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ABSTRACT
CHEMICAL COVALENT LABELING AND TANDEM MASS SPECTROMETRY FOR
TARGETED PROTEIN CHARACTERIZATION, QUANTIFICATION AND STRUCTURAL
ANALYSIS
By
YALI LU

A major goal within the emerging field of proteomics is the systematic identification,
characterization and quantitative analysis of protein expression, protein post-translational
modifications (PTMs) and specific functional protein-protein interactions that are involved in the
regulation/deregulation of normal cellular function. To date, the application of mass
spectrometry (MS) and tandem mass spectrometry (MS/MS) based approaches have achieved
remarkable progress with regard to the investigation of biological problems. However, the
enormous sample mixture complexity and the presence of various PTMs that regulate cellular
processes present formidable challenges for the comprehensive analysis of cellular proteomes.
Chemical labeling has been a valuable tool to assist in MS-based proteomics, to achieve the goal
such as the improved peptide/protein sequence analysis, the enrichment and characterization of
protein PTMs, the quantitation of protein expressions or to probe protein structure and protein-
protein interactions. Here, the development of fixed charge chemical labeling strategies for
selective control of the multistage gas-phase fragmentation reactions of peptide ions is described.
In one study, a novel ‘fixed charge’ sulfonium ion-containing ‘amine reactive’ cross-linking
reagent S-methyl 5,5'-thiodipentanoylhydroxysuccinimide was synthesized, characterized, and
initially applied to model peptides, in order to develop a ‘targeted” multistage tandem mass
spectrometry based approach for the identification and characterization of protein-protein

interactions. Under low energy collision induced dissociation (CID)-MS/MS conditions, peptide



ions containing this cross-linker are shown to exclusively fragment via facile cleavage of the
bond directly adjacent to the ‘fixed charge’, which was found to be independent of the precursor
ion charge state or amino acid composition (i.e., proton mobility). Thus, the cross-linked
peptides can be effectively identified from unmodified peptides, and the various types of cross-
linked products (i.e., intra, inter, and dead-end) that may be formed from a cross-linking reaction
are readily distinguished via recognition of their distinct fragmentation patterns. Another study
was focused on the development and application of a peptide derivatization strategy using an
amine specific sulfonium ion containing reagent S,S’-dimethylthiobutanoylhydroxysuccinimide
ester iodide (DMBNHS) combined with CID-MS/MS and electron transfer dissociation (ETD)-
MS/MS for the enhanced characterization and quantitative analysis of protein phosphorylation.
The introduction of this fixed charge to phosphopeptides is shown to lead to improved ionization
efficiencies, and an increase in the abundance of higher charge state precursor ions following
electrospray ionization (ESI). Upon CID-MS/MS, the exclusive neutral loss(es) of
dimethylsulfide are observed, without loss of the phosphate group(s). The relative abundances of
“light” versus “heavy” neutral loss product ions generated from CID-MS/MS of Dg-light and De-
heavy DMBNHS stable isotope labeled phosphopeptides enables their differential quantitative
analysis, whereas subsequent ETD-MS/MS of the intact precursor ion(s) allows phosphopeptide
sequence identification and phosphorylation site characterization, suggesting the reagent holds

great promise for studies of protein post-translational modifications.
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CHAPTER ONE

A BRIEF INTRODUCTION TO CHEMICAL LABELING AND MASS

SPECTROMETRY STRATEGIES EMPLOYED FOR PROTEOMIC ANALYSIS

1.1 Introduction to Proteomics

Proteomics has become one of the key technologies in the postgenomic era. The goal of
proteomics is to comprehensively identify, characterize and quantify changes in protein
expression, as well as to characterize protein-protein interactions, under the influence of
biological perturbations [1, 2]. Over the past decade, mass spectrometry (MS) has emerged as the
most efficient and versatile tool in the field of proteomics [3-6]. With the development of the
electrospray ionization (ESI) [7] and matrix-assisted laser desorption/ionization (MALDI) [8, 9]
techniques, large biological molecules may be ionized with minimal fragmentation, readily
amenable for MS analysis. MS-based proteomics has achieved remarkable progress with regard
to the investigation of biological problems; however there is still a long way to go for the
comprehensive and complete characterization of cellular proteomes and their post-translational
modifications (PTMs) [2, 10, 11]. The increase in sample mixture complexity, resulting from
proteolytic digestion and the dynamic range associated with the proteome, presents formidable
challenges for protein identification and characterization. Various PTMs that regulate cellular
processes further complicate the analysis. The ability to form a series of ‘sequence’ product ions,
via fragmentation of the peptide amide bonds during low-energy collision induced dissociation-

tandem mass spectrometry (CID-MS/MS) is typically required for database analysis and protein
1



identification. However, it is well documented that the gas-phase fragmentation reactions of
protonated peptide ions are influenced strongly by both the amino acid composition and charge
state of the precursor ion (i.e., proton mobility) [12-14]. In addition, under certain conditions of
proton mobility, the presence of several common PTMs may result in the formation of dominant

‘non-sequence’ neutral loss product ions, via fragmentations occurring at the modified amino

acid side chain [15], such as the neutral loss of H3PO4 (98 Da) from phosphoserine or

phosphothreonine containing peptides [16, 17], or the loss of CH3SOH (64 Da) from methionine

sulfoxide containing peptides [18, 19]. The formation of these non-sequence neutral loss product
ions in high relative abundance may limit the amount of sequence information that is available
for the unambiguous identification of a peptide, or for localization of the modification site(s)
within the peptide sequence.

The ability to perform comprehensive quantitation of protein expression and its changes
under biological perturbations is one of the most important goals of proteomics [20, 21].
However, MS 1is not an inherently quantitative technique. Due to the strong dependence of
ionization on the physical and chemical nature of the analyte, the intensity of a peptide ion
introduced into the mass spectrometer via ESI or MALDI does not necessarily reflect the amount
of that peptide present in the sample mixture. Thus, the development of methods for accurate
protein quantification is currently another challenging area of MS-based proteomics.

Mass spectrometry is relatively a new technique in the field of protein structural analysis.
In recent years, affinity purification combining mass spectrometry (AP-MS) has been used to
characterize protein complexes and protein-protein interactions [22]. With the AP-MS method,

multi-protein complexes are isolated from cell lysates using single or multiple AP experiments,



subjected to proteolytic cleavage and then the complex components are identified by MS. The
AP-MS approach allows the protein interacting networks to be mapped, however, only those
protein-protein interactions that are stable enough to survive the subsequent lysis and
purifications could be detected. In addition, information regarding the specific interacting site(s)

of the protein is typically not obtainable by this approach.

1.2 Introduction to Chemical Labeling

To address the challenges associated with mass spectrometry-based proteomics, chemical
labeling has become a valuable tool to assist in identification, characterization and quantification
of protein expression as well as structural analysis of protein complexes [22-29]. Chemical
labeling is a strategy to covalently modify specific functional group(s) residing on amino acid
side chains, or on the protein termini. Ideal labeling reactions would modify the target functional
groups without side reactions on other residues or degradation of the analytes, and complete
derivatization should be achievable without using a high excess of derivatizing reagents in a
short reaction period.

Chemical labeling methods have been widely employed to address challenges associated
with protein identification and characterization. Numerous chemical labeling approaches [26, 30]
have been developed to direct the formation of a desired series of sequence product ions in order
to facilitate protein sequencing by conventional “bottom up” strategies [31, 32] upon CID-
MS/MS. The low stoichiometry of the PTM peptides present in the large majority of non-PTM
peptides requires efficient enrichment procedures prior to MS analysis. Chemical labeling can

facilitate enrichment by converting PTMs into tractable sites for the purpose of affinity
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enrichment [27]. Chemical labeling has also played an essential role in quantitative proteomics,
whereby relative or absolute quantitative analysis can be realized in a mass spectrometer by
introducing isotope labels into the samples via chemical labeling approaches at either the protein
or the peptide level [28]. Finally, via covalent labeling, structural information about proteins or
protein complexes can be obtained by measuring the differential reactivity of amino acid side
chains or the spatial relationship between two amino acid side chains [29, 33]; such strategies are
especially useful for capturing transient and labile protein-protein interactions under
physiological conditions. According to these aspects, the applications of chemical labeling
strategies in the field of MS-based proteomics are summarized below in the remainder of this
brief introduction, with particular attention given to analysis strategies using labeling reagents

containing fixed charges.

1.3 Chemical Labeling Strategies to Improve the Sequence Analysis of Peptide Ions

1.3.1 Chemical Labeling Strategies to Improve Peptide Sequencing using Collision

Induced Dissociation-Tandem Mass Spectrometry (CID-MS/MS)

A major challenge facing strategies for protein identification and PTM characterization is
the ability to form a series of sequence product ions from protonated peptides during CID-
MS/MS. Although the mechanisms of peptide ion fragmentation by low energy CID will be
discussed in detail in the next chapter, it should be noted here that complete sequence coverage is

not usually achieved during CID-MS/MS. The reason for incomplete sequence coverage is that



the CID mechanism is highly dependent on the proton mobility of the peptide ions and the
presence of labile PTMs [12-14, 17, 18].

To improve peptide identification and characterization by de novo sequencing or database
searching, a number of chemical labeling methods have been developed in an effort to enhance
product ion sequence coverage and to reduce complexity in CID-MS/MS spectra. Modification
of the side chains of basic amino acid residues within a peptide to alter proton affinity is one
such approach [34-36]. For example, Foettinger ef al. have demonstrated that the proton affinity
of the strongly basic guanidine group of arginine residues is decreased by modification with
malondialdehyde [35]. Therefore, the ionizing proton is less likely to be sequestered and allows
the “mobility” of the proton along the peptide backbone to initiate the backbone cleavage. As a
result of the investigation of a set of modified standard peptides, it was found that significantly
more sequence product ions were observed after derivatization of arginine side chains in most
cases.

Introducing fixed negative or positive charges to peptide N- or C-termini via chemical
labeling is another efficient strategy to simplify and direct fragmentation towards a single series
of sequence product ions [26, 37-40]. Because of the primary amine nucleophilicity and basicity,
the N-termini of peptides are usually the target for the modification reactions. By adding a
negative charge on the N-termini of peptides via sulfonation, it is possible to direct the location
of the ionizing proton(s) to the C-terminus, such that when the peptide backbone is cleaved the
formation of y-ions will be favored when using CID [40]. This approach is especially effective
when applied to tryptic peptides, due to the high proton affinity of the arginine or lysine residues
on tryptic peptide C-termini. Thus, a range of sulfonation reagents such as chlorosulfonylacetyl

chloride [37, 41], 2-sulfobenzoic acid cyclic anhydride [42], 3-sulfopropionic acid N-
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hydroxysuccinimide (NHS) ester [43], 4-sulfophenyl isothiocyanate (SPITC) [44-47] and 3-
sulfobenzoic acid NHS ester [48, 49] have been applied to add anionic sulfonic acid groups to
the N-terminus of tryptic peptides. These derivatization reactions are simple and can be
performed quickly with good reaction yields. Among these approaches, 3-sulfobenzoic acid NHS
ester appears to be most advantageous since no loss of the derivative is observed during the
fragmentation process of modified peptides; for example, a complete series of y-ions were
formed by this method during MALDI tissue imaging analysis [49]. The addition of a positively
charged group to the N-terminus of peptides, using tris(2,4,6-trimethoxyphenyl)phosphonium
acetic acid N-hydroxysuccinimide ester (TMPP-Ac-OSu) has also been successfully applied to
simplify CID-MS/MS spectra [49]. Compared to sulfonation modification, introducing a
positively charged tris(2,4,6-trimethoxyphenyl)phosphonium acetyl (TMPP-Ac) group to the N-
termini of the peptides (Scheme 1.1) orients fragmentation towards the formation of N-terminal
fragment ions, which is independent of the presence and/or position of basic residues in the
peptide sequence, and therefore the method has found wide use in the analysis of non-tryptic

peptides [38, 50-55].
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Scheme 1.1 Reaction of the TMPP-Ac-OSu Reagent with the N-terminus of a peptide. Adapted
from Reference [55].

During the time scale of CID activation/dissociation, cyclic ions may be formed in the gas
phase via head-to-tail interaction of b-ions resulting from the dissociation of short peptides [56].
The presence of “nondirect sequence ions” via ring opening at various amide bonds can
complicate peptide and protein identification or even lead to erroneous results. The formation of
such interfering ions can be avoided by peptide N-terminal modification. In a recent work by
Samgina and coworkers, N-terminal modification via acetylation, sulfobenzoylation or the
addition of a 2,4,6-trimethylpyridinium group successfully blocked gas-phase cyclization of

short peptides from the tryptophyllin family, thereby improving the de novo sequencing of these

short peptides [57].



1.3.2 Chemical Labeling Strategies to Improve Peptide Sequencing using Electron
Capture Dissociation- (ECD-) and Electron Transfer Dissociation-Tandem Mass

Spectrometry (ETD-MS/MS)

Recently, electron capture dissociation (ECD) [58] and electron transfer dissociation (ETD)
[59] have been introduced as new ion activation techniques for MS/MS experiments. ECD and
ETD can be regarded as complementary approaches to CID for peptide/protein sequence analysis
[60-66]. ECD/ETD techniques are based on the interaction of multiply charged peptides with
either free electrons (ECD) or anionic species (ETD). As a result of the non-selective nature of
electron transfer to the peptide, free radical sites may form anywhere along the length of the
peptide backbone. Consequently, radical-directed cleavage results in a homogeneous series of
complementary N- and C-terminal fragment ions in a manner which allows labile PTM
information to be retained. ECD/ETD techniques hold great promise for the analysis of protein
PTMs; however, the efficiency of such electron-based dissociation methods is highly dependent
on the charge density of the precursor peptide ions [62, 65-68], which limits their applicability
for the dissociation of singly or doubly charged tryptic peptides.

Several recent studies have demonstrated the success of chemical labeling strategies to
improve ECD/ETD fragmentations. One such way is to increase the charge state of peptide ions
via the attachment of fixed positive charge sites so that the dissociation efficiency becomes
enhanced. For example, the introduction of a positive charge on the thiol side chain of cysteine
containing peptides by using either N,N-dimethyl-2-chloro-ethylamine [69] or (3-
acrylamidopropyl)-trimethyl ammonium chloride [70] yielded peptide precursor ions of higher

charge states and striking enhancements of ETD fragmentation for improved sequence coverage.
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To enhance de novo sequencing, chemical labeling strategies have been employed to
simplify fragmentation patterns of doubly charged peptides while using electron based
dissociation methods, similar to those carried out for CID-MS/MS. By converting the N-terminus
to an acidic sulfonate derivative with either 4-sulfophenyl isothiocyanate (SPITC) or 4-
(chlorosulfonyl)phenyl isocyanate (SPC), the presence of N-terminal fragments were eliminated
and resulted in the enhanced generation of C-terminal product ions with high sequence coverage
[71]. However, in such an approach the sensitivity might be compromised in positive ion mode
due to the ionization of acidic N-termini after modification. The attachment of basic groups via
several common approaches to Lys-N and/or tryptic peptides has been investigated by Hennrich
and coworkers under ETD conditions [72]. The dissociation of doubly charged peptide ions by
dimethylation, guanidination, and imidazolinylation showed simplified product ion spectra and
enhanced sequence coverage, especially for imidazolinylated peptides.

It has been previously shown that modification of O-glycosylated and O-phosphorylated
peptides with positively charged TMPP-Ac at the N-termini improves the sequence coverage and
simplifies data interpretation from ECD fragmentation of doubly charged peptide ions [73].
However, suppressed peptide backbone cleavage was observed in doubly TMPP-Ac modified
dipeptides in the 2+ charge state [74]. Such an observation was also reported during ECD-
MS/MS of doubly and triply protonated peptide ions modified with a bi-pyridine derivative at the
N-termini [75]. Similarly, O’Connor and co-workers have demonstrated that the attachment of a
positively charged trimethylpyridinium (TMP) group to the N-termini and/or lysine side chains
resulted in fewer backbone cleavages and more abundant side-chain cleavages upon ECD [76].
From these reports, it appears that the electronic properties and stability of the charged groups

introduced to the peptides following electron attachment has a significant impact on the
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ECD/ETD fragmentation pathways. In this regard, a number of experimental studies and
theoretical calculations have been carried out, to help understand the fundamentals of ECD/ETD,
from the dissociation of doubly protonated peptide ions modified with varying electron affinity
tags [77], to answer questions such as the effect of charge site-identity (ionizing proton vs. fixed
charge) on electron-transfer ion/ion reactions [78] and to investigate the mechanism of specific
disulfide bond cleavage upon ETD [79]. Based on these results, consideration of criteria such as
recombination energy and hydrogen atom affinity compared to those of peptide amide groups
has been proposed for the selection of chemical tags to facilitate future targeted ECD/ETD

fragmentation approaches [80].

1.3.3 Chemical Labeling Strategies to Improve Peptide Sequencing using Photo

Dissociation-Tandem Mass Spectrometry (PD-MS/MS)

Photodissociation (PD) strategies, including infrared multiphoton dissociation (IRMPD)
and ultraviolet photodissociation (UVPD), have shown their particular strength for biomolecule
sequencing because of their great potential for selective bond cleavage by using tunable laser
sources [81-84]. It was observed that PD efficiency is highly dependent on the deposited laser
energy and intensity [85]. The use of chemical labeling for efficient PD of peptide ions can be
traced back more than twenty years ago. In an early study, photodissociaton of singly-charged
dinitrophenyl (DNP) modified amino acids and peptides was evaluated using visible and UV
photons [86]. Peptide backbone cleavage with little side chain cleavage of the DNP tag was
observed from visible PD of DNP modified peptides; however, side chain loss within the tag

often dominated UVPD spectra, suggesting photodissociation of peptide ions is an energy
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dependent process. The modification of peptide N-termini using the Edman reagent phenyl
isothiocyanate (PITC) and its derivative 4-sulfophenyl isothiocyanate (SPITC) provides good
chromophores at 266 nm for UVPD. By this approach, the intensity required for efficient UVPD
was greatly reduced with minor interference to peptide backbone dissociation [87]. To improve
photoabsorptivities of the peptides and/or to reduce the complexity in product ion spectra,
peptide N-terminal sulfonation approaches have been developed and explored by Brodbelt et al.
with both IRMPD [88] and UVPD [89] methods. Recently, the Brodbelt group reported a new
IR-chromogenic reagent, 4-methylphosphonophenylisothiocyanate (PPITC), which bears a
negative charge site similar to the sulfonation reagents [90]. The PPITC labeled peptides were
found to have enhanced photoabsorptivities at a wavelength of 10.6 um, compared to SPITC and
TIPC derivatized peptides, and higher sequence coverage was generally obtained upon IRMPD-
MS/MS.

To achieve site-selective fragmentation of unmodified peptides and proteins is a formidable
task given the current understanding of the techniques available for photodissociation of peptide
bonds. As such, chemical labeling provides an attractive alternative way to facilitate selective
fragmentation in the field of PD-MS/MS [91]. It has been shown that selective cleavage can
occur at protein tyrosine or histidine residue sites using UVPD following the conversion of the
sites to iodinated derivatives [91]. Photoactivation of iodinated protein at a wavelength of 266
nm specifically dissociates C-I bonds and generates a highly localized radical site which directs
subsequent CID dissociation of the protein backbone to occur selectively at the modified tyrosine
or histidine residue sites. Another example of label-assisted PD-MS/MS has shown that the

attachment of a quinone moiety to cysteine residues can lead to selective photodissociation of the
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backbone at the modified cysteines upon UVPD, allowing the presence and location(s) of free or

disulfide bound cysteine residues to be easily identified from within peptides or proteins [92].

1.4 Chemical Labeling Strategies for the Enrichment and Characterization of Post-

Translational Modifications

Protein post-translational modifications (PTMs) play an essential role in the co-regulation
of biological events. The global identification and characterization of protein PTMs is often a
difficult task for MS-based proteomics due to their low stoichiometry and typical labile and
transient characteristics [11, 93]. The chemical labeling strategies described above for improved
peptide sequencing may also be able to assist in characterization of post-translationally modified
proteins [73]. For example, Czeszak et al. has demonstrated that the use of a positively charged
phosphonium tag enables the unambiguous localization of O-glycosylation sites without
cleaving labile glycans upon matrix-assisted laser desorption ionization/postsource decay
(MALDI/PSD) analysis of modified O-glycopeptides [94].

Many efforts have been devoted to the development of modification-specific enrichment
techniques for mapping protein PTMs [27]. A PTM can be chemically modified for the purpose
of affinity enrichment, improved MS identification or/and quantitative analysis. The PTM
phosphate group can be converted into a functional moiety by B-elimination/Michael addition
reaction [95] or by phosphoamidate chemistry [96, 97]. Phosphoserine and phosphothreonine can
undergo B-elimination reactions under alkaline conditions. The resultant dehydroalanine or
dehydroamino-2-butyric acid intermediate can readily react with a nucleophile (usually thio) as a

Michael acceptor thus converting the original phosphates into various functional entities. If an
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affinity tag (such as biotin) [98] or an affinity tag reactive group (such as thiol) [99-102] is
introduced, selective enrichment of phospho-Ser/Thr-containing peptides/proteins is enabled.
Functional groups that give rise to unique reporter ions upon CID-MS/MS have also been
introduced at the original phosphorylation site(s) by the same manner, for enhanced
phosphopeptide identification [103-106]. A representative example is shown in Figure 1.2 [103],
where the B-elimination/Michael addition is performed using 2-dimethylaminoethanethiol as
nucleophile and the resultant thioether is converted into the corresponding sulfoxide derivative
via the treatment with hydrogen peroxide. The sulfoxide undergoes facile gas phase
fragmentation and allows the formation of a unique product ion at m/z 122.06. This enables use
of sensitive and specific precursor ion scan MS/MS for detection of phosphorylated species
within ~ complex  peptide  mixtures. Another  derivatization  reagent,  N-(4-
bromobenzoyl)aminoethanethiol was reported recently by Mano et al. for its characteristic
isotopic pattern [107]. The product ions which contain modified phospho-Ser/Thr sites are
readily identified from their characteristic twin peaks with an intensity ratio of approximately 1:1
and a two-mass unit difference. In addition, double pseudoneutral loss experiments, during

which both "’Br- and 81Blr—containing neutral losses from product ion mass spectra are detected,

can be performed for the selective identification of modified phosphopeptides in a highly
complex mixture [107]. Interestingly, the Hathaway group described a chemical-enzymatic
approach by using 2-aminoethanethiol as a Michael addition reagent [108, 109]. Enzymatic
cleavage sites at original phospho-Ser/Thr residues are generated from the resultant
aminoethylcysteine analogs by using a lysine-specific protease, which can lead to the modified
residues being the only cleavage sites if lysine residues are deliberately blocked. O-glycosylated

peptides are reported by the Hathaway group to follow the same approach as well. Successful
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application of this method has been shown for the identification of phosphorylaion sites in
several phosphoproteins, for example bovine a- and B-casein, a-tubulin, and GP kinase 2 by
Knight et al. [110] and bovine a-S1 casein by McCormick and coworkers [111].

As a side benefit, an enhanced ionization efficiency of derivatized peptides is usually
observed when negatively charged phosphate groups are substituted by basic functional moieties
using PB-elimination/Michael addition approaches, thereby increasing the sensitivity of the
analysis [104, 105, 112]. In addition, the incorporation of isotope labels into nucleophilic
derivatization reagent for quantitative analysis of the phosphorylation state of proteomes can be
achieved [112-114], following the same manner of protein quantitative analysis which will be

discussed in the next section.
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Figure 1.1 Derivatization strategy for phosphoserine-containing peptides. Phosphoserine
undergoes B-elimination upon treatment with strong bases. The resulting Michael system reacts
with the nucleophilic thiol group of 2-dimethylaminoethanethiol which introduces a highly basic
functional group at the former phosphorylation site. Controlled oxidation of the thioether to the

sulfoxide is accomplished by short incubation with 3% H,0O,. The generated 2-
dimethylaminoethanesulfoxide derivative gives rise to a characteristic fragment ion (sulfenic
acid derivative) at m/z 122.06 upon low energy CID. Adapted from Reference [103].

Due to the high lability of the sugar-Ser/Thr linkage, conventional CID-MS/MS often fails
in O-glycan site identification. Alkaline induced B-elimination with NaOH has been used to
liberate O-linked glycans from peptides or proteins for identification of O-glycosylation sites
[115]. Later, this method was optimized by using mild and volatile basic alkylamines to convert
O-glycosylated Ser and Thr residues into amine derivatives [116-118]. When combined with a
concomitant Michael-type addition of nucleophilic reagent, such as ethanethiol, the strategy is

more efficient at localizing the initial glycosylation site due to the higher mass increment
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compared with the resultant amine derivatives [119, 120]. Likewise, biotin pentylamine (BAP)
or dithiothreitol (DTT) was employed by Wells et al. to tag O-linked (3-N-acetylglucosamine (O-
GlcNAc) sites following [(-elimination reaction to facilitate affinity chromatography. This
method was suggested as being amenable to quantitative analysis by using differential isotopic
DTT labeling [121]. Recently, chemical approaches have been demonstrated to convert
nitrotyrosine [122], S-nitrosylation [123] and S-palmitoylation [124, 125] modifications into a
tractable tag for affinity enrichment and subsequent LC-MS/MS analysis. However, these
strategies typically involve multiple reactions, sample loss during each step can be a problem,

and unwanted side products are often observed.

1.5 Quantitative Analysis of Protein Expression through Chemical Labeling Strategies

The accurate quantitative analysis of protein expression in responding to stimulus is one of
the major goals of proteomics. There are two categories of quantitative proteomics: absolute
quantitation which determines the absolute amount of the protein in the sample, and relative
quantitation which compares the protein amount among different states [126]. MS can obtain
quantitative proteomic information by measuring mass spectral peak intensities or spectral
counts from a particular peptide under different conditions, i.e. label-free quantitation [127, 128§],
or more accurate analysis can be achieved by comparing peptides from different states with
predictable mass differences introduced by stable isotope labels [20, 21, 129]. Isotope labels can
be introduced into the peptide or protein metabolically, enzymatically or chemically. For
accurate quantitation, no matter what labeling method is used, the resulting mass difference

between “light” and “heavy” labeled peptides should be at least 3-4 Da to minimize isotope
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overlap [20]. In addition, the “light” and “heavy” forms of labeled peptides should co-elute from
a chromatographic column. However, the commonly used D-labeled peptides tend to elute earlier
than the H-labeled counterparts from commonly used reverse phase column because of the
slightly weaker deuterium-bonding compared to hydrogen bonding [130-134]. Due to this

concern, more expensive Bc. and N-labeled reagents may be preferred [19]. Numerous

methods have been developed for stable isotope-based quantification in proteomics. However,

only those employing chemical labeling strategies are included in this brief introduction.

1.5.1 Chemical and Stable Isotope Labeling Approaches for MS-Based Quantification

In a typical approach, “light” or “heavy” isotope labels are introduced to the sample at
either the protein or peptide level via derivatization with an isotope coded chemical reagent. The
two proteomes are then pooled together for subsequent enrichment, separation and MS analysis.
Quantitative information is then obtained by measuring the relative abundances of light- and
heavy-labeled target peptides following acquisition of a mass spectrum. A range of functional
groups within the protein or peptide can be the targets for the isotope labeling reaction. A general
overview of commonly employed chemical labeling strategies is listed in Table 1.1, and a more
detailed discussion of each of these approaches can be found in a review article by Ong and

Mann[20] and references cited therein.
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Table 1.1 Chemical-labeling strategies for quantitative proteomics. Adapted from Reference [20].

NH,
CI:H2 i
| i ?OOH
N terminus C|)H (|:I_|2 ?H C|3H2 C terminus
i, THz o C|3H2 0 (|3H2 o) CH, i
H2N—C—|-|—|I:I|—IC_|)—|-|—H—CH)—|-|—N—C—COOH

i. Sulfhydryl group-directed (cysteine)
ii. Amine-directed (amino terminus and e—amino group of lysine)

iii. Carboxyl-directed (carboxyl terminus, aspartic and glutamic acid)

Target Name of method or reagent Isotopes | Refs.
Isotope-coded affinity tag (ICAT) D 45
Cleavable ICAT c 46-48
Acrylamide D 101
Isotope-coded reduction off of a chromatographic D 102

support (ICROC)

2-vinyl-pyridine D 103
Sulfhydryl | N-t-butyliodoacetamide D 104
lodoacetanilide D 104
Hys Tag D 49,50
Solid-phase ICAT D 105
Acid-labile isotope-coded extractants (ALICE) D 106
Solid phase mass tagging B¢ 107,108
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Table 1.1 (cont’d)

Target Name of method or reagent Isotopes | Refs.
Tandem mass tags (TMT) D 109
Succinic anhydride D 110
N-acetoxysuccinamide D 56
Acetic anhydride D 111
Propionic anhydride D 58
Nicotinoyloxy succinimide (Nic-NHS) D 55
Isotope-coded protein label (ICPL, Nic-NHS) D 57

Amines Phenyl isocyanate D 112
Isotope-coded n-terminal sulfonation (ICenS) 4- 13 113

sulfophenyl isothiocyanate
Sulfo-NHS-SS-biotin and °C,D3-methyl iodide Bc,b | 114

Formaldehyde D 115
Isobaric tag for relative and absolute quantitation 13C, 15N, 29
(iTRAQ) Be)
Guanidination (O-methyl-isourea) mass coded No 116
abundance tagging (MCAT) isotope
_ Guanidination (O-methyl-isourea) 1?’C, PN 117,118
Lysines Quantitation using enhanced sequence tags No 119
(QUEST) isotope
2-Methoxy-4,5-1H-imidazole D 120
Methyl esterification D 51
Carboxyl
Ethyl esterification D 121
Trytophan | 2-nitrobenzenesulfenyl chioride (NBSCI) c 122
pSer/pThr | Phosphoprotein isotope-coded affinity tag (PhIAT) | D 123
Phosphoprotein isotope-coded solid-phase tag 13 15y | 124
(PhIST) ’
O-GlcNac Beta elimination and Michael addition with D 125-127

dithiothreitol (BEMAD)
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The high nucleophilicity of the sulthydryl group makes cysteine residues attractive targets
for chemical labeling. ICAT (Isotope Coded Affinity Tag), including a thio-specific reactive
group, an eightfold deuterated linker and a biotin affinity tag, is one of the earliest chemical
reagents introduced for quantitative proteomics [130]. The incorporation of a biotin moiety
allows avidin affinity purification of labeled peptides, thus improving quantification of complex
mixtures by mass analysis. ICAT has been successfully applied in the quantitative studies of low
abundance-proteins [135], the proteins contained in the microsomal fraction of cells [136] and
differential expression of Pseudomonas aeruginosa proteins on limitation of magnesium [137].
However, the fragmentation of the large ICAT tag during CID-MS/MS significantly complicates
peptide identification, and the deuterium tags result in separation of “light” and “heavy” labeled

peptides during reverse phase chromatography. These limitations were addressed by the

development of a cleavable version of ICAT the reagent, which contains nine BC instead of

eight deuteriums and an acid-cleavable biotin moiety [138, 139]. The use of stable B labels

eliminates the retention shift in reverse phase chromatography. Removal of the biotin moiety
after affinity purification results in minimum fragmentation in the residual part of the tag during
CID-MS/MS, allowing a larger number of proteins to be identified compared to the first
generation of ICAT reagent [140].

Enhanced peptide sequencing can be achieved while performing protein quantitative
analysis, by incorporating differential stable isotopes into the “fragmentation-directing” reagents
as described above. The James group has described the wuse of 1-

([H4/Dg4]nicotinoyloxy)succinimide esters for relative quantitation and enhanced de novo

sequencing of proteins [39]. More recently, Che and Fricker demonstrated the quantitative

20



peptidomics analysis of mouse pituitary by using amine-reactive Hy/Dy4-succinic anhydride and
Hy/Dy-[3-(2,5-dioxopyrrolidin-1-yloxycarbonyl)propyl]trimethylammonium  chloride  [134].
From analysis of negatively charged succinyl and positively charged 4-
trimethylammoniumbutyryl (TMAB) labeled mouse pituitary peptides, the relative levels of two

largely independent peptide sets were obtained. Thus, the use of both labels is preferable for

better sequence coverage.

1.5.2 Chemical and Stable Isotope Labeling Approaches for MS/MS-Based

Quantification

In a complex mixture, MS-based quantitative analysis, i.e., quantitation achieved in the
mass scan, is often hampered by the presence of interfering components which overlap with
differentially-labeled peptide ion peaks or which reduce the signal to noise ratio (S/N) of mass
detection. To address these issues, a novel class of labeling reagents has been developed,
whereby quantification is performed in an MS/MS scan. The isobaric Tag for Relative and
Absolute Quantitation (iITRAQ) is one family of such reagents [141-145]. The iTRAQ approach
utilizes a 4-plex or 8-plex set of amine-reactive isobaric tags to quantitate expression levels of
multiple protein populations. As shown in Figure 1.1 for a 4-plex iTRAQ reagents, the
differential isotope labels are incorporated into the reporter group (variable mass of 114-117 Da
for 4-plex or 113-121 Da for 8-plex) and the balance group, so that the overall mass of each
reagent is the same while the reporter ions formed upon CID-MS/MS are differentially isotope-

labeled [141]. The isobaric nature of iTRAQ-labeled peptides allows their co-elution during
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reverse-phase chromatography. In addition, these iTRAQ-labeled peptides appear as single peaks
in MS scans, leading to an increased peak capacity and improved sensitivity.

