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ABSTRACT 

Xenobiotics and their metabolites are capable of covalent modification of proteins 

that may lead to cellular injury. Determining the identity of modified proteins, however, 

has to date been hindered by available analytical instrumentation. Advances in mass 

spectrometry now allow for routine analysis of large biomolecules. This has given rise to 

the field ofproteomics, which uses mass spectrometry in conjunction with various 

separation techniques to gain information about large numbers of proteins. This 

dissertation describes the development of a new proteomic methodology to identify 

unknown protein targets and its application to identifying protein targets and metabolites 

of 1,1 -dichloroethylene (1,1 -DCE). 

1,1-DCE undergoes P450 bioactivation in hepatocytes to produce 1,1-DCE oxide 

and 2-chloroacetyl chloride. These either modify proteins directly, or form the 

glutathione conjugate iS-Cl-chloroacetyOglutathione, which in turn is capable of protein 

cysteinyl sulfhydryl alk>'lation. In animals, exposure to 1,1-DCE results in selective 

injury to the biliary canalicular membrane. Biochemical and physiological evidence 

suggests damage to the canalicular membrane transport proteins. 

Putative 1,1-DCE metabolite adducts, including 5-carboxymethylated and 2-

chloroacetylated peptides and GSCOCHa-iS-cys-peptide adducts, were synthesized using 

model peptides containing one or two cysteines. The adducts were analyzed by ESI-MS-

MS and resulted in fragmentation patterns characteristic of the adduct moiety, including 
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fragment ions, losses from the parent ion and pairs of ions separated by the mass of the 

modified cysteine residue. 

The data reduction algorithm SALSA was developed to search for user-specified 

fragmentation characteristics in MS-MS data dependent scans. Bile samples obtained 

from animals exposed to 1,1-DCE were analyzed by ESI-MS-MS. SALSA was then 

used to search the data for spectra containing adduct-specific fragmentation. Five hepatic 

5'-carboxymethylated proteins were identified, as were the 1,1-DCE metabolites S-

carboxymethylglutathione, S-Ccysteinylacety^glutathione and the cyclic product of the 

intermolecular rearrangement of S-(2-chloroacetyl)glutathione. This work demonstrates 

the use of mass spectrometry to characterize unknown, modified proteins in complex 

mixtures without the use of radio- or immunochemical labeling. 
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CHAPTER ONE 

INTRODUCTION 

Protein Tarsets 

It has long been accepted that modification of DNA by exogenous compounds can 

lead to mutation of DNA and in turn to cellular injury. By the early 1970's, when Jollow, 

Gillette, Mitchell, Brodie and colleagues began to investigate the mechanism of 

acetaminophen toxicity, this paradigm had been expanded to include protein modification 

(1,2). Since then it has been well established that reactive intermediates of xenobiotics 

can covalently modify proteins and lead to the disruption of cellular function, cell death 

and possibly even to a fatal immune response. Despite many years of intensive effort, 

however, few protein targets have actually been identified. When modified proteins have 

been identified, it has usually not been possible to ascertain the exact site or nature of the 

modification. This has in large part been due to a lack of analytical techniques capable of 

providing such detailed information. 

The advent of electrospray mass spectrometry provided for the first time a means 

to directly study large biomolecules. The rapid advances in instrumentation and data 

processing have given rise to an entire new field of study termed proteomics (3). Much 

of the proteomic research thus far has focused on identifying as many proteins as possible 

in a given organism (or "proteome mining")- The research presented in this dissertation 
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describes the first attempt at adaptation and incorporation of proteomic technology to 

study protein targets of xenobiotics. 

Proteomics 

Proteomics is defined as the study of the protein complement of the genome (4). 

As opposed to protein chemistry, which generally seeks to fiilly characterize the structure 

and fimction of a particular protein, in proteomics the goal is to comprehensively study as 

large a number of proteins as possible. Consequently, the focus in proteomics is on high 

sample throughput and rapid data analysis. 

Proteomics can be viewed as complementary to genomics. Whereas the 

composition of the genome remains constant, the proteome is much more complex and 

varies significantly over time. Not all proteins are expressed all the time or in every cell. 

Furthermore, post-translational modifications may result in several different active forms 

of a protein, or proteins also may be modified by exogenous compounds. Proteomics 

therefore, seeks to characterize the actual products of genome expression. In addition to 

proteome mining (5), other areas of research in proteomics focus on the smdy of protein-

protein interactions, signal transduction, 3-D protein structure analysis and computational 

methods (6). 
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The Importance ofProtein Target Detection 

A major area of toxicological research involves the elucidation of mechanisms of 

toxicity. If protein modification is an initiating event in certain types of toxicity (7,8), 

then the identification of those proteins is essential to link chemical exposure to the 

observed physiological effects. An example is the toxicity caused by the NS AID 

diclofenac. This drug is prescribed for pain relief following surgery and from rheumatoid 

arthritis. In rare cases, it causes a fatal hepatotoxic response which is thought to be 

triggered by protein modification (9-11). Researchers have used immunochemical 

methods to find strong indirect evidence implicating dipeptidyl peptidase IV as a targeted 

protein (12). It is hypothesized that, as a membrane protein, DPP IV may be capable of 

eliciting an immune response to its modified form. By identifying the protein and the 

nature of the modification, it may be possible to either prevent the interaction or identify 

those individuals at risk of an adverse reaction. 

Current Methods of Identifying Modified Proteins 

Until recently, most binding to proteins by xenobiotics was identified by using 

radioisotopic labeled xenobiotics. Radiolabeling still is a common and very effective 

means for both qualitative and quantitative work and has aided in the identification of a 

number of protein targets (13-15). However, there are several drawbacks associated with 

this method. First, the specific activity of the radioisotope must be sufficient to allow 
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detection. For quantitative work, the label must bind with a high affinity and with a 

known stoichiometry. Availability of radiolabeled compounds also may be limited, and 

custom syntheses are usually prohibitively expensive. Furthermore, sensitivity may be 

limited and is dependent upon the number of labeled atoms per molecule of analyte and 

on the specific activity of the label. Finally, laboratories and personnel must be specially 

certified, adhere to strict guidelines and pass regular inspections. 

In 1985, Lance Pohl introduced immunochemical methods for identifying protein 

targets (16), which combine excellent sensitivity and specificity without the drawbacks of 

radiolabeling. Antibodies are produced that specifically bind to a metabolite or other 

analyte of interest, and also may be fluorescently labeled to facilitate detection. These 

methods have been used to identify protein targets of, among others, halothane, 

diclofenac, trichloroethylene and acetaminophen (16-19). Despite the advantages, 

however, immunochemical methods are extremely time-consuming and labor intensive, 

requiring months or years of research to identify one protein target. Furthermore, 

antibody specificity may be difficult to establish and may exhibit variability. 

Definition of the Analytical Problem 

Both radiolabeling and immunochemical detection provide only an indication 

that protein modification has occurred. To ascertain the identity of the protein, further 

analysis is required, for example by Edman degradation. Where these methods have led 

to identification of proteins apparently bound by chemicals, they do not provide direct 



23 

evidence of the modification at the amino acid level. Although it is strongly suggested 

that nucleophilic residues such as cysteine, lysine, arginine and the N-terminus are 

subject to attack in vivo by electrophilic metabolites (20), direct evidence remains 

elusive. 

Therefore, the need exists for a rapid method for identifying protein targets which 

(1) does not involve the use of isotopic or other types of labeling, (2) provides 

unambiguous localization of the modification at the amino acid level, (3) provides 

information as to the nature of the modification at the elemental level, (4) provides 

sufficient sequence information so as to enable identification of an unknown protein 

target from which the modified peptide originated, (5) is sufficiently sensitive to detect 

small quantities of modified proteins in a complex matrix, for example cell protein 

digests, and (6) is sufficiently selective to detect small quantities of modified proteins in 

the presence of much larger quantities of its unmodified counterpart. 

Factors that have hindered attaining these objectives include lack of suitable 

analytical instrumentation and of data processing capability. However, rapid 

developments in mass spectrometry have resulted in commercial availability of robust 

and sensitive instrumentation that can be used for high-throughput protein analysis. 

Advances in data analysis software and the development of web-based databases also 

provide the means for efficient data processing. 



Mass Spectrometry 

24 

It is no coincidence that the birth of proteomics coincided with developments in 

mass spectrometry. While the introduction of 2D-gel electrophoresis in the niid-1970's 

enabled separation and sensitive detection of large numbers of proteins (thousands in a 

single run) (4), it was not until the advent of electrospray ionization (ESI) and matrix-

assisted laser desorption ionization (MALDI) in the late 1980's that direct analysis of 

large biomolecules became possible (21). Most proteomic analyses are performed using 

ESI in combination with quadrupole or ion trap mass anal>-zers or with MALDI coupled 

to a time-of-flight mass analyzer (MALDI-TOF). Each combination offers its own 

unique advantages. The recent introduction of the Q-TOF™ (Micromass) represents a 

hybridization of ESI and TOP, and also shows promise of becoming established for 

routine proteomic analyses (22,23). 

MALDI-TOF and Peptide Mass Finserprintins 

MALDI-TOF is ideally suited for high-throughput, automated analyses {24). The 

instruments are robust and can analyze complex samples with minimal sample 

preparation. A major concern with early TOP mass analj-zers was their limited mass 

accuracy (25). However, with the development of reflectron ion focusing and delayed 

extraction (sometimes referred to as ion "bunching"), mass accurracy has been improved 
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to approximately 5 ppm (26). This has enabled protein identification by using what is 

known as Peptide Mass Fingerprinting (PMF) (27-29) . PMF works as follows: When a 

protein is subjected to enzymatic digestion, it is cleaved at specific residues (for example, 

trypsin, cleaves proteins at lysine and arginine residues). This consistently generates 

peptide fragments of specified masses. Theoretical digestions of proteins have been 

combined into databases. Therefore, if an unknown protein is digested and analyzed by 

MALDI-TOF, the masses of the peptide fragments can be compared to those in the 

database. The more fragments that are present, the more unique the "fingerprint" and the 

more certain the identification. The theoretical fragment masses also can be modified to 

take into account post-translational modifications. PMF offers a fast and accurate means 

of protein identification. Its major limitation for analysis of modifications, however, is 

that it does not allow determination of the exact location of a peptide modification. 

MALDI-TOF instruments have the additional advantage of an essentially 

unlimited mass range, although signal tends to be better below 10 - 15,000 amu (30). 

This means that it is possible to see the [M+H]"*" ion and thus allows for accurate 

determination of protein molecular weight. 

Despite these advantages, there are disadvantages to MALDI-TOF instruments 

that make them less well-suited to the goals of this research. First, they have limited MS-

MS capability and cannot perform MS" analyses, which is often necessary to fully 

characterize a modification. With MALDI-TOF it is possible to perform two types of 

MS-MS fragmentation, known as post-source decay (PSD) and in-source decay (ISD). 

PSD results from the fragmentation of metastable ions prior to entry into the TOF mass 
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analyzer (31). In-source decay results from fragmentation of metastable ions within the 

ionization source, and therefore prior to entry into the mass analyzer. Because no 

selection of the parent ion occurs, it often is not possible to determine with certainty the 

origin of the fragment. Also, both PSD and ISD fragmentation are less reproducible and 

often less complete than true MS-MS fragmentation. Nevertheless, it is possible to 

obtain peptide sequence information and thus PSD can be successfully used to identify 

proteins and post-translational modifications (32,33). 

Another disadvantage is that MALDI ionization cannot as yet be interfaced with 

HPLC- Therefore for optimal protein identification, complex mixtures must be separated 

prior to analysis. 

Electrosprav Ionization Tandem Mass Spectrometry 

In electrospray ionization analyte molecules are sprayed from the tip of a needle 

into the mass spectrometer under high voltage and low pressure. The result is analyte 

nebulization and desolvation, and in the process it is possible for large molecules to retain 

multiple protons. Herein lies the power of electrospray ionization; Multi-charging 

results in a much lower m/z ratio of the analyte. Thus very large biomolecules of 

thousands of kDa can be detected within the range of the mass analyzer (typically 4000 

m/z units maximum) (21). ESI is typically used in combination with quadrupole (single 

or triple) or with ion trap mass analj^ers (such as the Finnigan LCQ™) and can be 

interfaced v\ath HPLC. Both of these mass analyzers also offer the advantage over 
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MALDI-TOF instruments of being able to perform collision-induced dissociation (CID) 

of peptides to produce MS-MS spectra. 

The main advantages of a triple sector quadrupole instrument (TSQ) over an ion 

trap are cost and durability. TSQ's have MS-MS capability and essentially no lower 

mass limit in detection of fragment ions. Furthermore, with a TSQ it is possible to 

conduct constant neutral loss and precursor ion scanning. An optimized and well-tuned 

TSQ can have detection limits in the femtomole range, although picomole detection 

limits are more common. 

Quadrupole ion traps offer increased sensitivity with detection limits in the low 

femtomole range (24). They also have the unique capabilities of performing MS" 

analyses and data-dependent scanning, which make them especially well-suited for 

proteomic analyses. Data-dependent scanning is the process by which ions present in a 

given LC peak are automatically subjected to MS-MS analysis in order of their 

abundance. This can generate hundreds of MS-MS spectra in a single run. Furthermore, 

besides the lower limit of detection, the LCQ offers the advantage over the TSQ (at least 

as observed in our laboratory) of producing cleaner spectra with clearer b- and y-series 

ions. A significant disadvantage of the LCQ, however, is its low-mass cut-off in MS-MS 

spectra. Typically, fragment ions at a m/z of 25% or less of the precursor ion are not 

observed. Often this precludes detection of characteristic glutathione fragment ions, for 

example at m/z 75 and 129. 

MALDI-TOF, TSQ and LCQ instruments can provide complementary 

information about the anal3^e and it often is desirable to analyze a sample by more than 
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one method. Overall, however, the LCQ is best suited to the goals of this research, and 

the majority of the data presented in this dissertation was obtained with this instrument. 

Issues in Proteomic Methodolo^ 

Sensitivity and Bias Toward More Abundant Proteins 

A typical proteome-mining protocol involves generating a cell lysate, separating 

the lysate into fractions and concentrating the cellular proteins. Proteins are separated 

using ID- or 2D-gel electrophoresis and localized by either Coomassie Blue or silver 

staining. The stained bands are then cut out of the gel, subjected to in-gel digestion, and 

the resulting peptides are then analyzed by either of the approaches described earlier (S4). 

Peptide sequences can be correlated to a protein by using database search software such 

as SEQUEST (35) and MASCOT (36). The software also can take into account small 

post-translational modifications, such as phosphorylation. In this manner, it is possible to 

identify a significant portion of a cellular proteome. There are several drawbacks to this 

approach, however, that would limit its utility in detecting protein targets of xenobiotics. 

First, there is the issue of sensitivity. As previously mentioned, it is reasonable to 

assume that much smaller amounts of the adducted protein would be present than of the 

unadducted protein, possibly as little as a few copies per cell. The limit of detection of 

2D-gel staining is in the low nanogram range, much too high to detect low-abundance 

proteins. Furthermore, adducted proteins may not co-migrate with their unadducted 
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counterpart. Therefore, if 2D gels are used for protein separation, there exists a bias 

toward detection of more abundantly expressed proteins (34). 

An alternative separation technique is 2-dimensional liquid chromatography 

(LC/LC). Opiteck et al. combined size-exclusion chromatography with reversed-phase 

HPLC to separate protein digests prior to ESI (37), whereas Washburn et al. used a 

column in which cation exchange chromatography was followed by reversed-phase 

HPLC (38). Since all proteins are analyzed, and not just those that are visible after 

staining, the chance that low abundance proteins will be detected is significantly 

improved. However, although separation is improved (which indirectly improves 

sensitivity), sensitivity nevertheless remains an issue in HPLC due to sample dilution. 

Proteins also can be separated by preparative isoelectric focusing. This is an in-

solution separation based on isolectric point. Proteins are dissolved in an ampholyte 

solution, placed in a chamber and a constant voltage is applied to the chamber. The 

proteins migrate to a position in the pH gradient that corresponds to the pi of the protein, 

and thus are separated into 20 fractions. The fractions are subsequently collected and the 

proteins are concentrated by removal of the solvent. Resolution can be increased by 

using buffers over narrower pH ranges. Besides avoiding the use of gels (and therefore 

the problems associated with removal of the proteins from the gel), the advantages of this 

method are its speed (3—4 hours), simplicity and low equipment costs. However, 

additional sample preparation may be required to remove buffer salts, and care must be 

taken to avoid sample loss. 
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Data-dependent scanning also is inherently biased toward detection of more 

abundant proteins. A given LC peak usually contains multiple species, and the ions 

present are automatically subjected to MS-MS in order of their abundance. Under normal 

LC/MS conditions, only the most intense ions will be analyzed in the time that a peak 

passes through the detector. Therefore, sensitivity in data dependent scanning is highly 

dependent upon the quality of separation and the flow rate of analytes into the instrument. 

Capillary electrophoresis provides extremely high resolution, and can be coupled 

to ESI-MS-MS instruments. Yates et al. used CE-ESI-MS-MS to analyze S. cerevisiae, 

and identified 80 — 90% of the yeast proteome (38). Figeys et al. described the 

combination of this method with stop-flow (or "peak parking") data dependent analysis, 

which essentially halts the flow of the analyte through the detector until the instrument 

has had time to do as many MS-MS analyses as necessary (39). This results in more time 

for less abundant species to be subjected to CID. This approach was used to detect in 

vivo phosphorylation sites of endothelial nitric oxide synthase. Although CE/MS is 

potentially a powerful tool for proteomic research, a significant amount of method 

development is required and interfacing with ESI can be difficult. Currently there are no 

commercially available instruments. 

One system that is commercially available is one that combines micro-PIPLC with 

nanospray ionization. With flow rates of nanoliters per minute and low femtomole to 

attomole-range sensitivity, this presents a viable option of increasing separation 

efficiency and sensitivity (40). 
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Data-processing 

A third issue in the detection of modified proteins is data analysis. SEQUEST 

can analyze MS-MS data, assign a sequence to a peptide and identify the protein(s) from 

which the peptide originated. SEQUEST can also take into account post-translational 

modifications by allowing the user to modify the mass of an amino acid residue. It would 

appear, therefore, that this offers an ideal means for detecting protein targets. However, 

there is an upper limit of 300 amu for the mass of the residue modification. This 

precludes sequencing many proteins modified by higher molecular weight electrophiles 

such as glutathione conjugates, which add more than 300 amu to the target amino acid. 

Furthermore, the user must be aware of any other modifications and enter this 

information. If unanticipated modifications are present, for example a methoxylation or 

carboxylation of the N-terminus, then SEQUEST will be unable to assign a sequence to 

the spectra and identify the protein. 

The most important issue in data analysis, however, is simply the volume of data 

generated and the time involved in its analysis. The following calculation provides an 

example. Bovine serum albumin contains 607 amino acids and has an average mass of 

81.5 kDa. Tryptic digestion cleaves the protein into 82 peptides. Analysis by LC-MS-

MS data dependent scanning typically results in 700-800 MS-MS spectra. If even half of 

these spectra are of good quality, and one were to spend five minutes analyzing each for 

evidence of an adduct, it would take approximately 33 hours to determine whether this 

one protein possibly contains adducted peptides. When one considers that the typical cell 



contains thousands of proteins, the need for some type of data reduction algorithm 

becomes apparent. 

Therefore, an integral part of the approach used in this project is the development 

of an algorithm capable of rapidly scanning MS-MS spectra and signaling which contain 

characteristics of adducted peptides. In Chapter Three the SALSA data reduction 

algorithm is described. SALSA was developed the Liebler research group to provide a 

means of dealing with the extremely large amount of data generated by MS-MS data-

dependent scanning (41). SALSA scans LC-MS-MS data and locates those spectra that 

contain user-defined characteristics. Thus, the number of spectra that require 

interpretation is limited to those spectra that have a reasonable chance of corresponding 

to adducted proteins. 

Characteristic Adduct Fraementation Patterns 

The question, then, becomes which characteristics are indicative of adducts? Not 

knowing the identity of the targeted protein rules out selected ion monitoring or searching 

for the mass of a given parent ion. Therefore, the search must be for signals resulting 

from the modification itself. While peptide fragmentation has been well characterized, 

litde or nothing was known about the fragmentation behavior of modified peptides. 

Therefore, the second chapter of this dissertation describes the sjoithesis and 

fragmentation behavior of a "library" of model peptide adducts of metabolites of 1,1-

dichloroethylene (DCE), the model compound chosen for this project. 
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The purpose of this was two-fold. First, the data from these adducts, together 

with fragmentation data from other model compounds studied in our laboratory, were 

used to develop SALSA. Each class of adducts exhibited very different types of 

fragmentation, which enabled the development of a more versatile algorithm capable of 

detecting a variety of fragmentation patterns. Second, by examining a wide variety of 

model adducts, it was possible to determine whether the amino acid sequence 

surrounding the modification in any way influences the observed fragmentation. 

The Model: 1.1-DCE 

The choice of 1,1-dichloroethylene (DCE) as a model system was based on 

several considerations. First, due to a significant amount of research stemming from 

concerns about its carcinogenicity in humans, the effects of exposure to 1,1-DCE are well 

understood. 1,1-DCE is used extensively as a monomeric intermediate in the production 

of plastics, e.g. Saran wrap, and is also a common groundwater contaminant (42). 

Exposure in humans is usually occupational. Histological changes observed in animals 

upon inhalation or ingestion of DCE include damage to lung epithelial Clara cells (43), 

tubular dilation in kidneys (44) and centrilobular necrosis in hepatocytes (45). 

Biochemical and histological changes in hepatocj^es have been described by Moslen et 

al., who detailed early and specific injury of the biliary canalicular membrane in rats 

exposed to 1,1 -DCE (Figure 1.1) (46). C/ltrastructural characterization revealed dilation 

of the canalicular lumen, the presence of debris and blunting of microvilli in the 
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Figure 1.1. Depiction of the location of the biliary canalicular membrane, (a) A liver lobule; (b) an 
expanded view of the liver lobule; (c) a hepatocyte, in which the biliary canalicular 

membrane is indicated in the upper right (64). 
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canalicular lumen. Significant decreases in biliary phospholipids and biliary proteins 

were observed, as were increases in membrane protein fragments and leucine 

aminopeptidase, a canalicular membrane-associated enzyme. Phospholipids are excreted 

via membrane transport proteins. Hepatocytic waste, including degraded proteins, are 

excreted via docking of lysosomes at the canalicular membrane, followed by excretion 

into the bile (47, 48). Therefore, decreases in biliary phospholipids and biliary proteins 

would suggest damage to the canalicular membrane transport proteins. Once damaged, 

the membrane proteins are thought to slough off into the bile, possibly due to 

solubilization by bile salts. All of this enables a more focused search for adducted 

proteins. Discovering the identity of the targeted proteins would be relevant from a 

toxicological perspective in that it could provide a link between the observed damage and 

the mechanism of toxicity. 

Second, the metabolism of 1,1-DCE has been well-characterized in vitro, which 

allows speculation as to the type of protein modifications that may occur. 1,1-DCE 

undergoes bioactivation by cytochrome P450 enzymes to form the reactive electrophiles 

1,1-DCE oxide and 2-chloroacetyl chloride (49) (Figure 1.2). 2-Chloroacetyl chloride 

can bind to nucleophilic amino acid residues and to N-terminal amines to form 2-

chloroacetylated proteins. It also can covalently modify the cysteinyl sulfhydryl group of 

glutathione to form the stable, and less reactive, intermediate S-(^-

chloroacetyI)glutathione, which still is capable of forming conjugates with cysteine-

containing peptides (50). S'-(2-Chloroacetyl)glutathione also is hypothesized to 

selectively target canalicular membrane transport proteins (51,52). In addition, 1,1-DCE 
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oxide can also covalently modify cysteine snlfhydryl groups, and subosequentiy hydrolyze 

to form a carboxymethylated protein. This was supported by Dowsley et al., who used 

''^C-labeled 1,1-DCE in rat and mouse microsomal incubations, and ireported the 

formation of iS'-carboxymethylglutathione, S-(2-chloroacetyl)glutathi« one and its conjugate 

with a second glutathione molecule, 5-(glutathionylacetyl)glutathion>e (53). 

Based on this information, it was postulated that the modifiecd proteins likely to be 

found in tissues exposed to DCE would include S-carboxymethylatecd and 2-

chloroacetylated proteins, and also adducts resulting from modificatiion of cysteine 

residues by .S-(2-chloroacetyl)glutathione, or GSC0CH2-5-cys-protenn adducts (Figure 

1.1). Therefore, "libraries" of these three types of model peptide connjugates were 

synthesized and subjected to MS-MS analysis in order to determine any characteristic 

fragmentation patterns indicative of their presence. 

