment ions and
providing sequence information for protein analysis.1* The majority of cation-radical fragment ions produced
by electron attachment arises by cleavage of bonds between an amide nitrogen and the Ca atom of the
adjacent amino acid residue, N—Cq cleavage for short, retaining the radical site in C-terminal residues (z-type
ions).20 When singly protonated, z ions are stoichiometrically equivalent to deaminated hydrogen-deficient
peptide cation-radicals and have been considered as representing a connecting bridge between the

chemistries of both types of peptide cation-radicals.!1!
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Selected peptide cation-radicals of either type have been studied with the aim of determining their
structure and elucidating dissociation mechanisms.110.174-183 However, despite there being a large body of data
on peptide cation-radicals and substantial progress in understanding their chemistry, there has not yet been a
study exploring side by side the properties of both hydrogen- deficient and hydrogen-rich peptide cation-
radicals derived from the same peptide molecules. Here, we report a comparative study of the generation and
unimolecular dissociations of a series of tyrosine containing peptides in their hydrogen-rich and hydrogen-
deficient radical forms.”* We adopt the standard approach of systematically varying the amino acid sequence
in Ala-Ala-Ala-Ala-Tyr-Arg (AAAYR) to generate and study both types of derived cation-radicals, as well as
those from sequence isomers AAYAR, AYAAR, and YAAAR. The C-terminal arginine residue is employed
throughout to anchor the charging proton at a specific site. Additionally, substitution of Val for Ala is used in
AVAYR, AAYVR, AYAVR, and YAAVR to aid fragment ion identification through predictable mass shifts.
Specific methods of generating these peptide cation-radicals are reported and their dissociations are studied
in ground electronic states using collisional activation and in excited electronic states using UV-VIS

photodissociation at wavelengths targeting the radical chromophores.

2.2 Experimental Section

2.2.1  Materials and Methods

2.2.1.1 Hydrogen-Deficient Peptide Cation Radicals

All peptides were synthesized on Wang resin (Bachem Americas, Torrance, CA, USA) using
commercially available Fmoc peptides (Life Technologies, Rockford, IL, USA) and purified by ion-exchange
chromatography. Fmoc-(0-methyl)-L-tyrosine was purchased from Santa Cruz Biotechnology (Paso Robles,
CA, USA) and used in standard solid-state peptide synthesis of AAY(OCH3)R. The metal-ligand 2,2":6',2"-
terpyridine (tpy) and Cu(NO3)2 were obtained from Sigma-Aldrich. When generating peptide radicals using
metal complexes, 600 uM Cull(tpy)(NO3)2 was added to the peptide stock solutions (50 pM), without acetic
acid, such that peptide radical ions (M+**) would be generated through one-electron transfer from the neutral
peptide to the metal center in the metal-tpy-peptide ternary complex. For the experiments performed with

the triple-quadrupole instrument, [Cull(tpy)M]%+* was first introduced to the ion source by the electrospray
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with an ion spray voltage of 3.5 kV. The M+*® species was then generated through in-source fragmentations of
the complexes using N2 as the collision gas under a declustering potential of 35 eV. The resulting M** species
was selected in the first quadrupole (Q1) and further dissociated in the collision cell under the MS2 mode.184
The specific a-carbon-centered radicals were formed through multistage CID of [Cull(tpy)(M)]%**, in which
peptide canonical radical cations M** were generated in the first stage of CID of metal-tpy-peptide complexes
and then underwent a subsequent stage of CID to generate the a-carbon-centered radical through tyrosine
side-chain loss. For the experiments performed with the LTQ-XL linear ion trap mass spectrometer,
electrospray ionization with a home-built microspray source was used to generate gas-phase
[Cull(tpy)peptide]2+® ions according to the above-described procedure. The 65Cu or 63Cu isotopologues were
selected by mass and subjected to collision-induced dissociation (CID) at collision energies that were tuned to
optimize peptide cation-radical formation, typically at normalized collision energies (NCE) set to 15-18
instrument units. The [peptide]+*® ions at the corresponding m/z were selected by mass and subjected to CID

or photodissociation (UVPD).

2.2.1.2 Hydrogen-Rich Peptide Cation Radicals

When generating peptide radicals using crown-ether complexes, 1 uM solution of 18-crown-6-ether was
added in equal volumes (1:1) to the peptide stock solutions (50 uM), before being electrosprayed and
dissociated by electron transfer. These electron transfer dissociation mass spectra were obtained on a
modified LTQ-XL linear ion trap mass (LIT) spectrometer (ThermoElectron Fisher, San Jose, CA, USA)
equipped with a laser system. Doubly charged peptide ions or their crown-ether complexes were produced
by electrospray ionization, mass-selected in the ion trap and allowed to react with fluoranthene anions at
typical reaction times of 200 ms. The CID and UVPD mass spectra of mass-selected peptide cation-radicals
were measured on the LTQ-XL. High-resolution mass spectra were measured on an LTQ-Orbitrap
(ThermoElectron Fisher, San Jose, CA, USA). The peptide cation-radicals were prepared by CID in the LTQ and
transferred to the Orbitrap for high-resolution measurements using Fourier-Transform treatment of the

time-domain signal. The mass resolution was set to 100,000.
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2.2.2  Photodissociation

Photodissociation of trapped ions in the LIT was performed as reported previously.102 The typical
experimental set up consists of selecting the ion to be photodissociated and storing it in the LIT for a chosen
time period. For example, 400-ms storage time can accommodate up to 7 laser pulses, each spaced by a 50
ms time interval. This allows one to vary the number of pulses, which are also normalized, as the number of
pulses used is varied according to the degree of dissociation observed. The pulse-dependent UVPD
measurements were performed with the 355 nm line from the laser source at 15 m]J/pulse laser power, as

described previously.19?

2.2.3 Calculations

Standard ab initio and density functional theory (DFT) calculations were carried out using the
Gaussian 09 suite of programs.185 [on structures were gradient-optimized with the B3LYP,18¢6 M06-2X,187 and
®B97X-D188 hybrid DFT methods all using the 6-31+G(d,p) basis set, and local energy minima were confirmed
by harmonic frequency analysis. Single-point energy calculations were conducted with DFT and Mgller-

Plesset perturbational treatment!8? (MP2, frozen core) using the 6-311++G(2d,p) basis set.

2.2.4  Note on Nomenclature

To describe in a uniform way the fragment ions originating from different types of peptide cation-
radicals, we adopt the all- inclusive nomenclature system introduced recently.190 Briefly, this uses the original
Biemann system of naming peptide fragments according to the backbone bond being broken, 20 but explicitly
assigning the charge, radical, and number of hydrogen atoms included in the fragment ion.1%° The equivalent
names for singly charged fragment ions are as follows (n = number of residues): [an]* = an, [bn]* = by, [cn +2H]*
=Cn, [Cn+ H]** =cn = 1, [Xn+ H]*® = X, [yn +2H]* = yn, [yn]* = yn = 2, [zn +H]*® = Zn, [2n + 2H]+ = za + 1. Residues in

fragment ions arising by side-chain loss from Tyr are named Ga®.
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2.3 Results & Discussion
2.3.1  Hydrogen-Rich Peptide Cation-Radicals

2.3.1.1 CID of Hydrogen-Rich Peptide Cation Radicals

Electron transfer dissociation of the doubly charged tyrosine peptide ions resulted in extensive
dissociation, forming abundant [z1-z4 + H]** sequence fragment ions, thereby leaving very weak survivor [M
+ 2H]** peptide cation radicals that overlapped with residual 13C isotope satellites of the [M + H]+ fragment
ions (Figure 2.7a-d, SI). To increase the [M + 2H]**yield upon ETD, we resorted to a previously developed
technique in which doubly charged non-covalent peptide were complexes (1:1) with 18-crown-6-ether (CE)
and treated by ETD.101190 Thijs resulted in charge-reduction and loss of the CE ligand, forming [M + 2H]**
cation-radicals at relative abundances that allowed them to be further investigated by tandem (MSn)
experiments. In addition to the ligand loss upon reduction, ETD also produced CE-coordinated backbone
fragment ions of the N-terminal (c) and C-terminal (z) types (Figure 2.8a-d, SI). These allowed us to
estimate the populations of peptide complexes in which the crown ether was attached to the arginine
guanidinium and N-terminal ammonium, which are the charged groups in these ions.

The data (Table 2.1, SI) indicated somewhat preferential coordination to the arginine charged group
(56-73%) except in AAYAR and AAYVR where the N-terminal coordination was slightly more prevalent (57%
and 52%, respectively). The figures for N-terminal coordination should be regarded as lower limits, because
the ETD spectra of the complexes showed very abundant [M + 2H — NH3]** fragment ions that could originate
from charge-reduced N-terminal CE-H3N- complexes. More discussion of this aspect will be given later in the
text.

Collision-induced dissociation of [M + 2HI** ions generated by ETD of the CE complexes showed a
marked dependence on the amino acid sequence (Figure 2.1). In general, the MS3/ETD-CID spectra were
substantially different from the ETD spectra of [M + 2H]2* ions (direct dissociation, no crown ether used) as is
obvious from the comparison of the Figure 2.7a-d (SI) and Figure 2.1a-d spectra. The CID fragmentation
pattern of [AAAYR + 2H]** (m/z 552) showed a dominant loss of a hydrogen atom (m/z 551) (Figure 2.1a).
The other abundant dissociation channels were loss of water (m/z 534), loss of CH5N3 from the arginine side

chain (m/z 493), and the formation of the [z1 + 2H]* backbone fragment ion at m/z 160. In contrast,
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backbone fragment ions of the standard [zn + H]** type (n = 1-4) were not formed. The minor presence of a
fragment ion at m/z 444, which corresponds to a loss of 106 Da from the tyrosine side chain (-C7H60, neutral
fragment), is also seen. This loss is commonly observed for hydrogen-deficient tyrosine-containing peptide
cation radicals,115116.118,167.168 and the ion is denoted as [AAAG«"R + H]*, indicating a conversion of the Tyr
residue to a glycine Cq-radical.1??

As tyrosine was moved away from the C-terminus by one residue, the resulting [AAYAR + 2H]+*
cation radical showed a different fragmentation pattern upon CID (Figure 2.1b). In addition to the same four
major channels observed for [AAAYR + 2H]** the [AAYAR + 2H]** fragmentation displayed a greater
complexity in the formation of backbone fragments. The major ones were identified as [b3]*and [b4]*ions
along with [y3 + 2H]*and [y2 + 2H]*ions, a prominent [y1 + 2H]*ion, as well as [z2]*and [z3]*ions, and an
[a4]* fragment ion.

The dissociation patterns of [AYAAR + 2H]** and [YAAAR + 2H]** lack backbone fragments. CID of
[AYAAR + 2H]** resulted in five distinct reactions, with a dominating loss of an H atom and formation of
prominent fragment ions at m/z 444, m/z 493, m/z 160 and m/z 534, which were analogous to those
described above (Figure 2.1c). The same dissociations were observed for [YAAAR + 2H]+*®, which showed a
more abundant elimination of C’H60 compared to the above-described sequences (Figure 2.1d). This
dissociation is usually associated with the presence of a tyrosyl-0 radical moiety.16880 However, the CID
spectra do not allow us to distinguish if Tyr-0 radicals were present to a different extent in the stable [M +
2H]** cation-radicals or if they were produced as reactive intermediates in the course of dissociation. The
identity of the peptide cation radicals and the assignments of their fragments following CID were
corroborated by mass shifts in the CID spectra of cation-radicals derived from AVAYR, AAYVR, AYAVR, and
YAAVR. The pertinent spectra are presented in the Supplement (Figure 2.9a-d).

The dominating dissociation pathways for this sequence were loss of water (m/z 534), the formation
of [z1 + 2H]* (m/z 160), loss of an H atom (m/z 551) and loss of CH5N3 from the arginine side chain. Also
worth noting is the presence of the fragment ion at m/z 444 that results from the tyrosine side chain loss (-

C7H60), which is significantly more abundant than for [AAAYR + 2H]**.
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Figure 2.1. CID-MS3 mass spectra of hydrogen-rich peptide cation-radicals (m/z 552) generated by ETD of
crown-ether complexes: (a) [AAAYR + 2H]**, (b) [AAYAR + 2H]**, (c) [AYAAR + 2H]**, (d) [YAAAR + 2H]*".



2.3.1.2 UVPD of Hydrogen-Rich Peptide Cation Radicals

Photodissociation (UVPD) of hydrogen-rich peptide cation-radicals was studied at 355 nm, wavelength at
which excitation of peptide radical chromophores is selectively targeted.19° UVPD of [AAAYR + 2H]** through
[YAAAR + 2H]** (Figure 2.2a-d) gave rise to two major fragment ions, one (m/z 551) being formed by
photoinduced loss of a hydrogen atom and the other (m/z 160) corresponding to a backbone [z1 + 2H]* ion
(see inset structure in Figure 2.2a).

Again, no standard backbone fragment ions of the [z + 2H]** type were formed, indicating that even the
excited electronic states of the long-lived cation-radicals were different from the electronic states accessed by
electron transfer to the doubly charged ions in the ETD mode. The UVPD fragment ions were photostable at
355 nm and their relative intensity reached a steady state after four laser pulses (Figure 2.10a-d, SI).

Photodissociation of the peptide cation-radicals at 355 nm must be associated with a chromophore
formed by electron attachment, as the natural amino acid residues Ala, Tyr, and Arg do not absorb light at this
wavelength. Likewise, the even-electron fragment ions at m/z 551 and 160 were transparent at 355 nm and
did not undergo further photodissociation. The slight decrease of the m/z 160 relative intensity at long
trapping times needed to accommodate multiple laser pulses (Figure 2.10a-d, SI) is probably caused by a
less efficient trapping at the edge of the LTQ stability region corresponding to 160/552 = 0.29 of the selected
precursor ion m/z.

UVPD showed a substantial depletion of the precursor cation-radical populations after one laser
pulse that exceeded 50% for all four peptide ions. However, all of them showed populations of residual
photo-inactive cation-radicals that did not undergo dissociation, asymptotically converging to 23, 23, 16, and
6% for [AAAYR + 2H]**, [AAYAR + 2H]**, [AYAAR + 2H]** and [YAAAR + 2H]**, respectively (Figure 2.10a-d,
SI). Hence, the pulse-dependent experiments indicated that the populations of each of these cation-radicals
were not homogeneous and contained isomers of different light absorption properties.

The valine peptide analogues showed a similar behavior. UVPD resulted in a loss of H as the
predominant fragment ion (Figure 2.11a-d, SI). Formation of the [z1 + 2H]* ion, albeit expected, could not be
confirmed because the ion's m/z was below the low-mass cutoff of the LTQ, 160/580 = 0.276. UVPD of

[YAAVR + 2H]** also produced a minor fragment by loss of C7H60 from the Tyr side chain. The pulse
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dependence of the charge-reduced AVAYR, AAYVR, AYAVR, and YAAVR cation-radicals (Figure 2.12a-d, SI)
showed bimodal behavior consisting of rapid exponential depletion of the precursor ion within four laser
pulses and leaving a substantial fraction of photo-inactive ions. The nature of the photoactive and photo-

inactive isomers will be discussed later in the text.

2.3.2  Hydrogen-Deficient Peptide Cation-Radicals

2.3.2.1 CID of Hydrogen-Deficient Peptide Cation Radicals

Peptide cation-radicals of the hydrogen-deficient type were generated by CID of
[Cull(tpy)(peptide)]?** complexes, according to the previously reported method.!18 The hydrogen-deficient
peptide cation-radicals are denoted as [M]** to distinguish them from the hydrogen-rich analogues. Further
collisional activation of [M]** was accomplished under a variety of conditions, including slow heating by
resonant excitation in 3D and linear ion traps and acceleration of a mass-selected ion beam in a tandem
quadrupole mass spectrometer. These CID experiments yielded qualitatively similar results; the LTQ spectra
are presented and discussed in the main text, the other data are in the Supplement (Figure 2.13a-d, SI). lon
assignments in the CID spectra were corroborated by accurate mass measurements (Table 2.2, SI).

CID of [M]** produced MS3 spectra that showed a dependence on the position of the Tyr residue in
the peptide sequence (Figure 2.3a-d). As the Tyr residue was moved toward the N-terminus, CID loss of
C7H60 from the Tyr side chain formed fragment ions of increasing prominence that amounted to 8, 39, 75,
and 77% of the total ion intensity for [AAAYR]*®, [AAYAR]**, [AYAAR]**, and [YAAAR]**, respectively. The
loss of C7H60 is usually associated with the presence of a Tyr O-radical,!!> and a recent UV-action
spectroscopy study has identified a Tyr O-radical moiety in [YAAAR]**.80 Sequence fragment ions were
observed for [AAAYR]** where the [y4 + 2H]* ion (m/z 480) was a dominant product, accompanied by ions of
the z-series (m/z 159, 322, 392, and 464). It is of note that some fragment ions of the ¢ and z series from
[AAAYR]** are exactly isobaric, for example, both the [c4]* and [z3]* ions have the same theoretical m/z of

392.1928 for C18H26N505, consistent with the experimental m/z (Table 2.2, SI).
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A definite assignment of the fragment ion type was achieved by considering mass shifts in the
homologous series, [AVAYR]** and [AAAYR]**, where there is no shift in the [z2]+ (m/z 321) and [z3]+ (m/z
392) ion masses (Figure 2.14a-d, SI) whereas a 28 Da shift would be expected for the equivalent [c3]* and
[c4]* ions. Sequence ions of the z type were also observed for [AAYAR]*®, e.g,, [z2 + H]**, [z3]* and [z4 + H]**,

that were assigned by appropriate mass shifts in the spectrum of [AAYVR]** (Figure 2.14b, SI).

2.3.2.2 UVPD of Hydrogen-Deficient Peptide Cation Radicals

UVPD of [M]** showed some novel features. All sequence variants of [M]*®* were photoactive at A=355
nm, pointing to radical-associated chromophores (Figure 2.4a-d).192 UVPD of [AAAYR]*® and [AAVYR]**
showed dominant loss of H which was accompanied by minor loss of C3H4NO and formation of the [y4 + 2H]*
fragment ions. Upon moving the Tyr residue to the next position in [AAYAR]** and [AAYVR]**,
photodissociation resulted in loss of H and C7H60. Loss of C7H60 was dominant in the UVPD spectra of
[AYAAR]** and [YAAAR]** (Figure 2.4c,d) as well as in the spectra of their valine homologues (Figure 2.15a-
d, SI). In addition to differences in the photofragmentation patterns, the isomeric peptide cation radicals also
differed in their photodepletion efficiencies, as illustrated by the pulse-dependent UVPD spectra (Figure
2.16a-d, SI). Thus, [YAAAR]** showed the most efficient photodepletion of the precursor ion at 50% after the
first laser pulse (Figure 2.16d, SI). The main primary product ion, [G«*AAAR]* undergoes further
photodissociation by loss of H and forming the [y4]* fragment ion as the main sequence product.

Note that [y4]* in the current notation corresponds to a (y4 — 2H)* species by the previously used
nomenclature and represents a common photodissociation product of peptide Co-radical ions.1%2 The
formation of [AG«*AAR]* and [AAG«*AR]* intermediates is also seen in the photodepletion curves of the
pertinent [AYAAR]** and [AAYAR]** ions (Figure 2.16b,c, SI) and their Val homologues (Figure 2.17a-d, SI).

The isomeric Gly Cqo-radical ions (m/z 444) were further investigated by CID and UVPD.
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2.3.2.3 Effects of Gly C« Radical Position on UVPD fragmentation

The Gly C« radicals (m/z 444) were generated by CID-MS3 of [M]**, isolated by mass and subjected to
CID-MS4 and UVPD-MS4. The UVPD-MS4 spectra showed dissociations that were highly specific of the
position of the Gly Cq« radical site (Figure 2.5a-d). Starting with [AAAG«*R]*, UVPD resulted in the formation
of [y2]* (m/z 230, GR) and [y3]* (m/z 301, AGR) sequence fragment ions in addition to loss of H which was
another abundant dissociation channel (Figure 2.5a). The formation of the [y2]* ion proceeds by B-fission of
the CO-NH bond adjacent to the Glyq radical and does not require a hydrogen migration. To form the [y3]*
ion, the Ha from the adjacent Ala residue must migrate to form an Alaa radical that promotes CO-NH bond
dissociation at the adjacent position.192 Hydrogen atom migration in [AAAG«*R]* to the Ga radical from the
proximate Arg Cq or Cg positions can also be considered to explain the loss of H forming a product ion with an
a, B -dehydro-Arg moiety. Loss of H is either absent or much less abundant in the other isomers where the Ga
radical is flanked by Ala residues. The laser pulse-dependent measurements of [AAAG«*R]* (Figure 2.18a, SI)
indicated an exponential depletion of the [AAAG«*R]* ion intensity whereas the [y2] to [y3] abundance ratio
was essentially constant at 4.1 to 1.

Photodissociation of the [AAG«*AR]* ion was even more specific, inducing CO-NH bond cleavage in
the position adjacent to the Gly« radical and producing the [y3]* ion (m/z 301, GAR) as the major product
(Figure 2.5b). Noteworthy is the absence of loss of H in this case. These features are reflected by the
photodepletion curve that shows rapid decrease of the [AAG«*AR]* relative intensity and formation of the
[¥y3]* (GAR) fragment ion (Figure 2.18b, SI).

UVPD of [AG«"AAR]* also showed substantial specificity in breaking the CO-NH bond adjacent to the
Gq radical and forming the [y4]* ion (m/z 372, GAAR)(Figure 2.5c). As a side reaction, Ala Hx atom migration
moved the radical and triggered CO-NH bond dissociation between the Gly and Ala residues to produce the
[y3]* (AAR) fragment ion at m/z 315. The overall photodepletion curve for AG«*AAR]* showed an

exponential decay resulting in virtually complete dissociation after 7 laser pulses (Figure 2.18c, SI).
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2.3.2.4 Effects of Gly Ca Radical Position on CID fragmentation

Finally, UVPD of [G«*AAAR]* was the least efficient of the four isomers (Figure 2.18d, SI) and
resulted in loss of H, Cz2H2NO and C2zH4NO neutral molecules (Figure 5d). These minor backbone
fragmentations indicate an H atom migration to and from the adjacent Ala residue, followed by CO-NH bond
dissociations forming the [y4 + 2H]* and [y4]* ions. Loss of H can proceed by B-fission from the N-terminal
amine group without need for H-atom migration.

