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ABSTRACT 

 Ionization of peptides is an important step in mass spectrometry (MS)-based bottom-up 

proteomics. Electrospray ionization (ESI) is a common method of converting peptide ions into 

the gas phase. ESI is known to produce multiply protonated ions. The addition of trivalent 

chromium, Cr(III), to peptide solutions undergoing ESI was discovered to increase their 

protonation. This dissertation contains fundamental studies of peptide ionization using Cr(III) as 

an additive.  

 The mechanism of Cr(III) enhanced protonation in ESI was deduced experimentally 

using model peptides. Carboxylic acid groups are involved in the coordination of Cr(III) to the 

peptide zwitterion. The protonation of model peptide amides containing no carboxyl groups are 

enhanced by Cr(III). This indicates that carboxyl and amide groups are involved in the 

mechanism. Cr(III) was ineffective at enhancing the protonation of phosphorylated model 

peptides. 

 A survey of twenty-seven biological peptides was completed to gauge the analytical 

utility of Cr(III) in MS-based proteomics. Cr(III) enhanced the protonation of eleven of the 

peptides studied. The protonation of the remaining peptides was either suppressed or not affected 

by Cr(III). The interactions between sidechains of biological peptides are of higher complexity 

and can prevent binding and/or dissociation of Cr(III) from the peptide. Post-column addition or 

doping the nebulizing gas with Cr(III) are potential methods of delivering Cr(III) into the source 

region in proteomic workflows. 
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 Dissociation of protonated ions formed by Cr(III) were also studied.  The electron 

transfer dissociation (ETD) products of precursor ions generated with Cr(III) did not differ from 

those generated using 1% acetic acid. Higher charge states generate better sequence coverage 

than lower charge states. Certain residues direct fragmentation and the type of product ions 

produced in ETD. This residue effect subsides with higher charge states. 

 Matrix-assisted laser desorption ionization (MALDI) is another method of ionizing 

peptides. Singly protonated ions are generally formed in MALDI. Additional protons are not 

expected to be added with Cr(III), but rather an increase in the intensity of singly protonated ion. 

The effect of Cr(III) as an additive in MALDI for peptides was inconclusive due to poor 

reproducibility, which is common in MALDI.  
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CHAPTER 1.   INTRODUCTION AND DISSERTATION OVERVIEW 

 In the early 2000s, the Human Proteome Organization (HUPO) was launched to “increase 

awareness of, and support for, large-scale protein analysis, in scientific, political and financial 

circles”.1 The organization was developed after the completion of Human Genome Project 

(HGP), which was organized in 1990 by the Human Genome Organization (HUGO). The HGP 

was a publicly funded global effort to map out the entire human genome. The success of the 

HGP led to interest in understanding the human proteome. Consequently, the Human Proteome 

Project was launched at the 2011 World Congress of Proteomics in Geneva, Switzerland.2 

Studying the human proteome is more challenging than the human genome due to its size and 

complexity; yet, as of 2020, nearly a decade after launch,  >90% of the human proteome coded in 

the human genome has been sequenced.3-5 De novo sequencing using MS/MS data or direct 

database searches can identify the primary structure of the protein or peptide. Of the proteins 

detected, 95% were validated by de novo sequencing or database searching using MS/MS 

datasets. In addition to the human proteome, an understanding of other proteomes, such as those 

of agricultural crops6-8 and livestocks,9,10 is important.  

 Proteins or polypeptides are biomolecules comprised of amino acid residues held together 

by peptide bonds. A protein’s structure can be broken down into four levels: (1) primary, (2) 

secondary, (3) tertiary, and (4) quaternary structures.11,12 The primary structure of a protein refers 

to the amino acid sequence that makes up the protein. Twenty standard amino acids make up 

proteins.13 The structures of these amino acids are provided in Section 2.8. Secondary protein 
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structures describe the conformation of the peptide backbone. Protein conformations involve the 

interaction between sites along the peptide backbone, which includes formation of α-helices and 

β-sheets. Tertiary structures depict the spatial arrangement of atoms in three-dimensions as the 

secondary structures non-covalently interact. Large proteins can be comprised of multiple 

polypeptide chains that are called subunits. These proteins can have a quaternary structure, 

which is the spatial arrangement of the protein’s different subunits.  

 To understand a protein’s overall function and higher orders of structure, an 

understanding of the protein’s primary structure is required.14-16 Protein sequencing involves 

elucidating the primary structure, or amino acid sequence, of a protein. Amino acids are small 

organic molecules comprised of a carboxylic acid and an amine group each bonded to an α-

carbon. The α-carbon on each of the 20 essential amino acids has a sidechain unique to that 

amino acid. Polypeptide chains are formed by multiple amino acids linked together by the 

carbonyl carbon and the amine nitrogen to create a peptide bond. Short chains of amino acids are 

referred to as peptides. The end of the peptide with the free amino group is called the N-

terminus, while the free carboxylic acid group end is the C-terminus. 

 Two methods of determining a protein’s primary structure exist: Edman degradation and 

MS. Edman degradation is named after Pehr Edman, who reported the process in 1950.17,18 In 

Edman degradation, a peptide is sequenced from the N-terminus, and each residue is cleaved one 

at a time. The Edman degradation cycle of experiments involves coupling, cleaving, and 

conversion. Phenyl isothiocyanate is coupled to the peptide via the N-terminus, which is then 

cleaved under acidic conditions to create a cyclic compound containing the phenyl 

isothiocyanate and the cleaved amino acid. This compound is then hydrolyzed to reveal the 

identity of the amino acid. Although Edman degradation has now been automated, the technique 
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is still time-consuming and requires the peptide to be linear with a free amino group at the N-

terminus.  

 With the advancement of ionization methods, MS has become the preferred method of 

peptide and protein sequencing.19,20 MS-based proteomics provides high sensitivity and a high  

throughput of analysis.16 Two approaches are used to study the primary structures of  proteins by 

MS. The most common method is called the bottom-up approach.21-23 A bottom-up approach on 

a complex mixture of proteins is often named shotgun proteomics.23-25 Figure 1.1 illustrates a 

typical bottom-up workflow. In this approach, proteins are first isolated from a biological sample 

and then enzymatically digested to produce a collection of peptides. Digestion is accomplished 

using a site-specific enzyme, such as trypsin, pepsin, Lys-N, or chymotrypsin, to cleave the 

peptide bonds at a specific type of amino acid residue.26-30 Following digestion, the peptides can 

be separated by high-performance liquid chromatography (HPLC).31-33 After separation, MS is 

used to ionize the peptides and detect the mass-to-charge ratio (m/z) of their quasi-molecular 

ions. The peptide ions can be fragmented in a second mass analyzer using tandem mass 

spectrometry (MS/MS) dissociation techniques, such as collision-induced dissociation 

(CID),25,34-36 to deduce the amino acid sequence of the peptide. The final step in the process often 

involves database searches to identify the protein.  

 Though a robust methodology, the bottom-up approach has its disadvantages. 

Contamination is a major issue; common contaminants are detergents used for cleaning 

glassware, phthalates from plastics and fittings, and keratins from skin and dust.37-39 These 

contaminants ionize readily in MS and produce abundant ions that can interfere with mass 

spectral analysis and interpretation. Another disadvantage of the bottom-up approach is that  
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Figure 0.1. Typical bottom-up proteomics workflow (available open access from reference 22). 
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often large pieces of the sequence, which can contain critical information (i.e., post-translational 

modifications (PTMs)) about the protein’s function and structure, are missing or 

misidentified.40,41 In spite of these disadvantages, the bottom-up approach is routinely used in 

protein analysis in labs across the world and was critical to the completion of the first draft of the 

Human Proteome Project, which included tens of thousands liquid chromatography (LC) MS/MS 

data sets from human tissues, cell lines, body fluids.4,5 

 The second approach in protein analysis by MS is the top-down approach. This method 

involves the direct MS analysis of intact native proteins and their fragment ions.41 Top-down 

proteomics typically gives 100% sequence coverage and full characterization of protein 

modifications and variations. Native proteins are fragmented using electron capture dissociation 

(ECD)42-45 or electron transfer dissociation (ETD), which can impart sufficient energy for 

fragmentation if the protein ions are multiply charged.46 Top-down proteomics can be time-

consuming from preparation to the extensive mass spectral interpretation, and is therefore suited 

for single proteins and simple mixtures.47 Analysis of complex mixtures at the intact protein 

level is difficult because separation of intact proteins is cumbersome and requires multiple 

separation steps.41,48,49 In addition to that, high performance mass analyzers that provide high 

resolution and mass accuracy are needed to determine the exact m/z of the fragment ions for their 

identification and for distinguishing between sequence variations and modifications.41  

 Regardless of the approach used, MS plays a critical role in the characterization of 

proteins. The introduction of electrospray ionization (ESI) by Fenn50,51 and matrix-assisted laser 

desorption ionization (MALDI) by Tanaka52 and by Hillenkamp and Karas,20,53 in the 1980s led 

to the widespread use of mass spectrometry for the analysis of large biomolecules. After the 

digestion and separation of peptides, the peptides are ionized in the mass spectrometer, mass 
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analyzed, and detected. The most common method of peptide fragmentation is CID due to its 

ease of implementation on many commercial mass spectrometers.35,54,55 Electron-based 

dissociation techniques such as electron-transfer dissociation (ETD) and electron-capture 

dissociation (ECD) require multiply charged precursor ions, which can be generated by ESI. 

