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ABSTRACT OF THE DISSERTATION 

 

Harnessing Radical Chemistry for the Facile Identification of Post Translational 

Modification Sites in Proteins by Photodissociation Mass Spectrometry 

by 

Jolene K. Diedrich 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, August 2011 

Dr. Ryan R. Julian, Chairperson 

 

Photodissociation (PD) mass spectrometry has been shown to be a useful 

analytical technique for determining protein modifications. Described herein is 

the development and application of photodissociation for various modifications. 

Photo-excitation with 266nm laser light normally does not yield fragmentation. 

However C-S, S-S, C-I, C-Br, and C-Cl bonds can be homolytic cleaved through 

direct dissociation pathways.  This selective fragmentation can be utilized to 

identify peptides or proteins of interest. Radicals generated through this process 

can cause further dissociation of the peptide backbone. Radical directed 

dissociation (RDD) is useful for identifying the location of modification sites. The 

selective nature of fragmentation is shown to provide facile identification of PTM 

sites by greatly simplifying data analysis. Reported herein is the discovery of a 
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novel gas phase dissociation technique useful for the facile analysis of protein 

modifications.  

Phosphorylation sites are selectively modified through β elimination and 

Michael addition chemistry, installing photolabile group. Photodissociation 

yields homolytic cleavage of the C-S bond at the modification site, generating a β 

radical which is poised to fragment the peptide backbone selectively at the 

previously phosphorylated residue, thus allowing facile identification. Cysteine 

residues, uniquely reactive amino acids, are shown to form covalent bonds with 

quinones. Furthermore, the chromophoric properties can be leveraged for site 

specific photodissociation. Photodissociation reveals both the presence and 

location of modified cysteine residues. Selective fragmentation of a single bond 

in a whole protein is demonstrated. PD can be used to determine both the 

presence and site of modification generated by naturally occurring molecules, 

such as dopamine, which can harness quinone chemistry to modify proteins. 

Also reported is the discovery of photodissociation at 266 nm to selectively 

cleave disulfide bonds in the gas phase, while leaving all other bonds intact. This 

methodology can be used to identify disulfide bonded pairs in complex systems. 

LC-MS experiments utilizing photodissociation were developed for analysis of 

protein digests. Peptides containing biomarkers of oxidative stress can be easily 
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identified by LC-PD-MS. Proteins exposed to oxidative stress can be halogenated 

at tyrosine residues. Homolytic cleavage of the carbon-halogen bond is a 

favorable process and allows facile identification of these types of biomarkers. 

Shown in this dissertation is the selectivity offered by photodissociation; 

homolytic cleavage allows simplification of data analysis by quickly identifying 

the peptides of interest in a mixture while subsequent selective backbone 

fragmentation allows facile analysis of protein modifications.  
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Chapter 1  

IDENTIFICATION OF PROTEIN PTMS BY MASS SPECTROMETRY 

1.1 Introduction 

Proteins are important in nearly every biological process and play a critical 

role in the central dogma of biology which is considered to be one of the 

foundations of all biological processes. In this dogma, DNA (deoxyribonucleic 

acid) enclosed in the cells of every living organism contains the genetic 

information needed for life. DNA is transcribed into messenger RNA 

(ribonucleic acid), which is further used in protein synthesis and includes only 

the small portion of the DNA needed to synthesize a single protein. The 

messenger RNA is then translated into a linear chain of amino acids by a 

ribosomal complex. Folding of the protein into the correct three dimensional 

structure takes place during and after translation and is often assisted by 

chaperone proteins. Further modifications to the protein can occur post 

translation. Proteins are comprised of only twenty naturally occurring amino 

acids and post translational modifications (PTMs) not only provide increased 

protein heterogeneity but can modify the functionality of a protein population. 

These modifications can vary in both type and location. There are many known 
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protein modifications but the most common ones include methylation, 

acetylation, ubiquitination, phosphorylation, glycosylation and disulfide bond 

formation.  The amino acid sequence of proteins can be determined from genetic 

information, however what is not directly obvious from genetic information are 

the post translational modifications. Thus in order to accurately determine PTM 

information, they must be identified directly from the protein. Described herein 

is the development of novel mass spectrometric techniques for use in identifying 

PTM sites in a facile and accurate manner.  

Mass spectrometry has played an important role in the determination of 

protein sequence and structure. Mass spectrometry is a technique where by 

analytes of interest can have their mass determined by measuring mass to charge 

ratio of an ion. Because the mass is measured in the gas phase as a charged 

species the analyte must be introduced into the gas phase and charged to be of 

use. Small molecules were primarily the focus of mass spectrometry until the 

invention of electrospray (ESI) and matrix assisted laser desorption ionization 

(MALDI). These two gentle ionization techniques made the analysis of 

biomolecules possible, and as such the study of proteins, peptides, and other 

biomolecules has grown at an astonishing speed in the last few decades. Mass 

spectrometry can be utilized to obtain the full mass of a protein or peptide of 
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interest, but perhaps more useful is sequence information obtained through 

dissociation methods known generically as tandem mass spectrometry.  

 

Scheme 1.1 Peptide fragmentation nomenclature. 

 

Dissociation of biomolecules can be accomplished through the use of 

collisions, photons or electrons. Methods involving use of collisions with an inert 

gas (collision induced/activated dissociation, CID/CAD) are among the most 

common fragmentation techniques. Collision based methods primarily cleave the 

amide bond to produce b and y type fragments (as depicted in Scheme 1.1).  a, b, 

and c fragments are observed if the charge is retained on the N-terminal portion 

while charge retention in the C-terminal portion allows detection of x, y, and z 

fragments. Electron based methods such as electron capture dissociation and 

electron transfer dissociation (ECD and ETD) commonly produce c and z ions 

(by cleavage of the N-Cα bond). These techniques are less commonly used but are 
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advantageous due to higher sequence coverage and retention of labile PTMs. 

Photon based methods (such as IRMPD) can produce a variety of fragment ion 

types generated by absorption of multiple photons. A variety of photon based 

methods exist utilizing various wavelengths and chromophores. Additionally 

multiple dissociation methods have been utilized to yield complementary 

fragmentation. However fragmentation by all of these methods is largely 

uncontrollable and unpredictable. The amount of fragmentation can frequently 

be constrained but the location of fragmentation is often based on a variety of 

factors and is not something which can be controlled or even accurately 

predicted a priori.  

In contrast, a recently developed dissociation technique is capable of 

predictable and selective fragmentation. Radical directed dissociation (RDD) is a 

dissociation technique that is primarily dependent on kinetic and 

thermodynamically favorable pathways. These two key factors are controlled by 

structure and bond dissociation energies. It has been previously shown that 

structure will affect accessibility of the radical to a given site (based on distance 

constraints) and fragmentation or transfer to that site is dependent on bond 

dissociation energies. As shown in Figure 1.1 previous work in a peptide based 

system (where structure effects can largely be ignored) fragmentation follows a 
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trend based on carbon hydrogen bond dissociation energies.1 Lower Cβ-H 

dissociation energy correlates with increased fragmentation. As such, 

fragmentation by RDD is selective and predictable.  

 

Figure 1.1 Bond dissociation energies vs. fragmentation observed by RDD. 1 

 

1.2 PD-LCMS 

Liquid chromatography when coupled to mass spectrometry allows the 

analysis of complex mixtures in a straight forward fashion. As separation 

techniques advance, the ability to analyze increasingly complex mixtures is 

becoming routine. However as sample complexity increases the analysis of mass 

spectrometry data also increases greatly. Thus a bioinformatics approach is often 

needed to deal with large datasets. An alternative approach to identifying all 

species present in a complex sample would be to focus only on species of 

interest. This approach has been utilized widely with samples that have been 

previously analyzed and have a known fragmentation pattern that can be 
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monitored, either by generation of a fragment of interest (loss of a mass tag or 

immonium ions) or by a neutral mass loss (such as loss of H3PO4 in a 

phosphorylated peptide). However this approach only monitors for a 

fragmentation that may or may not occur and previous knowledge of the analyte 

is needed. What if the same approach could be used but instead by selectively 

identifying a fragmentation which is created by selective bond dissociation? 

Photodissociation is an approach which allows this to be done. The specificity of 

photodissociation is important because it will always be able to distinguish if the 

species of interest is present. For example the photodissociation of iodinated 

tyrosine will always produce a loss of iodine. By selectively creating the 

fragmentation that we are monitoring we get a clear yes or no answer if that 

species is present. Furthermore the selectivity of photodissociation is 

advantageous in that we can leverage this selectivity to search large datasets for 

the species that are of interest. This concept is presented in Figure 1.2. Shown is a 

chromatogram generated by LCMS of a protein mixture. In order to identify the 

peptides that are of interest in this sample, analysis of each peak would have to 

take place. This could mean analysis of hundreds to thousands of spectra, a 

daunting task without the use of automated analysis. However by using 
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photodissociation the spectra of interest are easily identified (signified by the red 

bars). This approach is presented in further detail in chapter 5.  

 

 

Figure 1.2 LC-MS chromatogram, red bars indicate peaks of interest. 

 

1.3 PTM site Identification 

A variety of PTMs can occur on proteins, each imparting a specific functional 

change to the protein. These modifications occur at site specific locations, which 

need to be identified directly from the protein to ensure accuracy. With current 

dissociation techniques this is straight forward for some modifications that are 

stable and remain intact during protein or peptide backbone dissociation. These 

modifications, stable under CID, include acetylation, methylation, and 

ubiquitination. For these modifications the data analysis is increased (to account 

for the possibility of variable modifications) but can be accurately assigned given 

sufficient sequence coverage. Coverage is dependent on both the sequence and 

the dissociation technique utilized and may not always be sufficient. This is 
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demonstrated in the left panel of Figure 1.3; theoretical fragmentation of a 

peptide with a PTM at T* is shown. Fragmentation must occur between each 

amino acid to accurately assign the modification site. A more challenging case 

occurs with modifications that are labile to common dissociation techniques. 

These modifications include phosphorylation, and O-linked glycosylation which 

are labile under CID. Simple loss of the PTM is depicted in the center of Figure 

1.3. These types of modifications are often cleaved from the peptide backbone by 

collision based methods but remain intact with electron based methods. 

Therefore the presence of these modifications is often easy to distinguish during 

collision based processes (large loss of H3PO4) however the site assignment is a 

more challenging task. Electron based methods can be used, but as described 

earlier, success is dependent on adequate sequence coverage. An alternative 

approach to this dilemma is to generate fragmentation only at the site of interest, 

as shown in the right panel of Figure 1.3. Utilizing a selective fragmentation 

method would allow the PTM site to be determined both easily and 

unambiguously. It is this approach that is the focus of this thesis.  
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Figure 1.3 Fragmentation of a peptide containing a PTM signified by *. Peak spacing and 

height are arbitrary.   

Identification of phosphorylation sites is of interest due to their importance 

in protein regulation. However assignment of the exact sites of this type 

modification is not always easily obtained due to the dynamic nature of 

phosphorylation and the challenges faced by mass spectrometry analysis. 

Described in Chapter 2 is a novel technique for assignment of phosphorylation 

sites in a selective and facile manner. Phosphorylation sites are selectively 

modified through beta elimination and Michael addition chemistry and 

utilization of photodissociation yields radical fragmentation at the modification 

site. Fragmentation primarily occurs at the phosphorylated residue allowing 

facile identification. Radical directed fragmentation also occurs in smaller 

abundances at neighboring residues. The mechanisms behind this selective 

radical fragmentation are presented and the utility is discussed. Fragmentation is 

shown to be independent of charge state allowing analysis of a wide variety of 

peptide sequences including peptides with multiple phosphorylation sites. A 
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comparison of this technique is made to CID and ECD for representative 

peptides.   

O-linked glycosylation sites were also investigated. O-linked glycosylation 

occurs at serine and threonine side chains and is often present in protein 

sequences that are rich in serine, threonine, and proline. Similarly O-linked 

glycosylation is labile to collision induced dissociation and as such suffers some 

of the same challenges as phosphorylation site identification by mass 

spectrometry. Fortunately due to the similarity of these two PTMs, the same 

approach can be utilized for site identification, based on beta elimination and 

Michael addition chemistry with subsequent photodissociation.  

Cysteine is a unique amino acid and can be present in many forms in 

proteins. The uniqueness of cysteine among the 20 amino acids is due to the thiol 

functionality of the side chain. The free form of the thiol has been found to be 

present in the active site of many proteins, and is often vital to the protein’s 

function. The reactivity of this side chain is not only important to protein activity 

but it can also post translationally form disulfide bonds with a second cysteine 

residue. This intramolecular or intermolecular bond serves as a structural 

constraint and as such will stabilize protein structure in a given conformation. 
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Described in Chapter 3 are several unique analytical applications utilizing 

mass spectrometry and the selective modification of the free thiol form of 

cysteine in both peptides and proteins by various quinones. This simple 

modification can be used to quantify the number of free or disulfide bound 

cysteines in a protein. In addition, quinone modification can also be used to 

easily probe the solvent accessibility of cysteine residues, which provides 

information about protein structure or folding state. Furthermore, the 

chromophoric properties of the quinone moiety can be leveraged for site specific 

photodissociation of the backbone. The photodissociation reveals both the 

presence and location of modified cysteine residues. For example, cleavage of the 

protein backbone of alpha Hemoglobin is observed selectively at a single 

cysteine out of 140 residues in the whole protein. This selective backbone 

fragmentation is accompanied by a parent ion mass loss which is unique to the 

modifying quinone. When combined, this information can be used to determine 

both the presence and site of modification generated by naturally occurring 

molecules, such as dopamine, which can harness quinone chemistry to modify 

proteins. 

Not only can quinone modified cysteine be analyzed through 

photodissociation but it was discovered that disulfide bonds could be analyzed 
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directly. Previous chapters focused on photodissociation of carbon- sulfur bonds 

to yield desired fragmentation. Presented in chapter 4 is the direct analysis of 

disulfide bound peptides through the photodissociation of sulfur- sulfur bonds. 

Disulfide bonds stabilize the tertiary and quaternary structure of proteins. 

Identifying the correct disulfide bond pairs can be extremely useful to 

understand the nature of a protein. However identifying correct linkages 

remains a challenge for many proteins. The quinone chemistry presented in 

chapter 3 can identify linkages in simple systems but it does have limitations. 

Shown in chapter 4 is the use of UV photodissociation at 266 nm to selectively 

cleave disulfide bonds in the gas phase, while leaving all other bonds intact. This 

methodology can be used to identify disulfide bonded pairs in complex systems 

with multiple disulfide bond partners. Model peptides were used to evaluate the 

importance of various sequence and structural effects to PD. Subsequently, 

online LCMS experiments were performed on whole protein digests is shown to 

correctly identify all disulfide bonded pairs.  

Chapter 5 demonstrates the usefulness of PD-LCMS in the analysis of 

metabolites bound to cysteine residues. Similar to the chemistry described in 

chapter 3, photodissociation can selectively identify cysteine bound quinones. 

Quinones or quinone type molecules are present in a variety of drugs and 
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metabolites. This functionality will be reactive towards cysteine and can be 

identified by photodissociation. Chapter 5 presents PD-LCMS as a novel method 

for identifying these metabolites. Chapter 5 focuses on the application of this PD-

LCMS technique for biomarkers of oxidative stress. Halogenated tyrosine has 

been previously shown to be a biomarker of oxidative stress. Iodinated tyrosine 

was previously studied by RDD. Shown in chapter 5 is the photodissociation of 

brominated and chlorinated peptides. These halogenated species were shown to 

be photo cleavable and methodology utilizing PD-LCMS is presented as a viable 

technique for biomarker studies.    