The fragmentation of the three types of modified peptides is cdiscussed in Chapter 

Two and summarized in Tables 2.1 — 2.5. Chapter Three includes a_n explanation of 

SALSA, the selection of optimal parameters and testing of these parameters with 

SALSA. Chapter Four describes the incorporation of this groundworxlc into a 

methodology for identifying protein targets of 1,1-DCE in bile samp lies from animals 

exposed to 1,1-DCE. 
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CHAPTER TWO 

CHARACTERIZATION OF MS-MS FRAGMENTATION PATTERNS OF MODEL 
PEPTIDE ADDUCTS OF 1,1-DCE METABOLITES 

Introduction 

Based on current knowledge of the metabolism of 1,1-DCE it was postulated that 

protein adducts in 1,1-DCE-exposed hepatocytes would include S-carboxymethylated, 2-

chloroacetylated proteins and GSCOCHi-S-cys-protein adducts (Figure 1.2). Therefore, 

these three types of model peptide adducts were synthesized and analyzed by ESI-MS-

MS. Because cysteine is the most reactive of the nucleophilic amino acids and thus is 

thought to be targeted by reactive electrophiles, model peptides were chosen that contain 

one or two cysteine residues. 

i'-Carboxymethylated peptides are sjTithesized by alkylation of the cysteine 

sulfhydryl group with iodoacetic acid. In addition to alkylating model synthetic peptides, 

proteins that could be alkylated and digested to produce fragments containing a single 

cysteine residue also were used. 2-Chloroacetylated peptides were synthesized by 

reaction of 2-chloroacetyl chloride with model peptides under both aqueous and non

aqueous conditions. Because of its increased reactivity, it was thought that 2-

chloroacetyl chloride also may be capable of modifying other nucleophilic residues such 

as lysine, arginine, histidine and N-terminal amines. Therefore, several model peptides 

containing one or two of these residues were used. 
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The synthesis of GSCOCHa-S-cys-peptide adducts proved more challenging. 

Initial attempts to synthesize the adducts involved incubation of the peptide with 

CICH2COSG at pH 8.0 for 24 hours. When this was unsuccessfiil, synthesis in Na/NHs, 

as described by Reed and Foureman, was attempted (54). This reaction was moderately 

successful with the small and relatively reactive GSH and yielded S-

(glutathionylacetyl)glutathione. However, reaction with other peptides to form the 

desired adduct did not occur. 

It became apparent that formation of the cyclic degradation product of 

CICH2COSG competed with peptide thiol alkylation under the basic conditions necessary 

for adduction (Figure 2.1). This intramolecular rearrangement has been described 

previously (50) and involves 2-chloroacetyl transfer to the glutamate a-amine, followed 

by intramolecular displacement of the chloride from the chloromethylene group. An 

alternative strategy involved derivatization of the glutamate a-amine with a tBOC 

protecting group, which would block cyclization and permit thiol alkylation during the 

reaction in NH3, after which the protecting group easily could be removed. Cundari et al. 

described the sj^thesis of A/-Boc-5-alkylated cysteines; however, their method required 

basic conditions and included only base-stabilized derivatives (55). Similarly, it would 

not have been possible to modify CICH2COSG directly with the tBOC-protecting group, 

as this reaction also requires basic conditions. Therefore, it was necessary to devise an 

alternative means of synthesizing tBOC-5'-(2-chloroacetyl)glutathione, which also is 

described in this chapter (Figure 2.2). 
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To determine whether the GSC0CH2-.^-cys-SPepC adducts would be stable under 

digestion conditions, the model peptide adduct GSCOCH2-iS-cys-SpepC (LVACGAK) 

was added to BSA both before and after tryptic digestion and analyzed by LC-MS-MS. 

In addition, S'-carboxymethyl TpepC (AVAGCAGAR) and GSCOCHi-S-cys-SpepC 

(LVACGAK) were added to protein digests and analyzed by LC-MS-MS to determine 

whether characteristic fragmentation would be detected in data-dependent scanning 

conditions. 

These studies will enable the identification of unknown protein adducts in 

samples collected from animals exposed to 1,1-DCE and have been described (56). The 

established MS-MS characteristics of adducts also were used in the development of the 

data reduction algorithm, SALSA, and to identify adducts in more complex samples. 
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Materials and Methods 

Caution: Liquid ammonia and 2-chloroacetyl chloride are highly corrosive and toxic 

and should be used only in a fume hood while wearing suitable protective clothing. 

Metallic sodium is flammable and explosive upon contact with water and should be 

handled with caution. 

Peptides and Reagents 

PepC (AGAGCAGAG, >80% purity), TPepC (AVAGCAGAR, >80% purity), 

TPepK (AVAGBCAGAJl, >80% purity) and SPepC (LVACGAK, > 80% purity) were 

synthesized by Sigma-Genosys, The Woodlands, TX. Reduced and oxidized glutathione, 

oxytocin, urinary trypsin inhibitor fragment (RGPCRAFI), anaphylatoxin C3a Fragment 

70-77 (ASHLGLAR), BSA, apomyoglobin (horse skeletal), glutathione-S-transferase (rat 

liver) and insulin were purchased from Sigma, St. Louis, MO. Cortical androgen 

stimulating hormone (QDVSAGQDCGPLPQGGPQ) and Frog ANP-2 

(SSDCFGSRIDRIGAQSGMGCGRRF) were purchased from Peninsula Laboratories, 

Belmont, CA. Triethylamine, BOC-ON and 2-chloroacetyl chloride were purchased 

from Aldrich, Milwaukee, WI. lodoacetic acid, 1,4-dioxane and DMF were purchased 

from Sigma, St. Louis, MO. The iodoacetic acid was recrystallized from hexane before 

use. TCEP-HCl was purchased from Pierce, Rockford, IL. Sequence grade modified 
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porcine trypsin was purchased from Promega, Madison, WI. C8 SPE cartridges (600 mg 

bed) were from Alltech (Waukegan, EL). 

Synthesis of BOC^-GSSG 

Oxidized glutathione (GSSG, 1.0 g) was dissolved in 2.0 mL triethylamine and 

approximately 3 mL H2O. BOC-ON (0.89g) was dissolved in 5 mL 1,4-dioxane (Sigma), 

added dropwise to the GSSG and the solution was stirred at room temperature for 3 — 4 h. 

The resulting light yellow solution was washed twice with 20 mL ether, and 20 mL H2O 

was added. After the pH was carefiilly adjusted to 5.0 with O.IM HCl, the solution was 

used for synthesis of tBOC-GSH (see below). For characterization, the product was 

purified by HPLC in 10% ACN / 90% H2O with a 250 x 9.4 mm Whatman Partisil 10 

ODS-2 column, eluted isocratically at a flow rate of 3 mL min'^ Analysis by LC/MS 

showed signals for the major products at m/z 813, 835 and 857, which correspond to 

[tBOC2GSSG + H]^, [tBOCiGSSG + Na]^ and [tBOC2GSSG + 2Na]"^ respectively, with 

some residual signal for [tBOC-GSSG + H]^ at m/z 713. CED of the m/z 813 ion yielded 

fragmentation consistent with GSSG and included an intense peak at m/z 101, 

corresponding to the tBOC fragment, C4H90C0^ (data not shown). HR-FAB analysis 

confirmed a m/z of 813.2663 [M+H]"^, which is within 2.0 ppm of the theoretical mass of 

813.2646 for C30H49N6O16S2. 
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Synthesis of tBOC-GSH 

TCEP-HCl (1.3 g) was dissolved in 25 mL H2O and the pH was adjusted to 5.0 

with IM NaOH. This solution was added to the crude tBOCiGSSG (see above) and the 

mixture was stirred at room temperature for 1 h. The tBOC-GSH product was purified by 

HPLC in 10% ACN / 90% H2O with a 250 x 9.4 mm Whatman Partisil 10 ODS-2 

column, eluted isocratically with a flow rate of 3 mL min"'. The product was lyophilized 

and characterized by LC/ESI/MS. One product peak was detected, which exhibited 

signals at m/z 408 and 430, corresponding to [tBOC-GSH + H]"^ and its sodium salt. HR-

FAB analysis confirmed a m/z of 408.1447 [M+H]"^, which is within 1.4 ppm of the 

theoretical mass of 408.1441 for CisHieOgNsS. Four syntheses of tBOC-GSH, each 

using l.O g GSSG, produced approximately 0.51 g of product (9.5% yield). 

Synthesis of tBOC-S-Q-chloroacetyDglutathione 

The products of the four separate syntheses of BOC-GSH were combined, 

lyophilized and dissolved in 40 mL dimethylformamide. 2-Chloroacetyl chloride (0.25 

mL) was added and the solution was stirred at room temperature for 1 h. The excess 2-

chloroacetyl chloride was quenched with 0.5 mL ethanol and the solvents were removed 

in vacuo. The resulting yellow residue was dissolved in 80% H2O / 20% ACN and semi-

purified by HPLC using a 250 x 9.4 mm Whatman Partisil 10 ODS-2 column, eluted 

isocratically at 3 mL min"'. The products were lyophilized and stored at -20°C until use. 
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The crude product was analyzed by LC/MS and the full scan mass spectrum showed the 

characteristic ^^Cl / ^^Cl isotope pattern (2:1) in the signals at m/z 484 and 486. Analysis 

by HR-FAB confirmed a m/z 484.1175 [M+H]"^ for the isotopomer, which is 

within 3.7 amu of the theoretical mass of 484.1157 for CtyHiTOgNsSCl. The yield for the 

synthesis of tBOC-ClCHiCOSG from tBOC-GSH was estimated to be approximately 

10%. 

Synthesis of GSCOCH2-.S-cvs-peptide Adducts in Na/NH^ 

Approximately 0.001 — 0.005 g of peptide was placed in a 5 mL 2-necked, round-

bottom flask fitted with a dry ice condenser and suspended in a dry ice/isopropanol bath. 

The flask was purged with N2, after which approximately 2-3 mL NH3 was added. 

After stirring for several min, a sufficient amount of metallic sodium was added for the 

solution to remain deep blue for at least 5 min. tBOC-ClCHiCOSG was added and the 

reaction was allowed to proceed for 5 min. The NH3 was evaporated and the resulting 

white precipitate was dissolved in distilled water. The pH was adjusted to approximately 

2.0 with 0.001 M HCl and the mixture was applied to a C8 SPE cartridge and equilibrated 

with 0.1% TFA in H2O. The products were eluted with 75% ACN/25% H2O and 

concentrated by removal of solvents in vacuo. The products were stored at -20°C until 

analysis. 



47 

Synthesis of GSC0CH7-S'-cvs-DeTPtide Adducts in Aqueous Solution 

A 100 |j.g sample of peptide was dissolwed in 1.0 mL of 0.1 M sodium phosphate 

buffer, pH 9.5. An approximately equimolarr amount of tBOC-ClCHiCOSG was added 

and the solution was incubated for 24 h at 3U°C. The solution was acidified with 10 [iL 

0.1% TFA and stored at -20°C until analysiss. 

5'-Carboxvmethwlation of Peptides 

lodoacetic acid (0.0186g) was recrystalilized from hexane and dissolved in 100 mL 

distilled water to produce a 0.001M solutiom, which was added to the peptide in an 

approximately 25 molar excess. The peptidess were incubated in the dark at 37°C for 3 h 

and stored at -20°C until analysis. 

2-ChloroacetvUation of Peptides 

An approximately 100 jj-g sample of pepotide was dissolved in dimethylformamide 

(1.0 mL) to which 2-chioroacetyl chloride (D-D ^L) was added. The solution was 

incubated at 37°C for 3 h. The sample was ; applied to a C8 SPE cartridge, equilibrated 

with 0.1% TFA in H2O, and eluted with 75*% ACN/25% HjO. 2-Chloroacetylation was 

performed in aqueous solution by dissolving a 100 |ig sample of peptide in 1 mL O.IM 



48 

sodium phosphate buffer, pH 9.5. 2-Chloroacetyl chloride (10 |iL) was added and the 

solution was incubated at 37°C for 3 h. 

Preparation of S-Carboxymethylated Protein Digest 

Digestion was performed in accordance with procedures outlined in (S7). A 100 [j,g 

sample of BSA was dissolved in 20 jxL 8M urea/0.4M NH4HCO3 and 5 (iL of 0.045M 

DTT. The sample was incubated at 50°C for 15 min and cooled to room temperature. A 

10 |j.L aliquot of 0.1 M iodoacetic acid was added and the sample was diluted 4-fold. 

Sequencing grade modified trypsin (Promega) Wcis added in a 1 ;25 enzyme/protein (w/w) 

ratio and the sample was incubated at 37°C for 24 h. Unalkylated control samples were 

prepared in a similar manner, without addition of iodoacetic acid. 

Preparation of GSCOCH?-5'-Cvs-SPepC- and 5'-carboxvmethvl 

TPepC- containing Protein Digest 

A mixture of non-acetylated bovine serum albumin (400 p-g), horse skeletal 

apomyoglobin (300 |j.g) and glutathione S-transferase (100 p-g) was lyophilized and 

dissolved in 200 pL 8M urea/ 2M NH4HCO3. TCEP (125 pL, 30 mM) was added and 

the solution was heated at 95°C for 15 min. The solution was allowed to cool, 

sequencing grade modified trypsin (Promega) was added in a ratio of approximately 1:25 

wt/wt enzymeiprotein and the solution was diluted to a final volume of 800 pL incubated 
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for 24 h. at 37°C. To a 100 jiL aliquot of the solution was added the aqueous reaction 

mixture containing the GSCOCHi-S-cys-SpepC adduct. To test the stability of the 

adduct under digestion conditions, the GSCOCHi-S-cys-SPepC adduct also was added to 

BSA (100 fj.g) prior to digestion as described above. The products were stored at —20°C 

until use. A 10 |xL injection volume was estimated to contain approximately 10 pg adduct 

and 10 (j.g digested protein. To a separate 100 |aL aliquot of the digested protein mixture 

was added S-carboxymethyl TPepC (prepared as described above) in a ratio of 

approximately 1:500 wt:wt carboxymethyl TPepC:protein digest. An injection volume of 

10 |jL contained approximately 120 pmol carboxymethyl TPepC and 10 j^g total protein. 

Mass Spectrometry 

Samples were analyzed on a Finnigan MAT TSQ 7000 mass spectrometer using 

positive ESI. Flow injection analysis was performed using acetonitrile/water (50/50, 

v/v) with 0.1% TFA at a flow rate of 0.2 mL/min. CID spectra were obtained using Ar as 

the collision gas at 30 — 50 eV collision energy. Data analysis was performed with 

Finnigan Xcalibur"^" software. LC-MS with data-dependent scanning and MS'' analyses 

were performed on a Finnigan LCQ ion trap mass spectrometer using positive ESI and 

flow injection in acetonitrile/water (50/50 v/v) with 0.1% TFA and 0.5% formic acid at a 

flow rate of 0.2 mL/min. The isolation mass widths for precursor and product ions were 

set to 3.0 and 1.0 amu, respectively. LC-MS-MS analysis of the tryptic digests was 

achieved with a Vydac CI8, 218TP51 column (250 x 1.0 mm) using acetonitrile/water 
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gradient elution at a flow rate of 0.1 mL min'^ Solvent A was acetonitrile with 0.1% 

acetic acid and 0.0085% TFA and solvent B was H2O with. 0.1% acetic acid and 0.01% 

TFA. The gradient program was as follows: 3% A for 3 min, increasing to 5% A at 10 

min and held for 10 min, 30% A at 115 min, 75% A at 125 min, 85% A at 130 min, 95% 

A at 135 min and holding for 5 min before decreasing to 3% A at 145 min. The injection 

volume was 10 |i.L. The instruments are calibrated daily using commercial calibration 

standards. The mass accuracy of the TSQ 7000 is approximately ±1.0 amu while that of 

the LCQ is approximately ±0.5 amu. 
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Results 

Characterization of tBOC-.S-(2-chloroacetvnglutathione 

Figure 2.3 shows the CID spectrum of the [tBOC-ClCHiCOSG + H]"^ ion at m/z 

484. The signals at m/z 383.5 [CICH2COSG + H]^ and 102.0 [C4H90C0]"^ indicate the 

facile cleavage of the tBOC protecting group, and the remaining fragmentation is 

identical to that of unprotected CICH2COSG (not shown). Losses of C-terminal glycine 

and N-terminal y-glutamate from the CICH2COSG are apparent (the "'^Cl/^^Cl isotope 

pattern in the peaks at m/z 308.7 and 310.7 indicate that it is loss of glycine and not of 

COCH2CI that occurred). Also, signals at m/z 75.9, 129.8, 178.7 and 290.9 correlate well 

with fragmentation patterns of glutathione reported by various researchers using FAB 

(58-60) and atmospheric pressure ionization (61) as well as with control CID spectra of 

glutathione performed on laboratory instrumentation using positive ESI. These peaks 

therefore serve as indicators of a glutathionyl moiety in adducts (see below). 

Characterization of Fragmentation Patterns of GSCOCH?-S-cvs-peptide Adducts 

The tBOC-ClCH2COSG was used in both the Na/NHs reaction with PepC and 

TPepC and in aqueous reactions with SPepC and oxytocin to form adducted peptides. 

Acidification of the products completely removed the tBOC-protecting group. Figure 
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2.4 shows the CID spectrum of the [M + of the GSCOCHi-iS-cys-SPepC adduct 

(m/z 505). Of interest are the peaks corresponding to the fragmentation of the adduct and 

also several characteristic neutral losses. Adduct-derived fragments include m/z 308 

[GSH + H]^ 349 [GSCOCH2 + H]^ and 382 [GSCOCH2-SH + H]^. Neutral losses of 

75, 129, 306 and 348 da correspond to loss of glycine, glutamate, glutathione and 

GSCOCH2, respectively. The signal at m/z 735 could correspond to either the 

GSCOCH2-'S-cys-b4 fragment ion or a neutral loss of 273 amu (GSH minus —SH). If the 

fragment results from the latter, then MS^ analysis would reveal b- and y-series ions in 

which the mass of the cysteine residue is increased by 33 da. However, if the fragment 

contains the adducted cysteine residue, then one would expect to observe fragmentation 

consistent with the glutathionyl moiety. MS^ analysis of the m/z 735 fragment (Figure 

2.5) confirmed that in this adduct, it is the modified b4 ion and not a neutral loss that 

occurs. No modified b- or y-series ions were observed. However, neutral losses of 75 

and 129 da from the m/z 735 parent ion were present, as were fragment ions 

corresponding to [GSH+H]^ {m/z 308) and glutathione minus the sulfhydryl group {m/z 

275). 

Tables 2.1 and 2.2. summarize the CID fragmentation data of the GSC0CH2-'S'-

cys-peptide adducts that were studied. In Table 2.1, the theoretical masses of the singly-

and doubly-charged adducts are listed, along with the mass of the parent ion that was 

subjected to CID. Pairs of ions are also listed that contain a mass difference of 450 da, 

which corresponds to the GSCOCH2-'S'-cys residue. All but the TPepC adduct exhibited a 
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pair of these product ions. All adducts exhibited a fragment ion at m/z 308 (GSH), and 

all but oxytocin exhibited ions at m/z 275 and 349. In addition, several fragment ions 

present in CID spectra of GSH and tBOC-GSH were observed. Fragment ions at m/z 

130, 179, 233 and neutral losses of 75, 129, 273 and 306 da were present in at least half 

of the adducts, and all are indicative of the presence of a glutathionyl moiety. All adducts 

exhibited at least five characteristic neutral losses, fragment ions or ion pairs. Although 

y-series ions were essentially absent, b-series ions were abundant enough to provide at 

least partial sequence information and are summarized in Table 1.1. 

GSCOCHi-iS-cys adducts with oxytocin, which contains two cysteines 

(CYIQNCPLG), exhibited a slightly different fragmentation pattern. The frill scan MS 

revealed that although the [M+H]"^ and [M+2H]"'^ ions were present, the singly- and 

doubly-charged ions were more prominent. Erve et al. studied alkylation of 

oxytocin by 5-(2-chloroethyl)glutathione, which has been shown to occur via an 

episulfonium ion intermediate (62). They observed /no«o-alkylation of the reduced 

ox5^ocin at both cysteine residues and also the formation of bis- and rr/^-adducts. Our 

data show no evidence of 6/^-adducts of GSCOCH2- with oxytocin and suggest that only 

Cysi was modified. CID of the [M+2H-H20]~"^ ion revealed an ion at m/z 451, which 

corresponds to [GSCOCH2->S-cys + H]"^. However, no fragments of m/z 1211 or m/z 606, 

corresponding to the singly- and doubly-charged CYIQNC-CH2COSG fragment, were 

observed. Furthermore, although b-series ions were lacking, sequence information can 

be inferred if one takes into account loss of glutamine and glycine from the GSCOCH2-S'-

cysi residue and adjusts the mass of cysteine to 246 da (cys-CH2CO-cys). The spectrum 
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also exhibited characteristic fragments at m/z 291 (GSH — H2O), GSH-associated neutral 

losses of 75, 274 and 307 da and losses of 75 and 129 da from GSCOCH2-.^-cys. 

It should be noted that the parent ion of the TPepC adduct that was subjected to 

CID corresponds to the [M + 2Na — H2O] {m/z 575). This adduct was synthesized in the 

Na/NH3 system, and due to the high salt content of the product mixture, it is common for 

these adducts to have one or more hydrogens substituted by sodium atoms even after 

passage over the C8 SPE cartridge. Studies of CED fragmentation mechanisms suggest 

that substitution of a hydrogen atom with a sodium ion may induce preferential cleavage 

when acidic amino acids are present (63). Since little [TPepC -1- H]"^ was present, a direct 

comparison of the fragmentation with [TPepC + 2Na — H2O] was not possible. 

However, comparison of a CID spectrum of [GSCOCH2-S-GSH + H]"^ with spectra of 

[GSCOCH2-S-GSH 4- Na]^, [GSCOCH2-S-GSH + 2Na]^ and [GSCOCH2-S-GSH + 

3Na]^ revealed nearly identical fragmentation patterns. In addition, the GSCOCH2-S'-

cys-TPepC adduct exhibited fragmentation patterns similar to the other adducts, 

including fragment ions of 75, 129, 178, 274, 307 and 349 da and neutral losses of 307 

and 348 da (Table 2.1). This suggests that the sodium ions did not influence the adduct 

fragmentation patterns to any appreciable extent. 

Characterization of Fragmentation Patterns of .S-Carboxvmethvlated Peptides 

5-Carboxymethylation of peptide cysteine thiols was achieved by treatment with 

iodoacetic acid. In the spectrum of unmodified PepC (data not shown), b-series fragment 
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ions are present, with the unmodified cysteine residue indicated by the ion pair at m/z 257 

(b4) and m/z 360 (bs). In the .S-carboxymethyl PepC (Figure 2.6), the signal at m/z 

360 is absent, and instead a signal at m/z 418 is seen. Thus, the mass shift (58 da) in the 

bs ion and the mass difference between the bs ion at m/z 418 and the b4 ion at m/z 257 

confirm the presence of the iS-carboxymethyl cysteine residue. No fragment ion or 

neutral loss corresponding to the 5-carboxymethyl group is present. 

Table 2.3 summarizes the observed firagmentation patterns of the remaining 

model peptides along with 5-carboxymethylated peptides obtained by tryptic digest of 

insulin, ANP frog-24 and BSA. Table 2.4 smnmarizes the observed b-series ions. The S-

carboxymethyl group adds a mass of 58 da to the cysteine residue, resulting in a modified 

cysteine residue mass of 161 da. Of the 17 cysteine-containing peptides that were 

analyzed, 14 exhibited the b-series ion pair corresponding to the modified cysteine 

residue. In the y-series, the ion pair was present in nine of the peptides. In all but six of 

the peptides, the ion pair was present in either the b- or the y-series, and in five of these 

six peptides, the ion pair was not detected due to the low-mass cut-off of the LCQ, i.e. 

fragment ions below 25% of the m/z of the selected precursor ion are not detected. 