Another tagging technique employing the same concept has also gained popularity, namely,
the tandem mass tags (TMTs) [146, 147]. TMTs are a multiplexed set of isobaric labeling
reagents, which comprise an isotopic reporter group tethered to a mass normalization group with
a cleavable linker, allowing quantification to be carried out by comparing the ratio of
differentially labeled reporter ions released during CID-MS/MS. The Other MS/MS-based
quantitative analysis strategies have been developed such as Cleavable Isobaric Labeled Affinity
Tag (CILAT), which is a hybrid of the ICAT and iTRAQ approaches [148]. However, the TMT
reagents from Thermo Scientific and iTRAQ reagents from Applied Biosystems are currently the
only labeling technologies commercially available where quantification is carried out in MS/MS

mode.
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Figure 1.2 (A) Structure of the iITRAQ reagent that consists of a reporter group, a mass balance
group, and a peptide-reactive group. The overall mass of reporter and balance components of the
molecule are kept constant (145.1 Da) using differential isotopic enrichment with 13C, ISN, and
B0 atoms. (B) Upon reaction with a peptide, the tag forms an amide linkage to any peptide
amine (N-terminus or € amino group of lysine). When subjected to CID, fragmentation of the tag
amide bond results in the loss of balance group as a neutral species, while the charge is retained
by the reporter group fragment. The numbers in parentheses indicate the number of enriched
centers in either the reporter group or balance group of the molecule. (C) A mixture of four
identical peptides, each labeled with one member of the mixture set, appears as a single,
unresolved precursor ion in a mass scan (identical m/z). Following CID, the four reporter group
ions appear as distinct masses (m/z 114-117). All other sequence-informative fragment ions (that
is, b- and y-type ions) remain isobaric. Adapted from Reference [141].

Only a few labeling strategies have been investigated to date in combination with ETD for

quantification. It has been reported that fewer channels are available from ETD-MS/MS analysis
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of iTRAQ labeled peptides, i.e., 3 from 4-plex and 5 from 8-plex for peptide and protein
quantification [149-151]. Similar results are obtained when using TMTs, as only four unique
reporter ions can be generated from ETD fragmentation of TMT 6-plex labeled peptides [152].
Fortunately, both the McLuckey [149] and the Coon [151] groups have demonstrated that more
channels are open for iTRAQ differentially labeled peptides, when specific reporter-ion-
containing fragments resulting from ETD are further subjected to resonant excitation CID.
Furthermore, the addition of iTRAQ or TMT tags to a peptide showed minor deleterious effects
on ETD fragmentation of peptide backbone. Thus, with respect to compatibility with these
quantitation techniques, ETD holds great potential for protein quantitative analysis as well as
peptide sequencing, which is especially beneficial for studies of post-translationally modified

peptides and proteins [152].

1.6 Studies of Protein Structure, Protein Folding and Protein-Protein Interactions via

Chemical Labeling Strategies

For many years, chemical labeling combined with mass spectrometry has been a valuable
tool to probe protein structure and protein interactions, especially when protein systems are not
amenable to conventional high resolution techniques such as NMR and X-ray crystallography
[29]. A variety of approaches have been developed, typically based on the use of hydrogen-
deuterium exchange (HDX) [153-155], or chemical covalent labeling [29, 156-158] to change
the mass of the protein in a structure dependent manner prior to HPLC-MS and/or -MS/MS
analysis. HDX is typically used to probe the entire protein backbone via targeting of the main

chain amide hydrogens. However, the accurate interpretation of protein structure based on the
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results obtained from HDX is hampered by possible back-exchange and scrambling in solution-
phase and gas-phase experiments. In another way, chemical labeling approaches measure the
differential reactivities of amino acid side chains towards non-specific [156, 157] or amino acid-
specific labels [29, 158] for mapping protein structure and interactions, due to the fact that the
reactivity of individual amino acids within the protein is highly dependent on their solvent
accessibilities.

Nonspecific oxidative modification of protein side chains has been widely used to examine
protein folding and conformational changes by monitoring a wide range of target sites [156,
157]. Various methods have been used for generating the hydroxyl radicals required for

oxidative labeling, such as photolysis of H,O, using a pulsed UV laser [155], radiolysis of water

by electron pulses or synchrotron X-ray pulses [156] or Fenton and Fenton-link reactions [159].
However, due to the nonspecific nature of the reaction, highly complex products often result
from oxidative protein labeling, presenting significant challenges for their analysis.

In contrast to hydroxyl radical meditated non-specific labeling approaches, varying amino
acid-specific reagents are employed for targeting particular amino acid side chains or functional
groups involved in protein active inter-phases. Amino acid-specific labeling reactions are usually
carried out with the reagents employing established organic chemistry. Currently, only eight out
of twenty naturally occurring amino acids have been used as the targets for such specific labeling

reactions [29]. Among them, the e-NH, group on lysine side chains is most commonly modified

owing to the large number of lysine residues present on the surface of most proteins [160, 161].

A range of chemical labeling strategies have been developed for the modification of lysine
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residues, involving reactions with organic acid anhydrides [162, 163], N- hydroxysuccinimide
(NHS) deriviatives [164-168] and imido esters [169] as shown in Scheme 1.2 [29].

Amidination of lysine residues by using S-methylthioacetimidate and propioimidate has
been reported by the Reilly group for probing protein solvent-accessible regions [169]. As
illustrated in Scheme 1.2, the positive charge on the lysine polar side chain is retained after
amidination at physiological pH. Thus, the use of imido esters such as S-methylthioacetimidate
has potential advantages over previously investigated lysine modification reagents in terms of
minimizing the extents of disturbance in protein conformation upon labeling reaction and

without compromising ionization efficiency of modified peptides for MS analysis.
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Scheme 1.2 Modification reactions of lysine residues. Adapted from Reference [29].
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Zhou et al. have recently demonstrated the use of a ‘fixed-charge’ sulfonium containing
amine-specific modification reagent, S,S-dimethylthiobutanoylhydroxysuccinimide ester
(DMBNHS), for the improved analysis of higher order protein structures [170]. Exclusive neutral
loss(es) of dimethylsulfide (62 Da) is observed upon CID-MS/MS of the ‘fixed-charge’
derivatized peptide ions, allowing an analysis strategy involving HPLC-MS coupled with

automated CID-MS/MS and data dependent neutral loss triggered MS’ in a quadrupole ion trap

mass spectrometer to be developed for the improved identification and characterization of the
peptide derivatization site(s) (Scheme 1.3).

By determining particular modification sites, chemical labeling provides information about
the region(s) that are on the protein surface or are involved in an interface with other molecules.
The use of isotope labeled derivatizing reagents can also help to obtain information regarding the
degree of modification [171, 172], which usually reflects the extent to which the specific region

is involved in ligand binding interactions.
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Scheme 1.3 Schematic of the solution phase DMBNHS protein modification and gas phase CID-
MS/MS and -MS’ fragmentation reactions of DMBNHS modified peptide ions. Adapted from
Reference [170].

Chemical cross-linking is principally a specific chemical labeling approach for studying the
low-resolution structure of protein topology and protein interactions. It not only relies on the
differential reactivity of amino acids upon exposure to the label, but it also depends on the spatial
relationship between two amino acid side chains [158, 173]. A detailed discussion of chemical

cross-linking strategies will be discussed in the following chapters.
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1.7 Future Prospects

Chemical labeling in conjunction with MS has been extensively used in recent years to
address challenges associated with protein identification, characterization, quantification, as well
as structural analysis. Despite the success of current chemical labeling methods, further
improvements to this approach are desired. One of the needed improvements is the development
of new amino acid-specific labeling reagents to improve the identification of modified peptides.
One common problem associated with the chemical labeling approach is that the modified
peptides may be difficult to detect amongst the largely unmodified peptide population. This is
especially severe when a complicated peptide mixture resulting from a large protein or protein
mixture is analyzed. Therefore, the research included in this dissertation was directed toward the
development of new chemical labeling reagents and associated methodologies for improved

cross-linking strategies and for enhanced quantitative phosphoproteome analysis.
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CHAPTER TWO

CHEMICAL CROSS-LINKING STRATEGIES FOR MAPPING PROTEIN

STRUCTURE AND PROTEIN-PROTEIN INTERACTIONS

2.1 Protein Structure and Function

The study of proteins has fascinated biochemists and chemists for over a century.
Understanding the compositions, three-dimensional structures, and chemical activities of
proteins are among some of the most pressing scientific issues, which ultimately aim at R&D of
new drugs for human healthcare [174].

Proteins perform a wide variety of roles. The most important biological functions of
proteins involve the catalysis of biochemical reactions, i.e., function as enzymes. Some proteins
have structural functions for providing support and shape to cells. Other proteins are important
for transport and storage of particular small biomolecules. Proteins are also essential in
information processing in the cells, via their roles as messengers or receptor proteins [174]. The
key to appreciating how different proteins function in different ways lies in an understanding of
their structures. Protein structure is defined at four levels [174]. Primary structure describes the

linear sequence of amino acid residues in a protein molecule. Secondary structure relates to the

Some of the concepts described in Chapter Two were published in: Froelich, J. M.; Lu, Y. ;
Reid, G. E., Chemical Derivatization and Multistage Tandem Mass Spectrometry for Protein
Structural Characterization. In: Practical Aspects of Trapped lon Mass Spectrometry. Vol. 5:
Applications. (March R. E. and Todd J. F. J. Ed), 2009, CRC Press.
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regularities maintained by hydrogen bonds between amide hydrogens and carbonyl oxygens of
the peptide backbone. o helices and B sheets are two major secondary structures. The shape of
the fully folded polypeptide chain defines the tertiary structure, which is stabilized by non-
covalent interactions between amino acid side chains within the molecule and with water
molecules surrounding it. Proteins can also work together to achieve a particular function by
forming transient or stable multi-subunit complexes, resulting in the highest level of organization,
quaternary structure. Identification of the interacting partners and further mapping of the specific
interaction sites are crucial to understand how proteins function together as biological assemblies

[174].

2.2 Current Methods Employed for Protein Structure Analysis

Numerous techniques have been developed to probe protein-protein interactions. X-ray
crystallography and multidimensional NMR are currently primarily applied due to their very
high structural resolution. X-ray crystallography uses the diffraction pattern produced by
bombarding a single crystal with beam of collimated X-rays to solve the crystal structure;
therefore, a single crystal has to be obtained for X-ray studies. Alternatively, nuclear magnetic
resonance (NMR) spectroscopy is capable of three-dimensional structure determination of
proteins in solution. However, limitations of NMR spectroscopy result from its low inherent
sensitivity and from the high complexity and information content of NMR spectra. Other
methods such as yeast two-hybrid screens and protein microarrays provide very high throughput,
but structural resolution is low [175], large numbers of non-specific interactions are often

detected, and little information is provided regarding specific interacting sites between the
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protein subunits [176]. In recent years, computational biology has shown great promise in
predicting ab initio protein structures from amino acid sequences; however there remains a need
for further developments in this field prior to its widespread application, such that experimental

data are still required for validation [177].

2.3  Chemical Cross-Linking

Because of the high sensitivity and rapid analysis of MS techniqies, chemical cross-linking
followed by proteolytic digestion and subsequent characterization by mass spectrometry has
shown great promise in providing distance constrains, albeit at relatively low resolution, for
assigning protein topologies and protein interactions [158, 173, 178]. Cross-linkers can
covalently link interacting regions within a protein or interacting regions between the individual
components of multi-protein complexes. Most importantly, non-covalent protein-protein
interactions, which may be transient or dependent on specific physiological conditions, can be
captured into long-lived covalent complexes [22, 175]. Typically in a bottom-up strategy, cross-
linked proteins or protein complexes are separated by one-dimensional gel electrophoresis (SDS-
PAGE), and then subjected to enzymatic in-gel digestion, chromatographic fractionation and
mass spectrometry analysis [178]. Ultimately the assignment of distance constraints within a
single protein or protein complexes can be employed to provide information regarding the
protein-protein interactions and three-dimensional structure of the protein or protein complex.

This strategy is represented schematically in Figure 2.1 [179].
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Prediction of 3D structure, or
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Figure 2.1 Cross-linking methodology flowchart by the bottom-up approach. Adapted from
Reference [179].

2.3.1 Cross-Linking Reagents

Cross-linking reagents contain two or more reactive ends to specific functional groups on
proteins or other molecules. A large number of reagents have been described in the literature,
and many are now commercially available [180]. Major target functional groups for cross-
linking reactions include primary amines, sulfhydryls, carbonyls, carbohydrates and carboxylic
acids. The commonly used reactive groups of cross-linkers are summarized in Table 2.1 [173].
As mentioned previously, modification of lysine with the use of NHS-esters has been the most

commonly used labeling strategy to probe protein structure due to their rapid reaction rates and
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physiological reaction conditions [158, 181]. Therefore, NHS-esters have been the most
frequently used reactive group implemented in cross-linkers. Recently, N-hydroxyphthalimide,
hydroxybenzotriazole, and 1-hydroxy-7-azabenzotriazole have been introduced by Bich and
coworkers as new reactive groups of amine specific cross-linkers [182]. These new cross-linkers
showed a better efficiency and reacted about 10 times faster than commercially available
disuccinimidyl suberate (DSS) when used to covalently cross-link the gluthatione-S-transferase
(GST) dimer, illustrating the feasibility of their applications in the kinetic studies of protein
complexe formation.

Table 2.1 Cross-linker reactive groups and their functional targets. Adapted from Reference
[173].

Reactive Group Features

Haloacetyl Thio-reactive

Maleimide Thio-reactive

Acryl Thio-reactive

Aldehyde Amine-reactive

Imidoester Amine-reactive
N-hydroxysuccinimide ester Amine-reactive

Glyoxal Arginine-specific
Phenylazide Non-selective, photo-reactive
Tetraflurophenylazide Non-selective, photo-reactive

Cross-linkers can be either homobifunctional, with two identical reactive groups at both
reactive sites, or heterobifunctional, containing different reactive groups. Otherwise, relatively
newly developed tri-functional cross-linking reagents incorporate a third functional group for
reacting with a third target group, or for affinity purification of cross-linked products; a biotin
moiety is commonly used for such purpose [183, 184]. Usually, cross-linking reagents have a

spacer carbon chain; however zero-length cross-linkers may be employed to catalyze the
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formation of a chemical bond between two target groups without introducing an intervening
linker. For example, carbodiimides are applied to mediate the direct formation of amide bonds
between a carboxyl group and an amine group [185].

Besides the reactive functional groups of cross-linking reagents, the spacer arm length,
water solubility or cell membrane permeability and additional modules for the separation and
purification of cross-linked products are significant characteristics that should be taken into
account for a specific application. The spacer arm length defines the distance relationship
between two target groups on amino acid residues of a protein or protein complexes, which
indicates the folding pattern of a protein or interacting sites between two subunits, i.e. protein-
protein interactions. The solubility of cross-linking reagents in aqueous solution expands their
applications to large proteins and protein complexes with poor solubility in organic solvents. The
specific tags contained in cross-linking reagents that are used to facilitate the identification of

cross-linked products will be discussed in the following section.

2.3.2 Possible Cross-linked Products from a Cross-Linking Reaction

Following the chemical cross-linking reaction, a variety of products may be produced. As
shown in Figure 2.2 [186], after proteolysis even for a single cross-linking reaction, three distinct

types of cross-linked peptides might be formed:

(1) dead-end modified peptides (Type 0) with only one of the reactive groups of cross-linker

reacted with the protein and the other one hydrolyzed. A type 0 modification doesn’t
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provide any information related to the distance constrains between two amino acid residues
but may indicate reactive groups exposed on the protein surface;

(2) intramolecular cross-linked peptides (Type 1) with both reactive groups of cross-linker
reacted with two amino acids on the same peptide chain. Type 1 cross-link can be applied
to map three-dimensional structure of proteins.

(3) intermolecular cross-linked peptides (Type 2) with both reactive groups of cross-linker
reacted with two amino acids on the two different peptide chains after proteolysis. If these
two peptide chains come from two proteins within the complex, the important information

about interacting sites will be obtained.

Combinations of type 0, 1, or 2 modifications give rise to a large number of possible cross-
linked products, whereas the yields of multiple cross-linking reactions are usually low. The
results from double modifications are also presented in Figure 1.2, where the a chain can be

either same as, or different from, the § chain.
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Figure 2.2 (A) Classification of cross-linked peptides into Type 0, Type 1 and Type 2. (B)
Multiple modifications by the combinations of Type 0, 1 and 2. Adapted from Reference [186].
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2.3.3 Chalenges Associated with the Identification and Characterization of Chemically

Cross-Linked Peptides

As described above, despite the relative straightforwardness of cross-linking approaches,
the identification of cross-linked products by mass spectrometry is not straightforward due to the
high complexity of the resultant peptide mixtures.

For analysis of the cross-linking reaction products from protein or protein complexes,
enzymatic digestion is usually performed prior to mass spectrometry analysis [bottom-up]. This
process increases the complexity because cross-linked peptides are present along with a large
number of unmodified peptides. The well known term, ‘looking for a needle in a haystack’, is
often used to describe the challenges associated with the identification of cross-linked peptides
resulting from this complexity.

To date, a number of techniques have been developed to facilitate the unambiguous
assignment of cross-linked peptides, involving the enrichment of cross-linker-containing species
by specific affinity tags [183, 184, 187-193] or via the introduction of discriminating properties
such as differential isotope labels [194-202], specific ‘solution-phase’ [201, 203-206] or ‘gas-
phase’ [190, 192, 207-213] cleavage sites, within the cross-linking reagent itself, or within the

cross-linked peptides.

2.3.4 Affinity Cross-Linking Reagents

Affinity enrichment methods have typically incorporated a biotin functional group into the

cross-linker, allowing affinity purification of cross-linked peptides by avidin affinity column or
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on avidin beads to reduce the complexity of the mixtures for subsequent mass spectrometry
analysis [183, 184, 187-192]. Recently, Chowdhury and coworkers have developed an alkyne tag
containing reagent termed click-enabled linker for interacting proteins (CLIP) [193]. This cross-
linker enables subsequent enrichment of cross-linked species through alkyne-azido click

chemistry [214] with a biotin affinity reagent. Another distinct feature of CLIP is the
incorporation of a small NO, moiety that can be released during MS/MS analysis, providing

additional confidence for the identification of cross-linked peptides.

2.3.5 Isotope Labeling of Cross-Linked Peptides

The incorporation of differential isotope labels has been employed to enable the detection
of cross-linked peptides via identification of their distinct isotope patterns during MS analysis
[194-202]. This can be realized by incorporation of the isotope label within the protein or peptide

[194-197], or within the cross-linker itself [198-202].

2.3.5.1 Isotope Labeling on Polypeptide Chain

One approach involves the introduction of 80 to the C-terminal carboxyl group(s) of the

polypeptide chain(s) formed during proteolytic digestion in 80 enriched water [194, 195].

Intermolecular cross-linked peptides (Type 2, Figure 2.2) are readily distinguished by a

characteristic 8-Da mass shift compared to peptides formed by proteolysis using naturally
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abundant water. However, non-modified, dead-end and intramolecular cross-linked peptides are
not able to be distinguished, as they will all exhibit a common 4-Da mass increment.

Another approach described by Chen and coworkers [196] involves reductive di-
methylation of primary amino groups within a protein, followed by enzymatic hydrolysis and
derivatization of the newly formed N-termini with a 1:1 (w/w) mixture of 24-

dinitrofluorobenzene-dy/d;. Due to the incorporation of two dinitrophenyl groups, intermolecular

cross-linked peptides will be distinguished by a characteristic 1:2:1 isotope pattern in the mass
spectra from the 1:1 isotope pattern of other cross-linked types and non-modified peptides
containing only one peptide chain. Similarly, for visualizing intermolecular cross-linked peptides,
a mixed isotope cross-linking (MIX) strategy was designed by Taverner et al., by mixing 1:1

uniformly "*N-labeled and unlabeled proteins to form a mixture of homodimers [197]. Cross-

linked peptides from an intermolecular origin exhibit triplet/quadruplet MS peaks (triplet for
homodimeric intermolecular cross-link, quadruplet for heterodimeric intermolecular cross-link),
that are unique from the doublet peaks of all other peptide species.

Identification of intermolecular cross-linked products by introducing isotope labels on the
protein or peptide is feasible for the study of protein-protein interactions; however intramolecular

cross-links cannot be distinguished by this method.

2.3.5.2 Isotope Labeled Cross-Linking Reagents

Incorporation of the isotope label within the cross-linking reagent potentially allows all

cross-linked peptides to be detected, via identification of their distinct isotope patterns upon

41



reaction with 1:1 mixtures of stable isotope-labeled and nonlabeled cross-linking reagents [198,
199, 202]. Isotope-labeled cross-linkers could be easily combined with other strategies for
further identification of cross-link types [200, 201]. Recently, Seebacher et al. have developed a
new integrative method employing isotope-labeled cross-linking reagents in the presence of
isotope-labeled water [200]. In this way, deadend cross-linked peptides could be discriminated
by an additional 2-Da splitting from hydrolysis of the cross-linking reagent’s free reactive ester
in [160]H20/[180]H20 (1:1) buffer. Similarly, employing isotope labeled cross-linking reagents
followed by %0 labeling could further distinguish intermolecular cross-link from all the cross-

linked products.

Isotope-labeling technologies have been widely employed to assist in finding cross-linked
peptides in mixtures. However, limitations to these approaches may be encountered when m/z
values of differentially labeled cross-linked peptide products overlap with unlabeled peptides
also present in the mixture, thereby precluding identification of the characteristic isotopic
multiplets. Moreover, the use of only one isotope labeling process is not capable to identify all

the cross-linked types at once.

2.3.6 Cleavable Cross-Linking Reagents

The use of cross-linking reagents containing solution-phase cleavage sites has also
demonstrated to result in an improved ability to identify the presence of cross-linked peptides
from within complex mixtures [201, 203-206]. These cleavage reactions may be performed by

hydrolysis [201], or by the use of reducing agents in the case of disulfide containing cross-
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linking reagents [203-205], thereby allowing cross-linked peptides to be identified during

subsequent MS analysis via the mass shifts observed before and after the cleavage reaction.

2.3.6.1 Solution Phase Cleavable Cross-Linking Reagents

The thiol-cleavable cross-linking reagent 3,3’-dithio-bis(succinimidylpropionate) (DTSSP)
has been applied to a number of proteins and protein complexes [203-205]. After reduction of the
cross-linker disulfide bond, intermolecular cross-linked peptides give rise to two separated
components, each containing a reduced linker. Intra-molecular cross-links yield two reduced
linker halves on the same peptide, whereas deadend type only have one present. Different cross-
link types are distinguished by their characteristic mass shifts before and after reduction.

Another interesting example involves cleavable cross-linkers combined with isotope-
coding strategies [201]. The isotope-labeled cleavable cross-linker is applied with its unlabeled
counterpart to provide additional discriminating information because of the distinct isotope-pairs
thus formed, allowing unambiguous identification of cross-linked products. However, the
application of cleavable cross-linkers by a chemical reaction relies on mass spectrometry
analysis before and after the cleavage reaction takes place. Thus, the identification of cross-
linked products might be complicated if the corresponding signals of reduced cross-link species
are not observed, or if they overlap with non-cross-linked peptides.

Recently, the de Jong group has designed a cross-linker containing an azido group to
enable reducing reagent tris(2-carboxyethyl)phosphine (TCEP) induced cleavage of cross-linked

peptides along with reduction of the azide without cleavage in parallel (Scheme 2.1) [206]. Thus,
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all three types of cross-linked peptides are able to be identified by the defined mass difference

between products from two reduction pathways in one analysis.

Peptide
HN H2N
o) o)
N, TCEP. H0 PP
N3 — " » Peptide-N N-Peptide 2
H H
o)
HN o %o
Peptide 2 - Peptide1—NW + HoN-Peptide 2
H
—> Peptide1-NH, + N-Peptide 2
H

Scheme 2.1 Phosphine-induced reactions of cross-linked peptides resulting from reaction with
bis(succinimidyl)-3-azidomethyl glutarate (BAMG). Two parallel reaction pathways occur in the
presence of reducing reagent tris(2-carboxyethyl)phosphine (TCEP). In one pathway, TCEP
reduces the azido group to form an amino group (upper pathway). In the other pathway, the two
peptides of the cross-link are separated in the form of either a free peptide or a lactone modified
peptide (center and lower pathways). Adapted from Reference [206].

The solution phase enrichment/cleavage and isotope labeling methods each involve several
chemical reactions and sample handling steps prior to and/or following the cross-linking process.
Thus unintended by-reactions should be avoided in those reactions for unambiguous
identification of cross-links.

To simplify the problem, effort has been placed on the use of gas phase dissociation
methodologies for the discrimination and subsequent amino acid sequence analysis of cross-

linked products.
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2.3.6.2 Gas Phase Cleavable Cross-Linking Reagents (Using MS/MS)

In recent years, several groups have initiated the development and application of novel
classes of gas-phase cleavable cross-linking reagents, whereby cross-linked reaction products are
identified and characterized based on their characteristic fragmentation behavior observed during
tandem mass spectrometry (MS/MS) [190, 192, 207-213]. These gas-phase cleavable sites may
be incorporated into a side chain on the cross-linking reagent [207], resulting in formation of a
stable “reporter ion” (thereby maintaining the cross-linked peptide linkages), or incorporated
directly into the cross-linker spacer chain [190, 192, 208-212], thereby resulting in cleavage of
the cross-link upon MS/MS. In each case, further structure interrogation of the peptide product

ions formed following the initial cleavage reaction can be achieved by MS" analysis. These

strategies, though still needing improvement, are promising and could serve as basis for the
second generation of cross-linking reagents [158].

Back et al. described the use of a bifunctional lysine reactive cross-linker, N-
benzyliminodiacetoylhydroxysuccinimide (BID; Figure 2.3), which yields a stable benzyl cation
marker ion under MS/MS conditions, to successfully identify inter- and intra-molecular cross-
linked peptides [207]. However, formation of the benzyl cation at low m/z results in an inability
to employ this strategy in quadrupole ion trap instruments, due to the low mass cut off inherent
to this instrumentation. In addition, the benzyl cation is only observed as a dominant product for

certain charge states of a protonated peptide.
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Figure 2.3 Structure of the cross-linker N-benzyliminodiacetoylhydroxysuccinimide (BID).
Adapted from Reference [207].

In another study by Seebacher ef al., a diagnostic ion at m/z 222 was reported upon CID of
cross-linked peptides formed by reaction with the commercially available cross-linker
disuccinimidyl suberate (DSS) (Figure 2.4) [200]. Recently, the Gozzo group demonstrated the
pathway for formation of this diagnostic ion, as well as two other distinct fragment ions from
DSS-containing peptides [215]. Based on the presence of these diagnostic ions, an approach
involving precursor ion scan (PIS) on a quadrupole time-of-flight (Q-TOF) instrument was
developed [216]. The approach could also be applied for the identification of cross-linked

peptides with DSS-homologous cross-linkers.
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Figure 2.4 Structure of the commercially available cross-linker disuccinimidyl suberate (DSS)
and the diagnostic ion at m/z 222.1494 resulting from fragmentation of DSS cross-linked
peptides with the modification on lysine side chain. Adapted from Reference [216].

Bruce et al. introduced a cross-linker strategy, termed protein interaction reporters (PIRs;
Figure 2.4) [217]. PIRs contain two low-energy MS/MS cleavable bonds within the spacer arm
[208]. Upon CID MS/MS, PIR intermolecular cross-linked peptides fragment at two cleavage
sites within the linker giving rise to two separated peptides each with an additional mass and a
reporter ion. PIRs have also been combined together with other chemical features, such as an
affinity tag, a hydrophilic group or a photocleavable group to produce a series of tri- and multi-
functional group cross-linking reagents [190, 192, 209]. With assistance of bioinformatics
platform, PIRs strategy has been successfully applied to map interactions and interacting sites
from native cell in a large scale for the first time [192]. However, PIRs are a series of molecules
with spacer arm chain length of nearly 43 A [208], making these reagents less informative to

determine the specific interaction points of protein-protein interactions.
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Figure 2.5 A representative example of protein interaction reporters (PIRs). The MS/MS labile
bonds are indicated by dashed lines, the reactive groups are N-hydroxysuccinimide (NHS) esters
and the affinity group is biotin. Adapted from Reference [217].

To reduce the cross-linker length, Soderblom et al. [210, 211] have developed a set of
single site gas phase cleavable cross-linking reagents that can be selectively fragmented in the
source region of the mass spectrometer. As shown in Scheme 2.2, the designed cleavage site at
an aspartyl-prolyl bond is thought to be meditated by proton transfer from the aspartyl side chain
to the basic amine of the adjacent prolyl residue to realize the preferential cleavage. Therefore,
the selectivity of cleavage at the cross-linker is expected to be dependent on the charge state and

amino composition of the cross-linked peptide precursor ions [14].

48



. ( N®
Lys residue~ N /ﬁ( “Lys residue
Peptide 1

Peptide 2

SuDPG

IT' @)
Lys residue N NN N/\W ~Lys residue
Peptide 1 N

O Peptide 2
SuD

Scheme 2.2 CID-MS/MS fragmentation mechanism at aspartyl-prolyl bond within SuDPG
cross-linked peptides. Adapted from Reference [210].

Recently, Dreiocker et al. designed a cross-linker based on Edman degradation chemistry,
which contains a highly nucleophilic thiourea moiety connected to proline via glycine, with
subsequent cleavage of the glycyl-prolyl amide bond upon CID-MS/MS [212]. The resultant
peptide fragment ions contain characteristic mass shifts; in addition, they can generate distinct
neutral losses upon further fragmentation, allowing the unambiguous identification of the cross-
linked peptides. However, the selectivity of this cross-linker also relies on initial protonation at

the proline imide nitrogen to achieve the desired cleavage.
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Figure 2.6 Structure of the cross-linking reagent NHS-BuTuGPG-NHS. Preferred cleavage of
the Gly-Pro amide bond of the linker can be realized by selective nucleophilic attack of sulfur
upon CID-MS/MS. Adapted from Reference [212].

As an alternative to gas phase cleavable cross-linking reagents using CID, an IR active
chromogenic cross-linker (IRCX) has been employed to facilitate the identification of cross-
linked peptides. Recently, Gardner and coworkers developed a new IRCX which incorporates a
phosphate functional group into the cross-linker for its characteristic absorption at 10.6-pum
(Figure 2.7) [213]. Therefore, all the peptides which contain IRCX would undergo
photodissociation and be readily distinguished by a dramatic decrease in their ion abundances
upon IR irradiation. Whereafter, the identified IRCX-containing peptides could be further
interrogated by infrared multiphoton dissociation (IRMPD), CID, or both methods. The
capability of this IRCX was experimentally demonstrated by its application to ubiquitin cross-
link analysis, opening another promising pathway for the structural analysis of biological

assemblies by chemical cross-linking methods.
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Figure 2.7 Structure of an IR chromogenic cross-linking reagent (IRCX). Adapted from
Reference [213].

Recently, another photocleavable cross-linker bimane bisthiopropionic acid N-succinimidyl
ester (BiPS) was introduced by Borchers and coworkers (Figure 2.8) [218]. BiPS can be
photocleaved under MALDI conditions. With the incorporation of isotope labels and fluorophore
elements into the molecule, BiPS provides a powerful tool to aid in rapidly distinguishing cross-

linked peptides based on MALDI analysis.

Spotiots

Figure 2.8 Structure of MALDI photocleavable cross-linking reagent bimane bisthiopropionic
acid N-succinimidyl ester (BiPS). Adapted from Reference [218].

For more conveniently used MS/MS cleavable cross-linkers, regardless of whether the
cleavage site is incorporated on the cross-linker side-chain or in the cross-linker spacer chain, the
gas-phase cleavage is required to take place prior to cleavage of the peptide backbone. However,

the mechanisms responsible for the gas-phase fragmentation reactions that give rise to the
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product ions of interest are typically highly dependent on the charge state and amino acid
composition of the peptide (i.e., proton mobility), thus the product ions required for crosslink
identification may only be observed in low abundance from total peptide ions or many
dissociation channels [207, 208, 210, 212].

To obtain further insights into this issue, the mechanisms likely to be responsible for the
fragmentation of protonated cross-linked peptide ions by tandem mass spectrometry are briefly

described below.

2.4  Gas Phase Fragmentation Reactions of Protonated Cross-linked Peptide Ions

Proteins may be identified by ‘fingerprinting’ analysis of the masses obtained from their
proteolytically derived peptides [219]. Most commonly however, protein identification is
achieved by tandem mass spectrometry of selected peptide ions to obtain peptide sequence
information, which is interpreted by either database analysis [220, 221] or by using de novo
sequence analysis methods [31, 222]. The successful sequence analysis of protonated peptide
ions relies heavily on the formation of a complete series of product ions resulted from the
cleavage along the peptide backbone. However, other product ions resulting from cleavage of the
amino acid side chains, multiple cleavages of the peptidic chain or involving rearrangement
reactions are also observed, complicating the mass spectrum and hindering peptide sequence
analysis [223]. An understanding of the mechanisms responsible for protonated peptide
fragmentation, and how they control the types of fragment ions observed, is key to increasing the
accuracy of protein identification methods and for the determination of post-translational

modifications [15, 224, 225] or modifications involving peptide cross-linking.
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2.4.1 Mechanisms for the Fragmentation of Protonated Peptide Ions

The nomenclature for peptide fragment ions formed from dissociations along the peptide
backbone is shown in Scheme 2.3 [226]. Product ions corresponding to cleavage of the Ca-C, the
C-N amide bond and the N- Ca bond, are termed a-, b-, and c-types ions if the charge is retained
on the N-terminal fragment or x-, y- and z- type ions if the C-terminal fragment retains the
charge. Collision induced dissociation (CID) is the most commonly used technique for energy
transfer required for gas phase fragmentation reactions. Under the low energy CID conditions
employed in triple quadrupole and quadrupole ion trap mass spectrometers, b- and y-type ions
are typically the dominant product ions produced [227].