In contrast to UVPD, CID-MS4 was much less specific to the radical position. The CID-MS4 spectra
(Figure 2.6a-d) show a dominant formation of the [y4 + 2H]* ions from all four isomers, appearing at m/z
374 for [AAAG«*R]*, [AAG<*AR]*, [AG«"AAR]*, and m/z 388 from [G«*AAAR]*, indicating hydrogen atom
migrations and preferential cleavage of the CO-NH bond between the N-terminal and adjacent residues. In
spite of this dominant general feature, the CID-MS4 spectra show some differences in the fragment ion
relative intensities. A conspicuous feature is the formation of even-electron [z1]*-[z3]* ions by N—Ca bond
cleavage accompanied by H atom migration onto the neutral fragment. In contrast, N—Cq cleavage of the
bond connecting the N-terminal residue leads to [z4 + H]** cation-radical fragments in all sequences. In the

absence of more detailed mechanistic investigation, these effects are difficult to relate to the ion structure.

2.3.2.5 Mechanistic Study of Hydrogen Loss

The prominent loss of H upon UVPD of [AAAYR]**® and its virtual absence in CID raised questions as to both
the ion structure and the origin of the hydrogen atom. To address these topics, we resorted to deuterium
labeling in a smaller homologue, [AAYR]**, which showed a rather similar behavior upon CID and UVPD,
namely, abundant photo-induced loss of H, (Figures 2.19, 2.20a, SI), indicating that the main structure and
reactivity features of [AAYR]** were analogous to those governing the dissociation of [AAAYR]**. The prime
advantage in using [AAYR]** rested in its lower number of exchangeable protons in H/D exchange
experiments, and hence allowed greater conversion into the fully deuterated species. UVPD of completely
H/D exchanged [d11-AAYR]** showed a highly specific (94%) loss of D from one of the exchangeable positions
(Figure 2.20Db, SI). However, distinction among hydrogen atoms in the exchangeable positions is a daunting
task that has been achieved using special techniques??1192 that are not applicable to peptide ions. An
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alternative method is to block by methylation a specific position in the ion, as previously applied in a study of

peptide electron transfer dissociations.>® To this end, we synthesized a AAY(OCH3)R peptide in which the Tyr

residue was replaced by O-methyl tyrosine, thus blocking the phenol hydroxyl group. UVPD of the

[AAY(OCH3)R]** ion (m/z 493, Figure 2.21a, SI) showed abundant loss of H in contrast to CID of the ion that

generated backbone [z1 + H]**, [z2]*, and [y3 + 2H]* fragment ions, as well as an ion from CO2 loss (Figure

2.22, SI). H/D exchange in [AAY(OCH3)R]** produced a d1o isotopologue (m/z 503) which upon UVPD

showed a major loss of D forming the fragment ion at m/z 501 (Figure 2.21b, SI).
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Figure 2.6 CID-MS4 mass spectra of (a) [AAAGa®R]*, (b) [AAGa®AR]*, (c) [AGa®AAR]*, (d) [Ga®*AAAR]*.
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These experiments indicated that the photo-induced loss of H from [AAYR]**, and, by implication also from
[AAAYR]**, can originate from exchangeable positions other than the Tyr hydroxyl. It should be noted,
however, that methylation of the Tyr residue changes its electronic and chemical properties in addition to
blocking the phenol hydroxyl. This is indicated by the UVPD spectrum of [AAY(OCH3)R]** which shows a
specific formation of the [y1]* fragment ion (m/z 158, Figure 2.21a, SI), which is much less abundant when
produced from [AAYR]+** (Figure 2.20a, SI). A pulse dependence experiment showed exponential depletion
of the [AAY(OCH3)R]** intensity (Figure 2.22, SI), indicating that all the components of the ion population
absorbed light at 355 nm. We note that the absorption spectra of peptide cation-radicals depend on the
position of the Ca radical and ion conformation,8%192 and elucidating this effect would require a dedicated

study.
2.3.3. Discussion

The experimental data using CID and UVPD showed distinct features that can be related to the nature
of the peptide cation-radicals and their mode of activation. It is useful to first reiterate the differences in the
activation modes because they apply to both hydrogen-rich and -deficient peptide cation-radicals. Collision-
induced dissociation in the ion trap is performed by resonant translational excitation of the mass-selected ion
under slow heating conditions,!” which upon collisions with the bath gas (He at 3 mTorr in the LTQ), results
in vibrational excitation of the ground electronic state of the precursor cation-radical. The fragment ions are
not accelerated and their collisions with the bath gas result in cooling that occurs on the 10-20 ms time
scale.193 In contrast, UVPD is a "sudden" excitation method that generates an electronically excited state of the
peptide ion with an internal energy (Eint) given by the sum of the photon energy (3.493 eV, 337 k] mol-!) and
the thermal rovibrational energy (Hrovib) of the ion at the ion trap temperature. For [AAAYR + 2H]** and
related ions, Hrovib has a mean value of 105 k] mol* at 310 K, giving Eint = 337 + 105 = 442 k] mol-L. The
photoexcited peptide ion can dissociate on the same potential energy surface, utilizing the electronic part of
the excitation energy, or undergo vibronic conversion to a vibrationally excited ground electronic state with
Eint. Both these processes compete with collisional de-excitation of the excited electronic state and vibrational

cooling of the hot ground state.

35



Starting with the hydrogen-rich cation-radicals, both the CID and UVPD spectra indicated that the
stable, long-lived, cation radicals were distinctly different from the reactive intermediates produced by
electron attachment to peptide dications. This raises the question of the cation-radical structure and
formation upon ETD of the CE complexes. Crown ethers bind to charged groups by forming strong hydrogen
bonds in gas-phase ions.1?* The ETD spectra of the doubly charged peptide-CE complexes indicate rather non-
specific binding to the N-terminal ammonium and Arg guanidinium charged groups. This finding is at odds
with the bonding energies of 18-crown-6-ether to singly protonated amino acids, reported by Chen and
Rodgers,1%5 where N-terminal bonding was found to be stronger than side-chain bonding in arginine. The
probable reason for this apparent discrepancy is that the competitive binding of 18-crown-6-ether to a
charged group in a doubly protonated peptide disrupts this group's internal solvation and this loss of
attractive interactions can compensate for the stronger binding to the ligand. In addition, disruption of
internal solvation of the charged group by the peptide amide groups affects the ion conformation.102

Another large effect, which is related to electron transfer, is that of coordination with CE, which
substantially lowers the intrinsic recombination energy of the charged group; for example, from 4.31 eV in
isolated CH3sNHs* to 1.74 eV in the CHsNHs*-CE complex.1?¢ The calculated recombination energy of the
ethylguanidinium cation also showed a drop from 380 k] mol-1 (3.94 eV) in the free ion to 231 k] mol-1 (2.40
eV) in the CE-complex (Table 2.3, SI), illustrating the effect of CE-coordination on the electronic structure of
the cation and radical.

Charge reduction by electron attachment to the charged group substantially lowers its CE-bonding
energy; for example, from 273 k] mol-! in the CH3NH3+-CE complex to 35 k] mol-1 in its charge-reduced
counterpart.1?¢ Similar effects were indicated by calculations of N-ethylguanidinium ion and radical CE
complexes that stand for the Arg-CE bonding (Table 2.3, SI). The 0 K bonding energy to CE was calculated to
decrease from AHo,diss = 197 k] mol-1in the ion to 56 k] mol-! in the radical. The calculated CE-bonding free
energy for ethylguanidinium radical at the experimental temperature of 310 K, AG310,diss = 16 k] mol-1,
indicated that binding of the CE ligand to the charge-reduced Arg guanidinium as well as N-terminal
ammonium functional groups is weak, and hence electron transfer targeting the coordinated charged group is

expected to result in a facile loss of the CE ligand.
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The peptide cation radicals resulting from electron attachment and CE loss have the odd electron in
the charge-reduced group, which is an ammonium radical at the N-terminus or a guanidinium radical in the
Arg side chain. This electron distribution is fundamentally different from that accessed by direct electron
attachment to the isolated peptide dication, where the reactive electronic states are charge-stabilized amide
T* states.56197 This interpretation is consistent with the stark differences in the peptide cation-radical
reactivity depending on their mode of formation. The isomeric charge-reduced cation-radicals from peptide-
CE complexes also have different stabilities, whereby the ammonium radicals are only weakly bound and can
rapidly dissociate by competing losses of H and ammonia.1?8 This may account for the abundant [M + 2H - CE
- NHs]*® fragment ions in the ETD spectra of the complexes (m/z 535, Figure 2.8a-d, SI). In contrast, arginine
guanidinium radicals are intrinsically stable.192199 Vibrational excitation, such as in CID, results in competitive
loss of H and guanidine, 290 accounting for the pertinent fragment ions, m/z 551 and m/z 493, respectively, in
the CID spectra (Figure 2.1). Arginine radicals formed by electron transfer have been shown to be
moderately efficient hydrogen atom acceptors.199.201 This may account for the formation of the [z1 + 2H]*
fragment ions, as sketched for [AAYAR + 2H]** in Scheme 2.1, as well as loss of C7HsO which is triggered by
transfer of the phenol hydrogen. Detailed mechanisms of the hydrogen transfer and bond cleavage steps
leading to these ions have not been established yet.

Guanidinium radicals are strong chromophores absorbing light at 320, 341, and 357 nm, with the
corresponding oscillator strength factors of 0.07, 0.18, and 0.01.78 This is consistent with the efficient
photodepletion of the charge-reduced hydrogen-rich cation radicals at 355 nm (Figure 2.10a-d, SI). Excited
states of arginine radicals have been shown to undergo extremely fast loss of hydrogen,2°° which is consistent
with the dominant photodissociation channels in the UVPD spectra.

The 6-23% fractions of photo-inactive hydrogen-rich peptide cation-radicals (Figure 2.10a-d, SI)
belong to ion structures that are difficult to directly assign and likely differ for the sequence isomers. Based
on the analysis of peptide radical chromophores,”® dihydrophenol radicals produced by H-atom migration to
the Tyr side chain, and [a + x]** ion-molecule complexes are possible candidates for structures not absorbing

at 355 nm.
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The hydrogen-deficient [M]** cation radicals show collision-induced and near-UV dissociations that
depend on both the activation mode and position of the Tyr residue in the peptide sequence. CID and UVPD of
[YAAAR]** are most straightforward in that they both result in a dominant loss of the Tyr side chain. This is
consistent with the Tyr-0 radical structure of this ion where loss of C7HeO is the lowest energy process in CID
and the Tyr-0 radical is the absorbing chromophore for UVPD.80 We cannot distinguish whether UVPD occurs
from an excited electronic state or after vibronic transition to a vibrationally hot ground electronic state
because both are expected to display similar reactivity. In contrast, the other peptide sequences show
substantial differences between CID and UVPD, indicating large differences in the excited-state and ground-

state reactivity.
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38



With [AAAYR]**, CID induces hydrogen atom migrations forming intermediates that dissociate by
backbone cleavages and loss of C7HeO, forming the various fragment ions seen in the spectrum. In contrast,
UVPD proceeds by only two major channels, one being loss of protogenic exchangeable H and the other being
a backbone cleavage that leads to the [y4 + 2H]* ion. The latter reaction can be interpreted as proceeding
from a hot vibrational state accessed by vibronic transition from the excited electronic state. In contrast, the
loss of H does not have an analogy in CID and is likely proceeding from an excited electronic state of the ion. A
previous UV photodissociation action spectroscopy study has concluded that [AAAYR]** was a mixture of
isomeric radicals,8?and thus, it is possible that the observed photodissociations originated from different

radical isomers.
2.4 Conclusions

The results reported in this comparative study allow us to arrive at the following conclusions.
Both the hydrogen-rich peptide cation radicals produced by electron-transfer reduction, and their hydrogen-
deficient counterparts produced by electron-transfer oxidation contain chromophores associated with the
radical moieties that result in photodissociation at 355 nm. The hydrogen-rich peptide cation-radicals contain
major fractions of structures with Arg guanidinium radical groups. Consequently, both collision-induced
dissociation and photodissociation of the long-lived hydrogen-rich cation radicals are diametrically different
from electron-transfer dissociation of the corresponding peptide dications. CID and UVPD of hydrogen-
deficient peptide cation-radicals shows dependence on the position on the Tyr residue. lons in which the Tyr
residue is in sequence positions remote from the charged Arg group show larger proportions of Tyr-0

radicals that undergo collision-induced and photodissociative loss of C7HsO from the Tyr side chain.
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2.6 Supplemental Information (SI)

Table 2.1. Relative Intensities of CE-Coordinated ETD Fragment Ions from Peptide-CE Complexes.

Ion m/z Assignment®? Relative Intensity?
AAAYR

N-terminal Fragment Ions

282 [CE + NHq]* 9.7
353 [c1+2H +CE]* 0.1
424 [c2+2H +CE]* 0.5
495 [c3+2H +CE]* 0.8
658 [ca+2H +CE]* 8.9
757 [M + 2H + CE - CHsNs]* 5.8
773 [M + 2H + CE - CHsNz]* 18.0
C-terminal Fragment lons

423 [z1+H +CE]** 17.1
586 [zz+H +CE]** 9.2
657 [z3+H +CE]** 20.9
728 [z4+H +CE]** 9.1
AAYAR

N-terminal Fragment lons

282 [CE + NH4]* 13.0
353 [c1+2H +CE]* 0.0
424 [c2+2H +CE]* 0.7
587 [c3+2H +CE]* 2.3
658 [ca+2H +CE]* 9.4
757 [M + 2H + CE - CHsNs]* 9.2
773 [M + 2H + CE - CH3Nz]* 21.6
C-terminal Fragment lons

423 [z1+H +CE]** 10.5
494 [zz+H +CE]** 8.9
657 [z3+H +CE]** 13.8

728 [za+H +CE]+* 10.6



AYAAR

N-terminal Fragment Ions

282
353
516
587
658
757
773

[CE + NH4]*

[c1+2H +CE]*
[c2+2H +CE]*
[c3+2H +CE]*
[ca+2H +CE]*
[M+ 2H + CE

[M+2H + CE

C-terminal Fragment lons

423
494
565
728

YAAAR

[z1+H +CE]**
[z2+H +CE]**
[z3+H +CE]**

[za+H +CE]**

N-terminal Fragment lons

282
445
516
587
658
757
773

[CE + NH4]*

[c1+2H +CE]*
[c2+2H +CE]*
[c3+2H +CE]*
[ca+2H +CE]*
[M+2H + CE

[M+2H + CE

C-terminal Fragment lons

423
494
565
636

[z1+H +CE]+*
[z2+H +CE]+*
[z3+H +CE]+*

[za+H +CE]+*

- CHsNs]*

- CH3N2]*

- CHsNs]*

- CH3N2]*

8.6
0.1
0.8
1.6
8.5
7.0
16.7

11.0
9.2
27.9
8.4

5.1
0.3
0.5
0.7
8.9
5.4
11.7

7.1
6.8
22.8
30.6
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AVAYR

N-terminal Fragment Ions

282
353
452
523
686
785
801

[CE + NH4]*

[c1+2H +CE]*
[c2+2H +CE]*
[c3+2H +CE]*
[ca+2H +CE]*
[M+2H + CE

[M + 2H + CE

C-terminal Fragment lons

423
586
657
756

AAYVR

[z1+H +CE]**
[z2+H +CE]**
[z3+H +CE]**

[za+H +CE]**

N-terminal Fragment lons

282
353
424
587
686
785
801

[CE + NH4]*

[c1+2H +CE]*
[c2+2H +CE]*
[c3+2H +CE]*
[ca+2H +CE]*
[M+2H + CE

[M+2H + CE

C-terminal Fragment lons

423
522
685
756

[z1+H +CE]**
[z2+H +CE]**
[z3+H +CE]**

[z4+H +CE]**

- CHsN3]*

- CH3Nz2]*

- CHsNz]*

- CH3Nz]*

9.1
0.1
0.2
1.1
9.8
7.0
12.9

17.2
9.5
25.9
7.2

11.3
0.1
0.7
1.0
9.9
6.9
214

12.9
6.1
15.4

14.2
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AYAVR

N-terminal Fragment Ions

282 [CE + NH4]*

353 [c1+2H +CE]*

516 [c2+2H +CE]*

587 [c3+2H +CE]*

686 [ca+2H +CE]*

785 [M + 2H + CE - CHsNs]*
801 [M + 2H + CE - CH3Nz]*
C-terminal Fragment lons

423 [z1+H +CE]**

522 [zz+H +CE]**

593 [z3+H +CE]**

756 [z4+H +CE]**

YAAVR

N-terminal Fragment Ions

282 [CE + NHa4]*

445 [c1+2H +CE]*

516 [c2+2H +CE]*

587 [c3+2H +CE]*

686 [ca+2H +CE]*

785 [M + 2H + CE - CHsN3]*
801 [M + 2H + CE - CH3Nz]*
C-terminal Fragment lons

423 [z1+H +CE]**

522 [z2+H +CE]**

593 [z3+H +CE]**

664 [z4+H +CE]**

aSee the ion nomenclature in the main text.

7.5
0.1
0.6
0.8
6.6
5.4
16.5

11.0
55
324

13.5

4.3
0.3
0.5
0.0
7.2
3.5
11.1

8.7
4.1
23.9
36.2

bRelative to the sum of these fragment ion intensities.



Table 2.2. Accurate Mass Measurements on a LTQ_Orbitrap at 100,000 resolving power.

Ion m/z Calculated Elemental Neutral Loss
Composition

AAAYR

550.2846 550.2858 C24H38Ns07

480.2554 480.2565 C21H34N706 70.0292

478.2397 478.2397 C21H32N706 72.0449

464.2368 464.2378 C21H32N606 86.0478

4442430 4442439 C17H32Ns0s 106.0416

407.2030 407.2037 C18H27N60s 143.0816

392.1922 392.1928 C18H26Ns0s 158.0924

321.1553 321.1557 C1sH21N404 229.1293

AAYAR

550.2814 550.2858 C24H38Ng07

480.2527 480.2565 C21H34N70s 70.0287

464.2342 464.2378 C21H32N606 86.0472

4442405 4442439 C17H32N806 106.0409

392.1901 392.1928 C18H26Ns0s 158.0913

230.1357 230.1373 CoH18N403 320.1457

AYAAR

550.2849 550.2858 C24H38Ng07

4442433 4442439 C17H32Ng06 106.0416

YAAAR

550.2853 550.2858 C24H38Ng07

444.2436 444.2439 C17H32Ns0s 106.0417

Neutral Error (millim.u.)

Assignment

C3H4NO
C3HeNO
C3HsN20
C7HeO
CeH11N202
CeH12N302

CoH17N403

C3H4NO
C3HeN20
C7HeO
CeH12N302

C15H20N404

C7HeO

C7HeO

-0.1
-0.0
-0.2
-0.3
-0.5
-0.6

-0.8

-0.6
-0.8
-1.0
-1.6

-2.8

-0.3

-0.2
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Table 2.3. Relative Energies

Relative Energy®?

Species/Reaction B3LYPe M06-2Xe
[N-Ethylguanidinium + CE]* 0 0
N-Ethylguanidinium* + CE 158 202
[N-Ethylguanidinium + CE]* 0 0
N-Ethylguanidinium® + CE 9.4 (-31) 54 (13) ¢
IE(N-Ethylguanidinium®) 393 (4.07) 380 (3.94y
IE([N-Ethylguanidinium + CE]*) 244 (2.52) 237 (2.46)

®B97X-D¢

199

56 (16)¢

385 (3.99)

237 (2.45)

MP2¢cd

205

57 (17)¢

380 (3.94)

217 (2.24)

aEnergies in k] molL. *Including B3LYP/6-31+G(d,p) zero-point vibrational energies and referring to 0 K.

cFrom single-point energy calculations with the 6-311++G(2d,p) basis set on DFT/6-31+G(d,p) fully

optimized geometries. 4Spin projected energies for radicals. eRelative free energies at 310 K.fAdiabatic

ionization energies in eV.