 

                                                 
1 Ly, T.; Julian, R. R. Angew. Chem. Int. Ed. 2009, 48, 7130-7137. 
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Chapter 2  

FACILE IDENTIFICATION OF PHOSPHORYLATION SITES IN PEPTIDES BY RADICAL DIRECTED 

DISSOCIATION 

 

2.1 Introduction 

Many cellular processes are controlled through protein signaling pathways 

which are mediated by reversible phosphorylation,1,2 one of the most common 

post translational modifications in proteins. Phosphorylation occurs most 

commonly at serine and threonine.3 Attachment of phosphate to these residues is 

enzymatically controlled by kinases with rigorous sequence specificity.4,5 

Removal is also an enzymatic process controlled by phosphatases which are 

generally less site-specific in nature.6 This dynamic interplay between attachment 

and removal of phosphate groups creates a way for protein signaling pathways 

to be manipulated without complete synthesis or degradation of the protein, 

greatly increasing efficiency.  Furthermore, a single protein can be involved in 

different signaling pathways by possessing multiple reversible phosphorylation 

sites which each encode a different signal.7 The importance of phosphorylation in 

biological systems is evident by the portion of the genome devoted to reversible 

phosphorylation machinery. Over 5% of the Arabidopsis genome, considered a 
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simple model system, encodes over 1000 known kinases and several hundred 

phosphatases.8 Improper phosphorylation, in terms of the sites or relative 

abundance of modifications, has been implicated in various diseases states.9  

The biological importance of phosphorylation dictates that methods capable 

of site-specific characterization are needed; however, site identification is 

challenging. Although protein kinases recognize specific sequences as targets for 

modification, and putative phosphorylation sites can therefore be predicted 

based on sequence alone, such programs are not able to accurately predict all 

phosphorylation sites. In one such analysis, 40% of actual phosphorylation sites 

in plants were missed.10 Therefore, the only way to accurately determine 

phosphorylation sites is to identify them in an actual biological sample.  

There are several difficulties that hinder assignment of phosphorylation 

sites. Due to the dynamic nature of phosphorylation, modified proteins are often 

present in low abundance compared to unphosphorylated proteins.11 A further 

complication arises due to the presence of the negatively charged phosphate 

group, which results in phosphorylated peptides typically being observed with 

reduced relative abundance and lower overall charge states compared to 

unmodified peptides.12 In addition, if successfully observed in the gas phase, 

phosphates are labile when subjected to collisional activation.13 Often loss of the 
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phosphate group is the almost exclusive product in collision induced 

dissociation (CID) experiments, giving no sequence information and 

complicating site determination. Several strategies have been developed to 

overcome these difficulties. Affinity based techniques may be implemented to 

selectively enrich phosphorylated proteins or peptides.14-19 Electron based 

dissociation methods sidestep phosphate instability because backbone 

dissociation occurs without loss of the phosphate.20-22 Unfortunately, in order to 

use these methods the peptides must have two or preferably more charges, 

which is the opposite of the trend noted above. Replacing the phosphate group 

with a neutral or positively charged group can increase the charge state and 

allow use of CID for identification, at the cost of added experimental 

complexity.23-26 

Radical chemistry is becoming increasingly important in the analytical 

interrogation of biological molecules. Numerous methods have been developed 

for creating radicals on peptides with collisional activation.27-31 Even more 

powerful are photodissociation based methods where radicals can be created on 

peptides32 or proteins,33 via either covalent or noncovalent34 modification. In 

these experiments, UV photons are used to access dissociative excited states 

which lead to homolytic cleavage of either carbon-iodine or carbon-sulfur 
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bonds.35 We have previously reported in a communication36 that this type of 

chemistry can be leveraged to facilitate phosphorylation site identification. 

Modification of phosphorylated serine or threonine according the Michael 

addition chemistry outlined in Scheme 2.1 allows for creation of a radical at the 

β-position. This radical is predisposed to fracture the peptide backbone site-

specifically as will be detailed further below. 

Scheme 2.1 

 

 

This chapter elaborates on a previously published communication which is 

not included (Diedrich, J. K.; Julian, R. R. J. Am. Chem. Soc. 2008, 130, 12212–

12213). It is demonstrated that photodissociation can be used to specifically 

cleave peptides at sites of phosphorylation, directly identifying the site of 

modification. This chemistry is found to be insensitive to the charge state of the 

peptide, working for both singly and multiply charged peptides whether 

positively or negatively charged. These results are consistent with a mechanistic 

understanding of the dissociation, which involves a competition between 
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spontaneous site-specific backbone fragmentation and nonproductive radical 

migration. In certain cases, side chain dissociations are observed which also 

provide useful supporting information. Peptides with multiple sites of 

phosphorylation are amenable for analysis, and the site specific identification of 

numerous sites simultaneously is demonstrated. The specificity of the 

information which is obtained by this method is a significant advantage in terms 

of bioinformatics. A straightforward approach for data analysis is described and 

compared with competitive methods in terms of both accuracy and efficiency.  

 

2.2 Materials and Methods 

2.2.1 Materials 

Peptides KRtIRR-NH2, Ac-CTTSsFKK-NH2, Ac-SKRFtRSDHLSC-NH2, Ac-

CGSMQsRRSsQS-NH2, and Ac-CLKKLsGK- NH2, were purchased from Quality 

Controlled Biochemicals (Hopkinton, MA), KEAPPAPPQsP-NH2, was 

purchased from American Peptide Company (Sunnyvale, CA) and 

RRAAEELDsRAGsPQL and KKKKKRFsFKKsFKLSGFsFKKNKK were 

purchased from AnaSpec (San Jose, CA). RLEAsLADVR was custom synthesized 

by GenScript (Piscataway, NJ). All peptides and reagents were used without 

further purification. 2-Naphthalenethiol, hydrogen peroxide, formic acid, and 
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TFA were purchased from Sigma (St. Louis, MO). Dioxane and acetonitrile were 

purchased from EMD (Gibbstown, NJ) and Fisher Scientific (Fairlawn, NJ), 

respectively. Water was purified by Millipore Direct-Q (Millipore, Billerica, MA). 

A MacroTrap holder and Peptide MacroTrap consisting of a polymeric reversed-

phase packing with retention similar to C8 was purchased from Michrom 

Bioresources, Inc. (Auburn, CA) 

2.2.2 Oxidation of Cysteine residues 

Peptides containing cysteine were oxidized prior to dephosphorylation with 

performic acid in order to avoid side reactions during derivatization with 

naphthalenethiol.24 Briefly, an oxidation solution of 5:10:85 H2O2: H2O: formic 

acid was prepared and allowed to sit at room temperature for one hour prior to 

use. 250μl of the oxidation solution was combined with 25μl of peptide stock 

(25nmole in H2O) and placed on ice for one hour. Oxidation of cysteine was 

confirmed by MS. Oxidized residues are indicated by X#, where X=C or M. 

Oxidized peptides were purified by MacroTrap and lyophilized. Peptides were 

redissolved in H2O to 1mM for use in dephosphorylation and derivatization 

procedures. 
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2.2.3 Dephosphorylation and Derivatization by Naphthalenethiol 

Peptides were dephosphorylated25 by combining 10μl of peptide stock 

(10nmole in H2O) and 3μl of saturated barium hydroxide and heating to 55°C for 

30 minutes. Dephosphorylated peptides were subsequently derivatized by 

addition of 0.6mg of naphthalenethiol dissolved in 10μl of dioxane37 at 55°C over 

4 hours. The reaction was stopped by acidification with 0.1%TFA in H2O and 

lyophilized. Lyophilized peptide was redissolved in 0.1%TFA in H2O and 

purified by MacroTrap, rinsing with 0.1%TFA in H2O and eluting with 50%ACN 

and 1% formic acid. Peptide eluent was diluted with 50:50 ACN:H2O to 2-10μM 

for analysis by MS. During the derivatization procedure the side chain of 

glutamine in the KEAPPAPPQsP-NH2 peptide was oxidized to glutamic acid 

modifying the sequence to KEAPPAPPEsP-NH2. However, oxidation of 

glutamine in RRAAEELADsRAGsPQL was not observed. Deamidation can be 

induce by high temperature conditions38 and was observed to occur in a single 

instance. It is well know that the use of alkaline conditions can result in other 

side reactions. O-linked glycans will be eliminated in a similar manner, and 

could result in difficulties distinguishing between O-linked phosphate and O-

linked glycans. It has been reported that O-glycans are more facile to beta 

elimination and thus by altering solution conditions the O-glycans and 
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phosphate sites can be differentiated.39 This is a subject that is being investigated 

further. Dehydration of unmodified serine and threonine has been observed 

during some modification procedures;40,41 however, this was tested for but not 

observed in our experiments. 

2.2.4 Photodissociation of Naphthalenethiol Derivatized Peptides 

Derivatized peptide solutions were analyzed in positive and negative ion 

modes by an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA) with a standard electrospray source. The posterior plate of the 

LTQ was modified with a quartz window to transmit fourth harmonic (266 nm) 

laser pulses from a flashlamp-pumped Nd:YAG laser (Continuum, Santa Clara, 

CA). Pulses were synchronized to the end of the isolation step of a typical MS2 

experiment by feeding a TTL trigger signal from the mass spectrometer to the 

laser via a digital delay generator (Berkeley Nucleonics, San Rafael, CA). This 

allowed photodissociation (PD) to be carried out analogous to collision induced 

dissociation (CID). 

2.2.5 Phosphorylation Site Prediction by CID and Data Analysis 

Phosphorylated peptides Ac-CTTSsFKK-NH2 and Ac-SKRFtRSDHLSC-NH2 

were subjected to CID for all charge states observed. All peaks and 

corresponding intensities from CID data were exported from Xcalibur Qual 
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Browser, version 2.0 (Thermo Electron Co.) to Molecular Weight Calculator42 for 

analysis. Peptide Sequence Fragmentation Modeling in Molecular Weight 

Calculator models fragmentation of a given peptide sequence and identifies 

matches in CID data. Scores are calculated based on an algorithm similar to that 

used by SEQUEST.43 Within a single charge state, a larger score signifies a greater 

possibility that the proposed sequence matches the experimental data. Similar 

scoring of RDD data was calculated for comparison. RDD score = (Σ im) × ni 

where im are the relative intensities and ni is the number of matching ions. Due to 

the specific cleavage of RDD only the following ions are used for RDD scoring: d 

fragments N and C terminal and a fragments N terminal to potentially 

phosphorylated serines or threonines. Phosphorylation site prediction based on 

CID and RDD with scoring is compared in Table 2.2. 

2.3 Results and Discussion 

2.3.1 Underlying Chemistry  

In Figure 2.1, PD spectra for three peptides are shown. This data illustrates 

all of the major and minor dissociation channels which are typically observed 

following PD which retain elements of site specificity that can be utilized to 

identify the original site of phosphorylation. Each peptide was modified with 

naphthalenethiol prior to PD. A peak corresponding to loss of 159Da from the 
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precursor is abundant in all three spectra. This mass loss is atypical for peptide 

fragmentation and is due to loss of radical naphthalenethiol following homolytic 

cleavage of the carbon sulfur bond. This unique loss is ubiquitous in these 

experiments and may be used as a marker for identifying the presence of a 

phosphorylation site. In addition to the loss of naphthalenethiol, the most intense 

backbone fragment results from dissociation via the same pathway for all three 

peptides in Figure 2.1.  In each case, the dominant backbone fragment 

corresponds to a d ion, generated by the mechanism described previously and 

highlighted in the center of Scheme 2.2.36 Importantly, this dominant dissociation 

channel is observed in all PD experiments on comparably modified peptides. The 

complement x fragment which is generated is less stable, and will frequently 

decompose into a z ion via loss of OCNH as shown in Scheme 2.2. In certain 

cases this z ion will further decompose into a w ion, depending on the nature of 

the side chain. This is the origin of the relatively abundant w5 ion in Figure 2.1c. 

In addition, several minor dissociation channels are frequently observed. For 

example, migration of the initial radical to the adjacent N-terminal β-position, 

followed by dissociation to yield an a(n-1) ion is observed in all three spectra in 

Figure 2.1. The mechanism is shown in the lower portion of Scheme 2.2. This 

fragmentation pathway frequently yields the second most abundant backbone 
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dissociation product. When this type of bracketing fragmentation occurs (see 

Figure 2.1a), the mass difference between the two fragments allows 

differentiation of phosphorylated serine or threonine without any prior sequence 

information. Phosphorylated serine will yield a mass difference of 70Da between 

the bracketing peaks while phosphorylated threonine will yield a mass 

difference of 84Da. A complement w+1 type fragment is also formed by the 

pathway in the lower portion of Scheme 2.2 and is observed in some cases. An 

entirely analogous pathway to that shown in the lower part of Scheme 2.2 is less 

frequently observed to yield fragments via migration to the β-position C-

terminal to the modification site (not shown in Scheme 2.2). 

The radical initially formed following PD typically cleaves the Cβ -CO bond 

as discussed above; however, it is also possible for this radical to cleave the Cβ -

NH bond as shown in the upper portion of Scheme 2.2. Backbone cleavage in this 

case initially creates complementary c and w ions (w rather than z due to the 

absent side chain). For example, the w6 ion in Figure 2.1c is created via this 

mechanism. The complement c ion is not typically observed because this radical 

spontaneously loses OCNH to yield a radical a+1 ion. Depending on the nature 

of the side chain, the a+1 radical may further decompose to yield a d ion. 

Importantly, even though multiple minor pathways leading to dissociation are 
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frequently observed, all of the resulting dissociations are specifically indicative of 

the location of the phosphorylation site. 

 

Scheme 2.2 
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Figure 2.1 a) PD of +2 charge state of naphthalenethiol derivative of Ac-

SKRFtRSDHLSC#-NH2. Loss of naphthalenethiol due to Cβ-S cleavage is observed 

(labeled –naph).  d5, a4 and z7 fragments are observed at the modified pThr. Side chain 

loss of arginine is labeled –R*. b) PD of -1 charge state of naphthalenethiol derivative of 

Ac-C#TTSsFKK-NH2. Backbone fragmentation at d5, a4 and d4 brackets the modified 

residue. c) PD of +2 charge state of RLEAsLADVR naphthalenethiol derivative. 

Fragmentation is primarily observed at the modified serine residue (d5, x5, and w5) as 

well as abundant loss of leucine side chain (-L*).  
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2.3.2 Charge State Independence   

Unlike other common fragmentation pathways, direct photodissociation of 

bonds in excited electronic states is largely independent of precursor charge 

state. Shown in Figure 2.2 is photodissociation of KRtIRR-NH2 in the +2 and +3 

charge states. The base peak observed in both spectra corresponds to loss of the 

naphthalenethiol. Two other large fragments are observed at 30 to 40% relative 

abundance. One of these peaks represents loss of 29Da from the precursor ion 

and is due to side chain loss from isoleucine. The most abundant product formed 

due to backbone fragmentation is a d3 ion, which is present in both spectra at 

approximately 35% relative intensity and serves to identify the site of 

modification as described above. The strong similarity between Figures 2.2a and 

2b, including the yields of fragmentation occurring through the different 

pathways, strongly suggests that charges do not significantly influence 

dissociation. This is in agreement with the mechanisms outlined in Scheme 2.2, 

which similarly do not involve charge carrying groups. 
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Figure 2.2 a) PD of +2 charge state of naphthalenethiol derivative of KRtIRR-NH2. Loss 

of isoleucine side chain is labeled –I*. b) PD of +3 charge state of naphthalenethiol 

derivative of KRtIRR-NH2. c) PD of +1 charge state of KEAPPAPPEsP naphthalenethiol 

derivative. d) PD of -1 charge state of KEAPPAPPEsP naphthalenethiol derivative. 

Similar fragmentation is observed for both polarities. 



 

 

29 

 

In order to examine the potential role of charge polarity, the phosphorylated 

peptide KEAPPAPPEsP-NH2 was modified by naphthalenethiol and subjected to 

photodissociation. Figures 2.2c and 2.2d are the resulting spectra for the +1 and -1 

charges states after photodissociation. Loss of the naphthalenethiol is present in 

both spectra as a major peak. Thus homolytic fragmentation of the carbon sulfur 

bond by PD is possible with both positively and negatively charged ions. The 

largest backbone fragmentation observed in the two spectra corresponds to a d10 

ion (note the structure of a d-fragment is typically defined44 as being positively 

charged therefore the d fragments in anion mode are technically d-2H fragments 

by mass. For the sake of simplicity all ions are herein referred to according to site 

of dissociation only, regardless of their charge state). The d10 fragment occurs just 

C-terminal to the phosphorylated residue as expected, correctly identifying the 

side of phosphorylation. Again the fragmentation types and even relative 

abundances are very similar between the two spectra. The ability of this method 

to yield the desired information regardless of peptide charge state is a significant 

advantage relative to most other approaches.   
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2.3.3 Radical Byproducts   

The loss of naphthalenethiol following photodissociation is frequently one of 

the most intense product ions observed (as seen in both Figures 2.1 and 2.2). 