Table 2.3 also shows that a neutral loss of 60 da (CH3COOH) occurred in only 8 

of the peptides, and in half of these, the loss appeared as a loss of 30 m/z units from the 

doubly-charged ion. Neutral loss of 92 da (HS-CH2COOH) was not observed in any of 

the peptides. In the S-carboxymethylated peptides, b-series ions were more abundant 

than the y-series, and all but one contained sufficient ions to be identified by protein 

database searching. Only in PepC, TPepC and UTI were the y-series ions complete. 
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Characterization of Fragmentation. Patterns of 2-Chloroacetvlated Peptides 

2-Chloroacetyl adducts were generated by treating peptides with 2-chloroacetyl 

chloride either in dimethylformamide or in aqueous solution. The octapeptide 

anaphylatoxin contains a histidine, a C-terminal arginine and a &ee N-terminus. 

Treatment of the peptide with 2-chloroacetyI chloride in DMF yielded mono-, bis- and 

tris-2-chloToacetyl adducts, as indicated by full-scan MS analysis of the reaction mixture 

(not shown). The ions corresponding to the mono- bis- and rris'-adducts were subjected 

to CID. In Figure 2.7 the CID spectrum of the /wo«o-2-chloroacetyl adduct [M + 2H] 

at m/z 451 is shown. The mass of all b-ions, or N-terminus-containing fragments, is 

shifted by 76 da whereas the y-ions, or C-terminus-containing fragments, are unmodified. 

Neutral losses of 36, 78, 96 and 114 da all are present, which correspond to loss of HCl, 

HCOCH2CI, HCOCH2CI + H2O and HCOCH2CI + 2H2O, respectively. Fragment ions 

indicating the loss of 36, 78 and 96 da from the 2-chloroacetylated b2 ion are also seen. 

The mass shifts in the b-series ions, but not in the y-series ions, indicate that the mono-2-

chloroacetyl adducts are exclusively on the peptide N-terminus. Figure 2.8 depicts the 

CCD spectra of the 6/5-2-chloroacetyl adduct [M + 2H] ion at m/z 489. The most 

prominent peaks correspond to the bs-b? ions, which are shifted in mass by 152 da and 

which correspond to two 2-chloroacetyl groups This, in addition to the fact that an 

urmiodified ys ion is present, indicates that the 2-chloroacetylation in the ^w-adduct 

occurred at the N-terminus and at the histidine residue. The loss of H2O from the 2-

chloroacetylated b-series ions suggests that the histidine easily loses the chloroacetyl 
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group in CED. This is confirmed by MS^ analysis of m/z 882, [M — CICH2CO — 

(Figure 2.9). Since no 2-chloroacetylated bi or hj ions were observed, the b-ions alone 

do not indicate from where the loss is occurring. However, signals at m/z 666.2 (yg) and 

at m/z 751.8 (y?) indicate that the histidine residue is not 2-chloroacetylated. 

The CED spectrum of the [M + H] ion at m/z 526.8 for the rr/5-2-chloroacetyl 

adduct of anaphylatoxin (data not shown) indicate that a third 2-chloroacetyl group has 

been added to the C-terminal arginine. The bs-by ions all reflect the presence of two 2-

chloroacetyl groups as in the Z>/5-2-chloroacetyl adduct, while the yx-ye ions are all shifted 

by 76 da, thus indicating the presence of a 2-chloroacetyl group on the C-terminus. The 

fragments resulting from neutral losses of 36, 96 and 114 da appear as doubly-charged 

ions. 

In Table 2.5 the observed ion pairs and neutral losses are shown. The neutral 

losses most frequently observed were those of 36 da (HCl) and 96 da 

(HCOCH2CI + H2O), which occurred with all but two of the peptide adducts. In half of 

the peptide adducts, neutral losses of 78 da (HCOCH2CI) and 114 da (HCOCH2CI + 

2H2O) were seen. There also were characteristic ion pairs separated by the mass of the 

cysteine, lysine or histidine residue plus 76 da that correspond to the mass of the 2-

chloroacetylated residue. These usually were observed in the multiply 2-chloroacetylated 

peptides (with the exception of the /wono-chloroacetylated of TPepK). All of the 

peptides, with the exception of SPepC, exhibited at least two of these characteristic 

neutral losses or ion pairs, and three contained all of them. All spectra contained 

sufficient b-series ions to provide sequence information and to localize the modification. 
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Analysis of .y-CarboxvmethvI TPepC in a Mixed Protein Digest 

In Figure 2.10, the LC total ion chromatogram is shown of the digest of BSA, equine 

apomyoglobin and rat liver glutathione-S-transferase containing the S'-carboxymethyl 

TPepC. It was estimated that the 10 |xL injection volume contained approximately 10 pg 

of adduct and 10 mg total protein. Below, the MS-MS spectrum of the [M+2H]"^^ parent 

ion, which eluted at a retention time of 21.0 min is shown. In both the b- and the y-

series, an ion pair is present, separated by 161 amu, that corresponds to the 

carboxymethyl cysteine residue. 

Analysis of GSCOCH?-.S'-cvs-SPepC Adduct in a Mixed Protein Digest 

Figure 2.11 depicts the LC total ion chromatogram of the mixed protein tryptic 

digest to which the GSCOCH2-5'-cys-SPepC adduct was added. The MS-MS spectrum of 

the adduct, which eluted at a retention time of 91.32 min, is also shown. Although exact 

quantitation was not possible, based on the amount of SPepC added to the initial reaction 

with the tBOC-ClCHiCOSG, it was estimated that approximately 10 pg of the adduct was 

present in the digest containing 10 mg total protein. To determine the stability of these 

adducts under typical digestion conditions, the adduct was added both prior to and after 

digestion. In both experiments, the [M+2H]"^" adduct was detected and selected for CED 

in the data-dependent scanning mode, and the MS-MS spectra were similar to those 

obtained during flow injection analysis of the adduct alone. The MS-MS spectrum in 
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Figure 2.11 exhibits several characteristic features that would be detected easily 

by a data reduction algorithm, including fragment ions at m/z 115 and 308, neutral losses 

of 129, and 306 da and a pair of ions at 284.0 and 734.5 which are separated by 450 da 

and which correspond to the modified cysteine residue. 
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Discussion 

In this chapter, the tandem MS fragmentation characteristics of model peptide 

adducts derived from reactive metabolites of DCE have been described. Considerable 

previous work on DCE bioactivation has identified the major reactive DCE-derived 

electrophiles and has provided a basis for predicting that GSC0CH2-S'-cys adducts, S-

carboxymethyl adducts and 2-chloroacetyl adducts are the principal DCE-derived adducts 

in proteins. Emphasis has been placed on specific characteristics of these DCE 

metabolite-peptide adducts that may be used to selectively identify DCE metabolite 

targets by mass spectrometry in conjunction with a data reduction algorithm. The 

approach of detecting protein targets of reactive electrophiles and mapping the adducts in 

proteins at the amino acid sequence level requires definition of the tandem MS 

fragmentation characteristics of specific peptide adducts in a variety of sequence 

contexts. 

Synthesis of GSCOCHi-S'-cys peptide adducts presented difficulties because of 

the instability of the CICH2COSG conjugate, which undergoes a facile two-step 

cyclization that competes with cysteine thiol alkylation. Sjoithesis of tBOC-ClCH^COSG 

provided an effective means of generating the GSCOCHi-'S'-cys peptide adducts for 

tandem MS studies. Given the difficulty of generating GSCOCHa-iS-cys peptide adducts 

with CICH2COSG in aqueous solutions, the significance of CICH2COSG as a contributor 

to protein modification could be questioned. However, non-covalent association of 

CICH2COSG with canalicular membrane transport proteins and other protein targets may 
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alter the competing kinetics of cyclization and alkylation and favor the generation of 

adducts. A definitive resolution of this issue will require further studies in relevant 

models of DCE liver injury. 

In all of the adducts studied, CID firagmentation produced multiple fragments, 

neutral losses and ion pairs that are indicators of the presence of GSCOCH2-5'-cysteinyl 

modification. GSCOCH2-5-cys-peptide adducts exhibited fragment ions at m/z 75, 130, 

179, 233, 275, 291 and 308, all of which were present in CCD spectra of GSH and tBOC-

GSH and which serve as indicators of a glutathionyl moiety. In addition, all but one of 

the adducts exhibited a fragment ion at m/z 349 ([GSCOCH2 + H]^ and three contained a 

fragment at m/z 382 ([GSCOCH2-SH + H]"^. Neutral losses of 75, 129, 273 and 306 da 

also were observed, as were pairs of fragment ions separated by 450 da, the mass of 

GSCOCH2-modified cysteine. Because the synthesis and purification of tBOC-

CICH2COSG was lengthy and the yield was low. there was a limited amount available for 

sjTithesis of adducts. This in turn limited the number of peptide adducts that could be 

studied. However, the consistency of the data suggests that characteristic features of 

GSC0CH2-'S'-cys adducts in CID spectra have been identified. Several of these 

characteristics were also present when data-dependent LC-MS-MS scarming was used to 

detect a small amount of the adduct in a more complex protein digest (Figure 2.11). 

In contrast to the GSC0CH2-iS-cys adducts, S-carboxymethylated peptides exhibit 

as the only consistent characteristic of modification a pair of fragment ions separated by 

161 da, which corresponds to the S'-carboxymethyl cysteine residue. A neutral loss of 60 

da (CH3COOH) was observed in only half of the peptides and loss of an 
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- SCH2COOH fragment was not observed. The characteristic ion pairs were also present 

in an LC-MS-MS data dependent scan of a mixed protein digest containing S-

carboxymethyl TPepC (Figure 2.10). 

2-Chloroacetylated peptides did not tend to exhibit characteristic fragment ion 

pairs. However, most 2-chloroacetylated peptides did exhibit at least two of four neutral 

losses: 36 da (HCI), 78 da (HCOCH2CI), 96 da (HCOCH2CI + H2O) and 114 da 

(HCOCH2CI + 2H2O). 

It is thought that the high reactivity of the chloroacetyl chloride metabolite of 1,1-

DCE would likely cause it to react primarily with targets in the immediate vicinity of its 

formation. Therefore, chloroacetylated proteins would more likely be found in the 

endoplasmic reticulum, where the P450 enzymes that bioactivate 1,1-DCE are located. 

Although these data will likely be relevant to future studies, the focus throughout the 

remainder of this dissertation will be on the 5-carboxymethylated and GSCOCH2-*S'-cys 

peptide adducts. 

The tandem MS spectra of DCE-derived peptide adducts display characteristic 

features that include losses, fragment ions, and ion pairs. The prevalence of these 

features apparently is dictated by the chemistry of the adduct-forming species. However, 

these characteristic features were observed in a variety of peptide sequence contexts. 

This suggests that the tandem MS fragmentation characteristics observed in these studies 

probably are representative of DCE-derived peptide adducts in diverse sequence contexts. 

Although fragmentation characteristics appeared to be generally reproducible within a 

particular adduct class, some specific fragmentations or ions were not observed in 
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individual adducts. This indicates that the applicatioa of a data reduction algorithm to 

analyze LC-MS-MS data will require that multiple fragmentation characteristics be 

evaluated simultaneously to identify adducts. Simple constant neutral loss or precursor 

scanning approaches, which are widely used in tandem MS analyses, will likely fail to 

detect many adducts. 
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GSH SPepC PepC TPepC Oxytocin 
(ECG) (LVACGAK) (AGAGCAGAG) (AVAGCAGAR) (CYIQNCPLG) 

655 1010 981 1123 1357 

CID m/z 655 505 981 575 ' 670^ 

Characteristic 

b-series ion pair Y Y Y Y 
y-series ion pair Y Y 

m/z 75 Y Y 
m/z 129 Y Y Y 
m/z 178 Y Y Y 
m/z 233 Y Y Y 
m/z 275 Y Y Y Y 
m/z 291 Y Y Y Y 
m/z 308 Y Y Y Y Y 
m/z 349 Y Y Y Y 
m/z 382 Y Y Y 
m/z 451 Y Y Y 
loss 75 Y Y Y Y 
loss 129 Y Y 
loss 273 Y Y 
loss 306 Y Y Y Y 
loss 348 Y Y Y Y 

'Corresponds to the [M + 2Na — H2O] ion. 

"Corresponds to the [M — H2O] ion. 

Table 2.1. Summary of fragmentation observed in GSCOCH2-5'-cys-peptide adducts. 
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Peptide Sequence b1 b2 b3 b4 b5 b6 b7 b8 b9 

ECG fGSH) 129.2 232.1 307.5 
LVACGAK (SPepC) 213.0 284.0 387.0 489.0 546.0 
AGAGCAGAG (PepC) 71.5 129.4 200.3 257.1 
AVAGCAGAR (TPepC) 72.1 170.8 241.9 299.0 402.8 529.6 600.6 
CYIQNCPLG (Oxytocin) 251.0 364.0 607.0 935.0 

Table 2.2. B- and y-series ions present in MS-MS fragmentation of GSCOCH2-5'-cys-
peptide adducts. 



Peptide Sequence Parent Cys-S-CHiCOOlllonPr Present? Qs-S-CHjCOOHIonPr. Present? 
(b-series) (y-series) 

Non-Tryptic Peptides 

ECG(GSli) 366.4 N/A N/A 366,4 130.1-291,3 Y 76,0-237,2 Y 
AGAGCAGAG(PcpC) 692.7 N/A N/A 692,7 257,2-418,4 Y 275,2-436,4 Y 
AVAGCAOAR(TPepC)+i 833.9 417,5 N/A 833,9 299,3-460,5 N 374,4 - 535,6 N 
AVAGCAGAR(TPcpC)+2 833.9 417,5 N/A 417,0 299,3 - 460,5 Y 374,4 - 535,6 Y 
RGPCRAFi(UTI)CIDof+l 978.2 489.6 N/A 977,8 311,3 - 472,5 Y 506,6 - 667.8 Y 
RGPCRAFi (UTl)ClDof+2 978.2 489,6 N/A 489,3 311,30-472,5 Y 253.8-334.4 Y 
ONVSAGQNCGPLi'OaiPO (CASH) +2 1816.6 908,5 N/A 908,5 801,8-%3,0 N 852.7- 1012.1 Y 

Tryptic Peptides 

SSDCRGSR 916.4 N/A N/A 916.4 290,3-451,4 Y 464,5 - 625,7 N 
FVNOHLCGSHl.VEALYLVCGiZR (CID of+2) 2603,2 1302,1 868,4 1302.5 739,8 - 901.0 Y 1704.6-1864,1 Y 
FVNQHITGSHLVEALYLVCGGR (CID of+3) 2603.2 1302,1 868,4 868.4 370.4-451,0 Y 180,2 - 260,8 N 

1042,2-1122.8 Y 852,0-932.6 N 
YiCDNQDTISSK (CIDof+l) 1445,5 723,3 N/A 1444.5 277.3-438.5 N 1006.0-1167.2 N 
YICDNODTISSK (CID of+2) 1445,5 723.3 N/A 723.3 139.2-219,8 N 503,5 - 584,1 Y 
LCVUIEK 900,1 450.5 N/A 899.4 114.1-275.3 N 623,7 - 784.9 N 
SU4TLFGDELCK 1421,6 711.3 N/A 711.1 1114,0-1275,0 Y 145.2-306.4 N 
LFTFIIADICTLPDTnK 1910,2 955.6 N/A 955,1 946.1-1107.3 Y 801.9 - 963,1 N 
MPCb7DYLSULNR(CiD+2) 1727,0 864.2 N/A 863,6 229,3-390.5 N 1335.5 •14%.7 N 
GLVLIAFSQYLQQCPFDEIIVK 2494,9 1247,9 N/A 1247,4 1462,7-1623,9 Y 869,9-1031.1 N 
QNCDQFEK 1070,1 N/A N/A 1069,3 243,2 - 404,4 N 664.7-825,9 N 
TCVADESHAGCEK 1466.5 733.7 N/A 1465,5 1030.1-1191.2 Y 274.3 - 435.5 N 
LKi'DPNTLCDEFK 1578.8 789,9 N/A 789,4 880,0-1041.2 N 536,6 - 697,7 Y 
GACLLPK 759,9 N/A N/A 759,3 129,1-290.3 N 468,6 - 629,8 N 

Table 2.3. Summary of observed MS-MS fragmentation of S-carboxymethylated peptides. 
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Peptide Sequence bi b2 tu iM IK IK In bi IN biu bii bi] bij bu bis bi6 

Non-Tryrfic Peptides 

1X:G(GSH) 129.7 291.8 348.2 

AGAOCAGAG(PepC) 128.3 199.8 257.2 417.8 488.9 545,3 617.0 673.9 

AVAOCAGARflTcpQ+l 72,8 299.3 588,1 

AVAQCAGAR(TPcpC)+2 70,2 170.8 241.9 298.9 460.0 531.1 588,0 659,1 

RGPCRAFl (UTi)ClDor+l ion 311.4 472.1 628,3 699.8 846.9 960.1 

RQ'CRA Fl (UTI) CID or+2 ion 157.0 214.1 312.2 472.5 628.7 699.8 847.3 

ONVSAOQNCGPU>OOGPO(CASII)+I ions 421.1 502,1 5562 684.6 960.2 1019.4 1229,2 1454.3 1569.4 

AGAGKAGAG(PcpK) 128.7 257.0 443.2 514,3 571.3 642.3 699,3 

ToiJlic Peptides 

SSIXRGSR 290.9 451.0 597.7 655,0 742,3 898.3 

FVNOHLCGSHLVEALYLVCGER (CID or+2) 489.1 626,3 739.4 901.4 957.5 1044.4 1182.3 1295.8 1393.6 1522.5 1594.5 1707.7 1870,6 

FVNOHLCGSHLVEALYLVCGia^ (CIDof+3) 361.2 489.2 626.2 901.3 957.7 523.3 591,3 648,1 697,8 761.9 797.6 853,9 935.5 

YlCDNODTiSSK(CiDor+l) 438.5 553.9 667.2 795,3 910,9 1426,6 

YICDNODTISSK(CiDof+2) 276.9 437.9 553.0 667.3 795.1 910.1 1212.3 1299,2 

irVUIEK 275.1 373.9 502.9 640.2 

SLHTLFCDELCK 338,1 439.1 5.52.1 699.3 756.3 871.3 1001.2 1114.3 1275,6 

LFTFIIADICTLPDTEK 646.2 717.2 832.4 946.5 1107.2 1208,5 1321.6 1418,5 1533.5 1634.7 1763,5 

MPCETDYLSULNR(CiD+2) 390.1 619.9 735.1 898.1 1012,2 1099,1 1212.1 1325,5 1438,2 

GLVUA fso yloocpfdh I VK 382.9 4%,0 567.0 714.1 802,0 930.0 1092,4 1206,4 1334.5 1462.6 1623.2 1868,4 

ONCDQFIZK 404.2 519.0 647,6 794.2 923.3 1052.4 

TCVADESHAGCIZK 764,1 901,2 972.3 1029,4 1191.5 1320.3 1448.2 

LKPDPNTLCDEFK 242.9 4542 665.2 383.2 441.1 

GACLLPK 289.9 4029 516.0 613,0 741.2 

Table 2.4. B-series ions present in S-carboxymetiiylated peptides. 
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Peptide b-series ion pairs NL36 NL78 NL96 N L I H  

Leucine Enkephalin (YGGFL) 596.4 536.9 

SPepC (LVACGAK) + COCH2CI 643.8 624.1 

SPepC(LVACC3AK) + 2COCH2CI 360-597 (cys) 777.2 

TPepC(AVAGCAGAR)+ ICOCH2CI 816.5 773.2 756.1 740.4 

TPepC (A VAGCAGAR) + 2COCH2Ci 375-554(cys) 891.4 850,2 833.3 815.4 

TPepK (A VAGKAGAR) + lC0CH2Ci 0 - 148 (N-temi) 781.3 743.4 

TPepK (A VAGKAGAR) + 2COCH2Ci 375-579(!ys) 916.5 875.3 857.5 

Anaph^latoxin ^ASHLGLAR^+ iC0CH2Ci 866,3 825.6 807.1 789.3 

Anaphy latoxin (ASHLGLAR) + 2COCH2CI 940.4 882.4 863.1 

Table 2.5. Summary of observed MS-MS fragmentation of 2-chloroacetulated peptides. 
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CHAPTER THREE 

APPLICATION OF SALSA TO MODEL PEPTIDE ADDUCTS AND 
OPTIMIZATION OF SEARCH PARAMETERS 

Introduction 

The data reduction algorithm SALSA (Scoring ALgorithm for Spectral Analysis) 

was developed by the Liebler research group to score MS-MS spectra on the basis of 

user-defined characteristics. These characteristics include fragment ions^ losses from the 

parent ion, ion pairs separated by a specified mass, and ion series. The fragmentation 

patterns characteristic of protein adducts of 1,1-DCE metabolites have been extensively 

characterized and described in the previous chapter. In this chapter, the issue is 

addressed of whether these parameters can be successfiilly used with SALSA to locate 

modified proteins in complex samples. Protein digests and bile samples containing 

known glutathione metabolites were used to optimize the search parameters for 

GSCOCHi-^-cys-peptide adducts. The performance of SALSA in locating known model 

adducts in a digest of mixed proteins and in cytosol is described. 

SALSA 

The following is a brief description of how SALSA processes the raw data and 

scores MS-MS spectra. For a more detailed explanation and a statistical analysis of 

SALSA's scoring of spectra, the reader is referred to (65). 
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As was previously stated, SALSA scores MS-MS spectra based on the presence 

of user-defined fragment ions, losses from the parent ion, ion pairs separated by a 

specified mass, and ion series. The latter may be used, for example, to search for a 

sequence of up to approximately 12 amino acids. Spectra that receive a high score have a 

higher probability of corresponding to an adducted peptide than low-scoring spectra. 

SALSA, therefore, provides the user with an idea of where a spectrum corresponding to a 

modified peptide might be found in the data, which significantly reduces the number of 

spectra that require interpretation. A SALSA search typically will reduce the number of 

MS-MS spectra requiring examination from 800-1000 to less than twenty. 

Originally written as a macro in an Excel spreadsheet, the program was 

subsequently encoded into Visual Basic. SALSA works with the raw data files of MS-

MS spectra produced by the LCQ data-dependent scanning analysis. Xcalibur^^.raw files 

are converted by an auxiliary program and imported into SALSA, which uses as input the 

m/z values and associated ion current. Scoring is based on the percent total ion current, 

or %TIC, in which the total ion current is summed and the ion current at each m/z is 

divided by the total and multiplied by 100. By scoring the ions in this manner, rather 

than for example using relative abundance, differences in ion intensity due to sample 

concentration are taken into account. 

Prior to scoring, each spectrum that contains at least 25 ions undergoes several 

pre-processing steps to reduce noise and to estimate the charge of the precursor ion 

(Figure 3.1). Ion current within ± 0.4% of the precursor ion is subtracted, as is all ion 
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Figure 3.1. Schematic representation of data processing prior to analysis by SALSA. 
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current at m/z values greater than twice that of the precursor. Next, the precursor ion 

charge is estimated. A spectrum resulting from a singly-charged precursor ion, [M+H]"^, 

contains only singly-charged fragment ions that all have a m/z value less than that of the 

precursor. Conversely, a spectrum resulting from a doubly-charged precursor ion, [M + 

2W^^, may contain doubly-charged fragment ions, but consists mainly of singly-charged 

fragments, some of which may appear at a higher m/z value than the precursor ion. 

Therefore, spectra resulting from doubly-charged precursor ions typically exhibit a 

significant amount of signal above the m/z of the precursor ion. 

Charge estimation is achieved by summing the ion current at m/z values above the 

precursor mass and dividing by the sum of the total ion current. If the resulting quotient 

is less than or equal to O.IO, then the spectrum is treated as singly-charged, and all ion 

current at m/z values greater than the precursor ion is subtracted. Otherwise, the 

spectrum is treated as doubly-charged. The remaining ions are normalized to %RIC, and 

finally, ions that are at or below noise level, i.e. with %RIC values of less than 0.2, are 

subtracted. 

The determination of the precursor ion charge is critical for the detection of 

losses from the parent ion, as incorrect assignment of the charge of the parent ion results 

in incorrect detection of losses. Losses may be specified by the user as charged or 

neutral. Neutral losses occur from singly-charged precursor ions and result in singly-

charged fragment ions. They are detected by subtracting the loss directly from the 

precursor ion. Charged losses, however, result in singly-charged fragment ions and are 

observed only in spectra resulting from a doubly-charged precursor. Charged losses are 
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detected by subtracting the loss from the theoretical singly-charged precursor, i.e. by 

multiplying the doubly-charged precursor ion by two and subtracting the mass of the 

additional hydrogen. 