45



Figure 2.7. ETD mass spectra (fluoranthene, 200 ms ion-ion reaction time) of (a) [AAAYR + 2H]%* (m/z 276),
(b) [AAYAR + 2H]?, (c) [AYAAR + 2H]?*, and (d) [YAAAR + 2H]2* The fragment ion assignment follows the all-

inclusive nomenclature (ref [40] in main text).
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Figure 2.8. ETD mass spectra (fluoranthene, 200 ms ion-ion reaction time) of (a) [AAAYR + CE + 2H]2* (m/z
408), (b) [AAYAR + CE + 2H]?*, (c), [AYAAR + CE + 2H]?*, and (d) [YAAAR + CE + 2H]?*. The fragment ion

assignment follows the all-inclusive nomenclature.
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Figure 2.9. CID mass spectra of cation-radicals generated by ETD of crown-ether complexes: (a) [AVAYR +

2H]** (m/z 580), (b) [AAYVR + 2H]**, (c) [AYAVR + 2H]**, and (d) [YAAVR + 2H]*".
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Figure 2.10. Photodepletion curves at 355 nm as a number of laser pulses of (a) [AAAYR + 2H]+**, (b) [AAYAR
+ 2H]**, (c) [AYAAR + 2H]**, (d) [YAAAR + 2H]**.
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Figure 2.11. UVPD mass spectra of cation-radicals generated by ETD of crown-ether complexes: (a) [AVAYR
+ 2H]** (m/z 580), (b) [AAYVR + 2H]**, (c) [AYAVR + 2H]**, and (d) [YAAVR + 2H]**.
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Figure 2.12. Photodepletion curves at 355 nm as a number of laser pulses of (a) [AVAYR + 2H]+**, (b) [AAYVR
+ 2H]**, (c) [AYAVR + 2H]**, (d) [YAAVR + 2H]**.
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Figure 2.13. CID mass spectra of (a)[AAAYR ]** (m/z 550, ELAB = 20 eV) ); (b) [AAYAR ]** (ELAB = 15 eV);

(c) [AYAAR ]+* (ELAB = 15 eV); (d) [YAAAR ]** (ELAB = 15 eV).
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Figure 2.14. LTQ-CID-MS3 spectra of (m/z 578) (a) [AVAYR]**, (b) [AAYVR ]**,(c) [AYAVR ]**, and (d)

[YAAVR ]*.
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Figure 2.15. UVPD-MS3 spectra of (m/z 578) (a) [AVAYR]**, (b) [AAYVR ]**, (c)[AYAVR ]**, and (d)
[YAAVR ]*e.
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Figure 2.16. Photodepletion curves at 355 nm as a number of laser pulses of (a) [AAAYR]**, (b) [AAYAR]**,
(c) [AYAAR]*®, (d) [YAAAR]**.
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Figure 2.17. Photodepletion curves at 355 nm as a number of laser pulses of (a) [AVAYR]**, (b) [AAYVR]**,

(c) [AYAVR]**, (d) [YAAVR]**.
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Figure 2.18. Photodepletion curves of m/z 444 ions at 355 nm as a number of laser pulses (a) [AAAG°R]*, (b)
[AAG*AR]*, (c) [AG*AAR]*, and (d) [G*AAAR]*.
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Figure 2.19. LTQ CID-MS3 spectrum of [AAYR]** (m/z 479).
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Figure 2.20. 355 nm-UVPD-MS3 spectra (10 pulses at 15 m]/pulse) of (a) [AAYR]** (m/z 479), (b)
[d11-AAYR ]** (m/z 490).
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Figure 2.21. UVPD-MS3 spectrum of (a) [AAY(OCH3)R ]** (m/z 493), (b) [d10-AAY(OCH3)R ]** (m/z 503).
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Figure 2.22. LTQ-CID-MS3 spectrum of [AAY(OCH3)R ]** (m/z 493).
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Figure 2.23. Photodepletion curve of [AAY(OCH3)R]+e at 355 nm as a number of laser pulses.
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Chapter 3 UV/Vis Action Spectroscopy and Structures of Tyrosine Peptide Cation
Radicals in the Gas Phase

3.1 Introduction

The tyrosine residue in proteins and peptides is susceptible to one-electron oxidation, forming
aromatic cation radicals and tyrosyl O-radicals as transient reactive intermediates. These biologically
important reactions play a role in the functioning of redox enzymes such as galactose oxidase,2%! ribonucleotide
reductase,202 and cytochrome C oxidase,204205 among others, as reviewed.2% Tyrosyl radicals in solution and
condensed phase have been primarily characterized by electron spin resonance (ESR) spectroscopy and UV-
VIS spectroscopy.207-210 Fast UV-VIS spectroscopy has also been used to characterize tyrosine radicals produced
by hydrogen transfer to oxidized tryptophan residues, and a solvent dependence of the absorption maximum
has been noted.2!! In contrast to solution and condensed phase studies, transient intermediates that are
generated in the gas phase are immune to environmental effects and can be studied as isolated species under
strictly unimolecular conditions.?212 Gas-phase tyrosine anion-radicals have been generated by electron
photodetachment from peptide molecular dianions and characterized by vacuum UV spectroscopy.?!3 Another
efficient, and chemically more amenable, method of preparation of gas-phase peptide cation radicals relies on
intramolecular one-electron oxidation of a peptide ligand by a transition metal dication in a ternary
complex, 115121214 gccording to the equation [Cu(D(Ligand)peptide]?** — [Cu((Ligand)]* + [peptide]*°.
According to their stoichiometry, which is identical to that of the pertinent neutral peptide, peptide cation-
radicals of this type are called hydrogen-deficient.10¢ Tryptophan, a readily oxidizable amino acid, has been
characterized as a cation-radical in the gas phase by infrared25 and UV action spectroscopy.215

For the most part, gas-phase peptide radicals have been studied by collision induced dissociation (CID)
tandem mass spectrometry,115214 which relies on product analysis but is related only indirectly to the peptide
cation radical structure. Clearly, a more direct method of structure elucidation is needed to characterize gas-
phase peptide cation radicals formed from metal complexes and resolve the issue of assigning their structure
that has persisted for 16 years since the first generation of peptide cation radicals.11¢ Here, we report the first
study of UV photodissociation (UVPD) action spectroscopy?!6 and structure characterization of two tyrosine-

containing peptide cation radicals, YAAAR** and AAAYR+**.80 These representative peptide sequences were
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selected to provide a well-defined protonation site on the arginine residue and thus to reduce the structural
ambiguity to determining the position of the hydrogen-deficient radical site and resolving conformational
effects. In addition, these two peptide cation-radicals were found to undergo quite different dissociations upon
collisional activation and photodissociation, indicating that their radical sites may be different despite being

generated by the same electron transfer reaction.

3.2 Experimental Section
3.2.1  Materials

All peptides were synthesized on Wang resin (Bachem Americas, Torrance, CA, USA) using
commercially available Fmoc peptides (Life Technologies, Rockford, IL, USA) according to previously
described procedures,?17.218 and purified by ion-exchange chromatography. 2,2':6',2"-terpyridine and
Cu(NO3)2 were obtained from Sigma-Aldrich. [Cu(tpy)peptide] complexes were prepared in situ by mixing
solutions of the peptide (50 pM) and the Cu(tpy) complex (600 uM) in aqueous methanol and diluting to 10
UM concentration.!18 Electrospray ionization of the complex solution with a home-built microspray source
was used to generate gas-phase [Cu(tpy)peptide]?+® ions. The °Cu or 3Cu isotopologues were selected by
mass and subjected to collision-induced dissociation (CID) at collision energies that were tuned to optimize
peptide cation-radical formation, typically at normalized collision energies (NCE) set to 15-18 instrument
units. The [peptide]*® ions at the corresponding m/z were selected by mass and subjected to CID or
photodissociation (UVPD). The CID and UVPD mass spectra were measured on a modified LTQ-XL linear ion
trap mass (LIT) spectrometer (ThermoElectron Fisher, San Jose, CA, USA) equipped with a laser system. High-
resolution mass spectra were measured on an LTQ-Orbitrap (ThermoElectron Fisher, San Jose, CA, USA). The
peptide cation-radicals were prepared by CID in the LTQ and transferred to the Orbitrap for high-resolution
measurements using Fourier-Transform treatment of the time-domain signal. The resolution was set to

100,000.
3.2.2  Photodissociation

Photodissociation of trapped ions in the LIT was performed as reported previously.”3 The irradiating

light beam was produced by an Nd-YAG EKSPLA NL301G laser (Altos Photonics, Bozeman, MT, USA)
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operating at 20 Hz frequency with a 3-6 ns pulse width. Photons exiting the pump laser are fed into a PG142C
unit (Altos Photonics, Bozeman, MT, USA which integrates a third harmonic generator and optical parametric
oscillator coupled with an optional second harmonic generator (SSH) to provide wavelength tuning between
210-409 nm at a pulse peak power ranging between 0.79-2.06 m]. These powers are measured at each
wavelength using an EnergyMax-USB ]J-10MB energy sensor (Coherent Inc., Santa Clara, CA, USA) to which the
relative laser pulse power is later calibrated as the wavelength is changed. The laser beam is aligned by
mirrors and focused by a telescopic lens to pass the small aperture drilled in the auxiliary chemical ionization
source source of the LTQ-XL which can be used to produce electron donor reagent ions.”3 The laser beam
diameter in the LIT is estimated at 3-4 mm to ensure overlap with the trapped ions. The beam position does
change by about 3 mrad in switching between the SSH/FSH region (210-354 nm) and the ESH region (355-
409 nm) which requires the realignment of mirrors. This realignment does inevitably change the cross
section of the ion cloud exposed to irradiation, and different ratios of dissociation are observed in comparing
the regions at normalized power and pulse frequency. Thus the ESH region (355-409 nm) has been scaled
(4x) to compensate for this change. The typical experimental set up consists of selecting the ion to be
photodissociated and storing it in the LIT for a chosen time period. For example, 400-ms storage time can
accommodate up to 7 laser pulses spaced by 50 ms. This allows one to vary the number of pulses which are
also normalized as the number of pulses used is varied depending on the degree of dissociation. The pulse-
dependent UVPD measurements were performed with the 355 nm line from the laser source at 15 m]/pulse

laser power, as described previously.102

3.2.3  Computation

Conformational search for cation radicals was performed using a modification of the ConformSearch
protocol.219 Molecular dynamics calculations using NAMD?220 and the CHARMM force field22!in a replica-
exchange format?22 were first run with 8 replicas for 1 ns to generate 800,000 conformations of singly-
protonated peptides, e.g. [YAAAR + H]+ and [AAAYR + H]*. Eight thousands of output structures were
sampled at 10 ps intervals and converted to [YAAAR]** and [AAAYR]** cation-radicals that were fully

optimized with PM6.223 All calculations of open-shell species were performed for doublet spin states within
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the spin-unrestricted formalism. The PM6 structures were grouped into families according to their hydrogen
bonding patterns, and the lowest-energy representatives from each family were selected for DFT geometry
optimization with B3LYP,186 M06-2X,187 and wB97X-D188 and the 6-31+G(d,p) basis set. The optimized
structures were characterized by harmonic frequency calculations (B3LYP/6-31+G(d,p)) as local energy
minima. Vertical excitation energies for the doublet spin states were obtained by time-dependent DFT
calculations?24 using the wB97X-D functional and the 6-311++G(2d,p) basis set in a spin unrestricted
formalism. Typically 25 excited states were generated by TD-DFT calculations and those with spin-
expectation values <1.5 were considered. Single-point energies were obtained by calculations that used the
above DFT methods and Moller-Plesset perturbational treatment!8® (MP2, frozen core) with the 6-
311++G(2d,p) basis set. UMP2 calculations of YAAAR*® cations displayed large spin contamination that could
not be eliminated by standard spin annihilation procedures.225226 All open-shell species were treated by
restricted open-shell (ROMP2) single-point energy calculations227.228 and the energies are included in Table

3.4 (SI). Rice-Ramsperger-Kassel-Marcus (RRKM) calculations were carried out as described previously.22?

3.3 Results and Discussion

The YAAAR*®* and AAAYR**® ions were generated from the respective ternary Cu complexes with
2,2":6',2"-terpyridine (tpy) which were formed as doubly charged ions by electrospray ionization.118230 CID or
laser photodissociation at 355 nm of these doubly charged complexes produced the respective peptide cation
radicals at m/z 550 and their identity was corroborated by accurate mass measurements for the CID-produced
ions (Table 3.1, SI). Peptide cation-radicals produced from the 3Cu and ¢Cu isotopologues of the
[Cu(tpy)(peptide)]?** complexes showed identical behavior upon CID and UVPD. The photodissociation
spectra81.102 of mass-isolated YAAAR*®* and AAAYR**® obtained with a single laser pulse at 355 nm were distinctly
different (Figure 3.1a,b).

UVPD of YAAAR*® resulted in a dominant elimination of benzoquinone methide (C7HsO, 106 Da neutral
fragment) from the tyrosine residue. This is a common dissociation of tyrosine-containing hydrogen-deficient
peptide cation radicals214116 and is also prevalent in the CID spectrum of the YAAAR**® ion (Figure 3.4a, SI). In

contrast, UVPD of AAAYR** resulted in predominant loss of a hydrogen atom (m/z 549, Figure 3.1b) that was
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accompanied by a minor elimination of C3H4NO from the N-terminal Ala residue (m/z 480, Figure 1b).
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Figure 3.1. Single-pulse UVPD spectra of (a) YAAAR+e and (b) AAAYR+e at 355 nm.

The photo-induced dissociation was dramatically different from CID of AAAYR*®* which produced a number of
backbone fragment ions, dominated by a major loss of C3HsNO from the N-terminus. All fragment ion
assignments were corroborated by accurate mass measurements (Table 3.1, SI). The origin of the H atom was
investigated with a lower homologue, AAYR*®, which undergoes very similar dissociations upon CID and UVPD
as does AAAYR** (Figure 3.5a, SI), and in which all the labile protons can be exchanged for deuterium with a
high molar conversion (90-93%)23! to produce di11-AAYR*® (Figure 3.5b, SI). UVPD of d11-AAYR*® resulted in
predominant (>94%) loss of D (Figure 3.6, SI), indicating that photodissociation selectively targeted the
exchangeable hydrogen atoms in the N-H or O-H bonds.

Photodissociation at 355 nm was further studied by pulse-dependent experiments that showed
exponential depletion of [YAAAR]** and [AAAYR]** ion intensities. This is illustrated by UVPD spectra after 10

laser pulses that show <2% of residual [YAAAR]** and [AAAYR]** ions (Figure 3.7, SI). The photodepletion
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curve for [YAAAR]*® was fitted with an exponential decay function I(n) = I(0)e-(0-7367n+0.004) + 0,0035, where I(0)
is the initial [YAAAR]*® ion intensity and n is the number of laser pulses, giving 0.6% root-mean square
deviation (rmsd)(Figure 3.8a, SI). The photodepletion curve for [AAAYR]** showed a slower decay curve,
I(n) = 1(0)e-(0329n+0.113) + 0.0175, giving 4.6% rmsd against the experimental data (Figure 3.8b, SI).

The light absorption properties of YAAAR*®* and AAAYR** were further studied through UV
photodissociation action spectra that were measured in the 210-700 nm region. Light absorption was
indicated by dissociations forming fragment ions while depleting the precursor cation-radical relative
intensity. YAAAR*®* showed two major bands with maxima at 260 and 300 nm, and a broad composite band at
340-390 nm. Across this wavelength region the loss of C7HsO was the predominant photodissociation
channel. No photodissociation was observed above 420 nm (Figure 3.2a inset). The action spectrum of
AAAYR**® was distinctly different, showing bands with maxima at 219, 225 and 246 nm, a broad composite
band at 250-310 nm tailing to 380 nm, and another broad absorption band covering the 400-660 nm region
(Figure 3). Loss of H was the predominant photodissociation channel across the entire wavelength region
where absorption was observed. The action spectra further indicated that the photodepletion curves at 355
nm were due to only weakly absorbing parts of the spectra, consistent with the slow photodepletion at this
wavelength (Figure 3.8b, SI).

The very different photodissociation and action spectra of YAAAR** and AAAYR**® strongly indicated
that these isomeric peptide cation radicals had different radical chromophore groups. To interpret the action
spectra, we performed extensive density functional theory (DFT) calculations of ion structures that were
combined with time-dependent DFT (TD-DFT) calculations of electronic excitation energies and oscillator
strengths in the cation-radicals. Structures of YAAAR*® were generated in several steps starting with an
exhaustive search of the conformational space of arginine-protonated YAAAR ions. Several lowest-energy
ions obtained by this procedure were converted to YAAAR*® radicals and fully optimized with B3LYP and
wB97X-D188 DFT methods, as described in the Supplement (Table 3.2, Figure 3.9, SI). Previous
benchmarking of excitation energies and transition intensities had identified wB97X-D as the most reliable
TD-DFT method78 for peptide radical chromophores, which was therefore used to calculate absorption
spectra of YAAAR*®, as shown for four lowest-energy conformers 1-4 (Figure 3.2b). The calculated spectra

show an excellent overall agreement with the experimental action spectrum.
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Figure 3.2. (a) Action spectrum of YAAAR**. The trace ( A) shows the wavelength-dependent relative
intensity of the major photofragment ion at m/z 444 (loss of C7Hs0) after single-pulse photodissociation.
Inset shows the absorption-free 440-700 nm region. (b) Calculated UV-VIS absorption spectra of YAAAR**
conformers 1(red line) and 2, 3, and 4 (dashed lines). The calculated wavelengths (bars) were convoluted
with Lorentzian functions at 12 nm fwhm. Inset shows the wB97X-D optimized structure of 1. For other

conformers see Figure 3.10 in the Supplemental Information (SI).
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Figure 3.3. Action spectrum of AAAYR+e (black circles) and combined absorption spectra of 5, 6, 12, 16, and

17 ion isomers (blue line).

The red shift of the major bands in the action spectrum can be in part explained by v = 1 to v' = 0 vibronic
transitions in thermal ions at the ion trap temperature (310 K), whereas the calculated spectra refer to
vertical excitations at 0 K. According to the calculated harmonic frequencies, there are ca. 50 (22%) normal
modes in YAAAR** with frequencies <400 cm! for which statistical thermodynamics analysis23Z predicts
>20% population of v"' 2 1 statesat 310 K.

The two short wavelength UV bands in Figure 2b are remarkably insensitive to the ion conformation.
The 360 nm band for 1 shows a larger spread of excitation energies among 1-4 depending on the ion
conformation. This can be explained by the electronic nature of this excitation (Figure 3.10, SI). The major
transitions resulting in the 360 nm band involve electron excitation to the semi-occupied aromatic p-orbital at
the Tyr residue (MO147). Most of these transitions occur from doubly occupied p-orbitals at backbone amide
groups (MO133, 144, 145, 146, Figure 3.10, SI) and are therefore expected to be sensitive to their position

with respect to the Tyr ring, which in turn depends on the peptide ion conformation. Considering the dominant
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loss of the tyrosineC7Hs0 side chain upon both thermal activation and photoexcitation, as well as the match of
the UV-action spectrum with the theoretical electron excitations, we can unequivocally conclude that the
YAAAR** ions formed from the Cu complexes have the structure of Tyr O-radicals.

In contrast to YAAAR*®, analysis of the AAAYR*® action spectrum indicated that the ion population
consisted of a mixture of isomers. Multiple AAAYR*® structures were generated by exhaustive conformational
search followed by DFT geometry optimization. The calculations indicated that one-electron oxidation of the
Tyr residue was accompanied by extensive rearrangements and dissociations, yielding only a minority of
stable Tyr cation radicals with an electron defect in the aromatic ring. These Tyr cation radicals represented
high-energy local potential energy minima that were metastable with respect to exothermic rearrangements
or dissociations. Figure 3.11 (SI) shows the representative structures of several types of AAAYR**® isomers
(5-18) which span a broad range of relative energies (Table 3.3. SI). TD-DFT calculations indicated that
none of the several AAAYR** ion structures alone gave an acceptable match of the theoretical absorption
spectrum with the action spectrum. Because of the lack of C7HsO elimination from AAAYR**® (Figure 1b),
structures 9-11 having Tyr O-radical groups (Figure 3.11, SI) were excluded. Likewise, structures 14 and 15
(Figure 3.11, SI) having an electron defect in the N-terminal amino group were excluded on the basis of their
calculated absorption spectra that showed strong absorption bands in the 380-450 nm region which were
absent in the action spectrum. In a large number of optimized structures, one-electron oxidation of the
carboxyl group resulted in cleavage of the Arg C.—COO® bond in the intermittent carboxyl radical, forming
ion-molecule complexes of Arg Ce-radicals with CO2 (e.g., 7 and 8, Figure 3.11, SI). Although these complexes
had low relative energies, they were only weakly bound (AHaiss < 40 k] mol-') with respect to CO:z elimination.
Since the formation of AAAYR**® by CID of the Cu complexes is not accompanied by COz loss (Figure 3.12, SI),
nor it occurs on UVPD, the CO2 complexes are unlikely to be present in the population of stable AAAYR**® ions
and thus can be excluded. Considering both the spectroscopic data and observed photodissociations, we
conclude that the AAAYR*® ions are represented by a mixture of isomers whose combined absorption spectra
provide an acceptable agreement with the action spectrum of the ion (Figure 3). The individual spectra of
several isomers are shown in Figure 3.13, SI. Ions 5, 6, and 12 (Figure 2) can provide the absorption bands
in the 210-350 nm region, but do not have transitions in the visible region. The chromophore in ions 5 and 6

is an Ala-Cq radical group that shows electronic transitions in the 220-380 nm region. Ion 12 and its
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conformers are Arg-Cq radicals for which we calculate a strong absorption band at 300 nm which is
prominent in the action spectrum. We found the N-terminal amine cation radicals (16 and its conformers)
and the Tyr aromatic cation-radicals (17 and 18) as the only chemically compatible structures that had
absorption bands in the 450-700 nm region to account for the long-wavelength part of the action spectrum.
Ions 5 and 6 belong to the more stable structures (Table 3.3, SI) in which one-electron oxidation was
associated with Ha migration onto the COO group. Ion 12 is also a product of COO- oxidation, followed by CO2
migration onto the proximate N-terminal amine. [somer 12 is substantially less stable than 5 and its presence
in the oxidized ion population can be only explained by kinetic trapping. lons 16 and 17, 18 which result
from oxidation of the N-terminal amine group and Tyr aromatic ring, respectively, also represent high-energy
isomers. In summary, the experimental action spectrum of AAAYR** is best interpreted as arising from
photodissociation of a mixture of cation-radical isomers produced by one-electron oxidation of the peptide
ligand in the [Cu(tpy)(AAAYR)]%** complex.

The nature of the observed photodissociations was investigated by analyzing the kinetics of the major
reactions of YAAAR*®* and AAAYR**. Loss of C7HeO from 1 was calculated to be 156 k] mol-! endothermic and
required 154 k] mol-! in the transition state for breaking the Tyr C«—Cg bond, forming the [*GAAAR* + C7Hs0]
complex at 84 k] mol-! relative to 1 (wB97X-D/6-311++G(2d,p) + zero-point energies, Table 3.4, SI). RRKM
calculations using these energies and assuming vibronic redistribution of internal energy indicate <7%
dissociation within the experimental time of 50 ms for 1 having up to 466 k] mol-! internal energy. Considering
the mean rovibrational enthalpy of thermalized 1 (100 k] mol! at 310 K) and excitation energy from single
photon absorption (337 k] mol-! at 355 nm), the dissociation is predicted to be slow, leading to <2% depletion
of 1 (Figure 3.144a, SI). This contrasts the photodepletion curve of YAAAR** which shows 55% dissociation by
loss of C7HeO in 50 ms following one 355-nm laser pulse (Figure 1a, Figure 3.8a, SI). This leads to the
conclusion that the photodissociation occurs locally from an excited electronic state involving the Tyr-O radical.
The dissociation kinetics under slow-heating conditions of resonant collisional activation can be described by
transition-state theory, which gives 90% dissociation within 50 ms at 700 K (Figure 3.14b, SI). Such an
effective temperature is readily accessible in CID in the ion trap.17.233.234

Similar conclusions can be made regarding the photodissociative loss of an exchangeable H atom from

AAAYR**. Calculations of loss of amine and amide H atoms in 5 gave TS energies of >210 k] mol-! which were
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prohibitively high to drive dissociation of an isolated ion in 50 ms. Again, a plausible explanation of the kinetics

must consider dissociation proceeding from an excited electronic state but preceding vibronic relaxation of the
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transfer oxidation of the peptide ligand, proton transfer, and dissociation to YAAAR*® (1) and [Cu(tpy)]*. The

yellow double-ended arrow indicate major hydrogen bonds.

excitation energy, as described recently for photodissociation of a peptide anion-radical.”? This conclusion is
also consistent with the absence of H loss from AAAYR**® upon vibrational activation by collisions in the slow-
heating excitation regime (Figure 3.4b, SI).