Multiply charged ions have advantages over singly charged ions in single stage MS and MS/MS 

analysis of proteins. The higher charged ions shift the m/z of ions to a lower range where 

resolution is optimal and allows for the use of lower m/z mass analyzers.56 Higher charge states 

usually require less energy to dissociate and provide more sequence informative cleavage.57-59 

However, not all peptides generate multiply charged ions by ESI. Acidic peptides sometimes do 

not readily form multiply charged ions by ESI in the positive mode due to their preference for 

deprotonation.60,61 Acidic peptides are peptides that contain more acidic residues (aspartic acid, 

D, or glutamic acid, E) as well as phosphorylated or sulfonated residues than basic residues 

(arginine, lysine, or histidine). Deprotonation occurs more readily than protonation due to their 

high acidic nature. While negative mode MS/MS of peptides can be accomplished, the technique 

often yields sidechain loss and uninformative neutral losses that greatly complicate mass spectral 

interpretation.62-64  

 Volatile organic acids (e.g., acetic acid, trifluoroacetic acid, formic acid) are often added 

to peptide solutions to increase the ionic charge states formed and the ion intensities. The charge 

state of ions (n) produced by ESI can also be increased using various other methods. The term 

“supercharging” is used to describe increasing the highest charge state observed for a protein in 

ESI-MS. Protein supercharging has been pioneered by the Williams group of the University of 

California, Berkeley.65-70 This research almost exclusively involves positive protonated ions 

produced by ESI, [M + nH]n+. Several methods have been developed by the Williams group to 
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supercharge proteins in ESI. Electrochemical supercharging is one method used to increase 

protein charge states; this method involves the unfolding of native proteins in ESI by using 

aqueous salt solutions and increasing the ESI spray potential.68,69,71 The proteins are thermally 

denatured (unfolded) by the increased temperature of the capillary entrance, spray potential, and 

the ionic strength of the buffer. An increase in maximum charge state and charge distribution is 

observed. The Williams group also determined that the addition of lanthanum chloride, LaCl3, to 

native protein solutions results in supercharging by forming high charge state metal-adducted 

protein ions.70 ECD on these metal-adducted protein ions results in improved sequence 

coverage.70  

 The most common method of increasing charge states, which was also discovered by the 

Williams group, is by the addition of supercharging reagents to protein solutions undergoing 

ESI.72 Supercharging reagents are small organic molecules with boiling points higher than water. 

Common supercharging reagents are m-nitrobenzyl alcohol (m-NBA),65-67,72 glycerol,72 and 

sulfolane.73-76 Supercharging reagents have been reported to produce stable higher charged 

protein ion signals in ESI.65,66,74,75,77-80 Different theories exist to explain the mechanism of 

supercharging. One theory is that organic supercharging reagents increase the surface tension of 

ESI droplets.81 The increase in the surface tension causes an increase in the charge density of the 

droplet; therefore, more charges accumulate on the droplet before the Rayleigh limit is reached.81 

The Rayleigh limit is defined as the maximum amount of charge a droplet can carry. Here, the 

mechanism proceeds to follow the charge residue model (CRM) for ion formation by ESI, which 

involves solvent evaporation of droplets containing a single analyte ion at the Rayleigh limit.82,83 

The final charge of the ion is determined by the Rayleigh limit of the droplet generated during 

the spraying process. Another theory is that supercharging reagents in aqueous solutions undergo 
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solvent segregation in ESI droplets.84 The supercharging reagent surrounds the aqueous core that 

contains the protein and decreases the rate at which the ion ejection model proceeds and traps the 

charges within the aqueous core. In the ion ejection model, smaller droplets are ejected from the 

droplet until only the charged analyte remains.85 As ion ejection is inhibited, charge carriers bind 

to the protein and the charged protein is released upon evaporation of the supercharging reagent. 

Denaturing of proteins in the gas phase by supercharging reagents have also been proposed as a 

mechanism for protein supercharging,75,78,86 as well as the interaction between analyte and 

supercharging reagent73,87,88 to form a proton bridge that facilitates protonation. 

 In 2014, the Donald group at the University of New South Wales reported the use of low 

concentrations of organic carbonates to induce extreme supercharging of protein ions in ESI.89,90 

The term “extreme supercharging” was given because higher charge states were observed 

compared to organic supercharging reagents. The addition of organic carbonates narrows the 

charge state distribution for protein ions and adds on more charges than is predicted based upon 

the number of highly basic sites available for protonation.89   

 All supercharging methods mentioned involve native proteins and, therefore, are 

beneficial in top-down proteomics. In 2015, the Cassady group reported that addition of trivalent 

chromium, Cr(III), to peptide solutions undergoing ESI increases protonation by increasing the 

maximum charge state and/or signal intensity of the protonated peptide ion.91 The model peptide 

AAAEAAA (A3EA3) is an acidic peptide that forms singly charged protonated ions, [M + H]+, 

by ESI. Figure 1.2(a) is typical ESI mass spectrum for A3EA3. Addition of chromium(III) 

nitrate, [Cr(H2O)6](NO3)3•3H2O, to A3EA3, Figure 1.2(b), yields abundant [M + 2H]2+ that 

could not be achieved by the addition of the organic supercharging reagents m-NBA and 

dimethylsulfoxide (DMSO). An experimental parameter optimization study revealed the  
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Figure 0.2. ESI mass spectra of 10 uM AAAEAAA in 50:50 [v/v] acetonitrile:water containing 

(a) no Cr(III) and (b) Cr(III) in a 10:1 molar ratio of metal:peptide.  
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importance of the ESI drying gas flow rate and nebulizing gas pressure, which leads to the idea 

that Cr(III) is enhancing the protonation of the peptides in the gas phase during the ESI 

desolvation stage.92 Multiple Cr(III) complexes have been studied, and the best complexes for 

peptide protonation were determined to be [Cr(H2O)6](NO3)3•3H2O and [Cr(THF)3]Cl3. These 

complexes successfully enhance protonate peptides in aqueous solvent systems, which implies 

that water plays a critical role in the mechanism.93 The work in this dissertation will build upon 

this discovery to explore the analytical utility of Cr(III) in proteomics to enhance the ionization 

of peptides and the mechanism by which the process occurs. 

 Chapter 2 will start by introducing the instrumentation and experimental methods utilized 

in this dissertation. Two mass spectrometers were employed in this work; their components (i.e., 

ionization method and mass analyzers) will be individually described. Afterwards, two common 

dissociation methods for peptide sequencing, CID and ETD, will be  

discussed along with the peptide fragmentation nomenclature. Some of the model peptides 

studied were synthesized using solid-phase peptide synthesis. A detailed description of the 

peptide synthesis protocol will be included. The chapter concludes with structures of the 20 

essential amino acids.  

 Chapter 3 investigates the impact of peptide structure on the degree of enhanced 

protonation using Cr(III) and the implications for the mechanism involved. Several model 

peptides were synthesized in the Cassady lab or commercially purchased to study the effects of 

specific amino acid residues (i.e., acidic residues, proline, tyrosine, and phosphorylated tyrosine), 

the positioning of acidic residues along the peptide backbone, and the importance of the C-

terminal carboxylic acid group. Previous work by the Cassady group shows that Cr(III) does not 

enhance the protonation of peptide methyl esters, which lack carboxylic acid groups.91 
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Carboxylic acid groups can be found at the sidechains of acidic residues or at the C-terminus. 

Methyl esterification was performed to determine whether the location of the carboxyl group 

matters. Experimental studies were combined with computational studies94 from the Dixon group 

to propose a mechanism for Cr(III) enhanced protonation of peptides. 

 Typically, mixing peptide and Cr(III) in a 1:10 peptide-to-Cr(III) molar ratio in the 

solution undergoing ESI is enough to induce enhanced protonation. Over time Cr(III) can 

accumulate in the mass spectrometer’s ion source and cause enhanced protonation of peptide 

solutions that do not contain added Cr(III). In Chapter 4, the method of Cr(III) delivery into the 

ESI source is evaluated. Three different methods will be discussed: (i) coating or swabbing the 

ESI spray shield with Cr(III), (ii) creating a co-axial inlet design that introduces the Cr(III) 

solution into the source independently from the peptide solution, and (iii) introducing Cr(III) 

through the ESI drying gas. Using these methods, the addition of Cr(III) might be integrated into 

the typical bottom-up approach between separation and mass analysis of the sample. By adding 

Cr(III) post-column, the chromatographic separation is not affected, and typical buffer LC 

systems can be used.  

 Next, the ability of Cr(III) to enhance the protonation of peptides in MALDI will be 

explored in Chapter 5. MALDI rarely forms [M + 2H]+ for small peptides, instead forming 

singly protonated ions, [M + H]+. Therefore, an increase is charge state is not expected. Rather, 

preliminary data shows that Cr(III) may increase the signal intensity of [M + H]+.95 The work 

discussed in this chapter is an attempt to construct a procedure for enhancing peptide ion signals 

produced by MALDI while using Cr(III). Sample preparation, which includes the method of 

depositing the sample on the target plate and choosing the correct organic MALDI matrix, plays 

a huge factor in MALDI analysis. In the absence of a matrix, peptide/Cr(III) samples do not 
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ionize; therefore, Cr(III) does not replace the matrix. Several matrices, with varying functional 

groups, have been studied, along with the method of mixing Cr(III), matrix, and peptide for 

deposition on the target plate.  