Subsequent activation of this product is shown in Figure 2.3a for 

KEAPPAPPEsP-NH2. The most abundant fragment is produced by loss of the 

side chain of glutamic acid. Site specific fragmentation at the serine residue (d10 

or a9) is notably absent. The dissimilarity between Figure 2.3a and Figure 2.2c can 

be rationalized in terms of radical migration. The initially formed β-radical either 

undergoes rearrangement to yield backbone dissociation as outlined in Scheme 

2.2, or migrates to a stable position which does not result in fragmentation. 

Subsequent activation is then required to observe further dissociation, which is 

not similar to that observed by PD. A second example of activation of the radical 

after migration is shown in Figure 2.3b. The radical peptide Ac-

SKRFtRSDHLSC#-NH2 was reisolated (the –naph peak from Figure 2.1a) and 

collisionally activated. A variety of peaks are generated, some correspond to 

radical directed dissociation pathways which have been discussed 

previously,32,33,35,36 and others result from proton catalyzed dissociation.45 Thus 

the results in Figure 2.3 indicate that additional collisional activation of the 

radical peptide, created by loss of naphthalenethiol, does not generate the 
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desired site specific fragmentation which is only observed during 

photodissociation.  

 

Figure 2.3 a) CID of re-isolated radical peptide KEAPPAPPEsP-NH2 formed by cleavage 

of the carbon-sulfur bond by PD. b) CID of radical peptide Ac-SKRFtRSDHLSC#-NH2 

formed by PD. Fragmentation lacks the selectivity observed by PD. 

 

Side chain losses are also frequently observed with photoactivation alone. In 

Figure 2.1c there is an abundant loss of 43Da corresponding to loss of leucine 

side chain from RLEAsLADVR. Isoleucine side chain loss was also observed 

during PD of KRtIRR-NH2 in Figures 2.2a and b. Note that leucine and isoleucine 

are adjacent to the initial radical site in both cases. Is this coincidental, or is side 

chain loss observed during photodissociation also informative in terms of 
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identifying sites of modification? Summarized in Table 2.1 are the side chain 

losses recorded following photoactivation of seven peptides. It can be seen from 

this summary that the observed side chain loss is often located only one residue 

away from the phosphorylated site. The radical initially generated by PD has the 

ability to migrate to neighboring residues and cause fragmentation of the side 

chains, but without further activation the radical is only observed to actually 

yield fragmentation in local proximity to the site of phosphorylation. Thus this 

side chain loss data provides another level of information about the location of 

phosphorylation. Not only can the site of phosphorylation be identified by 

specific backbone fragmentation but the identification can be further supported 

by examining the side chain losses occurring at neighboring residues.  

 

Table 2.1: Side Chain Losses Observed During Photodissociation 

Peptide Side Chain Loss Observed 

Ac-C#GSM#QsRRSsQS-NH2 M# and Q side chains 

Ac-C#LKKLsGK L side chain 

Ac-C#TTSsFKK-NH2 S and K side chains 

KEAPPAPPEsP E side chain 

KRtIRR-NH2 I side chain 

RLEAsLADVR L side chain 

RRAAEELDsRAGsPQL D, E and R side chains 
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2.3.4 Multiple modification sites 

Phosphorylation can often occur at multiple residues within a single peptide, 

as is the case with RRAAEELDsRAGsPQL. Figure 2.4a shows the PD spectrum of 

the peptide which has both sites dephosphorylated and a single naphthalenethiol 

modification incorporated. Loss of the naphthalenethiol is observed as usual. 

Backbone dissociation is most abundantly observed at two locations yielding d9 

and d13 fragment ions. Other fragments similar to those detailed in discussion 

above are also observed. Importantly, fragmentation at both serine residues 

results from the single naphthalenethiol modification, suggesting little 

preference in terms of sequence for the modification chemistry with this peptide. 

The addition of two naphthalenethiol groups to RRAAEELDsRAGsPGL was also 

explored. Figure 2.4b shows the spectrum resulting from PD of the doubly 

modified peptide. A significant fraction of both naphthalenethiol modifications 

are cleaved off of the peptide during PD. Backbone fragmentation is similar to 

that observed with a single naphthalenethiol modification; however, the 

incomplete loss of the modification leads to an additional set of peaks 

corresponding fragmentation with retention of naphthalenethiol. Thus it can be 

seen from comparison of Figures 2.4a and 2.4b that the presence of multiple 

phosphorylation sites is not problematic and that the location information can be 
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determined by either complete modification of all sites (Figure 2.4b) or a single 

modification which is distributed between sites (as demonstrated in 2.4a). The 

case of a single modification at multiple sites does simplify data analysis though 

as only a single set of peaks are generated per cleavage site and there is not also a 

population of fragmentation retaining the additional modification.  

 

Figure 2.4 a) PD of [RRAAEELDsRAGsPQL]2+ with single naphthalenethiol modification 

at either phosphorylation site. b) PD of [RRAAEELDsRAGsPQL]2+ with 

naphthalenethiol modification at both phosphorylation sites. c) PD of 
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KKKKKRFsFKKsFKLSGFsFKKNKK peptide with a single naphthalenethiol 

modification. Unambiguous assignment is facile in each case. 

 

A more complicated situation is demonstrated in Figure 2.4c with the 

peptide KKKKKRFsFKKsFKLSGFsFKKNKK. This peptide contains both 

multiple phosphorylation sites as well as a site that is not phosphorylated. All 

three sites were dephosphorylated by addition of base and a single 

naphthalenethiol was incorporated into the peptide. Photodissociation of the 

singly modified peptide is shown in Figure 2.4c. Loss of naphthalenethiol is 

observed as the two major peaks in the spectrum (at two different charge states). 

Three clusters of backbone fragmentation are observed; a7 and d8 bracket the first 

serine, Ser8, a second set of fragments bracket Ser12 (a11 and d12) and a third set 

of backbone fragments (a18 and d19) cluster around Ser19; however, there is no 

backbone fragmentation observed to occur at Ser16. Thus it can be easily 

determined that Ser8, Ser12 and Ser19 are sites of phosphorylation while Ser16 is 

not. This follows the selective nature of the technique where fragmentation is 

observed only to occur at the sites of phosphorylation and assignment of these 

few peaks in the spectrum allows facile identification of the sites of 

phosphorylation. Furthermore, the incorporation of a single naphthalenethiol 

was adequate to identify all three sites of phosphorylation as the modification 
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was incorporated at all three sites without any indication of preference for one 

site over another.   

2.3.5 PD vs. ECD or CID 

Collision induced dissociation is a commonly used fragmentation technique. 

Although not an ideal method of fragmentation for use in identification of 

phosphorylation sites, studies still show that it results in the largest number of 

phosphopeptide identifications.46 The phosphate group is labile under CID and 

loss of H3PO4 is a primary fragmentation pathway observed for phosphorylated 

peptides. As shown in Figures 2.5a and 2.5b collision induced dissociation of the 

phosphorylated peptides Ac-SKRFtRSDHLSC-NH2 and Ac-CTTSsFKK-NH2 

(respectively) yields primarily loss of phosphoric acid (-98Da) and very little 

backbone fragmentation of the peptide.  Loss of 98Da is a useful indicator that a 

phosphorylated peptide is present; however, there is little to no information 

gained about the location of the phosphorylation site. In contrast, these same two 

peptides were modified by naphthalenethiol at the phosphorylation site and 

analyzed by photodissociation (shown in Figures 2.1a and 2.1b).  
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Figure 2.5 a) CID of phosphorylated Ac-SKRFtRSDHLSC-NH2. b) CID of 

phosphorylated Ac-CTTSsFKK-NH2. Primarily loss of phosphate is observed. c) ECD of 

phosphorylated Ac-CTTSsFKK-NH2. d) ECD of phosphorylated 

KKKKKRFsFKKsFKLSGFsFKKNKK  
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To give a more quantitative comparison of the two fragmentation 

techniques, the two peptides were scored for proper phosphorylation site 

identification. Scoring of the CID data was performed through the use of an 

algorithm similar to that used by Sequest.39 The resulting scores and site 

assignments are shown in Table 2.2. A higher score indicates that the observed 

spectrum better matches the phosphorylation site being at the given position. 

Scoring of CID data of the phosphorylated peptide Ac-SKRFtRSDHLSC-NH2 was 

calculated for all the observed charge states (+3, +2, and -1). Fairly similar scores 

were obtained for each possible site of phosphorylation, giving not only 

ambiguous results but in each charge state the highest matching score is obtained 

for the incorrect sites. In contrast the scoring for the PD data of the +2 charge 

state results in a clear cut assignment of the site of phosphorylation at Thr5. 

In the case of the peptide Ac-CTTSsFKK-NH2 CID and scoring is able to 

correctly identify the site of phosphorylation in the +2 charge state, although it 

only received a slightly higher score than for the other sites. However, CID 

performed on the +1 and -1 charge states resulted in incorrect assignment of Thr2 

and Ser4 respectively.  Scoring of the PD data in this instance did result in small 

scores for the sites that are not phosphorylated, but the difference between the 

scores for the correct and incorrect sites differ by an order of magnitude. In both 
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of these instances, it can be seen that the site specificity inherent in the PD data 

greatly facilitates the correct assignment of the site of phosphorylation. 

 Table 2.2: Phosphorylation Site Prediction of Ac-SKRFtRSDHLSC-NH2  

  Possible Sites of Phosphorylation Predicte

d Site Charge State pSer1 pThr5 pSer7 pSer11 

 # peak 

matches 

103 101 103 88  

CID +3 Score 684.1 658.3 696.1 525.2 pSer7 

 # peak 

matches 

80 78 78 69  

CID +2 Score 607.0 566.1 561.0 436.9 pSer1 

 # peak 

matches 

26 26 29 25  

CID -1 Score 56.9 55.0 66.2 51.9 pSer7 

PD +2 Score 0.0 86.0 0.0 0.0 pThr5 

 

Phosphorylation Site Prediction of Ac-CTTSsFKK-NH2  

 Possible Sites of Phosphorylation Predicte

d Site Charge State pThr2 pThr3 pSer4 pSer5 

 
# peak 

matches 
53 57 60 62  

CID +2 Score 432.5 518.4 587.2 638.9 pSer5 

 
# peak 

matches 
42 40 40 39  

CID +1 Score 318.6 274.5 287.2 276.9 pThr2 

 
# peak 

matches 
28 31 32 31  

CID -1 Score 130.0 161.1 172.6 150.0 pSer4 

PD -1 Score 0.0 2.9 37.3 359.2 pSer5 

Phosphorylation site prediction based on CID data and analysis by Molecular Weight 

Calculator. Higher score indicates better match of CID fragmentation to given sequence. 
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Electron capture dissociation (ECD) is an alternative fragmentation 

technique that is amenable to peptides which contain labile modifications such as 

phosphorylation. Unlike the radical directed dissociation presented herein, ECD 

is not selective and often generates high sequence coverage. ECD of the 

phosphorylated peptide Ac-CTTSsFKK-NH2 is shown in Figure 2.5c. A series of z 

fragments is observed (although in low intensities) along most of the peptide 

backbone. The combination of fragments z4, z5, and z6 are all necessary to 

determine the phosphorylation site. ECD of the multiply phosphorylated peptide 

KKKKKRFsFKKsFKLSGFsFKKNKK is shown in Figure 2.5d. A nearly 

completely series of c fragments is observed as well as a short series of z 

fragments is obtained by ECD. Therefore sufficient information is obtained to 

correctly assign the three sites of phosphorylation. However, upon close 

inspection of the Figure 2.5d it can be seen that the differentiation between Ser 16 

and pSer19 is dependent on 4 of the smaller peaks in the spectrum. Assuming 

that ECD generates only c and z fragments at each residue, there will be 2n-2 

peaks (where n is the peptide length) to be assigned in order to determine the 

phosphorylation site(s). In contrast PD generates only a few peaks that need to 

be assigned to determine the site of phosphorylation, and these are often the 
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most abundant peaks in the spectrum. Not only is the data analysis reduced 

(fewer peaks to be assigned) but splitting ion intensity into only a few fragments 

will be advantageous in the situation of low abundance phosphorylated species. 

Generating fragmentation only at the sites of phosphorylation as opposed to at 

every residue affords better sensitivity. 

Table 2.3 shows the comparison of the relative efficiency of ECD and PD for 

the peptides KKKKKRFsFKKsFKLSGFsFKKNKK and Ac-CTTSsFKK-NH2 using 

the data shown in Figures 2.1b, 2.4c, 2.5c, and 2.5d. The efficiency, or the percent 

of the fragmentation, that is useful for identifying the sites of phosphorylation 

was calculated relative to the sum of all fragmentation. The precursor and loss of 

naphthalenethiol peaks were not included in the calculations. The selectivity of 

fragmentation by PD is evident, and it is this selectivity that would result in 

increased sensitivity.   

Table 2.3: Efficiency of ECD vs. PD for Phosphorylation Site Identification  

 KKKKKRFsFKKsFKLSGFsFKKNKK Ac-CTTSsFKK-NH2 

 ECD PD ECD PD 

% of 

informative 

fragmentation 

1.45% 51.15%  16.11% 54.85%  

% of informative fragmentation only includes fragments which identify phosphorylation 

site and does not include precursor or loss of naph in calculations. 
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2.3.6 PD and CID provide complementary information 

One advantage of ECD is that sequence information can be determined in 

cases where it is unknown. Although PD alone does not provide substantial 

sequence information for an unknown peptide, CID can be utilized to provide 

this information. Shown in Figure 2.6a is CID of the peptide Ac-

SKRFtRSDHLSC#-NH2 that has been modified with naphthalenethiol at the 

phosphorylation site. A series of b fragments and a few y fragments are observed 

yielding almost complete sequence coverage of the peptide. Figure 2.6b is CID of 

the peptide KEAPPAPPEsP-NH2 that was modified with naphthalenethiol. Only 

a few b and y fragments are observed and are due to proline and glutamic acid 

effects. Thus it can be seen from these two spectra that the modification at the 

phosphorylated residue does not significantly affect CID. The naphthalenethiol 

replaces the phosphate group with a neutral substituent that is stable under CID 

and allows sequence information to be obtained. Therefore PD and CID of the 

modified peptide can be utilized to produce orthogonal and complementary 

information. PD provides phosphorylation site assignment and subsequently 

CID can be used to provide sequence information that can be utilized in denovo 

sequencing or database matching to determine the sequence of the peptide of 

interest.  
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Figure 2.6 a) CID of naphthalenethiol modified [Ac-SKRFtRSDHLSC#-NH2]2+. b) CID of 

naphthalenethiol derivative of [KEAPPAPPEsP-NH2]+  Fragmentation is essentially 

unaffected by modification. 

 

2.4 Conclusions 

The ability to direct fragmentation to a particular site is useful for several 

reasons. For one, dissociation at the desired location is assured, which in this case 

guarantees that the site of phosphorylation will be identified. This contrasts with 

methods that rely on stochastic dissociation, where the desired fragmentations 

may simply not occur. Another advantage is that fragmentation at other sites is 

suppressed, which leads to enhanced sensitivity by channeling most of the ion 
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intensity into productive channels. A third advantage is greatly simplified data 

analysis, which originates from the ability to easily predict how a given peptide 

should fragment.  

Photodissociation of naphthalenethiol peptides was shown to homolytically 

cleave the Cβ-S bond to generate a radical. Pathways by which this radical can 

direct further backbone and side chain fragmentation were shown. Several 

pathways are accessible, but all are localized to the radical origination site. This 

localized fragmentation allows simple and unambiguous identification of 

phosphorylation sites. Selective fragmentation occurs due to immediate 

dissociation and is not observed upon subsequent activation. The radical 

fragmentation was shown to be independent of charge state and peptides with 

multiple phosphorylation sites can easily be assigned. A comparison of the 

efficiency and accuracy of this technique to CID and ECD demonstrates that PD 

is a viable dissociation technique for phosphorylation site identification.  
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Chapter 3   

SITE SELECTIVE FRAGMENTATION OF PEPTIDES AND PROTEINS AT QUINONE MODIFIED 

CYSTEINE RESIDUES INVESTIGATED BY ESI-MS 

 

3.1 Introduction 

Cysteine is unique among the canonical amino acids for several reasons. For 

one, cysteine is the only residue which routinely defines protein structure with 

covalent bonds coupled through the side chain.1,2 The typical arrangement 

requires two cysteine side chains, which are oxidized and linked together to form 

a cystine disulfide bridge. Cysteine also plays an important role in metal ion 

coordination, serving as a metal ligand in numerous metalloproteins.3-6 Cysteine 

is also among the most reactive amino acids,7,8 which facilitates post translational 

modifications and leads to active participation in redox chemistry within cells.9-12 

These unique chemical properties of cysteine make it an important analytical 

target. Mass spectrometry (MS) is well suited for the analysis of biological 

molecules, including peptides and proteins; however, cysteine frequently 

interferes with mass spectral analysis. Disulfide bridges form undesirable cross 

links which prevent linear dissociation of the molecule and are therefore 

frequently reduced and capped to avoid interference.13 Additionally, the 
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oxidation of cysteine is a common post translational modification which is not 

always of biological origin, but can complicate the analysis of spectra and must 

be given due consideration.14,15  

Another approach which can be employed to avoid these problems is to 

directly target cysteine or disulfide bonds in proteins with site specific chemistry. 