The different structures and hence chemistry of YAAAR*®* and AAAYR** are the result of different and
sequence-dependent courses of intramolecular electron transfer in the Cu(tpy)(peptide) complexes. The
peptide ligand in [Cu(tpy)(YAAAR)]?** can assume a conformation in which the Tyr side chain is in the vicinity
of the Cu-binding COO- group, forming a hydrogen bond (see the wB97X-D optimized structures in Scheme
3.1). Following electron-transfer oxidation, the Tyr cation radical can intramolecularly protonate the COO-
group, forming a Tyr-O radical while weakening the peptide ion bonding to Cu(tpy)*. In contrast, the AAAYR
ligand likely adopts several different conformations in the Cu(tpy) complex. Those where Tyr participates in

electron transfer presumably lead to the formation of aromatic cation-radicals 17 and 18 (Figure 3.11, SI)
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whereas oxidized intermediates from other complex conformers are either amine cation radicals (16) or
carboxyl radicals undergoing rapid stabilization by hydrogen transfer forming the most stable Ala-C« (5) and

Arg-Cu (12) radical isomers.

3.4 Conclusion

In conclusion, UV-VIS photodissociation action spectroscopy allowed us for the first time to establish
structures of tyrosine peptide cation radicals formed by intramolecular electron transfer in Cu complexes. The
structures point to different modes of peptide ligand oxidation depending on the position of the tyrosine

residue in the peptide sequence.

3.5 Supplemental Information

Table 3.1. Accurate Mass Measurements.?

lon m/z Exp. Calc. Elemental Assignment
composition

YAAAR

423 423.6534 423.6585 63CuC39Hs0N1106 [Cu(tpy)YAAAR]?*

550 550.2853 550.2858 C24H38Ng0s YAAAR*

444 444.2436 444.2439 C17H32Ng0s [YAAAR - C7He¢0]*

AAAYR

423 423.6559 423.6585 63CuC39Hs0N1106 [Cu(tpy)AAAYR]?+

550 550.2846 550.2858 C24H38Ns07 AAAYR*

480 480.2554 480.2565 C21H34N70s [AAAYR - CsH4NO]*

464 464.2368 464.2378 C21H32Ns0s [AAAYR - C3HsN20]*

444 4442430 4442439 C17H32Ns0s [AAAYR - C7H6O]*

392 392.1922 392.1927 C18H26Ns0s [AAAYR - C6H12N302]*

321 321.1553 321.1557 C1sH21N4O

aMeasured on a Thermo-Electron Fisher LTQ-Orbitrap mass spectrometer at mass resolving power of
120,000.
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Table 3.2. Relative Energies of YAAAR Cation Radicals.

Ion Relative Energya?
1 0
2 19
3 24
4 35
5 20
6 20

a[n units of k] molL. ’From wB9X-D/6-311++G(2d,p) single-point energy calculations on wB9X-D/6-
31+G(d,p) optimized structures.

Table 3.3. Relative Energies of AAAYR Cation Radicals.

Relative Energya?

Ion B3LYP¢ MO06-2Xd ®B97XDe Structure Type

5 0 0 0 N-term. Ala-Cq«®, COOH

6 9 51 52 N-term. Ala-Cq*, COOH

7 -5 63 18 COz complex, Arg-Cq*

8 10 48 49 COz complex, Arg-Cq*

9 45 40 57 Tyr-0°, COOH

10 71 99 80 Tyr-0°....N-term NHs*, COO-
11 68 95 76 Tyr-0°...N-term NH3*,COO-
12 86 125 115 NH2-COz adduct, Arg-Co®
13 95 130 127 NH2-COz adduct, Arg-Co®
14 107 142 135 N-term. NHz°**, COO-

15 121 146 135 N-term. NHz°**, COO-

16 141 179 178 N-term. NHz°*+, COO-

17 108 158 Tyr aromatic cation-radical
18 141 Tyr aromatic cation-radical

a[n units of k] mol1; ?Including B3LYP/6-31+G(d,p) zero-point energies; <Single-point energies with the 6-
311++G(2d,p) basis set on B3LYP/6-31+G(d,p) optimized geometries. 4Single-point energies with the 6-
311++G(2d,p) basis set on M06-2X/6-31+G(d,p) optimized geometries. ¢Single-point energies with the 6-
311++G(2d,p) basis set on wB97X-D/6-31+G(d,p) optimized geometries.
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Table 3.4. Energies of Select Reactions.

Reaction

Relative Energy®?

B3LYP¢

Cu(terpy)* — Cu(terpy)?2+

Neutral 1 — Cation-radical 1
Cu(terpy)(YAAAR)?* = Cu(terpy)*+ YAAAR+
1 - °*GAAAR* + C7H6O

1 - TS(loss of C7H60)

1 - [*GAAAR* + C7H¢0] complex

Loss of CO2 from 8

Loss of H-2 from 5

TS for loss of H-2 from 5

987 (10.23)¢
554 (5.74)¢
-6

82

137

41

12

207

219

wB97X-D9

987 (10.23)¢
557 (5.78)¢
156

154

84

33

217

239

PMP2¢

161 (181)
129 (181)
87 (107)

-180 (179)
208 (198)

a[n units of k] mol%; ’Including B3LYP/6-31+G(d,p) zero-point energies; cSingle-point energies with the 6-
311++G(2d,p) basis set on B3LYP/6-31+G(d,p) optimized geometries. 4Single-point energies with the 6-
311++G(2d,p) basis set on wB97X-D/6-31+G(d,p) optimized geometries. ¢lonization and recombination
energies in electron volts. /Values in parentheses are from restricted open-shell (ROMP2) single point energy

calculations.

Figure 3.4. CID spectra of m/z 550 cation-radicals (a) YAAAR** and (b) AAAYR**.
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Figure 3.5. CID spectra of cation-radicals (a) AAYR** and (b) d11-AAYR*".
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Figure 3.6. UVPD spectrum (5 laser pulses) at 355 nm of cation-radical d11-AAYR**. For fragment ion

assignment see Figure 3.5b, SI.
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Figure 3.7. Photodissociation mass spectra of (a) YAAAR+e and (b) AAAYR+e at 355 nm following 10 laser
pulses at 15 m]/pulse.

100
o (@) YAAAR*®
20
85
B8O
5
o
B85
B0
55
50
45
40
35
30 388

» (550)
20
15 315
10 244

5 229
o

Relative Abundance

300
246 253 271 279 293 | 301 217 343 an U ase 414 aze | 445 521 |
it g phoipompo ey - T

— T — T T T T
240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560

549

s (b) AAAYR**

Relative Abundance
@
2

a0 550)

480
407 478
|

L LA e o T T e T T o RS g e v e T
220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560

550




Figure 3.8. Laser pulse dependence of parent and fragment ion intensities in photoddisociation of mass-
selected ions at 355 nm and 15 m]/pulse laser power. (a) YAAAR+e, (b) AAAYR+e.

The dashed lines show the best exponential fits, I(n) = I(0)e-(073677+0.0049) + 0.0035, and I(n) = I1(0)e~(0-329n+0.113) 4
0.0175, for YAAAR** and AAAYR*®, respectively.
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Figure 3.9. wB97X-D/6-31+G(d,p) optimized structures of YAAAR+e conformers.
Only exchangeable (0O-H, N-H) hydrogens are shown. Atom color-coding: cyan=C, red=0, blue=N, gray=H.
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Figure 3.10. Molecular orbitals (wB97X-D/6-311++G(2d,p)) involved in electron excitation and photon

absorption of YAAAR+e conformer 1 at 360 nm. The numbers show transition vector amplitudes.
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Figure 3.11. wB97X-D/6-31+G(d,p) optimized structures of AAAYR+e cation radicals 5-18. [talic numbers

show the major spin densities.
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Figure 3.12. CID spectrum of [Cu(tpy)AAAYR]2+e (m/z 423) showing the formation of the AAAYR cation

radical at m/z 550. Inset shows the minor fragment ions at m/z 444-506.
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Figure 3.13. ®B97X-D/6-311++G(2d,p) calculated absorption spectra of AAAYR+e isomers 5, 6, 8,9, 12, 14,

16,and 17.
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Figure 3.14. (a) RRKM calculated rate constants for C7H60 loss from 1. (b) TST calculated rate constants for
the same reaction. Insets show the molar fractions of non-dissociating YAAAR**® at 50 ms reaction time.

Both calculations used the wB97X-D/6-311++G(2d,p) + ZPVE transition state energy of 154 k] mol-! from
Table 3.4 (SI).
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Scheme 3.2. Conformational transformation in [Cu(tpy) YAAAR]?** followed by intramolecular electron
transfer oxidation of the peptide and dissociation to YAAAR** and [Cu(tpy)]*.
Structures from wB97X-D/6-31+G(d,p) geometry optimizations. The yellow double-ended arrow indicate

major hydrogen bonds.

CID | -Cu(tpy)*
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Chapter 4 Exploiting the Large Mass-Defect of lodine in the Development of a Charge
Tag for Enhanced Sequencing of Synthetic Peptides

4.1 Introduction

The de novo approach to sequencing has many advantages over bottom-up sequencing, such as a
higher reliability of peptide identification,235 however, its usefulness is impaired by the frequent incomplete
backbone cleavage and resulting ion series.169.236 In order to address this shortcoming, various sequence tags
have been developed to aid in sequence identification237-240 The exploration of a suitable tag for the direct
enhancement of peptide sequence coverage rests on the need for de novo sequencing. Unlike bottom-up
proteomics, which rely on spectral database searching and matching, de novo sequencing relies on the
analytical process of deriving a peptide’s amino acid sequence from its experimentally obtained mass
spectrum (ms") with no reference to sequence databases.24! As such, the main advantage of de novo
sequencing lies in its ability to lead to the identification of both known and novel peptides.1¢3 The use of
tandem mass spectrometry (whereby the product ion from a fragmented precursor ion can itself be isolated
and further fragmented) is crucial for de novo analysis. A peptide is isolated out of a mixture (ms?2) after UPLC
separation and dissociated via one out of several ion activation methods; commonly, collision-induced
dissociation (CID) that yields b- and y-ions and electron transfer dissociation (ETD), which yields c- and z-
ions are used for the study of peptide sequences. The latter, ETD, is of particular interest in the sequencing of
post-translational modifications of proteins and peptides as the method can help locate the PTMs on a
particular sequence and it leaves these modifications unaltered, unlike CID. 129 242 Regardless of the method of
choice to cleave the backbone, de novo sequencing makes use of the mass difference between two fragment
ions to match it to the mass of one amino acid residue of the peptide backbone.161 De Novo sequencing can not
only be useful in the analysis of a novel peptide, for which no spectral comparison via database is available,
but it can also be used when a database is available so as to validate the peptide identification obtained via
spectral comparison.161.243 Moreover, it can reveal the presence of novel peptide mutations for
example.150.240,244.245 Additionally, though the manual approach is thought of as a slow method of peptide
determination, commercially available software can assist in de novo analysis and help speed the analytical

process, 162,163,246
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4.2 Experimental Section

4.2.1  Materials

All synthetic pentapeptides (AAXAK, where X = F, K, D, N, H) were purchased from GeneScript
(Piscataway, NJ, USA) and each diluted before use to make 10 mg/mL solutions in MeOH/H20 (1:1). Bovine
Serum Albumin was purchased from Sigma-Aldrich (Milwaukee, WI, USA). Tyramine hydrochloride and
potassium iodide were purchased from Alfa Aesar (Heysham, UK). lodine, H-PAL ChemMatrix® and di-(2-
propyl) thionocarbonate were purchased from Sigma-Aldrich (Milwaukee, WI, USA). Common reagent grade
chemicals such as N,N-dimethylformamide and trifluoroacetic acid were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Sodium acetate, sodium periodate, sodium chloride, sodium thiosulfate, acetic acid and
benzylamine were all purchased from Fisher-Scientific (Fair Lawn, NJ, USA). Benzylamine was flash distilled
before use. The disposable reaction vessels (3-mL fritted syringes) were purchased from CSPS

Pharmaceuticals (San Diego, CA, USA).

4.2.2 Instrumentation

4.2.2.1 Development of Tag Synthesis Using Benzylamine (MS)

The identity of the products obtained during the synthetic scheme development (coupling of tag to
benzylamine) was screened and verified using both low and high resolution Thermo-Fisher instruments (San
Jose, CA). Low resolution measurements were made on a commercial Thermo LTQ-XL with ETD capability
and modified with a Nd:YAG Ekspla laser system, as described in the previous chapters. Capillary nanospray
made of fused silica capillary tubing with polyimide coating (Fisher-Scientific, 360 pm OD, 75 um ID, cut to 8 -
10 cm) and tapered at the tip using a laser puller was used to introduce the samples in the mass spectrometer
via a custom-built source. The flow rate was set at 2 pL/min, High resolution measurements were made on an
LTQ-XL-Orbitrap instrument at 100,000 resolution. Samples were introduced in a 12 pL loop connected to a
divert/inject valve, to which an injection port and LC pump are also attached. Once the sample was loaded
onto the loop, the valve was switched to the Inject position and the ACN/H20 (1:1, with 1% FA) solvent flow

carried the sample to the ion source in ESI mode. A 5 pL/min flow rate was used across experiments.
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4.2.2.2  Application of Developed Tag Using Synthetic Peptide Mixture (MS and LC)

The LC -MS2 (ETD) measurements of the tagged synthetic peptides were performed on a Thermo
Fisher Orbitrap-Fusion mass spectrometer coupled to a Waters nanoAcquity LC system. Set-up for the

chromatography and mass spectrometry are described below.

Mass spectrometry. The ETD chemical ion source utilizes fluoranthene as the radical anion donor necessary
for the transfer of one electron to a multiply charged ion. Capillary nanospray was used to introduce the
samples in the mass spectrometers. Fused silica capillary tubing with polyimide coating (Fisher-Scientific,
360 um OD, 75 pm ID, cut to 8 -10 cm) was tapered at the tip using a laser puller. The spectra were collected
in positive ion mode, the temperature of the ion transfer tube was set at 350 °C, and the mass range was set to

normal (m/z = 200-1600).

Liquid chromatography. The tagged products for each peptide in the mixture were separated using C-18

reversed-phase chromatography. A pre-column (IntegraFrit™ CAPILLARY, 360 um OD, 100 pm ID, 50 cm,
with frit) and column (Fisher-Scientific fused silica capillary tubing with polyimide coating, 360 pum OD, 75
um ID, cut to 20 cm) were packed in-house using packing material from Bruker-Michrom (Auburn CA, USA).
The pre-column was packed using Magic 5um 200 A C18 AQ beads and the column was packed using Magic
5um 100 A C18 AQ beads; both bead types were prepared as a slurry of isopropanol/methanol /water (2:2:1).
The total time for the complete elution of one sample (3 pL) injection was 90 min for the gradient elution
described as follows. The liquid chromatography (LC) was run with a binary solvent: aqueous solvent A is
H20/formic acid (99.9/0.1) and organic solvent B is ACN /formic acid (99.9/0.1). The sample was trapped at 2
uL/min with 98% A and 2% B for 10 minutes and then separated at 0.3 uL/min according to the following

gradient: 1 - 60 min 5% B - 30% B, 61 - 70 min, 80% B - 80% B, 71 - 90 min, 80% B - 2%B.

4.2.3  Overall Synthetic Scheme Development

The original synthetic scheme (Scheme 4.1) for the iodinated charge tag was modeled after that of
former group member, Dr. Chang Xue.?4” The guanidination method described here is identical to that used

for her alkylated guanidine tags. In a fritted 4-mL syringe the H-PAL Chematrix® substrate is modified into a
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thiocyanate group at the free primary amine using an excess of di( 2-pyridyl) thionocarbonate. At this step of
the reaction, was originally added an excess of tyramine diiodinated at the ortho positions. This 2,6-
diiodinated tyramine was synthesized in-house by one of our collaborators, Jan Urban, and its primary amine

was reacted with the previously prepared thiocyanate moiety of the substrate to form a thiourea analog.
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Scheme 4.1. Original Synthetic Scheme

The subsequent steps of the reaction involved oxidizing the thiourea analog, or “precursor tag” as it
is referred to below, adding in an incoming amine in the presence of a base (benzylamine in triethylamine
here for coupling testing) and thus completing the synthesis of the tag before cleaving it from the resin bead.
When following this reaction scheme, an expected singly charged product at m/z 521.9534 was, however, not
observed. Since tag formation and amine coupling was previously observed by Dr. Xue when developing her
alkylated charge-tags,?47 it was hypothesized that the iodinated tyramine may not survive one of the synthetic
steps. Careful reviewing of the scheme helped identified two particularly harsh steps in the overall scheme,
which might cause deterioration of the tag. The first potentially detrimental step to the tag formation was
surmised to be the oxidation step, where an excess of monoperoxyphthalate is added to the precursor tag.

The second potentially harmful reaction was thought to be at the cleaving step, where a solution of
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trifluoroacetic acid (TFA) is reacted with the tag fully built on the resin bead. In order to diagnose which of
the two steps may be interfering with the preservation of the tag, if either, the addition order for 2,6-

diiodotyramine and benzylamine were swapped, as described by the diagnostic scheme below (Scheme 4.2).
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HZN/j@\ o @ s & ‘ m/z= 5|21.9534
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Scheme 4.2. Diagnostic Synthetic Scheme

Since the addition of 2,6-diiodotyramine then took place after the oxidation step, two possible
outcomes would result: 1) a singly charged product formation at m/z 521.9534 would be observed, thereby
indicating that the oxidation step was detrimental to the tag integrity when iodinated earlier, or 2) the
product would not form, thereby indicating that the cleaving step was solely involved in the degradation of
the tag. As seen from the ESI spectrum resulting from the diagnostic reaction synthesis, the expected
productwas indeed made and a clean, singly charged peak at m/z 521.9435 corresponding to the iodinated
tag coupled to benzylamine was observed. This suggested that the iodinated precursor tag did not survive the
oxidation step and that the iodination of the precursor tag should occur after that step in order to ensure its
integrity. Since the ultimate goal is for this tag to provide a labeling tool for tryptic peptides, it is crucial to
this synthesis that the amines from a given digest be introduced in the last step of the synthesis for coupling

to the tag.
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Figure 4.1. Tag Product obtained from the diagnostic synthetic scheme.

The need for this criterion to be satisfied rests on the undesirability for these tryptic peptides to undergo any
chemical change other than their mere coupling to the precursor tag. This also implied that although the
diagnostic scheme was helpful in identifying the source of the problem in successfully synthesizing the tag, it
would not be useable as it stood for the actual coupling to tryptic peptides since the “model peptide”
(benzylamine in this case) was added just before the oxidation step. Whilst redesigning the synthetic scheme
for the tag, it was decided that tyramine would be used as the backbone for the tag and that the iodination
would be done in-house in an additional step following the oxidation of the precursor tag (Scheme 4.3). The
hydroxyl group on the benzene ring of tyramine would predictably direct the electrophilic aromatic
substitution with iodine at the ortho positions,248249 and the iodination reaction would be optimized to obtain
a high yield of the diiodinated product (>90-95%) compared to the monoiodinated product (<5-10%). This

extra step in the reaction synthesis was developed as described below.
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Scheme 4.3. Updated and final synthetic scheme for iodinated charge-tag synthesis.

4.2.4  lodination Method Development

A wealth of methods for the mono-, di-, and triiodination of aromatics, and more specifically phenols,
have been published over the last four decades and have been motivated by the biological importance of
these compounds, as evidenced by thyroid hormones for instance.250 All these methods were described for
the bulk liquid synthesis of iodinated aromatic compounds. During the development of an adequate
iodination method, scalable to the micromolar quantities required for our solid phase synthesis, several of
these methods were deemed suitable to our needs based on the ease of the chemical reaction, cost and
availability of reagents. Seven different reaction methods251-260 were originally scaled down and tested for
their potential to diiodinate tyramine (12 pmol) before its coupling to benzylamine. Out of all the above-
mentioned methods, three showed to be particularly promising; the first method used a combination of
NaClOz/Nal/HCl reagents as an efficient, inexpensive and mild approach,?5! while the second method
involved a mixture of NalO4/KI/NaCl meant to generate iodine monochloride (IC) in situ, as a source of
electrophilic I*ions.252 As illustrated in the electrospray spectra obtained for the products of these two

reactions, the precursor tag was iodinated, but a significant portion was converted into its monoiodinated
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form relative to its diiodinated form (Figure 4.2 a-c). The first method, which used sodium chlorite, showed a
slightly higher conversion into the monoiodinated product than the diiodinated one (1:0.85), while the
second method, which uses sodium periodate, showed a lower conversion into the monoiodinated product
and a slight preference towards the diiodinated product (0.9:1). Last but not least, the third method involved
a direct iodination of the tag using excess lodine (I2) dissolved in acetic acid. While this direct iodination of
the precursor tag yielded no product when iodine was solely dissolved in acetic acid, the reaction benefited
tremendously from dissolving iodine in a buffered solution of acetic acid and sodium acetate (Figure 4c).
Based on those results, efforts were concentrated on improving the second and third method. It is worth
noting that several mechanisms for the Iodination of phenols have been proposed in the past, and many agree
that an important step in the iodination of a phenol likely involves the temporary deprotonation of the
hydroxyl group.26! Seeing that the reaction may benefit from the presence of a base, syringes containing the

precursor tag were first rinsed with a solution of sodium acetate (0.4 M; 0.5 mL, twice).

Attempts to drive these individual reactions towards a higher yield of diiodinated product by varying
the concentration of sodium acetate in the buffer system were unsuccessful. Nevertheless, a final endeavor
proved fruitful when the two iodination methods were used in series; a direct tag iodination in acetic
acid/sodium acetate buffer immediately preceding a modified NalO4/KI/NaCl method (in sodium acetate
buffer rather than acetic acid alone) proved to be the key recipe -described in details below. This
serendipitous finding provided a high yield of diiodinated product (>95%) and was successfully reproduced

thrice. It should be noted that while the method worked reliably, it was never fully optimized.
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Figure 4.3. Double iodination products: (a) product obtained using a combination of 12 dissolved in acetic
acid and sodium acetate buffer followed by the Nal04/KI/NaCl/NaOAc method; (b) the reproducibility of the

method was validated on a different day.