SALSA allows the use of an unlimited number of search parameters. In addition, 

search parameters may be designated as primary or secondary. Secondary parameters are 

scored only if the primary parameter to which they are linked is scored. For example, 

one prominent ion commonly observed in glutathione-containing species is that of m/z 

129, which corresponds to glutamate. However, m/z 129 may also occur from an N-

terminal lysine, from C-terminal lysine minus H2O, or from N-terminal alanine (71 amu) 

adjacent to a glycine (57 amu). In reality, m/z 129 appears quite frequently and serves to 

artificially elevate scores and "clutter" results. However, if m/z 129 is specified as a 

secondary ion and linked to glutathione (m/z 308), then m/z 129 is only scored if 

glutathione is present as well. This significantly increases the chance that the observed 

fragment at m/z 129 originated from glutathione. 

Optimization of GSCOCH?-5'-cvs-peptide Search Parameters 

The characteristic fragmentation of iS-carboxymethylated peptides (single 

parameter of ion pair 161 amu) leaves no room for experimentation with SALSA 

parameters. Nevertheless, the utility of this single parameter must be tested. To this end, 

SALSA was used to analyze LC-MS-MS data from a mixed protein digest and data from 

the same digest containing a model .^-carboxjmiethylated peptide. 
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In contrast to the 5-carboxymethylated peptides, MS-MS fragmentation of 

GSCOCH^-S-cys-peptide adducts resuhed in over 20 SALSA-searchable parameters. 

This raises the question of how the parameters can best be ordered (i.e. primary or 

secondary, charged or neutral losses) to detect as many characteristics as possible of 

adducts while minimizing "noise" from non-adducts. To accomplish this, spectra of 

model peptide adducts were analyzed by SALSA, as was a spectrum of the mixed protein 

digest to which a model GSCOCHi-S'-cys-peptide adduct had been added. As was 

described in the previous chapter, the number of available model adduct spectra was 

limited. However, given the large number of parameters, it was desirable to have a 

larger database with which to work. The search for adducted proteins ultimately would 

take place in bile samples, which contain large amounts of glutathione and glutathione 

metabolites. Therefore, additional testing of the SALSA parameters was performed using 

bile samples collected from animals prior to and after exposure to I.l-DCE. Since the 

majority of the parameters result from the glutathione moiety, these samples would still 

be very useful even though they contained only glutathione metabolites and not 

GSC0CH2-.?-cys-peptide adducts. In addition, they provided the opportunity to identify 

metabolites found in bile and to minimize scoring of non-glutathione species that would 

likely be encountered when searching for adducts. 

Finally, this chapter addresses the question of whether the optimized SALSA 

parameters can be used to detect a known adduct in a more complex cytosolic cellular 

fraction. In this maimer, the groundwork was laid for identifying unknown protein 

adducts of 1,1-DCE. 
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Materials and Methods 

Trvptic Digestion, of Protein Mixture and Addition of 

GSCOCH?-.S-cvs-SPeDC and S-Carboxvmethvl TPepC: 

A mixture of non-acetylated bovine serum albumin (400 |i,g), horse skeletal 

apomyoglobin (300 jj.g) and glutathione S-transferase (100 |j.g) was lyophilized and 

dissolved in 200 pL 8M urea/ 2M NH4HCO3. TCEP (125 p.L, 30 mM) was added and 

the solution was heated at 95°C for 15 min. The solution was allowed to cool, and 

sequencing grade modified trypsin (Promega) was added in a ratio of approximately 1:25 

wt/wt enzymeiprotein and diluted to a final volume of 800 (J.L. The solution was 

incubated for 24 h at 37°C. To a 100 pL aliquot of the solution was added the aqueous 

reaction mixture containing the GSCOCHi-iS-cys-SpepC adduct. Based on relative 

HPLC peak areas and initial amount of SPepC present in the reaction mixture, a 10 |xL 

injection volume was estimated to contain approximately 10 pg adduct and 10 p.g 

digested protein. To a separate 100 pL aliquot was added S-carboxymethyl TPepC in a 

ratio of approximately 1:1000 w/w 5-carboxymethyl TPepC :protein digest. An injection 

volume of 10 p,L contained approximately 10 ng 5-carboxymethyl TPepC and 10 jj.g total 

protein. The products were stored at-20°C until analyzed by LC-ESI-MS-MS as 

described in Chapter Two. 
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Preparation of Bile Samples 

Bile samples were obtained from the laboratory of Prof. Mary T. Moslen, 

University of Texas Medical Branch, Galveston, Texas. Bile was collected at 15 min 

intervals from Sprague-Dawley rats for one hour prior to and for 2 h 30 min after 

receiving a dose of 50 mg/kg 1,1-DCE p.o. The samples each contained approximately 

100 |iL bile. To separate the proteins from the low-mass analytes, samples were dialyzed 

using a Slide-a-lyzer™ (Pierce) dialysis filter with a 3500 MW cut-off for 24 h against 0.1 

M NH4HCO3. The proteins (dialysate) were stored at —20°C and the low-mass portion 

was lyophilized, re-suspended in 100 fj.L DI H2O and analyzed by LC-ESI-MS-MS data-

dependent scanning. 

Addition of GSCQCH?-S-cvs-SPepC to Mouse Liver Cvtosol 

and Preparative Isoelectric Focusing 

The reaction mixture containing GSCOCHz-S-cys-SpepC adduct (100 |iL, 

estimated to contain pg quantity adduct) was added to mouse liver c>losol (1 mL) and 

mixed with 45 mL DDI H2O containing 3 mL Biolyte 3/10 Ampholyte (Biorad, Hercules, 

CA). Preparative isoelectric focusing was performed with a Biorad Rotofor™ system. 

The mixture was placed in the Rotofor chamber and allowed to equilibrate at 15W 

constant power setting until constant voltage conditions were attained (approximately 3 

h). The 20 fractions were harvested into teflon test tubes. The Rotofor chamber was then 
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rinsed with 20 mL O.IM NaOH/ethanol (1:1 v/v), the fractions were added to the test 

tubes and the rinse was repeated. The samples were frozen and lyophilized until dry. 

The products were resuspended in 8M urea/0.4M NH4HCO3 and subjected to tryptic 

digestion as described above. The samples were stored at -20°C until analyzed by LC-

ESI-MS-MS as described above. BCA total protein content analysis of the mixture prior 

to separation and of fractions after analysis revealed that the recovery from the Rotofor 

was approximately 80%. 
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Results 

Optimization of GSCQCH2-5'-cvs-Deptide Adduct SALSA Parameters 

An optimal set of SALSA search parameters would result in high scores for 

spectra of model adducts and scoring of the adduct spectrum in the mixed protein digest. 

The parameters also should produce low scores for scans of non-glutathione-containing 

species. To find the optimal set of parameters the following procedure was used. 

An initial set of SALSA parameters was chosen based on the characteristic 

fragmentation described in Chapter Two and used to analyze the spectra of the model 

GSC0CH2-S'-cys-peptide adducts. The glutathione-related parameters remained fixed, 

whereas the adduct-related parameters (fragment ions 349, 381 and 450 and their 

corresponding losses) were optimized. Slight adjustment of the fragment ion masses and 

widening of the window of detection from ± 0.5 amu to ± 1 amu better accommodated 

the mass accuracy of the LCQ instrument. Because m/z 38l([GSCOCH2-SH +H]^ was 

prominent in many of the model adduct spectra and highly predictive of an adduct, this 

was assigned as a primary fragment ion. Fragment ions at m/z 349 ([GSCOCH2 + H]"^ 

and m/z 450 (GSCOCH2-5-cysteine) were assigned as secondary fragment ions. 

The refined parameters were then used to analyze the bile samples. The adduct-

related parameters remained fixed while the glutathione-related parameters were adjusted 

to increase the scores of the known glutathione metabolites. These metabolites included 

reduced glutathione (GSH, m/z 308) and oxidized glutathione (GSSG, m/z 613). Several 
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modified glutathione species also were present and included GSH and GSSG modified at 

the N-terminus by + 43 amu {m/z 352 and 656 respectively), GSSG minus glutamate {rn/z 

484), .S-carboxymethyl GSH (m/z 366) and the isotopomer of GSSG {m/z 614). 

Assignment of MS-MS scans to these species was verified by manual interpretation of 

the spectra. The exact nature of the + 43 modification has not been determined. It is 

thought to result from carbamylation of N-terminal amines during tryptic digestion, as the 

modifications are absent in samples that have not been subjected to digestion. 

It also became apparent that high scores were assigned to spectra that upon further 

inspection were found to clearly not contain glutathione. The parameters were fiirther 

adjusted to decrease the scores of these spectra. For example, the spectrum of m/z 415 

consistently received a high score due to a prominent loss of 129 amu. While this loss is 

indicative of the presence of glutathione, in nearly all spectra it is accompanied by a loss 

of 75 amu (glycine). Therefore, if a spectrum contained only one of these losses, it 

would be unlikely to correspond to a glutathione-containing species. If, however, the 

combined loss of 204 amu (129 + 75) is used as a primary parameter, then only spectra 

containing both losses are scored. Furthermore, if losses of 75 and 129 are linked as 

secondary parameters, then one can easily determine whether the loss of 204 did indeed 

result from loss of 75 and 129. This process was reiterated until the scores for 

glutathione-containing species were maximized and those for non-glutathione-containing 

species were minimized. The final set of parameters is shown in Table 3.1. The SALSA 

input screen is depicted in Figure 3.2. The results of bile sample analysis are summarized 

in Table 3.2 and a survey of the complete SALSA output is shown in Appendix A. Table 
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3.2 lists the identified glutathione-containing metabolites along with the score that was 

assigned to the spectrum by SALSA. If a spectrum of the same precursor m/z was 

scored more than once, then only the highest score is included in the table. In addition, 

the parameters which contributed to the total score are listed. Of importance is that all of 

the spectra included in the table, with the exception of that of m/z 614, contained at least 

three characteristics that are indicative of the GSCOCHI-iS-cys moiety. The significance 

of this is discussed below. To successfully locate spectra that may correspond to adducts, 

the parameters must not produce significant scores for spectra that do not contain 

glutathione-containing species. In other words, they must not produce a significant level 

of "background noise". In instrumental analyses, the background noise is determined 

by running a blank sample. To determine SALSA's background level with the chosen 

parameters, a blank was simulated by analyzing a tryptic digest of three proteins to which 

no model GSC0CH2-'S'-cys-peptide adducts or glutathione had been added. Therefore, 

scoring of MS-MS spectra in this data by SALSA would result only from the coincidental 

presence of GSCOCHI-'S-cys-peptide characteristics. A survey of the complete S/lLSA 

output obtained from analysis of the mixed protein digest data is included in Appendix B. 

The highest score was 16.26 (compared to a high score of 99.15 for a GSH-metabolite in 

the bile sample), and there were 18 spectra that received a score of at least 3.0. More 

significant, however, is that none of the spectra contained more than two parameters that 

were scored. This indicates that, in addition to the total score, the number of parameters 

scored provides a strong indication of whether a spectrum may correspond to a 

GSCOCH2-5-cys-peptide adduct. 
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Analysis of the mixed protein digest spiked with GSCOCH2--y-cvs-SPepC 

The chosen parameters were further tested by analyzing data obtained from the 

mixed protein digest to which GSCOCHi-S-cys-SPepC had been added. The complete 

SALSA output is included in Appendix C. The adduct was detected with four parameters 

scored (product ions 380, 308, 274 and a charged loss of 273) to give a total score of 

3.73. Because the adduct that was added to the digest was not purified, there were other 

glutathione-containing species derived from adduct synthesis that received significant 

scores, including the high scores of 109 and 107. Both of these spectra resulted from 

MS-MS of m/z 407. The identity of this species is not known, however it was abundant 

in rhe mixture resulting from the synthesis of GSCOCH2-iS'-cys-SPepC. 

In Table 3.3 the SALSA results from this analysis of these data are summarized 

and compared to the results of analysis of the mixed protein digest alone (the "blank"). 

The high score of the spiked digest was 109.8 and 35 spectra received a score of >3.0. In 

the survey of the results in Appendix C it can be seen that half of these spectra contained 

three or more characteristic fragmentation parameters. 

Analysis of mouse liver cvtosol spiked with GSCOCH7-.S-cvs-SPepC 

The same set of parameters was used to analyze data obtained from analysis of 

mouse liver cj^osol to which GSCOCHi-S-cys-SPepC had been added. After addition of 

the model adduct, the cytosol was separated into 20 fractions by preparative isoelectric 

focusing and the fractions were digested and analyzed by LC-MS. 
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The isoelectric point of GSCOCH2-5'-cys-SPepC was calculated to be 

approximately 5.6. The pH range over the twenty fractions was 3.9 to 9.1. It was 

estimated that the adduct would most likely be found in fraction 7 or 8, and therefore 

fractions 5-10 were analyzed. The adduct was found in fraction 10, and exhibited a 

rather weak signal (TIC 1 x 10^) at an HPLC retention time of 80 min (Figure 3.3). The 

MS-MS fragmentation, however, was identical to that previously observed (see above), 

leaving little doubt that the spectrum did correspond to GSCOCHi-S-cys-SPepC. The 

LC-MS-MS data were analyzed using the SALSA parameters defined above. The same 

four parameters (fragment ions 380, 308, 275 and the charged loss of 273) were detected 

as when the adduct was detected in the mixed protein digest. The MS-MS spectrum of 

the adduct received the fifteenth highest score of 3.19. 

Analvsis of ^-Carboxvmethvlated Peptides with SALSA 

Table 3.4 compares the results of analysis of the protein mixture containing the S-

carboxymethyl TPepC. A survey of the complete SALSA output is included in Appendix 

D and includes the spectrum of the [M+2H]"^" precursor ion, which received the seventh 

highest score of 17.95. Both the b- and the y-series ion pairs were detected. Analysis of 

the unspiked mixed protein digest using the same parameter resulted in 241 spectra 

receiving a score with a high score of20.52 (Appendix E). 
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Score m/z R.T. Scan# Rarameters Scored 

9,23 455.26 11,94-11,99 0362-0364 Product Ion: 382,37; Links: Product Ion: 349,76 
7,82 830.8 90.85-90,93 2731-2733 Loss Ion: 1386.78 
5,62 707.75 109,40-109,47 3223-3225 Loss Ion: 1211.32 
5,08 452,45 73.72-73.79 2250-2252 Product ton: 381,24; Links: Product Ion: 348,90 + Product Ion: 307,29 
4,61 703.46 98.56-98.63 2937-2939 Product Ion: 382,09 

4 411.34 35.57-35.64 1126-1128 Product ton: 382.19 + Product ton: 307.64; Links: Product ton: 233,00 
3,65 701.5 98.41-98.48 2933-2935 Product ton: 381.98 
3.19 504.53 80.05-80.12 2430-2432 Product Ion: 381,47; Links: Product ton: 348,87 + Product Ion: 307,28; Links: Product Ion: 289,52 
3,04 457.44 80,19-80,26 2434-2436 Product ton: 382,31; Links: Product Ion: 449.16; Product Ion: 349.49 
2.69 467,4 67,87-67,94 2082-2084 Product ton: 381.49; Links: Product Ion: 449.28 + Product ton: 307,43 

Figure 3.3. LC total ion chromatogram of mouse liver cytosol pH = 10 fraction containing 
GSC0CH2-'S'-cys-SPepC, [M+2H] = 504.53. The partial SALSA output including 
the scored MS-MS spectrum (insert) is shown. 
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Discussion 

SALSA Analysis of GSCOCH7-5'-cvs-SPepC Adducts 

The process of determining the optimal set of parameters set forth in this chapter 

was to ensure that adducts of unknown proteins would successfully be detected if they are 

present in a given sample. Admittedly, the process of selecting these parameters was 

somewhat iterative and subjective. The following is intended to clarify some of the 

reasoning that went into choosing the parameters. 

One of the most powerful features of SALSA is the option to designate search 

parameters as either primary or secondary. Designating a parameter as secondary usually 

follows when it occurs non-specifically and is scored with a high frequency, thus creating 

"noise". The user must then make this judgement in the context of his or her experience 

in spectral interpretation. For example, several of the product ions corresponding to 

glutathione are scored with a high frequency. However, in Chapter Two it can be seen 

that in all model GSCOCHi-iS-cys-SPepC adducts, a firagment ion at m/z 308 was present. 

Therefore, if the other characteristic glutathione-related product ions are linked to m/z 

308, they are only scored if present in spectra of glutathione-containing species. 

For a set of parameters to be useful, they must be broad enough to include the 

adducts, yet narrow enough to avoid excessive noise. Therefore, the mixed protein digest 

was used as a representative control because it constituted a defined system, yet 

sufficiently complex to be representative of a biological sample. The model adducts and 

the glutathione metabolites in the bile were used to tune the parameters to maximize 
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adduct detection, whereas the unspiked protein digest was used to minimize noise. 

Tables 3.2 and 3.3 summarize the results of this process. In Table 3.2 it can be seen that 

the glutathione-contatining metabolites exhibited significant scores resulting from 

scoring of multiple parameters. Table 2.3 indicates that when the same parameters were 

used to analyze data obtained from a protein digest spiked with GSCOCH2-S-cys-SPepC, 

the scores were significantly higher than those obtained from analysis of an unspiked 

protein digest. 

No spectra of glutathione species or of adducts received a score less than 3.0. 

Therefore, a total score above 3.0 is expected of spectra that correspond to a glutathione-

containing adduct. Another factor that provides a good indication of the quality of a "hit" 

is number of parameters scored. In Appendix B it can be seen that in the protein digest, 

no spectrum had more than two parameters that received a score. However, in the bile 

sample (Appendix A), the glutathione-containing species all had between three and seven 

parameters scored. (The exception is m/x 614, which is the mono-'"'C isotopomer of 

oxidized glutathione. Tliis indicates the selectivity of the parameters for the average, and 

not the isotopic, masses.) Therefore, the data indicate that in addition to a total score of 

at least 3.0, spectra must contain at least three characteristic fragments or losses to be 

likely to correspond to adducts. 

The final test was to determine whether the adduct could be detected in a complex 

sample representative of those that would be obtained from hepatocytic cellular fractions. 

To this end, GSCOCHa-S-cys-SPepC was spiked into mouse liver cytosol. Cytosol 

contains thousands of proteins. For LC-MS-MS analysis, it is necessary to separate such 
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complex samples into fractions containing fewer proteins. This was accomplished by 

preparative isoelectric focusing using the Rotofor, which performs in-solution separation 

based on isoelectric point. 

Measurement of the total protein content of the cytosol before analysis and of 

selected fractions after analysis estimated the sample recovery from the Rotofor at 80%. 

It was estimated that nanomole quantities of GSCOCH2-5'-cys-SPepC were added to the 

mixture, based in the initial amount of SPepC present and peak area in the HPLC total 

ion chromatogram. Due to the impurity of the adduct mixture and the small quantities 

involved, a more accurate estimate was not possible. Given the recovery of 80%, and an 

LC-MS injection volume of 20 ^iL, or 1/10 of the total sample volume, the mass 

spectrometer would likely be analyzing femtomole to low nanomole amounts of adduct, 

which is near its detection limit. Indeed, the LC peak was small and the MS-MS 

spectrum rather weak (Figure 3.3). However, the spectrum was very similar to that of the 

adduct when added to the protein mixture and the same four parameters were scored by 

SALSA to give a total score of 3.19. 

5'-Carboxvmethvlated Adducts 

In sharp contrast to the GSCOCHi-iS-cys-SPepC adducts, which had over twenty 

potentially useful search parameters, the S-carboxymethylated adducts had only one: a 

pair of ions separated by 161 amu that corresponds to the modified cysteine residue. The 

MS-MS spectrum of the doubly-charged ion of S-carboxymethyl TPepC that had been 
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added to the mixed protein digest exhibited two strong ion pairs in both the b- and the y-

series. These were scored by SALSA to produce the seventh highest score of 17.95. 

Although this seemed encouraging, it must be noted that over 700 other spectra also 

received a score. Analysis of the unspiked protein digest by SALSA resulted in scoring 

of 241 spectra. However, the two high scores were very similar (24.2 for the digest 

containing the adduct vs. 20.52 for the protein digest). Both contained over 200 scores 

greater than or equal to 3.0 (Tables 10 and 11). It would therefore seem impractical to 

attempt to detect 5-carboxymethylated proteins using SALSA alone, as the use of only 

one parameter makes it difficult for SALSA to assign spectra of adducts scores that are 

above background. 

This does not mean that S-carboxymethylated proteins cannot be detected based 

on characteristic fragmentation patterns. It does mean that SALSA is best used in 

combination with other methods of analysis, for example, SEQUEST®. SEQUEST 

analyzes MS-MS data by comparing the MS-MS spectra to theoretical peptide MS-MS 

spectra, determining the most likely sequence of the peptide, and matching the peptide to 

the proteins from which it could originate. SEQUEST also allows the user to specify 

protein modifications of up to 300 amu, which can accommodate an 5'-carboxymethyl 

cysteine. When using either SEQUEST or SALSA for an application such as locating 

spectra of modified peptides, the user must ultimately rely on de novo sequence 

interpretation to verify the results. 

A good match by SEQUEST to a database peptide sequence may be sufficient to 

lead to the identification of an 5-carboxymethylated protein. Similarly, as the results 
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presented here have shown, a high score by SALSA also may be sufficient. Although it 

is impractical to investigate hundreds of spectra scored by SALSA, it is entirely feasible 

to look at the top ten high-scoring spectra and determine at least a partial sequence. It 

also is possible to use SALSA in combination with SEQUEST by cross-referencing the 

results. If a spectrum in the SEQUEST results also was scored by SALSA, there is an 

increased possibility that the spectrum does contain an S'-carboxymethyl cysteine residue. 

Furthermore, the information provided by SEQUEST can provide a starting point for de 

novo sequencing. 
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Conclusions 

The GSCOCHa-'S'-cys-peptide search parameters were optimized and when used 

to analyze the bile samples, the spiked protein digest and the protein digest alone, there 

were clear differences observed in the SALSA results. Spectra are likely to correspond to 

an adduct or a glutathione-containing species if the total score is > 3.0 and if the spectrum 

contains at least three of the search parameters. The fact that the model GSCOCH2-S-

cys-peptide adduct was found in the mouse liver cytosol using the optimized search 

parameters strongly suggests that this method can successfully be used to locate 

modified, unknown proteins in a complex sample. The spectrum received a score of 

3.19, which resulted from scoring at least three parameters. Had the identity of the 

adduct not been known, these criteria would have at least indicated that this spectrum 

should be examined further. 

The detection of 5-carboxymethylated peptides presents a much greater 

challenge. In fact, the characterization of small peptide modifications such as 

carboxymethylation, methylation and phosphorylation may well be one of the ultimate 

challenges in proteomics. Using the ion pair of 161 amu as the sole search criterion did 

locate the spectrum containing the model 5-carboxymethylated peptide. However, it also 

resulted in a very large number of scores in both the sample containing the model peptide 

and in the control. Moreover, the scores were of similar magnitude. Therefore, using 

SALSA for the detection of ion pairs alone will not likely provide a practical means of 

detecting these peptides. However, as the data in the next chapter will show. 
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identification of unknown 5-carboxymethyIated proteins is still possible by using SALSA 

in combination with SEQUEST. 
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Primary Product Ion 382 

Linked Secondary Product Eons: 349 and 450 

Primary Product Ion 307.5 

Linked Secondary Product Eons 290, 275, 232.5, 178.5, 162, 129 

Charged Loss 307 

Charged Loss 204 

Linked Secondary Charged Losses 129, 75 

Charged Loss 274 

Table 3.1. Summary of the optimized SAILSA search parameters used to locate spectra 
that potentially contain the GS •COCHi-'S'-cys moiety. 



Total Total Number of 
Species m/z Score Parameters Scored Parameters Scored 

GSH 307,28 19,76 Prod. Ions 308, 290, 275, 233, 178, 162, 129; Loss 204 links 75, 129 10 
GSH + 43 352.13 99,86 Prod. Ions 308, 290 233 178 162 129 6 
GSSG 613.42 7,15 Prod. Ions 308, 275, 233, 178, 162 5 

Cm GSH 366.17 1,29 Prod. Ions 308, 274,178 3 

GSSG - Glu 484.18 2,52 Prod, Ions 381, 307,178 3 

"C GSSG 614,18 0.51 Prod, Ion 308 1 

Table 3.2. Summary of SALSA scores for spectra of glutathione-containing species. 
Cm refers to S'-carboxymethylated GSH. 
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Statistic Unspiked Protein Digest Spiked Protein Digest 

Total Number of MS-MS Scans 431 929 

Number of Scans Scored 89 266 

Number of Scores > 3.0 18 35 

High Score 16.2 109.8 

Mean Score 1.13 0.82 

Table 3.3. Comparison of SALSA results of analysis of mixed protein digest and 
the same protein digest spiked with. GSCOCHi-S'-cys-SPepC. 
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Statistic Unspiked Protein Digest Spiked Protein Digest 

Total Number of MS-MS Scans 431 937 
Number of Scans Scored 241 761 
Number of Scores > 3.0 191 632 
High Score 20.5 24.2 
Mean Score 4.76 9.58 

Table 3.4. Comparison of SALSA results of analysis of mixed protein digest and the 
same protein digest spiked with S-carboxymethyl TPepC. 
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CHAPTER FOUR 

CHARACTERIZATION OF METABOLITES AND 
PROTEIN TARGETS OF 1,1-DCE IN BBLE 

Introduction 

In animals, exposure to 1,1-DCE results in selective injury to the biliary 

canalicular membrane. Biochemical and pathophysiological evidence indicate that this 

damage is strongly dose-dependent and is suggestive of damage to the canalicular 

membrane transport proteins. Bioactivation of 1,1-DCE results in the formation of 

reactive intermediates that have been shown to be capable of protein aUcylation in vitro. 