 To evaluate the utility of Cr(III) in proteomic studies, twenty-seven commercial 

biological peptides were analyzed in Chapter 6. Compared to the model peptides studied in 

Chapter 3, the biological peptides are more diverse in the type of amino acid residues present in 

the sequence. The interactions between the different sidechains add another level of complexity. 

The scope of Cr(III) for proteomics will be discussed. In addition, metabolomics is a growing 

area of research seeking to understand small molecules derived from cellular metabolic 

processes. Understanding these metabolites can lead to insight into different facets of cellular 

physiology.96,97 Similar to proteomics, metabolomics uses MS to identify and characterize 

metabolites. This chapter will also discuss the ability to enhance the protonation of glycans, 

steroids, and lipids (e.g., types of metabolites) using Cr(III) in ESI.  

 Peptides can be dissociated using a number of MS/MS techniques to determine their 

amino acid sequences. Chapter 7 will study the dissociation by ETD of peptide ions following 

enhanced protonation using Cr(III). Biological peptides from Chapter 6 were chosen to study 

their dissociation patterns after Cr(III)-enhanced protonation. This work takes advantage of the 

fact that Cr(III) can cause an increase in the peptide charge state produced by ESI or an increase 

in the ion abundance of the higher charge states. The effect of charge state on ETD of peptides 

will be examined by comparing product ion formation and sequence coverage of higher charge 

states to [M + 2H]2+. In this work, fragmentation trends due to specific amino acids will be 

discussed.   
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 Chapter 8 summarizes the most important aspects of the research described in this 

dissertation. The impact of Cr(III) on enhancing the protonation of peptides in MS and its 

relevance to proteomics will be discussed. Furthermore, future prospective projects will be 

proposed to expand on the concepts presented in this work. 
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CHAPTER 2. EXPERIMENTAL AND INSTRUMENTATIONAL METHODS 

2.1 Overview 

 Mass spectrometry (MS) is a powerful analytical tool used for the identification and 

characterization of molecules. An extensive range of organic and inorganic compounds can be 

analyzed by MS, which makes it a frequently used technique across many fields of science.  

Analysis by MS can be divided into three main parts: ionization method, mass analyzer, and 

detector. This chapter will cover the ionization methods and mass analyzers for all instruments 

used in this dissertation, as well as dissociation techniques used to study peptide fragmentation. 

Experimental methodology, including solid-phase synthesis of peptides and solution-phase 

modification of peptides, will also be discussed. Amino acid structures are provided at the end of 

the chapter as a reference.  

2.2 Ionization Methods 

2.2.1 Electrospray ionization 

 Converting the sample into the gas phase is the first step of MS.  Multiple ways exist to 

ionize the analyte of interest depending on the properties of the analyte. Electrospray ionization 

(ESI) is the most commonly used ionization method for low volatility compounds in MS and was 

first reported by Dole and coworkers in 1968.1 The technique was further developed and 

popularized by John Fenn2-6 in the 1980s, which led to Fenn being awarded the Nobel Prize 
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in Chemistry in 2002. ESI is an efficient method of analyzing low volatility samples such as 

biomolecules and has propelled the field of MS. ESI is considered a soft ionization method,  

which means that little to no fragmentation of the analyte is observed during the ionization 

process.  

 Performed under atmospheric pressure, a solution is introduced into the electrospray 

chamber through a stainless-steel needle. The solution is sprayed into a strong electric field, 

where it is nebulized, and charged droplets are generated by the potential difference between the 

needle and capillary. All ESI experiments in this dissertation were performed on a Bruker 

(Billerica, MA, USA) HCTultra PTM Discovery system in the positive mode with a high voltage 

(-3000 to -4000 V) applied to the endcap and capillary entrance while the needle is kept at 

ground. A second source design exists that places the high voltage on the needle and the 

capillary entrance and endplate are at ground.  

 The most accepted mechanism for the formation of ions by ESI is the charged residue 

model (CRM), illustrated in Figure 2.1, which was proposed by Dole.1 The potential difference 

within the source region causes the solution being sprayed to form a pointed meniscus at the tip 

of the ESI emitter called a Taylor cone.7 A nebulizer gas (flowing parallel to the sample solution) 

can aid in the creation of charged droplets but is not necessary. The research described in this 

dissertation utilizes nitrogen as the nebulizer gas. After droplet formation, a counter-current 

drying gas is introduced to facilitate solvent evaporation.  As the solvent evaporates, the size of 

the droplets decrease, and the charge at the surface increases until the droplets reach their 

Rayleigh limit. The Rayleigh limit describes the maximum charge a droplet can acquire before 

Coulombic repulsion breaks down the droplets to form quasi-molecular ions.8-10 These ions  
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Figure 2.1. Diagram of ESI source design depicting the proposed CRM for ion formation in 

positive ion mode. 

 

 

 

 

 

 

 

 

 

 



 25 

travel through a glass capillary coated with platinum on both ends into a storage octupole where 

they are held before mass analysis. 

  Formation of multiply charged ions by ESI is advantageous because it shifts the m/z of 

ions to a range that that can be detected by all mass analyzers.11 Multiply charged ions also serve 

as precursor ions in electron-based tandem mass spectrometry (MS/MS) experiments such as 

electron transfer dissociation (ETD) (discussed further in Section 2.4.2). In addition to its ability 

to produce multiply charged ions, the coupling of ESI to separation techniques such as liquid 

chromatography (LC) has further advance the field of mass spectrometry.3,12  Samples in 

solutions can be separated by chromatography then flowed into the mass spectrometer for mass 

analysis. 

2.2.2 Matrix-assisted laser desorption ionization 

 Another commonly used ionization technique for proteomics is matrix-assisted laser 

desorption ionization (MALDI). The concept was first reported by Hillenkamp and Karas in 

1985,13,14 and Tanaka received the 2002 Nobel Prize in Chemistry for its application to protein 

analysis.15,16 MALDI is a soft ionization technique, which ionizes the analyte by irradiation with 

a laser. The use of a light absorbing medium, termed matrix, is essential for the generation of 

ions.17 MALDI is known for producing predominantly singly charged ions in contrast to ESI; 

therefore, MALDI spectra can be less complicated in regard to interpretation than ESI spectra. In 

MALDI, spectral results are heavily dependent on sample preparation. Matrix selection, analyte-

to-matrix ratio, and method of deposition onto the target plates are factors that influence the 

quality of MALDI spectra.  

 The matrix serves multiple purposes in MALDI. Matrices can serve as a source of 

protons for the analyte. The matrix is added in excess with a typical analyte-to-matrix molecular 
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ratio of 1: (100-10,000), which minimizes cluster formation of analyte by separating analyte 

molecules and also aids in the cooling down ions through collisions. A good matrix is one that 

absorbs light at the same wavelength as the laser and transfers that energy to the analyte. The 

best MALDI matrices are low volatile solids that are soluble in common solvents.  

 The matrix can be introduced to the analyte in many ways. The most common method is 

the dried droplet method, which is when the analyte and matrix are mixed in a microcentrifuge 

tube before depositing the mixture onto the steel target plate and allowing the spot to dry. 

Usually, the volumetric ratio of analyte to matrix is between 1:1 and 1:10. Another method, the 

thin-layer method, involves depositing the matrix and analyte separately onto the target plate and 

allowing for dry time between each component.  Depending on the matrix and analyte of interest, 

different deposition methods can influence the quality of the spectrum.  

 After the matrix and analyte has co-crystallized on the target plate, the plate is then 

inserted in the vacuum chamber and a pulsed laser irradiates the crystals. All MALDI 

experiments in this dissertation were performed on a Bruker (Billerica, MA, USA) rapifleX 

MALDI-TOF/TOF mass spectrometer equipped with a Nd:YAG laser (355 nm) that can fire at a 

repetition of up to 10 kHz. Once irradiated, the matrix transfers energy to the analyte leading to 

matrix/analyte clusters desorbing off the surface of the target plate. As desolvation occurs, 

proton transfer from the matrix to the analyte produces ions that can then be mass analyzed.  A 

schematic of the ionization process in MALDI is presented in Figure 2.2. Poor shot-to-shot 

reproducibility is a major disadvantage of MALDI. The ability to couple MALDI and 

chromatography online has been a difficult feat and is a current active area of research. Offline 

LC-MALDI workflows have been developed to overcome this challenge.18 MALDI does have  
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Figure 2.2. Schematic of MALDI ionization process. 
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advantages over ESI, especially in polymer characterization where the formation of multiply 

charged ions in ESI can complicate mass spectra. MALDI provides mass spectra of the polymer 

mass distribution. Other advantages of MALDI include simple sample preparation and ease of 

automation to perform high through-put analysis. 