425 General Procedure for the Preparation of the Diiodotyramine Tag Precursor

H-PAL ChemMatrix® resin (25 mg, 12 umol) was weighed out directly in a tared frit-equipped
syringe and allowed to swell in 1 mL of dimethylformamide (DMF) for 1h. A needle was placed on the tip of
the syringe and the solvent was discarded through it into a waste container, while the resin beads remained
in the fritted syringe. Next, di-(2-propyl) thionocarbonate (DTP) (11 mg) was diluted in 0.5 mL DMF and
aspirated into the syringe. The syringe was then allowed to react for 1h while mixing by rotation at 100 rpm.

The DMF solvent and excess DTP reagent were then discarded through the needle and further washed off
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with DMF in 0.5 mL portions, five times. Tyramine hydrochloride (26.4 mg, 120 pumol) was dissolved in 0.5
mL DMF and triethylamine was added (9.6 pL). The solution was aspirated into the syringe and allowed to
react while mixing for 2h. After discarding the excess reagent and solvent through the needle, the beads were
washed with DMF (0.5 mL portions, five times). Magnesium monoperoxyphthalate hexahydrate (21.4 mg,
43.2 pmol) was dissolved in 0.25 mL of DMF before the solution was aspirated in the syringe and allowed to
react while mixing for 2h. Note that following each of these reaction steps and subsequent washes, the beads
in the syringe can be kept in DMF in a -4°C fridge or a -20°C freezer for up to a few days without affecting the
stability of the reagents. The syringe was then washed with DMF (0.5 mL portions, five times) and with 0.4 M
solution of sodium acetate (0.5 mL portions, four times). At this stage of the reaction, the tag precursor is
ready to be iodinated. lodine (50 mg, 197 umol) was dissolved in 4 mL glass vials in glacial acetic acid (900
uL) at 35°C overnight and in the dark before adding deionized water (100 pL). Once brought to room
temperature, the iodine solution was introduced into the syringe and allowed to react while mixing for 2 h. It
is critical that the syringe be covered with aluminum foil so as to prevent photodegradation. Following this
firstiodination step, a second iodination step immediately followed with no washing between the two. This
important point must not be disregarded as it was shown to affect the yield of the di-iodinated product
relative to the mono-iodinated product. The second iodination solution consisted of a mixture of 15 mg/mL
solution of sodium periodate (307 pL), 300 mg/mL solution of sodium chloride (140 pL), 0.2 M sodium
acetate solution (123 pL), all of which using methanol/water (1:1) as the solvent, 50 uL of acetic acid in water
(9:1) and a 10 mg/mL solution of potassium iodide in water (200 pL). Potassium iodide was added last,
before the solution was quickly aspirated in the syringe and allowed to react while mixing for 3 h. Dark
clumping may be observed in the syringe and is normal. Subsequently, the reaction solution was discarded
through the needle and any excess was washed off with a 1.0 M solution of sodium thiosulfate in 0.5 mL
portions, discarded into a clear beaker, until any remnant of yellow tint disappeared from the waste,
suggesting complete neutralization of the excess iodide. Four more washes ensued, this time with a solution
of methanol/water (8:2) in 0.5 mL portions (five minutes rotation each). At this stage of the synthetic scheme,
the tag synthesis is complete and ready for coupling with an incoming primary amine in the presence of
triethylamine. Detailed description of the reaction for various amines is found below. After the reaction

between the tag and the chosen amine reached 64h, the syringe was thoroughly washed with five portions of
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methanol/water (8:2) as described above and subsequently washed another five times with diethylether. The
syringe, now containing the bead-bound synthesized tag coupled to the primary amine, was dried down using
a mechanical pump for 30 min-2 h, until dryness was reached. Lastly, the newly synthesized product was
cleaved from the resin beads with a trifluoroacetic acid (TFA) cleaving solution (1 mL) consisting of
TFA/water/triethylsilane (95:2.5:2.5), which was introduced in the syringe through the needle, quickly
sealed with a rubber stopper at the needle tip and allowed to react for 1 h while mixing. Following the release
of the product from the bead, the TFA/water/triethylsilane solution containing the product was collected in a
glass vial and dried down under nitrogen stream and reconstituted in an appropriate solvent before analysis

via LC-MS/MS (ETD).

4.2.6  Use of Model Compound Benzylamine for Peptide Coupling Test

A model amine compound, benzylamine, was used to test the successful coupling reaction between
an amine and the newly synthesized guanidine tag precursor during the optimization of the synthetic scheme.
Benzylamine was found to reproducibly attach to the diiodo-guanidine tag, and was therefore chosen as a
method control to be used alongside other amine-to-tag coupling reactions. Benzylamine (2.6 pL, 24 pmol)
was first purified by flash-distillation and diluted with methanol (0.68 mL), mixed with triethylamine (6.7 pL,
48 pmol,), and aspirated into the syringe containing the diiodinated tag on beads at the amine introduction
step of the general procedure. The syringe was allowed to react at room temperature for 64 h. Next, the

syringe was washed, mechanically dried and cleaved as described above.

4.2.7  Use of Pentapeptides as Model Tryptic Peptides

A mixture of five peptides solutions (AAKAK, AAFAK, AANAK, AADAK and AAHAK) with
triethylamine (6.7 puL, 48 pmol) was then introduced in the syringe. The peptide solutions consisted of 100 pL
of each 10 mg /mL peptide solution (500 pL total). This last coupling step was allowed to react in the foil-
wrapped syringe for 64 h at room temperature while taped on a rotary evaporator for mixing. After

completion of this last reaction step, the beads were washed with a solution of methanol/water (8:2) in 0.5
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mL portions and washed five more times with diethylether to ensure complete water removal and dryness.
The syringe was then dried using a mechanical pump, as previously described for the general procedure and

benzylamine to tag coupling.

4.3 Results and Discussion
4.3.1  Coupling Reaction to Mixture of Synthetic Pentapeptides

Following the successful synthesis of the diiodotyramine tag and its coupling to benzylamine, as
described above (Figure 4.1), the next step was to evaluate the potential for this tag to couple to a model
peptide. A mixture of five pentapeptides was chosen as the model system mimicking a tryptic digest peptide
mixture. Accordingly, the pentapeptides chosen were all lysine-terminated (C-terminus) and were made up of
four alanine residues (alanine is one of the simplest amino acids structurally and it chemistry is highly
predictable) and one center amino acid, which differed from peptide to peptide. All five peptides in the
mixture (AAFAK, AAKAK, AADAK, AANAK and AAHAK) were successfully tagged at once and the resulting
spectra for their fragmentation by ETD are displayed in Figure 4.4a-e. Untagged peptide standards were used
for comparison of the ETD efficiency and sequence coverage relative to the tagged peptides, Figure 4.4f-j. The
increase in number of z-ions, to include the z: ion missing from the underivatized peptides, and across all five
peptides can readily be seen and imply a higher sequence coverage of the peptides than when untagged.
Though the increase in sequence coverage was expected to result from the improved efficiency of the ETD
backbone fragmentation, it should be noted that in this particular case, the efficiency of the backbone
fragmentation by electron transfer occurred even though the charge state of each peptide was not increased
during the tagging process (+2 untagged - +2 tagged). A distinct fragmentation pattern is observed for all
five peptides, with the complete absence of the c-ion series, a signature loss of 127 Da corresponding to the
loss of one iodine atom from the molecule and its associated z-ions, and finally a peak corresponding to the

loss of the entire tag from the peptide.
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Figure 4.4. Side-by-side comparison of MS2-ETD spectra for a-e) the mixture of untagged peptides M =
AAXAK (where X is F, K, D, N and H) and f-j) the mixture of peptides modified with the iodinated charge-tag.
This observation may partially be due to the fact that these are short peptides and can therefore only

accommodate two charges at most.
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4.3.2  Efficiency of the Method

Though the efficiency of the tagging process was not yet evaluated for the coupling to peptides,
future work should assess it as follows. All the diiodinated-tagged synthetic pentapetides were analyzed and
identified by LC-MS. Since separation from the unreacted (untagged) peptides from the modified (tagged)
peptides following the tagging reaction is crucial for future potential quantitation studies, it is important to
test the efficiency of the tagging method. An aliquot of the five-peptide mixture should be saved as a standard
before tagging and another aliquot of the tagged peptides saved after cleavage from the beads. Additionally,
all washes following the peptide coupling were collected and should be analyzed for unreacted peptide
content. In theory, if the solid phase synthesis method allows the complete removal of the untagged (i.e.
unreacted) peptides, they should not be detected along with the derivatized peptides. Both aliquots should
therefore loaded on an LC column for comparative LC-MS. The percentage of unreacted peptides remaining in
the tagged sample after washing is then reported and the conversion ratio of each peptide in the mixture into
a tagged peptide is calculated from the results. Future use of the tagging method should include an efficiency

evaluation.

4.4 Conclusion

The development of a method for the diiodination of tyramine proved fruitful and useful as a mass
defect moiety introduced to a guanidinated synthetic peptide mixture. A significant enhancement of the z-ion
sequence coverage was observed, including the z1 ion, often undetected due to low mass cut-off inherent to
ion traps. These encouraging findings led to the subsequent experiments, described in Chapter 5, aimed at
tagging peptides from the bovine serum albumin (BSA) protein for future use in de novo sequencing. The
ultimate goal is to use the tag as a tool for efficient and straightforward sequencing of either unknown or
known peptides without a need to rely on the less than ideal database search approach. If successful, this tag

could be applied to standard methods in the peptide mapping of a variety of proteins.
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Chapter 5 Heavyweight Champion: Iodine’s Large Mass Defect Weighs in on the
Enhancement of the Sequence Coverage of Digested Peptides via ETD

5.1 Introduction

Following the successful coupling of the novel diiodinated charge tag to synthetic peptides, as
described in Chapter 4, the potential for the tag to be coupled to a mixture of peptides from tryptic digests
was assessed. While several studies have been published on the enhancement of electron transfer
dissociation efficiency using peptide tagging,28267-270 there is, to date, no existing report of a mass defect-
containing charge tag that selectively targets the C-terminal lysine side-chain of digested proteins. The value
of this tag lies in its potential for distinguishing isobars at both the MS! and MS?2 levels using high mass
accuracy measurements. The concept is illustrated for MS! in Figure 5.1, where compounds of the same
nominal mass (i.e. m/z 438 here), can be easily distinguished at high resolution thanks to the mass shift
provided by the mass defect, as contributed by the two iodine atoms in each tag. In the figure, the mass
spectral position of an actual peptide from a Lys-C digest of bovine serum albumin, LCVLHEK -alkylated at the
cysteine residue and tagged at the C-terminal lysine residue, is compared to the mass distribution of two
hypothetical peptides containing naturally occurring mass defects from phosphorylation and from the
presence of one sulfur atom. Despite their intrinsic mass defects, which naturally shifts their masses
compared to peptides made exclusively of C,H,0 and N atoms, it is evident that no overlapping between the
untagged peptides and the iodinated charge-tagged peptides would occur This also makes the derivatized
peptides more easily detectable and identifiable during peptide mapping. Additionally, each of the peptide’s
z-ions generated from ETD fragmentation contains the mass defect and are also shifted in spectral areas
where no native peptide fragment ion exists, allowing for easier sequencing and thus, peptide identification.
It should be noted that the z1 ion of each tagged peptide, which corresponds to the C-terminal lysine residue
derivatized with the diiodinated charge tag, is the same for all tagged peptide and has a m/z = 544.9667. The
implication of having the smallest z-ion be identical for all peptides during sequencing is that even in cases
where this ion does not get detected during the data collection process, it has no negative impact on the
ability to fully sequence a given peptide. Indeed, the subsequent fragment ion in any sequence, the z2 ion, will

be a combination of the z1 mass (544.9667 Da) plus the mass of any one of the twenty naturally occurring
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amino acids. Consequently, one can readily build a spreadsheet or write a script that enables the prediction of
the next possible amino acid and associated fragment ion mass in a sequence for simplified de novo

sequencing.

LCVLHEK (3+)

iz = 438.1243 LCVLHQpSNDF (3+)

m/z = 438.1846
LCVLHQDMISP (3+)

miz =438.2178
A, =0.0603 Ji%

A, =0.0035 Ay

T T T T m/z
437.9 438.0 438.1 438.2 438.3

Figure 5.1. Spectral Separation of Isobars Due to Mass Defect Labeling.

Furthermore, due to the uniqueness of the z: ion as the only possible common ETD fragment ion to all tagged
peptides in a digest and as having a large mass defect (m/z 544.9667) a script was developed in order to
extract all scans that contain this ion in a given LC-MS/MS sample run (See Scheme 5.1, SI). The data
extraction output is organized into three columns, namely, scan level (MS?, MS?), scan number, and intensity
of the z1 ion. This allows one to manually inspect the spectra individually and to confirm the presence of a
tagged peptide containing the z1 ion, as well as to make a rapid comparison to the compiled peptides
identified by the database. Using a de novo approach in combination with the assistance of a spectral database
permits the identification of tagged peptides present in the digest that may not be detected by database
searching and matching. It also equips one with an effortless way to gather all the spectra of interest for de
novo analysis. Since bovine serum albumin (BSA) is a known protein, its peptide mapping is readily available
using database searching. As such, using Proteome Discoverer, all LC-MS/MS sample runs from the digests
were analyzed for the presence of tagged peptides. In order to do so, the peptide tag modification (413.8726
Da) with a mass tolerance for incorporation of one or two hydrogen atoms (+/- 1.0078 and 2.0156 Da) from
protonation was included in the search engine and run for BSA proteolysis by both trypsin and LysC enzymes.
All peptides identified by database searching were visually inspected and only the ones with a high

confidence interval matching (>95%) were recorded. The script was then applied to the same RAW file from
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each LC-MS/MS sample run and the peptides that contained the z1 ion were compiled in Tables 5.2 and 5.4
for the trypsin and Lys-C digest respectively.

Moreover, there is a general interest in the differentiation between leucine and isoleucine during peptide
sequencing. Several methods of distinction between the two isomeric amino acids have been developed.271-276
In this work, we attempted to differentiate between isoleucine and leucine residues in a synthetic peptide,
KQTALVELLK, where one Leu at a time is substituted for one Ile following a method reported by Lebedev et
al.277 The method uses an ETD-MS3 approach of isolation and fragmentation of z-radical (ze) ions, in which the
radical initiation triggers two different side-chain cleavages typical of either isomer. Briefly, the doubly or
triply charged peptide precursor ion is dissociated by ETD in an MS2 experiment and each z-ion radical
produced that holds either a Leu or Ile residue at the radical site in the peptide is isolated in an MS3
experiment and further fragmented by CID. Depending on which amino acid residue the radical is initiated,
either a loss of 43 Da (-C3H7) or 29 Da (-Cz2Hs) will be observed that corresponds either the Leu or Ile isomer,

respectively.

5.2 Experimental Section
5.2.1  Materials

The protease rLysC was purchased from Promega and reconstituted with the buffer provided by the
company. Trypsin was also purchased from Promega and reconstituted according to the company’s protocol
(in 50mM acetic acid). All other materials used for the coupling of the diiodinated charge tag to synthetic
peptides are the same as listed in the materials section 4.2.1. Synthetic KQTALVELLK, KQTAIVELLK,
KQTALVEILK and KQTALVELIK were synthetized on pre-loaded Wang resin (Sigma-Aldrich) using a

microwave-assisted Liberty Blue peptide synthesizer.

5.2.2  Trypsin Digest and peptide tagging

Using ammonium bicarbonate in water (0.1 M) as the solvent, three separate stock solutions of 10
mg/mL BSA, tris(2-carboxyethyl) phosphine (TCEP, 0.5 M) and iodoacetamide (IAA, 1 M) were prepared.

Acetic acid in water (50 mM) was used to dissolve trypsin (100 pg) according to the Trypsin Gold Protocol
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provided from Promega. Four Eppendorf tubes were prepared for BSA tryptic peptides by the following
method: In each tube, 91.3 pL of 10 mg/mL BSA was mixed with 821.3 pL. 100 mM ammonium bicarbonate
and then 9.1 pL of 0.5 M TCEP (final concentration: 5 mM) was added into the tube before incubation at 37 °C
for 30 minutes in order to break disulfide bonds within and between proteins. Then, 9.1 uL of 1 M IAA (final
concentration: 10 mM) was added to each tube and all the tubes were vortexed at RT for 10 minutes to enable
covalent binding of IAA to cysteine in the protein. After that, 22.8 uL of 0.2 pg/uL trypsin (final trypsin:
protein ratio of 1:200) was added to each tube and all four tubes were incubated at 37 °C overnight.
Following this digestion, each tube was acidified with adding formic acid (~ 7 pL) to pH = 3 and tested with
pH paper. Trypsin-digested peptides from two tubes were combined and desalted with a single Sep-Pak C18
cartridge. Two Sep-Pak C18 cartridges were used according to the protocol provided from Waters and
described as follows. First, the cartridge was conditioned with 1 mL of Acetonitrile (ACN) ata 5-10 mL/min
flow rate. Second, the cartridge was equilibrated with 2 mL of ACN/H20/TFA (2/97.9/0.1) mixture ata 5-10
mL/min flow rate. Third, the sample was loaded from two Eppendorf tubes into the cartridge, reloading each
sample twice at 1 mL/min flow rate. Fourth, the cartridge was washed with 3 mL of an ACN/H20/TFA
(2/97.9/0.1) mixture ata 5-10 mL/min flow rate. Finally, BSA digested peptides in the cartridge were first
eluted with 1 mL of ACN/H20/acidic acid (30/69.5/0.5) mixture then eluted with 1 mL of ACN/H20/acidic
acid (69.5/30/0.5) mixture ata 1 mL/min flow rate. The 4 mL of eluates from the two cartridges were
combined and dried down with a stream of nitrogen, and were redissolved in 0.8 mL of a MeOH/H:20 (50/50)
solvent mixture. Twenty microliters (20 pL) of the peptide solution was taken out and saved as a standard for
future LC-MS/MS analysis of BSA tryptic peptides standard. Triethylamine (6.7 puL, 48 umoles) was mixed
with the remaining BSA tryptic peptide solution, which was then introduced into the syringe with modified
beads (diiodinated charge-tag precursor synthesis described in detail in Chapter 4). The syringe was stirred
at RT for 64 h. Following binding of the peptides to the beads, the unreacted peptides left in the solution of
the fritted syringe were collected for later analysis. Next, the beads in the syringe were washed with
MeOH/H:20 (50/50) five times (five minutes stirring each time) and then washed with dichloromethane
another three times (five minutes rotation each time). The syringe was then dried under a mechanical
vacuum pump for 2 h. A mixture (1.0 mL) of TFA/ H20/triethylsilane (95/2.5/2.5) was introduced into the

syringe to cleave the modified peptides from the beads. After rotating for 1 h, the solution in the syringe was
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collected in a glass vial. The beads in the syringe were washed with TFA (0.5 mL x 2) another two times (five
minutes stirring each time) to enable the cleavage of the modified peptides from the beads into the solution.
The washes were combined into the previous glass vial, dried under nitrogen and redissolved in 0.25 mL
methanol. The modified peptides dissolved in methanol were dried and then redissolved in 100 uL (estimated
to give roughly 100 pM for modified digested peptides) of H20/acetic acid (99/1) for further LC-MS/MS
analysis with ETD fragmentation. The BSA tryptic peptide standard collected before was dried and then

redissolved in 12.5 pL (estimated to give 100 pM for digested peptides) of H20/acetic acid (99/1).

5.2.3  Lys-C Digest and Peptide Tagging

Bovine Serum Albumin (BSA) proteins (10 mg/mL) were dissolved in an 8 M Urea, 1mM EDTA and
25 mM Tris-HCl lysis buffer (pH 8.5). The Tris-HCI solution was prepared by mixing Tris base and a few drops
of concentrated HCI until the desired pH 8.5 was obtained. Four separate Eppendorf tubes were prepared;
into each, 75 pL of the 10 mg/mL BSA solution was dispensed and 125.6 pL of the lysis buffer was added. A
reducing agent, TCEP (500 mM), was then added to the protein-buffer mixture in each tube so as to break the
disulfide bonds of the proteins (2 pL, final concentration 5 mM) and the test tubes were incubated at 37°C for
30 minutes. After incubation, a freshly made solution of lodoacetamide (IAA, 500 mM) was added to each test
tube in order to prevent the reformation of the disulfide bonds and let react in the dark for 15 min at RT (2
uL, final concentration 10 mM). Afterwards, 1.1 mL of the buffer (25 mM Tris-HCl and 1 mM EDTA only, pH
8.5) was used to dilute the concentration of urea in each test tube to less than 1 M. The rLysC protease (4 X 15
ng) was subsequently resuspended in its vial using the reconstitution buffer (4 X 75 pL) provided by Promega
to make four 0.2 pg/uL r-LysC solutions (final ratio of rLysC : protein by weight is 1:50). To each tube was
added the full 75 pL of protease contained in each vial and the tubes were then incubated at 37°C overnight
(18 hours). After digestion, each tube was acidified to pH = 3 with formic acid (~5-7 pL) before desalting via

C18 Sep-Pak. The next steps for the coupling were the same as described previously in section 5.2.1.
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5.3 Results and Discussion
5.3.1  Trypsin Digest

Not accounting for miscleavages, a typical BSA trypsin digest produces 74 different peptides (greater
or equal to 2 amino acids), out of which 52 are lysine-terminated while the rest are arginine-terminated.
Previous work?#” has shown the ease of separation between Arg-terminated and Lys-terminated peptides
through washing steps. The Proteome Discoverer search results showed that the sequence coverage for the
tagged samples were 79.57% and 84.68% for the two repeats, implying incomplete digestion of the protein
compared to 80.2 and 88.9% for the untagged peptides. The compiled data suggests that a total of fifteen
peptides were identified as tagged peptides using the database (Figures 5.2-5.5, SI Figures 5.11-5.33) and
that enhancement of the sequence coverage was observed for a total of six tagged peptides in the digest,
namely, KQTALVELLK, SHCIAEVEK, LSQKFPK, LCVLHEK, AEFVEVTK and HLVDEPQNLIK (Figures 5.2-5.5, SI
Figures 5.10-5.18). Displayed in Figure 5.2 is the ETD-MS?2 spectrum for the standard (untagged)
KQTALVELLK detected and identified from the standard sample. It is worth noting that the z-ion sequence
coverage is poor and that the peptide is doubly charged (+2). While no triply charged untagged species (+3)
was detected in the standard, it was the only species detected in the tagged peptide (+3), Figure 5.3. The
tagged peptide exhibits a complete coverage of both the c- and z-ions, including the z1 ion. It must be
mentioned that the miscleaved KQTALVELLK peptide tagged at the N-terminal Lys was also detected, Figure
5.10, SI. While the diiodinated charge tag did increase the charge state of this N-terminal tagged peptide, no
benefit in the sequence coverage was observed and both the z1 and z7 ions are missing from the spectrum.
Similar observations about the increased charge state and sequence coverage of the C-terminal tagged
KQTALVELLK can be made for the cysteine-alkylated LCVLHEK sequence detected by database comparison.
Shown in Figure 5.4 is the ETD-MS? spectrum for the underivatized doubly charged LCVELHEK identified by
database search. Out of the six total z-ions for this peptide, four were observed and only two out of the six
total c-ions were present. This stands in sharp contrast with the spectrum obtained for the derivatized
analog, for which a comprehensive sequence coverage was observed. Indeed, all six z-ions were present in the

spectrum and a total of five c-ions were detected for the peptide.
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Figure 5.2. ETD-MS? of Underivatized Trypsin-Digested KQTALVELLK Detected in Standard.
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Figure 5.3. ETD-MS2 of Derivatized Trypsin-Digested KQTALVELLK Detected in Tagged Sample.
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Worth noting is the increase in the charge state of that peptide from untagged to tagged, with the doubly
charged species (+2) being the only form of the peptide obtained for the untagged LCVLHEK compared to the
triply charged state (+3) of the tagged analog as the only species present in the digest. This emphasizes the
power of the guanidination of a peptide in increasing the charge state of that peptide and thus, in improving
the electron transfer dissociation efficiency. In addition, the diiodinated charge tag aided in the detection of
smaller peptides (i.e. CASIQK, LVTDLTK, NYQEAK, and GACLLPK, SI Figures 5.30-5.33) as summarized in
Table 5.2. These five-to-seven amino acids long peptides escaped detection in the untagged standard but
were identified in the tagged digest mixture with the database searching.