They also have been shown to form stable, yet reactive, electrophilic glutathione 

conjugates that also are capable of protein alkylation. It is hypothesized that the 

accumulation of these conjugates in bile may facilitate alkylation of canalicular 

membrane proteins. This would result in shedding of membrane protein fragments into 

the bile. The ability of the membrane proteins to excrete substances into the bile also 

would be altered, which would explain the observed decrease in biliary protein and 

phospholipid content upon exposure to 1,1-DCE. 

The search for protein adducts of 1,1-DCE, therefore, is initially focused on the 

bile because of this evidence of damage to the membrane transport proteins. It also has 

been shown that hepatocytic waste, including modified and degraded proteins, is excreted 

into the bile (48). Therefore, if cytosolic proteins are alkylated by 1,1-DCE metabolites, 

they eventually would be detected in the bile. An additional advantage is that bile is far 
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less complex than cellular protein fractions. It therefore provides a more convenient 

system with which to test the use of SALSA in locating characteristic fragmentation 

patterns. 

In the previous chapter, the optimization of SALSA search parameters and the 

testing of SALSA's ability to locate known, model adducts in complex samples was 

described. This provides reassurance that if protein adducts of 1,1-DCE metabolites are 

indeed present in the bile, then they wiE be detected. 

It became apparent, however, that little was known about the number and amount 

of proteins present. This information is necessary to determine the best method of 

sample preparation. Furthermore, much of the work that has led to identifying the 

putative 1.1-DCE metabolites has been conducted in vitro. Studies of metabolites in vivo 

have to date been limited by available technology. Often, the identifications were based 

on comparison of HPLC retention times with those of standards or on full scan mass 

spectra, and there was little direct evidence to verify the formation of some of the 

hypothesized metabolites on the basis of in vitro studies, particularly CICH2COSG. 

Therefore, the aims of the final phase of this research became three-fold: 1. To 

characterize the protein content of bile from control and 1,1-DCE treated rats, 2. To use 

ESI-MS-MS to detect and characterize the metabolites of 1,1-DCE and 3. To search for 

5-carboxymethylated and GSCOCHz-'S-cys-protein adducts. 
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Identification of 1.1-DCE Metabolites 

There exists a large body of research describing the fate of 1,1-DCE, which is a 

potential mutagen (65), carcinogen (66) and produces cytotoxic effects in lungs, liver and 

kidneys (67-69). Bioactivation of 1,1-DCE in hepatocytes results in 1,1-DCE oxide and 

2-chloroacetyl chloride (Figure 1.2). It is hypothesized that these metabolites either 

modify proteins directly or form glutathione conjugates. Glutathione conjugates may be 

excreted. However, reactive glutathione conjugates such as CICH2COSG may modify 

protein targets by covalently binding to cysteinyl sulfhydryl groups (Figure 4.1). 

GSH conjugation plays an important role in the metabolism of 1,1-DCE. Upon 

exposure to DCE, a marked decrease in GSH is observed. Similarly, increased toxicity 

and damage to the canalicular membrane is observed in fasted animals and in animals 

that have been pre-treated with GSH-depleting substances (70,71). 

In a number of studies, radiolabeled compounds were used to study GSH 

conjugates of 1,1-DCE metabolites. Results from microsomal incubations of "^S-labeled 

GSH and '"'C-labeled 1,1-DCE suggested that the major products formed were S-{2,2-

dichloro-l-hydroxy)ethylglutathione, 5-carboxymethylglutathione and the bis-glutathione 

conjugate 2-(5-glutathionyl)acetylgIutathione, or GS-COCH2-SG (72). Similarly, 

Dowsley and Forkert used '"^C-labeled 1,1-DCE to study GSH conjugates in microsomal 

incubations and found 5-carboxymethylglutathione, 5-(2-chloroacetyl)glutathione, and 

the bis-GSH conjugate (53). 5'-(2-Chloroacetyl)glutathione has furthermore been shown 

to be capable of peptide alkylation in vitro (50). 
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Incubation of 5-(2-chloroacetyl)glutathione with oxytocin resulted in formation of 

a peptide mono-adduct. (The fragmentation of the mono-adduct of oxytocin was 

discussed in Chapter Two). 

Identification of glutathione conjugates of 1,1-DCE metabolites has been based 

primarily on comparison of HPLC retention times with standards and on full scan mass 

spectra. Therefore, more compelling evidence of their structures, and indeed even of 

their presence, is lacking. This lack of evidence does not reflect the quality of research, 

but rather the available technology. Analysis of bile samples by ESI-MS-MS therefore 

provides the opportunity to confirm the presence and the identity of 1,1-DCE metabolites. 

Identification of Biliary Proteins 

Although many studies have been done involving proteins and metabolites present 

in bile, nearly all were designed to study a specific metabolite or marker and used 

radio labeling, antibodies or an assay specifically designed for the analyte of interest. 

Stark et al. reported that analysis of bile by 2D-gel electrophoresis showed that 

approximately 30 major proteins are present (72); however no attempt was made to 

identify the proteins. Pol et al. did identify some rat bile proteins using gel 

electrophoresis (ID and 2D) and Western blotting (73). Approximately ten proteins 

were identified, half of which were immunoglobin chains. Identification was 

accomplished with the use of antibodies for proteins that were hypothesized to be present. 

Thus, only those proteins which were specifically sought were found. To date no 
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comprehensive, proteomic study of biliary proteins, under physiological conditions or 

after chemical exposure, had been completed. 

Identification of biliary proteins that are present in the bile is important in that 

damage to the canalicular membrane may be reflected in the type and amount of proteins 

that are excreted. Furthermore, differences in biliary content before and after exposure to 

xenobiotics may provide an indication of the type of damage that is occurring. The use 

of Turbo SEQUEST® and BLAST® (74) database searching now provides a means to 

efficientiy analyze biliary peptides and proteins. 

SEQUEST assigns peptide sequences to MS-MS spectra obtained from LC-MS 

analysis of protein digests. It then compares the peptide sequences to protein databases 

and identifies the proteins present in the sample. Turbo SEQUEST is an extended 

version of SEQUEST in which the output can be sorted by various criteria (much like an 

Excel spreadsheet). By sorting the output according to the protein identification number 

associated with a peptide spectrum, it can easily be determined whether multiple 

fragments of the same protein are present. 

BLAST database searching is a powerful web-based tool. BLAST searches are 

necessary when spectra must be interpreted by de novo sequencing. The user must 

determine a partial sequence of at least five amino acids. This sequence can be entered 

into the BLAST program, which then performs a search of protein databases. The output 

includes a list of all proteins that contain the specified sequence and also provides links to 

obtain more information about the proteins. 
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In this chapter the use of both Turbo SEQUEST and BLAST database searching 

is described in analyzing LC-ESI—MS-MS data obtained from bile samples. 
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Materials and Methods 

In-gel Digestion and Protein Axialvsis of Bile Samples 

Rat bile samples were obtained from the laboratory of Prof. Mary T. Moslen, 

University of Texas Medical Branch, Galveston, Texas. Bile was collected into 0.1 M 

PMSF at 15 min intervals from Sprague-Dawley rats for one hour prior to and 3.5 hours 

after receiving an oral dose of 50 mg/kg 1,1-DCE p.o. The samples each contained 

approximately 100 |j.L bile. Bile (50 |J.L) collected both before exposure to 1,1-DCE 

and two hours post-exposure were first resolved by SDS-PAGE on Bio-Rad ready gels 

(10% Tris-HCl). 

The bands were cut into approximately 1 mm squares, placed in an eppendorf 

tube and covered in distilled H2O. After 15 min the water was replaced with 40 (J.L 50% 

ACN in H2O and allowed to equilibrate for 15 min. The solution was then replaced with 

40 |J.L 100% ACN and again allowed to equilibrate for 15 min. The ACN was removed 

and 40 |j.L of 0.1 M NH4HCO3 was added and allowed to equilibrate for 5 min after which 

40 |A,L ACN was added and allowed to equilibrate for 15 min. The solvents were then 

evaporated in vacuo. For digestion, 40 jj.L trypsin (0.1 jj.g/|jL) was added to the samples 

and incubated for 45 min on ice. The trypsin was replaced with 40 |J.L IM CaCb, IM 

NH4HCO3 and H2O (5:50:945 v/v/v) and allowed to equilibrate overnight. After 

digestion the solution was acidified with 10 |xL 2% TEA in H2O and the solution was 



113 

removed. The gel pieces then were covered in 0.1% TFA in HjO and sonicated for 30 

min. The solutions from the three samples corresponding to identical bands in separate 

lanes were combined and saved. The gel pieces were covered with 30% ACN in 0.1% 

TFA and sonicated for 30 min. The solution was removed, combined with the previous 

solution and the sonication repeated with 60% ACN in 0.1% TFA. The combined 

supematants were evaporated in vacuo, resuspended in 50% ACN in H2O and stored at -

20°C until analysis. Samples were analyzed by LC-ESI-MS-MS as described in Chapter 

Two. 

Bile Sample Preparation 

Samples either were analyzed directly, dialyzed or subjected to protein 

precipitation. For analysis of biliary peptides, 10 [iL of three separate bile samples (pre

exposure, 30 min post-exposure and 2 h 30 min post exposure) was diluted 10-fold with 

DDI H2O and analyzed directly. Other aliquots of the bile were dialyzed using a Slide-a-

lyzer™ (Pierce) dialysis filter with a 3500 MW cut-off for 24 h against 0.1 M NH4HCO3. 

The low-mass fraction was lyophilized, resuspended in 100 |j.L H2O and analyzed by LC-

ESI-MS-MS. The dialysate was lyophilized, resuspended in 200 jxL 8M urea/0.4 M 

NH4HCO3 and subjected to in-solution tryptic digestion as described in Chapter Two. 

For protein precipitation, 20 |jL of 10% TFA in H2O was added to the bile 

samples (approximately 100 |jL). The sample was centrifriged at 13,500 g for 10 min. 
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The supernatant was saved and the precipitated proteins washed twice with 100 |xL 10% 

TFA. The precipitate was resuspended in 100 (xL 8M iirea/0.4 M NH4HCO3 and 

subjected to tryptic digestion. 

Protein Identification with Turbo SEQUEST® and BLAST® Searching 

Data files from LC-MS-MS data-dependent scarming were analyzed with Turbo 

SEQUEST (35). When searching for S'-carboxymethylated peptides, the mass of cysteine 

was modified by +58 amu. For protein identification, the SEQUEST summary was 

displayed in order of protein accession (ID) number. If more than two different 

fragments of the same protein were present, the spectra were inspected for quality. 

Positive assignments required that at least half of the theoretical fragment ions were 

present and major peaks in the spectrum were assigned. If all of these criteria were met, 

it was concluded that the assigned protein was present in the sample. Finally, a BLAST 

(76) search was carried out of the peptide sequence as determined by SEQUEST, 

including any reasonable substitutions (for example, of glutamine for a glycine adjacent 

to an alanine or of tyrosine for glutamine adjacent to a glycine). 

For advanced BLAST searches 

(http://www.ncbi.nlm.nih.gov/BLAST/BLAST.cgi), the BLASTp program was used to 

search the SwissProt database in fasta format. Organism choices were either "rat" or 

"none". An expect value of 1000 and the PAM30 matrix were used to facilitate 

identifications from the relatively short sequences searched. 

http://www.ncbi.nlm.nih.gov/BLAST/BLAST.cgi
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Identification of Protein Adducts 

For S-carboxymethylated proteins, the LC-MS-MS data were first analyzed using 

Turbo SEQUEST. The parameters were identical to those described above with the 

exception of a differential modification of cysteine by +58 amu. MS-MS spectra were 

assigned by SEQUEST to peptides containing modified cysteine residues. Spectra with 

at least half of the theoretical firagments assigned were located in the data and the 

sequence was verified by manual interpretation. If the spectrum was found to be in good 

agreement with the assigned sequence, a BLAST search was performed with the peptide 

sequence to determine any other possible protein matches. BLAST searches also were 

performed of sequences resulting firom reasonable substitution of amino acids consistent 

with the spectra as described above. Searches were performed in which the organism 

was specified as rat and in which no particular organism was specified. The spectra also 

were interpreted manually to determine whether it was possible to assign any other 

peptide sequence to the spectrum. If the spectrum was of good quality, if no other 

reasonable sequence could be assigned and if the peptide correlated exclusively with a rat 

liver protein, then the protein was designated as an S'-carboxymethylated protein. 

The LC-MS-MS data also were analyzed with SALSA, using as the only scoring 

criterion an ion pair of 161 amu. The peptides identified by SEQUEST as containing a 

modified cysteine residue were cross-referenced with the SALSA output. In addition, the 

approximately ten highest scoring MS-MS spectra in SALSA analysis for each data file 
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were subjected to de novo sequence interpretion and a BLAST search was performed on 

the assigned peptide sequence. 

In searching for GSCOCH2-5-cys-peptide adducts, the data were analyzed with 

SALSA using the search parameters described in Chapter Three. Spectra receiving a 

score for at least three parameters and a total score at least 3.0 were then subjected to de 

novo sequencing and a BLAST search was performed of the assigned peptide sequences. 
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Results 

1.1-DCE Metabolites 

Analysis of the low mass fraction of the dialyzed bile sample revealed the 

presence of both oxidized and reduced glutathione (jn/z 308 and 613) and their sodium 

salts. Oxidized glutathione minus glutamate (jrt/z 484) also was present. This metabolite 

reflects activity of y—glutamyltranspeptidase in biliary epithelium, which results in 

cleavage of glutamate from GSSG. 

Three metabolites found in the bile sample of the DCE-treated rat were not 

present in the control sample. The first was S'-carboxymethyl GSH (jn/z 366), which 

displayed a spectrum identical to that of S'-carboxymethyl GSH that was synthesized as 

described in Chapter Two (Figure 4.2). Second, a small amount of m/z 469 was present, 

which is thought to correspond to GSCOCH2-5'-cysteine. As there was no spectrum of 

synthetic GSC0CH2-iS'-cysteine available for comparison, the spectrum from the bile 

sample is shown in Figure 4.3 with a spectrum of synthetic GSCOCH2SG {rn/z 655). If 

the presence of glutamate and glycine in the latter is taken into account, there is much 

similarity. Of particular interest is the signal at m/z 383, which is present in both spectra 

and which is thought to result from cleavage of the cysteine -SH bond. This cleavage 

has frequently been observed in the fragmentation of model peptides (Chapter Two) and 

in these spectra corresponds to [GSCOCH2SH + H]^ (or alternatively [GSCH2COSH + 

H]*). 
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Finally, a signal at m/z 349 suggested the presence of the cyclic degradation 

product of CICH2COSG shown in Figure 2.1 and discussed in Chapter Two. The rather 

weak signal did not produce extensive MS-MS fragmentation, but the spectrum 

corresponded well to an MS-MS spectrum of the cyclic product formed as a by-product 

of adduct syntheses in the NHs/Na system (Figure 4.4). 

Identification of Biliary Proteins 

Table 4.1 summarizes the proteins that were identified in the bile samples both 

prior to DCE exposure (control) and two hours after exposure. There were twelve 

proteins identified in the control samples, the most abundant of which were polymeric-

immunoglobin receptor precursor (PIGR), serum albumin precursor and alpha-1-inhibitor 

in precursor. Ten additional proteins (highlighted) were present in the samples from 

exposed animals. For a protein to reasonably be considered to be present in the sample, 

good quality MS-MS spectra of at least two different peptides were required- If the 

assigned peptide sequence corresponded to more than one protein, then the sequences of 

the alternative proteins were examined in an attempt to distinguish the identity of parent 

protein. In some cases, it was possible to unambiguously determine the parent protein by 

taking into account the other peptides present. In other cases, in particular with the 

immunoglobin chains, this was not possible. 
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Identification of .S-Carboxvmethvlated Proteins 

Five 5-carboxymethylated proteins were identified in bile from DCE-treated rats 

(Table 4.2). A representative spectrum of one of the peptides, KFCKGKTPSC*, is 

shown in Figure 4.5 along with its amino acid sequence. The peptide sequence was 

assigned by SEQUEST. The spectrum was manually interpreted to exclude the 

possibility that an alternative amino acid sequence would better correspond to the 

spectrum. A BLAST search was then performed of sequences resulting from reasonable 

substitution of amino acids consistent with the spectra. For example, the mass of 

glutamine (Q) is 128 amu, the same as lysine. Therefore, BLAST searches also were 

performed of peptide sequences in which glutamine residues were substituted for lysine 

residues, i.e. QFCKGKTPSC. However, none of the peptides in which substitutions had 

been made were found to correspond to rat proteins. Furthermore, the only rat protein 

that contained the peptide sequence BCFCKGKTPSC was phospholipase A2 (Figure 4.6). 

The presence of the lysine residues (K) indicates that this peptide is the product of 

incomplete tryptic digestion, which is a relatively common occurrence. Complete tryptic 

digestion would have resulted in cleavage of this peptide at all lysine residues. A 

process similar to that described above was employed to identify all of the S-

carboxymethylated proteins listed in Table 4.2. All peptides correlate to known rat liver 

proteins with the exception of MRAQIEVIPC*K, which mapped to RORB nuclear 

receptor. This protein has previously been reported in rat brain. All but two of these 

peptides were found in the bile sample collected 2.5 hours post-exposure. The exceptions 
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LOCUS A35493 146 aa ROD 18-JUN-I999 

DEFINITION phospholipase A2 (EC 3.1.1.4) II precursor - rat. 

ACCESSION A3 5493 

PID gl12133 

VERSION A35493 GI:I12I33 

DBSOURCE pin locus A3 5493; 

summary: #length 146 #molecular-weight 16310 #checksum 1619; 

superfamily: phospholipase A2; 

PIRdates: 14-Sep-I990 #sequence_revision 18-Nov-1992 ttext_change 

18-Jun-1999. 

KEYWORDS carboxylic ester hydrolase; lipid degradation. 

SOURCE Norway rat. 

ORGANISM Rattus norvegicus 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

Mammalia; Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; 

Rattus. 

ORIGIN 

I mkvllllaw imafgsiqvq gsllefgqmi Ifktgkradv sygfygchcg vggrgspkda 

61 tdwccvthdc cynrlekrgc gtkfltykfs yrggqiscst nqdscrkqlc qcdkaaaecf 

121 amkksyslk yqfylnkfck gktpsc 

Figure 4.6. Partial SWTSS-PROT database entry resulting from a BLAST search of the 
peptide fragment KFCKGKTPSC*. 
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were the Ig light chain variable region peptide, which was found in a sample collected 3.5 

h post-exposure, and the phospholipase A2 peptide, found in a sample collected 30 min 

post-exposure. 
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Discussion 

1.1-DCE Metabolites: Cyclic Degradation Product 

Prior research Lq other laboratories has determined that the in vitro metabolites of 

1,1-DCE include 5'-carboxymethylgiutathione, 5'-(2-chloroacetyl)glutathione and the bis-

glutathione conjugate S'-(glutathionylacetyl)glutathione, or GSCOCHiSG (50, 53, 68). 

Whereas S'-carboxymethylglutathione was abundantly present in rat bile, no evidence 

was observed of the other two metabolites. Rather, spectra were obtained that correspond 

to 5-(cysteinylacetyl)glutathione (i.e. the bis-glutathione conjugate minus glutamate and 

C-terminal glycine), and also to the cyclic degradation product of S-{2-

chloroacetyl)glutathione (described in Chapter Two). In the work that characterized the 

cyclic degradation product, it was observed that 5-(2-chloroacetyl)glutathione rearranged 

to this cyclic product at measurable rates above pH 7.4, and proceeded more rapidly as 

the pH of the solution increased (50). The pH of the bile was found to be > 7.4. 

Therefore, one explanation as to why iS-(2-chloroacetyl)glutathione was not found may 

lie in the fact that, as was observed in vitro during the synthesis of the model peptide 

adducts, a competing intramolecular rearrangement occurs. 

This product was not observed when an aliquot of bile was diluted and 

analyzed directly, although there were signals of an ion at m/z 349 in flill scan spectra. 

However, these were too weak to be subjected to CID. Only when the entire sample of 

bile was dialyzed and the low-mass portion concentrated for LC-MS-MS analysis were 
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small amounts of the product observed. It was calculated that if an aliquot of bile that 

had been diluted by a factor of 10 was analyzed, then there would have to be 34.8 |j.g of 

the product present in the original sample to be detected. However, if the entire bile 

sample is dialyzed and the low mass portion is lyophilized and analyzed, then only 1.75 

jj.g would need to be present in the sample to be detected. 

1.1-DCE Metabolites: 5'-rCvsteinvlacetvl)glutathione 

2-(GIutathionylacetyl)glutathione (m/z 655) also has been suggested to be an in 

vivo metabolite of 1,1-DCE (53). In this study, no MS-MS spectra of this compound 

were recorded in any of the samples, nor were there significant signals at m/z 655 present 

in the full scan mass spectra that were not subjected to CID. However, in nearly all 

samples MS-MS spectra of m/z 469 were present, which would correspond to S-

(cysteinylacetyl)glutathione. This metabolite would reflect the biotransformation of 

GSCOCH2SG by y-glutamyl transpeptidase and cysteinylglycine dipeptidase in the 

biliary tract. These enzymes are expressed in biliary epithelium and may account for the 

formation of this product. 

This observation may have significant implications for glutathione-containing 

adducts in bile. If enzymatic cleavage of the glutamate and glycine residues of the GSH 

moiety occurs, then it would be likely to occur with GSH-containing protein adducts as 

well. This would mean that different search criteria would need to be employed to find 

these modified forms. 
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Biliary Proteins 

A large number of proteins were present in the samples obtsained after exposure 

that were not present in the controls. This is interesting for two remsons. First, it would 

seem to be indicative of the more acute type of toxicity that is exhiTbited by 1,1-DCE (75). 

In a similar analysis carried out of bile samples from animals exposed to the NSAJD 

diclofenac (data not shown), there were only four proteins identifierd in the diclofenac-

exposed samples that were not in the control samples. 

Second, the changes in protein profile found in bile of DCE-treated animals may 

be indicative of damage to the canalicular membrane transport pro«teins. Exocytosis of 

proteins involves docking of a lysosomal vesicle with a canalicular- membrane 

transporter, followed by fusion and excretion of the contents into tliie bile (46). Moslen et 

al. suggested that damage to the canalicular membrane may therefcore impair protein entry 

into the bile. The data presented here partially support this, in that a BCA total protein 

assay of the samples revealed an overall decrease in the total amou_nt of biliary protein 

after DCE treatment (data not shown). However, the number of dirfferent proteins in the 

bile is significantly increased, which perhaps suggests a decreased selectivity in protein 

transport. 

Perhaps the most interesting protein found in the samples o«f exposed animals is 

dipeptidyl peptidase (DPP) IV. This protein also was found in the samples from animals 

exposed to diclofenac and there is evidence that DPP FV may be a g>rotein target of this 

drug (76-78). DPP FV is found in various tissues, and in hepatocyt^es is located 
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specifically in the canalicular membrane (79). It is thought to be involved in the 

processing of proline-containing peptides and proteins, cell adhesion, and in the 

activation of T lymphocytes (78). Elevation of DPP IV levels has been identified as a 

marker for hepatobiliary diseases, biliary cirrhosis and hepatitis C (80,81). The presence 

of this protein in bile firom animals exposed to 1,1-DCE also may indicate its potential as 

a marker for 1,1-DCE exposure. 

5'-Carboxvmethvlated Proteins 

S'-Carboxymethylation is a small (59 amu) modification and as such is difficult to 

detect by mass spectrometry or other methods of analysis. Detection of low-mass amino 

acid modifications by mass spectrometry has to date been accomplished by using labeling 

(13-15) or without labeling but uith a known protein target (39). 