2.3 Mass analyzers 

2.3.1 Quadrupole ion trap 

 In this dissertation, ions produced by ESI were mass analyzed and dissociated in a 

quadrupole ion trap (QIT). Introduced in 1958 by Wolfgang Paul, who was awarded the 1989 

Nobel Prize in Physics for its development,19 the QIT consists of two identical dome-shaped end 

cap electrodes and a central ring electrode where an alternating current (AC) voltage in the 

radiofrequency (rf) range is applied.  The endcaps contain a small hole where ions can enter and 

exit the ion trap. Ions formed in ESI reach the trap by way of electrostatic focusing using two 

octopole ion guides and a lens system. Ions are trapped by applying a rf frequency potential to 

the central ring electrode. The QIT is capable of simultaneously trapping positive and negative 

ions, which makes it the preferred mass analyzer for ETD experiments. When the frequency (ω) 

of the rf voltage is fixed, the m/z range that is contained in the trap depends on the amplitude of 

voltage, 𝑉. The AC voltage guides the ions to the center of the trap forming an ion cloud. A bath 

gas, He, dampens the motion of the ions by reducing their kinetic energy, causing the ions to be 

trapped in the center of the trap. The motion of the ion cloud is described by solutions of 

Mathieu’s second-order linear differential equation.20  

Solutions to the Mathieu second order differential equation can be represented 

graphically in the Mathieu Diagram, which is given in Figure 2.3. The Mathieu diagram in terms 
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of the trapping parameters, 𝑎𝑢 and 𝑞𝑢, indicates regions of stability where ions of a particular 

m/z range will be confined to the trap.21   

 The relationship between m/z, voltage (𝑉) and frequency (ω) can be expressed as  

 𝑚

𝑧
=  

4𝑒𝑉

𝑞𝑚𝑎𝑥𝜔2𝑟0
2 

(2.1) 

where 𝑒 is the charge of an electron, 𝑟 represents the radius of the central ring electrode, and 

𝑞𝑚𝑎𝑥 is defined for all QIT configurations and for most QITs is 0.908. Excitation occurs by 

placing an auxiliary voltage on the exit endcap, which moves the ions away from the center of 

the trap. 

 This work uses a high capacity spherical ion trap (HCT),22 which is a type of QIT. The 

purpose of the HCT is to focus ions into a spherical cloud in the center of the trap, thereby 

increasing the storage capacity of the trap, sensitivity, and interactions between the ions 

especially for MS/MS experiments. Ions are detected by applying an RF voltage to the endcap 

electrodes which increases their frequency and orbital radius. Ions are then ejected from the trap 

and are detected by a Daly photomultiplier.  
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Figure 2.3. Mathieu stability diagram (used with permission from Reference 21). 

 

2.3.2 Time-of-flight mass spectrometer 

 Time-of-flight (TOF) is a pulsed mass analyzer that separates ions based on their flight 

time from the ion source to the detector within a flight tube. TOF was developed by Cameron 

and Eggers in the 1950s.23 During the ionization process a range of kinetic energy (KE) is 

imparted on the ions. An extraction electrode applies an accelerating voltage, V, to the ions as 

they leave the source. The accelerating voltage is usually 20-25 kV, which is large enough to 

minimize the KE spread of the ions. Consequentially, time spread is minimized because all the 

ions will have a similar KE derived from the accelerating voltage.  Compared to other mass 

analyzers, TOF analyzers are conceptually the simplest mass analyzer.  

 As ions are accelerated out of the source, the KE of the ions can be expressed as 

 𝑚𝑣2

2
= 𝑧𝑉 

(2.2) 
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where m and z are the mass and charge of the ion, respectively, v is the velocity of the ion, and V 

is the accelerating voltage. The accelerated ions travel through a flight tube and the time it takes 

for the ion to reach the detector is defined as 

 
𝑡 =

𝑙

𝑣
 

(2.3) 

where 𝑡 is time it takes to travel the flight tube and 𝐿 is the length of the flight tube. For the 

Bruker rapifleX MALDI-TOF/TOF, 𝑙 = 25 cm for the first TOF and ~3 m for the second TOF.  

Rearranging Equation 2.2 in terms of v and substituting the expression into Equation 2.3 gives 

 
𝑡 =

𝑙

(
𝑚

2𝑧𝑉)
1

2⁄
 

(2.4) 

which can be rearranged in terms of mass-to-charge, m/z, to give 

 𝑚

𝑧
=

2𝑡2𝑉

𝑙2
 

(2.5) 

 TOF mass analyzers can be operated in two different modes: linear and reflectron mode. 

The principle of linear mode TOF is described above. In linear mode, the flight spread among 

ions with the same m/z can cause broadening of peaks due to the ions arriving at the detector at 

different times. To combat this, delayed extraction, also known as pulsed ion extraction, and the 

use of a reflectron were developed as a means of minimizing the time spread of ions of the same 

m/z. Delayed extraction was developed by Wiley and McLaren in the 1950s24 and involves the 

accumulation of all ions produced during ionization prior to the ions collectively being extracted 

from the source. Ions are held for tens or hundreds of nanoseconds before being pulsed into the 
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TOF. By controlling when the ions leave the source, the time spread can be decreased for ions of 

the same m/z.  

 Time spread can also be decreased by means of a reflectron (or reflector).25 In reflectron 

mode, an electric field is placed in the middle of the flight path utilizing a series of stainless-steel 

ring electrodes also known as a reflectron. The reflectron acts as an ion mirror that deflects ions 

back to the second detector. If two ions have the same m/z, the one that has a slightly higher 

velocity will travel further down the flight tube before being deflected towards the detector on 

the opposite end, which increases the ion’s flight time. The ion that is moving slower will not 

penetrate as deep into the electric field before being deflected to the detector, thus allowing the 

slower ion to catch up to the faster ion with the same m/z. As a result of this, the time spread 

between ions of the same m/z is minimized, which also decreases peak broadening and improves 

mass resolution. TOFs are high resolution mass analyzers. 

 Unlike QIT analyzers, MS/MS experiments cannot be performed inside the flight tube. 

Instead, two TOF analyzers are placed in tandem with a collision cell placed in between the two 

flight tubes.  The first TOF, a linear region about 25 cm long, are where ions are first separated 

by their m/z. A time-gated ion selector isolates the precursor ion that will be dissociated in the 

collision cell. After dissociation, the fragment ions are re-accelerated into the second TOF, ~3 

meters in total length, to be mass analyzed before detection by a discrete dynode electron 

multiplier. 

2.4 Tandem mass spectrometry 

2.4.1 Collision-induced dissociation 

 Collision-induced dissociation (CID), first introduced in the 1960s, is the most common 

dissociation technique and is commonly used in proteomic research due to its widespread 
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availability on most commercial mass spectrometers.23 Fundamental structural, kinetic, and 

energetic properties of biomolecules can be probed by performing CID experiments. The 

technique involves the dissociation of peptide/protein ions in the gas phase by collisions with 

neutral gas molecules (e.g. He, N2, or Ar). In CID, translational energy is converted into internal 

energy that leads to dissociation and the formation of product ions. The technique can be 

classified as either high- or low-energy CID depending on the amount of energy that is used to 

accelerate the precursor ion into the neutral gas molecule. The amount of energy used in 

acceleration can dictate the rate and extent of fragmentation.26 In low-energy CID, the collision 

energy is in the range of 0-100 eV; whereas with high-energy CID, the energy can go into the 

keV range.  

 CID is a two-step process that involves collisional activation of the precursor ion 

followed by unimolecular dissociation of the isolated precursor ion as shown in Equations 2.6 

and 2.7. 

Collisional activation:    𝑚1
+ + 𝐻𝑒 →  [𝑚1

+]∗ + 𝐻𝑒/                                             (2.6) 

Unimolecular dissociation:   [𝑚1
+]∗ →  𝑚2

+ + 𝑚3                                                       (2.7) 

The precursor ion is represented by 𝑚1
+. The precursor ion after the added energy is [𝑚1

+]∗. The 

collision gas is helium: 𝐻𝑒 before collision with the precursor ion and 𝐻𝑒/ after. The product ion 

and neutral formed are represented by 𝑚2
+ and 𝑚3, respectively. During collisional activation, 

the precursor ion is excited by applying an AC voltage to the endcap electrodes of the QIT. The 

kinetic energy gained during excitation results in the ion colliding with the inert collision gas that 

is present in the trap. As collisions occur, the precursor ion’s kinetic energy is converted into 

internal vibrational energy that is distributed among the bonds leading to unimolecular 

dissociation and often results in the breaking of the weakest bonds within the ion, which for 



 34 

peptides are the backbone amide bonds. Cleavage of the amide bond is believed to be charge 

directed and motivated by the mobile proton model.27  

 The mobile proton model is widely used to describe the fragmentation process in CID of 

peptides. Energy deposited into the ion can mobilize a proton located at a basic site on the 

peptide such as the sidechain of arginine, histidine, or lysine or the N-terminus. The mobilized 

proton is subsequently transferred to a backbone amide nitrogen or carbonyl oxygen, which 

causes weakening of the amide bond. Cleavage at amide bonds form b- and y-ions.27,28 (Peptide 

fragmentation nomenclature will be discussed later in Section 2.5.) Low-energy CID 

experiments are routinely performed in trapping mass analyzers, such as multi-pole devices, 

QIT, or Fourier transform ion cyclotron resonance (FT-ICR) mass analyzers, where the precursor 

ion and collision gas can collide with one another. The gas pressure is optimized to increase the 

number of collisions within the mass analyzer.  