Lastly, it must be mentioned that out of the total fifteen identified tagged peptides by database search, a few
showed either no enhancement of the sequence coverage (i.e. FKDLGEEHFK, SI Figure 5.28) or even a
decrease in the sequence coverage compared to their untagged counterparts (i.e. ATEEQLK,
LKPDPNTLCDEFK and RPCFSALTPDETYVPK, SI Figures 5.19-5.24). Though two of these peptides appear to
be on the larger side compared to the rest of the identified peptides (13 and 17 amino acids long), no specific
pattern, such as peptide size, can be associated with this decrease in sequence coverage since the decrease
was also seen for a shorter, 7 amino acids long peptide.

The need for a de novo approach in the determination of the sequence of a tagged peptide digest is greatly
underlined by the results showed in Table 5.3. The table is a compilation of all the peptides containing the
unique z1 ion at m/z 544.9667 that were extracted by the abovementioned script (See Scheme 5.1, SI). One
can see that a total of twenty-three peptides failed detection by the Proteome Discoverer database (SI
Figures 34-56). This suggests that this is the minimum number of peptide sequences that were not detected
by the database and that potentially more peptides -those not containing the z1 ion for which the script was
developed, failed detection by the database. For those peptides, a de novo approach of identification will need
to be conducted, as illustrated for two of the undetected peptides in the Lys-C digest mentioned in the next
section (SI Figures 5.82,5.83). In order to do so, the spectra are inspected for z-ion fragments and the
difference of mass between two z-ions, starting at Azi-z2 is assigned to an amino acid until the entire
sequence is identified. The identified sequence can be confirmed with the aid of a peptide fragmentation

calculator and the exact masses checked.
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Figure 5.4. ETD-MS2 of Underivatized Trypsin-Digested LCVLHEK Detected in Standard.
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Peptide
KQTALVELLK
SHCIAEVEK
LSQKFPK
LCVLHEK
AEFVEVTK

RPCFSALTPDETYV
KVPQVSTPTLVEVS
LKPDPNTLCDEFK

HLVDEPQNLIK
FKDLGEEHFK
CASIQK
ATEEQLK
NYQEAK
GACLLPK
LVTDLTK

(+2) Standard (+2) Tagged +3) Standarc (:

536.7588
424.2563
449.7451
461.7486

409.7166

Charge State

668.685

561.1097
616.6541
583.6199
586.6523
602.1769

627.6465
547.3185
526.2621
435.9114
417.5475

+3) Tagged

519.1393
496.1321
421.1311
438.1229

765.6038
685.2755
664.2194
573.868
555.1697

z-ions Sequence Coverage

Untagged
4/9 = 44%
4/8 =50%
2/6 = 33%
3/6 =50%
417 =57%
10/15=67%
8/14 =57%
9/12 =75%
7/10 = 70%
8/9 =89%

4/6 =67%

Comment
Tagged

9/9 =100% Both tagged & not tagged at C-terminal
718 =87.5% Not found in standard for one repeat

5/6 = 83%

5/6 = 83%

5/7=71%
4/15 =27%
12/14 = 86%
7/12 = 58%
8/10 = 80%

Not tagged at C-terminal

8/9 =89% Both tagged & not tagged at C-terminal

4/5 = 80% Not found in standard
3/6 =50%

3/5 =60% Not found in standard
3/6 =50% Not found in standard
6/6 = 100% Not found in standard

Table 5.1. Summary of z-ion Count Comparison for Untagged and Tagged Peptides from Trypsin Digest.

Peptides containing z1 ion at m/z 544.9667

B
NKEhEBowo~v~oobswNeR

NNNNRE R R R R R
WNRPROWOOWNO®UNW

Charge State

(+1)
831.1609
842.4963
902.1572
888.1402
913.1486

921.166
935.1855
1383.851
1075.236
931.1718

1024.1661
806.113
1193.7198
1373.3148
1324.825
1471.9021
1104.2083
1721.6041
1116.2805
1428.8589
1456.8529
833.4723
886.5609

(+2)
416.0819
421.0683
451.5811
445.1202
456.5735
461.0865

468.186
692.4292
537.6183
466.0895
512.0836

403.057
598.3606

926.59

883.514
979.5654
552.1045
860.8017
558.1416
952.1605
417.2394
443.2818

(+3)

463.1476
441.945
490.9711

574.2026
476.0818
485.2819

Table 5.2. Summary of peptides from trypsin digest that contain the tagged z1 (m/z 544.9667) as detected

by the in-house extraction script.
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5.3.2  Lys-C Digest

Not accounting for miscleavages, a typical BSA Lys-C digest produces 57 different Lys-terminated
peptides (=/> 2 amino acids). Out of this total, Proteome Discoverer was able to identify sixteen tagged
peptides, Table 5.3; of those, four showed an improved z-ion sequence coverage relative to the untagged
peptides (ie. FGERALK, IETMREK, LGEYGFQNALIVRYTRK, and AWSVARLSQK, Figures 5.6-5.9, SI Figures
5.57-5.60), four showed the same level of coverage (i.e. VPQVSTPTLVEVSRSLGK, DLGEEHFK, AEFVEVTK and
ATEEQLK, SI Figures 5.61-5.68), two showed a decrease in the sequence coverage (i.e. DDSPDLPK and
SLHTLFGDELCK, SI Figures 5.69-5.72), and six were identified when tagged but not detected when untagged
(SEIAHRFK, TPVSEK, AFDEK, SHCIAEVEK, LVTDLTK and FWGK, SI Figures 5.73-5.78), which affirms one of
the values of the diiodinated charge tag. Two examples of the successfully improved peptide sequence
coverage for FGERALK and IETMREK are illustrated in Figures 5.7 and 5.9 relative to their respective
untagged analogs, Figures 5.6 and 5.8. The untagged FGERALK was identified and found to be present in the
standard (untagged sample) only as a doubly charged species (+2), while it was found to be present in the
tagged sample in a triply charged state (+3) only. The untagged FGERALK peptide displayed poor sequence
coverage for both c- and z-ions while the tagged counterpart displayed a complete coverage of the z-ion
series, including the z1, ion and an improved c-ion coverage. The same observations are true for the other
listed example, IETMREK for which the incorporation of the diiodinated charged tag dramatically improved
the z-ions sequence coverage, from 67% when untagged compared to 100% when tagged. Furthermore, as
described for the trypsin digest data, the database search missed the detection of several tagged peptides that
the in-house script was able to extract, as illustrated in Table 5.4. A total of 52 peptides that contained the
tagged z1 ion at m/z 544.9667 were extracted by the script, Figures 5.79-5.130. These unidentified peptides
require a de novo approach to sequencing for identification. Two examples of the de novo identification of
these peptides are illustrated (SI Figures 5.180,5.181) for the Lys-C digested unidentified peptides 4 and 5
(SI Figures 5.82, 5.83). Unidentified peptide 5 was confidently assigned to MTERALK and unidentified
peptide 4 was identified as either FAERALK or AFERALK since its fragmentation pattern is missing the z¢ ion,
thereby making the distinction between the two impossible. Another point worth noting is the

complementarity of the identified peptide sequences in the trypsin and Lys-C digest. Only a few of the digest
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peptides were found to be present in both the Lys-C and trypsin digests, namely, SHCIAEVEK and AEFVEVTK,

while the other identified Lys-C peptide sequences were absent in the trypsin digest.

Charge State z-ions Sequence Coverage

Peptide (+2) Standard (+2) Tagged (+3) Standard (+3) Tagged (+4) Standard (+4) Tagged Untagged Tagged
VPQVSTPTLVEVSRSLGK - 1157.4753 - 771.6503 475.2723 578.9902 13/17 =77% 13/17 =77%
LGEYGFQNALIVRYTRK - 1223.0007 672.0363 815.3337 504.0269 611.5004 11/16 = 69% 15/16 = 94%
DLGEEHFK 487.7332 695.1716 - 463.7827 - - 7/7 =100% 717 =100%
SEIAHRFK 494 701.7117 - 467.8089 - - Not found in standard  7/7 = 100%
AEFVEVTK 461.748 668.6856 - - - 6/7 = 86% 6/7 = 86%
ATEEQLK 409.7166 616.6539 - 616.6539 - - 4/6 = 67% 416 = 67%
TPVSEK - 537.6193 - - - Not found in standard ~ 4/6 = 67%
FGERALK 410.7372 617.6741 - 412.1184 - - 4/6 = 67% 6/6 = 100%
IETMREK 453.7401 660.6755 440.7868 - - 4/6 =67% 6/6 = 100%
AFDEK - 512.0846 - - - Not found in standard = 4/4 = 100%
SHCIAEVEK - 744.1976 - 496.4677 - - Not found in standard  7/8 = 87.5%
LVTDLTK - 602.1771 - - - - Not found in standard  6/6 = 100%
AWSVARLSQK 573.325 781.7723 - 520.9417 - - 4/9 = 44% 8/9 = 89%
DDSPDLPK 443.713 650.6479 - - - - 417 =57% 3/7 = 43%
SLHTLFGDELCK 710.8533 918.2884 474.2369 611.8625 - - 10/11 =91% 6/11 =54.5 %
FWGK - 512.0846 - - - - Not found in standard  2/3 =67%

Table 5.3. Summary of z-ion Count Comparison for Untagged and Tagged Peptides from LysC Digest.
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Figure 5.6. ETD-MS2 of Underivatized LysC-Digested FGERALK Detected in Standard.
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Figure 5.8. ETD-MS2 of Underivatized LysC-Digested IETMREK Detected in Standard.
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Figure 5.9. ETD-MS2 of Derivatized LysC-Digested IETMREK Detected in Tagged Sample.

5.3.4  Leucine / Isoleucine Differentiation Results

An attempt at evaluating the effect of the diiodinated charge tag on the differentiation between the
leucine (Leu) and the isoleucine (Ile) isomers in a given peptide sequence was undertaken. The method
followed the one utilized by Lebedev et al?2’7 and required the ETD generation of the z-ion radical ions, MS?,
located at either a Leu or Ile residue, and their subsequent isolation and fragmentation by CID-MS3, SI Figure
5.131. The MS3spectra were analyzed for resulting fragments, with a distinctive loss of a 43 Da propyl radical
(-C3H7) being indicative of the presence of a Leu residue at the radical site initiation, and the loss of a 29 Da
ethyl radical (-CzHs) being indicative of the presence of an Ile residue. For this purpose, four peptide
sequences were made synthetically using a microwave-assisted peptide synthesizer, namely KQTALVELLK,
KQTAIVELLK, KQTALVEILK and KQTALVELIK, before being tagged using the described procedure in section
4.3.1. These specific sequences were chosen because KQTALVELLK was identified as one of the tagged
peptide present in the trypsin digest of this study. In order to generate the z-ion radicals, both the triply (SI

Figures 5.132-5.134) and doubly (SI Figures 5.135-5.138) charged peptide were individually isolated and
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fragmented. Note that the triply charged KQTALVELIK was could not be isolated due to the low signal to noise
ratio. For each peptide, the electron transfer dissociation activation time was varied between 50 ms and 200
ms so as to select the best ETD fragmentation efficiency and produce °L/IK (m/z 545), *L/ILK (m/z 787) and
*L/IVELLK (m/z 1128) before further fragmentation of the radicals by CID. Unfortunately, as evidenced by
both the triply and doubly charged spectra, Figures 5.132-5.138, the poor electron transfer dissociation
efficiency yielded an insufficient z-ions signal across all four peptides to allow CID-MS3. This low z-ions
conversion did not allow their selection and further evaluation for the potential of leucine/isoleucine
differentiation of the tagged peptides. This sort of discrimination is, however, important in sequencing and

should be reevaluated in future work.

5.4 Conclusion

The work described herein presents the usefulness of a diiodinated charge tag for enhanced
sequence coverage of tryptic peptides in the context of de novo sequencing. Indeed, successful tagging of the
digested protein combined with a script that extracts the z1 reporter ion allowed for detection of tagged
peptides that were both identified and undetected by the database search. Undoubtedly, the unreliability of
spectral database comparison is emphasized by the number of unidentified peptides from the database
search. Conversely, these peptides that escaped detection via database search can be extracted from a script
aimed at looking for the reporter ion. In addition, this script can easily be modified so as to screen LC-MS/MS
runs for any given reporter ion. Since the sequence coverage enhancement was not observed for all peptides,
it may be crucial to always perform the peptide mapping of a given peptide or protein on both tagged and
untagged peptides for comparison. Nonetheless, the power of this tool for de novo sequencing and for
enhanced sequence coverage by ETD implies a potential for a variety of applications. One such application is
the tagging of histone fragments for enhanced ETD sequence coverage and location of their commonly seen
post-translational modifications at lysine and arginine residues.2’8 The methylation and acetylation of
histones play a crucial role on the regulation of gene expression and aberrant modifications can lead to
disruption in the gene expression and lead cause the onset of disease.2’? The quantification of these histone

modifications is often achieved by bottom-up mass spectrometry and relies on the prior derivatization of the
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histone fragments.281-283 The ETD approach to studying histone fragments is of high value since the method
does not alter PTMs and the mass shift may allow for ease of detection at both MS! and MS2levels. The
diiodinated charge-tagging of such fragments may dramatically help in both the quantification and the correct

assignment of modification sites, which pose challenges.280

Peptides containing z1 ion at m/z 544.9667
Charge State
(+1) (+2) (+3)

1 798.4686 400.1975

2 805.1074  403.0571 -

3 818.1308 409.5643 -

4 833.0744 416.79 -

5 1263.3478 631.671 421.45
6 850.0226 424.571 -

7 1277.3466 639.1816 426.1229
8 858.1194 429.0612 -

9 1287.3867 643.6937 435.1393
10 1316.3917 658.196 438.7974
11 1326.7844 663.8958 442.9335
12 899.5421 449.6147 -

13 907.4865 453.7439 -

14 1374.3967 687.1988 458.4668
15 1417.4397 708.7195 472.4802
16 949.1815 475.0941 -

17 953.1709 477.0903 -

18 957.5466 480.0076 -

19 961.5976 481.3035 -

20 968.1635 484.0794 -

21 1464.5493 732.2747 488.5176
22 981.1273 491.0871 -

23 1488.4045 7441973 496.468
24 996.1915 498.593 -

25 1008.1884 504.0943 -

26 1015.6299 508.2113 -

27 1019.2581 510.1338 -

28 1535.5889 767.7936 511.8635
29 1023.1636 512.085 -

30 1549.6011 774.8014 516.5342
31 1561.5913 780.8013 520.3122
32 - 786.1619 524.11
33 1579.5958 789.2964 526.1984
34 1606.5525 803.7788 534.8088
35 1084.4618 542.0895 -

36 1649.6281 825.3165 549.8781
37 1659.5354 829.7757 553.5165
38 1111.236 555.6192 -

39 - 836.7767 557.8528
40 1722.4152 1148.579 574.1384
41 - 1157.1775 578.7394
42 1736.0581 868.5336 579.0248
43 - 874.5409 582.9797
44 1752.4896 876.2405 583.9528
45 - 1173.0034 586.7332
46 1784.7565 891.8749 595.2542
47 1802.6698 1199.6954 600.8959
48 1808.5223 904.2662 603.1795
49 - 1251.5012 626.0024
50 - 947.3724 632.253
51 1925.7411 962.8708 641.9616
52 1679.9977 839.9993 -

Table 5.4. Summary of peptides from trypsin digest that contain the tagged z1 (m/z 544.9667) as detected

by the in-house extraction script.

115



55

KQTALVELLK m/z 519.5347

20160428_Tryplic_Peptide_TAG_2_Product 012616 #14444 RT:67.97 AV: 1 NL:558ES

T: FTMS +c NSId Full ms2 5195347 @etd44.63 [110.0000-1569.0000]

Supplemental Information

(3+)

£19.5344

65
507 Z4

E 486.3058
557

50|

Relative Abundance

45
404
35

30

Z;
244.1784

Z3
357.2624
J1a7.4132

5
] T3 2OATE | 415, ‘esys L L
OShaeépherbpee T o e ey

[M + 3HP*
[M + 3H — I]2*
715.3457

Cg
1072 2985

[M + 2HJ2*
779.3005

Cs

Z5
973.2208

585.3736

c
Co 4

B60.1461

Zg
JCS
‘”‘IH

Z:
5984581
s79.8282

998.6026
|

U 644.0471 | 8865612
L | I L
o

1142.7184

Tag did not couple at C-Terminus

[M+2H -1}
1430.6909
9
Cr
1201.3387

Cg
13144250

1383 4968

12104047]
. M . \I,

[M + 2H]*

1557 5948

|5135306ii
et

200 300 400 500

(MM A it (]
0 700 800

miz

900 1000 1100

T o
1200 1300 1400 1500
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Figure 5.11. ETD-MS2 of Underivatized Trypsin-Digested SHCIAEVEK Detected in Standard by Database

Search. (Note that this peptide is alkylated at the cysteine residue, highlighted in yellow, to prevent the

reformation of disulfide bonds)
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SHCIAEVEK m/z 496.1333 (3+)

20160428 _Tryptic_Peptide_TAG_2_Product_012616 #10586 RT. 53.38 AV:1 NL: 5.13E4
T: FTMS +¢ NSId Full ms2 496.1333@etd44.63 [110.0000-1499.0000]
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Figure 5.12. ETD-MS2 of Derivatized Trypsin-Digested SHCIAEVEK Detected in Tagged Sample by Database

Search. (Note that this peptide is alkylated at the cysteine residue, highlighted in yellow, to prevent the

reformation of disulfide bonds)

LSQKFPK m/z 424.2563 (2+)

20160428_Tryptic_Peptide_TAG_2_Standard_012616 #4091 RT: 27.08 AV: 1 NL:2.71E4
T: FTMS +¢ NS d Full ms2 424.2563@etd100.42 [110.0000-359.0000]

1004

957
90

85

Relative Abundance

173.4757

203.7888 360.4332

138.4136

o

TN E NIRRTy SR TN IRNRY AR TRY A TREN AR RN ETRRN ARTTNATRRN LY

o]

4242560

[M + 2H]*

Z4
503.3103

Cs
474.3036

Standard

631.3687

[M + 2H]*

8485102

831.4867

Cs
718.4231

8205186
7424047

T
150 200 250

P
450
miz

e i e
600 3

T T T
50 700 aso

Figure 5.13. ETD-MS2 of Underivatized Trypsin-Digested LSQKFPK Detected in Standard by Database Search.
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LSQKFPK

m/z 421.1311

(3+)

20160428_Tryplic_Peptide_TAG_2_Product_012616 #10884 RT. 54.48 AV: 1 NL: 1.33E5
T. FTMS + ¢ NSId Full ms2 421.1311@etd44.63 [110.0000-1274.0000]
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Figure 5.14. ETD-MS2 of Derivatized Trypsin-Digested LSQKFPK Detected in Tagged Sample by Database

Search.
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ul
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20160428 _Tryptic_Peptide_TAG_2_Standard_012616 #7273 RT: 3846 AV: 1 NL: 9.52E4
T: FTMS + ¢ NSId Full ms2 461.7486@etd100.42 [110.0000-934.0000]
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Figure 5.15. ETD-MS2 of Underivatized Trypsin-Digested AEFVEVTK Detected in Standard by Database

Search.
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AEFVEVTK m/z 668.6850 (2+)

20160428_Tryptic_Peptide_TAG_2_Product_012616 #13778 RT. 6547 AV: 1 NL: 2.98E§

T: FTMS + ¢ NSId Full ms2 668.6850@etd100.42 [110.0000-1348.0000]

Relalive Abundance

53 127.2870
z=?

218.8503

z=?

330.7643 4126705 457.7921
=? z=? z=?

548.6910
=7

668.6846
=7

[M + 2H]?*

708.7347
=7 z3
745.0849
=7

Z4

874.1244
z=1

9224894
z=1

z

Tagged

[M + 2H]*
1337.3689
=1

M+ H-1

12094568

2=

1320.3430
z=1

Zg
1120.2612 Z7

z=1 12493055

=1
11362799

S
989.2096
=7

11654437
=7
i n

O ey

™ T
200 300 400 500

T LA AASE Masd LAM R aatt et M|
1000 1200 1300

Figure 5.16. ETD-MS2 of Derivatized Trypsin-Digested AEFVEVTK Detected in Tagged Sample by Database

Search.