As was shown in Chapter Two, the only regularly occurring characteristic of 5"-

carboxymethylated peptides is a pair of ions separated by 161 amu, which corresponds to 

the modified cysteine residue. Analysis of data by SALSA revealed that this parameter is 

rather non-specific, as reflected in the very large number of spectra that received a score 

(Chapter Three). However, when a model S-carboxymethylated peptide was spiked into 

a protein digest, it received the fifth highest score. This was because the peaks that 

corresponded to the modified cysteine residue were of good intensity and were part of a 

good-quality MS-MS spectrum. In fact, this appears to be the case with most of the 

peptides that receive high SALSA scores for this parameter. Therefore, there is a 

reasonable chance that the top scoring spectra may correspond to 5-carboxymethylated 
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peptides and thus warrant fiirther de novo sequencing analysis. However, given the large 

number of spectra that receive a score, it is impractical to rely solely on SALSA for 

detection of this modification. 

SEQUEST can be modified to search for peptides modified by up to +300 amu. 

As with any automated process, errors in sequence assignment do occur and as such 

SEQUEST also cannot solely be relied upon for identification of modified peptides. It 

was found, however, that SEQUEST and SALSA can be used together quite effectively. 

SALSA gives the user an idea of which spectra may contain a modified peptide, 

regardless of any N-terminal or other modifications that may be present. SEQUEST, on 

the other hand, also provides indications of which spectra may contain the modification, 

and gives at least some sequence information. Comparison of results from both programs 

can provide confirmation that the modification is indeed present. In this way, both 

programs were used to identify MS-MS spectra for 5-carboxymethylated peptides and to 

deduce the proteins that were modified. 

Figure 4.5 depicts the MS-MS spectrum of one of the S'-carboxymethylated (C*) 

peptides that were identified. A BLAST search of the peptide sequence determined firom 

this MS-MS spectrum revealed that the peptide corresponded to phospholipase A2, one 

of a large family of proteins involved in the metabolism of phospholipids. The amino 

acid sequence of this protein also is shown in Figure 4.6, and inspection reveals that it is 

the C-terminal cysteine that has been modified. Furthermore, the presence of the three 

lysine (K) residues in the peptide indicate that this peptide is the result of incomplete 
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tr3'ptic digestion, as this would have resulted ta cleavage at all lysine and arginine (R) 

residues. 

In some cases, there may be more than one amino acid with the same residue 

mass. For example, the mass of both leucine and isoleucLne is 113 amu, while that of 

aspargine is 114 amu. Similarly, the mass of alanine (71 amu) plus that of glycine (57 

amu) is equal to the mass of glutamate and lysine (128 amu). These possible variations 

in amino acid sequence would not be detected by SEQUEST. Therefore, BLAST 

searches of peptide sequences resulting from all reasonable amino acid substitutions were 

performed. This was essential to determine whether the MS-MS spectrum may correlate 

with a different amino acid sequence, and thus to a different protein of origin. 

One of the proteins listed in Table 4.2 did not correlate with a rat liver protein. 

The spectrum of MRAQIEVIPC*K was of good quality. Eleven of the 20 theoretical 

fragments were assigned and corresponded to most of the major peaks in the spectrum. 

The results of a BLAST search with the deduced sequence showed that the only protein 

containing the entire amino acid sequence was the RORB orphan nuclear receptor, a 

protein that has to date been identified, only in brain tissue of rats. BLAST searches of 

peptides with alternative amino acid sequences as discussed above did not produce a 

correlation with a liver protein. This observation underscores the power of proteomics 

approaches to detect expression of unexpected gene products at the protein level. 
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Analysis of the samples with the parameters outlined in Chapter Three did not 

result in the identification of GSCOCHi-'S-cys-peptide adducts. Spectra were located that 

had several of the characteristic fragmentation patterns. If a spectrum was of sufficient 

quality, it was possible to determine at least a partial sequence and a BLAST search was 

performed. Usually the sequence would correlate to one of the abundant proteins present 

in the samples, and further sequencing of the spectrum would reveal that it was simply an 

urunodified tryptic fragment. In some cases, the partial sequence could not be mapped to 

any proteins in the database. 

This then leads to the question of why these adducts were not detected. One 

reason could be that the adducts are present, but that there are insufficient quantities to be 

detected. If one assumes an LCQ detection limit in the low femtomole range, then it can 

be calculated that at least 10^ copies of the same adducted protein would need to be 

ionized to be detected. This number increases several orders of magnitude when one 

takes into account sample loss, ionization efficiency and that a signal well above the limit 

of detection is necessary to obtain a good MS-MS spectrum. If the reactive DCE 

metabolites are selective in the proteins that are targeted, it may be possible that a 

sufficient number of modified proteins would be present to be detected- If, however, the 

DCE metabolites more randomly react with their protein targets, there may not be enough 

of one protein to be detected. 
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Another explanation as to why these adducts were not detected may be that they 

are not present. This would seem to be supported by the fact that the bis-glutathione 

conjugate, GSCOCH2GS, was not detected. If 2-(chloroacetyl)glutathione is indeed 

capable of sulfhydryl alkylation, then the bis-conjugate would be expected to be present 

given the abundance of glutathione in the cytosol and given the high reactivity of this 

small tripeptide. Perhaps this conjugate is formed, but is rapidly hydrolyzed to form S-

carboxymethylglutathione (of which significant amounts were present). Alternatively, 

the conjugate may have undergone enzymatic cleavage of the glutamate and glycine 

residues. In fact, spectra were found that correlated well with .S-

(cysteinylacetyl)glutathione. If this is the case, then the search parameters that were 

used to detect these adducts would fail, as the fragmentation patterns would be 

significantly altered from those that were established with the synthetic model peptides. 

Finally, the presence of the spectra that correspond to the cyclic degradation product of 

2-(chloroacetyl)glutathione may indicate that this metabolite undergoes intramolecular 

rearrangement before it is able to covalently bind to its protein target. 

The data presented in this chapter indicate that any or all of the above processes 

may be occurring. Further experiments with more sensitive instrumentation will 

hopefully be able to resolve this issue. 
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Conclusions 

GSH-conjugates that were identified in the bile included S-carboxymethyl GSH, 

5-(cysteinylacetyl)glutathione and the cyclic degradation product resulting from 

intramolecular rearrangement of S'-(2-chloroacetyl)glutathione. The presence of the latter 

two may have significant implications for the search for GSCOCHi-'S'-cys-protein 

adducts. The presence of the cyclic degradation product indicates that at least some of 

the 5-(2-chloroacetyl)glutathione is rearranging and thus is unavailable for further 

reaction with nucleophilic amino acid residues. If it does, however, react with proteins to 

form the adducts, the presence of the 5-(cysteinylacetyl)glutathione indicates that 

cleavage of the glutamate and glycine residues may occur. This would result in a 

different fragmentation pattern than was characterized with the model adducts. 

This work furthermore represents the first attempt at a comprehensive 

characterization of biliary proteins. There was a significant difference in protein content 

of the bile samples obtained before and after exposure to 1,1-DCE. Ten proteins were 

identified in the post-exposure sample that were not present prior to exposure, one of 

which was dipeptidyl peptidase (DPP) IV. The presence of DPP IV has been identified 

as a marker for various diseases and types of damage to the liver and may also potentially 

be a marker for exposure to 1,1-DCE. 



Prior to Exposure to 1,1-DCE 
In-Gel Diqests 

Protein IVIW (kDa) Nr. Fragments 

Alpha-1-lnhibitor III Precursor 163 15 

Alpha-1-Inhibitor ill Precursor Variant 1 165 9 

Polymeric-lmmunoglobulln Receptor Precursor 85 29 

Hemopexin (Precursor) 51 12 

Serum Albumin Precursor 68 19 

Complement C3 Precursor 186 12 

Golgi-complex Associated Protein 364 3 

Serine Proteinase Inhibitor 45 3 
Alpha-1-Macroglobulin Precursor 167 2 
Ig Chain Variants 15 10 
Carboxypeptidase 2 

Haptoglobin precursor 38 28 

After Exposure to 1,1-DCE 
in-gel digests 

Nr. Fragments 

Protein IVIW (kDa) Present 

Alpha-1-inhibitor III Precursor 163 20 

Alpha-1-lnhibltor III Precursor Variant 1 165 12 

Alpha-1-macroglobulin 167 7 

DIpeptidyl-peptidase tV 90 4 

Serum Albumin Precursor 68 6 

Aminopeptidase (N or Nl) 109 7 

Rat Complement C3 Precursor 186 24 

Inter-alpha-inhibitor H4P heavy chain 103 6 

Ferroxidase Precursor 120 10 

Transfenin Precursor 76 21 

Polymeric-lmmunoglobulln Receptor Precursor 85 51 

Plasminogen Protein 90 3 

Alpha-albumin Precursor 69 4 

Rat Cis-golgi Matrix Protein 111 1 

Haptoglobin Precursor 39 6 

Apolipoproteln E (or precursor) 36 4 

Alpha-1-glycoprotein Precursor 24 2 

Serine Protease Inhibitor 46 3 

Apolipoproteln A-iV Precursor 44 3 

Hemopexin Precursor 51 18 
Liver Carboxylesterase 60 6 

Ig Chain Variants 14 17 

Hemoglobin Beta Chain, Major Fonn 15 4 

Transthyretin Precursor (Pre-albumin) (TBPA) 16 7 

Alpha-2u-globulin precursor 20 1 

Table 4.1. Proteins identified in bile samples collected pre- and post-exposure to 1,1-DCE. 
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Sequence Nr. Theor. Frags. Protein ID 

GYSVPTAAC*R 9 of 18 Secreted Phosphoprotein (SPP) - rat 
LEAAC*IGTVESGK 15 of 24 Isocitrate Dehydrogenase - rat 
MRAQIEVIPC'K 11 of 20 RORB Nuclear receptor - rat (brain) 
SASLGETUNIEC'L 9 of 24 Ig light chain variable region - rat 
KFCKGKTPSC* 9 of 18 Phospholipase A2 - rat 

Table 4.2. S'-Carboxymethylated proteins identified in bile samples. 
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CHAPTER FIVE 

SUMMARY 

The rapid growth of the field of proteomics has resulted in significant progress in 

sample preparation, sample throughput and data analysis. Automated analytical 

procedures now facilitate routine analysis of a cellular proteome. Advances in method 

development and instrumentation have allowed identification of over 97% of the yeast 

proteome (38). To date, however, proteomic technology has not been geared toward 

identification of unknown, modified proteins. Finding protein targets of covalent 

modification by chemicals in biological samples presents a unique set of challenges 

involving sensitivity, large amounts of data and an unknown identity of the analyte. The 

research presented in this dissertation has described the groundwork for a new approach 

to identifying protein targets which incorporates both existing proteomic technology' and 

new methods of data analysis. Central to this method has been the characterization of 

fragmentation patterns unique to protein adducts and the development of the algorithm 

SALSA to search LC-MS-MS data for spectra containing these characteristics. 

Synthesis and Characterization of Model Adducts 

The use of fragmentation patterns for adduct detection was a novel approach and 

little was known about fragmentation of modified peptides. Thus, thorough 

characterization of the fragmentation of model peptides is necessary. Accordingly, the 
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aim of the first phase of this project; was to obtain MS-MS spectra of as many adducted 

model peptides as possible. In futuire studies, as more becomes known about the MS-MS 

fragmentation of various modified jpeptides, prediction of fragmentation of other adducts 

may become more reliable and thus: eliminate the need for extensive characterization of 

model adducts. 

Initial studies were directed toward characterizing fragmentation that would be 

present regardless of the sequence crontext of the modification. A wide variety of model 

5'-carboxymethylated and 2-chloroaacetylated peptides was easily synthesized, as the 

reactions were relatively simple ancfl efficient. In fact, S-carboxymethylation is 

commonly included in tryptic diges~tioa protocols to protect the cysteine thiol groups. 

Therefore, it was possible to alkylatle and digest proteins such as bovine serum albumin to 

provide a large number of S-carboxymethylated peptides for characterization. 

Unfortunately, the large nuranber of 5'-carbox>'Tnethylated peptides did not result in 

a large number of characteristic fragments. The small modification was apparently very 

stable and did not produce any charrged or neutral losses from the parent ion. The only 

identifying characteristic that regularly occurred was a pair of ions separated by 161 amu, 

which corresponds to the modified »cysteLne residue. 

hi contrast, the MS-MS of 22-chloroacetyIated peptides resulted only in neutral or 

charged losses. Although these fragmentations were characterized and included in 

Chapter Two, the remainder of this dissertation focused only on S-carboxymethylated and 

GSCOCHi-S'-cys-peptide adducts. The reason for this is that the high reactivity of the 

chloroacetyl chloride metabolite of 1,1-DCE would likely cause it to react primarily with 
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targets in the immediate vicinity of its formation. Therefore, chloroacetylated proteins 

would more likely be found in the endoplasmic reticulum, where the P450 enzymes that 

bioactivate 1,1-DCE are located. To analyze endoplasmic reticulum proteins, 

hepatocytes would need to be fractionated and the endoplasmic reticulum proteins 

selected for MS-MS analysis. This will be the subject of future studies. 

The synthesis of GSC0CH2-S'-cys-peptide adducts was accomplished by a novel 

synthetic approach which utilized the tBOC protecting group. Direct synthesis of 

GSCOCH2-5'-cys-peptide adducts by alkylation of peptides with ClCHiCOSG was 

prevented by the intramolecular rearrangment of the 5'-(2-chloroacetyl)glutathione under 

the basic conditions necessary for adduct formation. tBOC N-terminal protection, 

however, also is carried out under basic conditions. Therefore a multi-step synthesis was 

developed in which the N-termini of oxidized glutathione were protected prior to 

reduction of the disulfide bond and reaction with 2-chloroacetyI chloride. The result was 

tBOC protected 5'-(2-chloroacetyI)gIutathione, which was successfully used to synthesize 

model adducts. After the reaction, the protecting group was removed by lowering the pH 

of the reaction mixture. 

Approximately a half dozen model GSCOCHi-iS-cys-peptide adducts were 

synthesized in this manner, and MS-MS analysis revealed numerous characteristic 

fragment ions and neutral losses. The summary of the fragmentation of each of the 

model adducts reveals that while several characteristics are present in all of the samples, 

none, with the exception of a product ion at m/z 308, is present in all of the samples. 
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These data illustrate why other commonly employed methods of MS-MS analysis 

would be unsuitable for the detection of protein targets of 1,1-DCE metabolites. For 

example, one approach is product (or daughter) ion scanning. La which a triple 

quadrupole instrument is used to detect MS-MS fragment ions of a specific mass. When 

the specified fragment ion is detected, the user can then determine the precursor ion and 

obtain an MS-MS spectrum. In all of the model GSCOCHz-S-cys-peptide adducts a 

fragment ion at m/z 308 was observed. It would seem possible, therefore, that rather than 

searching data for fragmentation patterns, these adducts could be detected by simply 

monitoring the presence of MS-MS product ions of m/z 308. There are several reasons, 

however, why the success of this approach would be limited. 

First, m/z 308, although present in all of the model adducts, is often a very weak 

signal and thus may not even be detected in a product ion scan. Furthermore, it is not 

highly adduct-specific. A fragment ion at m/z 308 would occur in MS-MS spectra of 

several glutathione-derived species that are not the adducts of interest. Finally, there are 

several other combinations of amino acid residues that would produce a fragment at m/z 

308 (for example Gly-Ser-Tyr or Gly-Cys-Phe). Therefore, monitoring only m/z 308 not 

only would fail to detect many GSCOCH2-5^-cys-peptide adducts, but also would result in 

a large number of false positive identifications. Detection of 5-carboxymethylated 

proteins, which produce no specific fragments or losses, would not be possible by this 

approach. 

Therefore, the data indicate that rather than a single characteristic, it is the 

presence of multiple fragment ions and losses that is indicative of a specific adduct. 
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What is required is in essence pattern recognition, which was the concept behind the data 

reduction algorithm SALSA. 

SALSA 

SALSA is a versatile algorithm that identifies MS-MS spectra containing user-

specified fragment ions, losses from the parent ion, pairs of ions and series of ions that 

correspond to a specific amino acid sequence. In its original Excel macro form, SALSA 

was capable of analyzing a typical LC-MS-MS data-dependent scan in approximately 20-

30 min. The current version encoded in Visual Basic provides output in a matter of 

seconds. Given that the same data analysis would take days or even weeks without 

SALSA (if it would indeed even be possible), it is clear that its development was crucial 

to this type of research. 

SALSA scores the input that it receives, which consists of the m/z of the ion and 

its associated ion current. It does not enhance the quality of the data nor does it reduce 

the instrument's limit of detection. SALSA, therefore, does not eliminate the need for 

good sample preparation and separation, as these are necessary to obtain good data-

dependent MS-MS spectra. It does, however, facilitate the analysis of complex samples 

that would otherwise not be possible due to the amount of data generated. 

The ability of SALSA to detect GSCOCHi-S-cys-peptide adducts was 

demonstrated by successfully scoring spectra of GSCOCHi-'S'-cys-SPepC that had been 

added to both a protein digest and to a sample of mouse liver cytosol. For identification 
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of iS-carboxymethylated peptides, however, the utility of SALSA was limited. This was 

not due to limited ability of SALSA to score and detect ion pairs, but rather to the fact 

that an ion pair of 161 amu is present in most spectra and thus produces a high 

background level of scoring. SALSA did successfully score the spectrum of S-

carboxymethyl TPepC that had been added to the protein digest. This spectrum exhibited 

a prominent ion pair in both the b- and the y-series and thus received one of the ten 

highest scores. This indicates that when the only search criterion is the ion pair of 161 

amu, there is a reasonable possibility that the highest scoring spectra may correspond to 

S'-carboxymethylated proteins. However, the fact that several hundred spectra received a 

score indicates that SALSA alone is not very helpful in identifying this particular 

modification. In this case, SALSA can be used in combination with SEQUEST, as 

SEQUEST can identify differential modifications of less than 300 amu. 

SALSA and SEQUEST 

The use of S AiS A in combination with SEQUEST to identify S-

carboxymethylated proteins illustrates the complementary nature of these two programs. 

SALSA indicates which spectra contain desired characteristics. It does this despite the 

presence of unforeseen modifications that would not allow SEQUEST to assign a peptide 

sequence. For example, if one wants to determine whether a specific peptide is present, 

for example, SVAEGVPTDAGR, one could use SALSA to search for masses and ion 

series corresponding to the amino acid motif in the middle of the peptide. Thus, one 
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would search, for ion series corresponding to AEGVPTD, and those spectra containing 

ion series that correspond to this sequence would be scored by SALSA. If the N-

terminus were modified by some unknown mass, SALSA would still detect the 

corresponding MS-MS spectrum, as it scores ion series, not absolute m/z values. The 

sequence would not be detected by SEQUEST, which matches actual MS-MS spectra to 

specific m/z values in theoretical spectra. All of the b-series ions would be shifted by the 

unknown mass that SEQUEST would have to be programmed to take into account. 

On the other hand, SEQUEST can correlate a spectrum to a peptide sequence, 

which is something that SALSA cannot do. To search for MS-MS scans corresponding 

to peptide sequences with SALSA, the user must either know the sequence of the protein 

or, in cases where the protein identity is unknown, must rely heavily on de novo 

sequencing skills to identify the peptide sequence from the selected MS-MS spectrum. 

SALSA is therefore not intended to replace SEQUEST- On the contrary, future plans for 

SALSA include automated integration with SEQUEST and other types of database 

searching. 

Detection of Adducts 

Detection of low mass modifications to proteins and determination of the precise 

location of the modification represent significant challenges in biological mass 

spectrometry. In the past, these have been accomplished partially with the use of radio-

or fluorescent labeling, or when the identity of the modified protein has been known. 
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The identification of the 5-carboxymethylated proteins described in the previous chapter 

demonstrates for the first time the ability to identify this modification in unknown 

proteins without the use of radiolabeling. It also represents a test of a nearly worst case 

scenario for SALSA, namely the use of a single search parameter to detect a small 

modification. 

Because of the difficulty of detecting this modification, it was necessary to use 

SALSA in combination with SEQUEST to identify spectra that potentially contain an S-

carboxymethylcysteine residue. Ultimately the selected MS-MS spectra were interpreted 

manually to confirm the target peptide sequence, to verify the location of the adduct, and 

to rule out any other possible sequences that would fit the spectrum. This process could 

become less tedious by interfacing SEQUEST with SALSA. The two searches could be 

run simultaneously and the output automatically compared. SALSA's top scoring spectra 

also could be automatically located in the Xcalibur data file and subjected to further 

analysis with SEQUEST. 

The process used to detect GSCOCHi-S'-cys-peptide adducts was very different 

than that described above for the S-carboxjTuethylated proteins. With so many 

diagnostic criteria, these adducts represent a best case scenario for SALSA analysis. 

SEQUEST, however, cannot be used to detect these adducts, as the mass of the 

modification is higher than that allowed by SEQUEST for differential modifications. 

The fact that none of these adducts were detected in bile samples fi:om rats is probably 

not due to inadequacies of SALSA or to the use of incorrect search parameters. The 

parameters were tested extensively and successfully scored both model adducts and 
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known glutathione metabolites. Furthermore, many spectra were scored that contained 

several fragments characteristic of adducts. It would seem, therefore, that if these 

adducts were present and yielded fragmentation consistent with the model peptide 

adducts, they would have been scored by SAX.SA. The question then becomes whether 

the adducts were not present or whether they were present in insufficient quantities to be 

detected. There was evidence to support both of these possibilities. 

It is possible that despite detection limits in the low femtomole range, the LCQ 

does not have sufficient sensitivity for adduct detection. It was stated in the previous 

chapter that if a detection limit of one femtomole is assumed, there would have to be on 

the order of 10^ copies of an adducted peptide present. This does not take into account 

such factors as sample loss, digestion efficiency and differences in ionization efficiency 

between adducted and unadducted peptides. In addition, in order to obtain a good quality 

MS-MS spectrum, the signal of the parent ion must be at least two orders of magnitude 

above the limit of detection. 

This does not mean that it will never be possible to detect adducts with an LCQ. 

Although it may be unlikely that there would be a sufficient number of adducted proteins 

in a single cell, it is possible to collect the proteins from a large number of cells and thus 

increase the chance of detection of low abundance proteins. It also may be possible to 

develop a means of preconcentration of adducted proteins, which will be the subject of 

fixture investigation in our laboratory. 

Another option is to use more sensitive instrumentation. Currently a system is 

being made operational in the Southwest Environmental Health Sciences Center 
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Proteomics Facility that combines micro-LC separation with nanospray ionization. It is 

entirely possible that the increased sensitivity of this system will allow the detection of 

adducted proteins. Therefore, the bile samples also will be analyzed with this system and 

future experiments will be designed to address this issue of sensitivity. 

1.1-DCE Metabolites 

The selective damage to the canalicular membrane that is observed in animals 

exposed to 1,1-DCE has led to a proposed mechanism of 1,1-DCE hepatotoxicity. It is 

widely accepted that DCE undergoes P450 bioactivation in hepatocytes, which results in 

reactive, electrophilic metabolites. These metabolites are thought to modify proteins 

prior to excretion into the bile. Alternatively, accumulation of reactive, glutathione-

containing metabolites in the biliary canaliculi could result in modification of the 

canalicular membrane proteins. This would explain the biochemical evidence of 

impaired canalicular membrane function after exposure to 1,1-DCE, including a decrease 

in biliary protein content and the presence of markers that are indicative of membrane 

damage. 

This work has provided direct evidence supporting this hypothesis. Modified 

proteins, including membrane-associated proteins, were found in bile of DCE-treated rats 

that were not present in untreated rats. Clear evidence of 1,1-DCE metabolites in bile 

also was found which supports the proposed in vivo metabolism of 1,1-DCE. These 

metabolites also indicate activity of y-glutamyl transpeptidase and cysteinylglycine 
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dipeptidase in the biliary epithelium. Marked differences in biliary protein content prior 

to and after exposure were observed. The decrease in the total amount of protein in bile 

accompanied by a significant increase in the number of different proteins provides 

evidence of altered canalicular membrane selectivity and transport. Therefore, this 

proteomic methodology that was developed to identify unknown modified proteins also 

has provided significant insight into the in vivo toxicology of 1,1-DCE. 