2.4.2 Electron transfer dissociation 

 Introduced by Hunt and co-workers in 2004,29 electron transfer dissociation (ETD) is a 

more recently developed technique for proteomic research. Unlike CID that involves internal 

energy randomization, ETD is a nonergodic process where internal energy is localized to elicit 

fragmentation nearby. In ETD, a low-energy electron is made by negative chemical ionization 

(nCI) then transferred to the QIT, where the isolated precursor ions are trapped. Multiply charged 

precursor ions are required to prevent neutralization of the ion after the addition of the electron. 

Low-energy electrons are generated in a nCI source that is located outside of the trap. First, an 

electron filament at 75 eV produces high energy electrons, which interact with methane (CH4) 

gas to produce low-energy electrons (e−∗), Equation 2.15.  

 CH4 + e− →  CH4
+ + e− + e−∗ (2.15) 
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An ETD reagent with a low electron affinity captures the low-energy electron and transfers it to 

the precursor ion through an ion/ion reaction. Common ETD reagent ions are fluoranthene, 

azobenzene, and anthracene.29-31 Fluoranthene is the ETD reagent gas used in this research. The 

fluoranthene molecule captures the low-energy electron to form a radical anion, Figure 2.4. The 

reagent anion is transferred from the nCI source into the QIT by means of electrostatic focusing. 

Once in the trap, ion/ion reactions between the anions and the multiply charged precursor ions 

occur and result in cleavage of the N-Cα bond to produce c-and z-ions.  

   

 

 

Figure 2.4. Formation of fluoranthene anion. 

 

 The mechanism of fragmentation in ETD is similar to the mechanism of electron capture 

dissociation (ECD), which is another electron-induced dissociation technique that is performed 

in FT-ICR mass spectrometers. Instead of using a reagent to transfer a low-energy electron to the 

analyte ion, ECD transfers an electron generated by an electron filament directly to the multiply 

charged precursor ion. Fragmentation is induced, and the ECD process produces c- and z-ions 

similar to ETD. Currently, two mechanisms have been developed to explain fragmentation by 
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ETD and ECD: the Cornell mechanism and the Utah-Washington (UW) mechanism. The Cornell 

mechanism was proposed by McLafferty and coworkers in 1998,32 and requires the presence of 

basic amino acid residues. The positively charged side chains of arginine (R), lysine (K), and 

histidine (H) residues sequester the captured or transferred low-energy electron to form an odd 

electron species. A proton migrates to an amide carbonyl group to form an aminoketyl radical 

intermediate, which triggers N-Cα bond cleavage and produces c- and z-ions.33 The Cornell 

mechanism is limited by the fact that a basic residue must be present for the mechanism to 

proceed; however, dissociation by ETD can be observed with peptides without basic residues.   

 The UW mechanism was developed independently by Tureck and Syrstad 34 and Simons 

and coworkers35 to explain ETD fragmentation of all peptides regardless of the type of residues 

present. Figure 2.5 illustrates the UW mechanism, which has become the accepted mechanism 

for fragmentation by ETD. In the UW mechanism, an electron can be captured and stabilized by 

the 𝜋∗ orbital of the amide backbone to form the aminoketyl radical-anion. Fragmentation can 

occur via two different pathways as shown in Figure 2.5. A proton can first be transferred to the 

aminoketyl radical-anion followed by cleavage of the N-Cα bond or N-Cα bond cleavage occurs 

first followed by proton transfer to give the c- and z-ions. In comparison to CID, ETD has the 

advantage of generating extensive backbone cleavage at nearly every residue while maintaining 

post-translational modifications (PTMs) such as phosphorylation and glycosylation. 

2.5 Peptide fragmentation nomenclature 

 The peptide fragmentation nomenclature used to describe CID and ETD spectra in this 

dissertation was introduced by Roepstorff and Fohlman.36 Figure 2.6 illustrates the symbolism 

used in describing peptide fragmentation. The three locations for peptide backbone cleavage are: 

the Cα-C(carbonyl) bond (a- and z-ions), the amide bond (b- and y-ions), and the N-Cα bond (c- 
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and z-ions). Product ions are classified into two categories: ions retaining the charge on the N-

terminus side of the peptide (a-, b-, and c-ions) and ions retaining the charge on the C-terminal 

side (x-, y-, and z-ions). The location of the cleavage relative to the amino acid sequence is 

indicated by the subscript n. For example, c8
 means cleavage of the N-Cα bond of the eighth 

amino acid residue from the N-terminus. Fragment ions can gain or lose hydrogen during the 

fragmentation process, which is signified by the prime symbol before (loss of hydrogens) or after 

(gain of hydrogens) the letter. For example, zn
/+ and //bn

+ stands for [zn + H]+ and [bn – 2H]+ , 

respectively. 
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Figure 2.5. Utah Washington mechanism for N-Ca bond cleavage in ETD of peptides. 
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Figure 2.6. Peptide sequencing nomenclature. 

 

2.6 Fmoc solid-phase peptide synthesis 

Model peptides were synthesized on an Advanced ChemTech Model 90 synthesizer 

(Louisville, KY, USA) by Fmoc solid-phase peptide synthesis (SPPS), which was established by 

Merrifield in 1963.37 In Fmoc SPPS, peptides are synthesized using an insoluble support resin 

from the C-terminus to the N-terminus. The C-terminus residue is attached to a Wang resin, 

which is a porous polystyrene resin bead. Internal residues are bonded to a labile 9-

fluoroenylmethoxycarbonyl (Fmoc) group to prevent side reactions from occurring at the 

sidechain. Figure 2.7 shows that structure of the Fmoc protecting group. Multiple steps of 

washing, deprotecting, and coupling are involved in the synthesis of the polypeptide chain. 
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Figure 2.7. Fmoc protecting group. 

 

 SPPS protocol requires the use of multiple reagents. Solutions of the amino acid residues 

and Wang resin are made in 1-hydroxybenzotriazole (HOBt) to a final concentration of 0.5 M in 

N-methyl-2-pyrrolidinone (NMP) and placed in separate vessels attached to the synthesizer. The 

Wang resin is washed using N,N-dimethylformamide (DMF) and methanol (MeOH). After 

washing, the Fmoc protecting group is removed using a solution of 20% piperidine (PIP) in DMF 

[v/v]. Following deprotection, the next amino acid in the sequence was coupled to the Wang 

resin by introducing the Fmoc amino acid solution into the reaction vessel containing the 

deprotected Wang resin and allowing the mixture to shake for 60-75 minutes. During the process 

of coupling, a 0.5 M solution of 1,3-diisopropylcarbodiimide (DIC) in NMP was added to the 

reaction vessel to activate the carboxyl group of the Fmoc amino acid. After coupling, the DMF 

and MeOH wash steps are repeated before the next residue was coupled to the chain until the 

sequence is complete. After synthesis, the Wang resin is cleaved from the C-terminus amino acid 

residue using a solution of 92% trifluoroacetic acid (TFA), 5% Milli-Q 18 MΩ water, and 3% 

trisopropylsilane (TIPS). Cooled diethyl ether and acetone were added to the solution to cause 

the peptide to precipitate out of solution. The solution was centrifuged, and the organic layer was 
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decanted leaving behind the free acid peptide. The peptide is placed in a desiccator and allowed 

to dry overnight. No additional purification step was necessary.   

2.7 Methyl esterification of peptides 

 To test the importance of the carboxylic acid group in the mechanism of Cr(III) enhanced 

protonation, peptide acids (-COOH) were converted to methyl esters (-COOMe) by conventional 

solution-phase chemistry.38 Figure 2.8 shows the process of methyl esterification for peptides. 

The free acid peptide was mixed with a solution containing 5 μL of acetic anhydride, 6 μL of 12 

M hydrochloric acid, and 96 μL of dry MeOH. The reaction proceeds overnight at room 

temperature. The solution containing the peptide methyl ester was directly used for mass analysis 

without further purification.  

 

 

Figure 2.8. Methyl esterification of peptides (R-COOH). 
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2.8 Amino acid structures 

 Peptides are biopolymers that are made up from the 20 naturally occurring amino acids 

linked together by an amide bond, also known as a peptide bond. Figures 2.9 through 2.13 

illustrates the 20 common amino acids and their 3- and 1- letter codes. Also included is 

phosphorylated tyrosine, which was used in this dissertation, Figure 2.14.   

 

Figure 2.9. Amino acids with basic side chains. 
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Figure 2.10. Amino acids with acidic side chains. 

 

Figure 2.11. Amino acids with hydrophobic aliphatic side chains. 
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Figure 2.12. Amino acids with uncharged hydrophilic side chains. 

 

Figure 2.13. Amino acids with aromatic side chains. 
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Figure 2.14.  Structure of phosphorylated tyrosine. 

 
 

 

 

 

 

 

 

 

 



 46 

References 

1. Dole, M.; Mack, L. L.; Hines, R. L. Molecular Beams of Macroions. J. Chem. Phys. 1968, 49, 

2240. 

2. Yamashita, M.; Fenn, J. B. Negative-Ion Production with the Electrospray Ion-Source. J. 

Phys. Chem. 1984, 88, 4671-4675. 

3. Whitehouse, C. M.; Dreyer, R. N.; Yamashita, M.; Fenn, J. B. Electrospray Ionization for 

Liquid Chromatographs and Mass Spectrometers. Anal. Chem. 1985, 57, 675-679. 

4. Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F. Electrospray Ionization--Principles and 

Practice. Mass Spectrom. Rev. 1990, 9, 37-70. 

5. Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Electrospray Ionization 

for Mass Spectrometry of Large Biomolecules. Science 1989, 246, 64-71. 

6. Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Electrospray Ionization 

for Mass-Spectrometry of Large Biomolecules. Science 1989, 246, 64-71. 

7. Wilm, M. S.; Mann, M. Electrospray and Taylor-Cone Theory, Dole's Beam of 

Macromolecules at Last? Int. J. Mass Spectrom. Ion Processes 1994, 136, 167-180. 

8. Wilm, M. S.; Mann, M. Electrospray and Taylor-Cone Theory, Doles Beam of 

Macromolecules at Last. Int. J. Mass Spectrom. 1994, 136, 167-180. 

9. Gomez, A.; Tang, K. Q. Charge and Fission of Droplets in Electrostatic Sprays. Phys. Fluids 

1994, 6, 404-414. 

10. Tang, K.; Gomez, A. On the Structure of an Electrostatic Spray of Monodisperse Droplets. 

Phys. Fluids 1994, 6, 2317-2332. 

11. Marshall, A. G.; Hendrickson, C. L. Charge Reduction Lowers Mass Resolving Power for 

Isotopically Resolved Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass 

Spectra. Rapid Commun. Mass Spectrom. 2001, 15, 232-235. 

12. Ikonomou, M. G.; Blades, A. T.; Kebarle, P. Investigations of the Electrospray Interface for 

Liquid-Chromatography Mass-Spectrometry. Anal. Chem. 1990, 62, 957-967. 

13. Karas, M.; Bachmann, D.; Hillenkamp, F. Influence of the Wavelength in High-Irradiance 

Ultraviolet-Laser Desorption Mass-Spectrometry of Organic-Molecules. Anal. Chem. 1985, 57, 

2935-2939. 

14. Karas, M.; Hillenkamp, F. Laser Desorption Ionization of Proteins with Molecular Masses 

Exceeding 10,000 Daltons. Anal. Chem. 1988, 60, 2299-2301. 



 47 

15. Tanaka, K.; Waki, H.; Ido, Y.; Akita, S.; Yoshida, Y.; Yohida, T. Protein and Polymer 

Analyses Up to M/Z 100,000 by Laser Ionization Time-of-Flight Mass Spectrometry. Rapid 

Commun. Mass Spectrom. 1988, 2, 151-153. 

16. Tanaka, K. The Origin of Macromolecule Ionization by Laser Irradiation (Nobel Lecture). 

Angew. Chem. Int. Ed. 2003, 42, 3860-3870. 

17. Fukuyama, Y. MALDI Matrix Research for Biopolymers. Mass Spectrom. (Tokyo) 2015, 4, 

A0037. 

18. Mueller, D. R.; Voshol, H.; Waldt, A.; Wiedmann, B.; van Oostrum, J. LC-MALDI MS and 

MS/MS — An Efficient Tool in Proteome Analysis. Subcellular Proteomics: From Cell 

Deconstruction to System Reconstruction; Springer Netherlands: Dordrecht, 2007; pp 355-380. 

19. Paul, W. Electromagnetic Traps for Charged and Neutral Particles. Rev. Mod. Phys. 1990, 

62, 531-540. 

20. March, R. E. An Introduction to Quadrupole Ion Trap Mass Spectrometry. J. Mass Spectrom. 

1997, 32, 351-369. 

21. Savaryn, J. P.; Toby, T. K.; Kelleher, N. L. A Researcher's Guide to Mass Spectrometry-

Based Proteomics. Proteomics 2016, 16, 2435-2443. 

22. Bruker Daltonics HCTultra PTM Discovery System User Manual; Billerica, MA, 2006. 

23. Hoffmann, E. d.; Stroobant, V. Mass Spectrometry Principles and Applications; John Wiley 

& Sons, Ltd: New York, 2007. 

24. Wiley, W. C.; McLaren, I. H. Time-of-Flight Mass Spectrometer with Improved Resolution. 

Rev. Sci. Instrum. 1955, 26, 1150-1157. 

25. Mamyrin, B. A. Time-of-Flight Mass Spectrometry (Concepts, Achievements, and 

Prospects). Int. J. Mass Spectrom. 2001, 206, 251-266. 

26. Mitchell Wells, J.; McLuckey, S. A. Collision‐Induced Dissociation (CID) of Peptides and 

Proteins. Meth. Enzymol. 2005, 402, 148-185. 

27. Wysocki, V. H.; Tsaprailis, G.; Smith, L. L.; Breci, L. A. Mobile and Localized Protons: A 

Framework for Understanding Peptide Dissociation. J. Mass Spectrom. 2000, 35, 1399-1406. 

28. Paizs, B.; Suhai, S. Fragmentation Pathways of Protonated Peptides. Mass Spectrom. Rev. 

2005, 24, 508-548. 

29. Syka, J. E. P.; Coon, J. J.; Schroeder, M. J.; Shabanowitz, J.; Hunt, D. F. Peptide and Protein 

Sequence Analysis by Electron Transfer Dissociation Mass Spectrometry. Proc. Natl. Acad. Sci. 

USA 2004, 101, 9528-9533. 



 48 

30. Gunawardena, H. P.; Gorenstein, L.; Erickson, D. E.; Xia, Y.; McLuckey, S. A. Electron 

Transfer Dissociation of Multiply Protonated and Fixed Charge Disulfide Linked Polypeptides. 

Int. J. Mass Spectrom. 2007, 265, 130-138. 

31. Swaney, D. L.; McAlister, G. C.; Wirtala, M.; Schwartz, J. C.; Syka, J. E. P.; Coon, J. J. 

Supplemental Activation Method for High-Efficiency Electron-Transfer Dissociation of Doubly 

Protonated Peptide Precursors. Anal. Chem. 2007, 79, 477-485. 

32. Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. W. Electron Capture Dissociation of 

Multiply Charged Protein Cations. A Nonergodic Process. J. Am. Chem. Soc. 1998, 120, 3265-

3266. 

33. Zubarev, R. A. Reactions of Polypeptide Ions with Electrons in the Gas Phase. Mass 

Spectrom. Rev. 2003, 22, 57-77. 

34. Syrstad, E. A.; Tureček, F. Toward a General Mechanism of Electron Capture Dissociation. 

J. Am. Soc. Mass Spectrom. 2005, 16, 208-224. 

35. Sobczyk, M.; Anusiewicz, I.; Berdys-Kochanska, J.; Sawicka, A.; Skurski, P.; Simons, J. 

Coulomb-Assisted Dissociative Electron Attachment: Application to a Model Peptide. J. Phys. 

Chem. A 2005, 109, 250-258. 

36. Roepstorff, P.; Fohlman, J. Proposal for a Common Nomenclature for Sequence Ions in Mass 

Spectra of Peptides. Biomed. Mass Spectrom. 1984, 11, 601. 

37. Merrifield, R. B. Solid Phase Peptide Synthesis. I. the Synthesis of a Tetrapeptide. J. Am. 

Chem. Soc. 1963, 85, 2149-2154. 

38. Greene, T. W.; Wuts, P. G. M., Eds.; In Protective Groups in Organic Synthesis; John Wiley 

& Sons, Inc.: New York, 1991. 

 

 



 49 

CHAPTER 3.  THE EFFECTS OF PEPTIDE STRUCTURE ON ENHANCED 

PROTONATION UPON ADDITION OF TRIVALENT CHROMIUM DURING 

ELECTROSPRAY IONIZATION MASS SPECTROMETRY  

3.1 Introduction 

Electrospray ionization (ESI) is a widely utilized ionization method in mass spectrometry 

(MS) for the analysis of large biomolecules owing to its ability to generate multiply charged 

protonated ions, [M + nH]n+.1 Formation of [M +nH]n+ is advantageous in tandem mass 

spectrometry (MS/MS) analysis of peptides and proteins because multiply charged ions require 

less energy to dissociate and have been shown to be more sequence informative than singly 

charged ions.2-6 In addition, multiply charged protonated ions can be dissociated using electron-

based dissociation techniques such as electron transfer dissociation (ETD)7-9 and electron capture 

dissociation (ECD),2,10,11 unlike [M + H]+, which will be charge neutralized upon the addition of 

an electron.  

 Different approaches have been taken to form multiply charged protein ions by ESI. 