For example, disulfide bonds can be targeted with some degree of selectivity in 

the gas phase via electron capture dissociation16,17 or the use of 157nm light.18 In 

solution, there are various strategies which can be employed to selectively 

modify cysteine.19-26 Of particular relevance presently, it has been shown 

previously that thiol functional groups will react with quinones via a Michael 

type addition in aqueous solution.27 This modification can be implemented to 

yield selective modification of free cysteine residues in peptides and proteins. 

Due to the selectivity of this modification, only cysteine residues are modified to 

any significant extent.28 An example of this type of modification is shown in 

Scheme 3.1 below. The semiquinone formed from the Michael addition can revert 

back to the quinone form depending on the redox potential of the solution. The 

quinone form is primarily observed in the experiments described below. The 

mass shift after reaction with quinone can effortlessly be used to quantify the 

number of cysteines present in a peptide or protein. This easily attainable 
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information has been used previously to improve protein identification through 

database searching.29  

Scheme 3.1 Modification of cysteine by quinone  

 

In addition to causing a mass shift, quinone modification of cysteine 

introduces a chromophore which is adjacent to the Cβ-S bond. Recent 

experiments on modified phosphopeptides have demonstrated that 

chromophores adjacent to a Cβ-S bonds can be used to selectively fragment the 

peptide backbone following photoactivation with ultraviolet (UV) light.30 

Photodissociation (PD) occurs due to dissociative excited state chemistry which 

allows bonds to be broken homolytically prior to significant energy 

redistribution.31-33 This contrasts with the situation which occurs with radicals 

generated by collisional activation which tend to yield less selective 

fragmentation.34-39  When beta radicals are generated by PD, specific backbone 

fragmentation at the modified residue is highly favored. Similar chemistry 

should be accessible by photoexcitation of quinone modified cysteine residues, 

which is the subject of the present manuscript.  
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It is demonstrated herein that quinone modified cysteine residues undergo 

direct dissociation following excitation by 266nm light. The dissociation yields a 

radical on the remaining peptide or protein at the beta position of cysteine. This 

beta radical facilitates selective backbone dissociation, typically yielding d-type 

ions at the modified cysteine residues for both peptides and whole proteins. In 

addition, quinone modification can be harnessed to monitor protein structure via 

solvent accessibility moderated differential reactivity. Site selective backbone 

dissociation can be used to identify the sites of modification in these structure 

probing experiments, if desired. Finally, PD can be also be used to characterize 

biologically relevant post translational modification of cysteine by quinones. For 

example, dopamine can adopt a quinone intermediate structure capable of 

reacting with free cysteine residues. It is demonstrated that site specific PD can 

be utilized to identify both the presence and location of dopamine modifications. 

Interestingly, a novel double modification state is identified for dopamine which 

can crosslink backbone strands in a manner similar to a disulfide bond.   

 

 

 

 



 

 

53 

3.2 Materials and Methods 

3.2.1 Materials 

Peptides SKGKSKRKKDLRISCNSK, SLRRSSCFGGR, RLCRIVVIRVCR, 

DYMGWMDF, MEHFRWG, KWDNQ, IARRHPFL, and KKRAARATS-NH2 were 

purchased from American Peptide Company. AEAEYEK and Ac-CLKKLsGK 

were purchased from QCB.  Beta lactoglobulin, and lysozyme were purchased 

from MP Biomedicals. DRVYIHPF, human Hemoglobin, Alpha Lactalbumin, the 

oxidized beta chain of insulin, dopamine, Benzoquinone (BQ), 1,2 

Naphthoquinone (1,2NQ), 1,4 Naphthoquinone (1,4NQ), dithiothreitol (DTT), 

Guanidine HCl, and Trifluoroacetic acid (TFA) were purchased from Sigma-

Aldrich. Tris(2-carboxyethyl)phosphine (TCEP), and acetonitrile (ACN) were 

purchased from Fisher Scientific. Urea and acetic acid were from EMD and 1,4 

Anthraquinone (AQ) was from Alfa Aesar. All were used as received without 

further purification. Water was purified by Millipore Direct-Q (Millipore, 

Billerica, MA). A protein MacroTrap and trap holder consisting of a polymeric 

reversed-phase packing with retention similar to C4 was purchased from 

Michrom Bioresources, Inc. (Auburn, CA) 
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3.2.2 Quinone modification (under non-reducing conditions) 

Quinone stocks were prepared in ACN at mM concentrations and stored in 

the dark to reduce degradation and prepared fresh daily. Quinone stock was 

added to peptide solutions in 0.5 to 4 times excess of peptide concentration. 

Solutions were diluted with 50:50 ACN: water to peptide concentrations of 10µM 

for analysis.  

Hemoglobin was diluted to concentrations of 5µM protein and 40µM of 

1,4NQ in 50:50 ACN: water. Acid was not added to samples in order to favor the 

formation of lower charge states which facilitates charge state assignments of the 

fragments generated.  

Modification of the free cysteine of Beta lactoglobulin was performed in non 

reducing conditions as follows: 5µl of 20mM NQ stock in ACN was added to 

10ul of 87uM protein stock along with an additional 5µl of ACN to give 50:50 

water: ACN solution. The reaction was allowed to sit at room temperature for 4 

hours before excess NQ was removed with a protein MacroTrap according to 

manufacturer’s instructions. Final protein concentration after cleanup was ~4µM 

for analysis by MS. 
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3.2.3 Modification of disulfide containing proteins 

Disulfide bonds were reduced prior to addition of quinone with either DTT 

or TCEP. Alpha Lactalbumin (7µM) was combined with 100µM DTT and 

allowed to sit at RT for 15min prior to addition of Naphthoquinone (40µM).  

Lysozyme (0.732mM, 2µl of 1.83mM) was reduced with TCEP (50mM, 1µl of 

250umM) for 2 hours at RT. Guanidine (~2M, 2µl of ~5M stock) was added to the 

sample to denature the protein. NQ (10µl of 1mM stock in ACN) was added to 

the reduced protein solution. Excess reactants were removed by desalting with a 

protein MacroTrap and diluted to ~7µM protein prior to analysis by MS.  

3.2.4 Probing solvent accessibility of cysteines in Hemoglobin 

Hemoglobin stock solution was diluted into each of the three following 

solutions with a final protein concentration of 8.6µM: 20mM PBS (phosphate 

buffered saline), 8M urea, and 50% ACN. 20mM Ammonium bicarbonate was 

added to each sample to maintain a constant pH. To each sample 1µl of 5mM BQ 

or AQ stock was added (50uM final conc). The samples were allowed to react at 

room temperature for 15min at which point the reaction was stopped by addition 

of TFA to reach a pH of 3-4. Protein samples were desalted by protein Macrotrap, 

eluding the protein from the trap in 200µl of 90% ACN and 0.1%TFA. Stopping 
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the reactions by addition of acid allows cleanup of the samples to be performed, 

and all solutions were electrosprayed directly from the trap eluent.   

3.2.5 Dopamine modification 

Peptide SKGKSKRKKDLRISCNSK (10µM) was mixed with dopamine 

(50µM) and 0.0033% hydrogen peroxide to promote the formation of dopamine 

quinone. The solution was diluted to the listed peptide concentration in 50:50 

water: ACN and electrosprayed. Hemoglobin (4µM) was mixed with dopamine 

(100µM) alone, then diluted and electrosprayed in 50:50 water: ACN.  

3.2.6 Photodissociation of quinone modified peptides and proteins:  

Solutions were analyzed in cation mode by an LTQ linear ion trap mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA) with a standard 

electrospray source. The posterior plate of the LTQ was modified with a quartz 

window to transmit fourth harmonic (266 nm) laser pulses from a flashlamp-

pumped Nd:YAG laser (Continuum, Santa Clara, CA). Pulses were synchronized 

to the end of the isolation step of a typical MS2 experiment by feeding a TTL 

trigger signal from the mass spectrometer to the laser via a digital delay 

generator (Berkeley Nucleonics, San Rafael, CA). This allowed photodissociation 

(PD) to be carried out analogous to collision induced dissociation (CID). Multi 

shot experiments were carried out with a burst pulse sequence where each of the 
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pulses were separated by 100msec and the activation time was adjusted in the 

instrument software to accommodate adequate time for multiple pluses prior to 

scanning. 

 

3.3 Results and Discussion 

3.3.1 Selective cysteine modification by quinones.  

The following peptides were treated with either 1,4-naphthoquinone (NQ) or 

anthraquinone (AQ): KWDNQ, IARRHPFL, MEHFRWG, DRVYIHPF, 

KKRAARATS, AEAEYEK, DYMGWMDF, SKGKSKRKKDLRISCNSK, 

SLRRSSCFGGR, RLCIVVIRVCR (containing a disulfide bond), and the beta 

chain of insulin with oxidized cysteines. These peptides were chosen because 

they contain collectively all 20 natural amino acids and three common forms of 

cysteine (free, oxidized, and disulfide bound). The full mass spectrum of peptide 

SLRRSSCFGGR is shown in Figure 3.1a after reaction with NQ. Abundant 

addition of a single quinone to the peptide is observed in all three charge states. 

No unmodified peptide is observed to remain after the reaction. Modification at 

the cysteine side chain was confirmed by MS/MS (shown below in Figure 3.3b). 

SKGKSKRKKDLRISCNSK was the only other peptide to mass shift due to 

attachment of NQ or AQ. A single modification at cysteine was also observed for 
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this peptide (data not shown). These results demonstrate the selectivity for 

quinone addition to free cysteine and suggest that in the absence of structural 

interference or steric hindrance, modification can easily be driven to completion. 

In Figure 3.1b the mass spectrum of Hemoglobin treated with NQ is shown. 

Hemoglobin consists of four protein chains, two alpha and two beta. In the 

human variant, the alpha chain contains a single cysteine residue and the beta 

chain contains two, none of which are involved in disulfide bonds and are 

expected to exist in the free thiol form. A single distribution of peaks is observed 

in Figure 3.1b for the alpha chain of Hemoglobin (labeled as #). Deconvolution of 

the data yields a single molecular weight corresponding to loss of the 

noncovalently bound heme and addition of a single quinone. The beta chain 

yields two distributions of peaks, both of which result from loss of heme and 

addition of either one (labeled with *) or two (**) NQ. Little or no unmodified 

protein was observed in any of the charge states for either protein chain. 

Nevertheless, structural interference likely prevents complete modification of the 

beta chain. As was observed for the peptide in Figure 3.1a, the maximum 

number of quinones attached to the protein is consistent with the number of free 

cysteines in both systems. 
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Chart 3.1 Quinones examined herein. 
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Figure 3.1 a) Full mass spectrum of SLRRSSCFGGR after reaction with NQ. b) Full mass 

spectrum of Hemoglobin modified with NQ. Alpha chain (#) modified by one NQ. Beta 
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chain single (*) and double (**) NQ modifications. c) Beta Lactoglobulin after NQ 

modification. Two natural variants A and B (both containing five cysteines and two 

disulfide bonds) are observed each with a single NQ modification. d) NQ modification 

of lysozyme after partial reduction of all four disulfide bonds.  

 

Modification of beta lactoglobulin with disulfide bonds intact is shown in 

Figure 3.1c. Beta lactoglobulin contains five cysteine residues, four of which are 

bound by two disulfide bonds. Two variants of beta lactoglobulin are observed 

in the full mass spectrum. These two common variants, A (labeled #) and B 

(labeled *) differ in sequence by two amino acids D64G and V118A. Beta 

lactoglobulin contains a disulfide bond between cysteines 66 and 160 and a 

second disulfide bond between cysteine 106 and either cysteine 119 or 122 (both 

have been cited in literature).40,41 Both variants A and B are observed to have 

shifted mass due to modification with a single quinone. This mass shift relative 

to the unmodified protein allows easy determination of the number of free 

cysteines present in beta lactoglobulin.  

Cysteines are often used to stabilize protein structure through the formation 

of disulfide bridges. Determining the presence of a disulfide bond by mass alone 

can be difficult, especially in large proteins where it can be difficult to detect a 

two dalton mass difference. Modification of free cysteines yields a much larger 

mass difference which is easily distinguishable. Cysteine modification before and 
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after disulfide reduction can be utilized to determine the number of disulfide 

bonds present in a protein. For example, lysozyme contains eight cysteine 

residues that are all involved in disulfide bonds. Addition of quinone to the 

native protein results in no change in mass because there are no free cysteines to 

react with the quinone. After treatment with TCEP to partially reduce disulfide 

bonds, attachment of quinone is evident as shown in Figure 3.1d. (TCEP is used 

in place of DTT because of its ability to reduce disulfide bonds without reacting 

with NQ.) A distribution of zero to eight NQ modifications of lysozyme is 

observed, indicative that some fraction of all four disulfide bonds was reduced. It 

is also interesting to note that modification peaks follow a statistical pattern 

favoring an even number of modifications. It is likely that once a disulfide bond 

is reduced, attaching quinone to both cysteines is favored over attaching quinone 

to only one site. These observations are in agreement with the known high 

reactivity of the cysteine side chain.42 It is also clear in Figure 3.1d that the 

protein observed without modification decreases in relative intensity as the 

charge state of the protein increases. It is well known that unfolded proteins in 

ESI spectra are present in the higher charge states.43,44  A protein with larger 

surface area, due to unfolding, is able to accommodate a larger number of 

charges than a more compact form of the same protein. It follows that the protein 
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observed at higher charge states originated from a more open conformation. It is 

also likely that protein with a disulfide bond reduced would take on a more open 

conformation since the structure is no longer rigidly held in place. The increased 

amount of quinone modification at higher charge states is consistent with a 

change in the protein structure to a more open conformation.  

3.3.2 Probing Protein Structure 

The possibility for probing protein structure as a function of the accessibility 

of cysteine residues was examined in greater detail by modification of 

Hemoglobin with benzoquinone (BQ) and anthraquinone (AQ) under different 

solvent conditions. BQ and AQ were chosen for the comparison as they 

encompass the two extremes of the quinone sizes utilized. Three different solvent 

conditions were employed to produce different structural states of Hemoglobin: 

20mM phosphate buffered saline (PBS), 8M urea, and 50% ACN. The PBS 

solution should maintain the native protein conformation while the 8M urea and 

50% ACN solution are likely to yield denatured states. A representative full mass 

spectrum is shown in Figure 3.2a for modification with BQ in 50% ACN. In order 

to facilitate comparison of the results, the relative amount of modification 

observed for each protein chain summed over all charge states is shown in 

Figures 3.2b and c.  
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As seen in Figure 3.2b, the alpha chain of Hemoglobin is only ~40% modified 

with BQ in PBS, but almost completely modified in urea and 50%ACN. These 

results suggest that denaturing of the protein structure enables more complete 

quinone attachment. Similar results are obtained for the beta chain, which has 

two cysteine residues. In PBS a single modification is dominant, whereas two 

modifications are favored in the urea and ACN denaturing environments. 

Interestingly, for the beta chain the extent of reactivity is not identical in the two 

denaturing environments, suggesting that different structures or structural 

ensembles are present. In Figure 3.2c, modification with the larger AQ is shown. 