Protonation is typically required to occur at each of the amide bonds along the peptide
backbone for a complete sequence information under low energy activation conditions. The
mechanism for the cleavage process is generally described using the “mobile proton model”
described by Dongre at. el. [228] and extended by Kapp et al. [14], which defines 3 categories;
“non mobile” when the total number of protons < the number of Arg residues, “mobile” when
the total number of protons > the total number of basic residues (i.e. combined number of Arg,
Lys and His), or “partially mobile” when the number of Arg residues < the total number of

protons < the total number of basic residues [14, 18].
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Scheme 2.3 Nomenclature for peptide fragment ions. Adapted from Reference [226].

Under “mobile” or “partially-mobile” proton conditions, fragmentation of most protonated
peptides requires the involvement of an ionizing proton at the cleavage site, i.e. the cleavages are
“charge-directed” [229, 230], whereas under “non-mobile” proton conditions, “charge-remote”
fragmentation pathways (i.e. no ionizing proton involvement) can dominate [14, 231].

As shown in Scheme 2.4, during a “charge-directed” process, after the proton is transferred
to the cleavage site, dissociation of the amide bond is initiated by nucleophilic attack from an
adjacent nucleophile, e.g. amide carbonyl, resulting in an ion-molecule complex, followed by
further dissociation without or with intermolecular proton transfer giving b- and/or y- type ions.

However, the propensities for each amide bond cleavage along the peptide backbone are
usually not the same. It has been observed that enhanced amide bond cleavage usually occurs at
the N-terminal side of a proline residue under the “mobile” proton conditions [14]. This is
probably due to the higher proton affinity of the proline imide bond compared to an amide bond.

Under “non-mobile” proton conditions, enhanced dissociation at the C-terminal side of aspartic
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acid residues is often observed, as a result of a “charge-remote” process involving proton transfer
from the carboxyl group of the aspartic acid residue to the adjacent amide bond [14]. A “charge-
remote” fragmentation process is also responsible for the dominant neutral loss of CH3SOH (64
Da) observed from the dissociation of side chain of methionine sulfoxide residues under low
proton mobility conditions, which is reported to be a more favorable process compared to the C-
terminal aspartic acid cleavage [18]. Thus, the propensities for peptide bond cleavage (amide

bond and side chain) are highly dependent on the proton mobility conditions of the peptide ions.
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Scheme 2.4 The general mechanism for the competition between y- and b-type product ion
formation in protonated peptides. Adapted from Reference [227].

2.4.2 Gas-Phase Fragmentation Reactions of Protonated Cross-Linked Peptide Ions
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Back et al. has studied the CID fragmentation behavior of BID intramolecular cross-linked
tyrlysbradykinin (YKRPPGFSPFR) at different charge states [207]. It was found that the marker
benzyl cation was observed from dissociation of triply charged precursor peptide ions but not
from doubly charged species, indicating the desired fragmentation pathway at the side chain of
the BID requires “mobile” proton conditions. In addition, the observation of this marker ion is
only one of many fragmentation pathways, thus limiting its sensitivity for the identification of
cross-linked peptides.

The cross-linking reagent (SuDPG) developed by Soderblom et al. [210] is based on the
incorporation of an aspartyl-prolyl bond within the linker region for specific gas-cleavage site.
As shown in Scheme 2.2, cleavage is initiated by transferring a labile proton from the aspartyl
side chain to the basic backbone amine of the adjacent prolyl residue, and then the carboxy anion
attacks the carbonyl carbon, resulting in a cyclized anhydride and a free prolyl residue. However
the Kapp et al. study indicated that fragmentation of Asp-Pro bonds is significantly enhanced
only for peptides under non-mobile conditions [14]. As a result, realizing preference cleavage in
both BID and SuDPG cross-linked peptides is limited by their charge states. Similarly, the
desired cleavage of cross-linked peptides obtained from reaction with PIRs and NHS-BuTuGPG-

NHS are also dependent on the proton mobility conditions of the precursor ions.

2.5  Bioinformatics Strategies in the Field of Chemical Cross-Linking

With the improvements in cross-linking reagents, extracting structure information from
cross-linking experiments is still a formidable task. As another emerging and rapid growing area,

bioinformatics tools play an important role in data analysis. Two recent reviews on cross-linking
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mass spectrometry highlighted recent advances of the technology with emphasis on data analysis
by computer software [232, 233]. Typical programs firstly identify cross-link candidates from
matching results of experimental MS spectrum against calculated possible cross-links and then
MS/MS spectra are analyzed for confirmation. For example, Pro-CrossLink [234] and XLINK
[200] were developed for LC-ESI-MS data and LC-MALDI-MS data using isotope labeling. The
recently developed xQuest program is able to detect cross-linked peptides from large protein
databases [235], probably most sophisticated software reported so far. However, xQuest requires
isotope labeling to work satisfactionly and the process can be computationally expensive,
especially for complex mixtures. Among all cross-link types, inter-peptide cross-links are most
informative type for protein structure detection, but are probably most challenging to identify.
Mono-links and intra-peptide cross-links could be identified by running regular protein
identification tools such as SEQUEST [220] with post-translational modification options. Inter-
peptide cross-links from gas-phase cleavable cross-linker result in the formation of two separated
peptide chains, which could be identified by regular protein identification software as well. Thus
computational processing could be simplified and more confidence obtained, by using these

cross-linking strategies.

2.6 Aims of the Chemical Cross-Linking Project

To develop improved chemical cross-linking and tandem mass spectrometry methodologies
for the analysis of protein structures and protein-protein interactions, the aims of this project are:
1. Synthesis of a series of novel water soluble ‘fixed charge’ sulfonium ion containing cross-

linking reagents.
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2. Evaluation of the multistage gas-phase fragmentation reactions of cross-linked peptide ions
formed by reaction with these reagents, using synthetic peptides as models for standard

proteins and protein complexes.
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CHAPTER THREE

DEVELOPMENT OF NOVEL IONIC REAGENTS FOR CONTROLLING THE GAS-

PHASE FRAGMENTATION REACTIONS OF CROSS-LINKED PEPTIDES

3.1 Introduction

Chemical cross-linking combined with proteolytic digestion and mass spectrometry is a
promising approach to provide inter- and intramolecular distance constraints for the structural
characterization of protein topologies and functional multiprotein complexes. Despite the relative
straightforwardness of these methodologies, the identification and characterization of cross-
linked proteins presents a significant analytical challenge, due to the complexity of the resultant
peptide mixtures, as well as the array of inter-, intra-, or “dead-end”-cross-linked peptides that
may be generated from a single cross-linking experiment. Based on results from recent studies
aimed at the development of fixed charge sulfonium ion chemical derivatization strategies for
“targeted” MS/MS-based identification, characterization, and quantitative analysis of peptides
containing specific functional groups (e.g., the side chains of methionine or cysteine) [19, 170,
236-239], and as a first step toward the development of an improved MS/MS-based approach for
the comprehensive analysis of protein-protein interactions using chemical cross-linking and

multistage tandem mass spectrometry, this chapter describes the synthesis, characterization, and

Part of the results described in Chapter Three were published in: Lu, Y.; Tanasova, M.; Borhan,
B.; Reid, G. E., Ionic Reagent for Controlling the Gas-Phase Fragmentation Reactions of Cross-
Linked Peptides. Anal. Chem. 2008, 80, 9279-9287.
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initial demonstration of the selective CID-MS/MS gas-phase fragmentation behavior of cross-
linked peptide ions formed by reaction with a novel amine reactive, sulfonium ion containing

cross-linking reagent, S-methyl 5,5'-thiodipentanoylhydroxysuccinimide.

3.2 Cross-Linker Design and Rationale

A cross-linking reagent that demonstrates preferential gas-phase fragmentation reactions
under low-energy CID-MS/MS conditions must satisfy a number of criteria. The reagent must be
soluble and stable when subjected to cross-linking reaction conditions in aqueous solutions at
mild pH values. The cross-linker should contain an appropriate linker length for detecting
informative protein-protein interaction sites within protein complexes (typical commercially
available cross-linking reagents have a spacer arm less than 20 A). The structure of the cross-
linker (or a functional group within the cross-linker) should facilitate enrichment of the cross-
linked reaction products in solution, in order to allow their observation during MS and to enable
subsequent selection of the precursor ions for MS/MS analysis. Finally, a requirement that is
specific to a gas-phase cleavable cross-linking reagent is that fragmentation of the cross-linker
during MS/MS should occur exclusively and independently of the proton mobility of the cross-
linked peptide precursor ion; i.e., the energy required for cleavage within the linker region
should be lower than that for cleavage within the peptide backbone or side chains, regardless of
the number of protons, the amino acid composition, or the sequence of the peptide.

NHS esters are commonly employed as the reactive groups of cross-linking reagents in
order to target primary amino groups, (i.e., the g-amino groups of lysine amino acid side chains

or the a-amino group of the N-terminus), located within the protein or proteins of interest [175,
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240]. However, the application of NHS esters to the analysis of large protein complexes is
typically limited by their poor solubility under “native” aqueous conditions, thereby requiring the
use of sulfo-NHS esters. However, simple members of ionic sulfonium salts typically exhibit
high solubilities in water [241]. Thus, a sulfonium ion containing cross-linker would be expected
to offer an advantage for the mapping of large protein complexes due to its substantial solubility
under aqueous conditions. The presence of the sulfonium ion would also facilitate enrichment of
cross-linked peptides using strong cation-exchange chromatography prior to MS and MS/MS

analysis [242].

3.2.1 Incorporation of a ‘Fixed Charge’ Sulfonium Ion into an Amine Functional Group

Specific Cross-Linking Reagent S-Methyl 5,5'-Thiodipentanoylhydroxysuccinimide

Previous studies carried out in the Reid group have demonstrated that peptide ions
containing fixed-charge sulfonium ion derivatives introduced to the side chains of certain amino
acid residues (e.g., methionine and cysteine) undergo exclusive loss of a dialkylsulfide moiety
during the time scale of ion activation in either ion trap or quadrupole mass spectrometers, via
selective cleavage at the site of the fixed charge [19, 170, 236-239]. Using a combination of
experimental data and theoretical calculations, the mechanism for this loss has been proposed to
proceed via neighboring group participation reactions involving nucleophilic attack from an
adjacent amide bond, resulting in the formation of 6-membered oxazoline or 5-membered
iminohydrofuran product ions, depending on the alkyl chain length linking the nucleophile with
the sulfonium ion leaving group (Scheme 3.1) [237, 239]. Importantly, these selective

fragmentation reactions have been demonstrated to occur independently of the proton mobility of
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the peptide precursor ions containing the sulfonium ion derivatives [19, 170, 236-239]. These
results suggest that the incorporation of a fixed charge sulfonium ion into the backbone of a
chemical cross-linking reagent, containing an NHS ester (that subsequently reacts with a primary
amino group within the protein of interest to form a nucleophilic amide bond) and that has an
appropriate alkyl chain (propyl or butyl) linker attached to the electrophilic sulfonium ion, would

result in selective fragmentation of the cross-linker upon CID-MS/MS.

9 0
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Scheme 3.1 Gas-phase fragmentation behavior of the sulfonium ion derivative of methionine-
containing peptides. Adapted from Reference [237].

3.2.2 Gas-Phase Fragmentation Reactions of Cross-linked Peptides Formed by Reaction
with the Ionic Cross-Linking Reagent S-Methyl 5,5'-

Thiodipentanoylhydroxysuccinimide

Synthesis of S-methyl 5,5'-thiodipentanoylhydroxysuccinimide (1; Scheme 3.2) was

carried out as described in Experimental Chapter Four. ESI-MS analysis in a quadrupole ion trap
of this reagent revealed a single ion at m/z 443.3, corresponding to the M precursor ion. CID-

MS/MS of the m/z 443.3 precursor ion resulted in the formation of a dominant product ion at m/z
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197.9 (see Figure 4.4), via the neutral loss of 5-(methylthio)pentanoylhydroxysuccinimide (see

Scheme 4.5).

O 0]
O O
N\ )J\/\/\ M /N
o S o
0 | o)
S-Methyl 5,5'-Thiodipentanoylhydroxysuccinimide (1)

Scheme 3.2 Structure of  ionic cross-linking  reagent  S-methyl 5,5'-
thiodipentanoylhydroxysuccinimide (1).

Potential mechanisms for the gas-phase fragmentation reactions of the various types of
peptide products formed by reaction with cross-linking reagent 1 (i.e., intermolecular, dead-end,
and intramolecular) are shown in Scheme 3.3. For intermolecular peptide cross-links (Scheme
3.3A), the two peptide chains are connected by a cross-linker arm (designated here as I-S)
between two amide nitrogens. Fragmentation of a labile C-S bond on either side of the fixed
charge upon low-energy CID MS/MS would result in the formation of two separated peptide
chains containing unique modifications, one containing a protonated six-membered
iminotetrahydropyran (I) with a mass increment of 83 Da, and the other containing a neutral S-
methylthiopentanoyl (S) group with a mass increment of 130 Da. Note that fragmentation of the
cross-linker in Scheme 3.3A may occur on either side of the sulfonium ion linkage. Therefore,

due to the symmetrical structure of the cross-linking reagent, the dissociation of a homodimeric
intermolecular cross-linked precursor ion (i.e., when peptide; and peptide, are the same) would

result in the formation of a single pair of I and S modified peptide product ions. In contrast,

dissociation of a heterodimeric cross-linked precursor would yield two pairs of I and S modified
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products. This difference in fragmentation therefore allows these two types of reaction products

to be readily differentiated.
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(A) Intermolecular cross-link
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Scheme 3.3 Selective gas-phase fragmentation reactions of intermolecular, dead-end, and
intramolecular cross-linked peptide products formed by reaction with ionic cross-linking reagent
1. The linker formed upon cross-linking is denoted as I-S. Cleavage of the C-S bond within the
linker region results in two specific peptide modifications, one corresponding to a 6-membered
iminotetrahydropyran (I) and the other corresponding to S-methylthiopentanoyl (S) group. A
“dead-end” modification (I-Sg) on an intact peptide is labeled I-Sy when an unreacted NHS
functional group is retained, and I-Sy when a carboxyl group is formed via hydrolysis of the
NHS ester.
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For “dead-end” cross-links (designated in Scheme 3.3 as I-Sg), where one reactive NHS
group has undergone a cross-linking reaction and where the other ester remains intact (I-Sy) or
has undergone hydrolysis (I-Sg) (Scheme 3.3B), CID-MS/MS would result in the neutral loss of

5-(methylthio)pentanoic acid (148 Da, where R = H) or the loss of 5-
(methylthio)pentanoylhydroxysuccinimide (245 Da, where R = C4H4NO5). In both cases, it is

predicted that the cleavage would preferentially take place at the C-S bond closest to the peptide
chain, since an amide carbonyl oxygen is expected to be a better nucleophile compared to either

an ester or acid carbonyl oxygen [230]. For both intermolecular and dead-end cross-linked
peptide products, subsequent isolation and MS?® dissociation of the initial MS/MS product ions

can then be used to provide additional structural information required for identification of the
peptide sequences involved in the cross-linking reactions, as well as for characterization of the
specific site(s) at which cross-linking has occurred.

For an intramolecular peptide cross-link (Scheme 3.3C), the desired C-S bond cleavage is
expected to be the energetically favored process. However, as no change in m/z would be
observed upon initial dissociation of these bonds, immediate further fragmentation would occur
during CID-MS/MS to yield b- and y-type sequence ions. The symmetrical structure of the cross-
linking reagent 1, would again be expected to result in similar fragmentation efficiencies at the
two possible C-S bond cleavage sites. Thus, a given b- or y-type product ion may be observed
with either I or S modifications. The factors that influence the ions that are observed will be

discussed later in this chapter.
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3.3  Multistage Tandem Mass Spectrometry Analysis of Sulfonium Ion Containing

Cross-Linked Peptide Ions

In order to initially examine the multistage CID-MS/MS gas-phase fragmentation behavior
of the peptide products formed by reaction with cross-linking reagent 1’ or 1'’, the model
synthetic peptide VIMAHFWNFGK (pepywk) was subjected to cross-linking as described
above. The ESI mass spectrum obtained following a 30-min cross-linking reaction with reagent 1’
(iodide counter ion) is shown in Figure 3.1. Reaction with reagent 1’" (methylsulfate counter ion)
was found to proceed more slowly (probably due to counterion effect), with similar yields of the
various cross-linked peptide products obtained only after 90 min using 2.5 equiv of cross-linker

(data not shown).
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Figure 3.1 ESI-mass spectrometry analysis of cross-linked VTIMAHFWNFGK (pepywk) formed
by reaction with reagent 1'. Intermolecular cross-linked ions (structure a) are indicated as [2M +

nH + (I—S)]("+l)+. Intramolecular cross-linked ions (structure b) are indicated as [M + nH + (I-
S)](n+1)+. Unhydrolyzed monolinked ions (structure ¢) are indicated as [M + nH + (I—SN)](n+l)+.
Hydrolyzed monolinked ions (structure d) are indicated as [M + nH + (I—SH)](nH)Jr. Hydrolyzed
dilinked ions (structure e) are indicated as [M + nH + 2(I—SH)]('1+2)Jr
cross-linking reagent is labeled (I—S)NN+. Hydrolyzed cross-linking reagent is labeled (I—S)NH+.

. The residual unreacted

Doubly hydrolyzed cross-linking reagent is labeled (I-S)HH+.
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Figure 3.1 (cont’d)
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The complexity of the mass spectrum in Figure 3.1 arises due to the formation of multiple
reaction products, including intermolecular (a in Figure 3.1; 15.6 % relative abundance) and
intramolecular b in Figure 3.1; 3.7 % relative abundance) crosslinks (labeled [2M + nH + (I-

](n+1)+

S) and [M + nH + (I-S)]("+1)+, respectively), monolinked unhydrolyzed (¢ in Figure 3.1;

0.7 % relative abundance) dead-end links ([M + nH + (I-SN)](n+1)+), and mono- (d in Figure 3.1;
33.8 % relative abundance) and dilinked (e in Figure 3.1; 12.8 % relative abundance) hydrolyzed

(nt+1)+

dead-end links ([M + nH + (I-Sy)] and [M + nH + 2(I-SH)](n+2)+, respectively), as well as

due to the presence of unreacted peptide [M + nH]"+ (33.3 % relative abundance), residual
unreacted cross-linking reagent (I-S)NN+, hydrolyzed cross-linking reagent (I-S)NH+, and doubly

hydrolyzed cross-linking reagent (I-S)HH+. Thus, the cross-linking reagent in intact and

hydrolyzed forms was remained from Sep-paking elution procedure. Note that the relative
abundance of each type of cross-linked product will be varied with changing the reaction
conditions, such as the concentrations of the peptide solutions, reaction time and with or without
quenching. Most importantly, the formation of each type of cross-linked product is directly
related to protein structure of interst. Despite this complexity, the identification and
characterization of each of these products was readily achieved by examination of the

characteristic fragmentation behavior of each of their respective precursor ions.

3.3.1 Analysis of Intermolecular Cross-Linked Reaction Products
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Dissociation of the +5 charge state of the homodimeric intermolecular cross-linked
precursor ion of pepywg ([2M + 4H + (I-S)]5+ in Figure 3.1) resulted in exclusive fragmentation
of the cross-link to yield a single pair of product ions containing iminotetrahydropyran (I) and S-
methylthiopentanoyl (S) modifications ([M + 2H + I]3Jr and [M + 2H + S]2+ in Figure 3.2A,

respectively), consistent with that outlined in Scheme 3.3A. Importantly, the specificity of this
fragmentation was found to be independent of the precursor ion charge state (see the product ion
spectra obtained from the +4 and +3 charge states of the homodimeric intermolecular cross-

]4+

linked precursor ion of pepywk ([2M + 3H + (I-S)] and ([2M + 2H + (I—S)]3+ in Figure 3.2B

and C, respectively). Due to the presence of a single peptide in this reaction, and the symmetrical
structure of the cross-linking reagent 1, dissociation of the homodimeric intermolecular cross-

linked precursor ions resulted in the formation of a single pair of I and S modified product ions.
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Figure 3.2 CID-MS/MS product ion spectra of intermolecular cross-linked ions formed from the
model peptide (pepvwk). (A) [2M + 4H + (I-S)]°", (B) [2M + 3H + (I-S)]*", and (C) [2M + 2H +
(I-S)]3+ from Figure 3.1. The m/z of the precursor ions selected for dissociation in each spectrum
are indicated by an asterisk.

A result similar to that described above was also observed upon CID-MS/MS analysis of

the homodimeric reaction products formed by cross-linking of the aspartic acid containing

peptide pepgpr (GAILDGAILR). Panels A and B in Figure 3.3, show the product ion spectra
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obtained from the [2M + 2H + (I-S)]3+ and [2M + H + (I-S)]2+ precursor ions. Importantly,

essentially exclusive cleavage of the cross-linker was observed for these ions, even though an
aspartic acid residue that was observed to undergo preferential cleavage giving rise to a single
dominant product ion upon dissociation of its unmodified protonated precursor ion (Figure 3.3C)
was present within the peptide sequences. Previous studies to examine the global factors
influencing the fragmentation reactions of protonated peptide ions have demonstrated that
cleavage at the C-terminal side of aspartic acid residues is significantly enhanced under
“partially mobile” and “nonmobile” proton conditions [14]. The +3 and +2 precursor ion charge
states of the cross-linked sulfonium ion containing pepgpr homodimer would both be classified
as nonmobile, as would the +1 precursor ion charge state of the monomeric pepgpr peptide. Thus,
the observation of only low-abundance product ions corresponding to cleavage at the C-terminal
side of an aspartic acid residue in the homodimeric cross-linked peptide in Figure 3.3B is
consistent with our previous studies demonstrating that fragmentation of sulfonium ion
derivatives is an energetically favorable process compared to those for amide bond cleavage

reactions [237, 239].
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Figure 3.3 CID-MS/MS product ion spectra of (A) intermolecular cross-linked ion [2M + 2H +
(I-S)]3+ formed from the model peptide (pepgpr) With 1, (B) intermolecular cross-linked ion [2M
+ H + (I-S)]2+ formed from the model peptide (pepspr) with with 1’, and (C) [M + H]+ ion of
“*” indicates the

€C_ 9

pepcpr- A superscript “o” indicates the neutral loss of H,O. A superscript
neutral loss of NHj.

The mass spectrum obtained by ESI-MS analysis following cross-linking of a 1:1 mixture

of neurotensin (o, pPELYENKPRRPYIL) and angiotensin II (3, DRVYIHPF) with reagent 1 is
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shown in Figure 3.4A. CID-MS/MS analysis of the homodimeric cross-linked precursor ions
from neurotensin ([2a + 4H + (I-S)]5+) and angiotensin II ([2 + 4H + (I-S)]5+) are shown in
Figure 3.4B and C, respectively. Similar to that discussed above, a single pair of product ions
containing I and S modifications were observed as the dominant fragmentation pathway in each

case. In contrast, dissociation of the heterodimeric intermolecular crosslinked peptide product
([a+pB+3H+ (I-S)]4+) resulted in the formation of two pairs of characteristic I and S modified

product ions (Figure 3.4D). Therefore, the characteristic products formed from the dissociation
of homo- and heterodimeric cross-linking reactions allow these products to be readily

differentiated. A similar result was also obtained upon CID-MS/MS of the intermolecular
heterodimeric cross-linked peptide product formed by reaction between [Glul]-ﬁbrinopeptide B

and substance P (Figure 3.5).

76



Figure 3.4 (A) ESI-mass spectrometry analysis of cross-linked neurotensin (o) and angiotensin
IT (B) formed by reaction with reagent 1. CID-MS/MS of (B) the [2a + 4H + (I—S)]5+ precursor
ion of neurotensin containing a homodimeric intermolecular cross-link, (C) the [2p + 4H + (I-
S)]5+ precursor ion of angiotensin II containing a homodimeric intermolecular cross-link, and (D)
the [ + B + 3H + (I-S)]4+ precursor ion of neurotensin and angiotensin Il containing a
heterodimeric intermolecular cross-link. The m/z of the precursor ions selected for dissociation

in each spectrum are indicated by an asterisk. A { indicates product ions containing an I
modification.
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Figure 3.4 (cont’d)
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Figure 3.5 CID-MS/MS product ion spectra of the hetero-dimeric [OL+B+2H+(I—S)]3+ precursor
ion formed by reaction of reagent 1 with [Glul]— fibrinopeptide B (o) and Substance P (B).

Note that in addition to cleavage of the cross-linker for the homodimeric cross-linked

angiotensin II peptide reaction product in Figure 3.4C, several minor product ions formed by

cleavage at the Hisg-Pro; amide bond within the angiotensin II peptide sequence ([p + bg + 2H +
(I—S)]4+ and y,) as well as by sequential fragmentation of the cross-linker and the Hisg-Pros

amide bond (b6T, where T indicates the presence of an I modification) were also observed (Figure

4.3C). Previous studies to examine the global factors influencing the fragmentation reactions of
protonated peptide ions have demonstrated that cleavage at the N-terminal side of proline
residues is significantly enhanced under “mobile” and “partially mobile” proton conditions [14]
(the +5 charge state of the sulfonium ion containing crosslinked angiotensin II homodimer would
be classified as partially mobile). Again, therefore, the observation of these ions at only low
abundance in Figure 3.4C is consistent with fragmentation of sulfonium ion derivatives being an
energetically favorable process [237, 239].

Neurotensin and angiotensin II each contain only a single amino group amenable for

reaction with the NHS ester of the cross-linking reagent. Thus, it was not necessary to obtain
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further evidence to assign the sites at which the cross-linking reactions had occurred for the
reaction products in Figure 3.4. In contrast, the model peptide pepywk could undergo reaction at
either the a-amino or g-amino groups to yield an isomeric mixture of intermolecular cross-linked
homodimeric products (i.e., o.-amino to €-amino, g-amino to g-amino, or o-amino to g-amino).
Therefore, in order to determine the modification site(s) at which the homodimeric cross-linking
reaction had occurred, as well as to estimate the extent of reaction occurring at each site, both of
the MS/MS peptide products shown in Figure 3.2A were isolated then subjected to further

dissociation by MS3, followed by analysis of the resultant b- and y-type product ions (Figure
3.6A and B). The CID-MS’ spectra from the [M + H + I]2+ product ions from Figure 3.2B and C

and the [M + H + S]Jr product ion from Figure 3.2C are shown in Figure 3.7. In all cases, both b-

and y-type product ions containing I (labeled with a 1 in Figure 3.6A and Figure 3.7A) or S
(labeled with a f in Figure 3.6B and Figure 3.7B) modifications were observed, indicating that

cross-linking had occurred on both a-amino and g-amino functional groups.
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Figure 3.6 CID-MS’ spectra of (A) the [M + 2H + I]3Jr product ion and (B) the [M + 2H + S]ZJr
product ions from Figure 3.2A. A T indicates product ions containing an I modification. A I
indicates product ions containing an S modification. A superscript “o” indicates the neutral loss

of HQO.
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Figure 3.7 CID-MS’ spectra of (A) the [MJrHJrI]ZJr product ion from Figures 3.2B and 3.2C, and

(B) the [M+H+S]Jr product ion from Figure 3.2C. A 7 indicates product ions containing an I
modification. A I indicates product ions containing an S modification. A superscript “0”
indicates the neutral loss of H,O.

An attempt to estimate the extent to which the cross-linking reactions had occurred at the
o- or g-amino groups of the pepywk peptide was made by measuring the ratio of the summed
relative abundances of the modified b-type ions and unmodified y-type ions (i.e, o-amino
modified), to the summed relative abundances of the unmodified b-type ions and modified y-type
ions (i.e., e-amino modified) in Figure 3.6 and Figure 3.7. However, as ion detection efficiency
in ion trap mass spectrometers is affected by both the charge state and product ion mass (some

product ions fall below the low-mass cutoff of the instrument so are not observed), some
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variability was observed (63:37 for the [M + 2H+ I]3+ ion in Figure 3.6A, 68:32 for the [M + 2H
+S1*" ion in Figure 3.6B, 25:75 for the [M + H + I]*" ion in Figure 3.7A, and 79:21 for the [M +
H+ S]+ ion in Figure 3.7B), depending on the specific product ions that were observed in each
case. Overall, however, there was a preference for reaction at the o-amino position, consistent
with its lower pK, compared to that of the e-amino group.

Importantly, in all cases, as the individual peptide chains involved in intermolecular cross-
linking reactions are separated upon cleavage of the sulfonium ion linker upon performing
MS/MS, characterization of the peptide sequences by MS? is greatly simplified (i.e., no product
ions are generated that contain amino acid residues from both peptides) [243]. Furthermore, the
presence of I or S modifications was found to have only a minimal influence on the appearance

of the product ions produced following MS3, compared to their unmodified peptides.

3.3.2 Analysis of Dead-End Cross-Linked Reaction Products

Dissociation of the triply charged precursor ions from the intact (i.e., unhydrolyzed) and
hydrolyzed monolinked products formed by reaction of the model peptide pepywk with the

]3+

sulfonium ion containing crosslinking reagent 1 ((M + 2H + (I-Sy)]” and [M + 2H + (I-SH)]3+

from Figure 3.1, respectively) each resulted in essentially exclusive neutral losses of 5-
(methylthio)pentanoylhydroxysuccinimde (245 Da) or 5-(methylthio)pentanoic acid (148 Da),
respectively (Figure 3.8A and B). This is consistent with the mechanism proposed in Scheme
3.3B where the major cleavage was expected to take place on the C-S bond closest to the peptide

chain due to the greater nucleophilic strength of the amide carbonyl oxygen compared to either
83



the acid or ester carbonyl oxygen [230]. However, a minor product ion corresponding to
cleavage on the “outer” C-S bond ([M + 2H + S]2+ in Figure 3.8B), involving nucleophilic attack
from the acid oxygen, was also observed from the hydrolyzed monolinked ion, indicating that
some, albeit minor, competition between these cleavage sites is possible for this reaction product.
Similar fragmentation behavior was also observed upon MS/MS dissociation of the doubly
charged precursor ions from the intact and hydrolyzed monolinked reaction product from the
pepvwk peptide (data not shown), as well as for the doubly and singly charged precursor ions
from the hydrolyzed monolinked reaction product from the pepgpr peptide (Figure 3.9). Notably,
the specificity associated with fragmentation of the cross-linker from the triply and doubly
charged precursor ions of the intact monolinked reaction product from the phosphoserine
containing peprpsr peptide was found not to be significantly affected by the potentially
competing loss of H3PO4 (Figure 3.10). Interestingly, comparison of the spectra obtained by
CID-MS® of the [M + 2H + I]°" product ions (shown in Figure 3.8C) from Figure 3.8A and B
with that observed from the intermolecular cross-linked product ion in Figure 3.6A revealed a
significantly higher abundance of b-type ions containing the I modification for the monolinked
products (labeled in the spectra with a §; a ratio of a-amino modified : g-amino modified of
83:17 was determined from Figure 3.8C), suggesting a somewhat greater specificity for

modification of the ai-amino functional group.
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Figure 3.8 CID-MS/MS and MS’ of pepvwk containing unhydrolyzed (I-Sy) and hydrolyzed (I-
Sy) monolinks. (A) MS/MS of the [M + 2H + (I-SN)]%precursor ion, and (B) MS/MS of the [M
+ 2H + (I-SH)]3+precursor ion from Figure 3.1. The m/z of the precursor ions selected for
dissociation in each spectrum are indicated by an asterisk. (C) MS® of the [M +2H + I]3+ product

ion from panel A. Note that an identical spectrum was obtained by MS® of the [M +2H + I]3+
product ion from panel B. A T indicates product ions containing an I modification.
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Figure 3.9 CID-MS/MS product ion spectra of (A) the [MJrHJr(I—SH)]2+ and (B) the [MJr(I—SH)]Jr
precursor ions from the hydrolyzed mono-linked product formed by reaction of reagent 1’ with
the pepgpr peptide.
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Figure 3.10 CID-MS/MS product ion spectra of the (A) [M+2H+(I-SN)]3+, (B) [M+H+(I-SN)]2
precursor ion from the intact mono-linked reaction product formed by reaction of reagent 1 with
the phosphoserine containing pepr,sr peptide. (C) CID-MS’ product ion spectrum of the
[M+2H+I]3Jr product ion from panel A. (D) CID-MS’ product ion spectrum of the [M+H+I]2+
product ion from panel B. A 1 indicates product ions containing an I modification. A I indicates
product ions containing an S modification.
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Figure 3.10 (cont’d)
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Although the cross-linking reactions were carried out at a low (1.5:1) cross-linker to

peptide ratio, a relatively abundant hydrolyzed dilinked peptide reaction product was also
observed in Figure 3.1 (M + H + 2(I-SH)]3+; 12.8% relative abundance among all identified

peptide species). A particular feature of this dilinked product, which distinguishes it from

monolinked modifications, is its multistage MS/MS behavior. As predicted, a major neutral loss
of 148 Da was observed from MS/MS of the [M + H + 2(I-SH)]3+ precursor ion (Figure 3.11A).
However, the sequential fragmentation of a second 148-Da neutral species was also observed in

this spectrum, indicating the presence of a second I-Sy modification in this ion. MS? of the [M+
H+T+ (I—SH)]3+ product ion from Figure 3.11A confirmed the presence of this additional
modification (Figure 3.11B), while MS? of the [M+H+ 21]3+ ion (Figure 3.11C) was employed

to confirm the sites of modification to the N-terminal a-amino and lysine side chain g-amino
functional groups. Note that while peptide ions containing mono- or di- dead-end links do not
provide information regarding the spatial relationships of target functional groups within the
protein of interest, the identification of these products can yield useful information regarding the

surface accessibility of these functional groups [170, 186, 244].
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Figure 3.11 (A) CID MS/MS of the [M + H + 2(I-SH)]3+ precursor ion of pepywk containing a
hydrolyzed (I-Sy) dilink from Figure 3.1. (B) MS® of the M+H+1+ (- SH)]3+ product ion
from panel A. The m/z of the precursor ions selected for dissociation in each spectrum are
indicated by an asterisk. (C) MS” of the [M+H+ 2I]3+ product ion from panel B. A { indicates

product ions containing an I modification.