Chapter 1 discusses these approaches and the mechanisms involved in supercharging proteins 

using organic supercharging reagents. The focus of these supercharging studies has been with 

large proteins 12-14 For work with peptides, the addition of chromium(III) nitrate, 

[Cr(H2O)6](NO3)3·3H2O, and chromium(III) chloride tetrahydrofuran complex, [Cr(THF)3]Cl3, 

to peptide solutions undergoing ESI has been reported by the Cassady and Vincent groups to 

increase protonation efficiency.15-17 These Cr(III) complexes in aqueous solutions exist as 

hydrated chromic ions, [Cr(H2O)6]3+ and are kinetically inert.18-20 Cr(III)-induced protonation is 
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observed with peptide sequences greater than or equal to seven amino acid residues. For 

example, the model peptide heptaalanine (AAAAAAA, A7) forms exclusively [M + H]+ by ESI 

in the absence of Cr(III), but the addition of Cr(III) results in the formation of [M + 2H]2+ in an 

optimized 2+ to 1+ signal intensity ratio of 4:1.15 Protonation of acidic and neutral peptides 

benefit the most from addition of Cr(III). In positive mode ESI, acidic peptides are often difficult 

to multiply protonate (or sometimes even singly protonate) due to their preference for 

deprotonation.21,22 The addition of Cr(III) to acidic model peptides that formed only [M + H]+ 

often results in the formation of [M + 2H]2+.15 

 Factors such as time, solvent, ESI source parameters, and sample preparation that may 

influence protonation induced by Cr(III) have been previously studied.16,17 The amount of time 

that Cr(III) and the peptide are allowed to interact in solution was determined to not be a factor 

in the extent of enhanced protonation. The presence of water in the solvent system as well as 

water bound to Cr(III) is critical to the mechanism. In the absence of water, A7 did not generate 

[M + 2H]2+. A mass spectrometry parameter optimization study for enhanced protonation with 

Cr(III) revealed that the ESI drying flow rate was also important and suggests that the ESI 

desolvation stage is essential to the mechanism.16 

 Carboxylic acid groups were discovered to be important to the mechanism after the 

peptide A7 was converted to a methyl ester and enhanced protonation was not observed.15 The 

work in this chapter will further investigate the importance of the carboxylic acid group to better 

understand the mechanism and the analytical utility of enhanced protonation with Cr(III). The 

position of acidic residues, which contain carboxylic acid groups on their sidechain, was varied. 

The effect of peptide size will also be studied to determine whether a size limit exists where 

enhanced protonation by Cr(III) ceases. Lastly, model peptides containing tyrosine, proline, and 
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phosphorylated amino acids were synthesized to determine any effects of these rather unique 

residues on the process. 

3.2 Experimental 

3.2.1 Peptides and sample preparation 

 The following peptides were purchased from Biomatik USA (Cambridge, ON, Canada): 

DAAAAAA, AAADAAA, AAAAAAD, EAAAAAA, AAAEAAA, AAAAAAE, AAAAAAA-

NH2, AAAEAAA-NH2, and EDDpYDEEN. Bovine ubiquitin (8.5 kDa in molecular mass) and 

bovine cytochrome c (12 kDa) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Equine 

myoglobin (18 kDa) was purchased from Fluka Chemical Corp (Ronkonkoma, NY, USA). All 

other peptides were synthesized in the Cassady group laboratory on an Advanced ChemTech 

(Louisville, KY, USA) Model 90 automated peptide synthesizer using standard Fmoc 

procedures.23 The peptides were used as synthesized, without further purifications, which 

accounts for impurity peaks in the mass spectra. All peptide synthesis reagents were purchased 

from Advanced ChemTech or VWR International (Radnor, PA, USA). Peptide methyl esters 

were produced by acid-catalyzed esterification with methanol.24 Chromium(III) nitrate 

nonahydrate and chromium(III) chloride tetrahydrofuran were purchased from VWR 

International. 

 Stock peptide solutions were prepared in Ultrapure Milli-Q water at a concentration of 1 

mg/mL. The solutions studied contained a final peptide concentration of 10 µM in 50:50 [v/v] 

acetonitrile: water. Solutions containing Cr(III) were in a 1:10 peptide-to-metal molar ratio 

except where otherwise indicated. Acidified solutions contained 1% (by volume) acetic acid.  
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3.2.2 Mass spectrometry  

 All experiments were performed on a Bruker (Billerica, MA, USA) HCTultra PTM 

Discovery System high-capacity quadrupole ion trap (QIT) mass spectrometer. Solutions were 

directly infused at a flow rate of 180 µL/hr using a KD Scientific (Holliston, MA, USA) syringe 

pump. Mass spectra were obtained in the positive mode with a high voltage of -4.0 kV applied to 

the platinum coated capillary entrance, stainless steel entrance cap, and endplate. The ESI needle 

was held at ground. Nitrogen was used as both the nebulizer gas and the drying gas.  The drying 

gas flow rate was varied from 5 to 10 L/min, and the temperature was set to 300°C. The 

nebulizer gas pressure was between 5 to 10 psi. Final mass spectra were the result of signal 

averaging 300 scans. Means and standard deviations presented are the result of three independent 

replications.  

3.3 Results and discussion 

3.3.1 Effects of acidic residue position 

 The effect of the location of acidic residues on enhanced protonation was investigated 

using model heptapeptides. The acidic residue position was varied for the heptapeptides with the 

general sequences of XAAAAAA (XA6), AAAXAAA (A3XA3), and AAAAAAX (A6X), 

where A is alanine and X is glutamic (E) or aspartic (D) acid. In the absence of Cr(III), all six 

hexapeptides produce exclusively [M + H]+  by ESI. Adding 1% acetic acid to the peptide 

solutions does not lead to the formation of [M + 2H]2+; therefore, production of [M + 2H]2+ using 

Cr(III) is not a result of lowered solution-phase pH  The absolute intensities (A.I) for the 

protonated and metal-adducted peptide ions are presented in Table 3.1. Addition of Cr(III) 

results in the formation of [M + 2H]2+ for all six heptapeptides.  
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 Regardless of the type of acidic residue (E or D), when the acidic residue is located at the 

C-terminus, A6D and A6E, addition of Cr(III) produces the largest ratio of 2+ to 1+. Figure 3.1 

illustrates the formation of [M + 2H]2+ after Cr(III) is added to a solution containing the model 

peptide A6E. For 2+ to 1+ ions, a peak intensity ratio of 8:1 is observed for A6E. The aspartic 

acid analog produces a 2+ to 1+ ratio of 6:1. Trivalent metal ions have been shown to bind to 

peptides through coordination of the metal ion with the carboxyl group of the peptide to create a 

metal-ion complex.6,25 Aspartic acid and glutamic acid have been reported to coordinate 

transition metal ions along with histidine and cysteine residues.26,27 The presence of [M + Cr – 

H]2+ in the ESI spectra for the six peptides also indicates that a metal-peptide ion complex forms 

and that a direct interaction exists between the metal ion and the peptide. The carboxylic acid 

groups at the C-terminus and sidechain are potential sites for Cr(III) to bind. Possibly, the two 

carboxylates in A6D and A6E are in close proximity and can simultaneously bind Cr(III) to more 

readily create a chelate complex with a bidentate ligand. Polydentate complexes are more stable 

than their analogous monodentate complex.28 The data suggests that for heptapeptides with an 

acidic residue near the C-terminus simultaneous binding of Cr(III) to carboxylic acid groups at 

the C-terminus and at a sidechain increases proton transfer efficiency and leads to a greater 

extent of protonation than for heptapeptides with the acidic residue located away from the C-

terminus. 
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Table 3.1. ESI results containing absolute intensities of peptides studied with and without Cr(III). 

 

 

aAI = absolute intensity 
bMean +/- one standard deviation from three independent replicates 
c “-“ signifies that the ratio is unable to be calculated due to lack of signal for the 2+ ion. 

 

Peptide Name 

 

Peptide Sequence 

No Cr(III),  A.I
a
 x 10

6
 Cr(III),  A.I x 10

6
 

[M + H]
+
 [M + 2H]

2+
 

[M + 2H]
2+ 

to [M + H]
+
 

Ratio 

[M + H]
+
 [M + 2H]

2+
 [M + Cr]

3+
 [M + Cr - H]

2+
 

[M + 2H]
2+ 

to [M + H]
+
 

Ratio 

EA6 EAAAAAA 17 ± 6
b
 0 -c 1.0 ± 0.1 1.9 ± 0.1 0.3 ± 0.0 1.4 ± 0.1 2 ± 0 

A3EA3 AAAEAAA 17 ± 1 0 - 2.4 ± 0.5 14 ± 0 4.9 ± 0.8 8.2 ± 1.2 6 ± 1 

A6E AAAAAAE 14 ± 5 0 - 0.7 ± 0.3 5.5 ± 2.3 1.7 ± 0.4 0.9 ± 0.1 8  ± 0 

DA6 DAAAAAA 1.9 ± 0.8 0 - 0.1 ± 0.1 0.6 ± 0.2 0.2 ± 0.0 0.4 ± 0.0 6 ± 1 

A3DA3 AAADAAA 13 ± 1 0 - 1.1 ± 0.5 4.7 ± 1.5 1.2 ± 0.3 3.4 ± 1.4 4 ± 1 

A6D AAAAAAD 0.5 ± 0.2 0 - 0.1 ± 0.1 0.4 ± 0.5 0.3 ± 0.0 0.4 ± 0.0 7 ± 1 

YA6 YAAAAAA 3.0 ± 0.4 0 - 0.3 ± 0.1 1.4 ± 0.6 0.7 ± 0.1 0.76 ± 0.04 5 ± 1 

pYA7 pYAAAAAAA 0 0 - 0 0 0 0 - 

EDDpYDEEN EDDpYDEEN 0.6 ± 0.2 0 - 0 0 0.44 ± 0.06 0.30 ± 0.01 - 

A3PA3 AAAPAAA 15 ± 4 0.15 ± 0.02 0.01 ± 0.00 1.1 ± 0.5 4.5 ± 1.1 0.7 ± 0.0 1.0 ± 0.2 3 ± 1 

A7-OH AAAAAAA-OH 7.3 ± 1.3 0 - 1.1 ± 0.4 3.7 ± 1.3 1.1 ± 0.3 0.9 ± 0.3 3 ± 1 

A7-NH2 AAAAAAA-NH2 45 ± 5 0 - 0.24 ± 0.04 1.4 ± 0.3 0.89 ± 0.03 0.76 ± 0.03 5 ± 1 
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Figure 3.1. ESI mass spectra of A6E with (a) no Cr(III) and (b) Cr(III) at a 1:10 peptide-to-