The alpha chain is not completely modified under any solvent condition for AQ, 

which contrasts the results obtained with BQ. The most straightforward 

explanation for this observation is that the larger size of AQ reduces the 

accessibility of cysteine and the amount of modification observed. With AQ, the 

extent of modification is different for both the alpha and beta chains in all solvent 

environments, suggesting that AQ is a more sensitive probe of protein structure. 
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Figure 3.2 a) Full mass spectrum for Hemoglobin modified by BQ in 50%ACN, 

subscripts indicate number of modifications.  b) The relative extent of BQ modification 

of Hemoglobin over all charge states is summarized for three solvent systems: 

phosphate buffered saline (PBS), 8M urea, and 50% ACN. The x-axis labels indicate the 

chain and corresponding number of modifications. c) Anthraquinone modifications are 

shown in plots analogous to those in b).   
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3.3.3 Fragmentation at modified cysteine residues 

Photodissociation of the +3 charge state of the SLRRSSCFGGR peptide 

modified with a single NQ is shown in Figure 3.3a. Two major fragment peaks 

are observed. The first (labeled C-S) is due to homolytic cleavage of the Cβ-S 

bond of cysteine. This characteristic loss of 190Da is a unique indicator that the 

selected ion contains a cysteine residue modified by NQ. The second most 

abundant peak observed is the d7 fragment. Generic fragment structures are 

shown in Scheme 3.2. This ion results from selective backbone fragmentation at 

the modified cysteine. Also observed, although in smaller abundance, is 

fragmentation of the peptide backbone on the N terminal side of the modified 

cysteine to yield an a6 fragment. The mechanism of fragment formation will be 

discussed below. PD of the unmodified peptide was also performed (data not 

shown). No fragmentation was observed from PD of the unmodified peptide, 

indicating that the fragments in Figure 3.3a are generated due to absorption at 

the quinone. 

Scheme 3.2 Structures of fragments formed by photodissociation  
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Collision induced dissociation (CID) of the +3 charge state of NQ modified 

peptide SLRRSSCFGGR is shown in Figure 3.3b. For comparison, CID of the +3 

charge state of the unmodified peptide is shown in Figure 3.3c. Fragmentation by 

CID of the modified and unmodified peptides is very similar. Nearly all 

fragmentation pathways are analogous between the two, and nearly identical 

relative abundances are observed as well. Fragments including the modified 

cysteine are shifted in mass due to the retained quinone modification. The 

primary difference between the two CID spectra is the loss of modified cysteine 

side chain (labeled M-C*). This fragment is generated by cleavage of the carbon 

sulfur bond. However, fragmentation does not occur homolytically as in PD, 

thus a radical is not generated. Overall, the modification does not seem to 

significantly affect the fragmentation behavior of the peptide by CID. 

Comparison of Figures 3.3a and b, which are PD and CID of the modified 

peptide, reveals the selectivity afforded by photodissociation. The site of 

modification can be determined with either CID or PD. However this process is 

simpler by PD due to the selectivity and simplicity of the fragmentation. While 

the value of this fragmentation may not be apparent in determining the site of 

cysteine in peptides, the utility becomes more apparent in larger systems.  
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Figure 3.3 a) Photodissociation of the peptide SLRRSSCFGGR modified with NQ. 

Homolytic cleavage of the Cβ-S bond of the modified cysteine side chain is labeled C-S. 

b) CID of the NQ modified peptide. c) CID of the unmodified peptide for comparison.  
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3.3.4 Fragmentation at cysteine residues in whole proteins 

This methodology can also be extended to whole proteins. In Figure 3.4a, the 

PD spectrum for the +20 charge state of alpha Hemoglobin modified with NQ is 

shown. Homolytic cleavage of the Cβ-S bond is clearly present. The characteristic 

loss of the quinone-thiol at M-190Da is labeled as C-S. A single backbone 

fragment is observed at Cys104 yielding the +15 and +16 d104 ions. The 

complementary z fragment (z37) is also observed, although with smaller intensity 

compared to d104. The z37 fragment is also present in two charge states (+4 and 

+5). The charge states of the two complementary fragments equal the parent ion 

charge state of +20, also indicating that the d and z fragments are formed from a 

single initial backbone fragmentation. The single cysteine in alpha Hemoglobin is 

located at residue 104, the only site at which backbone fragmentation is 

observed. This demonstrates the ability of RDD to selectively cleave a single 

bond in a whole protein. This level of selectivity has not been achieved in any 

previous experiments and even supersedes previous PD experiments with whole 

proteins where iodination at tyrosine was observed to yield semi-selective 

fragmentation.32 
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Figure 3.4 a) Photodissociation of the alpha chain of Hemoglobin modified with a single 

NQ. The NQ modification is lost due to homolytic cleavage of the C-S bond of cysteine 

(labeled as C-S). Backbone fragmentation at cysteine is observed generating d104 and z37. 

b) Photodissociation of the beta chain of Hemoglobin with two NQ modifications.  

 

Photodissociation of the beta chain with two NQ was also performed as 

shown in Figure 3.4b.  Loss of a single naphthoquinone-thiol is primarily 

observed although a very small amount of the second quinone is also lost. 

Fragmentation at the two cysteine residues, positions 93 and 112, is observed. 

Fragments d93 and d112 are generated just C terminal to the two cysteines 

although the amount of fragmentation at cysteine 93 is significantly larger in 
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abundance. Three laser pulses were used in the spectrum shown, thus it is 

possible that absorption and fragmentation will occur at a single cysteine or at 

both sites. The d112 fragment can only be observed if absorption does not occur or 

result in fragmentation at cysteine 93. However d93 can be observed regardless of 

what occurs at cysteine 112. Therefore the fragmentation observed at d112 is 

smaller in abundance than at d93. If absorption and fragmentation occurred at 

both positions simultaneously, an internal fragment could theoretically be 

observed. No such fragment was identified.  

3.3.5 Probing protein structural changes 

Alpha Lactalbumin (ALA) is a 123 residue protein containing eight cysteines 

involved in four disulfide bonds. Partial reduction by DTT and subsequent 

addition of NQ yields the full mass spectrum shown in Figure 3.5a. Peaks are 

labeled with the charge state and the number of quinone modifications 

determined by mass (11-1 denotes the +11 charge state with a single quinone). 

The majority of the protein either has one or two NQ modifications. The number 

and relative abundance of NQ varies depending on the charge state, with higher 

charge states having a larger number of NQ modifications. Again, this 

observation is likely correlated with a difference in protein structure. 
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Figure 3.5 a) Full mass spectrum of Alpha Lactalbumin (ALA) following modification 

with NQ. Peaks are labeled with the charge state and the number of NQ modifications. 

b) Photodissociation of the +11 charge state of ALA with a single NQ modification. Cβ-S 

bond cleavage is labeled (C-S). Two backbone fragments are observed, z4 and d6, at the 

N and C terminal cysteines. c) Photodissociation of the +12 charge state of ALA with two 

NQ modifications.  
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Photodissociation of the 11-1 peak is shown in Figure 3.5b. Fragmentation of 

the Cβ-S bond of cysteine (labeled C-S) is noted. Two peaks are observed due to 

backbone fragmentation, z4 and d6. These fragments occur at the two cysteines 

(Cys6 and Cys120) located near the N and C termini of the protein. These two 

cysteines have previously been shown to be linked through a disulfide bond. 

Thus the protein in the 11-1 peak most likely has a single disulfide bond reduced 

between Cys6 and Cys120. Photodissociation of the higher charge state (+12) of 

protein with two quinones attached is shown in Figure 3.5c. Fragments z4 and d6 

are observed as before. Additional backbone fragmentation is observed in 

comparison to Figure 3.5b. One of these new fragments (z95-c119) corresponds to 

an internal fragment between residues 28 and 119. More specifically, the internal 

fragment is due to a z-type fragmentation at Cys28 and a c-type fragmentation at 

Cys120. Additional nonselective dissociation is observed at Tyr103, which is 

known to be a favorable radical dissociation pathway.32 These results illustrate 

that site specific identification of cysteine will probably be limited to the two or 

three most reactive sites in proteins containing multiple disulfide bonds.  
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3.3.6 Dopamine modified protein 

Dopamine is a biologically relevant small molecule neurotransmitter 

involved in several processes in the brain. Dopamine can also adopt a quinone 

form and modify cysteine residues.45,46 The PD method described herein was 

explored as a method for characterizing peptides and proteins modified by 

dopamine. To confirm that cysteine residues react with dopamine, the cysteine 

containing peptide SKGKRKKDLRISCNSK was mixed with dopamine and a 

small amount of H2O2 (also present in cells) to promote formation of dopamine 

quinone. Subsequent MS of the sample determined that a small amount of the 

dopamine adduct had formed with the peptide. CID confirmed that a covalent 

bond had formed between the peptide and dopamine (data not shown). PD of 

this protein-dopamine adduct is shown in Figure 3.6a. The largest fragment 

generated due to PD is a mass loss of 184Da. This unique loss corresponds to the 

loss of dopamine and the sulfur of cysteine by homolytic cleavage of the Cβ-S 

bond. The primary backbone fragment observed, although small, is d15 at 

cysteine. These two fragments yield all the necessary information to determine 

both the presence and location of the dopamine modification. The peak 

corresponding to a loss of 184 Da is unique to dopamine and the presence of this 

peak alone indicates that a dopamine modification is present. Furthermore the 
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additional d-fragment selectively identifies the location of the dopamine 

modified cysteine residue.  

Figure 3.6b is the full mass spectrum observed upon spraying a solution 

containing Hemoglobin incubated with dopamine without the addition of any 

H2O2. The alpha chain is observed in a single distribution of unmodified apo-

protein.  The beta chain is observed in two distributions. The larger of the two is 

the unmodified apo-protein. The second distribution corresponds to apo-protein 

with addition of a single dopamine modification by mass. Figure 3.6c is PD 

performed on the peak at m/z 1068 selected from the spectrum in Figure 3.6b. By 

deconvolution of charge states it was determined that the peak corresponded to 

the +15 charge state of the beta chain of Hemoglobin with a single dopamine 

modification. PD of the unmodified +15 charge state of the beta chain of 

Hemoglobin (from a solution without dopamine) is shown in Figure 3.6d for 

comparison. PD of both the modified and unmodified protein generates peaks 

corresponding to fragments y131 and b15 which occur at W15. The side chain of 

tyrosine is also observed to be lost in both spectra. This fragmentation at 

tryptophan is atypical and is not observed in CID, thus it is likely due to 

electronic excitation at tryptophan. 47 However this behavior is not due to the 

quinone modification as it is also present in the unmodified protein. Three peaks 
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observed are unique to PD of the modified protein. The first of these is a loss of 

184Da, the same loss observed with the dopamine modified peptide due to 

homolytic cleavage of the Cβ-S bond of cysteine. The presence of this peak alone 

confirms that the isolated species contains a dopamine modification at a cysteine 

residue. The other two unique peaks correspond to selective fragmentation at the 

modified site to yield z34 and d112+dopamine. These complementary d and z 

fragments occur due to radical directed fragmentation at cysteine 112; however, 

beta Hemoglobin contains another cysteine residue at position 93. Based on the 

mechanism in Scheme 3.3, fragmentation at the modified residue should be 

accompanied by loss of the modification. Thus the d112+dopamine fragment is 

unexpected. Further experiments were performed to understand this unique 

instance. A subsequent step of CID on the d112+dopamine fragment was 

performed to determine if the dopamine was covalently or non-covalently 

attached to the protein fragment. Dopamine was not lost upon CID (data not 

shown), suggesting it is covalently bound. 
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Figure 3.6 a) Photodissociation of the peptide SKGKSKRKKDLRISCNSK modified with 

dopamine. Homolytic cleavage of the Cβ-S bond is observed (C-S). Backbone 

fragmentation (d15) at cysteine identifies the site of modification. b) Full MS observed 
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after dopamine addition to Hemoglobin. Only the  chain is modified (labeled *).  c) PD 

of the +15 charge state of  chain of Hemoglobin with a single dopamine modification. 

d) PD of the +15 charge state of  chain of Hemoglobin without modification for 

comparison.  

 

Figure 3.7 shows CID spectra for the unmodified and modified beta chain of 

Hemoglobin, respectively. As seen in Figure 3.7a, CID of the unmodified protein 

yields abundant y111, y96, and y47 fragments, which form due to fragmentation at 

proline residues 36, 51, and 100 respectively.48,49 In comparison, CID of the 

modified protein shown in Figure 3.7b only yields abundant y111 and y96  

fragments which are mass shifted by the addition of dopamine. Fragmentation at 

proline 100, yielding fragment y47 is observed in the modified protein with and 

without dopamine modification, however the fragmentation at proline 100 is 

greatly reduced in the modified protein. This indicates that there is something 

preventing fragmentation from occurring or being observed at proline 100. Due 

to the structure of dopamine, it is possible for two Michael type additions to 

occur on a single dopamine. The beta chain of Hemoglobin contains two cysteine 

residues. Attachment of both cysteines to a single dopamine would cyclize part 

of the protein and explain this fragmentation behavior. If proline fragmentation 

at P100 occurs during collisional activation, it will not be observed because both 

fragments are still held together by dopamine. This is consistent with the large 
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decease in intensity of y47 in the modified protein. The small amount of y47 that is 

observed can be rationalized by a small amount of uncylcilzed protein with 

dopamine attached to only one cysteine. Even in this special case of double 

modification, PD is capable of identifying one of the sites of attachment with ease 

and the existence of the other is revealed by retention of the dopamine 

modification. 

 

 

Figure 3.7 a) CID of the +14 charge state of the unmodified beta chain of Hemoglobin. 

The primary fragments observed are y111, y96 and y47 occurring due to proline 

fragmentation at residues 36, 51, and 100 b) CID of the +14 charge state of beta 

Hemoglobin with a single dopamine modification.  
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3.4 Conclusions 

Modification by quinones is selective to the free thiol form of cysteine and 

was shown to easily quantify the reactive cysteines in both peptides and 

proteins. Photodissociation of the quinone modified species was utilized to 

determine the location of modified residues through selective backbone 

fragmentation. Photo-excitation of the quinone homolytically cleaves the Cβ-S 

bond of cysteine. This homolytic cleavage results in a radical located at the beta 

position of cysteine, which facilitates electronic rearrangement to cleave the 

peptide or protein backbone at the modified cysteine. Photodissociation of 

modified alpha Hemoglobin was shown to selectively cleave a single bond in the 

protein backbone at the modified cysteine. This selective modification and 

fragmentation can be used to probe protein structure. Finally, the technique is 

amenable for identifying protein modification by naturally occurring quinones 

such as dopamine.  
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Chapter 4   

DIRECT ELUCIDATION OF DISULFIDE BOND PARTNERS USING ULTRAVIOLET 

PHOTODISSOCIATION MASS SPECTROMETRY 

 

4.1 Introduction 

Disulfide bonds in proteins are formed between highly reactive thiol groups, 

and help to define both the tertiary and quaternary structure of proteins.1 

Identifying the correct disulfide bond pairs formed between cysteine residues 

can therefore be critical for understanding the structure of a protein or protein 

complex.2 Unfortunately, identifying correct disulfide bond linkages is 

frequently a complicated task due to the complex chemical environment that 

proteins present. Chemical transformations and/or deconvolution of highly 

complex sequence information are typically employed to yield information about 

disulfide connectivity.3-13 The presence of post-translational modifications (PTMs) 

or sequence mutations arising from single nucleotide polymorphisms or other 

sources can significantly complicate such analyses. Herein, we describe a simple, 

selective and extremely efficient way of both identifying and characterizing 

disulfide bond pairs within proteins which is insensitive to post-translational 

modifications, sequence variations, or other sources of unexpected pairings.  
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Direct ultraviolet photodissociation (UVPD) of disulfide bonds at 248 nm 

and 193 nm has been demonstrated previously in the gas phase for very small 

molecules.14 Dissociation occurs in the excited state, enabling prompt, homolytic 

cleavage of the S-S bond. This photochemistry has never been implemented with 

larger molecules such as peptides or proteins, although linear (i.e. non-disulfide 

bound) peptides have been subjected to UVPD. At 266nm, absorption in peptides 

typically occurs at tyrosine and tryptophan and is followed by internal 

conversion of the excited state energy into vibrational excitation.15 Therefore, 

there are no significant direct dissociation channels which compete with 

disulfide bond cleavage in peptides at 266nm. (Note: the same is not true in the 

vacuum ultraviolet, as observed previously.8). 