3.3.3 Analysis of Intramolecular Cross-Linked Reaction Products
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Consistent with the proposal outlined in Scheme 3.3C, MS/MS of the intramolecular cross-
linked ((M + H + (I-S)]2+) precursor ion from the pepywk peptide from Figure 3.1 resulted in

initial cleavage of the crosslinker, followed by immediate further fragmentation within the
peptide backbone, thereby allowing detailed structural information to be obtained by direct
analysis of the MS/MS product ion spectrum (Figure 3.12). Similar results were also obtained

following CID-MS/MS of the intramolecular cross-linked (M + H + (I-S)]2+) precursor ions

observed following reaction of 1 with either substance P (Figure 3.13A) or the phosphoserine

containing peprpsr peptide (Figure 3.13B).
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Figure 3.12 CID-MS/MS of the [M + H + (I—S)]zJr precursor ion of pepywk containing an
intramolecular cross-link from Figure 3.1. The m/z of the precursor 1ons selected for dissociation
in the spectrum is indicated by an asterisk. A  indicates product ions containing an I
modification. A I indicates product ions containing an S modification.
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Figure 3.13 CID-MS/MS of the intramolecular cross-linked ([M+H+(I-S)]2+) precursor ions
formed following reaction of 1 with (A) substance P and (B) the phosphoserine containing

pepLpsr peptide.

3.4

Multiple Cross-Linking Reactions

Although the cross-linking reactions were carried out at a low cross-linker to peptide ratio

(1.5:1), several peptide ions

resulting from multiple cross-linking reactions, such as the

hydrolyzed dilinked peptides discussed above, were observed. The identification of multiply

cross-linked peptides involving intermolecular or intramolecular cross-links is a challenging task

and seldomly reported [245].
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3.4.1 Analysis of Intermolecular Cross-Linking Reaction Together with Dead-End

Modification Products

Dissociation of an intermolecular cross-linked peptide product ion containing one dead-end
modification involves fragmentation reactions taking place at two low energy cleavage sites.
Similar to the dissociation of a heterodimeric intermolecular cross-link discussed above, two

pairs of peptide product ions were observed upon CID-MS/MS analysis of [2M+3H~+(I-S)+(I-
SH)]5+ precursor ion resulting from cross-linking reaction of pepywk. Among them, one pair of

peptide product ions corresponded to I or S modified pepywk and the other pair of peptide ions
contained an I or S modification together with the modification from dead-end cross-link (intact
(I-Sp) or after neutral loss (I)) as shown in Figure 3.14. Also, a neutral loss of 148 Da was
observed from dissociation of the precursor ion, similar to that of a dead-end cross-link, with the
intermolecular cross-link remaining intact. The observation of multiple fragmentation pathways
complicated the product ion spectra; however, they follow the same mechanism as proposed for

the dissociation of single cross-link bond shown in Scheme 3.3 and could be easily identified.
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Figure 3.14 CID-MS/MS of the intermolecular cross-linked pepywg containing one hydrolyzed
monolink ([2M+3H+(I—S)+(I—SH)]5+) precursor ion formed following reaction of 1.

3.4.2 Analysis of Intramolecular Cross-Linking Reaction Together with Dead-End

Modification Products

The model peptide insulin-like growth factor 1 (57-70) (pepigr, ALLETYCATPAKSE) is
expected to contain two reactive sites towards the NHS-ester groups of cross-linking reagent 1,
1.e., the a-amino group on the N-terminus and the g-amino group on the lysine side chain.
However, a peptide product was observed corresponding to the introduction of an intramolecular
cross-link and a hydrolyzed monolink, indicating the presence of a third reactive functional
group towards 1. Consistent with the proposed mechanism described in Scheme 3.3B and C,
MS/MS of the intramolecular and dead-end cross-linked ([M+(I-S)+(I-SH)]2+) precursor ion from
the pepigr resulted in the neutral loss of 148 Da from the hydrolyzed mono-link modification and
initial cleavage of the intramolecular-cross-linker (Figure 3.15A). The neutral loss product ions

were isolated then subjected to further dissociation by MS3, indicating that cross-linking had
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occurred not only with the N-terminus and lysine amine groups, but also with the Cys; thiol

group, based on the observation of b6T, b7Jri and y7T, ng ions (Figure 3.15B).
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Figure 3.15 (A) CID-MS/MS and (B) CID-MS® of the intramolecular cross-linked PEPIGF

containing one hydrolyzed monolink ([M+(I—S)+(I—SH)]2+) precursor ion formed following
reaction of 1. The m/z of the precursor ions selected for dissociation in each spectrum is
indicated by an asterisk. A § indicates product ions containing an I modification. A { indicates

product ions containing an S modification.

It has been reported recently by several groups that NHS esters also show significant

reactivity towards serine, tyrosine and threonine hydroxyl groups as well as histidine imidazole

groups [246-250]. Additional effects such as local pH and hydrogen bonding are demonstrated to

influence the reactivity of the amino acid side chains. Therefore, the reactivity of NHS ester

group of cross-linker 1 towards cysteine is probably due to the nucleophilic character of thiol
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group under the conditions employed (phosphate buffered saline, pH = 7.5). Thus, in a more
complex system of protein cross-linking reactions, a much richer pattern of reactivity is expected
as primary amines (N-terminus and Lys residues) are not the only sites that react with NHS

esters.

3.5 Effects of Neighboring Group Participation Reactions on the Gas Phase

Fragmentation of Cross-Linked Peptides

Due to the symmetrical structure of the cross-linking reagent 1, two C-S bonds adjacent to
a fixed charge site are expected to have equal possibilities for preferential cleavage from an
intra-molecular or heterodimeric inter-molecular cross-linked peptide under low energy CID-
MS/MS conditions. However, from analysis of the spectrum in Figure 3.12, it appeared that I
modifications (labeled in the spectra with a §) were mainly located on y-type product ions while
S modifications (labeled in the spectra with a {) were mainly located on the b-type product ions.
These data indicate that the two C-S bonds do not have identical cleavage efficiencies. We
hypothesize that this is due to the individual intramolecular “solvation” environments of the
nucleophilic a-amide bond and e-amide bond that are responsible for the sulfonium ion bond
cleavage reactions that subsequently affects the nucleophilic reactivity of these groups. Below,

more detailed insights into this observation will be discussed.

3.5.1 Gas Phase Fragmentation Behavior of Dead-End Cross-Linked Reaction Products
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Cleavage of dead-end cross-links are predicted to preferentially take place at the C-S bond
closest to the peptide chain, as shown in Scheme 3.3B, due to the greater nucleophilic strength of
the amide nitrogen compared to an acid or ester oxygen on the terminal end of the cross-link.
However, dominant product ions corresponding to cleavage on the “outer” C-S bond involving
nucleophilic attack from the acid oxygen were also observed from hydrolyzed monolinked
peptide ions, for particular charge states. For example, the product ion spectra from doubly and
singly charged hydrolyzed monolink of pepgpr revealed a significant change of major product
ions from I to S modified peptides (see Figure 3.9A and B). In addition, the S modified pepgpr
product ion was observed to retain the same charge state as the precursor ion, suggesting
tetrahydropyran-2-one was lost as a neutral species during CID-MS/MS. A similar result was
also observed upon CID-MS/MS analysis of the hydrolyzed monolink reaction products of
neurotensin from the comparison of triply and doubly charged precursor ions (Figure 3.16). The
observation of the preferential cleavage shifting from the “inner” to the “outer” C-S bond with
decreasing charge states of the hydrolyzed monolinked peptide ions is probably due to the

change of proton mobility status of the selected precursor ion [14].
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Figure 3.16 CID-MS/MS product ion spectra of (A) the [M+2H+(I—SH)]3Jr and (B) the [M+H+(I-
SH)]2+ precursor ions from the hydrolyzed mono-linked product formed by reaction of reagent 1
with neurotensin.

It is widely acknowledged that when ionizing protons are strongly “sequestered” at the
initial site of protonation (i.e., “non-mobile” proton condition), preferential fragmentation at the
C-terminal side of an aspartic acid residue may occur [251-253], resulting from a “charge-remote”
process involving proton transfer from the aspartyl side chain to the adjacent amide bond [254].
Similarly, the hydrolyzed monolink modification contains a carboxyl group, which may undergo
a proton transfer process if there is a basic group present in the peptide that is eagerly “looking

for” a proton. Note that for singly charged pepgpr and doubly charged neurotensin containing a

hydrolyzed monolink modification, the arginine residue(s) present in both peptide ions do not all
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contain ionizing protons. Thus the labile proton in the carboxyl group residing on hydrolyzed
monolink may be transferred to the side chain of an arginine residue. The resultant carboxylate
group is a better nucleophile than the amide nitrogen, which then initiates the nucleophilic attack
responsible for the cleavage on the “outer” C-S bond.

This competing fragmentation pathway may potentially be blocked by derivatizing the
carboxyl group of the hydrolyzed monolink modification. To determine whether the observation
of gas-phase cleavage of the “outer” C-S bond requires the carboxyl group on the hydrolyzed
monolink, peptides were esterified with methanolic HCI as described in Chapter Four. Since the
C-terminal carboxyl group is esterified as well, the esterification experiment was applied to
neurotensin before and after the cross-linking reaction, thus the role of carboxyl group within the
hydrolyzed monolink was able to be differentiated from that on the C-terminus. As shown in
Figure 3.17A, dissociation of the doubly charged precursor ion from the hydrolyzed monolinked
product formed by a cross-linking reaction of methyl esterified neurotensin resulted in the
dominant S modified product peptide ion. This is consistent with the fragmentation behavior of
the unesterified counterpart (Figure 3.16B). However, when the carboxyl group within the
hydrolyzed monolink was modified, the I modified neurotensin became the exclusive product
ion, indicating a different fragmentation pathway upon esterification of the carboxyl group of the

hydrolyzed monolink from doubly charged monolinked neurotensin.
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Figure 3.17 CID-MS/MS product ion spectra of (A) the [MMJrHJr(I—SH)]2+ and (B) the

[MM+H+(I—SM)]2+ precursor ions from the hydrolyzed mono-linked product formed by reaction
of reagent 1 with neurotensin. A subscript “M” indicates methyl esterification of carboxyl group.
The m/z of the precursor ion selected for dissociation is indicated by an asterisk.

The above results clearly indicate that the cleavage at the “outer” C-S bond within the
hydrolyzed monolink involves the carboxyl group of the hydrolyzed cross-link. A mechanism for
the gas-phase cleavage of the “outer” C-S bond adjacent to the fixed charge is illustrated in

Scheme 3.4.
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Scheme 3.4 Proposed mechanism for the gas phase fragmentation at the “outer” C-S bond in a

hydrolyzed mono-linked peptide.
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In some circumstances, dominant fragmentation at the “outer” C-S bond may also be
observed from hydrolyzed mono-linked peptides even when the number of ionizing protons is no
less than that of basic residues (i.e., under mobile or partially mobile proton conditions). A
notable example of such behavior was observed from the fragmentation of triply charged
hydrolyzed mono-linked angiotensin II. Figure 3.18A shows a representative spectrum. In order
to estimate the extent to which C-S bond fragmentation had occurred, the relative abundances of
I and S modified angiotensin II product ions were measured. Specificity in the localization of
cleavage between the two labile C-S bonds indicates the relative nucleophilic strength of the
amide nitrogen or carboxylate oxygen that initiates the nucleophilic attack. For the triply charged
hydrolyzed mono-linked angiotensin II, the product ion with an I modification only accounts for
19.5+0.6 % of the product ion abundance; a result from triplicate experiments. This indicates the
nucleophilic strength of the amide nitrogen which initiates the formation of the I modified
product ion was decreased compared to that of triply charged hydrolyzed mono-linked
neurotensin. In principle, the individual intramolecular ‘“solvation” environment, such as
hydrogen bonding or other noncovalent interactions involving acidic or basic residues, can
influence the activity of nucleophiles due to the distribution of electron density. We now take an
insight into the possible role of the acidic and basic residues present in angiotensin II in the
fragmentation of the triply charged hydrolyzed mono-link. Methyl esterification of carboxyl
groups present in the angiotensin II peptide chain (Figure 3.18B) or together with the carboxyl
group on the cross-linker dead-end (Figure 3.18C) was observed to yield similar abundances of
the T modified product ion (19.44+3.9 % and 18.4+£0.2 % respectively), compared to the non-
esterified species. However, when the basicity of the imidazolyl group of the histidine residue

was decreased via modification with diethyl pyrocarbonate (DEPC), the relative abundance of
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the I modified product ion increased to 46.8+2.7 %, suggesting that the “solvation” environment
surrounding the cross-linker amide nitrogen was moderated upon modification of the basic

imidazolyl group of the histidine.
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Figure 3.18 Representative CID-MS/MS product ion spectra of (A) the [M+2H+(I-SH)]3+, (B)
the [MyH2H+(I-Sp)]>", (C) the [My+2H+(I-Sy)]” " and (D) the [Mp+2H+(I-Sp)]° " precursor
ions from the hydrolyzed mono-linked product formed by reaction of reagent 1 with angiotensin
II. A subscript “M” indicates methyl esterification of carboxyl group. A subscript “IT” indicates
DEPC modification on imidazolyl group of histidine residue.
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A further look into the role of the histidine residue to affect the nucleophilic strength of
peptide-linker amide bond was taken by investigating the fragmentation behavior of the doubly
charged hydrolyzed mono-linked angiotensin II. As the representative product ion spectrum in
Figure 3.19A shows, the I modified peptide is still the minor product, accounting for 35.5+1.1 %
of total C-S bond cleavage. The major product ion, S modified angiotensin II, retained the same
charge state as the precursor ion, suggesting that proton transfer had occurred from the carboxyl
group of the cross-linker dead-end to the peptide during the fragmentation process. As previously
mentioned, the observation of proton transfer is probably due to the lack of ionizing protons for
the basic residues present in the peptide. For doubly charged dead-end cross-linked angiotensin
II, which contains one arginine and one histidine residue, however there is only one ionizing
proton available. Based on the bascicity of arginine and histidine, this ionizing proton is most
possibly sequestered by the arginine guanidino group. Thus it is suggested that the proton
affinity of the basic imidazolyl group of histidine is the driving force responsible for the
occurrence of intramolecular proton transfer. Consistent with this proposal, an average of
82.5+£2.0 % I modified angiotensin II was observed upon DEPC modification of the histidine
residue (a representative spectrum is shown in Figure 3.19B). These results indicate that the
cleavage efficiencies of two the C-S bonds could be altered by controlling the individual

“solvation” environment.
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Figure 3.19 Representative CID-MS/MS product ion spectra of (A) the [M+H+(I—SH)]2+, and (B)
the [MnJrHJr(I—SH)]2+ precursor ions from the hydrolyzed mono-linked product formed by
reaction of reagent 1 with angiotensin II. A subscript “IT” indicates DEPC modification on
imidazolyl group of histidine residue.

3.5.2 Gas Phase Fragmentation Behavior of an Intermolecular Cross-Linked Reaction

Product

The dissociation of heterodimeric intermolecular cross-linked neurotensin (o) and
angiotensin II () was investigated to determine if similar “solvation” conditions affected the
fragmentation pathways as described above for hydrolyzed mono-linked peptides. The product
ion spectrum of the [oHr[_’>+3H+(I-S)]4+ ion was shown in Figure 3.4D. The product ions

corresponding to cleavage of C-S bond at the neurotensin side (I modified neorotensin and S
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modified angiotensin II) (a0 C-S bond) are noticeably more abundant than those formed from
cleavage at the C-S bond at the angiotensin II side (B C-S bond), indicating the cross-linker
amide nitrogen at the neurotensin side (o amide nitrogen) has a greater nucleophilic strength
than that at the angiotensin II side (B amide nitrogen). As discussed above for the fragmentation
of hydrolyzed mono-linked angiotensin II, the nucleophilic strength of the B amide nitrogen is
probably weakened due to the individual “solvation” environment involving the imidazolyl
group of the histidine residue. In order to determine whether the histidine residue affects the
fragmentation behavior of the quadruply charged heterodimeric cross-link, the relative
abundance of product ions generated from cleavage at the C-S bonds was calculated before and
after DEPC modification (representative spectra are shown in Figure 3.20). The relative
abundance of product ions upon cleavage at the § C-S bond accounted for 37.0+1.6 % for the
native heterodimeric cross-link and increased to 64.2+0.8 % following DEPC modification of the
histidine residue contained in the  peptide, angiotensin II. The significant difference between
the fragmentation efficiency of the B C-S bond demonstrates the role of the histidine residue and
nucleophilic strength of the B amide nitrogen, which is consistent with the results obtained from

the hydrolyzed mono-linked angiotensin II.
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Figure 3.20 Representative CID-MS/MS product ion spectra of (A) the [aa + 3 + 3H + (I—S)]4+,

and (B) the [a + By + 3H + (I—S)]4+ precursor ions of heterodimeric intermolecular cross-links
containing of neurotensin (o) and angiotensin II () formed by reaction of reagent 1. A subscript
“IT” indicates DEPC modification on imidazolyl group of histidine residue.

These findings indicate that the individual “solvation” environment, which is related to the
charge state and amino acid composition of peptide ions, affects the nucleophilic strength of the
amide or acid/ester bond that is responsible for the sulfonium bond cleavage reactions. This
“solvation” can occur due to noncovalent interactions such as hydrogen bonding which involve,
most probably, acidic or basic amino acid residues. Based on the fact that the fragmentation
behavior of sulfonium bonds was changed by blocking particular functional groups, it provides a
tool to control the gas phase sulfonium bond cleavage by altering the “solvation” environment.

Although there is a difference in fragmentation efficiency of the two C-S bonds adjacent to the
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sulfonium ion, fragmentation of the sulfonium ion is an energetically favorable process
compared to those for peptide backbone and side chain cleavage reactions. Most importantly,

this fact is not changed with the peptide charge state and amino acid composition.

3.6 Summary and Future Aspects

The results presented above illustrate that CID-MS/MS of cross-linked peptides containing
a fixed charge sulfonium ion can be employed to effectively identify cross-linked peptides from
unmodified peptides, via recognition of their distinct fragmentation patterns, as well as to
distinguish between the various types of cross-linked products (i.e., intra, inter, and dead-end)
that may be formed from a cross-linking reaction. Homodimeric intermolecular cross-linked
peptides are readily identified by the formation of a single pair of characteristic product ions,
while heterodimeric intermolecular cross-linked peptides are identified by the formation of two
pairs of product ions. Peptides containing intact or hydrolyzed dead-end cross-links are identified
based on the observation of their characteristic neutral losses. MS® of these initial products can
be used to provide information required for characterization of the peptide sequences and
localization of the modification site(s) involved in the cross-linking reactions. MS/MS of
intramolecular cross-linked peptides results in initial cleavage of the cross-linker, followed by
immediate further fragmentation of the peptide backbone, thereby allowing detailed structural
information to be obtained by direct analysis of the MS/MS product ion spectrum. Multiple
cross-linking reaction products, albeit containing multiple low energy gas phase cleavable sites
which complicates MS/MS product ion spectrum, are able to be identified based on distinct

fragmentation behaviors of single cross-linking reaction products. The competition between two
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labile bonds adjacent to sulfonium ion suggests that the two C-S bonds do not have identical
cleavage efficiencies. This is probably due to the individual intramolecular ‘“solvation”
environments of amide or acid/ester bond; that are responsible for sulfonium ion bond cleavage.
Preliminary experiments indicate that the modification of the “solvation” environment by
blocking a particular functional group within the cross-linked peptide may provide a tool for
controlling the competition between two low energy gas phase cleavable sites of the sulfonium
ion.

The specificity of these gas-phase fragmentation reactions, along with the solubility and
stability of the sulfonium ion containing cross-linking reagent under aqueous conditions,
suggests that this reagent holds great promise for the mass spectrometry based structural analysis
of large proteins or multiprotein assemblies in future studies. In addition, the concepts of
complementary techniques introduced recently (see below) could also be integrated into this
sulfonium ion containing cross-linking reagent, providing more opportunities for discovering
protein structure and protein-protein interactions. For example, new types of reactive groups
within cross-linking reagents, such as 1-hydroxy-7-azabenzotriazole show better reactivities and
faster reaction rates compared to commonly used NHS esters [182]. By introducing this type of
reactive group into a sulfonium ion containing cross-linking reagent, kinetic studies of protein
complexes might be attempted. In another aspect, the cross-linking reaction strategy may be
improved for targeting low-reactivity functional groups within the protein of interest. Intra- and
inter-molecular cross-link products are usually of most relevance for providing information
regarding spatial relationships of target functional groups. However, the variable and uneven
nucleophilic reactivity of these groups typically limits the diversity of intra- or inter-protein

cross-linking reactions. A recent study by the Gibson group employing partial acetylation of the
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most reactive lysines prior to cross-linking was shown to improve the diversity of the cross-
linking reactions effectively [244]. This result suggests that by modifying the reactive “hot-spots”
that dominate the cross-linking reaction profile without disturbing protein native structure, more
distance constraints required for reliable protein structural modeling could be obtained. Finally, it
is also worth considering the strategies for relative quantitative measurement of protein
structures and protein interactions [217]. Isotope labels can be incorporated into cross-linking

reagent 1 using the currently employed synthesis route, by using iodomethane-d; as the final

alkylating reagent. Thus chemical cross-linking can be carried out with two different states of
protein assembly by using “light” and “heavy” labeled cross-linking reagents. A quantitative
chemical cross-linking strategy would be useful for visualization of protein structural changes
associated with biological perturbations which may enable better understanding of protein
functions. In summary, with its unique gas-phase fragmentation behavior and continued
development, this sulfonium ion containing cross-linking reagent holds great potential for mass

spectrometry based structural analysis of large proteins and protein-protein complexes.
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CHAPTER FOUR

EXPERIMENTAL METHODS FOR CHAPTER THREE

4.1 Materials

All chemicals were analytical reagent (AR), or of a comparable or higher grade and used
without further purification. N,N'-Dicyclohexylcarbodiimide (DCC) was purchased from Fluka
(Switzerland). 5-Bromovaleric acid, thiourea and diethyl pyrocarbonate (DEPC) were from
Sigma-Aldrich (St. Louis, MO, USA). N-hydroxysuccinimide (NHS) was purchased from Pierce
(Rockford, IL, USA). Sodium hydroxide, sodium phosphate dibasic (crystal), potassium
phosphate monobasic (crystal), dimethyl sulfate and N,N’-dimethyl formamide (DMF) were
purchased from Spectrum Chemicals (Gardena, CA, USA). DMF was dried over 3-A molecular
sieves (Spectrum Chemicals) and filtered prior to use. Sodium chloride, sodium sulfate
anhydrous, hydrochloric acid and ethyl acetate were purchased from Columbus Chemical
Industries (Columbus, WI, USA). Potassium chloride, sulfuric acid and ethyl ether were
purchased from Jade Scientific (Canton, MI, USA). Glacial acetic acid, dichloromethane,
chloroform, methanol (anhydrous) and ethanol were purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ, USA). lodomethane was purchased from EMD Chemicals (San Diego, CA,

USA), and acetonitrile was from Fisher Scientific (Hampton, NH, USA).

The synthetic peptide VTIMAHFWNFGK (pepywk) and GAILDGAILR (pepgpr) were

obtained from Auspep (Parkville, Australia). Neurotensin, angiotensin II, and [Glu]]-

112



fibrinopeptide B were purchased from Sigma-Aldrich (St. Louis, MO, USA). Insulin-like growth
factor I (57-70) was purchased from American Peptide Company (Sunnyvale, CA). Substance P
was obtained from Bachem (Torrance, CA). The phosphoserine containing peptide

LSVPTpSDEEDEVPAPKPR (pepypsr) was synthesized by Sigma-Genosys (The Woodlands,

TX). All peptides were used without further purification.
Water was deionized and purified by a Barnstead nanopure diamond purification system

(Dubuque, Iowa, USA). All reactions were performed in oven dried glassware.
'H-NMR spectra were obtained on Varian Inova 300 MHz or 500 MHz instruments and are

reported in parts per million (ppm) relative to the solvents resonances (8), with coupling

constants (J) in Hertz (Hz).

4.2 Synthesis of Ionic Cross-Linking Reagent S-Methyl 5,5'-

Thiodipentanoylhydroxysuccinimide (1)

Synthesis of the ionic cross-linking reagents S-Methyl 5,5'-dipentanoylhydroxysuccinimide
(1;  S-Methyl 5,5'-thiodipentanoylhydroxysuccinimide 1odide 1’ or S-Methyl 5,5'-
thiodipentanoylhydroxysuccinimide methylsulfate 1'") was achieved by initial preparation of 5-
mercaptopentanoic acid (2), followed by alkylation with 5-bromovaleric acid. Then,
esterification of the resultant 5,5'-thiodipentanoic acid (3) using NHS yielded 5,5'-
thiodipentanoylhydroxysuccinimide (4). Finally, alkylation of 4 with either iodomethane or
dimethyl sulfate provided the target molecule (Scheme 4.1). A detailed description of the

synthesis of 1’ and 1'" are provided below.
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Scheme 4.1 Synthesis of  ionic cross-linking  reagent  S-Methyl 5,5'-
dipentanoylhydroxysuccinimide (1).

4.2.1 Synthesis of S-Mercaptopentanoic Acid (2)

Using a procedure adapted from Jessing et al. [255], 5-bromovaleric acid (2.2 g, 12.1 mmol)
and thiourea (1.4 g, 18.4 mmol) were dissolved in ethanol (25 ml) and refluxed for 20 h. The
solvent was removed under reduced pressure and 7.5 M NaOH (aq) (25 ml, 187 mmol) was

added. The mixture was stirred for an additional 16 h at 90 °C. Then with cooling on an ice bath,

2M H,S0, (aq) was added slowly under stirring to pH 1 and the product was extracted twice
with dichloromethane (2x100 mL). The combined extracts were then dried with anhydrous
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Na,SO4 and concentrated by rotary evaporation to give the title acid (2) as a colorless oil in
quantitative yield. The product was then used without further purification. 'H NMR (300 MHz,
CDCly): 6 1.32(t, 1H, J = 7.8 Hz), 1.59-1.73 (m, 4H), 2.32 (t, 2H, J = 7.5 Hz), 2.49 (q, 2H, J =

6.9 Hz), 8.95 (s, broad, 1H); BC NMR (75 MHz, CDCl3): & 23.21, 24.06, 33.07, 33.35 and
179.49.

The characterization by ESI-MS and CID-MS/MS analysis is shown in Figure 4.1A and B,
respectively. The gas-phase fragmentation behavior of the deprotonated [M-H] precursor ion at

m/z 133 is consistent with the expected structure, yielding a product ion at m/z 99 via the neutral

loss of H,S, as displayed in Scheme 4.2.
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Figure 4.1 Characterization of 2 by nanoelectrospray quadrupole ion trap mass spectrometry. (A)

The pseudomolecular ion [M-H] at m/z 133.1 and the dimer at m/z 266.8; (B) CID-MS/MS of
selected parent ion at m/z 132.9.

m/z = 133 m/z = 99

Scheme 4.2 Fragmentation mechanism of 2 anion. The spectrum is displayed in Figure 2.8B.
Square brackets indicate ion-molecule complexes.

4.2.2 Synthesis of 5,5'-Thiodipentanoic Acid (3)
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Following the method of Rabinovich et al. [256], a freshly prepared solution of 5-
bromovaleric acid (3.4 g, 18.8 mmol) in 16.7 M NaOH (8 mL) was added dropwise to an ice
bath cold solution of freshly prepared 2 (2.5 g, 18.7 mmol) dissolved in 16.7 M NaOH (8 mL).
The resulting reaction mixture was stirred at 40-50 °C for 24 h. After the heating was terminated,
the product mixture was acidified with concentrated hydrochloric acid to pH 1 and repeatedly

extracted with dichloromethane (5x50 mL). Extracts were combined, dried over anhydrous
Na,SQy, filtered, and evaporated under reduced pressure to give 3 as a white solid in 78 % (3.4 g)
yield. 'H NMR (300 MHz, CDCl3): 6 1.49-1.67 (m, 8H), 2.26 (t, 4H, J= 7.2 Hz), 2.44 (t,4H, J =
7.2 Hz); °C NMR (75 MHz, CDCl3): 5 23.84, 28.80, 31.42, 33.39 and 176.79.

The characterization by mass spectrometry and MS/MS is shown in Figure 4.2. The

deprotonated pseudo-molecular ion [M-H] at m/z 233 (Figure 4.2A) was selected for

fragmentation by CID-MS/MS, the fragments obtained were consistent with the expected

structure, and the fragmentation pathways are demonstrated in Scheme 4.3.
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Figure 4.2 Characterization of compound 3 by nanoelectrospray quadrupole ion trap mass
spectrometry. (A) ESI-MS spectrum. Abundant ions corresponding to the deprotonated precursor

ion ([M-H]) at m/z 233.2 and a deprotonated non-covalent dimer (m/z 466.9) were observed. (B)
CID-MS/MS product ion spectrum of the [M-H] precursor ion.
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Scheme 4.3 Proposed fragmentation mechanism of 3 anion. The spectrum is displayed in Figure
4.2B. Square brackets indicate ion-molecule complexes.

4.2.3 Synthesis of 5,5'-Thiodipentanoylhydroxysuccinimide (4)

Following methods analogous to other NHS-esters [240, 257, 258], compound 3 (1.17 g,
5.0 mmol) and NHS (1.44 g, 12.5 mmol) were dissolved in 10:1 v/v mixture of chloroform and
dichloromethane (55 ml) and stirred for 5 min at room temperature. DCC (2.58 g, 12.5 mmol)
was then added, and the mixture was stirred overnight. After filtration of dicyclohexylurea (DCU)
precipitate and solvent removed under reduced pressure, the oily residue was dissolved in a
minimum amount of ethyl acetate. The remaining DCU was precipitated and removed by

filtration. Following rotary evaporation of the ethyl acetate, the residue was dissolved in
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dichloromethane, washed with 1 M NaOH and H,O, and then evaporated to near dryness. The
residue was then recrystallized with ethyl ether containing a trace amount of acetone to give a

light yellow solid in 84 % (1.8 g) yield. '"H NMR (300 MHz, CDCl3): 6 1.63-1.71 (m, 4H), 1.76-
1.84 (m, 4H), 2.50 (t, 4H, J = 7.5 Hz), 2.60 (t, 4H, J=7.5 Hz), 2.78 (s, 8H); PC NMR (75 MHz,
CDCls): 6 23.60, 25.50, 28.35, 30.42, 31.03, 168.32 and 169.14.

Upon characterization by mass spectrometry and MS/MS, the singly charged [MJrH]Jr ion
at m/z 429.1 was the most abundant ion, the NH;" and Na" adducts were also present. The peak

of m/z at 314.2 corresponds to an in source fragment of the [M+H]+ ion, via the neutral loss of

115 (NHS), the dominant product ion present in the MS/MS spectrum in Figure 4.3B. The

fragmentation pathway is displayed in Scheme 4.4.
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Figure 4.3 Characterization of 4 by nanoelectrospray quadrupole ion trap mass spectrometry. (A)

ESI-MS spectrum. The pseudomolecular ion [MJrH]+ at m/z 429.1, as well as the NH,;" and Na*
adducts are present; (B) CID-MS/MS of protonated precursor ion at m/z 428.9.
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Scheme 4.4 Fragmentation of protonated 4. The spectrum is displayed in Figure 4.3B. Square
brackets indicate ion-molecule complexes.

4.2.4 Synthesis of S-Methyl 5,5'-Thiodipentanoylhydroxysuccinimide

A mixture of 4 (214 mg, 0.5 mmol) and iodomethane (160 mg, 1.1 mmol) in acetonitrile
(1.5 mL) was allowed to react at room temperature for 4 days. Following removal of the solvent
under vacuum, a pale yellow solid was obtained to give S-methyl 5,5'-

thiodipentanoylhydroxysuccinimide iodide (1’), which was used for cross-linking reactions

without further purification. 'H NMR (500 MHz, CDCl3 + CD3;0OD): 6 1.89-1.91 (m, 8H), 2.68 (t,
4H, J = 6.5), 2.78 (s, 8H), 3.02 (s, 3H), 3.53 (t, 4H, J = 7.5); Pc NMR (125 MHz, CDCl; +
CD;0D): 6 22.51, 22.66, 23.00, 25.53, 29.99, 40.34, 168.21 and 169.73.
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Alternatively, a mixture of 4 (214 mg, 0.5 mmol) and dimethyl sulfate (0.63 g, Smmol) in
acetonitrile (2 mL) was allowed to react at room temperature for 4 days. Following freeze-drying,
a dark brown oily residue was obtained to provide S-methyl 5,5-
thiodipentanoylhydroxysuccinimide methylsulfate (1'"), which was used for cross-linking

reactions without further purification. 'H NMR (500 MHz, CD3CN): same as for 1’ above.