The identification of in vivo metabolites and of biliary proteins has to date been 

limited by available technology. Characterization of metabolites has largely been based 

on comparison of HPLC retention times and on full scan mass spectrometry. For protein 

identification, researchers have traditionally relied on 2D gel electrophoresis and 

immunochemical methods. 

1,1-DCE metabolites previously identified in vitro include 5"-

carboxymethylglutathione, 5-(2-chloroacetyl)glutathione and the bis-glutathione 

conjugate 5-(glutathionylacetyl)glutathione. Whereas significant amounts of 5"-

carboxymethylglutathione were present, no evidence of the other two metabolites was 

found. There was, however, a small amount of what appears to be the cyclic degradation 

product of 5-(2-chloroacetyl)glutathione. This suggests that at least some of this 

compound is rendered inactive before it can covalently bind to a protein target. 

Furthermore, instead of the bis-GSH conjugate, GSCOCH2SG, spectra were found in 

nearly all samples that correspond to 5-(glutathionylacetyl)glutathione minus glutamate 

and glycine. If these residues are cleaved from the GSCOCH2SG, it would be reasonable 

to assume that they also may be cleaved from adducted proteins. This would mean that 
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instead of being modified by +348 amu, 144 amu would be added to the cysteine thiol 

and that the established SALSA search criteria would no longer be valid. Therefore, if no 

GSCOCHi-^-cys-protein adducts are found when the bile samples are analyzed with the 

micro-LC/nanospray ionization instrument, the search parameters will be adjusted to look 

for evidence of 5-cysteinylacetyl modifications. 
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Concluding Remarks 

This work has described the first steps in integrating sample preparation, 

instrumentation, software, and internet resources to solve a complex analytical problem. 

Whenever a new method is put into practice for the first time, the initial experiments 

reveal both unforeseen problems and unexpected successes. It was a disappointment to 

not have identified some of the anticipated biliary protein adducts of 1,1-DCE. However, 

as SALSA has far exceeded our expectations and continues to be improved, we cannot 

help but be optimistic about future results. It is entirely conceivable that the groundwork 

now being established eventually will result in routine, automated identification of 

modified proteins. 
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APPENDIX A 

SALSA results of analysis of bile samples using optimized search parameters 

Score rrVz RT- ParamBters Scored 

9S.86 35Z13 2Z3&-22.45 Product Ion: 30a0a- Unks Product Ion; 290.20; Product lorr 178.96; Product Ion; 23Z97; 
Product Ion: 16207; Product Ion; 129.22 

39.12 553.88 19.97-20.05 Product Ion; 381.70; Unks; Product lore 349.38 + Product Ion: 307.98; Unks Product Ion; 233.13 
19.76 307.28 21.82-21.89 Roduct Ion: 30ai5; Unks Product Ion: 178.94; Product lore 23294; Product lorc 275.61; 

Reduction; 161.93 loss=204; Unks Loss Ion; 484.01 loss= 129; Loss Ion; 538.05 loss = 75 
9.83 307.17 23.26-23.32 Loss lore 409.05 

loss=204; Unks Loss lore 484.02 loss=129; Loss lore 539.04 !oss = 75 
7.15 613.42 23.65-23.72 Product Ion: 307.13; Unks Product loa 178.90; Product Ion: 23Z18; Product Ion: 27461; 

ftoduct Ion: 162.24 
5.44 469.16 24.21-24.28 Product Ion: 308.08; Unks Product Ion; 178.97; Product lore 232.97; Product lore 162.19 
4.56 429.19 3.99-30.05 Product Ion; 380.96; Urte: Proiljct lore 349.16 
4.13 415.31 05.61-05.68 Product lore 380.11 
4.08 392.13 25.69-25.75 FVoduct Ion: 30a21; Unks Product Ion; 179.03; Product loa" 233.07 
a45 441.06 29.62-29.68 Product lore 307.03; Unks Product lore 179.05 
3.11 39204 23.93-24.00 Roduct lore 308.02; Unks Product lore 290.09; Product Ion; 179.01; Product lore 274.96; 

Production; 162.03 
Z53 1027.43 3^72-3^78 Rxxluct lore 307.22 
2.52. 484.18 21.39-21.46 Product lore 307.68; Unks Product Ion; 179.29 
^40 484.12 29.74-29.80 Product lore 381.16 •»- Product lore 307.22; Unks: Product lore 178.91 
1.96 464.25 39.25-39.31 Product lore 307.34; Unks Product lore 289.05; Product lore 274.05 
1.84 366.21 17.68-17.74 Product lore 306.91 
1.52 434.98 25.39-25.46 Product lore 307.20; Unks Product Ion; 290.00 
1.46 480.16 37.42-37.48 Product lore 381.26; Unks Product Ion; 450.48 
1.45 411.00 19.56-19.63 Product lore 381.44 
1.44 1063.43 31.24-31.31 Product lore 307.56 
1.35 477.88 29.02-29.08 Product lore 380.05; Unks Product lore 450.37; Product Ion; 349.07 + Product lore 307.22 
1.29 366.17 21.13-21.19 Product lore 308.24; Unks Product lore 17a24; Product lore 274.54 
1.13 388.58 19.28-19.35 Product lore 381.72 
1.11 366.09 13.92-13.99 Product lore 307.10 
0.96 441.08 2am-28.06 Product lore 380.75 
0.90 641.77 31.74-31.80 Loss lore 974.61 loss=307 
0.90 1029.46 3i59-3Z66 Roduct lore 307.14 
0.86 1011.26 33.21-33.28 Product lore 307.94 
0.85 427.28 29.15-29.21 Product lore 381.07 
0.82 624.39 14.76-14.84 Product lore 307.69; Unks Product lore 290.04 
0.72 484.08 2282-2289 Product lore 307.48; Unks Product lore 178.97 
0.72 522.30 25.81-25.88 Product lore 307.11; Unks Product lore 161.89 
0.71 414.27 24.35-24.41 Product lore 30a07; Unks Product Ion; 290.00 
0.68 457.06 23.52-23.59 Product lore 307.12; Unks Product lore 275.09 
0.67 44Z04 05.74-05.81 Product lore 381.14 
0.66 981.28 38.83-38.91 Roduct lore 307.37 
0.63 455.07 25.06-26.12 Roduct lore 381.58 
0.58 46223 35.45-35.51 Product lore 380.21 
0.57 457.18 24.90-24.96 Product lore 307.27; Unks Product lore* 289.83 
0.56 46220 37.0&37.12 Roduct lore 381.14 
0.53 548.19 25.94-26.00 Prciductlorc 308.19 
0.51 614.18 2224-22.31 Roduct lore 308.03 
0.34 454.32 14.20-1426 Product lore 307.80 
0.30 514.16 3284-3Z89 Product lore 307.14 
0.29 434.93 29.38-29.44 Product loft 381.02 
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APPENDIX B 

SALSA results of analysis of unspiked mixed protein digest 

Score m/z R.T. Parameters Scored 

16.26 424.93 64.10-64.17 Product Ion: 381.26; Links: Product Ion: 449.37 
13.37 389.88 54.77-54.83 Product Ion: 381.45 
12.24 411.47 69.75-69.82 Product Ion: 381.39; Links: Product Ion: 449.82 
12.05 538.91 11.39-11.45 Product Ion: 306.53; Links: Product ion: 289.13 

9.14 411.4 72.57-72.64 Product ion: 381.27; Links: Product Ion: 450.24 
8.91 669.41 73.72-73.79 Product Ion: 380.96 

8.4 995.59 66.55-66.64 Product Ion: 381.47; Links: Product Ion: 348.32 
6.56 574.54 129.44-129.52 Product Ion: 381.08 
6.55 369.09 16.64-16.71 Product Ion: 380.39; Links: Product Ion: 348.33 
5.26 471.49 84.36-84.43 Loss Ion: 738.27 loss = 204 
4.42 517.66 128.51-128.58 Product Ion: 381.59 

4 531.07 98.43-98.50 Loss Ion: 787.91 loss = 274 
3.94 417.66 16.50-16.57 Production: 307.71; Links: Product Ion: 129.21 
3.47 377.41 56.97-57.04 Loss Ion: 479.59 loss = 274 
3.34 398.61 10.55-10.62 Loss ion: 489.29 loss = 307 
3.26 550.1 65.99-66.06 Product Ion: 307.77; Links: Product Ion: 274.83 
3.1 690.22 66.27-66.35 Product Ion: 380.29 

3.01 809.46 65.07-65.15 Product Ion: 380.26 
2.88 452.91 68.60-68.67 Loss Ion: 630.50 loss = 274 
2.81 575.59 78.55-78.63 Product Ion: 380.98 
2.76 518.11 66.13-66.20 Loss Ion: 831.32 loss = 204 
2.4 496.64 50.78-50.85 Loss Ion; 719.23 loss = 274 

2.39 466.82 77.64-77.71 Loss Ion: 625.91 loss = 307 
2.33 503.17 122.50-122.57 Product Ion: 380.83 
2.25 390.82 80.81-80.88 Loss Ion: 473.68 loss = 307 
2.22 464.57 89.64-89.71 Loss Ion: 654.14 loss = 274 
2.18 503.17 122.50-122.57 Product Ion: 308.00 
2.15 358.43 52.07-52.14 Loss Ion: 441.48 loss = 274 
2.03 457.45 05.08-05.15 Product Ion: 381.18; Links: Product Ion: 449.14 
1.95 469.63 10.42-10.49 Product Ion: 380.06 
1.86 694.04 68.14-68.22 Loss Ion: 1112.34 loss = 274 
1.83 416.7 91.16-91.23 Loss Ion: 628.92 loss = 204 
1.73 694.04 68.14-68.22 Product Ion: 380.09 
1.72 417.54 76.62-76.68 Loss Ion: 560.24 loss = 274 
1.72 480.79 104.25-104.32 Loss Ion: 687.00 loss = 274 
1.7 777.5 74.18-74.26 Product Ion: 381.17 
1.7 1006.66 99.67-99.76 Product Ion: 381.08; Links: Product Ion: 449.22 

1.48 735.6 15.75-15.82 Product Ion: 380.20 
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1.28 475.37 14.40-14.47 Product Ion: 381.42 
1.17 841.6 70.04-70.12 Product Ion: 380.23 
1.08 892.73 70.94-71.02 Product Ion: 380.78; Links; Product Ion: 348.41 
1.06 675.43 17.16-17.24 Loss Ion: 1043.31 loss = 307 
1.05 791.54 71.30-71.38 Product Ion: 380.67 
1.01 398.61 10.55-10.62 Product Ion: 380.75 
0.98 732.93 59.37-59.45 Loss Ion; 1158.75 loss = 307 
0.98 1059.67 132.65-132.73 Product Ion: 380.21 
0.93 524.43 66.71-66.78 Product ion; 380.73 
0.84 469.63 10.42-10.49 Loss Ion; 631.78 loss = 307 
0.81 690.31 132.30-132.38 Loss Ion; 1073.61 loss = 307 
0.8 524.43 66.71-66.78 Loss Ion; 741.49 loss = 307 

0.79 631.39 13.54-13.61 Production: 308.15; Links: Production; 289.15 
0.77 778.51 54.30-54.38 Product Ion; 380.33 
0.75 662.5 14.25-14.33 Product Ion: 380.84; Links: Product Ion; 450.26 
0.75 560.78 67.01-67.08 Loss Ion; 812.56 loss = 307 
0.74 358.43 52.07-52.14 Product Ion; 380.43 
0.74 445.89 83.89-83.96 Production: 306.62; Links; Production; 128.87 
0.73 934.67 94.66-94.75 Product Ion: 306.86 
0.72 552.51 61.44-61.52 Loss Ion; 899.37 loss = 204 
0.69 825.45 106.32-106.40 Product ion; 380.14 
0.65 718.86 82.87-82.94 Loss Ion: 1129.19 loss = 307 
0.62 480.79 104.25-104.32 Loss Ion; 756.65 loss = 204 
0.6 733.68 14.68-14.76 Product Ion; 381.05; Links; Product Ion: 449.22 

0.58 1045.69 66.85-66.94 Product Ion; 306.93 
0.58 831.89 90.85-90.93 Product Ion: 307.12 
0.57 471.49 84.36-84.43 Product Ion; 380.23 
0.55 943.57 84.65-84.74 Product Ion; 381.76 
0.54 831.89 90.85-90.93 Product Ion: 381.09 
0.51 427.52 97.15-97.22 Production: 381.23; Links; Production: 348.59 
0.47 464.8 56.35-56.42 Loss Ion; 654.57 loss = 274 
0.45 778.7 56.48-56.56 Product Ion: 380.55 
0.45 480.97 59.67-59.74 Loss Ion; 654.45 loss = 307 
0.45 411.47 69.75-69.82 Loss Ion; 547.03 loss = 274 
0.4 811.46 65.36-65.44 Product Ion: 381.32 

0.39 820.85 95.11-95.19 Product Ion: 308.30 
0.38 748.6 107.32-107.39 Product Ion; 381.97 
0.38 1014.67 117.74-117.82 Product Ion; 381.18 
0.33 483.42 62.94-63.01 Product Ion; 308.36 
0.33 503.17 122.50-122.57 Loss ion: 730.38 loss = 274 

0.32 619.2 13.96-14.04 Product Ion; 308.11 
0.32 941.55 84.49-84.58 Product Ion: 307.49 
0.3 480.79 104.25-104.32 Loss Ion: 653.38 loss = 307 

0.29 791.54 71.30-71.38 Product Ion; 306.69 
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0.29 692.38 78.18-78.26 Production: 381.17 
0.29 503.17 122.50-122.57 Loss Ion: 800.52 loss = 204 
0.27 480.97 59.67-59.74 Loss Ion: 757.46 loss = 204 
0.26 1004.55 90.38-90.47 Product Ion: 381.06 
0.24 507.33 57.81-57.88 Product Ion: 308.02 
0.23 417.54 76.62-76.68 Loss Ion: 526.16 loss = 307 

0.22 773.63 79.28-79.36 Loss Ion: 1271.51 loss = 274 
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APPENDIX C 

SALSA results of analysis of mixed protein, digest spiked with 

GSCOCH2-5-cys-SPepC using optimized parameters 

Score m/z R.T. 
Parameters Scored 

109.75 407.87 72.24-72.29 
Product Ion: 308.03; Links: Product Ion: 289.75; Product Ion: 

178.96; Product Ion: 161.98 

106.42 407.82 70.84-70.90 
Product Ion: 308.03; Links: Product Ion: 178.93; Product Ion: 
232.86; Product Ion: 161.98 

84.19 537.15 66.13-66.21 
Product Ion: 308.02; Links: Product Ion: 290.10; Product Ion: 
233.08; Product Ion: 274.03; 
Product Ion: 162.07 

80.48 537.13 123.59-123.66 
Product Ion: 308.01; Links: Product Ion: 290.06; Product Ion: 

178.94; Product Ion: 233.14; 
Product Ion: 161.97 

61.14 452.95 71.54-71.61 
Product Ion: 308.04; Links: Product ion: 179.03; Product Ion: 

162.06 

29.63 453.16 73.05-73.11 
Product Ion: 308.03; Links: Product Ion: 179.13; Product Ion: 

232.46 

23.17 402.23 23.49-23.56 
Product Ion: 381.94; Links: Product Ion: 348.15 + Product 

Ion: 308.23; Links: 
Product Ion: 290.11; Product Ion: 178.59 

20.98 396.81 22.64-22.71 Product Ion: 380.09 + Product Ion: 307.16 

14.70 351.09 57.25-57.32 
Product Ion: 307.34; Links: Product Ion: 289.93; Product Ion: 

178.76; Production: 162.08 

13.45 351.15 59.04-59.11 
Product Ion: 307.81; Links: Product Ion: 290.73; Product Ion: 

178.91; Production: 162.12 

11.86 404.19 21.52-21.58 
Product Ion: 381.36; Links: Product Ion: 349.00 + Product 

Ion: 308.22; Links: Product Ion: 274.54 
11.08 411.45 59.44-59.50 Product Ion: 381.30; Links: Product Ion: 449.16 

10.04 389.94 20.41-20.48 
Product Ion: 381.49 + Product Ion: 307.92; Links: Product 
Ion: 275.05; Product Ion: 129.14 

9.95 402.14 20.69-20.76 
Production: 380.21 + Production: 308.11; Links: Product 
Ion: 289.06 

9.10 499.11 78.70-78.76 Loss Ion: 691.11 loss = 307 

8.69 492.88 89.53-89.59 Loss Ion: 781.32 loss = 204 

8.29 625.61 70.46-70.52 Loss Ion: 975.53 loss = 274 

8.25 503.33 120.65-120.70 
Product Ion: 381.24; Links: Product Ion: 450.26 + Loss Ion: 

801.47 
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loss = 204 + PtToduct Ion: 308.31 

8.07 402.31 22.08-22.15 
Product Ion: 38*1.18; Links: Product Ion: 348.15 + Product 
Ion: 308.21 

7.26 390.12 17.82-17.89 Product Ion: 381.30 + Loss Ion: 471.36 loss = 307 
6.88 681.20 46.79-46.87 Product Ion: 30S.02; Links: Product Ion: 274.01 
6.41 701.52 94.26-94.32 Product Ion: 38'i .94 
6.10 701.49 95.60-95.65 Product Ion: 38*1.95 
5.12 402.31 25.18-25.24 Product Ion: 3088.16 
4.88 820.69 112.09-112.15 Loss Ion: 1436.664 loss = 204 

4.36 424.46 27.52-27.59 
Production: 38~1.94 + Production; 307.18; Links: Product 
Ion: 290.98 

4.34 471.51 79.76-79.81 Loss Ion: 738.258 loss = 204 
4.30 480.93 103.78-103.83 Loss Ion: 757.522 loss = 204 + Loss Ion: 686.55 loss = 274 
4.10 480.92 105.07-105.12 Loss Ion: 757.6i5 loss = 204 + Loss Ion: 686.46 loss = 274 
4.00 574.97 128.59-128.64 Product Ion: 38"! .15 

4.00 775.70 131.38-131.44 
Product Ion: 38'i .98 + Loss Ion: 1242.82 loss = 307 + 
Product Ion: 307^.88; 
Links: Product U on: 275.10 

3.93 762.11 130.87-130.93 Loss Ion: 1249.39 loss = 274 
3.87 417.51 70.58-70.63 Loss Ion: 560.2!9 loss = 274 

3.73 504.97 86.32-86.38 
Product Ion: 38S0.27+Product Ion: 308.21; Links: Product 
Ion; 275.05 
Loss Ion: 735.3«8 loss = 274 

3.58 908.74 05.05-05.11 
Loss Ion: 1612.963 loss = 204 + Loss Ion: 1543.19 loss = 
274 

3.50 507.36 26.99-27.06 Product Ion: 38~1.13; Links: Product Ion: 450.45 
3.33 574.62 127.22-127.28 Product Ion: 38'i .16 
3.31 681.60 42.89-42.96 Product Ion: 3077.98; Links: Product Ion: 275.19 
3.11 671.69 129.70-129.77 Loss Ion: 1138.i59 loss = 204 

3.06 475.65 44.35-44.42 
Product Ion: 3800.43; Links: Product Ion: 450.28 + Loss Ion: 
643.40 

3.04 365.16 38.30-38.36 Product Ion: 3088.06 

3.02 754.06 120.75-120.82 
Product Ion: 38*1.19; Links: Product Ion: 349.19 Loss Ion: 
1233.72 

2.74 755.21 66.56-66.63 Product Ion: 3088.14; Links; Product Ion; 289.88 

2.72 407.02 38.57-38.64 
Product Ion: 3800.82 + Product Ion; 307.16; Links; Product 
Ion; 178.92; Pro»duct Ion; 161.83 

2.70 767.94 50.49-50.56 Product Ion; 3088.19; Links; Product Ion; 275.67 
2.67 598.98 104.01-104.08 Loss Ion; 993.8:3 
2.59 624.10 48.63-48.71 Product Ion; 3088.08 

2.33 647.81 66.85-66.91 Loss Ion; 988.4" 1 

2.33 950.54 100.85-100.93 Loss Ion; 1593.»68 

2.31 661.56 40.71-40.78 
Product Ion; 38'i .67; Links; Product Ion; 449.19 + Loss Ion; 
1014.63 



156 

2.31 755.09 65.18-65.25 Product Ion: 380.09 Product Ion: 308.16 
2.28 715.53 48.35-48.42 Loss Ion: 1155.62 
2.22 467.46 92.69-92.75 Product Ion: 380.57; Links: Product Ion: 449.87 
2.22 839.92 122.08-122.15 Loss Ion: 1370.91 
2.21 496.53 39.00-39.07 Product Ion: 308.08 + Loss Ion: 718.34 
2.16 496.57 44.93-45.00 Product Ion: 381.50 Loss Ion: 717.51 
2.15 483.25 33.51-33.58 Product Ion: 308.24 

2.11 718.59 43.48-43.55 
Product Ion: 307.03; Links: Product Ion: 233.12; Product Ion: 
275.39 

2.04 697.71 26.56-26.63 Loss Ion: 1086.73 
2.03 703.47 94.48-94.54 Product Ion: 381.92 
1.90 665.30 112.62-112.69 Product Ion: 307.06; Links: Product Ion: 289.11 

1.88 719.46 13.71-13.77 
Product Ion: 380.17 + Product Ion: 307.09; Links: Product 
Ion: 289.95; 
Product Ion: 232.83; Product Ion: 275.06 

1.88 663.42 14.82-14.88 Product ion: 380.25; Links: Product Ion: 450.24 

1.86 793.45 42.29-42.37 
Product ion: 307.06; Links: Product Ion: 289.80; Product Ion: 
274.66 

1.84 740.72 114.92-114.98 Loss Ion: 1206.64 
1.82 793.37 40.85-40.93 Product Ion: 306.97; Links: Product Ion: 275.06 

1.81 424.32 21.38-21.45 
Product Ion: 380.88; Links: Product Ion: 348.18 + Product 
Ion: 307.07 

1.81 624.08 46.50-46.58 Product Ion: 308.11; Links: Product Ion: 178.99 

1.80 793.48 44.05-44.13 
Product Ion: 381.63; Links: Product Ion: 449.45 + Product 
Ion: 307.03; Links: Product Ion: 274.97 

1.80 366.15 65.87-65.93 
Product ion; 307.45; Links: Product ion; 161.55; Product Ion; 

128.61 
1.79 852.54 94.60-94.67 Product Ion: 380.28 
1.75 393.13 79.37-79.44 Product Ion: 307.00; Links: Product Ion: 161.19 

1.73 351.13 55.85-55.92 
Product Ion: 307.91; Links: Product Ion: 179.07; Product Ion: 

275.67; Production: 161.94 

1.69 424.63 24.32-24.39 
Product Ion: 381.78; Links: Product Ion: 349.92 + Product 
Ion: 306.82 

1.63 627.06 34.25-34.32 Product Ion: 306.84 
1.63 755.19 67.96-68.03 Product Ion: 380.26 + Product ion: 307.98 

1.59 747.47 35.25-35.33 
Product Ion: 307.98; Links: Product Ion: 289.96; Product Ion: 

232.87 
1.51 704.18 125.35-125.41 Product Ion: 381.08 
1.50 397.42 42.59-42.66 Product Ion: 380.15 
1.49 719.13 35.11-35.18 Product Ion: 308.24; Links; Product Ion: 275.24 
1.49 897.46 99.58-99.64 Loss Ion: 1520.82 
1.47 966.73 134.05-134.13 Product Ion: 380.27 
1.46 475.35 38.01-38.08 Product Ion: 306.57 

1.42 440.15 91.45-91.51 Product Ion: 380.85; Links: Product Ion: 449.34 
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1.40 422.05 47.38-47.45 
Production: 381.62; Links: Production: 349.94 + Product 
Ion: 308.33; Links: Product Ion: 274.43 

1.40 843.82 100.44-100.50 Loss Ion: 1412.89 
1.39 661.48 15.43-15.49 Product Ion: 380.19; Links: Product Ion: 449.25 

1.39 922.45 70.03-70.11 
Product Ion: 380.84; Links: Product Ion: 449.05; Product Ion: 
348.19 

1.39 816.77 71.98-72.05 Product Ion: 308.11 
1.39 742.43 77.05-77.12 Loss Ion: 1176.63 
1.35 712.55 84.15-84.22 Product Ion: 381.17 

1.32 307.99 70.96-71.03 
Product Ion: 306.74; Links: Product Ion: 290.06; Product Ion: 
178.98; Product Ion: 233.01; 
Product Ion: 161.96 

1.28 480.92 30.09-30.16 Loss Ion: 654.39 
1.26 687.69 120.87-120.93 Product Ion: 381.13 
1.23 560.49 121.96-122.02 Product Ion: 381.34; Links: Product Ion: 349.63 
1.20 870.29 16.67-16.75 Product Ion: 381.60 