4.2 Materials and Methods 

4.2.1 Materials  

Peptides VCYDKSFPISHVR, EAGDDIVPCSMSYTWTGK, 

CGYGPKKKRKVGG, and CQDSETRTFY were purchased from American 

Peptide Company (Sunnyvale, CA), Ac-CTTSsFKK-NH2 was purchased from 

Quality Controlled Biochemicals (Hopkinton, MA), and Ac-RRWWCR-NH2 was 

purchased from AnaSpec (San Jose, CA). All reagents were used as received 

unless specified. Dimethyl sulfoxide (for molecular biology, >99.9%), Tris 
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(hydroxymethyl)-aminomethane, Alpha lactalbumin (bovine) and Guanidine 

hydrochloride were purchased from Sigma Aldrich (St. Louis, MO). Acetonitrile 

was purchased from Fisher Scientific (Waltham, MA). LysC was purchased from 

Wako Chemicals USA, Inc. (Richmond, VA). Water was purified to 18.2-MΩ 

resistivity using a Millipore Direct-Q (Millipore, Billerica, MA). 

4.2.2 Formation of Disulfide Bound Peptides: 

 50 µL of 1mM peptide solutions were added to 25 µL DMSO and mixed 

thoroughly. This mixture was placed in a water-bath at 37° C for 12 hours. The 

resulting solution was then lyophilized to remove any excess DMSO and 

redissolved in 50 µL Q-H2O. 10 µL of this solution was diluted to 1 mL with 

50:50:1 (by volume) Methanol: H2O: Acetic Acid.  

4.2.3 Digestion of Alpha-lactalbumin (ALA from bovine):   

100 µL of 250 µM ALA stock solution was taken in an Eppendorf tube. 20 µL 

of Acetonitrile, 5 µL of 1M Tris.HCl buffer (pH = 6.8), 20 µL of 5M Guanidine 

HCl, 5 µL of LysC stock (enzyme) and 50 µL of Q-H2O were all added to make 

the total volume 200 µL. This solution was placed in a water bath at 37° C 

overnight. Performing digestion under slightly acidic condition was found to be 

critical to avoid any disulfide bond scrambling. 
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4.2.4 Liquid Chromatography (LC):  

Protein digests were separated on an Agilent 1100 HPLC system using a 

BetaBasic-18 column (particle size of 5 µm, pore size of 150Å, length of 150 mm 

and inside diameter of 2.1 mm) purchased from Thermo Fisher Scientific 

(Waltham, MA). Peptides were separated using 0.1% Trifluoroacetic Acid in 

water (v/v, solvent A) and 0.1% Trifluoroacetic Acid in acetonitrile (v/v, solvent 

B) with the total flow rate of 0.2 mL/ min. The following gradient was used: 5% 

to 25% B over 15 minutes, 25% to 50% B over the next 45 minutes followed by a 

column wash.  

4.2.5 Photodissociation Mass Spectrometry:  

Samples were directly infused into a standard electrospray source of an LTQ 

linear ion trap mass spectrometer (Thermo-Fisher, Waltham, MA) or coupled via 

the LC column outlet in the case of Alpha lactalbumin. A quartz window was 

installed on the back plate of the LTQ vacuum housing to transmit fourth-

harmonic (266 nm) laser pulses from a flash lamp-pumped Nd:YAG “MiniLite” 

laser (Continuum, Santa Clara, CA) directly into the linear ion trap. Pulses were 

synchronized to the activation step of a typical MSn experiment by feeding a TTL 

trigger signal from the mass spectrometer to the laser via a digital delay 

generator (Berkeley Nucleonics, San Rafael, CA).  
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4.3 Results and Discussion 

The effect of 266 nm light on the +6 charge state of a disulfide linked peptide 

pair (CGYGPKKKRKVGG and VCYDKSFPISHVR) is shown in Figure 4.1a. 

Selective photodissociation of the disulfide bond, as shown in Scheme 4.1, yields 

only two abundant product ions which correspond to the two constituent 

peptides, each observed in the +3 charge state. Inspection of the remainder of the 

spectrum reveals virtually no other products. Residual excitation energy leads to 

small secondary fragments (see inset spectrum) which correspond to losses of 

NH3 and CH2S from CGYGPKKKRKVGG. Results similar to those shown in 

Figure 4.1a are not unusual and have been obtained for a variety of peptide pairs. 

In almost all cases, UVPD does not produce any other peaks apart from minor 

secondary losses of NH3, H2O, CO2, and CH2S (i.e. <6% relative intensity 

compared to peptide fragment peaks). In contrast, collision induced dissociation 

(CID) is not expected to and does not yield selective dissociation of disulfide 

bonds. In Figure 4.1b the CID spectrum for the same peptide pair from Figure 

4.1a is shown. No comparable cleavage of the disulfide bond is observed as 

highlighted in the inset spectra. 
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Scheme 4.1 Selective homolytic cleavage of disulfide bond with 266 nm light in 

cysteine containing disulfide linked peptides 

 
 

It should also be noted that the specificity demonstrated herein is 

substantially different from that discussed previously in relation to electron 

capture dissociation or previous photodissociation experiments.8,16 In previous 

work, selectivity referred to an enhancement of disulfide bond cleavage among 

numerous other fragmentations, many of which yielded products that were 

comparable or larger in intensity to those produced by the desired disulfide 

bond dissociation. Selective dissociation in the present manuscript refers to the 

almost exclusive cleavage of a single bond, generating primarily two fragments. 

Importantly, this selectivity is not lost even when highly labile groups are 

present. Shown in Figure 4.1c is the UVPD spectrum for disulfide linked Ac-

CTTSsFKK-NH2 (small cap s indicates phosphorylated serine) and 

CGYGPKKKRKVGG in the +5 charge state. UVPD yields selective fragmentation 

of the disulfide, which is exclusively cleaved without the loss of phosphate 
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group. The uniquely selective fragmentation illustrated in Figure 4.1 reveals two 

critical aspects about precursor ions immediately: (1) dissociation into two 

primary products indicates the presence of a disulfide bond and (2) the product 

ion masses correspond to the masses of peptides which were connected by a 

disulfide bond. This should allow for easy identification and characterization of 

disulfide bound peptides in complex mixtures, which will be discussed now. 
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Figure 4.1 a) UVPD symmetrically cleaves a disulfide bound peptide pair. b) CID 

spectrum of the same peptide pair, absence of disulfide bond dissociation is highlighted 

in insets. c) UVPD spectrum of a disulfide bound peptide pair with a phosphorylated 

serine residue (represented by small s). Bold downward arrows indicate precursor ions. 

 

UVPD is compatible with liquid chromatography (LC) and can be used in an 

online fashion to investigate complex mixtures such as whole protein digests. To 
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demonstrate this, bovine alpha lactalbumin (ALA) was digested with LysC. ALA 

is a 14.9 kDa protein with 123 amino acids including eight cysteine residues 

which form four disulfide bonds. Full mass, ultrazoom, UVPD, and CID spectra 

were acquired for each eluting peak following separation by LC. Disulfide 

containing ions were identified by the characteristic dissociation of the precursor 

into two peaks in the PD step, and characterized with UVPD and CID data. The 

results are summarized in Figure 4.2a, where the relative abundance and 

sequences for each identified peptide pair are shown. The abundance is 

qualitatively approximated by ion count. The three largest bars (blue) 

correspond to the expected disulfide bond partners. Only three groups are 

observed because two peptides are linked to the same partner (2nd largest bar in 

the figure). The UVPD spectrum for this peptide trimer is shown in Figure 4.2b. 

Selective dissociation of both disulfides individually (yielding the P1+P2 and 

P2+P3 peaks) and simultaneously (yielding P2 alone) is observed. The peptide 

which serves to bridge the other two peptides can be immediately identified (P2, 

revealed by absence of P1+P3); however the overall connectivity cannot be 

established without further experiments.  
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Figure 4.2 a) Cumulative results from LCMS-UVPD on ALA. Abundance is 

approximated by ion count. b) UVPD spectrum for the indicated peptide trimer from a). 

c) UVPD spectrum of the least abundant LC peak. Bold downward arrows indicate 

precursor ions. 

 

Interestingly, small amounts of non-native disulfide pairs were also 

detected, as shown on the right side of Figure 4.2a (red bars). Selective UVPD is 

evident even for these low intensity ions as illustrated in Figure 4.2c where the 
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LC chromatogram is shown along with the UVPD spectrum (inset) for one of the 

minor peaks corresponding to a mismatched double disulfide bound trimer. 

There are several potential sources for non-native disulfide bonds including: 

misfolding of the protein, aggregation of multiple proteins, and scrambling 

during or following protein digestion. A control experiment was conducted to 

evaluate the level of scrambling which might occur under our protein digestion 

conditions. Pairs of model peptides were disulfide bonded separately, and then 

combined and digested together using the exact same procedure implemented 

with ALA at similar concentrations. After digesting the two model dipeptides, 

LC-UVPD-MS revealed a small amount of one mismatched pair. The ion 

intensity relative to correctly matched pairs was ~0.067%. This illustrates both 

that our digestion conditions do not lead to a significant amount of disulfide 

scrambling, and that the method is capable of detecting very minor components 

within mixtures. The relative intensities of the non-native pairings for ALA in 

Figure 4.2a are ten times higher than those expected from scrambling, which 

suggests that something else is the cause of the unexpected pairings. The 

mismatch highlighted in Figure 4.2c most likely results from protein aggregation 

as there are no sequence repeats in ALA and yet peptides with identical 

sequences (IWCK) are connected together. It is well known that ALA aggregates 
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over time.17 The other two peptide pairs could in theory be the result of 

misfolding or aggregation.  

One potential complication for this type of experiment could occur when 

tryptophan or tyrosine is present. For disulfide bound peptides, this could lead 

to observation of additional peaks that result from vibrational excitation 

following internal conversion. In theory, such spectra might be difficult to 

distinguish from single peptides containing tyrosine or tryptophan which would 

also yield product ions similar to those observed by CID. In practice, this is rarely 

the case. For example, tyrosine is present in the peptides in both Figures 4.1a and 

4.1c, yet dissociation is observed to be highly selective. Tyrosine or tryptophan 

residues are also present in several of the peptides examined in Figure 4.2, but 

selective dissociation is dominant for these peptides as well.  

The UVPD spectrum for a +4 peptide pair containing collectively 3 Trp and 1 

Tyr residues is shown in Figure 4.3a. Nonselective fragmentation is evident as 

numerous peaks are present in addition to those corresponding to disulfide 

dissociation. The origin of the additional peaks in Figure 4.3a can be ascribed to 

two sources. Some of the peaks correspond to fragments observed in CID (Figure 

4.3b for comparison) and likely result from vibrational excitation of the precursor 

ion. The remaining peaks likely originate from secondary dissociation of the 
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radical peptides generated by disulfide bond dissociation. This was confirmed by 

repeating the experiment with reduced laser intensity, which led to significant 

reduction in the number and intensity of peaks between 200 and 600 m/z. It 

should be noted that comparison of Figures 4.3a and 4.3b immediately reveals 

obvious differences, suggesting direct dissociation as the origin for some of the 

products. Comparison of CID and UVPD spectra dominated by internal 

conversion are significantly more similar.18 This suggests that in an online 

experiment any spectra significantly different by UVPD and CID should be 

examined more closely. For the data in Figure 4.3, the largest dissimilar peaks 

correspond to the peptide radicals generated by disulfide bond dissociation. In 

fact, the extent of disulfide bond dissociation in Figure 4.3a is quite large, 

accounting for greater cumulative intensity than the precursor ion. This is likely 

a consequence of energy transfer from the electronically excited chromophoric 

side chains to the disulfide bond, followed by disulfide dissociation.19 Such 

“dissociative quenching” appears to be quite favorable and may explain why the 

presence of aromatic chromophores is not typically problematic. 
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Figure 4.3 a) UVPD spectrum of peptides with multiple chromophores, where selectivity 

is partially compromised. b) CID spectrum for the same peptide pair reveals significant 

differences, enabling identification of likely disulfide bond. Bold downward arrows 

indicate precursor ions. * indicate identical peaks in both spectra. 

 

Table 4.1: Precursor and Product Ions of Disulfide Linked Peptides 

Peptide Theoretical 
Mass 

Observed 
m/z 

Observed 
Charge State  

Retention time 
(min) 

CGYGPKKKRKVGG 1375.7 459.67 +3  

VCYDKSFPISHVR 1548.8 517.33 +3  

   CGYGPKKKRKVGG  
 
VCYDKSFPISHVR 

2926.5† 
 

488.67 +6  

AcCTTSsFKKNH2 1020.4 511.25 +2  

     CGYGPKKKRKVGG  
 
AcCTTSsFKKNH2 

2397.8† 
 

480.58 +5  

CEVFRELK 1021.5 1023.42 +1  

LDQWLCEK 1032.5 1034.17 +1  
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              CEVFRELK  
 
LDQWLCEK 

2055.4† 
 

1028.42 
 

+2 34.9 

DDQNPHSSNICNISCDK 1886.7 944.17 +2  

FLDDDLTDDIMCVK 1640.7 1642.42 +1  

IWCK 547.3 547.30 +1  

                                  IWCK   
       DDQNPHSSNICNISCDK 
    FLDDDLTDDIMCVK 

4077.6† 1020.33 +4 39.1 

                            IWCK  
 
DDQNPHSSNICNISCDK 

2434.0 813.0  
and 

1218.25 

+3  
and +2 

respectively 

 

   DDQNPHSSNICNISCDK  
 
FLDDDLTDDIMCVK 

3527.4 1177.08 +3  

GYGGVSLPEWVCTTFHTSGYDTQAIVQN
NDSTEYGLFQINNK (G17---C28---K58 ) 

4652.1 1552.08 +3  

ALCSEK 648.3 650.33 +1  

G17---C28---K58     
 

     
     ALCSEK 

5303.8† 1326.7 +4 45.3 

ALCSEK   
 
    CEVFRELK 

1670.9† 836.2 +2 28.3 

                           IWCK    
                   IWCK 
 
DDQNPHSSNICNISCDK 

2983.42† 995.1 +3 31.4 

LDQWLCEK   
 
         IWCK 

1580.91† 791.25 +2 33.8 

AcRRWWCRNH2 1001.5 334.6, 
502.4 

+2 and +3  

EAGDDIVPCSMSYTWTGA 1900.8 1901.6 +1  

EAGDDIVPCSMSYTWTGA   
 
 AcRRWWCRNH2 

2904.3† 727.0 +4  

LC retention time for the disulfide bound peptides of Alpha-lactalbumin is indicated 
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4.4 Conclusions 

In conclusion, UVPD can be utilized to specifically identify and characterize 

disulfide bound peptide pairs. This method can be implemented in conjunction 

with LC-MS for the analysis of complex mixtures. The specificity of the 

dissociation chemistry greatly simplifies ultimate data analysis and allows the 

facile identification of trace components. 
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Chapter 5   

DEVELOPMENT OF LC-PD-MS FOR IDENTIFYING REACTIVE METABOLITES AND 

OXIDATIVE STRESS BIOMARKERS IN PROTEINS 

 

5.1 Introduction 

Post translational modifications are important for in biological systems as 

they have the ability to perturb protein function. PTMs can occur directly after 

protein synthesis or later on at any point in the lifetime of the protein. There are 

PTMs which are commonly studied, such as phosphorylation and glycosylation 

that are known to directly impact protein function.1 These types of modifications 

are often controlled by enzymes, such as kinases and phosphatases which control 

phosphorylation status. There are also protein modifications which are less 

specific in nature and are often undesirable, such as oxidation2 or protein 

halogenation.3 These are often not directly related to enzymatic activity, and as 

such may be more challenging to identify.4  

Two types of approaches can be utilized for identifying modifications. 

During data analysis and peptide identification the possibility of various 

modifications can be considered by utilizing a bioinformatics approach.5  

However there are limitations to the number of modifications that can be 
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considered simultaneously. The alternative approach to this would be to 

selectively monitor an ion or fragmentation that is related to the modification of 

interest, such as loss of 98Da for phosphopeptides.6 In the instances where the 

unique fragmentation is observed assignment is straightforward. However, it is 

not guaranteed that the fragment will be generated 100% of the time that the 

modification is present; i.e. not all phosphorylated peptides will lose 98Da.7 This 

is perhaps a more common approach, often utilizing a triple quad. Only 

predetermined masses will pass through the first quad, collisionally activated in 

the second quad, and products with predetermined fragment ion or neutral loss 

of interest are allowed to pass through the third quad for detection.8 A similar 

process could be performed with an ion trap; however the ability to quantitate 

analytes of interest is one of the strengths of the triple quad. In this way an ion of 

interest can be monitored throughout multiple samples or a neutral loss that is of 

interest can be used to detect species of interest for further analysis (such as the 

neutral loss of PTMs that are labile under CID).  