Alkylation with either iodomethane or dimethyl sulfate provided the target sulfonium ion 1
with different counter ions; identical fragmentation behavior was observed following low energy
CID MS/MS. Figure 4.4 demonstrates positive mode mass spectrometry of molecular ion at m/z
433 and MS/MS spectra obtained by analysis of 1’’. The major product ion is observed at m/z
197.9 as shown in Figure 4.4B. This ion is formed upon cleavage of C-S bond adjacent to ‘fixed
charge’, resulting in an oxonium ion with 6-membered ring (Scheme 4.5). Fragment ion at m/z
131 is possibly due to a neutral loss of 115 (NHS) from further fragmentation of complementary

product ion of 198.
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Figure 4.4 Characterization of ionic cross-linking reagent 1 by nanoelectrospray quadrupole ion
trap mass spectrometry. (A) The ‘fixed charge’ M sulfonium ion precursor is observed at m/z
443; (B) CID-MS/MS product ion spectrum of the M precursor ion.
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Scheme 4.5 Fragmentation pathway of sulfonium ion 1. The spectrum is displayed in Figure
4.4B. Formation of the ion at m/z 198 is the major process.
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4.3  Peptide Cross-Linking Reactions

For single peptide cross-linking reactions, peptides were dissolved in phosphate-buffered
saline (PBS, 800 mg of NaCl, 217 mg of Na,HPO4*7H,0, 20 mg of KCI, and 20 mg of KH,PO4

per 100 ml, pH 7.5) to a concentration of 0.5 mM. Cross-linking reagent 1’ or 1'" was dissolved
in DMF and then immediately added to the peptide solution to a concentration of 0.75 mM (the
final concentration of DMF was 1%), and the reaction allowed to proceed at room temperature
for 30-120 min. Multipeptide cross-linking reactions (5.0 mM each in phosphate-buffered saline)
were carried out using 1’ or 1’ at a peptides/cross-linking reagent molar ratio of 1.6:1 and
allowed to proceed at room temperature for 2 h. A series of synthetic peptides were employed.
As the primary goal of the current study was to examine the utility of a sulfonium ion containing
cross-linking reagent for controlling the specificity of the gas-phase fragmentation reactions of
inter-, intra-, or dead-end cross-linked peptides, as well as to examine the potential competition
between cleavage of the cross-linker and cleavage of facile bonds within the peptide sequence
(e.g., enhanced cleavage at the C-terminal side of aspartic acid residues, at the N-terminal side of
proline residues, or at the side chain of post-translational modified residues such as loss of
H3PO4 from phosphoserine or phosphothreonine). Thus, only limited evaluation of the reaction
conditions required to optimize the abundances of specific types of cross-linking reaction
products was carried out. Furthermore, the concentrations of the peptide solutions subjected to
cross-linking reactions in this study were ~1 order of magnitude higher than that used in prior
protein cross-linking studies (in native protein structures or protein complexes, lower

concentrations may be employed as the “local concentration” of the reactive groups subjected to
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cross-linking are defined by the structural fold of the protein or protein complex of interest).
Note, however, that the other conditions employed for the peptide cross-linking reactions (i.e.,
the use of a biologically relevant solution composition, pH, peptide/reagent molar ratio, etc.) are
similar to those employed in previous protein cross-linking studies, thereby allowing the current
methods to be readily applied to future studies involving the analysis of intact proteins. All
reaction products were desalted by Sep-pak (Waters, Milford, MA) purification, with elution in
40, 60, and 80% acetonitrile (aq) containing 0.05% formic acid prior to mass spectrometry

analysis.

4.4  Methyl Esterification of Peptides

Methyl esterification of peptides was carried out as previous reported [259, 260] with
minor modifications. Reagent methanolic hydrochloric acid was prepared by dropwise addition
of 320 uL of acetyl chloride with stirring to 2 mL of anhydrous methanol. The model peptide,
typically 100 pg, was thoroughly dried by vacuum centrifugation prior to the esterification
reaction and reacted with 200 uL of the reagent at room temperature for 2 h. Then, the reagent

was removed by evaporation under vacuum.

4.5 Diethyl Pyrocarbonate (DEPC) Modification of Cross-Linked Peptides

DEPC modification was carried out using a procedure adapted from Hnizda et al. [261]. 40
pL of freshly prepared DEPC solution (12.5 mM) in methanol was added to the 40 uL of peptide

mixture solution (5 mM) resulting from a cross-linking reaction performed in PBS buffer and
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subjected to a 2-fold dilution with H,O. The reaction proceeded at room temperature for 1h.

Then, reaction products were desalted by Sep-pak purification as described previously and
further diluted in a solution of methanol:water:acetic acid 50:50:1 v/v for nanoelectrospray mass
spectrometry analysis.

DEPC is most frequently used for modification of histidine residues in proteins, by
substitution at one of the nitrogen positions on the imidazole ring (Scheme 4.6). At higher DEPC
concentration levels, the imidazole ring may be disrupted upon the formation of multiple
substitution by-products. DEPC modification can also occur with other nucleophiles such as

tyrosine and primary amines [262].

+ @) O +
+ ) ﬁ» 5

" NH o)\o/\ ~ N
His DEPC CEt-His (+72 Da)

Scheme 4.6 Modification of histidine residue by diethyl pyrocarbonate (DEPC). CEt-His
denotes carbethoxyhistidine. Adapted from Reference [262].

4.6  Mass Spectrometry

Mass spectrometry analysis of cross-linked peptide ions was performed using (i) a Thermo
Scientific model LCQ Deca 3D quadrupole ion trap or (ii) a Thermo Scientific model LTQ linear

quadrupole ion trap mass spectrometer (San Jose, CA), each equipped with nanoelectrospray
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(nESI) sources. Samples (~10 uM) were introduced into the mass spectrometers at a flow rate of
0.5 uL / min. The spray voltage was maintained at 2.0-2.5 kV, while the capillary temperature

was in the range of 150 to 200 °C. Collision-induced dissociation (CID)-MS/MS and -MS"

experiments performed using helium as a collision gas, at an activation g value of 0.25 and an
activation time of 30 ms. Collision energies were individually optimized for each compound of
interest. The spectra shown are typically the average of 20-50 scans. Repeated analysis of
individual sample was found to result in less than 5% variation in relative product ion
abundances.

A brief discussion of the principles of operation of the instrumentation in which these

tandem mass spectrometry measurements are performed is given below.

4.6.1 Tandem Mass Spectrometry (MS/MS)

Tandem mass spectrometry (MS/MS) is a method involving selection of a precursor ion in
a first stage of mass analysis, an intermediate reaction event (typically dissociation) followed by
a second stage of mass analysis. These experiments can be realized in space, in instruments
containing distinct mass analyzer regions, such as a triple quadrupole, or in time, by performing
a sequence of analysis steps in an ion storage device such as an ion trap. For in space MS/MS
experiments, four main scan modes, product ion scan (daughter scan), precursor ion scan (parent
scan), neutral loss scan, and selected reaction monitoring (SRM), are available [263]. However,
mass analysis involving more than two stages can not be realized by this type of instrument. The
identification of cross-linked peptides often requires multiple stages of tandem mass

spectrometry to be employed. The quadrupole ion trap could satisfy such purpose. To understand
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the principles of how a quadrupole ion trap works, we can first consider the general operating

principles of the quadrupole mass analyzer.

4.6.2 Quadrupole Mass Analyzer

The quadrupole mass analyzer separates ions based on achieving a stable trajectory in
oscillating electric fields according to the ions’ m/z ratio. Four parallel hyperbolic or cylindrical
rods are employed with a variable amplitude oscillating AC (RF) voltage and variable DC
voltage superimposed to pairs of opposite rods.

When ions are accelerated along the z-axis into the space between the quadrupole rods,
they are also subjected to accelerations along the x and y axis resulting from forces induced by
the electric fields, which are a function of the position of the ion from the center of the rods, i.e.

x and y. If the values of x and y never reach the quadrupole field radius 7y, the ion will have a
stable trajectory. The motion of ions within a quadrupole mass analyzer is described by a second-
order differential equation named after the 19 century French physicist E. Mathieu: the Mathieu
equation. The solutions to the equation described in the following formulas define the regions of
stability and instability for ions as a function of the operating conditions in a quadrupole mass
analyzer,

8zelU
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where U is the amplitude of the DC potential, V is the amplitude of the AC potential, ® = 2mv is
the angular frequency (v is the frequency of the applied AC potential), and t is time.
ay and qy values define whether the ions have stable trajectories when passing through the

quadrupole electric field at given instrumental conditions. Therefore after rearranging these

equations, the operating parameters for the quadrupole mass analyzer are derived.

As shown above, the stability of an ion at a given m/z value, for a particular operating
frequency and ry value, can be determined simply as a function of U and V. More
straightforwardly, a combination of U and V values determines whether an ion at a specific m/z
has a stable trajectory through the quadrupole, which is defined by solutions of a, and q, values
as shown in Figure 4.5. When the quadrupole is operating at a certain combination of U and V
near the apex of the stability diagram (a, = 0.237, q, = 0.706), only one m/z ion will have a
stable trajectory. Thus a mass spectrum is obtained by scanning a constant U/V ratio near the
apex of the stability diagram, allowing only one m/z ion at a time to be stable and pass through

the quadrupole, whereas others are unstable and then lost.
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Scanning at constant U/V

A/

Figure 4.5 Quadrupole stability regions for positively charged ions with different masses (m; <

m; < m3 < my), as a function of U and V. Each ion can be detected successively by scanning U
and V near the apex with a constant ratio of U/V. Adapted from Reference [263].

4.6.3 The Quadrupole Ion Trap

The quadrupole ion trap is based on the same principle as the quadrupole mass analyzer,

where an oscillating electric field is generated in three-dimensions resulting from the application

of an RF potential to a hyperbolic ring electrode, while two hyperbolic end cap electrodes are

held at ground as displayed in Figure 4.6.
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Figure 4.6 Cross-section of a three-dimensional quadrupole ion trap. Adapted from Reference
[264].

The solution of the Mathieu equation can also be used to describe the ion motion in three
dimensional ion traps. Since the DC potential applied to the end caps is usually zero, the solution

for a, is equal to zero whereas q is given by the following equation,
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where r( and z are the distances from the centre of the trap to the ring electrode and end cap
electrodes, respectively, V is the amplitude of the RF potential, and @ is the angular velocity of
the RF potential applied a fixed frequency. For an ideal geometry of the quadrupole ion trap, r
and z( are defined by the following equation,
r02 = 2202
However, this ideal geometry is not usually employed due to truncation of the electrodes of

the ion trap, and due to the holes in the ion exit and the entrance lenses.

To have a stable trajectory, ions must have motions such that their coordinates never reach
or exceed ry and zj, which are defined by a, and q, values shown as stability diagram in Figure
4.7. According to the equation above, high m/z ions are represented by larger balls with low q
values and low m/z ions by small balls with high q values under the same RF potential. Since
there is no DC voltage applied, the ion trap is operated along the V (q) axis. Thus ions with
different m/z values are retained inside the trap as long as their q values are less than the q =

0.908 at the stability boundary.
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RF ejection, q = 0.86
a * Stable ions

q=0.908, B = 1

v

Figure 4.7 Mathieu stability diagram for a quadrupole ion trap. The larger balls represent high
m/z ions whereas smaller balls represent the low m/z ions. Adapted from Reference [263].

To acquire a mass spectrum in the quadrupole ion trap, the amplitude of the applied RF
potential is increased while simultaneously applying a supplementary (auxiliary) radio frequency
to the end cap electrodes at a frequency corresponding to a q value of 0.86. As ions of different
m/z successively achieve a q value of 0.86, they are excited due to their secular frequency and
become resonantly ejected. The maximum RF operating voltage and the q-eject value determines
the highest m/z value that can be analyzed.

Due to their inertia, the ions oscilate at a ‘secular’ frequency, which is lower than the

frequency of RF field, as expressed by the following equation,
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where £, is a fundamental stability parameter and is approximated by the following equation for

q values less than 0.4.

When the supplementary frequency applied to the end-cap electrodes matches the secular
frequency of an ion, the kinetic energy of the ion will increase rapidly and the ion’s trajectory
becomes unstable until it is ejected. Thus, the ion is designated to be ejected at a q value of 0.86,
in order to achieve higher mass resolution compared to mass analysis via ion ejection at the

stability limit.

4.6.4 Multiple Stage Tandem Mass Spectrometry (MS") Realized in an Ion Trap Mass
P g P Yy p

Spectrometer

The main advantage of the ion trap is the ability to perform multistage tandem mass
spectrometry (MS") experiments. This can be achieved by first selecting a precursor ion by

expelling all other ions via the application of supplementary AC frequencies at their secular
frequencies. Then the isolated ions are subjected to resonance excitation via the application of a
low amplitude supplementary AC frequency at the ions secular frequency of motion, resulting in

energetic collisions with the inert He bath gas present in the trap. The product ion spectrum is
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then obtained by resonant ejection. This time-dependant tandem mass spectrometry can be
repeated to provide MS" spectra if one of the product ions is selected for further fragmentation.

In order to fragment the ions by resonance excitation, an RF voltage must be applied so that
the q value of the m/z of interest can be adjusted to the value of the supplemental RF frequency.
However, if the applied V voltage is increased, the low mass cut-off which is proportional to V is
also increased. Thus, it is advantageous to work at lower V to allow a wider mass detection range.

The Dehmelt potential defined by the following equation,

2
zeV
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is also increased as a function of V2. The Dehmelt potential determines the trapping efficiency of

the ions. Thus, an appropriate q value must be selected for ion resonance excitation to achieve a
compromise between the sensitivity and the low mass cut-off.

Due to the low injection and trapping efficiencies and limited ion storage capacity related
to the 3D quadrupole ion trap, the two-dimensional linear quadrupole ion trap (LIT) has been
developed and become more widely used [265, 266]. As illustrated in Figure 4.8, the LIT stores
ions in a two-dimensional electric field, which is created by applying an RF potential to four
hyperbolic rods in the x- and y-dimensions, and static DC potentials to each end of the rods in
the z-dimension. The geometry of the LIT allows ions to be stored along the entire length of the
trap, thus improving the ion storage capacity. In addition, the ions can be ejected and detected at
the both sides of the LIT resulting in improved sensitivity. In the studies described here, a 3D

quadrupole ion trap and a 2D linear quadrupole ion trap were both employed.
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Figure 4.8 Diagram of a two-dimensional linear quadrupole ion trap. Adapted from Reference
[266].
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CHAPTER FIVE

INTRODUCTION TO PHOSPHOPROTEOME ANALYSIS

5.1 Protein Phosphorylation

Post-translational modifications (PTMs) involve the enzymatic, or to a lesser extent,
chemical addition and/or removal of functional groups onto protein amino acid residues [11, 93,
267]. The presence of PTMs greatly increases proteome complexity; however, they play an
essential role in the regulation of biological functions. Protein phosphorylation represents one of
the most important classes of protein PTM. Reversible protein phosphorylation, which is
regulated by protein kinases and phosphatases, serves a critical role in coordinating and
regulating virtually all cellular processes. O-phosphorylated serine, threonine and tyrosine
residues are the most common phosphorylation forms in eukaryotes (Figure 5.1) [268].
Phosphorylation also occurs at arginine, histidine, and lysine residues as well as aspartic and
glutamic acid residues, although present in less abundance [269, 270]. A comprehensive analysis
of protein phosphorylation should include identification of phosphorylated proteins and peptides,
localization of the specific sites of phosphorylation and quantitation of phosphorylation site
occupancies under the specific biological environment.

However, protein phosphorylation analysis is still one of the most challenging tasks for
contemporary MS techniques due to its low stoichiometry and dynamic nature. Typically only a
small fraction of the proteins are phosphorylated and they are present at very low abundance,

thus separating them from large amount of non-phosphorylated proteins is usually a prerequisite
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before analysis [270-273]. The co-regulation of kinases and phosphotases is highly dynamic,
some proteins may only be transiently phosphorylated, and therefore need to be captured
instantaneously for analysis [274]. In addition, most proteins undergo phosphorylation at
different sites; this heterogeneity further complicates the characterization of protein
phosphorylation. To address these challenges, numerous approaches have been developed and
applied for the targeted analysis of protein phosphorylation. Comprehensive review articles on
various aspects of phopshoprotein and phosphopeptide analysis have recently appeared in the
literature [224, 225, 269-273, 275-279]. Therefore, this brief introduction only aims to give a
general overview of MS-based phosphoproteome analysis, emphasizing approaches which have

recently gained popularity, and those approaches involving chemical labeling strategies.

Ho._OH
¢H oH o Yo
HO-P=0 HO-P=0
o) o)
o) o) o)

Phosphoserine, pS Phosphothreonine, pT Phosphotyrosine, pY

Figure 5.1 Structures of O-phosphorylated serine, threonine and tyrosine residues.

5.2 Enrichment Methods for Phosphorylated Peptides

Phosphoproteome analysis is generally based on the identification and characterization of
phosphopeptides using MS methods following proteolytic processing of intact phosphoproteins

[272]. However, phosphopeptides are notorious difficult for MS detection, due to their low
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abundance and lower ionization efficiency compared to the non-phosphorylated peptide ions
[270, 271]. Thus, enrichment of phosphopeptides is usually required prior to MS analysis for
improved detection and more efficient characterization. There are various strategies available for
this, such as immunoprecipitation of phosphotyrosine-containing proteins/peptides [280, 281],
ion exchange chromatography [282], immobilized metal ion affinity chromatography (IMAC)
[283, 284], metal oxide affinity chromatography (MOAC) [285-288], and chemical
derivatization by -elimination/Michael addition reaction [98-102] or by phosphoamidation [96,
97] which were already discribed in Chapter One. Comprehensive discussions of phosphopeptide
enrichment approaches can be found in recent review articles [277, 278]. Several commonly
used strategies are outlined in Figure 5.2 [277], and only IMAC and MOAC will be highlighted

in the following.
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Figure 5.2 Strategies for specific phospho-protein or -peptide enrichment. Adapted from reference [277]. For interpretation of the
references to color in this and all other figures, the reader is referred to the electronic version of this dissertation.
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5.2.1 Immobilized Metal Ion Affinity Chromatography (IMAC)

IMAC is one of the most frequently used techniques for phosphopeptide and
phosphoprotein enrichment prior to MS analysis [283, 289, 290]. IMAC is based on the
electrostatic interactions of the negatively charged phosphate group with positively charged
metal ions. These metal ions are bound to the column material via nitriloacetic acid (NTA),

iminodiacetic acid (IDA), or tris(carboxymethyl)ethylenediamine (TED) linkers. Various

immobilized metal ions have been employed to enrich phosphopeptides. Of these, Fe'" is most

frequently used, although Ga3+, Al3+, or Zr'*" have also been employed [284, 291-293]. IMAC

procedures have been widely used due to their compatibility with subsequent separation and MS
detection techniques such as LC-ESI-MS/MS [294-296] and MALDI-MS [297].

However, there are a number of problems associated with IMAC-based strategies. One of
the major limitations is nonspecific binding of peptides containing acidic amino acid residues,
1.e., glutamic acid and aspartic acid. It has been reported that nonspecific binding can be
alleviated by converting the carboxyl groups of amino acid residues to their methyl esters using
methanolic HCI [259] or thionyl chloride in methanol [298, 299]. Unfortunately, incomplete
esterification and side reactions may increase sample complexity, and sample may be lost during
sample handling steps [300].

Although IMAC employs typical binding, washing and eluting chromatography procedures,
consideration should be made to control experimental conditions such as pH, ionic strength and
organic composition of the solvents, to reduce nonspecific binding and improve the specificity

toward phosphopeptides [301]. By carefully selecting appropriate experimental conditions,
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enhanced phosphopeptide recovery and separate detection of multiply and singly phosphorylated

peptides may be achieved [299].

5.2.2 Metal Oxide Affinity Chromatography (MOAC)

MOAC has appeared in recent years whose use has grown rapidly for phosphopeptide
enrichment, based on the particular affinity of metal oxides to phosphate groups. Titanium
dioxide was first used as the affinity material and is currently the most popular one employed for
MOAC [286, 302-304]. The approach exhibits high recoveries and selectivity for

phosphopeptides, due to the specific interaction of porous titanium dioxide microspheres with
phosphate groups, via bidentate binding at the TiO, surface [273]. When coupled with
appropriate solutions such as substituted organic acid as modifiers for sample loading, or by
purposely increasing the pH of the elution buffer, TiO, appears to be highly selective to bind
with phosphopeptides over acidic peptides, even without methyl esterification of peptides [305-
308].

Several other metal oxides have also been shown to be useful for phosphopeptide
enrichment, including zirconium dioxide (ZrO;) [287, 309-311], aluminum hydroxide (AI(OH)3)

[312, 313], aluminum oxide (Al,O3) [314], and niobium oxide (Nb,Os) [288]. Since metal

oxides act as Lewis acids, their differences in acidity scale may contribute to the different

selectivity for phosphopeptide enrichment [315].
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5.2.3 Selection of Enrichment Methods

As briefly described above, various methods are available for phosphopeptide enrichment.
These methods wusually provide complementary information [316]. For example,
immunoprecipitation is highly effective for enrichment of phosphotyrosine-containing peptides
by using phosphotyrosine-specific antibodies. Otherwise, chemical derivatization strategies

based on [-elimination/Michael addition work well for phosphoserine/phosphothreonine-
containing peptides. It has also been reported that TiO,-based MOAC techniques are more

efficient for enrichment of mono-phosphorylated peptides compared to multiply phosphorylated
peptides, because the strong binding of the latter hampers their efficient recovery [277]. In
contrast, IMAC preferably enriches multiply phopshorylated peptides, but the approach is
limited by nonspecific binding when dealing with highly complex samples [277]. Thus the
selection of enrichment methods should be based on the sample type and specific aims of the
study. If global phosphoproteome analysis is the goal, a combination of multiple approaches will

allow more phosphopeptides to be identified.

5.3 Phosphopeptide Identification and Characterization by Mass Spectrometry

In recent years, rapid improvements in technology have allowed MS become a powerful
tool for phosphoproteome analysis [3, 317, 318]. These include the use of soft ionization
techniques for introducing phosphopeptides into the mass spectrometer, and the identification

and characterization of phosphopeptides using MS, MS/MS and multistage tandem mass
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spectrometry (MS") techniques on various instrument platforms, which will be introduced briefly

below. A detailed discussion of mass spectrometry approaches for phosphoproteome

characterization can be found in recent review articles [224, 225].

5.3.1 MS Analysis of Phosphorylated Peptides

Identification of the presence of a phosphopeptide can be achieved via MS analysis of a
sample before and after phosphatase treatment [319, 320]. The observed reduction in mass of one
or multiple units of 80 Da due to dephosphorylation is indicative of the presence of
phosphorylation site(s). Alternatively, chemical modification of the phosphate group by a mass
tag such as trimethoxyborate (TMB) via ion-molecule reactions (IMR) in negative ion mode has
been reported for rapid diagnosis of the presence of phosphopeptides in mixture [321]. However,
for unambiguous identification of the peptide sequence and localization of phosphorylation

site(s), the majority of analysis strategies rely on the use of tandem mass spectrometry (MS/MS).

5.3.2 Tandem Mass Spectrometry for Phosphopeptide Analysis

The dissociation methods most widely employed for phosphoproteome analysis include
collision-induced dissociation (CID) [322], electron capture dissociation (ECD) [63, 323], and
electron transfer dissociation (ETD) [64, 324]. In addition, infrared multi-photon dissociation
(IRMPD) [83], ultraviolet photodissociation (UVPD) [84], and femto-second laser-induced
photodissociation (fsLID) [325, 326] have also been applied to characterization of

phosphopeptide ions. Phosphopeptide ions have distinct fragmentation behaviors when using
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these different dissociation techniques. Understanding the gas phase ion chemistry associated
with phosphopeptide fragmentation using different MS/MS methods is critical for successful

phosphopeptide analysis.

5.3.2.1 Collision Induced Dissociation (CID)

5.3.2.1.1 Limitations of CID

CID is the most established and widely used MS/MS method employed for peptide
sequencing. During CID, peptide ions are activated upon collision with an inert neutral gas. By
this manner, the kinetic energy of the peptide ions is converted into internal energy which is
redistributed over the whole molecule, leading to bond cleavage when the internal energy
exceeds the bond activation barrier [327]. Due to its lower energy barrier for phosphoester bond
cleavage [328, 329], phosphorylated peptide ions often undergo selective and preferential
fragmentation at the phosphate group, giving rise to dominant nonsequence neutral losses from
the precursor ions. The observation of these dominant nonsequence ions can be beneficial for
enhanced detection of phosphopeptide ions. For example, the presence of phospho-serine, -

threonine, and -tyrosine peptides can be detected with high specificity by the observation of a

m/z 79 PO3 product ion formed by CID of negatively charged precursor ions [330, 331], or by

the neutral loss of 80 or 98 Da (HPO3 or H3PO4 respectively) in either positive or negative mode
[16, 282, 296, 332-334]. Further identification of peptide sequence and localization of

phosphorylation sites can be achieved using data dependent CID-MS/MS or CID-MS® methods
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based on the observation of these “diagnostic” ions [335-339]. Alternatively, precursor ion
scanning by monitoring the formation of phosphotyrosine-specific immonium ions at m/z
216.043 has been used for selective identification of phosphotyrosine-containing peptides within
complex peptide mixtures [340-342].

However, the presence of prominent phosphate neutral losses can complicate the CID-
MS/MS spectra and limit the sequence information obtained. The mechanisms responsible for
the gas-phase neutral loss of H;PO4 have been evaluated recently [17]. It was demonstrated that
the phosphate loss is more dominant under limited proton mobility conditions due to a charge-
directed reaction mechanism involving the formation of strong hydrogen bonding between the
phosphate group and the side chain of a protonated arginine or lysine residue [17]. It has also
been reported that competing phosphate fragmentation reactions involving the combined neutral
losses of HPO3; and H,O (98 Da) can provide neutral loss product ions with the same m/z; but
corresponding to unmodified residues at original phosphorylation sites and dehydrated residues
at original hydroxyl (or carboxyl)-containing amino acid residues [343]. Thus, CID-MS® of the
98 Da neutral loss product ions may not provide information to correctly locate the
phosphorylation site(s) [344]. In addition, the potential for intramolecular gas phase phosphate
transfer under CID-MS/MS may also compromise the unambiguous localization of

phosphorylation sites, because phosphate groups migrate between side chains before cleavage of

the peptide backbone [343-345].

5.3.2.1.2 Chemical Labeling Strategies to Enhance Phosphopeptide Identification and

Characterization by CID-MS/MS
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To overcome limitations due to the lability of the phosphate groups upon CID-MS/MS,
chemical derivatization strategies have been developed to enhance phosphopeptide identification
and characterization. The majorities of these derivatization approaches are based on f-
elimination/Michael addition chemistry, by conversion of the phosphate group into functional
moieties which can facilitate affinity enrichment [98-102], to become lysine mimics for selective
cleavage by lysine-specific proteases [108-110], or lead to the formation of characteristic
reporter ions during CID-MS/MS [103-106].

Other derivatization approaches involve the use of malondialdehyde to decrease the
basicity of arginine residues in phosphorylated peptides [346]. As a result, a decreased relative
abundance of 98 Da neutral losses and increased peptide sequence product ions can be observed
from CID of modified phosphopeptides. It has also been reported that protonated
phosphopeptides react with trivalent boron species via ion-molecule reactions in the gas phase
[347, 348]. The resultant boron-derivatized phosphopeptides preferentially undergo backbone
cleavage when subject to CID, therefore improving the capability for unambiguous

phosphorylation site assignment.

5.3.2.2 Electron-Based Dissociation

Electron-based dissociation methods have been recently developed and introduced as
complementary techniques for phosphoproteome analysis [63, 64, 323, 324]. These techniques
including electron capture dissociation (ECD) and electron transfer dissociation (ETD), allow
phosphopeptide fragmentation without the frequently observed dominant neutral loss of

phosphate group when using CID, thus providing highly informative MS/MS spectra. However,
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it should be noted that these approaches are limited to the analysis of multiply charged precursor

ions due to charge state reduction occurring upon the attachment of an electron.

5.3.2.2.1 Electron Capture Dissociation (ECD)

Electron capture dissociation (ECD) involves exothermic capture of low energy electrons

(< 0.2 eV) by positively charged peptide ions which give rise to charge reduced peptide radical
cations (Scheme 5.1) [58]. Following electron capture, abstraction of the resultant H from the
neutralized charged group (e.g., ammonium group as shown in Scheme 5.1) to a nearby amide
oxygen atom will yield a labile aminoketyl intermediate which dissociates by N-C, bond

cleavage, resulting in a homogeneous series of c- and z-type ions [349]. This dissociation-
recapture mechanism is under debate since the cross section for gas-phase peptide ions to
recapture a free hydrogen atom is low, therefore the mechanisms responsible for ECD are
continually being refined [350].

As a non-ergodic fragmentation technique, ECD allows the labile phosphate group to be
retained [351, 352]. ECD has been applied to phosphopeptide identification and phosphorylation
site assignment in a wide range of biological samples [323, 353]. A data-dependent ECD-
MS/MS strategy has been demonstrated by Cooper and co-workers, in which observation of the
neutral loss of 98 Da by CID is used to trigger subsequent ECD to facilitate phosphopeptide

sequencing [354, 355].
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Scheme 5.1 Proposed ECD/ETD fragmentation mechanism of phosphorylated peptides for the
formation of c- and z-type product ions. Adapted from Reference [224].
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5.3.2.2.2 Electron Transfer Dissociation (ETD)

Electron transfer dissociation (ETD) is based on ion-ion interactions of multiply charged
peptide ions with anionic species formed from the use of electron donors (e.g., anthracene,
fluoranthene, and azobenzene), allowing widely used quandrupole ion trap mass spectrometers to
be amenable for use in electron-based dissociation techiniques [59]. The fragmentation
mechanism of ETD is thought to be analogous to ECD, in which the free radical site introduced
upon electron transfer induces non-specific cleavage of the N-Ca bond on a peptide’s backbone,
resulting in c- and z-type product ions, with phosphate groups or other potentially labile
modifications maintained (Scheme 5.1) [59, 224]. ETD has been successfully applied for the
global phosphoprotome analysis of Saccharomyces cerevisiae yeast [356], human embryonic
kidney cells 293T [357], and human embryonic stem cells [358], with the assistance of

phosphopeptide enrichment techniques.

5.3.2.2.3 Limitations of Electron Based Dissociation

ECD and ETD techniques are advantageous for characterization of protein phosphorylation
due to their primary backbone cleavage and no loss of labile PTMs. However, the fragmentation
efficiency of these electron based methods is highly dependent on the charge density of the
precursor ions. Specifically, the electron capture cross section for ECD is proportional to the
square of the ion charge [62]. In addition, even with the expected high efficiency of electron
capture, limited dissociation of doubly protonated precursor ions may occur [359, 360]. Similar

to ECD, the efficiency of ETD is improved by increasing charge/residue ratios. Because less
151



energy is released upon electron transfer to low charge density peptide ions (for example, 2-+), it
might not be enough energy to overcome the non-covalent interactions within the charge reduced
species, resulting in electron transfer without dissociation [65, 361]. Thus, the requirement for
higher-charged precursor ions compromises the ECD/ETD performance for phosphopeptide
analysis because peptides with acidic phosphate groups are less likely to form multiply
protonated species [224].

To overcome the non-covalent interactions within low charged peptide radical cations and
to increase the extent of dissociation, activated ion-ECD (AI-ECD) has been developed which
involves collisional ion heating with or following the ECD process [362]. For ETD, one of the
ways to improve fragmentation of doubly charged peptide ions is the application of supplemental
low-energy collisional activation to charge reduced radical cations [363, 364]. More recently, an
analogous ECD+CID method has been demonstrated to improve fragmentation efficiency via

performing CID on charge reduced precursor ions in ion traps [365].

5.3.2.2.4 Chemical Labeling Strategies to Enhance Phosphopeptide Identification and

Characterization by Electron-Based Dissociation -MS/MS

One other way to alleviate the charge state dependence of ECD/ETD efficiencies is to
increase the charge states of the peptide ions, by adding charged tags. A method was recently
described for the analysis of phosphopeptides by derivatization of carboxyl groups with 1-(2-
pyrimidyl) piperazine (PP), which converts acidic carboxyl groups to highly basic PP moieties,
leading to higher charge states of peptide ions [366] and enhanced analysis upon ETD [367]. The

benefits of fixed charge derivatization have also been demonstrated from ECD of doubly charged
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precursor ions. For example, the addition of trimethyl-phenyl phosphonium cations to the N-
termini of phosphorylated peptides increased the sequence coverage and simplified data
interpretation upon ECD [73].

Alternatively, the addition of 0.1% m-nitrobenzyl alcohol (m-NBA) to the LC solvents
promotes supercharging of phosphopeptide ions as a result of low vapor pressure and high
surface tension of m-NBA. The subsequent ETD analysis of these highly charged precursor ions

was enhanced and was reflected by increased database searching scores [368].

5.3.2.3 Photo-Dissociation (PD)

Photodissociation (PD) techniques provide an attractive alternative for peptide ion
fragmentation [83, 84]. lons in the gas phase are irradiated with UV, visible, or IR photons and
thus are activated and subsequently dissociated by internal energy deposition based on the
number and wavelengths of the photons absorbed. Therefore, by using tunable laser sources,
selective bond cleavage may be achieved. PD techniques can be performed on a number of mass

spectrometer platforms; ion trapping and time-of-flight mass spectrometer are most often used.