1.18 407.02 37.15-37.22 
Product Ion: 306.98; Links: Product Ion: 179.18; Product Ion: 
161.92 

1.17 847.78 112.47-112.55 Loss Ion: 1490.82 
1.16 746.57 19.39-19.45 Product Ion: 380.34 
1.14 583.88 84.56-84.63 Loss Ion: 892.57 
1.13 481.06 28.53-28.60 Loss Ion: 654.23 
1.13 681.16 34.82-34.90 Product Ion: 307.92; Links: Product Ion: 275.24 
1.12 721.51 13.95-14.01 Product Ion: 380.14 
1.12 443.03 60.15-60.21 Product Ion: 381.15 + Loss Ion: 610.30 
1.09 723.49 93.24-93.31 Loss Ion: 1172.72 
1.09 966.31 95.03-95.12 Loss Ion: 1657.00 
1.09 636.83 123.45-123.52 Product Ion: 381.47; Links: Product Ion: 349.70 
1.07 445.46 97.98-98.04 Loss Ion: 583.37 
1.06 678.08 23.35-23.42 Loss Ion: 1080.37 
1.04 558.63 49.22-49.29 Loss Ion: 912.55 
1.03 965.51 38.14-38.23 Product Ion: 308.15 

1.03 351.09 54.46-54.53 
Product Ion: 307.96; Links: Product Ion: 178.98; Product Ion: 

232.42; Product Ion: 275.76 

1.03 
1094.3 

9 122.90-122.99 Loss Ion: 1914.00 
1.02 483.32 34.97-35.04 Product Ion: 308.16; Links: Product Ion: 290.16 
1.02 690.33 60.93-61.00 Loss Ion: 1073.42 
1.00 746.48 22.21-22.29 Product Ion: 380.08; Links: Product Ion: 349.77 
1.00 517.50 134.19-134.25 Product Ion: 308.25; Links: Product Ion: 232.93 
0.99 732.01 25.99-26.06 Product Ion: 381.07; Links: Product Ion: 449.12 
0.98 856.22 129.97-130.05 Loss Ion: 1404.56 
0.95 725.27 120.41-120.47 Product Ion: 381.06 
0.92 684.30 18.38-18.45 Product Ion: 380.21; Links: Product Ion: 349.21 
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0.92 688.03 98.11-98.17 Loss Ion: 1068.94 
0.89 927.63 85.96-86.03 Product Ion: 381.90; Links: Product Ion: 348.13 
0.88 705.58 21.94-22.02 Product Ion: 381.90; Links: Product Ion: 449.15 
0.87 747.80 78.57-78.64 Product Ion: 380.36 + Loss Ion: 1290.85 

0.86 704.05 24.18-24.26 
Product Ion: 380.19; Links: Product Ion: 449.36; Product Ion: 
349.99 

0.86 701.45 46.07-46.15 Product Ion: 380.43; Links: Product Ion: 349.17 
0.85 448.03 64.12-64.19 Loss Ion: 587.48 
0.85 740.72 116.15-116.21 Loss Ion: 1206.60 
0.83 778.43 21.23-21.31 Product Ion: 380.32; Links: Product Ion: 349.75 
0.82 715.59 49.76-49.84 Product Ion: 380.59 -t- Loss Ion: 1155.87 
0.81 764.54 68.61-68.68 Product Ion: 380.18 
0.79 719.32 19.66-19.74 Product Ion: 380.21 
0.79 481.07 50.06-50.13 Product Ion: 308.07 
0.79 485.54 98.73-98.78 Loss Ion: 663.37 

0.78 
1030.7 

6 118.12-118.20 Loss Ion: 1754.04 
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APPENDIX D 

SALSA results of analysis of mixed protein digest spiked with 

5-carboxymethyl TPepC 

Score m/z R.T. Parameters Scored 

24.2 472.04 92.82-92.87 Ion Series: 625.46—786.46 + Ion Series: 464.12—625.46 

22.87 723.06 59.05-59.13 
Ion Series: 1007.46—1168.54 + Ion Series: 1008.54— 
1169.48 

21.41 423.59 97.92-97.99 Ion Series: 401.96—563.31 + Ion Series: 242.07-402.93 
21.36 572.42 29.93-30.00 Ion Series: 313.12-474.58 + Ion Series: 314.47-475.26 
19.24 809.5 110.40-110.47 ion Series: 716.57—877.53 + Ion Series: 775.01—935.63 
18.24 817.74 121.64-121.70 Ion Series: 795.88—956.56 + ion Series: 796.52—957.55 
17.95 417.49 17.18-17.23 Ion Series: 374.34—535.32 + Ion Series: 503.00—664.42 
17.82 836.23 16.89-16.97 Ion Series: 416.55—577.44 + Ion Series: 358.16—518.70 
17.26 636.52 72.09-72.14 Ion Series: 556.31—717.49 + Ion Series: 555.45—716.44 
15.92 565.68 92.55-92.62 Ion Series: 550.95—712.10 + Ion Series: 529.06—690.05 

15 417.42 18.78-18.84 Ion Series: 170.87—332.15 + Ion Series: 503.00—664.42 
14.58 613.69 80.74-80.81 Ion Series: 585.02—745.93 + Ion Series: 599.32—760.49 
14.53 711.47 71.83-71.90 ion Series: 818.51—979.58 + Ion Series: 889.67—1050.58 
14.52 675.14 92.28-92.34 Ion Series: 594.36—755.47 + Ion Series: 885.38—1046.55 
14.3 986.52 87.43-87.50 Ion Series: 782.36—943.51 + ion Series: 781.53—942.52 

13.65 663.42 101.29-101.36 Ion Series: 629.05—790.48 + ion Series: 629.81—790.48 
13.14 636.62 73.37-73.44 Ion Series: 556.31—717.45 + Ion Series: 557.33—718.57 
12.65 480.89 102.96-103.01 Ion Series: 427.46—588.48 + ion Series: 413.35—573.86 
12.63 309.34 28.33-28.40 Ion Series: 105.08-266.15 + Ion Series: 130.96-292.15 
12.34 492.88 94.30-94.35 Ion Series: 577.24—738.36 + Ion Series: 471.33—632.54 
11.98 1027.34 101.14-101.22 Ion Series: 660.01—821.36 + Ion Series: 618.26—778.88 
11.93 1035.04 63.75-63.83 Ion Series: 830.64—991.90 + Ion Series: 831.27—991.90 
11.88 640.74 29.19-29.27 Ion Series: 619.58—780.50 + Ion Series: 551.44—712.55 
11.88 523.55 59.20-59.27 ion Series: 262.30—423.39 + Ion Series: 253.22-414.44 
11.82 943.64 77.31-77.39 Ion Series: 739.45-900.54 + Ion Series: 738.36-899.52 
11.66 745.36 130.89-130.95 ion Series: 562.26-723.75 + Ion Series: 563.31-724.56 
11.52 492.9 87.30-87.37 Ion Series: 634.25—795.49 + Ion Series: 455.31—616.24 
11.51 579.25 68.56-68.63 Ion Series: 548.60—709.52 + Ion Series: 549.34—710.43 
11.45 1029.5 100.12-100.19 Ion Series: 824.30—985.38 + Ion Series: 825.26—986.66 
11-27 838.64 97.62-97.70 ion Series: 817.11—978.55 + Ion Series: 818.01—978.55 
11.25 1027.42 99.69-99.78 ion Series: 824.24-984.77 + Ion Series: 660.07-821.41 
11.11 755.21 85.54-85.61 Ion Series: 447.92—609.40 + Ion Series: 409.14—569.92 
11.06 688.06 95.57-95.63 ion Series: 608.40—769.20 + Ion Series: 657.74—818.56 
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81.71-81.78 Ion Series: 343.00—504.23 + ion Series: 284.99—446.09 
107.03-107.11 Ion Series: 965.97-1127.46 + Ion Series; 818.57-979.56 
49.35-49.42 Ion Series; 830.82—991.92 on Series; 919.43—1080.67 
44.38-44.44 Ion Series: 742.58—903.61 + on Series; 791.35—952.57 
119.10-119.17 Ion Series; 657.46—818.32 on Series; 754.22—915.55 
58.02-58.11 Ion Series: 830.74—991.98 + on Series; 952.60—1113.75 
21.13-21.20 Ion Series: 105.21—265.74 + on Series; 102.86—264.04 
109.46-109.52 Ion Series: 622.86—783.52 on Series: 608.25—769.30 
126.19-126.26 Ion Series: 830.05—990.91 + on Series; 990.91—1151.70 
82.65-82.72 Ion Series: 529.07-690.00 + on Series; 654.85—815.59 
117.79-117.85 Ion Series; 950.60—1111.55 Ion Series; 694.74—856.06 
78.10-78.17 Ion Series; 634.80—796.20 on Series; 629.66—790.53 
28.46-28.54 Ion Series; 552.84—714.10 on Series; 324.63-486.12 
76.84-76.90 Ion Series: 629.03—790.51 + on Series; 629.87—790.51 

111.54-111.62 
Ion Series: 1139.76—1300.55 + Ion Series; 1130.65-
1291.27 

24.01-24.07 Ion Series: 130.64—291.18 + on Series: 131.24—292.06 
122.43-122.48 Ion Series; 446.83—607.36 +• on Series; 497.05-658.41 
126.45-126.50 ion Series; 446.75—607.36 on Series: 600.41—761.54 
33.21-33.29 Ion Series: 270.54—431.39 on Series; 385.04—546.38 
87.90-87.98 Ion Series: 802.39—963.61 on Series: 439.15—600.41 
46.50-46.57 Ion Series: 516.36-676.88 on Series: 354.98—516.36 
68.84-68.93 Ion Series; 831.36—992.04 + on Series: 831.36—992.04 
69.40-69.47 Ion Series: 200.94—361.88 on Series; 201.96—362.70 
69.66-69.73 Ion Series: 391.23—552.03 on Series; 373.68—534.82 
47.23-47.30 Ion Series; 333.55—494.94 + on Series; 283.16—444.39 
106.91-106.97 Ion Series; 588.59—749.48 + on Series; 556.42—717.42 
25.86-25.94 Ion Series; 384.18—544.80 + on Series: 570.80—732.06 
72.20-72.26 Ion Series; 556.26—717.46 on Series: 835.63—996.61 

116.52-116.58 
Ion Series; 949.94—1110.63 
1111.69 

Ion Series: 951.08— 

48.25-48.32 Ion Series; 774.43—935.51 on Series: 952.61—1113.59 
116.38-116.46 Ion Series; 783.40—944.06 + on Series: 791.85—952.90 
66.52-66.59 Ion Series: 548.37—709.59 + on Series; 470.93-631.99 
42.32-42.38 Ion Series: 239.98—400.74 on Series; 380.07—541.31 
56.16-56.24 Ion Series; 589.12—750.11 + on Series: 758.80—919.65 
119.76-119.83 Ion Series: 691.17—851.71 + on Series; 700.15-861.50 
45.07-45.14 Ion Series; 172.98—334.30 + on Series: 333.28—494.10 
120.82-120.88 Ion Series: 692.50—853.32 on Series: 701.30—862.42 
72.33-72.38 Ion Series; 418.86—579.97 on Series; 556.22—717.45 
128.66-128.74 Ion Series: 825.25—986.03 on Series: 591.43—752.84 
64.98-65.05 Ion Series; 405.39—566.05 on Series; 548.16—709.31 
31.43-31.50 Ion Series: 251.67-413.06 on Series: 407.29-568.28 

12.48-12.55 Ion Series: 147.00—307.76 on Series: 198.93—360.33 
57.89-57.96 Ion Series; 492.35—653.32 + on Series: 331.58—492.35 
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8.81 561.73 96.37-96.43 Ion Series: 383.28—543.88 + Ion Series: 550.22—711.46 
8.78 633.57 62.89-62.96 Ion Series: 791.40—952.51 + Ion Series: 742.47—903.46 
8.76 488.96 50.22-50.29 Ion Series; 410.03—571.08 + Ion Series: 392.16—553.49 
8.74 575.13 78.93-79.00 Ion Series: 392.79—553.58 + Ion Series: 554.50—715.42 
8.69 517.43 127.96-128.02 Ion Series: 532.43—693.84 + Ion Series: 440.59—601.44 
8.68 417.55 25.00-25.06 Ion Series: 504.47—665.30 + Ion Series: 503.07-664.48 
8.66 417.5 30.23-30.30 Ion Series: 355.19—516.07 + Ion Series: 342.69-503.31 
8.65 803.88 133.00-133.07 Ion Series: 658.45—819.03 + Ion Series: 601.40—762.09 

8.64 865.33 86.26-86.34 
Ion Series: 682.41—843.73 + Ion Series: 1291.55— 
1452.80 

8.62 309.33 08.53-08.59 Ion Series: 105.04—265.55 + Ion Series: 105.04—266.39 
8.6 742.47 108.31-108.38 Ion Series: 560.35—720.86 + Ion Series: 574.02—734.77 

8.57 809.63 96.11-96.18 Ion Series: 987.56—1148.54 + Ion Series: 687.43—848.39 
8.52 631.44 16.46-16.54 Ion Series: 210.78—371.97 + Ion Series: 183.13—344.12 
8.49 755.27 47.52-47.60 Ion Series: 573.16—733.87 + Ion Series: 404.91—566.12 

8.34 647.66 67.21-67.28 Ion Series: 791.29—952.61 + Ion Series: 543.36—704.38 
Rest of 761 Scores not shown 



APPENDIX E 

SALSA results of analysis of unspiked mixed protein digest using as only search 

parameter the ion pair of 161 amu 

Score m/z R.T. Parameters Scored 

20.52 554.98 11.28-11.33 Ion Series: 322.25—483.05 + Ion Series: 289.14—449.98 
19.7 416.7 91.16-91.23 Ion Series: 468.34—628.92 + Ion Series: 468.34—629.77 

16.81 549.85 59.06-59.13 Ion Series: 515.79—676.43 + Ion Series: 581.26—741.90 
16.81 708.21 84.18-84.25 ion Series; 666.46—827.69 + Ion Series: 505.16—666.46 
16.02 431.43 85.68-85.T5 Ion Series: 399.21—559.92 + Ion Series: 417.48—578.19 
15.44 473.69 77.16-77.23 Ion Series: 658.95—820.34 + Ion Series: 430.23—590.78 
14.79 452.91 68.60-68.e7 Ion Series: 226.05—387.33 + Ion Series: 499.78—660.63 
13.68 428.93 10.28-10.35 Ion Series: 403.71—564.66 + Ion Series: 254.21—415.44 
13.58 461.95 75.90-75.S7 ion Series: 200.89—361.76 
13.54 475.37 14.40-14.^7 Ion Series: 271.20-432.32 + Ion Series: 254.90-416.20 
13.12 995.59 66.55-66.C4 Ion Series: 718.85—879.75 + Ion Series: 657.56—818.93 

13.04 1504.67 72.10-72.18 
Ion Series: 1108.71—1269.72 + ion Series: 1096.70— 
1257.65 

12.71 1099.29 60.65-60.T4 Ion Series: 895.59—1056.14 
12.67 1158.79 116.85-116.94 Ion Series: 953.98—1114.86 + Ion Series: 702.54—863.86 
12.66 949.19 69.00-69.09 ion Series: 757.90—919.07 + Ion Series: 900.59—1061.66 
12.54 483.42 62.94-63.01 ion Series: 461.99—623.32 + Ion Series: 184.02—345.21 
12.46 830.21 102.22-102.30 Ion Series: 849.45—1010.76 + Ion Series: 688.12—849.45 
12.25 852.56 87.18-87.26 Ion Series: 670.31—831.21 + Ion Series: 795.68—957.11 
12.24 1507.05 125.07-125.15 Ion Series: 477.98—639.26 
11.91 752.47 13.39-13.^7 Ion Series: 458.28—619.10 + Ion Series: 297.06—458.28 
11.65 986.42 92.45-92.54 Ion Series: 781.12—942.57 + Ion Series: 782.45—943.60 
11.4 636.62 78.99-79.06 ion Series: 556.35—717.49 + Ion Series: 557.11—718.32 

10.55 984.58 92.13-92.22 ion Series: 781.30—942.43 + Ion Series: 577.36—738.40 
10.52 417.66 16.50-16.57 ion Series: 342.78—503.41 + Ion Series: 146.99—307.71 

10.42 918.39 106.47-106.55 
ion Series: 1475.35—1636.78 + Ion Series: 1475.35— 
1635.93 

10.26 552.51 61.44-61.52 Ion Series; 517.83—678.84 + Ion Series: 495.34—656.78 
10.12 431.9 97.66-97.72 Ion Series: 390.98—552.00 + Ion Series: 391.92—552.81 
10.05 718.86 82.87-82.94 Ion Series: 546.90—708.22 + Ion Series: 697.49—858.64 
9.88 1193.78 123.69-123.77 Ion Series: 641.27-802.37 + Ion Series: 561.12-722.16 
9.87 1027.46 102.67-102.75 Ion Series: 659.97—821.38 + Ion Series: 602.21—763.41 
9.57 949.52 63.08-63. 16 Ion Series: 766.59-927.81 + Ion Series; 774.41-935.59 
9.45 841.6 70.04-70. 12 Ion Series: 491.28—652.40 + Ion Series: 377.45—538.74 
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9.26 554.83 90.71-90.78 Ion Series: 701.78—862.63 + Ion Series: 468.00—628.86 
9.21 538.91 11.39-11.45 Ion Series: 305.59-^67.01 + Ion Series: 307.50—468.10 
9.03 609.42 16.78-16.85 Ion Series: 258.16-^19.16 + ion Series: 240.07-401.44 
9.03 842.61 80.98-81.06 Ion Series: 392.19—553.27 + Ion Series: 411.02—572.40 

9 358.43 52.07-52.14 Ion Series: 392.24—552.96 + Ion Series: 407.28—568.65 
8.9 524.43 66.71-66.78 Ion Series: 686.39—847.63 + Ion Series: 263.41—424.12 

8.77 986.63 98.73-98.82 Ion Series: 578.49—739.47 + Ion Series: 543.21—704.47 
8.72 1014.67 117.74-117.82 Ion Series: 625.25—785.77 + Ion Series: 495.22-656.36 
8.48 518.11 66.13-66.20 Ion Series; 618.91—779.47 + Ion Series: 669.70—830.38 
8.48 675.8 83.21-83.28 ion Series: 655.33—816.35 + Ion Series: 811.57—972.71 
8.4 927.79 56.81-56.90 Ion Series: 774.60—935.36 + Ion Series: 616.46—777.90 

8.39 867.16 10.99-11.08 Ion Series: 616.17-777.18 + Ion Series: 455.57-616.17 
8.28 503.17 122.50-122.57 Ion Series: 600.60—761.50 ion Series: 618.24—779.44 
8.26 431 53.16-53.23 Ion Series; 172.34—333.25 + ion Series: 333.25-493.84 
8.25 417.54 76.62-76.68 Ion Series: 391.07—552.15 + ion Series: 229.60—391.07 
8.19 751.41 17.90-17.98 Ion Series; 317.26-478.24 
8.17 445.89 83.89-83.96 Ion Series: 424.52—585.39 + Ion Series; 425.36—586.44 
8.12 1074.66 68.29-68.37 Ion Series: 870.71—1031.61 + Ion Series; 642.41—803.43 
8.1 554.94 14.11-14.18 Ion Series: 321.91—482.87 

7.99 912.92 102.38-102.46 Ion Series: 510.07-671.20 + ion Series: 876.56—1037.61 
7.96 984.46 98.27-98.36 ion Series; 781.36—942.53 + ion Series: 577.49—738.34 
7.92 464.57 89.64-89.71 ion Series: 327.30—488.38 + ion Series: 359.18—520.13 
7.77 574.54 129.44-129.52 Ion Series: 607.96—768.70 
7.71 517.92 69.62-69.69 Ion Series: 502.96—664.43 + Ion Series: 281.74—442.34 
7.67 811.46 65.36-65.44 Ion Series: 536.29—697.18 + Ion Series: 465.22—626.26 
7.61 480.79 104.25-104.32 Ion Series: 427.33—588.57 + Ion Series; 413.22—573.98 
7.52 705.12 75.37-75.45 Ion Series: 529.13—690.56 + Ion Series: 494.72—655.38 
7.48 398.61 10.55-10.62 Ion Series: 216.92-377.78 + Ion Series; 152.07-313.32 
7.48 539.57 51.93-52.00 Ion Series; 528.77—690.00 + Ion Series; 387.28—547.89 
7.46 498.82 81.93-82.00 ion Series; 634.03—794.76 + Ion Series; 398.42—559.52 
7.41 587.01 71.65-71.72 Ion Series; 405.31—566.41 + ion Series; 417.83—578.68 
7.38 675.6 97.94-98.02 Ion Series: 655.84—817.26 + ion Series: 696.22—856.86 
7.32 424.82 78.69-78.76 Ion Series: 418.51—579.90 + Ion Series: 419.06—579.90 
7.14 674.78 99.53-99.60 Ion Series: 492.43—653.62 + Ion Series: 423.05—584.31 
7.08 831.89 90.85-90.93 Ion Series: 775.50—936.43 + Ion Series: 964.46—1125.39 
6.88 457.45 05.08-05.15 Ion Series: 423.73-584.24 + Ion Series; 274.49-435.46 
6.81 690.22 66.27-66.35 ion Series: 380.29—540.94 + Ion Series: 477.02—637.66 
6.69 1023.53 123.25-123.33 Ion Series: 1389.70—1550.64 + Ion Series: 950.26—1110.78 
6.68 369.09 16.64-16.71 ion Series: 198.28—359.31 + Ion Series: 315.88—476.98 
6.66 811.46 95.79-95.87 ion Series: 788.48—949.85 + Ion Series: 546.47—707.92 
6.6 945.33 95.56-95.64 ion Series: 1042.70-1203.44 + Ion Series: 977.59-1138.49 

6.54 517.42 54.16-54.23 Ion Series: 473.06—634.51 + Ion Series; 673.15—834.53 
6.5 560.78 67.01-67.08 ion Series: 532.71—693.71 + Ion Series: 537.16—698.55 

6.47 485.45 98.89-98.96 ion Series: 261.00—422.28 + Ion Series: 422.28—583.09 
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6.41 1271.81 78.83-78.91 Ion Series: 556.31—717.49 +• Ion Series; 817.53—978.41 
6.38 1067.65 108.32-108.40 Ion Series; 863.49-1024.75 
6.29 831.63 79.44-79.51 Ion Series: 499.92—661.15 
6.26 965.49 91.67-91.75 Ion Series: 458.28—619.11 + Ion Series: 329.50—490.07 
6.23 377.41 56.97-57.04 Ion Series: 180.67—341.44 + Ion Series; 405.48—566.51 
6.22 690.31 132.30-132.38 Ion Series; 1006.54—1167.75 + Ion Series: 600.44—761.28 
6.21 755.55 97.29-97.36 Ion Series: 279.77-441.10 
6.14 475.27 63.24-63.31 Ion Series: 521.28—682.45 + ion Series; 360.26—521.28 
6.06 789.52 70.79-70.86 Ion Series: 429.05—589.62 + ion Series; 464.10—625.55 
6.03 482.42 15.15-15.22 Ion Series: 259.19-420.44 -t- Ion Series: 260.12-421.38 
6.02 733.6 16.20-16.27 Ion Series: 309.01—470.10 Ion Series: 542.10—703.57 

6 712.44 60.39-60.47 Ion Series: 376.93—538.00 + Ion Series: 385.08—546.24 
5.94 1481.96 117.33-117.42 Ion Series: 503.13—664.05 + Ion Series; 1019.54—1181.00 
5.9 1163.58 104.09-104.18 Ion Series: 595.34—756.28 + ion Series: 651.45—812.00 
5.8 531.07 98.43-98.50 Ion Series: 627.10—787.91 
5.8 1142.64 108.93-109.01 ion Series: 535.48—696.37 + ion Series; 481.31—642.55 

5.76 1015.67 75.59-75.67 Ion Series: 793.67—954.97 + Ion Series: 438.44—599.04 
5.66 507.33 57.81-57.88 Ion Series: 492.15—652.92 + Ion Series; 538.43—699.37 
5.65 689.51 69.34-69.41 Ion Series: 515.05—676.03 + Ion Series; 397.82—558.81 

5.56 1120.61 05.22-05.30 
Ion Series: 1215.07—1375.76 + Ion Series; 1194.58— 

1355.39 
Rest of 241 scores not shown 
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