Hyphenation of liquid chromatography with MS has allowed for the analysis 

of increasingly complex samples. Due to the increased complexity of the samples 

analyzed the amount of data analysis also increases substantially. Therefore it 
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would be advantageous to simplify data analysis and to focus on the analytes 

that are of interest. 9 

Photodissociation has the ability to selectively generate an ion of interest by 

selective fragmentation. Photodissociation has previously been shown to 

selectively cleave carbon-iodine bonds10, carbon-sulfur bonds11, and sulfur-sulfur 

bonds12,13. This fragmentation occurs by accessing direct dissociation pathways 

and results in the homolytic cleavage of the mentioned bonds. The selectivity of 

this fragmentation is advantageous due to the fact that little to no other 

fragmentation is observed. The selectivity of photodissociation can be harnessed 

to detect PTMs that contain a bond that is susceptible to photodissociation. 

 The side chain of cysteine is one of the more reactive sites in a protein. Due 

to the reactivity of this free thiol, it can be modified either by exogenous or 

endogenous molecules. Quinones and quinone like molecules are frequently 

present in biological systems and in drug molecules.14 Previously reported was 

the use of exogenous quinones to modify and locate cysteine residues.15 The 

reaction between the side chain of cysteine and naphthoquinone is shown in 

Scheme 5.1. As previously demonstrated this chemistry is limited to cysteine 

residues which are in the free thiol form and solvent accessible. The side chain of 

cysteine forms a carbon-sulfur bond with the quinone initially forming a 
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semiquinone which can then return to a quinone or hydroquinone, depending on 

the solution properties. As previously described, photodissociation can be used 

to determine the site at which the quinone is attached to a peptide or protein.  

Scheme 5.1 Quinone reaction with cysteine side chain 

 

 

A second type of modification that possesses a bond that could be 

photolabile is halogenated aromatic residues. Myeloperoxidase is an enzyme 

present in neutrophils that utilizes H2O2 to generate HOCl and HOBr.16 The 

hypochlorite and hypobromite are more reactive than hydrogen peroxide and it 

is through production of these reactive species that neutrophils can destroy 

invading bacteria.17 Upon engulfing the foreign organism, MPO is up-regulated, 

in turn increasing the local concentrations of HOCl and HOBr. Hypochlorite and 

hypobromite have been shown to be very reactive, and will either oxidize or 

halogenate proteins in a nonselective manner. The oxidative damage is effective 

for destroying the invading organism. It has been show through previous studies 
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that chlorinated tyrosine is an effective biomarker for monitoring the presence of 

oxidative damage and the extent of bacterial infections.1819 

Techniques for distinguishing the presence of chlorinate tyrosine include 

monitoring for immonium ions in MS/MS data20 of peptides or detection of 

chlorotyrosine in GC-MS following amino acid hydrolysis.21 Both of these 

techniques rely on detection of a species that may or may not be generated. An 

alternative technique would be to selectively generate fragmentation of the 

halogenated species.  

Described herein is the use of photodissociation to generate fragmentation 

that is selective to the analyte of interest. Two applications of this methodology 

are presented. The first application focuses on the selective detection of cysteine 

bound metabolites. As previously shown quinones are reactive towards free 

thiols, and in particular, this is of interest in modification of cysteine residues in 

both peptides and proteins.22 Reaction of the neucleophilic cysteine side chain 

and a quinone will generate a carbon- sulfur bond which is susceptible to 

fragmentation by 266nm photons. It was previously shown how this chemistry 

could be used to locate cysteine residues within peptides and proteins.15 

Similarly photodissociation has the ability to distinguish and selectively identify 

quinone modifications. The carbon sulfur bond is homolytically cleaved 
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regardless of the composition of the molecule and the mass loss due to this 

cleavage will be distinct for the molecule. This mass loss due to 

photodissociation is advantageous as this specific neutral loss that can be used to 

extract data that are of interest. Therefore this same technique could be used to 

identify cysteine bound metabolites. Quinone functionalities are found in many 

drug molecules, drug metabolites, and in biologically relevant small molecules. 

Analysis of three such molecules is demonstrated herein, yet this technique could 

be easily extended to numerous systems.  

The second application described herein is the identification of oxidative 

stress biomarkers.  Iodinated tyrosine has been shown to possess unique 

photochemistry; excitation with a 266nm photon will result in homolytic 

fragmentation of the carbon iodine bond through direct dissociation. 10 Thus 

other halogen could possess similar photodissociation properties. Described 

herein is the photodissociation of brominated and chlorinated tyrosine. 

Demonstrated for both of these applications is the simplification of data analysis 

by use of the selectivity provided by photodissociation.  

 

 

 



 

 

109 

5.2 Materials and Methods 

5.2.1 Materials:  

Peptides VCYDKSFPISHVR, EAGDDIVPCSMSYTWTGA, 

SKGKSKRKKDLRISCNSK, VTCG, SLRRSSCFGGR, RYLPT, and RGYALG were 

purchased from American Peptide Company (Sunnyvale, CA). 

RPHERNGFTVLCPKN and Ac-RRWWCR-NH2 were from AnaSpec (San Jose, 

CA). Beta lactoglobulin, and Lysozyme were purchased from MP Biomedicals. 

Cytochrome C (horse heart), Alpha Lactalbumin,  Myoglobin, Alpha Casein, Beta 

Casein, Kappa Casein, Menadione (K3), Acetaminophen, Dopamine, Chloramine 

T, Sodium hypochlorite solution, Guanidine HCl, and Trifluoroacetic acid (TFA) 

were purchased from Sigma-Aldrich. Sodium bromide and acetonitrile (ACN) 

were purchased from Fisher Scientific. LysC was purchased from Wako 

Chemicals USA, Inc. (Richmond, VA). Water was purified by Millipore Direct-Q 

(Millipore, Billerica, MA).  

5.2.2 Cysteine Modification:  

1.5ul of each of the following peptides stocks (1mM) were used to test for 

modification with quinones: RPHERNGFTVLCPKN, VCYDKSFPISHVR, 

EAGDDIVPCSMSYTWTGA, SLRRSSCFGGR. SKGKSKRKKDLRISCNSK, Ac-

RRWWCR-NH2, and VTCG (5mM stock). The peptide stock solutions were 
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mixed with either dopamine, K3, or acetaminophen in a 5:1 (quinone: peptide) 

ratio in a solution containing 20% acetonitrile and 20mM Ammonium Acetate 

buffer. These solutions where allowed to sit at room temperature for a few hours 

prior to LCMS. Addition of acetaminophen alone did not result in peptide 

modification. Conversion into the reactive metabolite N-acetyl-p-

benzoquinonimine (NAPQI) was accomplished by use of a peroxidase.23 One 

unit of the peroxidase enzyme was added along with 0.01% H2O2 to the peptide 

mixture.   

5.2.3 Bromination Chemistry:  

The peptide RGYLG was brominated by the Chloramine T method. 4nmole 

of peptide was mixed with 400nmole of sodium bromide and 6nmole of 

Chloramine T. The modified peptide was separated by HPLC after reaction at 

room temperature for 10min. CytC was brominated by the Chloramine T 

method; procedure was adapted from the previously used iodination procedure24 

and utilizing 80nmole of CytC, 400nmole of NaBr, and 280nmole of Chloramine 

T.  

The peptide RYLPT was modified by use of hypochlorite to simulate 

oxidative stress. The peptide RYLPT was mixed with a sodium hypochlorite 

solution in a 1:2 (peptide: HOCl) ratio. 20mM Ammonium acetate buffer was 
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used and various reaction time points (from 10 minutes to 17 hours) were tested. 

The mixed halogenation experiment was carried out in the same fashion but with 

addition of sodium bromide to give a 1:2:4 ratio (peptide: HOCl: NaBr). Peptide 

samples were diluted to 10µM for analysis by MS   

5.2.4 Protein digest:  

Proteins were enzymatically digested by Endoproteinase Lys-C according to 

the following procedure. Brominated Cytochrome C stock solution was digested 

in a total volume of 50µl in 10% ACN, 0.5M Guanidine HCl, and 100mM 

Ammonium bicarbonate buffer, LysC was used in a 1:1000 enzyme to protein 

ratio. Similar procedure was used for protein mixture, Beta lactoglobulin, 

Lysozyme, Alpha Lactalbumin,  Myoglobin, Alpha Casein, Beta Casein, and 

Kappa Casein were combined digested with LysC. The protein digest mixture 

and brominate Cytochrome C were then combined with relatively similar ratios 

just prior to analysis by PD-LCMS. 

5.2.5 Photodissociation of modified peptides:  

Solutions were analyzed in cation mode by an LTQ linear ion trap mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA) with a standard 

electrospray source. The posterior plate of the LTQ was modified with a quartz 

window to transmit fourth harmonic (266 nm) laser pulses from a flashlamp-
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pumped Nd:YAG laser (Continuum, Santa Clara, CA). Pulses were synchronized 

to the end of the isolation step of a typical MS2 experiment by feeding a TTL 

trigger signal from the mass spectrometer to the laser via a digital delay 

generator (Berkeley Nucleonics, San Rafael, CA). This allowed photodissociation 

(PD) to be carried out analogous to collision induced dissociation (CID). Data 

dependent analysis of LC samples was performed with a four step scan process. 

This included a full mass scan from which an ion is selected for subsequent ultra 

zoom, PD and CID scans. Laser pulses were triggered during the MS2 step. In 

order to perform both PD and CID as MS2 within a single run the CID step was 

performed as a pseudo MS3 step. An average of 3 scans was collected for PD and 

CID steps. 

5.2.6 LC-MS method and data dependent analysis:  

An Agilent 1100 HPLC system was used for LC data with a BetaBasic-18 

column (150mm by 2.1mm, 5 µm particles) purchased from Thermo Fisher 

Scientific (Waltham, MA). Peptides were separated using 0.1% Trifluoroacetic 

Acid in water (v/v, solvent A) and 0.1% Trifluoroacetic Acid in acetonitrile (v/v, 

solvent B) at a flow rate of 0.2 mL/ min. Cysteine peptides were separated 

utilizing the following gradient. 5 to 15%B over the first 10 minutes, 15 to 45%B 

over the next 45minutes, 45 to 95%B over the final 20minutes, followed by 
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column re-equilibration. The brominated Cytochrome C digest utilized a slightly 

longer gradient of: 5 to 15%B over the first 15 minutes, 15 to 40%B over the next 

50 minutes, 40 to 95%B over the final 25 minutes, followed by column re-

equilibration. The following gradient was used for the protein digest mixture 

due to increased sample complexity: 5 to 15%B over the first 15 minutes, 15 to 

45%B over the next 60 minutes, 45 to 70%B over 25 minutes, and 70 to 95%B 

during the final 10 minutes, followed by column re-equilibration.  

 

5.3 Results and Discussion 

5.3.1 Cysteine Modifications 

The three molecules that were used as part of this study are shown in Chart 

5.1. Acetaminophen is not initially present as a quinone but during metabolism it 

is converted into a quinonimine (NAPQI) which possesses similar structure to 

quinones. Furthermore it has been shown that this reactive metabolite can form 

adducts with proteins and it is still under debate whether this modification of 

proteins is responsible for toxicological damage associated with 

acetaminophen.25 Dopamine is a biologically relevant small molecule and it is 

present as a neurotransmitter. Dependent on the oxidative conditions of the 

solution, dopamine can be converted into dopamine quinone which has been 
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shown to be reactive with cysteine side chains.26 The third molecule that was 

utilized was menadione or also known as vitamin K3. Menadione is a precursor 

to vitamin K2 and is converted upon modification with a fatty acid.27 Unlike the 

other two molecules it is initially present as a quinone. Due to the quinone 

functionality menadione also could be reactive toward proteins, namely at 

cysteine residues. These three small molecules were the focus of further 

experiments detailed here.  

 

Chart 5.1 Quinones examined 
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Figure 5.1 LCMS chromatogram of peptide mixture with acetaminophen. TIC is 

shown in the top panel along with extracted neutral loss (NL) of 100m/z below. 

 

Shown in the top portion of Figure 5.1 is the LC trace resulting from a 

mixture of peptides was allowed to react with acetaminophen. One 

photodissociation spectrum from this LCMS data that is of interest is shown in 

Figure 5.2a. The largest and nearly the only fragment that is observed due to 

photodissociation is loss of 200Da (+2 charge state). This neutral loss corresponds 

to cleavage of the Cβ-S bond and loss of the thiol quinone. This is consistent with 

previous results and demonstrates that the direct dissociation pathway is 

predominant, even with the slightly different structure of the quinonimine. The 
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unique thing about this quinonimine is that photodissociation mostly produces a 

non radical species. Observation of this single peak is sufficient to determine that 

the peptide was modified with the molecule of interest and that it was located at 

the side chain of cysteine. Furthermore the mass of the peptide can be used to 

determine peptide identity as VCYDKSFPISHVR. If necessary, CID data can be 

used to confirm sequence. CID was performed in the subsequent data dependent 

scan and is shown in Figure 5.2b. CID, in this case, primarily cleaves the 

modification in the same fashion as was seen in PD, very small amount of 

backbone fragmentation is observed. CID was also performed on the loss of 

quinonethiol from the PD scan. This PD-CID data is shown in Figure 5.2c.  

Several y fragments are observed along the peptide backbone, confirming the 

peptide sequence. This PD-CID fragmentation matches the low abundance CID 

in Figure 5.2b, confirming that the peak generated by PD is largely non-radical in 

composition. There is a w12 fragment that would often be indicative of radical 

fragmentation, but it is present in the CID data (in small abundance). Protein 

modification by high levels of acetaminophen has previously been reported, 

however it is still under debate whether these modification lead to the toxicity 

associated with high levels. Analysis of acetaminophen modification by 

photodissociation would be facile even in complicated mixtures due to the 
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selective nature of PD. The selectiveness of the fragmentation by PD can be used 

to easily determine the species that are of interest. Shown in the bottom panel of 

Figure 5.1 are the extracted spectra where there is a neutral loss of 100 during 

MS2, or loss of quinonimine is present. The large peak at 23.8 minutes 

corresponds to the spectrum shown in Figure 5.2a. This method for searching for 

spectra of interest by neutral loss is shown throughout the remaining data.   
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Figure 5.2 a) PD spectrum from Figure 5.1 at 23.8min. Loss of acetaminophen-

thiol (200Da loss) is observed. b) CID of the acetaminophen modified peptide. c) 

PD-CID spectrum of VCYDKSFPISHVR resulting from CID on Cβ-S peak from 

2a.  
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Figure 5.3 is the LC-PD-MS data of a peptide mixture after reaction with 

dopamine. The top panel simply shows the chromatogram of the separation, 

based on the full MS scan. The lower three panels show the extracted spectra 

where neutral losses are observed during the PD step. In this case the neutral 

losses correspond to the loss of dopamine thiol (186Da). Because the neutral 

losses are on the m/z scale, various peptide charge states need to be accounted 

for. The first shows loss of 186m/z, which corresponds to the loss of dopamine-

thiol from a peptide in a +1 charge state. Neutral loss of 93m/z and 62m/z are also 

shown for +2 and +3 charge states, respectively. The validity of these 

identifications can easily be checked by insuring that the charge state of the 

peptide matches the corresponding loss. Ultra zoom scan is performed just prior 

to PD for this purpose. An example of one of these PD scans highlighted through 

the neutral loss search is shown in Figure 5.4. This spectrum is selected from the 

large peak at 22.1 minutes in the NL93m/z window. The peptide is confirmed to 

be in the +2 charge state. The loss of dopamine-thiol is a relatively small peak, 

but it is the largest fragment in the spectrum. This peak alone indicates that the 

peptide was modified by dopamine at a cysteine residue. The sequence of the 

peptide can be determined based on this mass alone, and confirmed using CID if 

necessary.  
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Scheme 5.2 Photodissociation at cysteine 

 

Upon closer inspection of the PD spectrum it can be seen that there is 

backbone fragmentation of the peptide also occurring, this is shown in the inset. 

This single backbone fragment (d12) is located at the cysteine residue. The 

fragmentation observed here is similar to that previously reported for other 

quinone modifications. The mechanism of fragmentation is shown in Scheme 5.2. 