5.3.2.3.1 Infrared Multiphoton Dissociation (IRMPD)

Infrared multiphoton dissociation (IRMPD) employs low energy photons (~ 0.1 eV/photon)
and is classified as a “slow heating” method since tens or hundreds of IR photons are required

for ion dissociation [83]. Irradiation typically takes from a few milliseconds to several seconds

for a continuous-wave CO; (10.6 um) laser, in order to induce effective peptide amide bond
153



cleavage. Energy re-distribution is allowed within the IR activated ions, leading to an ergodic
dissociation process and the resultant MS/MS spectra are comparable with those obtained by
CID [83].

IRMPD has particular strength for the characterization of phosphopeptides, since the
phosphate groups are strong chromophores for efficient absorption of 10.6 um photons by P-O
bonds [81, 329, 369]. IRMPD has been successfully applied for selective detection of
phosphopeptides from mixtures, via the observation of characteristic neutral losses of the
phosphate group [370-373]. In addition, the low mass cutoff associated with resonant excitation
in ion traps can be circumvented by using IRMPD, allowing the observation of more product
ions in the low m/z region compared to CID [373]. However, IRMPD can suffer from similar
limitations to those discussed above for CID, such as the observation of dominant neutral loss of
phosphate group, particularly from the dissociation of precursor ions under limited proton

mobility conditions.

5.3.2.3.2 Ultraviolet Photodissociation (UV-PD)

The higher photon energy of ultraviolet light (157-355 nm; 7.9-3.5 eV) may allow single-
photon fragmentation processes [84]. The energies deposited to peptide ions by UV photons are
more clearly defined. By using different wavelengths of UV photons, UVPD may selectively
target residue-specific chromophores such as aromatic amino acids, or common chromophores
such as the peptide amide bonds. Since UVPD has not been incorporated into commercial mass
spectrometers, limited studies have been applied for phosphopeptide analysis. Kim and Reilly

have investigated the timescale dependence for the formation of neutral loss and sequence
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product ions from UVPD of singly charged arginine-terminated phosphopeptides [374]. It was
found that the neutral loss of 98 Da from precursor ions appeared at considerable abundance
after only a 300 ns post-photoexcitation; however loss of 98 Da from sequence product ions was
not observed until 1 us post-photoexcitation. Thus, by using appropriate post-photoexcitation
time, the characteristic neutral loss non-sequence ions as well as the sequence ions containing
intact phosphate groups can be both observed, allowing phosphopeptides to be easily identified
and characterized.

Site-specific dissociation at the site of the phosphorylated residues has been achieved by
conversion of the phosphate group to a UV-absorbing sulthydryl-containing naphthyl
chromophore via [-elimination/Michael addition reactions (Scheme 5.2) [375].
Photodissociation of singly deprotonated or multiply protonated derivatized phosphopeptide ions
at a wavelength of 266 nm led to homolytic cleavage of the C-S bond which connects the label to
the peptide. The resultant highly localized radical site directs the subsequent backbone cleavage
at the two sides of the original phosphorylation site(s). The formation of such site specific

sequence ions allows unambiguous localization of phosphorylation site(s).
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Scheme 5.2 Phosphorylated serine and threonine peptides derivatization via J-
elimination/Michael addition chemistry for introduction of a naphthyl chromophore and analysis
by UVPD at 266 nm in an ion trap. Adapted from Reference [375].

Interestingly, site-specific diagnostic product ions have been recently reported from 193

nm UVPD of phosphorylated peptides in a tandem time-of-flight instrument [376]. The

formation of these characteristic a,+1-98 product ions are solely resulting from the cleavage at
the phosphorylation site(s), clearly indictate that the n™ amino acid residue is phosphorylated.

Recently, these diagnostic a,+1-98 product ions have also been observed upon ETD-MS/MS of
triply charged phosphopeptide ions, and upon fs-LID of singly charged phosphopeptide ions,

suggesting the potential of these techniques for phosphorylation site assignment [326].

5.4 Quantitative Proteome Analysis
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A critical task of phosphoproteomics is determination of relative changes in protein
phosphorylation involved in regulating biological response to cellular perturbations [279]. There
are a variety of different methods that have been developed and applied for quantitative
phosphoproteome analysis, such as one- or two-dimensional gel electrophoresis based strategies
using phosphorylation specific stains [377, 378]. However, the most widely employed
quantitative techniques involve the incorporation of various isotopic labels into the
phosphopeptides to allow quantitative measurement by MS. Phosphopeptides can be
differentially isotopic labeled via metabolic labeling in vivo or by chemical derivatization in vitro.
It should be noted that differentially isotopic labeled phosphopeptides should have nearly
identical chemical properties (e.g., retention time) to ensure the relative abundances of their MS

peaks are directly related to their abundances present in biological samples [133].

5.4.1 Metabolic Labeling Approaches for Stable Isotope Incorporation

In one commonly employed method of metabolic isotope labeling, cells are cultured in a
medium with '"N/'*N or °C/"*C forms of an amino acid (typically arginine or lysine), such that

the differential isotope labels are incorporated when proteins are expressed by the cell [379, 380].
By this method, all peptides resulting from tryptic digestion carry at least one C-terminal labeled
amino acid and the same peptides become mass distinguishable from different sample pools.
This technique is generally termed Stable Isotope Labeling by Amino acids in Cell culture, i.e.,
SILAC. SILAC enables comparison of up to three samples in a single analysis, and has been
successfully applied to the global study of phosphorylation dynamics in signaling networks of

HelLa cells [282] and phosphorylation dynamics during early differentiation of human embryonic
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stem cells [381]. However, SILAC and other metabolic labeling approaches are restricted to
situations where cells or animal models (e.g., the SILAC mouse [382]) can be grown on labeled

media and may not be directly applied to compare human tissue samples [270, 279].

5.4.2 Chemical Labeling Approaches for Stable Isotope Incorporation

A variety of chemical labeling approaches have been utilized to incorporate stable isotopes
to peptides or proteins ex vitro. The majority of these isotope coded labeling reagents facilitate
quantitative analysis via measuring the relative abundances of “light” and “heavy” labeled
peptides in the mass spectra, i.e., MS-based quantitation. Reagents containing stable isotopes can
be attached to common peptide functional groups such as N-terminal amino groups [383] or C-
terminal carboxylic groups [260, 384]. Typically enrichment is required for target quantitative
analysis of phosphoprotein using these global labeling reagents. Alternatively, phosphate groups
themselves can be converted to isotopically labeled moieties via -elimination/Michael addition
reactions [112-114]. If affinity tags are also incorporated into the nucleophilic Michael addition
reagents, the enrichment and quantitation of phosphorylation can be simultaneously achieved, for
example by the phosphoprotein isotope-coded affinity tag (PhIAT) [100, 385] or phosphoprotein
isotope-coded solid-phase tag (PhIST) [386] techniques.

An enzymatic 0/ 18O-labeling approach has been reported by Yao et al. for global isotope
coding of peptides [387]. With this approach, enzymatic digestion of proteins is carried out in the

presence of H216O or HzlgO, thus the C-terminal carboxylic group of each newly generated

peptide will incorporate two %0 atoms for the latter case. The approach has been evaluated by
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comparison of known virion proteins from two serotypes (Ad5 and Ad2) of adenovirus, showing
its potential for comparative proteomic studies of complex proteins.

Due to the limitations of MS-based quantitative approaches encountered for analysis of
complex protein mixture (discussed in Chapter One), MS/MS-based quantitation techniques have
been developed and widely applied for phosphoprotoeme studies. The commercial available
iTRAQ has become one of the most commonly used approaches due to its multiplex capability
(4-plex or 8-plex). Coupled with IMAC enrichment strategies, iTRAQ has been successfully
applied for quantitation of phosphotyrosine in a time resolved manner upon epidermal growth
factor receptor (EGFR) activation to reveal ErbB signaling network [388]. The 8-plex iTRAQ
has also been applied to longitudinal studies of protein expression, demonstrating the potential
for high throughput quantitative analysis [144]. However, a reduced identification efficiency of
phosphopeptides was reported recently when using isobaric tags such as iTRAQ and TMT for
quantitative analysis based on the use of CID-MS/MS methods [389]. In this study, higher
charge state distributions for iTRAQ or TMT labeled phosphopeptides were demonstrated. Thus,
one possible reason for a decreased identification efficiency might be due to the occurrence of
decreased base peak intensities after labeling, resulting in less frequent identifications of lower
abundant peptides. On the other hand, due to the high proton affinity of the isobaric tags, the
formation of highly abundant reporter ions from the fragmentation of labeled peptides might
suppress the formation of peptide backbone derived fragments, thereby limiting the sequence
information that could be obtained.

Interestingly, another MS/MS-based quantitative approach was introduced by converting

the phosphate groups to phosphoramidates with the assistance of carbodiimide, followed by acid-

catalyzed hydrolysis in H216O or H2180 waters. Thus, the phosphate groups are regenerated with
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one "0 atom incorporated [390]. The direct incorporation of the isotope atoms to phosphate

group allows the quantitative analysis of phosphorylation via the measurement of isotope ratios

of phosphate-specific marker ions generated upon tandem parallel collision-induced dissociation

mass spectrometry (p2CID-MS) [390, 391].

5.5 Specific Aims

Numerous techniques have been developed and applied to achieve the goal of
comprehensive phosphoprotome analysis. Unfortunately, no existing technique has been
demonstrated to be perfect. Chemical labeling approaches have been a valuable tool to assist in
the field of phosphoprotome analysis. For this reason, the major goals of the research described
in the following chapter are to develop improved chemical labeling and tandem mass
spectrometry methodologies for enhanced phosphoprotein identification, characterization and
quantitative analysis, including:

1. Synthesis of a ‘fixed charge’ sulfonium ion containing peptide derivatization reagent and
its isobaric 1sotope coded derivatives.

2. Evaluation of the effect of chemical labeling on the ionization efficiency, charge state
distribution, and retention time of a range of phosphopeptides.

3. Evaluation of the multistage gas-phase fragmentation reactions of modified
phosphopeptides employing collision induced dissociation (CID) and electron transfer

dissociation (ETD).
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4.

Evaluation of the quantitative capability of isobaric isotope coded sulfonium ion reagents

based on CID and ETD techniques.
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CHAPTER SIX

FIXED CHARGE DERIVATIZATION FOR ENHANCED COLLISION INDUCED
DISSOCIATION (CID) QUANTITATION AND ELECTRON TRANSFER

DISSOCIATION (ETD) CHARACTERIZATION OF PHOSPHOPEPTIDES

6.1 Introduction

Protein phosphorylation is involved in the regulation of a wide variety of in-vivo biological
functions. These functions are highly dependent on the locations at which proteins are
phosphorylated. Commonly, phosphorylation sites are identified by tandem mass spectrometry
(MS/MS), typically employing collision induced dissociation (CID) or electron transfer
dissociation (ETD) as the ion activation technique. Unfortunately, unambiguous phosphate group
localization by using CID-MS/MS can be hampered due to facile loss of the PTM or the potential
for intrapeptide phosphate group rearrangements, particularly for low charge state precursor ions
(pathway A in Scheme 6.1) [344]. ETD has an improved ability to localize phosphate groups, but
can be limited in that it optimally requires the precursor ions to be highly multiply-charged
(pathway B in Scheme 6.1). In addition, due to their acidic nature, the ionization efficiency of
phosphopeptides is usually suppressed, limiting the sensitivity for their detection. Thus,
strategies to improve the ionization efficiency of phosphopeptides by introducing positively
charged tags onto phosphopeptides using chemical labeling approaches have been examined
[366, 367]. Here, the development and initial application of a peptide labeling strategy (pathway

C in Scheme 6.1) coupled with ESI-MS, CID-MS/MS and ETD-MS/MS are demonstrated for
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the enhanced quantitation and identification of protein phosphorylation, including

characterization the modification site(s).

6.2 Strategies for Phosphopeptide Analysis using DMBNHS Labeling

An amine specific sulfonium ion containing reagent DMBNHS (S,5'-
dimethylthiobutanoylhydroxysuccinimide ester iodide) has recently been applied toward the
‘targeted’ identification and characterization of protein surface “active” lysine residues [170]. It

has previously been shown that CID-MS/MS of DMBNHS modified peptide ions give rise to the
exclusive neutral loss of dimethylsulfide (S(CHj3),; 62 Da) under low energy CID-MS/MS
conditions, independently of the amino acid composition and precursor ion charge state (i.e.,
proton mobility) of the peptide [170]. The attributes of the DMBNHS reagent include good
solution phase reactivity and specificity towards primary amines, an incorporated fixed charge
sulfonium ion moiety and the characteristic gas-phase fragmentation reaction. These features
suggest this reagent could be employed in the field of phosphoproteome analysis, as
demonstrated in Scheme 6.1.

The results described in Chapter Three for the gas-phase fragmentation of a monolinked
phosphoserine containing peprysk (LSVPTpSDEEDEVPAPKPR) peptide formed by reaction
with sulfonium ion containing cross-linking reagent, demonstrated that the specificity associated
with fragmentation of the labile C-S bond adjacent to the sulfonium ion was not significantly

affected by the potentially competing loss of H3PO4 [392]. Thus, under low energy CID-MS/MS

conditions, the dissociation of DMBNHS modified phosphopeptides preferably occur at the fixed
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charge sulfonium ion site, leading to the neutral loss of S(CHj3),, while the phosphate group(s)

remain intact (Scheme 6.1). The number of neutral losses of S(CHj3), observed during CID-

MS/MS indicates the number of modified residues, providing information about the presence of
Lys residues within the peptide; that is, besides one common modification on the peptide’s N-
terminus the other modification(s) are generally on lysine residues. The incorporation of “light”
and “heavy” isotope labels into the DMBNHS reagent would allow the differential quantitative
analysis of phosphopeptide, via the measurement of the relative abundances of “light” and
“heavy” labeled neutral loss product ions generated from fragmentation of labeled
phosphopeptides [19, 236]. Finally, introduction of the ‘fixed charge’ into the phosphopeptide
may potentially lead to improved ionization efficiencies and increase the abundance of high

charge state precursor ions amenable to ETD [367, 393].
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Scheme 6.1 General strategy for solution phase DMBNHS phosphopeptide labeling and gas-
phase CID-MS/MS and ETD-MS/MS fragmentation of DMBNHS labeled phosphopeptide ions.

6.3 Optimization of DMBNHS Labeling Reaction Conditions

6.3.1 Effects of Phosphopeptide Concentration on Labeling Efficiency
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In order to determine the optimum reaction conditions for phosphopeptides labeling using
DMBNHS, the effect of the peptide concentration on labeling efficiency was first investigated.
100 uL of the synthetic phosphopeptide EDpSGTFSLGK (No. 4; Table 6.1) solution dissolved
in PBS buffer at varying concentrations (100, 10, 1 and 0.25 uM peptide concentrations) was
subjected to reaction with a 200-fold excess of DMBNHS. The modification was quenched after
1 hr and the reaction mixture was diluted (except for the case where the peptide concentration
was 0.25 uM) and analyzed by HPLC-ESI-MS. Since phosphopeptides may contain different
numbers of modifiable sites depending on the presence or absence of lysine residue, the ratios
used here strictly denote the amount of reagent to the total number of primary amine groups

present in phosphopeptides.

Table 6.1 Amino acid sequences of a mixture of six synthetic phosphopeptides.

Number of Potential
Modification Sites

VIEDNEpPYTAR 1
LNQSpSPDNVTDTK
TLSEVDpYAPAGPAR
EDpSGTFSLGK
LFTGHPEpSLER
SLSSPpTDNLELSLR

Peptide No. Sequence

OO WON =
= AN =N

The base peak chromatograms obtained from HPLC-MS analysis of each of the labeled
phosphopeptide are shown in Figure 6.1. Each peak was identified by analysis of the MS/MS and
MS® product ion spectra and is discussed in detail later in this text. Phosphopeptide 4 has two
potential modification sites; one is the N-terminal amino group and the other is the lysine residue

at C-terminus. Complete reaction would result in a doubly modified peptide while an incomplete
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labeling reaction would form two singly modified peptides with the same mass as each other, but
with the modification at two different sites. Interestingly, the singly N-terminus-modified
phosphopeptide 4 (4") was observed to have eluted temporally near to the unmodified peptide,
whereas the singly lysine-modified phosphopeptide 4 (4%) co-eluted with the doubly modified 4
(4™ peptide about 1.4 min later than 4~. The relative abundance of the base peak from the co-
eluted species was marked in each chromatogram of Figure 6.1. It can be seen that the extent of
modification decreases slightly with decreasing peptide concentration from 100 to 10 uM and
then dropped sharply, even though the reagent excess was kept the same for each reaction. These
results suggest that DMBNHS labeling yield is closely related to the concentration of the target

amine groups.
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Figure 6.1 Base peak chromatograms of DMBNHS derivatized phosphopeptides
EDpSGTFSLGK (No. 4) resulting from 1-hour reactions at varying peptide concentrations. (A)
100 uM, (B) 10 uM, (C) 1 uM, and (D) 0.25 uM. The ratio of reagent to primary amine group
was kept at 200:1 for each reaction. The phosphopeptide is annotated by its number. A
superscript “N” indicates the modification is on N-terminus of the peptide. A superscript “K”
indicates the modification is on lysine residue of the peptide.

168



6.3.2 Optimization of Reaction Time and Molar Ratio of DMBNHS Labeling

A phosphopeptide mixture containing six synthetic phosphopeptides (No.1-6; Table 6.1)
with equal concentrations dissolved in PBS buffer was used to determine the optimum reaction
conditions for DMBNHS labeling. Based on the results described above, the extent of
modification is highly dependent on the concentration of target amine groups, especially at low
peptide concentrations. Typically, limited amounts of phosphoprotein samples can usually be
obtained from sample preparation; however, the concentrations of target amine groups may be 1-
2 orders higher than that of proteins after enzymatic digestion. Thus, 10 puL of phosphopeptide
mix solution with concentrations of 1 uM of each peptide was subjected to derivatization using a
molar ratio of 100:1 at reaction times from 15 to 60 min. Each reaction was immediately
quenched then analyzed by HPLC-MS.

From the base peak chromatograms obtained from HPLC-MS analysis of each reaction
shown in Figure 6.2, it was observed that most of the phosphopeptides were already modified at
a reaction time as short as 15 min (Figure 6.2B). The reaction yield was slightly increased with a
30-min reaction time, but no significant improvement was observed at longer reaction times.
Thus, a 30 min reaction time was applied in further studies. It should be noted that
phosphopeptides containing two modifiable sites were less likely to undergo complete labeling
compared to those phosphopeptides containing one modification site, which is consistent with

typical reaction kinetics [394].
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Figure 6.2 Base peak chromatograms of (A) underivatized phosphopeptide mix (No. 1-6) and
derivatized phosphopeptide mix (No. 1-6, 1 uM each) using 100-fold of DMBNHS at varying
reaction times of (B) 15 min, (C) 30 min, (D) 45 min, and (E) 60 min. The phosphopeptide is
annotated by its number. The relative base peak abundances are indicated for low abundance or
co-eluted phosphopeptides. The completely modified species are marked in bold. A superscript
“N” indicates the modification is on N-terminus of the peptide. A superscript “K” indicates the
modification is on lysine residue of the peptide.
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The optimum molar ratio of DMBNHS to primary amino group for labeling a 6-
phosphopeptide mix (No.1-6) was determined using molar ratios from 50 to 500 in a 30 min
reaction. The base peak chromatograms obtained from HPLC-MS analysis of each reaction are
shown in Figure 6.3. In order to monitor the change in the extent of modification with increasing
molar ratios, the relative abundances of the base peak of each phosphopeptide and its derivatives
are summarized in Table 6.2. Since the ionization efficiencies are different among
phosphopeptide species and their labeled or partly labeled derivatives, the yields of labeling
reaction for each phosphopeptide are not directly calculable. By comparing the relative
abundances of peptide base peaks, the labeling reaction was observed to be essentially complete
at a 200-fold molar excess of reagent to amino group, with limited improvement when using
higher molar ratios. Based on these results, a 200-fold molar excess of DMBNHS reagent and a
30 min reaction period was considered suitable to satisfy the requirement for complete labeling
of each of the phosphopeptides employed in this study. It is noted however, that individual
peptides are expected to exhibit slightly different reactivity towards the derivatization reagent,

due to differences in the pKa values of the amino functional group at each peptide.
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Figure 6.3 Base peak chromatograms of derivatized phosphopeptide mix (No. 1-6) using (A) 50-
fold, (B) 100-fold, (C) 150-fold, (D) 200-fold, (E) 300-fold, (F) 400-fold, and (G) 500-fold
excess of DMBNHS (30-min reaction). The phosphopeptide is annotated by its number. The
completely modified species are marked in bold. A superscript “N” indicates the modification is
on N-terminus of the peptide. A superscript “K” indicates the modification is on lysine residue of
the peptide.
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Table 6.2 Relative abundances obtained from base peak chromatograms of the six-
phosphopeptide mixture modified with DMBNHS using various ratios.

Labeled Part-labeled DMBNHS-to-Primary Amino Group Ratio
&Unlabled 50:1 100 : 1 150:1 200:1 300:1 400:1 500:1
N 81.3 60.8 75.5 52.9 51.2 42.1 50.8
1 1.3 <05 <05 <05 <05 <05 <05
oNK 144 212 27.9 26.0 27.2 26.9 26.7
2N 124 6.6 6.1 3.0 17 1.1 1.0
2K 2.9 0.9 0.6 <05 <05 <0.5 <0.5
2 1.6 <0.5 <0.5 <05 <05 <0.5 <0.5
3N 323 327 35.1 29.4 27.6 28.2 32.0
3 16 25 1.3 0.5 <05 <0.5 <0.5
gNK 135 21.0 29.9 27.4 31.9 31.9 37.2
aN 9.8 5.8 5.0 2.4 1.2 0.8 0.6
AN 1.8 7.2 6.6 3.4 25 2.0 1.9
4 5.6 1.3 0.8 <05 <05 <0.5 <0.5
5N 100.0 100.0 100.0 100.0 100.0  100.0  100.0
5 16.5 3.2 1.9 1.0 0.8 1.1 0.9
6N 36.1 325 36.1 39.1 415 40.7 41.3
6 16.5 3.5 1.8 1.0 0.6 0.6 0.7

* Six-phosphopeptide mixture with 1uM concentration of each peptide, 30-min reaction time.

** Superscript “N” indicates modification is on N-terminus of phosphopeptide. Superscript “K”
indicates modification is on lysine residue of phosphopeptide. The sequences of the labeled
phosphopeptides are contained in Table 6.1.

6.3.3 Picomole-Scale DMBNHS Labeling Reaction

The efficiency of DMBNHS labeling at the picomole-scale was examined using a 1 uM
solution of the 6-phosphopeptide mix at volumes less than 10 pL reacted with a 100-fold excess
of labeling reagent for each reaction. The base peak chromatograms following HPLC-MS
analysis of each reaction are shown in Figure 6.4 and the relative abundances of base peaks of
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labeled, partly labeled and unlabeled phosphopeptides are summarized in Table 6.3. Similar
reaction efficiencies were observed for amounts from 8 pmol to 2 pmol for each phosphopeptide,
comparable to that of the larger scale reactions under the same conditions. When the amount was
2 pmol for each phosphopeptide, the extent of labeling was slightly decreased for
phosphopeptides containing one modifiable site; however there was some increase for
phosphopeptides containing two modifiable sites. The observation of variances in labeling
efficiencies might be related to increasing ratios of DMF volumes in reaction solutions since the
volumes of peptide solution are decreased whereas DMF volume is all the 1 pL for each reaction.
Although the reaction conditions require further optimization, the results shown here suggest the

approach is amenable to low-picomole quantities of analyte.
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Figure 6.4 Base peak chromatograms of derivatized phosphopeptide mix (No. 1-6) using (A) 8
pmol, (B) 6 pmol, (C) 4 pmol, and (D) 2 pmol of each phosphopeptide and a 100-fold excess of
DMBNHS (30-min reaction). The phosphopeptide is annotated by its number. The completely
modified species are marked in bold. A superscript “N” indicates the modification is on N-
terminus of the peptide. A superscript “K” indicates the modification is on lysine residue of the
peptide.
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Table 6.3 Relative abundances obtained from base peak chromatograms of the six-
phosphopeptide mix modified with DMBNHS at low picomole quantities.

Labeled Part-labeled Six-Phosphopeptide Mix (1 uM)
& Unlabled 8 pmol 6 pmol 4 pmol 2 pmol
N 90.0 100.0 77.9 52.4
45 <05 <05 <05 <05
oNK 21.7 225 23.0 15.5
46N 7.0 8.2 3.7 <05
46X 1.2 1.6 0.9 1.2
46 <05 <05 <05 <05
3N 32.0 56.0 35.8 29.0
47 2.7 47 4.6 73
gNK 27.9 44.8 32.8 30.3
48N 5.8 6.9 3.5 0.6
48K 8.4 13.3 9.2 6.3
48 1.2 1.4 0.7 <05
5N 100.0 65.0 100.0 100.0
49 2.4 1.8 3.3 5.6
6N 18.7 50.3 52.2 70.1
50 2.1 45 8.6 14.6

* A superscipt “N” indicates modification is on N-terminus of phosphopeptide. A superscipt “K”
indicates modification is on lysine residue of phosphopeptide. The sequences of the
phosphopeptides are contained in Table 6.1.

6.4  Enrichment of DMBNHS Modified Phosphopeptides Using a TiO,-Modified

Membrane

The compatibility of the commonly used TiO,-based methods for enrichment of DMBNHS
modified phosphopeptides was investigated using an established TiO,-modified Nylon

membrane, the details of which are described elsewhere [395]. Briefly, a solution of 10 nmol of
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phosphoangiotensin II (DRVpYIHPF) dissolved in 100 uL of PBS was modified by using 100-
fold of DMBNHS. Following a 30 min reaction at room temperature, the modified

phosphoangiotensin II was diluted in 4 mL of loading buffer (50% CH3;CN/50% H,0/0.1 TFA,
v/v) and 100 pL of this solution (containing 240 pmol of peptide) was passed through a TiO,-
modified Nylon membrane (0.02 cm’ total working area) at a flow rate of 10 pL/min. The
membrane was washed with 100 pL of washing buffer (same as the loading buffer) at a flow rate
of 10 pL/min, and the bound peptides were then eluted from the membrane with 10 pL of 1 %
NH4OH in 50% CH3CN / 50% H,0 (pH=10.9) at a flow rate of 2 pL/min.

To evaluate the recoveries of the modified phosphopeptides, the relative abundance of

DMBNHS modified angiotensin II was measured by MALDI-MS before and after passing the
solution through the membrane. D;-DMBNHS labeled angiotensin II was used as an internal
standard and was spiked into the sample immediately before the addition of MALDI matrix on
plate, which is 0.5 pL of a 2,5-DHB solution (10 mg/mL in 50% CH3CN/50 % H,0/0.1% TFA
v/v). From a triplicate measurement using different laser spots, an average recovery of 90.9 +
1.9 % was obtained, suggesting the TiO,-based methods are amenable to the enrichment of

DMBNHS modified phosphopeptides.

6.5  ESI-MS Ionization Efficiency and Charge State Distribution upon Fixed Charge

Derivatization
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In order to evaluate the effect of DMBNHS labeling on ionization efficiency, the 6-
phosphopeptide mix solution (No. 1-6) was modified with a 200-fold excess of DMBNHS
reagent and then mixed with an equal amount of each of the underivatized phosphopeptide prior
to injection of the sample for HPLC-MS analysis, following the approach described in Chapter
Seven. The relative abundances of each phosphopeptide in underivatized and derivatized form
are displayed in Figure 6.5, in an order corresponding to the increasing retention times of the
underivatized species. An enhancement in total ionization efficiency (summed from all observed
charge states) was observed from all six phosphopeptides present in the mixture; triplicate
HPLC-MS analyses were found to result in less than 20% variation for each phosphopeptide in
ionization efficiencies. Notably, the extent of the increased ionization efficiency was not the
same for each phosphopeptide. For example, the total ionization efficiency increased 13-fold for
phosphopeptide 1 (VIEDNEpYTAR) upon labeling, whereas less than a 2-fold enhancement was
observed for phosphopeptides 3, 5 and 6. Compared to other phosphopeptides, phosphopeptide 1
exhibited an earlier retention time from a reverse-phase C18 column; evidently, the magnitude of
enhancement in ionization efficiency upon DMBNHS labeling is related to a phosphopeptide’s
hydrophobicity, which will be discussed later in this text. Similar theoretical pl values were
calculared for these six peptides using Compute pl/Mw tool
(http://ca.expasy.org/tools/pi_tool.html), suggesting that acidity/basicity of the peptide doesn’t
play a significant role in affecting peptide ionization efficiencies by DMBNHS labeling.

An important aspect of the derivatization strategy is that the attachment of fixed charge
sulfonium ion(s) to the phosphopeptides allows the peptide charge state distribution to be
increased. This is reflected not only by the observation of increased high charge state peptide ion

abundances, but also by the appearance of higher charge states which are not observed for the
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unmodified phosphopeptides. For phosphopeptides 3, 5 and 6, the observed charge states did not
change from labeling; however, there was a great enhancement in the relative abundances of the
highest charge state present, i.e., triply charged peptide ions. Interestingly for phosphopeptides 1,

2 and 4, triply charged precursor ions were only observed for the labeled forms.
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Figure 6.5 The ionization efficiency and charge state distribution of fixed charge labeled and
unlabeled phosphopeptides following HPLC-MS analysis in triplicates. A superscript “N”
indicates the modification is on N-terminus of the peptide. A superscript “K” indicates the

modification is on lysine residue of the peptide. Error bars are shown as +SD. The sequences of
the phosphopeptides are contained in Table 6.1.