HLVDEPQNLIK m/z 435.9114 (3+)

20160428_Tryptic_Peptide_TAG_1_Standard_12616 #8920 RT: 43.38 AV: 1 NL: 2.11E6
T: FTMS + ¢ NS| d Full ms2 435.9114@etdd4 .63 [110.0000-1318.0000]
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Figure 5.17. ETD-MS2 of Underivatized Trypsin-Digested HLVDEPQNLIK Detected in Standard by Database

Search.
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HLVDEPQNLIK m/z 574.2025 (3+)
20160428_Tryptic_Peptide_TAG_1_Product 012616 #15831 RT. 66.21 AV:1 NL: 1.06E5

T: FTMS +c NSId Fulms2 574 2025@etd44 .63 [110.0000-1733.0000]
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Figure 5.18. ETD-MS2 of Derivatized Trypsin-Digested HLVDEPQNLIK Detected in Tagged Sample by

Database Search.

RPCFSALTPDETYVPK m/z 627.6465

20160428_Tryptic_Peptide_TAG_1_Standard_012616 #10635 RT: 4960 AV: 1 NL: 2.38ES5
T. FTMS + ¢ NSI d Full ms2 827.6465@etd44.63 [110.0000-1893.0000]
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Figure 5.19. ETD-MS2 of Underivatized Trypsin-Digested RPCFSALTPDETYVPK Detected in Standard by

Database Search. (Note that this peptide is alkylated at the cysteine residue, highlighted in yellow, to prevent

the reformation of disulfide bonds)
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RPCFSALTPDETYVPK

20160428 _Tryptic_Peptide_TAG_1_Product_012616#16278 RT. 67.85 AV: 1 NL: 8.28E4
T: FTMS + ¢ NSId Full ms2 765 6042@etdd4.63 [110.0000-2000.0000]
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Figure 5.20. ETD-MS2 of Derivatized Trypsin-Digested RPCFSALTPDETYVPK Detected in Tagged Sample by

Database Search. (Note that this peptide is alkylated at the cysteine residue, highlighted in yellow)

LKPDPNTLCDEFK mv/z 526.2621 (3+)

20160428 _Tryptic_Peptide_TAG_1_Standard_012616 #10132 RT: 4760 AV:1 NL: 2.40E6
T: FTMS + ¢ NSId Full ms2 526 2621@etd44.63 [110.0000-1589.0000]
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Figure 5.21. ETD-MS2 of Underivatized Trypsin-Digested, miscleaved LKPDPNTLCDEFK Detected in

Standard by Database Search.
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LKPDPNTLCDEFK m/z 664.5526

(3+)

20160428 _Tryptic_Peptide_TAG_1_Product 012616 #15348 RT: 6441 AV: 1 NL: 3.41E5
T: FTMS +c NSId Full ms2 664.5526@etd44 .63 [110.0000-2000.0000]
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Figure 5.22. ETD-MS2 of Derivatized Trypsin-Digested, miscleaved LKPDPNTLCDEFK Detected in Tagged

Sample by Database Search. (Note that in the case illustrated above the tag was found on the Lys residue at

the site of miscleavage rather than at the C-terminal Lys)
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20160428 _Tryptic_Peptide_TAG_2_Standard_012616 #2632 RT: 2114 AV:1 NL: 6.32E4
T: FTMS + ¢ NSI d Ful ms2 409.7166@etd 100,42 [110.0000-830.0000]
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Figure 5.23. ETD-MS2 of Underivatized Trypsin-Digested ATEEQLK Detected in Standard by Database

Search.
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ATEEQLK m/z 616.6541 (2+)

20160428_Tryptic_Peptids_TAG_2_Product 012616 #10913 RT: 54.59 AV: 1 NL: 6.18E4
T. FTMS +¢ NS! d Full ms2 616 6541 @std100.42 [110.0000-1244.0000]
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Figure 5.24. ETD-MS2 of Derivatized Trypsin-Digested ATEEQLK Detected in Tagged Sample by Database

Search.

KVPQVSTPTLVEVSR m/z 547.3185

20160428 _Tryptic_Peptie_TAG_1_Standard_012616 #9225 RT: 4442 AV:1 NL: 16255

(3+)

T. FTMS + ¢ NSId Full ms2 547.3185@etd44.63 [110.0000-1652.0000]
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Figure 5.25. ETD-MS2 of Underivatized Trypsin-Digested KVPQVSTPTLVEVSR Detected in Standard by

Database Search.
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KVPQVSTPTLVEVSR m/z 685.2755 (3+)

20160428 _Tryplic_Peptide_TAG_1_Product_012616#15242 RT: 64.02 AV:1 NL: 198E5
T: FTMS + ¢ NSid Ful ms2 685 2755@etd44 63 [110.0000-2000.0000]
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Figure 5.26. ETD-MS2 of Underivatized Trypsin-Digested KVPQVSTPTLVEVSR Detected in Standard by

Database Search. (Note that in the case illustrated above the N-terminal lysine is tagged and the peptide is

Arg-terminated, meaning it remained in solution despite the washing steps)

FKDLGEEHFK m/z 417.5475 (34)

20160428 _Tryptic_Peptide_TAG_1_Standard_012616 #7780 RT: 39.41 AV:1 NL: 1.12E5
T: FTMS +c NSI d Ful ms2 417 5475@etd44.63 [110.0000-1263.0000]
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Figure 5.27. ETD-MS2 of Underivatized Trypsin-Digested FKDLGEEHFK Detected in Standard by Database

Search.
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FKDLGEEHFK m/z 555.1697 (3+)

20160428_Tryptic_Peptide_TAG_2_Product_012616#11424 RT 5656 AV: 1 NL:132ES
T. FTMS + ¢ NSId Ful ms2 §55.1704@e1d44.63 [110.0000-1676.0000]
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Figure 5.28. ETD-MS2 of Derivatized Trypsin-Digested FKDLGEEHFK Detected in Tagged Sample by

Database Search.

FKDLGEEHFK  m/z 555.1694 (3+)

20160428_Tryptic_Peptide_TAG_1_Product 012616 #14742 RT: 6215 AV: 1 NL: 2.66ES
T: FTMS + ¢ NSId Fullms2 555.1699@etd44 63 [110.0000-1676.0000]
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Figure 5.29. ETD-MS2 of Derivatized Trypsin-Digested FKDLGEEHFK Detected in Tagged Sample by

Database Search. Peptide Tagged at Miscleavage Site, not at C-terminal LysC.
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CASIQK nvz 561.1097 (2+)

20160428 _Tryptic_Peptide_TAG_1_Product_012616 #13282 RT:56.54 AV: 1 NL: 6.51E4
T: FTMS + ¢ NSI d Full ms2 561.1097 @etd100.42 [110.0000-1133.0000] 5614103
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Figure 5.30. ETD-MS2 of Derivatized Trypsin-Digested CASIQK Detected in Tagged Sample by Database

Search. (Note that this peptide is alkylated at the cystein

reformation of disulfide bonds)

LVTDLTK m/z 602.1769 (2+)

20160428_Tryptic_Peptide_TAG_2_Product_012616 #13521 RT.64.51 AV. 1 NL.607ES
T: FTMS +¢ NSId Full ms2 602.1769@etd 100.42 [110,0000-1215.0000]
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Figure 5.31. ETD-MS2 of Derivatized Trypsin-Digested LVTDLTK Detected in Tagged Sample by Database

Search. (Note that this peptide was detected in the tagged sample but was not detected in the digest

standard)
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NYQEAK m/z 583.6199 (2+)

20160428_Tryptic_Peptide_TAG_2_Product 012616 #9633 RT. 49.89 AV: 1 NL: 460E4
T. FTMS +¢ NSId Ful ms2 583 6199@etd100.42 [110.0000-1178.0000]
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Figure 5.32. ETD-MS2 of Derivatized Trypsin-Digested NYQEAK Detected in Tagged Sample by Database

Search.

GACLLPK m/z 586.6523

20160428_Tryptic_Peptide_TAG_2_Product 012616 #13822
T: FTMS +¢ NSI d Full ms2 586 6523@etd 100.42 [110.0000-1184.0000)
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Figure 5.33. ETD-MS2 of Derivatized Trypsin-Digested GACLLPK Detected in Tagged Sample. (Note that this

peptide is alkylated at the cysteine residue, highlighted in yellow, to prevent the reformation of disulfide

bonds)
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20160428_Tryptic_Peptids_ TAG Product 041816 #3918 RT 3259 AV: 1 NL: 211E4
T: FTMS +¢ NSI d Ful ms2 416.0821@std100.42 [110.0000-843.0000]
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Figure 5.34. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 1, Undetected by Database but

Detected Using In-House Developed Script.

20180428 _Tryptic_Peptide_TAG_2_Product 012616 #10884 RT: 54.48 AV: 1 NL: 13385
T. FTMS + ¢ NSI d Full ms2 421.1311@etd44 63 [110.0000-1274.0000]
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Figure 5.35. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 2, Undetected by Database but

Detected Using In-House Developed Script.
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20160428_Tryptic_Peptids_TAG_Product 041816 #5733 RT 4138 AV: 1 NL 242E4
T: FTMS +c NSId Full ms2 451.5822@etd100.42 [110.0000-914.0000]
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Figure 5.36. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 3, Undetected by Database but

Detected Using In-House Developed Script.

20160428_Tryptic_Peptide_TAG_Product_041816 #5612 RT: 40.70 AV: 1 NL: 225E5
T: FTMS + ¢ NSId Full ms2 444.5742@etd100.42 [110.0000-200.0000]
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Figure 5.37. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 4, Undetected by Database but

Detected Using In-House Developed Script.
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201680428 Tryptic_Peptide_TAG Product 041818 #6199 RT: 4343 AV: 1 NL: 3.05E4
T: FTMS + ¢ NSId Full ms2 456.5744@etd100.42 [110.0000-924.0000]
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Figure 5.38. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 5, Undetected by Database but

Detected Using In-House Developed Script.

20160428_Tryptic_Peptids_TAG Product 041816 #8895 RT: 5632 AV: 1 NL: 1.05E5
T: FTMS +¢ NS| d Full ms2 461.0870@etd 100.42 [110.0000-933.0000]
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Figure 5.39. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 6, Undetected by Database but

Detected Using In-House Developed Script.
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20180428 _Tryptic_Peptide_TAG_Product 04181€ #9056 RT: 5694 AV: 1 NL: 4.44E4
T: FTMS +c NSId Full ms2 488.0946@etd100.42 [110.0000-947.0000]
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Figure 5.40. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 7, Undetected by Database but

Detected Using In-House Developed Script.

20160428_Tryptic_Peptide_TAG_Product 041816 #10435 RT: 62.56 AV: 1 NL 199E5
T: FTMS + ¢ NSId Full ms2 461.6211@etd44. 63 [110.0000-1395.0000]

Relative Abundance

462.1470
=7

4451197
=7

413.2504

=7

221.1384
771123 =2

=2

308.1815
z=7
T L

6924292
=2

6784284
z=1

6344018

z=1

723.4388
=1

767 4844
z=1

811.4999
z=1
|

9234515
z=1

Unidentified Peptide 8

1004.9752 1078.0605
2=7

=7
| ; L

1383.8510

z=1
1366.8433
z=7

200

400

300

| l 1.
700
miz

L

0

900

LAAE RAMAnat aana saa mony pact nans tony
1000 1100

T
1300

Figure 5.41. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 8, Undetected by Database but

Detected Using In-House Developed Script.
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20160428 _Tryptic_Peptide_TAG_1_Product 012616 #11920 RT: 5125 AV: 1 NL: 1.18E5
T: FTMS + ¢ NSId Full ms2 537.6185@etd100.42 [110.0000-1086.0000]
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Figure 5.42. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 9, Undetected by Database but

Detected Using In-House Developed Script.

20160428 _Tryptic_Peptide TAG 1 Product 012616 #13277 RT: 5652 AV: 1 NL 482E4
T: FTMS + c NS d Full ms2 466.0899@etd 100.42 [110.0000-843.0000]
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Figure 5.43. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 10, Undetected by Database but

Detected Using In-House Developed Script.
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20160428 _Tryptic_Peptide_TAG_1_Product 012616 %13742 RT. 58.33 AV 1 NL 7.69E4
T: FTMS + ¢ NSId Full ms2 512.0845@etd100.42[110.0000-1035.0000]
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Figure 5.44. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 11, Undetected by Database but

Detected Using In-House Developed Script.

20160428 _Tryptic_Peplide_TAG_1_Product_012616#14508 RT: 6161 AV: 1 ML: 6.03E5
T: FTMS + ¢ NSId Full ms2 403.0572@etd100.42 [110.0000-817.0000]
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Figure 5.45. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 12, Undetected by Database but

Detected Using In-House Developed Script.
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20180428 _Tryptic_Peptide_TAG_1_Product 012616 #14449 RT: 1.03 AV: 1 NL: 397E4
T: FTMS + ¢ NSId Full ms2 598.2363@etd44.63 [110.0000-1805.0000]
833.4001
z=2

896.8511
z=2

789.0862
=1

Relative Abundance

598.3606
=7

173.4887
=7
679.2100
203.0853
=7

287.4007
=7

&
PEATl

)

Unidentified Peptide 13

7.5937

1177.7220

=1 1667 7938

z=1

10906381
=7

|

200

300

1100 1200 1300

1400

1500

LA et g it Mt M et My gt Mt la M iy |
600 1700 1800

Figure 5.46. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 13, Undetected by Database but

Detected Using In-House Developed Script.

20160428 _Tryptic_Peptide_TAG_1_Product 012616 #14501 RT:61.23 AV: 1 NL:9.76E4
T: FTMS + ¢ NSId Full ms2 463 4484 @etd44.63 [110.0000-1401.0000]
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Figure 5.47. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 14, Undetected by Database but

Detected Using In-House Developed Script.
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20160428 _Tryptic_Peptide_TAG_1_Product 012616 #15322 RT: 64.31 AV: 1 NL: 231E5 . e .
T: FTMS + ¢ NSI d Full ms2 441.9450@etd44.63 (110.0000-1336.0000] Unidentified Pephde 15
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Figure 5.48. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 15, Undetected by Database but
Detected Using In-House Developed Script.

20160428_Tryptic_Peptide_TAG_1_Product_012616#15451 RT. 6481 AV: 1 NL: 5.01ES

T. FTMS +c NSI dFull ms2 490571 1@etc44 63 [110.0000-1483 0000] 184850 Unidentified Peptide 16
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Figure 5.49. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 16, Undetected by Database but
Detected Using In-House Developed Script.
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20160428 _Tryptic Peptide TAG 1_Product 012616 #15672 RT- 8526 AV: 1 NL: 1.70E5

T: FTMS + ¢ NSId Full ms2 552 1046@etd100.42 [110.0000-1115.0000] 5521045 Unidentified Peptide 17
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Figure 5.50. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 17, Undetected by Database but
Detected Using In-House Developed Script.

20160428 _Tryptic_Peptide_TAG_1_Product_01261€ #15942 RT: 6662 AV:1 NL: 7.53E4
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Figure 5.51. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 18, Undetected by Database but
Detected Using In-House Developed Script.
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20160428_Tryptic_Peptide_TAG_2_Product_ 012616 #15264 RT: 70.97 AV: 1 NL 1.03ES
T: FTMS + ¢ NSId Full ms2 476 6244@etd44 63 [110.0000-1440.0000]
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Figure 5.52. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 19, Undetected by Database but

Detected Using In-House Developed Script.

20160428_Tryptic_Peptide_TAG_2_Product_012616#15264 RT. 70.87 AV:1 NL 1.03E5
T: FTMS + ¢ NSl d Ful ms2 476 6244@etd44 63 [110.0000-1440.0000]
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Figure 5.53. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 20, Undetected by Database but

Detected Using In-House Developed Script.
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20160428 _Tryptic_Peptide_TAG_2_Product 012616 #10049 RT: 5145 AV:1 NL 4.26E4
T: FTMS +c NSId Ful ms2 485.2819@etd44.63 [110.0000-1466.0000]
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Figure 5.54. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 21, Undetected by Database but
Detected Using In-House Developed Script.

20160428 _Tryptic_Peptide_TAG_2_Product 012616 #11390 RT. 5644 AV: 1 NL 227ES
T: FTMS + ¢ NSId Full ms2 417.2400@etd100.42 [110.0000-845.0000]
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Figure 5.55. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 22, Undetected by Database but
Detected Using In-House Developed Script.
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20160428 _Tryptic_Peptide_TAG_2_Product_012616#12501 RT. 60.66 AV:1 NL 5.00E4
T: FTMS +¢ NSId Full ms2 442.7758@etd 100.42 [110.0000-896.0000]
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Figure 5.56. ETD-MS2 of Trypsin-Digested Unidentified Tagged Peptide 23, Undetected by Database but

Detected Using In-House Developed Script.

LGEYGFQNALIVRYTRK *°

20160802_LysC_Standard_1#9711 RT: 4479 AV:1 NL:5.35E5
T: FTMS + ¢ NSId Full ms2 406.6273@etd17.05 [110.0000-2000.0000]
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Figure 5.57. ETD-MS2 of Underivatized LysC-Digested LGEYGFQNALIVRYTRK Detected in Standard by

Database Search.
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M = LGEYGFQNALIVRYTRK *4

20160802_LysC_Peplide_TAG_2 #12464 RT. 59.87 AV: 1 NL: 3.34E6
T FTMS +¢c NSID Full ms2 611 7518@etd26 64 [110.0000-2000 6000]
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Figure 5.58. ETD-MS2 of Derivatized LysC-Digested LGEYGFQNALIVRYTRK Detected in Tagged Sample by

Database Search.

M = AWSVARLSQK *2

20160802_LysC_Standard #8879 RT: 37.90 AV:1 NL:321E6
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Figure 5.59. ETD-MS2 of Underivatized LysC-Digested AWSVARLSQK Detected in Standard by Database

Search.
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M = AWSVARLSQK *3

20160802_LysC_Peplide_TAG_2 #9487 RT. 47.45 AV: 1 NL: 1.06ES5
T-FTMS + c NSId Fulms2 521.1833¢@etd47 36 [110.0000-1574 0000]
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Figure 5.60. ETD-MS2 of Derivatized LysC-Digested AWSVARLSQK Detected in Tagged Sample by Database

Search.
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Figure 5.61. ETD-MS2 of Underivatized LysC-Digested VPQVSTPTLVEVSRSLGK Detected in Standard by

Database Search.
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Figure 5.62. ETD-MS2 of Derivatized LysC-Digested VPQVSTPTLVEVSRSLGK Detected in Tagged Sample by

Database Search.

M = DLGEEHFK *2
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Figure 5.63. ETD-MS2 of Underivatized LysC-Digested DLGEEHFK Detected in Standard by Database Search.
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M = DLGEEHFK *3

20160802_LysC_Peptide_TAG_1#11571 RT. 5563 AV_ 1 NL: 4.21E5
T: FTMS + ¢ NSId Full ms2 463 4488 @etd47 36 [110 0000-1401 0000]
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Figure 5.64. ETD-MS2 of Derivatized LysC-Digested DLGEEHFK Detected in Tagged Sample by Database

Search.

M = AEFVEVTK *2
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Figure 5.65. ETD-MS2 of Underivatized LysC-Digested AEFVEVTK Detected in Standard by Database Search.
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M = AEFVEVTK *?

20160802_LysC_Peplide_TAG 2#12951 RT 6169 AV 1 NL 198E5
T: FTMS + ¢ NSId Full ms2 668 6856@etd 106 55 [110 0000-1348 0000]
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Figure 5.66. ETD-MS2 of Derivatized LysC-Digested AEFVEVTK Detected in Tagged Sample by Database

Search.

M = ATEEQLK *2
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Figure 5.67. ETD-MS2 of Underivatized LysC-Digested ATEEQLK Detected in Standard by Database Search.
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M = ATEEQLK *2

20160802_LysC_Peptide_TAG 2#10169 RT 5139 AV 1 NL 397E4
T: FTMS +c NSId Full ms2 616.6539@etd106 55 [110.0000-1244.0000]
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Figure 5.68. ETD-MS2 of Derivatized LysC-Digested ATEEQLK Detected in Tagged Sample by Database

Search.
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Figure 5.69. ETD-MS2 of Underivatized LysC-Digested DDSPDLPK Detected in Standard by Database Search.
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M = DDSPDLPK *2

20160802 _LysC_Peptide_TAG_1#12023 RT: 5723 AV: 1 NL:6.11E4
T. FTMS + ¢ NSId Full ms2 650.6490@etd106.55 [110.0000-1312.0000]
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Figure 5.70. ETD-MS?2 of Derivatized LysC-Digested DDSPDLPK Detected in Tagged Sample by Database

Search.
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Figure 5.71. ETD-MS2 of Underivatized LysC-Digested SLHTLFGDELCK Detected in Standard.
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Figure 5.72. ETD-MS?2 of Derivatized LysC-Digested SLHTLFGDELCK Detected in Tagged Sample.

M = SEIAHRFK *3

20160802_LysC_Peptide_TAG_1 #8964 RT: 4321 AV: 1 NL: 1.46E7
T. FTMS +¢ NSId Fulms2 467 8089@etd47 36 [110.0000-1414.0000]
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Figure 5.73. ETD-MS2 of Derivatized LysC-Digested SEIAHRFK Detected in Tagged Sample by Database

Search. (Note that the untagged counterpart was not detected in the standard).
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Figure 5.74. ETD-MS2 of Derivatized LysC-Digested TPVSEK Detected in Tagged Sample by Database Search.

(Note that the untagged counterpart was not detected in the standard)
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Figure 5.75. ETD-MS2 of Derivatized LysC-Digested AFDEK Detected in Tagged Sample by Database Search.

(Note that the untagged counterpart was not detected in the standard)
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20160802_LysC_Peplide_TAG_3 #9277 RT. 47.75 AV: 1 NL: 4.67E4
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Figure 5.76. ETD-MS2 of Derivatized LysC-Digested SHCIAEVEK Detected in Tagged Sample by Database

Search. (Note that the untagged counterpart was not detected in the standard).
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Figure 5.77. ETD-MS2 of Derivatized LysC-Digested LVTDLTK Detected in Tagged Sample. (Note that the

untagged counterpart was not detected in the standard)
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M =FWGK *?