Photodissociation of this peptide-dopamine complex leads to homolytic cleavage 

of the Cβ-S bond, producing the loss of dopamine-thiol peak which is observed. 

The radical produced at the beta position of cysteine can rearrange as shown to 

fragment the peptide backbone at the cysteine residue, producing the observed d 

fragment. Although the fragmentation is present in relatively low abundance, 

neutral loss search easily identifies the spectrum of interest and the identity of 

the peptide and fragmentation is easily assigned due to the specific nature of 

photodissociation. 
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Figure 5.3 LCMS chromatogram of peptide mixture with dopamine. TIC is 

shown in the top panel. Neutral loss (NL) of 186m/z, 93m/z, and 62m/z from the 

MS2 indentify the spectra of interest.  

 

 

Figure 5.4 PD spectrum from Figure 5.3 at 22.1min. Loss of dopamine-thiol (-

186Da) is observed and is labeled Cβ-S. Backbone fragmentation is observed as 

d12 identifying the site of modification.  
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Figure 5.5 demonstrates the same type of experiment with Menadione (K3) 

as the molecule of interest. The separation of the peptide mixture is shown along 

with neutral mass loss in the MS2 step for various charge states. The neutral loss 

of Menadione along with the sulfur of cysteine is 204Da. Neutral loss in charge 

states +1 through +3 are shown, 204m/z, 102m/z, and 68m/z respectively. Shown 

in Figure 5.6 is the PD spectrum at 34.4 min. The neutral loss of the menadione-

thiol is labeled and results from homolytic cleavage of the Cβ-S bond as shown 

above. Backbone fragmentation at the cysteine residue is also observed (d12), 

allowing identification of the modification site 

 
Figure 5.5 LCMS chromatogram of peptide mixture with Menadione (K3). TIC is 

shown in the top panel. Neutral loss (NL) of 204m/z, 102m/z, and 68m/z from the 

MS2 indentify the spectra of interest.  
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Figure 5.6 PD spectrum from Figure 5.5 at 34.4min. Loss of K3-thiol (-204Da) is 

observed and is labeled Cβ-S. Backbone fragmentation is observed as d12 

identifying the site of modification.  

  

Table 5.1 summarizes the peptides identified from the dopamine and K3 

experiments shown in Figures 5.3 and 5.5. Modified peptides were identified by 

use of the neutral loss function and values listed in Table 5.1 correspond to the 

amount of the peptide that was modified relative to the sum of the modified and 

unmodified peptide. These two experiments were carried out at identical 

conditions, only varying by the quinone identity. Quantification is based solely 

on the ion intensity, thus slight variation between peptides within each 

modification type is likely due to the influence of the modification on ionization. 

The percent modification of these peptides by dopamine versus K3 is nearly two 

orders of magnitude different. This can be attributed to the fact that K3 is initially 
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present in the quinone form while only a small portion of the dopamine exists in 

the quinone form, and conversion to quinone is dependent on solution 

conditions. Thus it is not surprising that the amount of modification is greater in 

the case of K3. Despite the fact that the amount of modified peptide varied 

greatly between the two experiments, identifying the peptides of interest was 

simple in both cases because of the specificity offered by photodissociation.  

 

Table 5.1: Relative Abundance of Cysteine Modification 

Sequence % modified by 

dopamine 

% modified by K3 

VTCG 4.24% 97.68% 

Ac-RRWWCR-NH2 1.33% 83.0% 

SLRRSSCFGGR 0.74% 70.7% 

VCYDKSFPISHVR 2.39% 78.6% 

RPHERNGFTVLCPKN 1.23% 77.34% 

EAGDDIVPCSMSYTWTGA 4.69% 70.95% 

SKGKSKRKKDLRISCNSK 1.36% 67.57% 

 

 

5.3.2 PD of Brominated peptides 

Chloramine T has been shown to be a gentle and effective method for 

Iodination of peptide and proteins, thus this same chemistry was extended to 

brominate a model peptide for initial experiments. RGYALG was modified at the 

tyrosine residue with a single and two bromine atoms. The peptide was purified 

by HPLC and MS experiments were performed on the individual peptides. The 
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photodissociation spectra of the single and double brominated species are shown 

in Figure 5.7a and b respectively. Loss of bromine is observed in both cases and 

results from homolytic cleavage of the carbon-bromine bond. Only a single 

bromine loss is observed in each spectrum and it is this fragment that serves as 

an indicator that the peptide contains bromine. Whether the peptide contains a 

single or two bromines at the tyrosine can be determined by the amount of 

bromine loss. The relative intensity of the –Br peak is obviously smaller for the 

double brominated species and this is a trend that is consistent for the 

experiments detailed within. The intensity of this bromine loss was quantified 

for approximately 20 peptides; the single Br peptides upon PD give a –Br peak of 

36.0 +7.5% relative to the precursor while peptides containing two bromines 

yield 15.1 +6.0% bromine loss. This distinction allows the number of bromines to 

be determined without any prior sequence knowledge.  
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Figure 5.7 a) PD spectrum of singly brominated RGYALG.  Loss of bromine is 

observed along with other radical driven fragmentation b) PD of the doubly 

brominated RGYALG peptide. c) CID spectrum of singly brominated RGYALG, 

no Br loss is seen.  
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Cleavage of the carbon- bromine bond generates a radical on the peptide that 

can lead to further fragmentation of the peptide. In this case the peptide is small 

and there is enough remaining energy from the photodissociation process to 

observe further fragmentation, this has also been observed previously with 

iodinated species. This radical fragmentation is the cause of the other two peaks 

in the spectra. Leucine side chain is observed to be lost (-L*) and backbone 

fragmentation at tyrosine (a3) is seen. Both are fragments that would be expected 

based on the predictability of radical directed dissociation (RDD)28. These 

fragments are smaller Figure 5.7b due to lower abundance of radical generated 

by the photodissociation process. Figure 5.7c is CID of the brominated RGYALG 

peptide. Loss of bromine does not occur by collisional activation, demonstrating 

the selectivity of the photodissociation. Photodissociation of this model peptide 

yielded favorable results, thus experiments were extended to a model protein. 

Cytochrome C was successfully brominated by the Chloramine T method. 

The full MS spectrum of the modified protein is shown in Figure 5.8. A 

distribution is observed with varying amounts of bromination, from zero to at 

least 7 bromines. In order to determine the sites of modification, PD-LCMS was 

utilized. A portion of the same brominated protein was digested by LysC and 

analyzed by LCMS. The resulting chromatogram is shown in Figure 5.9 along 
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with the results from searching for neutral loss of bromine during the PD step. 

The neutral loss search highlighted the points in the chromatogram where loss of 

bromine occurs in the +1, +2, and +3 charge states by searching for neutral loss 

81m/z, 40.5m/z, and 27m/z respectively. This allows simplification of data 

analysis as only the indicated spectra needed to be analyzed.  

 

 
Figure 5.8 Full MS of brominated Cytochrome C. Inset shows distribution of 

bromine modifications. 
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Figure 5.9 LCMS chromatogram of LysC digest of brominated Cytochrome C. 

TIC is shown in the top panel. Neutral loss (NL) of 81m/z, 40.5m/z, and 27m/z 

indentify peptides with Br loss by PD.  

 

Examples of the spectra identified in this way are shown in Figure 5.10. 

These spectra correlate to the points at 27 and 31 minutes. Upon observation of 

these two spectra it is easy to determine that the peptide in Figure 5.10a contains 

a single bromine and Figure 5.10b contains two bromines, due to the relative 

yields of bromine loss. Once the number of bromines is determined, the mass of 

the peptide can then be used for sequence assignment. The sequences for both 

spectra were determined to be KYIPGTK, with the single brominated peptide 

eluting first. Utilizing the neutral loss search method all brominated peptides 

were identified, analyzed, and summarized in Table 5.2. 
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Figure 5.10 a) PD spectrum at 27min from LCMS shown in Figure 5.6. Large 

bromine loss distinguishes singly brominated peptide. b) PD spectrum at 

31minutes. Abundance of –Br peak indicates double bromine peptide. Peptide 

sequence determined to be KYIPGTK for each.  

 

 The abundance of bromination was calculated for all observed peptides. 

Percent modification is based on ion intensities with the assumption that 

bromination does not change the ionization of the peptide significantly. From the 

information contained in Table 5.2 it can be determined that tyrosine 75 was 

brominated to a greater extent than the other tyrosine residues, and tyrosine 68 

was the least modified. There is a peptide observed due to missed cleavage 

during enzymatic digest containing both tyrosines 68 and 75, which does 
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influence the ability to distinguish between total amounts of bromination at each 

tyrosine residue. 

 

 

Table 5.2: Extent of Tyrosine Bromination in Cytochrome C 

#Br Y Sequence % 
1 49 TGQAPGFTYTDANK 8.9% 

2 49 TGQAPGFTYTDANK 37.3% 

1 68 GITWKEETLMEYLENPK 6.6% 

1 75 YIPGTK 10.1% 

2 75 YIPGTK 78.6% 

1 75 KYIPGTK 14.7% 

2 75 KYIPGTK 58.3% 

1 98 KKTEREDLIAYLK 14.6% 

2 98 KTEREDLIAYLKK 45.7% 

1 98 KTEREDLIAYLK 13.2% 

2 98 KTEREDLIAYLK 47.7% 

1 68,75 GITWKEETLMEYLENPKKYIPGTK 33.7% 

2 68,75 GITWKEETLMEYLENPKKYIPGTK 22.7% 

 

 

The ability of this technique to easily distinguish peptides of interest from a 

complex mixture is advantageous. To demonstrate this, the brominated 

Cytochrome C digest that is described above was mixed with a Lys C digest of 

six additional proteins. This digest was also analyzed by PD-LCMS and is shown 

in Figure 5.11 along with the neutral loss analysis for loss of bromine in the +1, 

+2, and +3 charge states. Comparison of this data to the neutral loss analysis in 

Figures 5.9 demonstrates the similarity of the two experiments in terms the level 
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of data analysis that is needed. By using photodissociation the data analysis is 

not increased even though the complexity of the sample increased greatly.  

 

 
Figure 5.11 LCMS chromatogram of LysC digest mixture of 7 proteins including 

brominated Cytochrome C. TIC is shown in the top panel. Neutral loss (NL) of 

81m/z, 40.5m/z, and 27m/z indentify peptides with Br loss by PD.  

 

The ability of photodissociation to selectively detect chlorinate peptides was 

also investigated. In order to replicate the type of modifications that would occur 

due to Myeloperoxidase activity, HOCl was used. The peptide RYLPT was 

chlorinated and photodissociation produced the spectrum shown in Figure 5.12a. 

The only peak observed in the spectrum is loss of chlorine from the peptide. 

Thus homolytic cleavage of the carbon- chlorine bond in tyrosine is also possible 
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by 266nm photons. Observation of this selective fragmentation makes this 

another good candidate for analysis by photodissociation. The unique thing 

about Myeloperoxidase is the ability of this enzyme to produce both HOCl and 

HOBr. Therefore there is the possibility of creating tyrosine residues or peptides 

with mixed halogen species.29 Photodissociation of one such peptide is shown in 

Figure 5.12b. The peptide RYLPT is modified by a single bromine and a single 

chlorine atom. Photodissociation of this peptide produces loss of bromine, loss of 

chlorine, and loss of both halogens. Loss of bromine is the predominant 

fragment, which holds well with previous observations where yield of homolytic 

cleavage of Br is higher than that of Cl. Loss of chlorine is present, and also 

seems to be enhanced by the presence of the bromine. (This observation is based 

on lower abundance of –Cl in peptides not shown). Backbone fragmentation (c4) 

is observed due to the radical peptide generated by loss of bromine, and the c4 is 

seen to retain the Cl. The presence of both Br and Cl loss by photodissociation 

would allow this peptide to be easily identified in a complicated mixture, 

whereas due to the uniqueness of this peptide modification, identification by 

standard fragmentation techniques would be difficult.  
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Figure 5.12 a) PD spectrum of singly chlorinated RYLPT.  Loss of chlorine is 

observed due to homolytic cleavage. b) PD of the RYLPT peptide containing both 

a single bromine and a single chlorine.  

 

5.4 Conclusions 

Photodissociation mass spectrometry has previously been shown to be a 

useful analytical technique for determining protein modifications. Single shot 

photodissociation in a linear ion trap takes place on the nanosecond time scale 

making it applicable to automated analysis on a chromatographic time scale. 

Described herein is the development and application of photodissociation for 

LC-MS separations. Photo-excitation of proteins or peptide with 266nm laser 
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light normally does not yield fragmentation. Incorporation of a C-I or C-S bond 

proximal to a chromophore allows access to direct dissociation pathways 

resulting in homolytic cleavage of these bonds. Radicals generated through this 

process can cause further dissociation of the peptide backbone. Two specific 

applications of this technique are presented herein for identifying reactive 

metabolites bound to cysteine residues and biomarkers of oxidative stress. 

Metabolites containing quinones are shown to be reactive with cysteine side 

chains creating a C-S bond that can be cleaved by photodissociation. Radical 

directed dissociation (RDD) is useful for identifying the location of the 

modification sites. Searching PD data for selective mass losses generated by 

homolytic cleavage allows simplification of data analysis by quickly identifying 

the peptides of interest in a mixture. Proteins exposed to conditions simulating 

oxidative stress results in halogenation (I, Br or Cl) of tyrosine residues. Peptides 

containing these biomarkers of oxidative stress can be easily identified by 

searching LC-PD-MS data for mass loss of the halogen (due to homolytic 

cleavage of the carbon-halogen bond). The selective nature of the fragmentation 

is shown to provide facile identification of PTM sites by greatly simplifying data 

analysis. 
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Chapter 6  

CONCLUDING REMARKS 

 

Described in this thesis is the development of radical directed dissociation 

(RDD) for identification of various types of PMTs in protein and peptide 

systems. Protein modifications can be grouped into two very broad 

classifications, selective and nonselective modifications. PTMs which fall into the 

selective group would include phosphorylation, glycosylation, methylation, 

disulfide bond formation and such. These are probably the more commonly 

studied PTMs as they often affect protein function in a desired fashion. Due to 

their selectivity potential sites of these modifications can be predicted, at least to 

some extent.  

Nonselective modifications however are often not desired or beneficial for 

protein function, and are often correlated with damage or aging of protein. 

Additionally modifications such as oxidation, halogenation, or alkylation are 

often due to exogenous sources. There is often a hierarchy to amino acid sites 

affected; methione is more susceptible to oxidative damage than other residues 
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for instance. Thus there is less predictability towards sites that will be modified 

in this fashion. 

Nevertheless an understanding of all these PTMs is of importance. Not only 

are PTM sites related to proper protein function, but incorrect or damaging 

PTMs are often related to disease states. Thus to gain a better understanding of 

disease states we must first understand how it differs from a normal state. Often 

there are only small differences in location or abundances of PTMs that will 

differentiate a disease state from a normal one. Thus a robust and selective 

technique is needed to bring this to fruition.   

Techniques presented in this thesis could very well be used in such a way 

after further improvements. Multiple types of modification were analyzed but 

each technique focuses on creating a type of fragmentation that was unique to 

the PTM. Incorporation of a photolabile bond is the key requirement. Two levels 

of selectivity have been presented in this thesis. Homolytic cleavage of a bond by 

PD yields a selective mass loss that is useful for identification purposes as well as 

reducing data analysis. Searching for peptides which contain a PTM of interest is 

greatly simplified by detecting the presence or absence of the homolytic 

cleavage. Extending this methodology to applications which meet this 

requirement alone opens the door to a great number of possibilities. The second 



 

 

141 

level of selectivity that was presented was that of radical directed dissociation to 

give selective fragmentation of the peptide. Photodissociation allows preparation 

of a radical in a desired and known location. The beta position was determined 

to be the ideal location for generating a radical because of the subsequent 

backbone dissociation that is favored selectively at the modification site. Other 

radicals generated by photodissociation, not at the beta position, do give 

localized fragmentation that can be useful. 

An understanding of this chemistry can be utilized to further enhance the 

efficiency of the modification or to tune the photodissociation properties as 

desired. Particularly improvement upon the efficiency of some of the reactions 

would be vital to making photodissociation a viable technique for PTM analysis. 

Addressing these issues would allow analysis of complicated samples, 

particularly with the coupling to liquid chromatography. In such a way LC-PD-

MS can take full advantage of the selectivity to allow confident identification as 

well as reduce data analysis. 

 