To further examine the effectiveness of the DMBNHS labeling approach to enhance
ionization efficiency and charge state distribution, 44 additional synthetic phosphopeptides were
modified and mixed with equal amounts of underivatized phosphopeptides prior to injection for
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HPLC-MS analysis. To avoid signal suppression among the co-eluted phosphopeptides, the 44
peptides were divided into 10 groups for modification reactions (some peptides were present in
multiple mixtures in order to evaluate inter-sample variances), as described in Chapter Seven.
The relative abundances of all the observed charge states from both unlabeled and labeled
phosphopeptides are plotted in Figure 6.6 and summarized in Table 6.4, in order of increasing
retention times of the unlabeled phosphopeptides from the reverse phase C18 column. These
phosphopeptide sequences were selected as representative of a typical tryptic digest and cover a
range of characteristics in terms of the type and number of phosphorylation sites, peptide mass,
peptide charge states, potential for missed cleavages, etc. Of these phosphopeptides, an average
2.5-fold increase in total ionization efficiency was observed; a 1.8-fold enhancement for singly
modified phosphopeptides (26 of 44), and a 3.5-fold enhancement for doubly modified species

(18 of 44) was observed, suggesting an accumulation effect from multiple fixed charges.
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Figure 6.6 Ionization efficiencies and charge state distributions of 44 phosphopeptides using
fixed charge labeling following HPLC-MS analysis. The identities of the phosphopeptides are
annotated by their numbers. The unlabeled peptide results are shown on the left hand side and
the labeled peptide results are shown on the right hand side, for each peptide.
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Figure 6.6 (cont’d)
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Figure 6.6 (cont’d)
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Table 6.4 Sequences and relative abundances of 44 unlabeled phosphopeptides and their fixed
charge labeled counterparts following HPLC-MS analysis. The phosphopeptides are listed
following the order of the retention times of their unlabeled forms. The ratio is the summed
relative abundance of the labeled phosphopeptide to that of the unlabeled counterpart. A
superscript “N” indicates the modification is on the N-terminus of the peptide. A superscript
“N,K” indicates the modifications are on both the N-terminus and lysine residue of the peptide.
N.D. =not detected.
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Table 6.4 (cont’d)

Intensity

No. Sequence ;

1+ 2+ 3+ 4+ SUM  Ratio
7 ETEEQDpSDSAEQGDPAGEGK 0.00E+00 235E+04 A477E+04 000E+00 7.12E+04
7K 0.00E+00 2.17E+04 1.06E+06 2.21E+05 1.30E+06
8 HGpSFVNKPTR 0.00E+00 370E+04 286E+05 0.00E+00 323E+05
gk 0.00E+00 2.90E+04 1.30E+06 1.21E+05 1.45E+06
9 ASGpSENEGDYNPGR 146E+02 136E+05 202E+04 000E+00 156E+05
oN 0.00E+00 3.65E+05 1.72E+05 0.00E+00 5.37E+05
10 NpYVTPVNR 206E+03 1.88E+05 000E+00 0.00E+00 1.90E+05 _
10N 112E+03 6.47E+05 0.00E+00 0.00E+00 6.48E+05
11 ApSPSLERPEK 253E+02 1.12E+05 1.04E+05 0.00E+00 216E+05
11K 0.00E+00 8.25E+04 2.02E+06 0.00E+00 2.10E+06
12 GpSPTRPNPPVR 346E+02 134E+05 550E+05 0.00E+00 G93E+05
12N 0.00E+00 7.42E+04 8.35E+05 0.00E+00 9.09E+05
13 pSPQRPGWSR 534E+02  257E+05 268E+05 0.00E+00 526E+05
13N 0.00E+00 2.00E+05 1.03E+06 O0.00E+00 1.23E+06
14  AEAPPSSPDVAPAGK 112E404 342E+06 1.58E+05 000E+00 359E+06
14NK 0.00E+00 1.83E+06 9.45E+06 3.19E+05 1.16E+07
15 pSDSELNNEVAARK 0.00E+00  1.04E+05 250E+05 0.00E+00 354E+05
15"VK 0.00E+00 3.84E+04 1.39E+06 0.00E+00 1.43E+06
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Table 6.4 (cont’d)

Intensity

No. Sequence ;

1+ 2+ 3+ 4+ SUM  Ratio
16 ApSDLEDEESAAR 153E+03 323E+05 0.00E+00 0.00E+00 325E405
16" 2.08E+03 9.57E+05 9.86E+04 0.00E+00 1.06E+06
17 PSApSPGDAGEQAIR 200E+03 9.50E+05 944E+04 000E+00 1.05E+06
17N 0.00E+00 6.94E+05 4.53E+05 0.00E+00 1.15E+06
18  pSQGGEEEGPLSDK 464E+02  103E+05 000E+00 0.00E+00 103E+05
18"K 0.00E+00 2.53E+05 2.42E+05 0.00E+00 4.95E+05
19  pSPNNEGDVHFSR 0.00E+00 2.94E+05 7.99E+05 000E+00 109E+06
19N 0.00E+00 1.12E+05 1.07E+06 0.00E+00 1.18E+06
20  SApSSDTSEELNSQDSPPK 427E+02 378E+05 110E+05 0.00E+00 488E+05
20K 0.00E+00 7.33E+04 1.26E+06 2.17E+05 1.55E+06
21 PSNQIPTEVR 286E+04 216E+06 000E+00 000E+00 219E+06
21N 1.30E+04 4.45E+06 1.71E+05 0.00E+00 4.63E+06
22 DVYLpSPR 1.50E+04 225E+05 0.00E+00 0.00E+00 240E+05
2N 2.96E+03 7.14E+05 0.00E+00 0.00E+00 7.17E+05
23  SGSpSQELDVKPpSASPQER 0.00E+00 6.96E+05 178E+06 000E+00 248E+06
23NK 0.00E+00 4.58E+04 2.53E+06 1.13E+05 2.69E+06
24  SGpSpSQELDVKPSASPQER 0.00E+00  7.00E+05 273E+06 000E+00 344E+06
24K 0.00E+00 6.83E+04 3.04E+06 1.06E+05 3.21E+06
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Table 6.4 (cont’d)

Intensity

No. Sequence :

1+ 2+ 3+ 4+ SUM Ratio
25  pSFEEEGEHLGSR 366E+03  1.37E+06 112E406 000E+00 249E+06
25N 9.81E+02 7.10E+05 3.35E+06 0.00E+00 4.06E+06
26  VGEEEHVpPYSFPNK 3226403 145E+06 472E+06 000E+00 G.A7E+06
26NK 0.00E+00 2.44E+05 1.07E+07 5.79E+05 1.15E+07
27  GDEpSLDNLDSPR 110E+04  8.68E+05 000E+00 000E+00 B79EH05
o7N 261E+03 1.72E+06 9.17E+04 0.00E+00 1.81E+06
28  DAHDVSPTSpTDpTEAQLTVER 0.00E+00 6.16E+04 7.34E+05 0.00E+00 7.96E+05
28N 0.00E+00 1.69E+04 7.52E+05 4.36E+04 8.13E+05
29  ALSGRApSPVPAPSSGLHAAVR 0.00E+00 325E+04 200E+06 B14E+05 285E+06
29N 0.00E+00 3.21E+03 6.75E+05 1.60E+06 2.28E+06
30  ApSGVTVNDEVIK 481E+03  7.53E+05 000E+00 0.00E+00 7.58E+05
30K 0.00E+00 1.24E+06 4.29E+05 0.00E+00 1.67E+06
31 PpSPEADAPVLGSPEK 137E+03 591E+05 296E+05 000E+00 B8BE+05
31Nk 0.00E+00 1.18E+05 6.25E+05 4.32E+04 7.86E+05
32  VQIpSPDSGGLPER 2306403 7ASE+05 148E+04 0Q0E+00 7.62E+05
3N 0.00E+00 8.70E+05 2.28E+05 0.00E+00 1.10E+06
33  pYATPQVIQAPGPR 126E+04 325E+06 7.12E405 000E+00 3O7E+06
33N 254E+03 1.38E+06 2.85E+06 0.00E+00 4.23E+06
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Table 6.4 (cont’d)

Intensity

No. Sequence ;

1+ 2+ 3+ 4+ SUM  Ratio
34  DAHDVpSPTSpTDTEAQLTVER 0.00E+00 1.19E+05 822E+05 000E+00 941E+05
3N 0.00E+00 5.88E+04 1.65E+06 1.09E+05 1.82E+06
35  PGWAGMAApPSSGSR 207E+03  237E+05 0.00E+00 000E+00 239E+05
35N 0.00E+00 2.45E+05 8.61E+04 0.00E+00 3.31E+05
36  LGpSVDSFER 1.90E+04 8.99E+05 0.00E+00 0.00E+00 9.18E+05
36" 572E+03 1.46E+06 0.00E+00 0.00E+00 1.47E+06
37  LSVPTpSDEEDEVPAPKPR 0.00E+00  747E+05 6.22E+06 000E+00 G.97E+06
37K 0.00E+00 1.12E+05 8.14E+06 5.34E+05 8.79E+06
38  pSPLQSVVVR 750E+04 139E+06 0.00E+00 0.00E+00 147E+06
38N 1.07E+04 2.36E+06 6.22E+04 0.00E+00 2.43E+06
39  pSGEGEVSGLMR 305E+04 161E+06 0.00E+00 000E+00 164E+06
30N 8.50E+03 1.91E+06 7.52E+04 0.00E+00 1.99E+06
40  pSPGAPGPLTLK 144E+04  103E+06 000E+00 0Q0E+00 104E+06
40K 0.00E+00 1.84E+06 5.09E+05 0.00E+00 2.35E+06
41 NLpSPGAVESDVR 343E+03  6.94E+05 0.00E+00 000E+00 G.97E+05
41N 0.00E+00 1.06E+06 1.02E+05 0.00E+00 1.16E+06
42  NDpSGEENVPLDLTR 432E+03  GA4E+05 0.00E+00 0.00E+00 6A8E+05
42N 0.00E+00 5.30E+05 2.20E+05 0.00E+00 7.50E+05
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Table 6.4 (cont’d)

Intensity
No. Sequence :

1+ 2+ 3+ 4+ SUM Ratio
43 ApSLEDAPVDDLTR 3.27E+04 4.51E+06 0.00E+00 0.00E+00 4.54E+06 138
43N 525E+03 5.47E+06 7.90E+05 0.00E+00 6.27E+06
44 LGHPEALSAGpTGSPQPPSFTYAQQR 0.00E+00 3.09E+04 1.92E+06 2.35E+05 2.19E+06 0.91
44N 0.00E+00 5.27E+03 1.23E+06 7.57E+05 1.99E+06
45 pSLGLDINMDSR 1.82E+03 8.43E+04 0.00E+00 0.00E+00 8.61E+04 0 o7
45" 0.00E+00 2.56E+05 0.00E+00 0.00E+00 2.56E+05
46 ASpSLEDLVLK 8.12E+03 3.07E+05 0.00E+00 0.00E+00 3.15E+05 170
46K 0.00E+00 4.79E+05 5.60E+04 0.00E+00 5.35E+05
47 pSVNEALNHLLTEK 0.00E+00 5.66E+04 8.35E+04 0.00E+00 1.40E+05 100
47k 0.00E+00 1.38E+04 1.27E+05 0.00E+00 1.41E+05
48 SLGVLPFTLNSGpSPEK 1.13E+03 3.15E+05 1.03E+04 0.00E+00 3.26E+05 151
48" 0.00E+00 5.91E+04 4.26E+05 7.99E+03 4.93E+05
49 pSLPVSVPVWGFK 8.10E+02 1.31E+05 O0.00E+00 0.00E+00 1.32E+05 113
49" 0.00E+00 7.24E+04 7.62E+04 0.00E+00 1.49E+05
50 AFLpSPPTLLEGPLR 0.00E+00 4.34E+04 O0.00E+00 O0.00E+00 4.34E+04 176
50" 0.00E+00 3.96E+04 3.67E+04 0.00E+00 7.63E+04
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Further analysis of the data in Table 6.4 revealed an increased charge state distribution for
all labeled phosphopeptides. It was determined that higher charge states appeared in 25 of 44
labeled phosphopeptides. For example, only singly and doubly charged species of
phosphopeptide 40 (pSPGAPGPLTLK) were observed before derivatization (Figure 6.7 A). In
contrast, the doubly modified phosphopeptide 40 resulted in a significant triply charged species
and a 1.8-fold increase in the relative abundance of the doubly charged ion (Figure 6.7 B).
Similarly, the appearance of the quadruply charged state and an enhancement in ionization
efficiency of the triply charged ion was observed for labeled phosphopeptide 26
(VGEEEHVpYSFPNK) (Figure 6.7 D) compared to the unlabeled species (Figure 6.7 C).
Although for a small number of the labeled phosphopeptides the appearance of higher charge
states or increases in summed ionization efficiencies were not observed compared to the
unlabeled species, enhanced relative abundances of the highest observable charge states were
still achieved, as shown in Figure 6.8. In order to evaluate the charge state distributions before
and after modification, the percentage of each charge state was calculated and averaged for
labeled and unlabeled phosphopeptide species; the data listed in Table 6.5 indicate a dramatic
shift towards higher charge states after labeling. Similar calculations were carried out separately
for singly and doubly modified phosphopeptides (Table 6.6 and 6.7), and the results indicated
that a double-modification was more effective than a single-modification to improve charge state

distribution, which is consistent with the results described above regarding ionization efficiency.
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Figure 6.7 ESI-MS spectra of (A) native and (B) doubly modified phosphopeptide
pSPGAPGPLTLK (No. 40), and (C) native and (D) doubly modified phosphopeptide
VGEEEHVpYSFPNK (No. 26). A superscript “D” indicates the fixed charge modification. A
superscript “N,K” indicates the modifications are on N-terminus and lysine residue of the peptide.
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Figure 6.8 ESI-MS spectra of (A) native and (B) singly modified phosphopeptide
pYATPQVIQAPGPR (No. 33), and (C) native and (D) singly modified phosphopeptide
LGHPEALSAGpTGSPQPPSFTYAQQR (No. 44). A superscript “D” indicates the fixed charge
modification. A superscript “N” indicates the modification is on N-terminus of the peptide.
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Table 6.5 Average % charge state distribution from native and labeled phosphopeptides.

Average %

44 Phosphopeptides

1+ 2+ 3+ 4+
Unlabeled 0.73+1.28* 67.84+36.56 30.53 +35.74 0.89+4.57
Labeled 0.06+0.13 44.60+39.82 51.08+36.95 4.03+12.18
Ratio (Labeled/Unlabeled) 0.082 0.66 1.67 4.51

* + Errors are expressed as standard deviations.

Table 6.6 Average % charge state distribution from native and labeled phosphopeptides
containing one modifiable site.

Phosphopeptides Average %

containing 1 modifiable

site (26) 1+ 2+ 3+ 4+
Unlabeled 0.98+1.54* 73.31+37.03 24.20+34.99 1.51+5.91
Labeled 0.10+0.16 59.45+39.18 35.85+34.82 4.78+ 15.64
Ratio (Labeled/Unlabeled) 0.10 0.81 1.48 3.16

* + Errors are expressed as standard deviations.

Table 6.7 Average % charge state distribution from native and labeled phosphopeptides
containing two modifiable sites.

Phosphopeptides Average %

containing 2 modifiable

sites (18) 1+ 2+ 3+ 4+
Unlabeled 0.37 £ 0.65* 59.95+35.38 39.68 +35.79 0.00+0.00
Labeled 0.00 +£0.00 23.16 £ 30.47 73.08 £28.34 2.99 +4.39
Ratio (Labeled/Unlabeled) 0.00 0.39 1.84

* + Errors are expressed as standard deviations.
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It was noted that during HPLC-MS analysis, the DMBNHS labeled phosphopeptides (41 of
44) generally had longer retention times than their unlabeled counterparts, suggesting an
increased hydrophobicity resulting from fixed charge labeling. This is probably due to the
elongated carbon chain attached on the initial primary amine group since amine groups also carry
a ‘fixed charge’ (i.e., a protonated ammonium group) under acidic mobile phase conditions. It
was also observed that earlier-eluting phosphopeptides demonstrated a greater enhancement in
ionization efficiency compared to later-eluting ones. For example, for phosphopeptides 7
(ETEEQDpSDSAEQGDPAGEGK) and 50 (AFLpSPPTLLEGPLR), which are the first and last
eluted from the reverse phase C18 column among the 44 peptides examined here, the doubly
modified peptide 7 experienced an 18.3-fold increase in total ionization efficiency; however,
there was only a 1.76-fold increase for the singly modified peptide 50. An attempt to investigate
the relationship between the potential for enhanced ionization efficiency by fixed charge
DMBNHS labeling and peptide retention time is shown in Figure 6.9. In Figure 6.9, the y-axis
shows the ratio of the summed relative abundances of the labeled and unlabeled phosphopeptides,
while the x-axis is the retention time of the native phosphopeptides eluting from the reverse
phase C18 column. A clear trend was observed in that the less-retained phosphopeptides tended
to demonstrate greater improvements in ionization efficiency following fixed charge labeling.
This enhancement of ionization trends downward with retention time until a minimum is reached
at a roughly 2-fold increase. Typically, there is a linear relationship between peptide retention
time in RP-HPLC and its hydrophobicity index [396]; hence, it may be concluded that the more
hydrophilic phosphopeptides tend to be more effective for improved ionization efficiency by

fixed charge DMBNHS labeling.
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Figure 6.9 Plot of the ratio of total ion yields for DMBNHS labeled and unlabeled
phosphopeptides versus the retention time of unlabeled phosphopeptides eluted from reverse

phase C18 column. The trend line is simulated by Boltzmann fit, R” = 0.80642.

Thus, the contribution of DMBNHS derivatization to improved peptide ionization
efficiency and charge state distribution is not due to the presence of the positively charged
sulfonium ion, but also from the presence of the hydrophobic propyl chain within the tag
attached to the modified amino group [397, 398]. In addition, due to their typical longer retention

times, the labeled phosphopeptides are present in soluents containing a higher fraction of organic
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solvent compared to their unlabeled forms, which also facilitates improved ESI efficiencies [399-

401].

6.6 Fixed Charge Derivatization for Enhanced Collision Induced Dissociation (CID)

and Electron Transfer Dissociation (ETD) Characterization of Phosphopeptide Ions

6.6.1 CID-MS/MS and -MS” Analysis of DMBNHS Labeled Phosphopeptides

Peptides were mass analyzed as they eluted from the column and entered the mass
spectrometer. Following each MS scan, the three most abundant peptide ions were automatically
subjected to CID-MS/MS, then the m/z of the selected precursor ions were added to a dynamic
exclusion list. Then, in a data-dependent constant neutral loss scan (DDCNL) operation mode, if
a defined neutral loss(es) corresponding to dimethylsulfide groups (see Table 7.2 in

Experimental Chapter) were detected, the most abundant neutral loss product ion was
automatically isolated and subjected to CID-MS’.

CID-MS/MS and -MS’ spectra of the singly DMBNHS modified phosphopeptide 44
(LGHPEALSAGpTGSPQPPSFTYAQQR) are shown in Figure 6.10A and B. The exclusive
neutral loss of dimethylsulfide (S(CHj3),) was observed by dissociation of the triply charged
[44N+2H]3+ (where the superscript “N” indicates modification on the peptide N-terminus)
precursor ion (Figure 6.10A). The susceptibility of modified species to undergo cleavage

resulting in the specific neutral loss of S(CH3), was found to significantly surpass any competing

196



loss of H3POy, a finding consistent with previous studies which conclude that fragmentation of

sulfonium ion derivatives is an energetically favorable process [170, 237, 239, 392].
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Figure 6.10 Multistage tandem mass spectra of triply charged phosphopeptide
LGHPEALSAGpTGSPQPPSFTYAQQR (No. 44) species. (A) CID-MS/MS of singly modified

phosphopeptide 44, (B) CID-MS® of neutral loss product ion resulted from (A), and (C) CID-
MS/MS of native phosphopeptide 44. A superscript “N” indicates the modification is on N-
terminus of the peptide. A superscript “#” indicates the iminohydrofuran (IHF) modification

formed via the loss of dimethylsulfide during CID-MS/MS. A = -98 Da (-H3PO4 or - (HPO3 +
H,0)); o = -18 Da (H,0).
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CID-MS’ dissociation of the neutral loss product ion from Figure 6.10A gave rise to the

spectrum shown in Figure 6.10B. A range of sequence product ions resulting from cleavage
along the peptide backbone, together with nonsequence ions corresponding to loss of the
phosphate group, were observed; the pattern was found to be very similar to that obtained by
CID-MS/MS of the unmodified [44+3H]3+ ion (Figure 6.10C). These results suggest that the
five-membered cyclic iminohydrofuran (IHF) product formed via the loss of dimethylsulfide

during CID-MS/MS is stable to dissociation during subsequent CID-MS”. Furthermore, it is also

evident that the IHF functionality has a limited influence on the formation of CID-MS’ product
ions.
Previous work in the Reid group using multistage MS/MS (i.e., MS3) reactions of fixed

charge sulfonium ion derivatization of peptide-specific functional groups (e.g., the side chains of
methionine or cysteine residues) has demonstrated that selective side-chain fragmentation
adjacent to the site of the fixed charge results in the formation of stable protonated cyclic five- or
six-membered ring product ions [19, 236-239]. The Reilly group has also demonstrated that a
“mobile” proton is generated with the loss of trimethylamine from fixed charge TMAB (4-
trimethylammoniumbutyryl) derivatized peptides [402].

It is expected that as the proton affinity of the IHF-containing functional group is higher
than that of an amino group [170], a potentially decreased “proton mobility” may result within
the IHF-modified phosphopeptide product ion compared to the unmodified peptide of the same
charge state. A decreased proton mobility within IHF-modified phosphopeptides may lead to a

more favorable loss of the phosphate group under CID-MS’ conditions [17], which therefore

could limit the extent of sequence information obtained for phosphopeptide identification and
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characterization. Consistent with this proposal, a higher magnitude of H3PO,4 neutral loss was

observed from CID-MS’ spectrum of the labeled phosphothreonine-containing peptide 44

(Figure 6.10B) compared to that from CID-MS/MS spectrum of the unmodified peptide (Figure
6.10C), albeit a similar product ion pattern was observed.

Figure 6.11A shows the CID-MS/MS product ion spectrum obtained from the doubly
modified phosphoserine-containing peptide ASpSLEDLVLK (No. 46). Two characteristic

neutral loss product ions were observed, corresponding to sequential neutral losses of one and

two S(CHj), molecules, indicating the presence of a lysine residue within the peptide. The most
abundant neutral loss product ion from Figure 6.11A, i.e., loss of two S(CHj3), groups, was
selected for further fragmentation by CID-MS’. As shown in F igure 6.11B, the appearance of

the product ions following CID-MS”® of doubly IHF-tagged peptide ions from Figure 6.11A

indicated a dominant neutral loss of 98 Da; notably, this loss was minimal in the CID-MS/MS
spectrum of the unmodified peptide 46 (Figure 6.11C), consistent with the observation described

above.
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Figure 6.11 Multistage tandem mass spectra of doubly charged phosphopeptide
ASpSLEDLVLK (No. 46) species. (A) CID-MS/MS of doubly modified phosphopeptide 46, (B)
CID-MS® of neutral loss product ion resulted from (A), and (C) CID-MS/MS of native
phosphopeptide 46. A superscript “N,K” indicates the modifications are on N-terminus and
lysine residue of the peptide. A superscript “#” indicates the iminohydrofuran (IHF) modification
formed via the loss of dimethylsulfide during CID-MS/MS. A = -98 Da (-H3POy4 or - (HPO3 +

H;0)); o =-18 Da (H;0).
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The results presented here illustrate that CID-MS/MS of DMBNHS modified

phosphopeptides give rise to exclusive neutral loss of dimethylsulfide groups; the propensity for

preferential loss of S(CHj3), is not significantly affected by the competing facile neutral loss of

H3POy4. Such characteristic neutral losses of S(CH3), are useful in determining the presence and

number of modifiable amino groups within phosphopeptides. Furthermore, the incorporation of
differential isotope labels into the reagent may allow the approach to be extended to quantitative
phosphoproteomics applications by permitting comparisons of the relative abundances of neutral

loss products from CID-MS/MS of differentially-labeled phosphopeptides. However, compared
to unmodified phosphopeptides, a decreased proton mobility may be exhibited by the S(CHj),
neutral loss product, limiting the extent of sequence and phosphorylation site information which

can be obtained by using CID-MS? of neutral loss product ions [170, 344].

6.6.2 ETD-MS/MS Analysis of DMBNHS Labeled Phosphopeptides

In a data-dependent operation mode, CID-MS/MS and ETD-MS/MS spectra were
alternatively acquired for the five most abundant precursor ions following each MS scan as
peptides eluted from column. ETD has been demonstrated to be a powerful dissociation
technique for the identification of protein PTMs due to the retention of labile modifications
during the fragmentation process. As described above, attaching a ‘fixed charge’ sulfonium ion
derivative to the phosphopeptide leads to a significantly different fragmentation pattern from its
native form when subjected to CID-MS/MS. However, at present, little is known about the ETD

fragmentation behavior of fixed charge sulfonium ion modified peptide species. ETD
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fragmentation efficiency is highly dependent on the charge density of precursor ions, and
typically a charge state of 3+ of precursor ions is required to obtain ETD-MS/MS spectra with
good quality. Thus, triply charged phosphopeptide ions are of most interest to investigate their
ETD fragmentation behavior in this study. Fortunately, the addition of ‘fixed charge’ sulfonium
ion(s) to a phosphopeptide can substantially increase the peptide charge state distribution,
allowing the observation of triply charged peptide ions in high abundance.

Representative examples of the ETD-MS/MS product ion spectra for the unlabeled and
singly labeled phosphoserine containing peptide LGHPEALSAGpTGSPQPPSFTYAQQR (No.
44) are shown in Figure 6.12A and B. ETD of the triply charged unlabeled phosphopeptide 44
(Figure 6.12A) gave rise to a series of singly charged z- and c-type product ions, and a doubly

charged 2232+ ion, suggesting charge locations are most probably at the basic Arg and His

residues in addition to the N-terminus. Some y-ions are also present. The formation of y-type
product ions by ETD hasve been previously reported due to peptide backbone dissociation
induced by the addition of H to an amide nitrogen instead of the carbonyl group within the
peptide [59, 60]. The observation of y-ions provides additional sequence information for peptide
identification upon ETD; this is especially useful when c- or z-type ions are not formed from
cleavages on the N-terminal side to proline residues, such as the y;o ion shown in Figure 6.12A.
No phosphate loss was observed; however the presence of abundant hydroxyl groups within
peptide 44 led to water loss product ions.

The ETD-MS/MS spectrum of singly modified phosphopeptide 44 (Figure 6.12B) displays
some difference from that of its unlabeled counterpart; however, the differences were not as

great as those observed resulting from CID-MS/MS experiments (i.e., no abundant phosphate
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group neutral losses). The mass shift of 130 Da observed on all ¢ product ions confirmed that the
modification was located at the amino group of the N-terminus, and importantly, the sulfonium
ion containing label was stable during the ETD process, which is distinctly different
fragmentation behavior compared to that by CID. As a non-ergodic fragmentation technique,
ETD allows the labile sulfonium moiety to be retained. It should be noted that the charge carrier
for these c-ions are a fixed charge sulfonium ion instead of a proton. Thus, the disappearance of
the doubly charged 2232+ ion is probably due to the reduced number of ionizing protons present
within the labeled peptide 44.

The addition of a fixed charge sulfonium ion modification to the peptides appeared to
slightly reduce the abundance of the backbone fragment ions. For example, the cs5 ion underwent
a decrease from 1.36 % to 0.83 % relative abundance, representing the biggest change among all
sequence product ions. However, the numbers of observed c- and z-type ions were not
compromised due to the labeling. In contrast, the appearance of low mass c-ions (e.g., ¢p), which
were not present in the ETD spectrum of unlabeled peptide 44, provided the potential to improve
sequence coverage for phosphopeptide identification. Li et al. have reported that a greatly
reduced abundance of backbone fragments was obtained from ECD of peptides labeled with
2,4,6-trimethylpyridine (TMP); and the authors reasoned that the pyridinium ion can form a
stable radical upon capture of the electron such that further N-Ca dissociations are not likely to
take place [76]. However, enhanced sequence coverage was observed from ECD of
phosphonium labeled glycopeptides and phosphopeptides [73] as well as for the case of ETD
from trimethylammonium group labeled cysteine containing peptides [70]. This might be

attributable to the different recombination energies (i.e., energy released upon electron
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attachment) of the introduced fixed charge containing functional groups compared to that of
protonated basic groups within the peptides [73, 76].

Compared to the unlabeled phosphopeptide 44 (Figure 6.12A), the most significant
difference observed in the ETD-MS/MS spectrum of the DMBNHS labeled counterpart is the
presence of abundant methyl group and dimethylsulfide group losses from the charge reduced
precursor ions (Figure 6.12B). Side chain or entire losses of the tag has been a common
observation from previous reports regarding dissociation of fixed charge derivatized peptides by
electron driven techniques [70, 73, 76]. These fragmentations likely result from initial capture of
the electron by the fixed charge functional group residing at either aromatic rings or aliphatic
chains. Similarly, the transfer of an electron from the anionic reagent to the fixed charge
sulfonium ion may generate a hypervalent sulfur radical (Scheme 6.2), which triggers homolytic
cleavage of the adjacent C-S bonds and gives rise to either a methyl radical loss or

dimethylsulfide group loss. The presence of both sequence ions resulting from peptide backbone
N-C, cleavage and side-chain losses from cleavage on the sulfonium ion moiety suggest

competition for the electron between the protonated peptide and the fixed charge tag.
Interestingly, a low abundance dimethylsulfide neutral loss (3.2 % relative base peak abundance)
was also found from intact precursor ions, similar to that observed from CID-MS/MS of
DMBNHS labeled phosphopeptide, which was most likely generated by collisional activation
during precursor ion isolation, or by the supplemental collisional activation applied in the ETD

experiments.
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Figure 6.12 ETD-MS/MS spectra of triply charged phosphopeptide
LGHPEALSAGpTGSPQPPSFTYAQQR (No. 44) from (A) unmodified, and (B) singly
DMBNHS modified form.
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Figure 6.12 (cont’d)
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Scheme 6.2 Proposed mechanism for ETD fragmentation of the fixed charge sulfonium group.

Similar results were obtained when comparing the ETD-MS/MS of the unlabeled and

doubly labeled phosphotyrosine containing peptide VGEEEHVpYSFPNK (No. 26), as shown in

Figure 6.13 A and B. The addition of a second sulfonium ion containing tag did not cause a

significant difference in peptide backbone cleavage, and the product ion pattern is similar to that

of the singly modified phosphopeptides. A slight decrease in the relative abundance of some of

the c- and z-type ions was observed, as well as the disappearance of doubly charged sequence

2+ 2+ .
product ions (e.g., 211 , y11 , C12~ , and z1»” ). However, increased sequence coverage was

achieved due to the appearance of low mass ci, ¢, and z; ions.
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Although the number of fixed charge labels had minimal influence on the peptide backbone
cleavages using ETD, the side-chain losses became more complex due to the presence of the
second sulfonium ion containing tag. Analysis of the ETD-MS/MS spectrum in Figure 6.13B
suggests significant secondary tag losses (37.2 % summed relative base peak abundance) from
charge-reduced species, albeit to an extent which is much weaker than the first methyl or
dimethylsulfide loss (141.0 % summed relative base peak abundance). For doubly charged side-
chain loss product ions, the loss of a second tag from the initial CH3« or (CH3),S loss product
was probably a result of the applied supplemental collisional activation during ETD experiments
since only one electron was transferred to the peptide precursor ion. However, for the singly
charged side-chain loss product ions, attachment of a second electron likely induces cleavage on
the second sulfonium ion tag. This was consistent with the fact that double CHj3e losses were
mainly found in singly charged product ions.

Similar results were observed from ETD of the doubly modified phosphoserine containing
peptide pSPGAPGPLTLK (No. 40) displayed in Figure 6.14A. For comparison, the ETD-
MS/MS spectrum of the doubly charged unmodified peptide is shown in Figure 6.14B, since a
3+ precursor ion charge state was not observed. Limited sequence ions were observed, providing
incomplete sequence coverage. In addition, these sequence ions were present at very low
abundance. The attachment of two positively charged sulfonium ions into phosphopeptide 40
therefore allows increased sequence coverage by providing enhanced dissociation efficiencies at

higher charge state.
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Figure 6.13 ETD-MS/MS spectra of triply charged phosphopeptide VGEEEHVpY SFPNK (No.
26) from (A) unmodified, and (B) doubly DMBNHS modified form.
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Figure 6.13 (cont’d)

100—-}& IMH3H]
[M+3H]* [M+3H] ™
71" [M-NH;+3H] ™™
507 A . IM-NH3+3H]*™
< c +1 zg F10 7+
< 3 44 ) Cg 8 9 C11 C12 1
O Zy Y3y Zg A i L z5+1
S VAN ) 2N G NN N
< : —1 L L L N | 11N |'" Y 1 I . I|.. 1 k. l.s.-.;_||
E% 200 400 600 800 1000 1200 1400 1600
‘2 100— [M+H-ZS(CH3)2] 2 [M+H]
L B [M+H]>*  [M+H-S(CHy)y- CH3*" [M+H-CH5]*" %
R~ o M+H-2CH,]" &%
= [M+H- S(CH3)2]3+ [M+H S(CH3),]*" [ 3]+
e [M+H-S(CH;z),]
50— MHH-2S(CH 1 [M+H-CH3]*" [M+H-2S(CHj),] ™"
“8 Z1 \
Zl._ S N
: ?é 7 ng‘1 yg ? Y9 qu 11y f 1§1;
..i:.’;: |. . II I |. : II . I III . ll Il

200 400 600 800 1900 1200 1400 1600 1800
m/z

211



Figure 6.14 ETD-MS/MS spectra of (A) triply charged phosphopeptide pSPGAPGPLTLK (No.
40) from doubly DMBNHS modified form, and (B) doubly charged phosphopeptide 40 from
unmodified form.
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Figure 6.14 (cont’d)
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6.7 Fixed Charge Differential Isotope Labeling for Enhanced Collision Induced
Dissociation (CID) and Electron Transfer Dissociation (ETD) Quantitative Analysis

of Phosphopeptide

6.7.1 DMBNHS Differential Isotope Labeling Combined with CID-MS/MS for Relative

Quantification of Phosphopeptides

As seen above, DMBNHS labeled phosphopeptides give rise to dominant or even exclusive
S(CH3), neutral loss product ions upon CID-MS/MS. The structure of the DMBNHS reagent
allows the introduction of six deuteriums into the dimethylsulfide neutral loss moiety or six
deuteriums into the alkyl chain to provide two isobaric labeling reagents, i.e., Dg-heavy

DMBNHS and Dg-light DMBNHS, respectively (Scheme 6.3). Thus, two neutral-loss product

ions, corresponding to the loss of S(CD3), and S(CHj3),, will be generated from dissociation of

isobarically DMBNHS labeled peptide ions during CID-MS/MS, which can be used for the

relative quantification of phosphopeptides.
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Scheme 6.3 Structure of stable isotope labeled DMBNHS reagents S§,S'-dimethylthio-dg-
butanoylhydroxysuccinimide ester iodide (Dg-light DMBNHS; light neutral loss) and S,$"-dg-
dimethylthiobutanoylhydroxysuccinimide ester iodide (Dg-heavy DMBNHS; heavy neutral loss).

Proof of principle studies were carried out using a 6-synthetic phosphopeptide mixture
(No.1-6) as described in the Chapter Seven. A range of phosphopeptide ratios from 1:5 to 5:1
were evaluated. Figure 6.15 shows a representative chromatogram of the 6-phosphopeptide

mixture differentially labeled with Dg-light DMBNHS and Dg-heavy DMBNHS and mixed at a

1:1 ratio. It is known that using deuterated isotope labels canl cause some chromatographic
separation of “light” and “heavy” labeled peptides [133, 138, 139]. The use of isobaric
deuterated reagents may diminish or eliminate any shift in retention time of labeled peptides

during LC separation. As shown in Figure 6.15, Dg-light and Dg-heavy DMBNHS labeled

phosphopeptides co-eluted from the reverse phase C18 column and appeared as a single
chromatographic peak for each peptide. Due to the isobaric feature, the differentially labeled
peptides also appeared as single peaks in the MS scans (same m/z; data not shown), providing an

enhanced peak capacity for detection.
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Figure 6.15 Base peak chromatogram of 6-phosphopeptide mixture (No.1-6) differentially

labeled with Dg-light DMBNHS and Dg-heavy DMBNHS at a ratio of 1:1. A superscript “N”
indicates the modification is on N-terminus of the peptide. A superscript “N,K” indicates the
modifications are on N-terminus and lysine residue of the peptide.

Following acquisition of each MS scan, precursor ions were then analyzed by CID-MS/MS.