20160802_LysC_Peptide_TAG_1#9890 RT: 48.46 AV:1 NL: 2.95ES [M +3 H]2+
T: FTMS + ¢ NSI d Full ms2 477.0905@etd 106.55 [110.0000-965.0000) 77,0032
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Figure 5.78. ETD-MS2 of Tagged LysC-Digested FWGK Detected in Tagged Sample.
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Figure 5.79. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 1, Undetected by Database but Detected

Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#11993 RT: 57.12 AV:1 NL: 197E6
T: FTMS +¢ NSId Full ms2 403.0577@etd106.55 [110.0000-817.0000]
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Figure 5.80. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 2, Undetected by Database but Detected

Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #10570 RT: 5190 AV:1 NL:2.09E5
T: FTMS +¢ NSId Full ms2 409.5662@etd 106.55 [110.0000-830.0000]
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Figure 5.81. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 3, Undetected by Database but Detected

Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#10524 RT: 5172 AV:1 NL:285E5
T: FTMS +¢ NSId Full ms2 416.7908@etd47.36 [110.0000-1261.0000]
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Figure 5.82. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 4, Undetected by Database but Detected

Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#11682 RT. 56.03 AV:1 NL: 251E5

T. FTMS +c NSl d Full ms2 421.4509@etd47.36 [110.0000-1275.0000]
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Figure 5.83. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 5, Undetected by Database but Detected

Using In-House Developed Script.

152



20160802_LysC_Peptide_TAG_1#8735 RT:42.31 AV:1 NL:433E4
T: FTMS +c NSId Full ms2 424 5710@etd 106.55 [110.0000-860.0000]
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Figure 5.84. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 6, Undetected by Database but Detected

Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #12083 RT. 5745 AV: 1 NL: 1.08E5
T: FTMS +¢ NSl d Full ms2 426 1229@etd47.36 [110.0000-1289.0000]
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Figure 5.85. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 7, Undetected by Database but Detected

Using In-House Developed Script.
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20160802_LysC_Peplide_TAG_1#9247 RT. 4440 AV: 1 NL: 1.26E5
T: FTMS +c NSId Full msZ 429.0612@etd 106 55 [110.0000-869.0000]
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Figure 5.86. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 8, Undetected by Database but Detected

Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #8971 RT: 4324 AV:1 NL: 138E5
T: FTMS +c NSId Full msZ 435.1393@etd47.36 [110.0000-1316.0000]
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Figure 5.87. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 9, Undetected by Database but Detected

Using In-House Developed Script.

154



20160802_LysC_Peplide_TAG_1#8872 RT: 42.86 AV:1 MNL: 3.24E5
T: FTMS +c NSId Full ms2 438 7986@etd47 36 [110.0000-1327.0000]
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Figure 5.88. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 10, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#14423 RT: 66.12 AV: 1 NL: 404E5
T: FTMS +c NSId Full ms2 442 9335@etd47.36 [110.0000-1339.0000]
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Figure 5.89. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 11, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#12095 RT: 5749 AV:1 NL: 470ES
T: FTMS +c¢ NSId Full ms2 449 .6156@etd 106.55 [110.0000-910.0000]
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Figure 5.90. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 12, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#9294 RT: 44.72 AV: 1 NL: 7.21E4
T: FTMS +c NSId Full ms2 453.7439@etd106.55 [110.0000-918.0000]
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Figure 5.91. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 13, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#11046 RT: 5367 AV:1 NL: 195E5
T: FTMS + ¢ NSId Full ms2 458.1334@etd47.36 [110.0000-1385.0000]
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Figure 5.92. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 14, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#8955 RT. 43.18 AV: 1 NL: 2.28E6
T. FTMS + ¢ NSId Full ms2 472.4802@etd47.36 [110.0000-1428.0000]
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Figure 5.93. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 15, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#9127 RT. 43.89 AV: 1 NL: 2.36ES
T. FTMS + ¢ NSId Full ms2 475.0953@etd106.55 [110.0000-961.0000]
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Figure 5.94. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 16, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #10913 RT: 5317 AV: 1 NL: 575E5
T: FTMS + ¢ NSId Full msZ 477.0899@etd106.55 [110.0000-965.0000]
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Figure 5.95. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 17, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#10586 RT: 51.95 AV:1 NL: 1.50E5
T FTMS +¢ NSId Full ms2 480.0076 @etd26.64 [110.0000-1931.0000]
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Figure 5.96. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 18, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#12641 RT: 5052 AV: 1 NL: 156E5
T: FTMS + ¢ NSId Full ms2 481.6889@eld26.64 [110.0000-1937.0000)
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Figure 5.97. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 19, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Pepiide_TAG_1 #13446 RT: 6251 AV:1 NL: 8.88E4
T FTMS + ¢ NSId Full ms2 484 0794@etd 106 55 [110.0000-879.0000]
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Figure 5.98. ETD-MS?2 of LysC-Digested Unidentified Tagged Peptide 20, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#9115 RT: 43.85 AV: 1 NL:2.6565

T: FTMS + ¢ NSId Full ms2 488.1843@etd47.36 [110.0000-1475.0000]
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Figure 5.99. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 21, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#14207 RT:. 6531 AV:1 NL: 3.18E5

T. FTMS + ¢ NSId Full ms2 491.0871@etd106.55 [110.0000-993.0000]
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Figure 5.100. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 22, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#9972 RT:49.01 AV: 1 NL: 403E4
T: FTMS + ¢ NSId Full ms2 496 4680@etd47.36 [110.0000-1500.0000]
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Figure 5.101. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 23, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#13347 RT:62.14 AV:1 NL: 126E5
T: FTMS +c NSId Full ms2 498 5930@etd 108 55 [110.0000-1008.0000]
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Figure 5.102. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 24, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#14258 RT. 65.50 AV:1 NL: 2.67ES

T: FTMS +¢ NSId Full ms2 504.0948@etd106.55 [110.0000-1019.0000]
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Figure 5.103. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 25, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#13986 RT: 64.50 AV: 1 NL: 3.20E4 . . .
T: FTMS +¢ NSId Full ms2 508.1371@etd106.55 [110.0000-1027.0000] Unidentified F'eptlde 26
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Figure 5.104. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 26, Undetected by Database but
Detected Using In-House Developed Script.
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Figure 5.105. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 27, Undetected by Database but
Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#9701 RT: 47.10 AV:1 NL:6.58E5
T: FTMS + ¢ NSid Full ms2 511.8635@etd47.36 [110.0000-1546.0000]
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Figure 5.106. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 28, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#11172 RT: 5412 AV:1 NL: 1B4E5
T: FTMS + ¢ NSId Full ms2 512.0850@etd106.55 [110.0000-1035.0000]
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Figure 5.107. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 29, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peplide_TAG_1#9905 RT: 48.54 AV: 1 NL: 175E5
T- FTMS +¢ NSId Full ms3 516 5342@etd47 36 [110.0000-1560.0000]
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Figure 5.108. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 30, Undetected by Database but

Detected Using In-House Developed Script.
20160802_LysC_Peptide_TAG_1#12127 RT:57.61 AV:1 NL: 7.49E4
T: FTMS +c¢ NSl d Full ms2 520‘5353@etd47',3g§10.0000—1572.0000]
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Figure 5.109. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 31, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#12351 RT: 58.44 AV:1 NL: 187E5

T: FTMS + ¢ NSld Fullms2 524.1100@etd47 36 [110.0000-1583.00
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Figure 5.110. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 32, Undetected by Database but

Detected Using In-House Developed

Script.

20160802_LysC_Peptide_TAG_1#13950 RT: 64.40 AV:1 NL: 7.86ES5

T. FTMS +¢ NSl d Full ms2 526.1984@etd47.36 [110.0000-1589.00!
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Figure 5.111. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 33, Undetected by Database but

Detected Using In-House Developed

Script.

166



20160802_LysC_Peptide_TAG_1#12000 RT:57.15 AV:1 NL: 4.26E4
T: FTMS +c NSId Full ms2 535 5180@etd47 36 [110.0000-1617.0000]
53

=7
100 z

955
905

85

803
754

704

657
60

555
E 739.8201

50 -

453

803.7788
z=2

Relative Abundance

403
35-]

304
255
207

154

173.4914
z=7?

679.2110
=7

4758962 |Z4
=7
E 873.1420
3 258.0031 3715248 s7eama =7
= z=? =7 ‘ ‘

Al a7 AL ‘ I

933.5311

Unidentified Peptide 34

10716174
z=7 1479.6407

1287. =1

920
z=1
1606.5525

=7

1347.5574
z=7

T
700 800

mz

T
900

e L) At e s A A M e S M i b o M e i
1000 1100 1200 1300 1400 1500 1600

Figure 5.112. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 34, Undetected by Database but

Detected Using In-House Developed Script.
20160802_LysC_Peptide_TAG_1#14102 RT: 6493 AV: 1 NL: 453E5
T-FTMS +c Nﬂg Egg‘rsnsz 542.4827@etd26.64 [110.0000-2000.0000]
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Figure 5.113. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 35, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#10359 RT: 51.06 AV:1 NL: 8.24E4
T: FTMS +¢ NSId Full ms2 549.8781@etd47.36 [110.0000-1660.0000]
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Figure 5.114. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 36, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#10894 RT: 5310 AV:1 NL: 5.50E4
T: FTMS +¢ NSId Full ms2 5535165@etd47.36 [110.0000-1671.0000]
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Figure 5.115. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 37, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#13516 RT: 6277 AV:1 NL: 921E4
T: FTMS +c NSI'd Ful ms2 555 6192@etd106.55 [110.0000-1122.0000]
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Figure 5.116. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 38, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#8924 RT: 4306 AV:1 NL: 1265
T: FTMS +c¢ NSId Full ms2 557 5179@etd47.36 [110.0000-1683,0000]
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Figure 5.117. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 39, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peplide_TAG_1#10793 RT:52.73 AV:1 NL:5.04E4
T. FTMS +c NSId Full ms2 574.1 384@etd47.36 [110.0000-1733.0000]
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Figure 5.118. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 40, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#12065 RT: 57.39 AV: 1 NL:2.66E5
T: FTMS + ¢ NSId Full ms2 578 7394@etd 26.64 [110.0000-2000.0000]
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Figure 5.119. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 41, Undetected by Database but
Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#14138 RT: 65.06 AV: 1 NL: 1.41E6 . ipe .
T FTMS +¢ NSId Full ms2 579.0248@eld47.36 [110.0000-1748.0000] Unidentified Peptide 42
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Figure 5.120. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 42, Undetected by Database but

Detected Using In-House Developed Script.
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Figure 5.121. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 43, Undetected by Database but
Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#10320 RT: 50.81 AV:1 NL: 2.99E4
T: FTMS +c NSId Ful ms2 584 4980@etd47.36 [110.0000-1764.0000]
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Figure 5.122. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 44, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #11714 RT: 56.14 AV: 1 NL: 8.17E4
T, FTMS +¢ NSId Ful ms2 586.7332@etd47.36 [110.0000-1771.0000]
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Figure 5.123. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 45, Undetected by Database but

Detected Using In-House Developed Scrip

t.
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20160802_LysC_Peptide_TAG_1#11875 RT: 56.71 AV:1 NL: 1.53E5

T: FTMS +¢ NSId Full ms2 595.2542@etd47.36 [110.0000-1796.0000]
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Figure 5.124. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 46, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#14664 RT: 67.00 AV:1 NL: 1.11E5
T. FTMS +¢ NS/ d Full ms2 600 8359@etd47 36 [110.0000-1813.0000]
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Figure 5.125. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 47, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1 #8967 RT: 43.23 AV:1 NL: 7.79E4
T: FTMS +c NS/ d Full ms2 6031 795@etd47.36 [110.0000-1820.0000]

1 DB:
957
905
857

602.8465
=3

Relative Abundance

7012083
E| 5552891 =2
=1

15§ Z1

103
31493762 997 1476 397.3060 5112781

] = z=? =7 z=? l

788.7854

840.3108
z=2

904.2662
z=2

1079.0050

z=?

|

2=7

Unidentified Peptide 48

1680.6221
z=1

1253.2465
z=1 1808.5223
z=1

1705.4889

I

1636.6003
=7
1554.7224
z=1

1402.4138
1191.6887 z=1

= 1336.4301
In =

C'|r||'|||'|u" e t

300

e

400

600

z=2|
|1
T

T
800 900

miz

’ } 994.3944
| A
Tty

1000

1100

1700 1800

1400

I M
LA b i

1500 1600

1300

1200

Figure 5.126. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 48, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1#14236 RT: 6542 AV:1 NL: 6.44E5
T. FTMS + ¢ NSId Full ms2 626.0024@etd 26.64 [110.0000-2000.0000]
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Figure 5.127. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 49, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#13407 RT: 6237 AV:1 NL: 1.14E5
T: FTMS + ¢ NSId Full ms2 632 5067 @etd26.64 [110.0000-2000.0000]
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Figure 5.128. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 50, Undetected by Database but

Detected Using In-House Developed Script.

20160802_LysC_Peptide_TAG_1 #12667 RT: 59.63 AV:1 NL: 4.24E5
T: FTMS +¢ NS Ful msZ 642.2498@etd47.36 [110.0000-1937.0000]
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Figure 5.129. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 51, Undetected by Database but

Detected Using In-House Developed Script.
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20160802_LysC_Peptide_TAG_1#15715 RT: 70.65 AV:1 NL:1.77E5
T: FTMS +c NSId Full ms2 840 6383@etd47.36 [110.0000-2000.0000]
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Figure 5.130. ETD-MS2 of LysC-Digested Unidentified Tagged Peptide 52, Undetected by Database but

Detected Using In-House Developed Script.
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Figure 5.131. ETD-MS2-CID-MS3 Process for Leucine/Isoleucine Differentiation.

™
2000

176



ETD-MS2 KQTALVELLK (+3) m/z 519

TAL_Product_ETD 519p7 1p7mu Oce 150ms_10192016 #1-50 RT: 0.00-1.30 AV: 50 NL: 4.37E1
T. ITMS + p NSI Full ms2 519 70@etd150.00 [50.00-2000.00]
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Figure 5.132. ETD-MS2 of triply charged KQTALVELLK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.
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Figure 5.133. ETD-MS2 of triply charged KQTAIVELLK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.
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ETD-MS2 KQTALVEILK (+3) m/z 519

ILK_Produet_ETD 519p5 1p3mu Oce 150ms_SA 203+ 10192016 #1-51 RT 000053 AV 61 NL: 7.66E1
T: TS + p NSI sa Full ms2 518 50@etd 150 00 [140.00-2000.00]
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Figure 5.134. ETD-MS2 of triply charged KQTALVEILK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.

ETD-MS? KQTALVELLK (+2) m/z 779

TAL_Product ETD 778p0 1p0mu Oce 150ms #1 RT. 0.00 AV. 1 NL 3.73E2
T: [TMS + p NSI Full ms2 778.00@etd 150 00 [210.00-2000.00)

100+ 126767

©
b=

~ @ @ @
a2 3 & 8
AT ARETN Ry AT ERETA]

q
=]
Lo

T 42

Relative Abundance
o
3
I

1156.33

*LVELLK
3 - LLK 155542
ek

E 116583
10 1014.00

1538 83

113017 || | 118342 130233 1344 42 148383 ‘

90,50 988.75 i l 121725 142817 |

E | | Lol

600 700 800 Q00 1000 1100 1200 1300 1400 1500 1600 1700
miz

178



Figure 5.135. ETD-MS2 of doubly charged KQTALVELLK for the generation of z-radical ions. Note that the

red arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.
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Figure 5.136. ETD-MS2 of doubly charged KQTAIVELLK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.
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Figure 5.137. ETD-MS2 of doubly charged KQTALVEILK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.
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ETD-MS2 KQTALVELIK (+2) m/z 779
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Figure 5.138. ETD-MS2 of doubly charged KQTALVEILK for the generation of z-radical ions. Note that the red

arrows indicate the m/z that needed selection for Leu and Ile differentiation by CID.

20160802_LysC_Peptide TAG_1#10524 RT: 51.72 AV:1 NL: 2.85ES
T: FTMS + ¢ NSId Fullms2 416.7908 @etd47.36 [110.0000-1261.0000]
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Figure 5.139. ETD-MS2 of triply charged “unidentified peptide 4” from Lys-C digest (SI Figure 5.82).
Identified by de novo as either FAERALK or AFERALK.
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20160802_LysC_Peptide_TAG_1#11676 RT: 56.01 AV:1 NL: 2.57E5
T: FTMS +¢ NSId Fullms2 421.4509@etd47.36 [110.0000-1275.0000]
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Figure 5.140. ETD-MS2 of triply charged “unidentified peptide 5” from Lys-C digest (SI Figure 5.83).

Identified by de novo as MTERALK.

**/

* *

* This program is free software; you can redistribute it and/or modify *
* it under the terms of the GNU Library or "Lesser" General Public  *

* License (LGPL) as published by the Free Software Foundation; *

* either version 2 of the License, or (at your option) any later ~ *

* version. *

* *

/****

Date: 07/29/2016

Purpose: Given a list of MS1 peaks, see if any above threshold and if any selected for MS2

Copyright: Jimmy Eng, Copyright

****/

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <time.h>
#include <math.h>
#include <vector>
#include "ramp.h"

#define SIZE_FILE 512

struct OptionsStruct

double dTolMS1; // tolerance used for presence of MS1 peak above threshold

181



double dInten; // intensity threshold

// these aren't command line options but I'm putting them here anyways
double dMinMass;
double dMaxMass;
intiCount; // this is count of MS1 input masses
} pOptions;

struct PeaksStruct

{
double dMS1; //MS1m/z
int bPresent; // present above threshold?
int bMS2; // selected for MS2
std::vector<int> vMS1;
std::vector<int> vMS2;

} *pMasses;

void FIND_PEAKS(char *szXMLFile, struct OptionsStruct pOptions);
void SET_OPTION(char *arg, struct OptionsStruct *pOptions);
void USAGE(char *argvO0, struct OptionsStruct pOptions);

int main(int argc, char **argv)
{

inti;

int iNumArg;

int iStartArgc;

char *arg;

iStartArgc = 1;
iNumArg = 1;
pOptions.dTolMS1 = 20;
pOptions.dinten = 1E5;

arg = argv[iNumArg];

// processing arguments
while (iNumArg < argc)
{
if (arg[0] =="-')
SET_OPTION(arg, &pOptions);
else
break;

iStartArgc++;
arg = argv[++iNumArg];

}

// no input files specified
if (argc-iStartArgc < 1)

{
USAGE(argv[0], pOptions);

}

FIND_PEAKS(argv[iStartArgc], pOptions);
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return(0);

void USAGE(char *argv0, struct OptionsStruct pOptions)
{

printf(" USAGE:\n");

printf(" %s input.mzXML\n", argv0);

printf("\n");

exit(EXIT_FAILURE);
}

void SET_OPTION((char *arg, struct OptionsStruct *pOptions)

switch (arg[1])
{

case'i":
if (strlen(arg)>1)
{
double dTol;
sscanf(arg+2, "%lf", &(pOptions->dInten));
if (pOptions->dInten < 0)
{
printf(" Error reading tolerance from command line option.\n");
printf(" parameter: %s\n\n", arg);
printf(" read value: %0.1E\n", pOptions->dInten);
exit(1);
}
}
else
{
printf(" Error - no mass tolerance specified with -m parameter.\n");
exit(1);
}
break;
case 'm":
if (strlen(arg)>1)
{

double dTol;
sscanf(arg+2, "%lf", &(pOptions->dTolMS1));
if (pOptions->dTolMS1 < 0 || pOptions->dTolMS1 > 5000.0)

printf(" Error reading tolerance from command line option.\n");
printf(" parameter: %s\n\n", arg);
printf(" read value: %0.1f\n", pOptions->dToIMS1);
exit(1);
}
}

else

{
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printf(" Error - no mass tolerance specified with -m parameter.\n");

exit(1);

}
break;

default:
break;

}

arg[0] ="\0%;
}

void FIND_PEAKS(char *szXMLFile, struct OptionsStruct pOptions)
{
int i,
iAnalysisFirstScan,
iAnalysisLastScan;
long ctScan = 0;

RAMPFILE *pFI;

ramp_fileoffset_t indexOffset;
ramp_fileoffset_t *pScanindex;

if ( (pFI = rampOpenFile( szZXMLFile )) == NULL)

printf( "could not open input file %s\n", szZXMLFile);
exit(1);
}

// Read the offset of the index
indexOffset = getindexOffset( pFI );

// Read the scan index into a vector, get LastScan
pScanlndex = readIndex( pFI, indexOffset, &iAnalysisLastScan );
iAnalysisFirstScan = 1;

#define DMASS 544.9667

for (ctScan=iAnalysisFirstScan; ctScan<=iAnalysisLastScan; ctScan++)

{
char szInput[500];

RAMPREAL *pPeaks;
struct ScanHeaderStruct scanHeader;

szInput[0]="\0";

// read scan header
readHeader(pFI, pScanIndex[ctScan], &scanHeader);

printf("%d\t%d\t", scanHeader.msLevel, ctScan);
if (scanHeader.peaksCount>0 && scanHeader.msLevel==2)

{

int iloop;
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intn=0;
int iCount = 0;
// read scan peaks
pPeaks = readPeaks( pFI, pScanlndex[ctScan]);
double dMaxInten = 0.0;
for (iloop=scanHeader.peaksCount; iloop-->0; )
{
double dMass=pPeaks[n++];
double dinten=pPeaks[n++];

if (fabs(1E6*(dMass - DMASS)/DMASS) <= pOptions.dTolMS1)
if (dInten > dMaxInten)
dMaxInten = dInten;

}
free(pPeaks);

if (dMaxInten != 0.0)
printf("%0.2E\n", dMaxInten);
else
printf("0.0\n");
}
else
{
printf("0.0\n");
}

}
rampCloseFile(pFI);

// print results

for (i=0; i<pOptions.iCount; i++)

{
// original input masses
printf("%f\t", pMasses[i].dMS1);

// matched MS1 scans
for(int ii=0; iixpMasses[i].vMS1.size(); ii++)
{
if (ii!=0)
printf(",");
printf("%d", pMasses[i].vMS1[ii]);
}
printf("\t");
// matched MS2 scans
for(int ii=0; iixpMasses[i].vMS2.size(); ii++)
{
if (ii!'=0)
printf(",");
printf("%d", pMasses[i].vMS2[ii]);
}
printf("\n");
}
}

Scheme 5.1. z1 ion (m/z 544.9667) Extraction Script
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