The representative spectra shown in Figure 6.16 were obtained from dissociation of the triply

charged phosphoserine containing peptide LFTGHPEpSLER (No. 5), labeled by Dg-light and
Dg-heavy DMBNHS respectively, and mixed at varying ratios. As expected, two neutral loss

product ions were observed, corresponding to the loss of S(CHj3), and S(CD3), respectively. The

quantification values extracted from the relative abundances of the two neutral loss product ions
are consistent with the theoretical ratios. Similar results were also observed from CID-MS/MS of

the doubly charged precursor ions (data not shown). It was found that the relative abundances of
S(CH3); loss product ions resulting from dissociation of the Dg-light labeled phosphopeptide 5
were lower than the expected values; this was due to the presence of 12 % Ds-light DMBNHS
impurities resulting from the incomplete deuterated starting material for synthesis. Thus, the

relative abundances of S(CH3), loss product ions were corrected after taking into account the Ds-
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light DMBNHS impurities (i.e., divided by 88 %). In addition, kinetic isotope effects on

fragment ion yields corresponding to “light” and “heavy” dimethylsulfide loss might also

contribute to this discrepancy. Thus, information about fragmentation efficiencies of Dg-light

and Dg-heavy DMBNHS and their differentially labeled peptides need to be obtained to make

corrections for this kinetic isotop effects, which is one of the aims in the future work. By

examining each CID-MS/MS spectrum at different time points of the chromatographic peak, it
was found the Dg-light labeled species eluted slightly earlier than the Dg-heavy labeled

counterparts. The minor difference in retention time of differentially labeled phosphopeptides
may bring some deviation to quantitative analysis; however, this feature was compensated by
averaging all the MS/MS scans acquired across each chromatographic peak. Figure 6.17 shows
the measured ratios obtained from phosphopeptide 5 (averaged over the 3+ and 2+ charge states)
after correcting for each set of differentially labeled phosphopeptides. A linear relationship
between measured ratio and experimental ratio of differentially labeled peptides was observed
with R = 0.99962, indicating the reliability of the approach for quantitative phosphoproteome

analysis.
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Figure 6.16 CID-MS/MS of triply charged phosphoserine containing peptide LFTGHPEpSLER
(No. 5) labeled by Dg-light and Dg-heavy DMBNHS and mixed at a ratio of (A) Dg-light
DMBNHS:Dg-heavy DMBNHS = 1:5, (B) Dg-light DMBNHS:Dg-heavy DMBNHS = 1:2, (C)
Dg-light DMBNHS:Dg-heavy DMBNHS = 1:1, (D) Dg-light DMBNHS:Dg-heavy DMBNHS =
2:1, and (E) D¢-light DMBNHS:Dg-heavy DMBNHS = 5:1
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Figure 6.17 Measured ratios of Dg-light to Dg-heavy DMBNHS labeled phosphopeptide
LFTGHPEpSLER (No. 5) using CID-MS/MS. Data shown are averaged over both 3+ and 2+
charge states and corrected for 12% Ds-light DMBNHS impurities. Error bars are expressed as
standard deviations between two charge states.

6.7.2 Relative Quantification of Phosphopeptides Using Fixed Charge Differential

Labeling and ETD-MS/MS

Based on the results obtained from ETD experiments with the natural abundance

DMBNHS labeled phosphopeptides, an abundant S(CHj3), loss was observed from charge
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reduced precursor ions. Thus, an MS/MS based quantification strategy may also be applied with
ETD using fragments arising from this loss. ETD-MS/MS spectra of the triply and doubly
charged phosphopeptide LFTGHPEpSLER (No. 5) labeled by Dg-light and Dg-heavy DMBNHS
at a ratio of 1:1 are displayed in Figure 6.18A and B. Together with a complementary series of c-
and z-ions, abundant doubly charged product ions resulting from S(CHj3), and S(CDj3), losses
were generated by ETD from the triply charged precursor ions (Figure 6.18A). Relative
abundances calculated for the two tag losses was 0.84:1 after correction for Ds-light DMBNHS,
which is comparable with the theoretical ratio of 1:1, suggesting that ETD-generated tag loss
product ions may be quantitative. ETD-MS/MS of the doubly charged peptide ions (Figure
6.18B) provided less sequence information in comparison to that of triply charged species
(Figure 6.18A); however, quantitative information was obtained by measuring the relative
abundances of tag loss product ions to give a ratio of 1.04:1, further suggesting the ETD
technique may be applied for quantitative analysis when combined with isotope labeled

DMBNHS reagents.
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Figure 6.18 ETD-MS/MS of phosphoserine containing peptide LFTGHPEpSLER (No. 5)
labeled by Dg-light and Dg-heavy DMBNHS and mixed at a ratio of Dg-light DMBNHS:Dg-
heavy DMBNHS = 1:1 in (A) +3, and (B) +2 charge states. The superscript “N” indicates the
modification is on N-terminus of the peptide.

To evaluate the quantitative capability of the sulfonium ion tag specific neutral loss product
ions using ETD, the measured ratios of differentially labeled phosphopeptide 5 (averaged over
the +3 and +2 charge states) versus the expected ratios are plotted and displayed in Figure 6.19.
A linear relationship with an R = 0.99931 was obtained, comparable to the CID-MS/MS
experiments (Figure 6.17). This although a less sensitive approach when compared to CID, the

ETD fragmentation technique holds promise for simultaneous identification and relative
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quantification of phosphopeptides with the combination of differential isotope labeled DMBNHS

reagents.
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Figure 6.19 The measured ratios of Dg-light to Dg-heavy DMBNHS labeled phosphopeptide
LFTGHPEpPSLER (No. 5) using ETD-MS/MS. Data shown are averaged over 3+ and 2+ charge

states and corrected for Ds-light DMBNHS impurities. Error bars are expressed as standard
deviations between two charge states.

6.8  Summary and Future Aspects
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The results described here have demonstrated that the fixed charge sulfonium ion
containing labeling reagent DMBNHS reacts efficiently with peptide primary amine groups (N-
termini and lysine side chains). The introduction of this fixed charge to phosphopeptides leads to
improved ionization efficiencies (an average of 2.5 fold summed ionization efficiencies were
observed from the analysis of 44 synthetic phosphopeptide products) and increases the
abundance of high charge state precursor ions, or creates precursor ions of higher charge states
than which are available from their unmodified counterparts. Upon CID-MS/MS, the exclusive
neutral loss(es) of dimethylsulfide are observed, independently of the proton mobility of the
phosphopeptide, while keeping the phosphate group(s) intact. The relative abundances of “light”

versus “heavy” neutral loss product ions generated from CID-MS/MS of Dg-light and Dg-heavy

DMBNHS labeled phosphopeptides enables differential quantitative analysis, whereas
subsequent ETD-MS/MS of the intact precursor ion(s) allows phosphopeptide sequence
identification and phosphorylation site characterization. Furthermore, characteristic losses
observed from charge reduced precursor ions during ETD can be used for quantitative analysis,
allowing the identification, characterization and quantification of phosphopeptides in one
experiment.

In comparison to other derivatization methods, the DMBNHS labeling approach has the
advantage of neutral loss specificity during collision induced gas-phase fragmentation along with
an enhanced quantitation capability using both CID-MS/MS and ETD-MS/MS techniques. The

reagent holds great promise for further studies of protein post-translational modifications.
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CHAPTER SEVEN

EXPERIMENTAL METHODS FOR CHAPTER SIX

7.1 Materials

All chemicals were analytical reagent (AR) grade, or of a comparable or higher grade and
used without further purification. N-hydroxysuccinimide (NHS), N,N’-dicyclohexylcarbodimide
(DCC) and anhydrous dimethyl sulfoxide (DMSO) (stored over 3-A molecular sieves) were

purchased from Fluka (Buchs, Switzerland). Sodium methanethiolate, y-butyrolactone, y-
butyrolactone-dg, 4-bromobutyric acid, thiourea, 1odomethane-d; and

tris(hydroxymethyl)aminomethane (Tris) were from Sigma-Aldrich (St. Louis, MO, USA).
Sodium hydroxide, sodium phosphate dibasic (crystal), potassium phosphate monobasic (crystal),
magnesium sulfate (anhydrous) and formic acid (FA) were purchased from Spectrum Chemicals
(Gardena, CA, USA). Sodium chloride, hydrochloric acid and potassium hydroxide were
purchased from Columbus Chemical Industries (Columbus, WI, USA). Potassium chloride,
sulfuric acid, N,N'-dimethyl formamide (DMF) and ethyl ether were purchased from Jade
Scientific (Canton, MI, USA). Glacial acetic acid, dichloromethane, chloroform, methanol
(anhydrous), ethanol, isopropyl alcohol and ethyl acetate were purchased from Mallinckrodt
Chemicals (Phillipsburg, NJ, USA). lodomethane and acetonitrile were purchased from EMD
Chemicals (San Diego, CA, USA). Trifluoroacetic acid (TFA) was purchased from Pierce
(Rockford, IL, USA). Recrystallized 2,5-dihydroxybenzoic acid (2,5-DHB) was purchased from

Laser BioLabs (Sophia-Antipolis Cedex, France). All aqueous solutions were prepared by using
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deionized water purified by a Barnstead nanopure diamond purification system (Dubuque, IA,
USA).

The phosphoserine-containing peptide LFTGHPEpSLER (No. 5 in Table 6.1) was prepared
‘in house’ by manual stepwise Fmoc-based solid-phase peptide synthesis. All other
phosphopeptides discussed in Chapter Six were synthesized either by Sigma-Genosys (The
Woodlands, TX, USA) or by JPT Peptide Technologies GmbH (Berlin, Germany) and were used

without further purification.

7.2 Synthesis of S,S’-Dimethylthiobutanoylhydroxysuccinimide Ester lodide (DMBNHS)

and S,S’-d3-Dimethylthiobutanoylhydroxysuccinimide Ester lodide (D3-DMBNHS)

A sulfonium ion containing modification reagent, S,S8'-
dimethylthiobutanoylhydroxysuccinimide ester iodide (DMBNHS; 7), with a three carbon alkyl
chain was synthesized by Zhou et al. using the three-step process as shown in Scheme 7.1 below

[170]. Based on the method of Musker et al. [403], 71.3 mmol sodium methanethiolate and 53.5

mmol of y-butyrolactone were dissolved in 50 mL of dry DMSO. Then, the solution was stirred
under an N; atmosphere at room temperature for 5 days. 125 mL of 1M HCI was added to the

resulting slurry and the aqueous solution was extracted with 6 x 80 mL of diethyl ether. The
solvent was evaporated under reduced pressure. The resulting viscous liquid was purified by
silica gel column chromatography (100% ethyl acetate). The eluent containing the product was

collected and concentrated under reduced pressure giving 6.6 g (92%) methylthiobutyric acid (5)

225



as a colorless oil. 'H NMR (500 MHz, CDCl3): 6 1.93 (qui, 2H, J= 7.0 Hz), 2.08 (s, 3H), 2.48 (t,
2H,J=17.0 Hz), 2.54 (t, 2H, J= 7.0 Hz), 11.15 (s, br, 1H).
'H-NMR spectra were obtained on Varian Inova 300 MHz or 500 MHz instruments and

are reported in parts per million (ppm) relative to the solvents resonances (6), with coupling
constants (J) in Hertz (Hz).

5 was then esterified by reaction with N-hydroxysuccinimide (NHS) to yield

methylthiobutyric hydroxysuccinimide ester (6). Under a N, atmosphere, 33 mmol of NHS and

30 mmol of 5 were dissolved in a mixture of 60 mL of CHCIl;y and 30 mL of CH,Cl,. The

mixture was stirred for 5 minutes at room temperature. Then 33 mmol of N,N’-
dicyclohexylcarbodiimide (DCC) was added and a precipitate formed immediately. The resulting
slurry was stirred in a N, atmosphere. After 24 hrs, the mixture was filtered and the solution was
collected and concentrated under reduced pressure. Then 5 mL of acetonitrile was added to the
liquid and the precipitate was filtered out. The resultant solution was dried under vacuum, after
which 6.08g (88%) product 6 was obtained as a white solid. 'H NMR (500 MHz, CDCl5): 0 2.02
(qui, 2H, J=17.5 Hz), 2.09 (s, 3H), 2.59 (t, 2H, J= 7.0 Hz), 2.75 (t, 2H, J = 7.0 Hz), 2.82 (s, 4H).
Finally, 6 was reacted with methyl iodide to yield §,5- dimethyl
thiobutynolhydroxysuccinimide ester sulfonium iodide (DMBNHS; 7). 1 mmol of

methylthiobutyric hydroxysuccinimide ester (6) and 5 mmol of iodomethane were dissolved in 2
mL of CH3CN then stirred in the dark at room temperature for 2 days. The resulting solution was

then concentrated under reduced pressure. The resultant yellow solid was washed with 10 mL of

dichloromethane then dried under vacuum over night to give 0.28 g (76%) product 7 as yellow
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crystals. The product was stored in the dark. "H NMR (500 MHz, CD3CN): 6 2.16 (qui, 2H, J =

7.5),2.77 (s, 4H), 2.81 (s, 6H), 2.85 (t, 2H, J = 7.5), 3.29 (t, 2H, J = 7.5).
0
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CH W b

CH3CN
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Scheme 7.1 Synthesis of the sulfonium ion containing derivatization reagent S,S-
dimethylthiobutanoylhydroxysuccinimide ester (DMBNHS; 7).

S,§8'-ds-Dimethylthiobutanoylhydroxysuccinimide ester iodide (D3;-DMBNHS; 8) was
achieved by using iodomethane-d3 as the alkylation reagent for 6 following the same procedures
to 7. 10 mmol of methylthiobutyric hydroxysuccinimide ester (6) and 10 mmol of iodomethane-
d; dissolved in 6 mL of CH3CN were employed for the reaction, and 2.84 g (76%) of yellow
crystals were obtained. The product was stored in the dark. 'H NMR (500MHz, CD3;CN):

82.16 (qui, 2H, J = 7.5), 2.77 (s, 4H), 2.82 (s, 3H), 2.85 (t, 2H, J = 7.5), 3.31 (¢, 2H, J = 7.5).
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7.3 Synthesis of S,S’-Dimethylthio-dg-butanoylhydroxysuccinimide Ester Iodide (Dg-

light DMBNHS)

The preparation of Dg-light DMBNHS (11) was started from y-butyrolactone-dg as

described for the synthesis of DMBNHS via a three-step process shown in Scheme 7.2.

0
D 1.CH;SNa,DMso D P B P o
5 2 HCl 5o o
D pD 9
D D D
NHS, DCC D
—_—
CHCl,, CH,Cl, D D 4
DD D
D
ICH3 \+%
CH3CN DD o

11 (Dg-light DMBNHS)

Scheme 7.2 Synthesis of the stable isotope encoded sulfonium ion containing derivatization
reagent S,S"-dimethylthio-dg-butanoylhydroxysuccinimide ester (Dg-light DMBNHS; 11).

Using a procedure analogous to that for the acid 5, to a solution of 2.72 g of sodium
methanethiolate (34.9 mmol) in anhydrous DMSO (26 mL) under a N; atmosphere, -
butyrolactone-dg (2.0 mL, 26.0 mmol) was added dropwise with stirring. The reaction was

allowed to proceed at room temperature for 5 days, and then 65 mL of 1M HCI was added to the
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resulting slurry. Following extraction with diethyl ether (6x40 mL) and solvent evaporation
under reduced pressure, the crude product was redissolved in 100 mL of dichloromethane and
washed with H,O (3x25 mL). After drying with anhydrous MgSO, and solvent evaporation in
vacuo, a colorless oil 9 was obtained in 90% yield (3.04g). 'H NMR (500 MHz, CDCl3): & 2.06
(s, 3H), 11.27 (br, 1H). *H NMR (500 MHz, CDCl3): 6 1.80 (s, 2H), 2.38 (s, 2H), 2.43 (s, broad,
2H).

NHS ester 10 was obtained in a similar manner to 6, starting from 1.40 g of acid 7 (10.0
mmol) and 1.26 g of NHS (11.0 mmol) dissolved in 2:1 v/v mixture of chloroform and
dichloromethane (30 ml). After 5-min stirring at room temperature, DCC (2.27 g, 11.0 mmol)

was added, and the resultant suspension was stirred overnight under a N, atmosphere. The DCU

precipitate was then filtered and the solution was concentrated in vacuo. After resuspending the
crude product in 8 mL of CH3;CN, the remaining DCU was precipitated and removed by
filtration. The solvent was then evaporated under reduced pressure to give a yellow solid in
quantitative yield. '"H NMR (500 MHz, CDCl3): 6 2.07 (s, 3H), 2.82 (s, 4H).

The isotope encoded Dg-light DMBNHS (11) reagent was obtained by the method
described for DMBNHS (7). A mixture of 10 (2.23 g, 9.4 mmol) and iodomethane (1.76 mL,
28.2 mmol) in CH3CN (16 mL) was allowed to react at room temperature in the dark for 2 days.

After solvent evaporation under reduced pressure, the resultant yellow solid was washed with

dichloromethane and dried in vacuo to give pale-yellow crystals in 86% yield (3.06 g). The
compound was stored in the dark for future use. 'H NMR (500 MHz, CD3CN): 0 2.77 (s, 4H),

2.83 (s, 6H).

229



7.4 Synthesis of S,S’-dg-Dimethylthiobutanoylhydroxysuccinimide Ester lodide (Dg-

heavy DMBNHS)

Based on the method of Jessing et al. [255], 4-bromobutyric acid (8.35 g, 50.0 mmol) and
thiourea (5.70 g, 75.0 mmol) were dissolved in 100 mL of ethanol and refluxed overnight

(Scheme 7.3). The solvent was then evaporated under reduced pressure and 65 mL of 7.5 M

NaOH (aq) was added. The mixture was refluxed at 90 °C under a N, atmosphere. After a 16 h
reaction, 2M H,SO,4 was added slowly while stirring in an ice bath until the pH = 1. The
resulting mixture was extracted 4 times with 60 mL of CH,Cl,, dried over anhydrous MgSQy,
and concentrated in vacuo to give 5.27 g (88%) of thiobutyric acid (12) as a colorless oil. 'H
NMR (500 MHz, CDCls): 6 1.33 (t, 1H, J = 8.0 Hz), 1.93 (qui, 2H, J = 7.0 Hz), 2.50 (t, 2H, J =
7.0 Hz), 2.59 (q, 2H, J= 7.0 Hz), 11.28 (s, broad, 1H).

Adapted from the method of Crouch et al. [404], potassium hydroxide (1.31 g, 23.4

mmol) in 2 mL of methanol was added dropwise to 12 (1.08 g, 9 mmol) dissolved in 10 mL of
methanol in an ice bath and stirred for 10 min. lodomethane-d; (672.4 uL, 10.8 mmol) was
added slowly over 10 min and the solution was stirred at room temperature overnight. After
evaporating the solvent under reduced pressure, 12 mL of H,O was added followed by 2M HCIl
until the pH = 1. The solution was extracted with 4 x 18 mL of diethyl ether. The organic

extracts were combined and dried over anhydrous MgSQO4. The solvent was removed in vacuo

and 858.2 mg (70%) of ds-methylmercaptobutyric acid (13) was obtained as brown oil. 'H NMR
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(500 MHz, CDCl3): 6 1.92 (qui, 2H, J = 7.0 Hz), 2.48 (t, 2H, J= 7.5 Hz), 2.53 (t, 2H, J= 7.5 Hz),
11.19 (s, broad, 1H).

Under a N, atmosphere, N-hydroxysuccinimide (792.4 mg, 6.89 mmol) and 13 (858.2 mg,
6.26 mmol) were dissolved in a mixture of CHCl; (15 mL) and CH,Cl, (10 mL). The mixture
was stirred for 5 minutes at room temperature, then DCC (1419.5 mg, 6.89 mmol) was added and
a precipitate formed immediately. The resulting slurry was stirred in a N, atmosphere. After 18
hrs, the mixture was filtered, then the filtrate was collected and concentrated under reduced
pressure. Then CH3CN (3 mL) was added and the precipitate was filtered out. The solvent was
removed in vacuo to yield ds-methylmercaptobutyric hydroxysuccinimide ester (14) as a yellow
solid with a quantitative yield. "H NMR (500 MHz, CDCl3): 6 2.02 (qui, 2H, J= 7.5 Hz), 2.58 (t,
2H,J=1.5 Hz), 2.74 (t, 2H, J= 7.0 Hz), 2.82 (s, 4H).

Finally, 14 (933.6 mg, 3.99 mmol) and ds-iodomethane (1.16 g, 7.98 mmol) were
dissolved in CH3CN (8 mL) and stirred in the dark at room temperature for 2 days. The resulting
solution was concentrated under reduced pressure. The resultant yellow solid was washed with
dichloromethane and then dried in vacuo over night to yield 1.19 g (79%) of S,5-ds-

dimethylthiobutanoylhydroxysuccinimide ester iodide (Dg-heavy DMBNHS; 15) as a white solid.

The product was stored in the dark. 'H NMR (500 MHz, CD3CN): 6 2.16 (qui, 2H, J = 7.5 Hz),

2.77 (s, 4H), 2.85 (t, 2H, J= 7.5 Hz), 3.30 (m, 2H).
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Scheme 7.3 Synthesis of the stable isotope encoded sulfonium ion containing derivatization
reagent S,5'-dg-dimethylthiobutanoylhydroxysuccinimide ester (Dg-heavy DMBNHS; 15).

Phosphopeptide Derivatization Reactions and Sample Preparation

7.5.1 Phosphopeptide Derivatization Reactions for Determination of the Optimum

Labeling Conditions

For DMBNHS derivatization reactions, preliminary experiments were performed using a 6-

phosphopeptide mixture (No. 1-6, Table 6.1) with a concentration of 1 uM for each peptide

232



dissolved in phosphate-buffered saline (PBS, 800 mg of NaCl, 217 mg of Na,HPO4*7H,0, 20
mg of KCl, and 20 mg of KH,;POy4 per 100 ml, pH 7.5). In order to determine optimal conditions

for derivatization, 1 uL of freshly prepared DMBNHS solution (8 mM in DMF) was added to 10
puL of peptide mix, to produce a 100-molar excess of DMBNHS relative to the primary amine
group. The reactions were allowed to proceed for 15, 30, 45 and 60 min at room temperature in
the dark. Each reaction was quenched by the addition of a 160-molar excess of Tris (0.5 M, pH
8.26 at 25 °C) and incubated at room temperature for 10 min to ensure complete deactivation of

derivatization reagent. The reaction products were then diluted to a final concentration of 0.2 uM
with 3% acetic acid/5% CH3CN before HPLC-MS analysis. The appropriate DMBNHS-to-

primary amine ratio was determined by the addition of various DMBNHS amounts contained in
1 uL of DMF to 10 pL of peptide mix solution to produce final ratios of 1:50, 1:100, 1:150,
1:200, 1:300, 1:400 and 1:500. All reactions were incubated at room temperature for 30 min

followed by quenching and dilution as described above.

7.5.2 Sample Preparation for Comparing Ionization Efficiencies between Underivatized

and Derivatized Phosphopeptides

For the 6-phosphopeptide mix (No. 1-6), derivatization was performed by combining a 10
pL PBS solution containing 100 pmol of each peptide mixed with 1 pL of DMBNHS solution
(0.16 M in DMF) in a 200-molar excess of reagent to primary amine. After incubation at room
temperature in the dark for 30 min and quenching with Tris, an underivatized 6-phosphopeptide

mix (No. 1-6) solution also containing 100 pmol of each phosphopeptide, was spiked into the
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solution. The working solution was then diluted to a final concentration of 0.2 uM for analysis
by LC-MS, in triplicate.

Forty-four phosphopeptides (No. 1-44, the sequences of which are shown in Table 6.4),
which were divided into 10 mixtures (some peptides were present in multiple mixtures to make
10 x 5-phosphopeptide mixtures) with a concentration of 10 uM for each peptide in PBS buffer,
were derivatized by the procedures described above for the 6-phosphopeptide mix (No. 1-6)
using a 0.2 M DMBNHS solution. As each phosphopeptide contains one or two target primary
amine groups, the ratios of reagent to primary amine were within 200:1 to 400:1 ranges to ensure
complete derivatization for each phosphopeptide. Following similar quenching and spiking of
equal amounts of underivatized phosphopeptides, each solution was diluted to a final

concentration of 0.5 pmol/uL for further analysis.

7.5.3 Sample Preparation for Quantitative Analysis of Stable Isotope Differentially

Labeled Phosphopeptides

The same procedures as described above in Section 7.5.2 were used for differential isotope
labeling of the 6-phosphopeptide mix (No. 1-6), using either Dg-light DMBNHS or Dg-heavy
DMBNHS reagent. 40 uL of peptide mix solution with a concentration of 25 uM of each peptide
was used for each derivatization reaction, and combined with 4 pL of reagent solution (0.4 M in
DMF) to maintain a 200-molar excess of reagent to primary amine group. Following incubation
(30 min) and quenching (10 min) under the same conditions, the Dg-light DMBNHS and Dg-
heavy DMBNHS labeled phosphopeptide mixtures were pooled in 1:5, 1:2, 1:1, 2:1 and 5:1
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molar ratios. Each solution was then diluted to the final concentrations as listed in Table 7.1

prior to HPLC-MS analysis.

Table 7.1 Final concentrations of Dg-light DMBNHS and Dg-heavy DMBNHS labeled
phosphopeptides prior to HPLC-MS analysis.

De-light DMBNHS Labeled Dg-heavy DMBNHS Labeled
Phosphopeptides Phosphopeptides Ratio

(1M) (M)

0.10 0.50 1:5
0.15 0.30 1:2
0.20 0.20 1:1
0.30 0.15 21
0.50 0.10 5:1

7.6  Mass Spectrometry

Mass spectrometry analysis was performed using either an LTQ linear quadrupole ion trap
mass spectrometer equipped with nano electrospray ionization (nESI), or an LTQ XL linear
quadrupole ion trap mass spectrometer equipped with a chip-based nESI source (Advion
NanoMate, Ithaca, NY, USA) with ETD capabilities. Both mass spectrometers were
manufactured by Thermo Fisher Scientific (San Jose, CA, USA). The MS and MS/MS spectra
collected from infusion injections are typically the average of 30-50 scans. Repeated analysis of

individual samples resulted in less than 5% variation in relative product ion abundances.

7.6.1 Tandem Mass Spectrometry Performed by Direct Infusion
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For direct infusion experiments, all reaction products were desalted by Sep-pak (Waters,
Milford, MA) purification, with elution using 40, 60 and 80% CH3CN (aq) containing 0.05%
formic acid prior to mass spectrometry analysis.

CID-MS/MS and -MS’ analysis was performed by introducing samples (~10 puM) into the

LTQ mass spectrometers at a flow rate of 0.5 pL/min. The spray voltage was maintained at 2.5
kV, while the capillary temperature was set at 180 °C. Precursor ions were isolated at an isolation
window of 1.5-2 m/z, and subjected to CID by using helium as a collision gas, at an activation ¢
value of 0.25 and an activation time of 30 ms. Collision energies were individually optimized for
each compound of interest.

For ETD-MS/MS experiments, samples (~10 uM) were loaded into a Whatman Multichem
96-well plate (Fisher Scientific, Pittsburgh, PA) and introduced into the LTQ XL mass
spectrometer via a chip-based nESI source. Infusion operation was achieved by using an ESI
chip, a spray voltage of 1.5 kV, a gas pressure of 0.3 psi and an air gap of 3 uL. ETD-MS/MS
and -MS® data were acquired on mass selected precursor ions using a isolation window of 3 m/z.
Fluoranthene anions were introduced as the electron-transfer reagent for ETD experiments, with
reaction times of 100 ms. Supplemental collisional activation of ETD products (ETcaD),
whereby low energy collisional activation is used to break up ETD products which could not
overcome non-covalent interactions, was carried out for doubly charged precursor ions using

standard conditions [363, 364].

7.6.2 HPLC-ESI-MS, CID-MS/MS and -MS? for Phosphopeptide Analysis
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HPLC-MS, -MS/MS and MS® analysis was performed using an LTQ mass spectrometer
coupled with a Paradigm MS4 capillary RP-HPLC system (Michrom Bioresources, Auburn, CA,
USA) equipped with an Advance nESI source. The phosphopeptide mixtures were separated on a
200 pm i.d. x 50 mm fused silica column packed with Magic C18 (3 pm, 200 A; Michrom
Bioresources, Auburn, CA, USA). Gradient elution was performed linearly over a 45-min period

from 95% solvent A (0.1% formic acid in H,O) to 50% solvent B (0.1% formic acid in CH3CN)

at a flow rate of 2 uL min™'. The ion transfer tube of the mass spectrometer was set at 180 °C and
the spray voltage was maintained at 2.0 kV. All data were acquired automatically using methods
created with Xcalibur software (Thermo Fisher Scientific, San Jose, CA, USA). The top three
parent ions from each MS scan above a threshold of 10,000 counts were selected for CID-
MS/MS using standard conditions. The isolation window was maintained at 2.0 m/z and the
normalized collision energy was set at 25. The LTQ was operated in a data-dependent constant
neutral loss scan mode (DDCNL), developed in our laboratory [170]. If neutral losses with a m/z
variance of 0.5 according to the defined values listed in Table 7.2 or Table 7.3 were detected
above a threshold of 10,000, CID-MS” was automatically initiated to further fragment the most
abundant neutral loss product ion. The neutral loss values listed in Table 7.2 account for single,
double, triple and quadruple S(CHj), neutral losses resulted from non-isotope encoded
DMBNHS derivatization experiments; otherwise, the numbers shown in Table 7.3 were

corresponding to S(CHj3), and S(CDj), neutral losses for the quantitative analysis of

phosphopeptides employing Dg-light DMBNHS and Dg-heavy DMBNHS derivatization reagents.

Dynamic exclusion was enabled to allow a maximum of five analyses of the selected m/z within

30 s before it was placed on a dynamic exclusion list for a period of 10 s.
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Table 7.2 Summary of the data dependent constant neutral loss (DDCNL) MS/MS values
employed for the identification of DMBNHS derivatized phosphopeptides.

Neutral loss Number of S(CH3)2 Charge state of
(m/z) neutral losses precursor ion
62.00 1 1+

2 2+
3 3+
4 4+
49.60 4 5+
46.50 3 4+
41.33 2 3+
37.20 3 5+
31.00 1 24
2 4+
24.80 2 5+
20.67 1 3+
15.50 1 4+
12.40 1 5+

Table 7.3 Summary of the data dependent constant neutral loss (DDCNL) MS/MS values
employed for the identification of Dg-light DMBNHS and Dg-heavy DMBNHS derivatized
phosphopeptides.

Neutral loss Number of Charge state of
(m/z) neutral losses precursor ion
68.06 1 S(CD3); 1+

2 S(CD3); 2+
3 S(CD3)7 3+
62.02 1 S(CH3), 1+
2 S(CH3), 2+
3 S(CH3)» 3+
45.37 2 S(CD3)2 3+
41.35 2 S(CH3)y 3+
34.03 1 S(CD3)2 2+
2 S(CD3); 4+
31.01 1 S(CH3)2 2+
2 S(CH3), 4+
22.69 1 S(CD3); 3+
20.67 1 S(CH3); 3+
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7.6.3 HPLC-ESI-MS, CID-MS/MS and ETD-MS/MS for Phosphopeptide Analysis

LC-MS, CID-MS/MS and ETD-MS/MS analysis was performed using a LTQ XL mass
spectrometer coupled with a Paradigm MS4 capillary RP-HPLC system (Michrom Bioresources,
Auburn, CA, USA) equipped with an Advance nESI source. Chromatographic separation was

performed using a C18 stationary phase column, 50 mm length x 200 pum i.d. The mobile phase

consisted of 2% CH3CN and 0.1% formic acid in H,O (A) and 5% H;,0 and 0.1 % formic acid in
CH;CN (B). Gradient elution was performed by increasing the mobile-phase composition from 2%

to 46% B over 44 min at a flow rate of 2 uL min".

The ion transfer tube of the mass spectrometer was set at 200 °C while the spray voltage
was maintained at 1.4 kV. All MS and MS/MS spectra were collected automatically using
methods created with Xcalibur software (Thermo, San Jose, CA, USA) and all spectra were
recorded in centroid mode. The LTQ XL was operated in Nth Order Double Play With ETD
mode, whereby the top five parent ions from each MS scan above a threshold abundance of
10,000 counts were selected for sequential alternating CID-MS/MS and ETD-MS/MS, with the
isolation window maintained at 2.0 m/z. The normalized collision energy was set at 30 for CID
experiments. ETD experiments were carried out by using fluoranthene anions as the electron-

transfer reagent with optimized reaction times of 30 ms and ETcaD enabled.

7.7  Data Analysis
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7.7.1 Quantitative Analysis of Phosphopeptide Ion Abundances

In order to evaluate the peptide ionization efficiency upon ‘fixed charge’ derivatization, the
average ratio of the relative abundances (summed from all observed charge states) were
determined from derivatized and underivatized phosphopeptide forms. Since the same charge
states could not always be observed from particular phosphopeptide pairs, the ratios of the
average percent charge state were calculated to highlight the charge state distributions of
derivatized phosphopeptides compared with underivatized ones. All relative abundances were

determined from full mass spectra averaged over the corresponding chromatographic peaks.

7.7.2 Relative Quantitative Analysis of Phosphopeptides by Differential Isotope Labeling

Note that for quantitative analysis experiments, the precursor ions have the same m/z in the
ESI-MS spectra due to the isobaric nature of the two isotope labeling reagents. Thus, quantitative

analysis was achieved by calculating the ratio of the “light” and “heavy” labeled neutral-loss (i.e.,
S(CHj3), and S(CDj3),) product ion abundances which were determined following HPLC-CID-
MS/MS analysis of Dg-light and Dg-heavy DMBNHS labeled phosphopeptides for all available

charge states. Successive target neutral losses were observed from multiply modified

phosphopeptides. Sometimes the targeted neutral losses also appeared together with other neutral

losses such as H,O and NHj. In these cases, the summed abundances from all product ions
resulting from the loss of S(CHj3), or S(CDj3), were used for determination of the ratio. During

ETD-MS/MS experiments, neutral losses of S(CH3), or S(CDj3), were also observed from charge
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reduced species of precursor ions which contain the fixed charge derivative. In these cases, the
same calculations as those described above were applied as an alternative tool for relative

quantitative analysis.
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