Cr(III) molar ratio. 
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3.3.2 The role of the carboxyl group in enhanced protonation by Cr(III) 

 The importance of carboxylic acids groups to the mechanism of enhanced protonation 

using Cr(III) was further studied.  Methyl esterification of model peptides A7, AAVAAAA, and 

AAIAAAA (i.e., converting -OH to -OCH3) was completed in a prior study to investigate the 

role of carboxylic acid groups in the mechanism for Cr(III) enhanced protonation.15  Methylated 

peptides did not exhibit any enhanced protonation with Cr(III), which confirms the involvement 

of the carboxylic acid group in the mechanism. The model peptide A3EA3 contains a carboxylic 

acid group at both the C-terminus and sidechain of the glutamic acid residue. Methylation of one 

carboxylic acid group and the addition of Cr(III) to the peptide solution produces [M + 2H]2+ that 

is not formed in the absence of Cr(III). However, methylation of both carboxylic acid groups 

yields no [M +2H]2+, Figure 3.2. 

The peptide A3EA3-NH2 was custom synthesized to study the effects of the location of 

the carboxylic group by converting the C-terminus to an amide so that the only carboxylic acid 

group is at the central sidechain of glutamic acid (E). Addition of Cr(III) to solutions containing 

A3EA3-NH2 results in the formation of [M + 2H]2+, which are not observed in the absence of 

Cr(III), as shown in Figure 3.3. The enhance protonation of A3EA3-NH2 with Cr(III) provides 

further evidence that either (1) the carboxylic acid group does not need to be located at the C-

terminus and/or (2) amide groups can facilitate enhanced protonation. 

 A collaboration with the Dixon, Vincent, and Cassady groups utilized experimental and 

computational methods to deduce a mechanism to describe enhanced protonation with Cr(III).29 

The proposed mechanism involves the coordination of a carboxylate with a Cr(III)-hexaaqua 

complex, which facilitates proton transfer. Figure 3.4 illustrates the process of forming the 

peptide-metal complex. Cr(III) exists as a hexaaqua complex, [Cr(H2O)6]3+, in solution. During  
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Figure 3.2. ESI mass spectra of A3EA3 after methyl esterification using (a) no Cr(III) and (b) 

with Cr(III) in a 1:10 peptide-to-Cr(III) molar ratio. A3EA3 with both carboxylic acid groups  

methylated is represented by M, one carboxylic acid group methylated is Y, and free acid 

A3EA3 is X. 
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Figure 3.3. ESI spectra of AAAEAAA-NH2 with (a) no Cr(III) and (b) Cr(III) in a 1:10 peptide-

to-Cr(III) molar ratio. 
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Figure 3.4. Formation of Cr(III)-peptide complex in ESI during desolvation. 
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the desolvation stage, water ligands are stripped from the complex. Peptide zwitterions bind to 

Cr(III) after the removal of two water ligands to form a peptide-metal complex, 

[Cr(peptide)(H2O)4]3+. The direct binding of Cr(III) to the peptide is experimentally observed in 

the formation of Cr(III) adducts by ESI. A carboxylic acid group located at a sidechain or the C-

terminus coordinates to Cr(III) as the remaining water ligands are removed from the complex. 

Electronic structure calculations at the density functional theory (DFT) level were performed by 

Dr. Rudradatt Persaud of the Dixon group to predict the energetics of the Cr(III) complex.29 As 

the complex loses water the acidity of the complex increases drastically. The pKa of the Cr(III) 

complex with one water molecule attached reaches -84.7. Protons produced by the highly acidic 

environment are transferred to basic sites on the peptide. The final step in the mechanism 

involves the dissociation of Cr(III) from the protonated peptide ion. Cr(III) can make the proton 

transfer process more efficient by increasing the signal intensity of protonated ions or adding on 

additional protons to increase charge state.  

ESI mass spectra for A7-NH2 with and without Cr(III) are presented in Figure 3.5. A7-

NH2 does not have a carboxylic acid group and exclusively produces [M + H]+ by ESI in the 

absence of Cr(III). Addition of Cr(III) results in the formation of [M + 2H]2+, which was 

unexpected. The ratio of 2+ to 1+ for A7-NH2 is 6:1 compared to 3:1 for A7-OH, as summarized 

in Table 3.1. The C-terminal amide group may be playing a similar role to the carboxyl group in 

the mechanism. Amide nitrogens have been reported to coordinate metal ions30 and can also 

deprotonate in the gas phase.31-33 In the case of A7-NH2, which does not have a carboxylic acid 

group, the amide nitrogen can deprotonate and function as site of Cr(III) coordination to the 

peptide. The gas-phase acidity of alanine is 334.6 kcal/mol34 compared to 351.1 kcal/mol32 for its 

amide, and both molecules can deprotonate to form [M − H]− by ESI.  
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Figure 3.5. ESI spectra of AAAAAAA-NH2 with (a) no Cr(III) and (b) Cr(III) in a 1:10 peptide-

to-Cr(III) molar ratio. 
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3.3.3 Effects of residue identity 

 The amino acid composition of a protein dictates its complexity in terms of functionality 

and structure. Proline (P) is unique in that it is the only common amino acid residue that has its 

sidechain cyclized onto the backbone amide nitrogen. This cyclization results in a restricted 

torsion angle for the N-Cα bond of proline and can lead to kinks and bends in α-helices.35 The 

structure of proline is provided in Figure 2.12, Section 2.8. Kinks due to proline residues account 

for ~60% of helix deformations.36 In peptide sequencing by collision-induced dissociation (CID) 

MS, the presence of a proline residue causes selective cleavage to occur N-terminal to the proline 

residue. Intense yn
+, which is indicative of cleavage at the amide bond N-terminal to proline, 

dominates the CID spectrum. This preferential cleavage is termed the “proline effect”.37-40 

Because of the distinctive properties of proline, the ability of Cr(III) to enhance the protonation 

of peptides can potentially be impacted by the presence of proline. Figure 3.6 shows mass 

spectra for A3PA3 without additives, with 1% (by volume) acetic acid, and with Cr(III). Without 

any additives, A3PA3 forms abundant [M +H]+ and a minute amount of [M + 2H]2+ by ESI, 

Figure 3.6(a). The ratio of 2+ to 1+ ions is 0.01:1. Addition of acetic acid quadruples the 

intensity of [M + 2H]2+ and results in nearly a 1:1 ratio for +2 to +1 ions, Figure 3.6(b). Peptide 

solutions containing Cr(III) generated the largest 2+ to 1+ ratio of 4:1, Figure 3.6(c). The 

presence of Cr(III) in peptide solutions causes a 30-fold increase in the absolute intensity of [M + 

2H]2+ for A3PA3; however, these results are comparable to those of heptaalanine (A7), Table 

3.1. Thus, proline residues seem to have negligible impact on the use of Cr(III) to enhance 

protonate peptides.  

 The aromatic amino acids tyrosine (Y), tryptophan (W), and phenylalanine (F) can 

participate in non-covalent π-π interactions that lead to π stacking of biomolecules.41,42 These  
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Figure 3.6. ESI mass spectra of AAAPAAA with (a) no Cr(III), (b) 1% acetic acid, and (c) 

Cr(III) in a 1:10 peptide-to-Cr(III) molar ratio. 
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amino acids can also make contributions to cation- π interactions with alkali metals.43-48 There is 

potential for the π system of tyrosine to help stabilize the interaction between the Cr(III)-aqua 

complex and the peptide in order for proton transfer to occur. In addition, the phenolic acid chain 

of tyrosine can serve as an acidic deprotonation site for ESI-MS.49 The peptide YA6 was 

synthesized to determine the impact of tyrosine compared to A7. Mass spectra for YA6 are 

shown in Figure 3.7. In the absence of Cr(III), [M + 2H]2+ is not observed for YA6, Figure 

3.7(a). The addition of Cr(III) leads to the formation of the doubly protonated ion, Figure 3.7(b). 

The ratio of 2+ to 1+ for YA6 is the same (4:1) as that of A7. Therefore, although the presence 

of the π system tyrosine residue may allow for cation-π interactions, it does not appreciably 

improve the efficiency of proton transfer involving Cr(III) when compared to a peptide with only 

alanine residues (i.e., only the C-terminus to coordinate to Cr(III)). 

 Phosphorylation of the hydroxy groups on the sidechains of tyrosine (Y), serine (S), or 

threonine (T) is a common post-translational modification for peptides and proteins. 

Phosphopeptides play a role in regulating gene expression and protein synthesis as well as in 

signaling pathways.50 Compared to their non-phosphorylated counterparts, phosphopeptides are 

about 13 to 27 kcal/mol more acidic.51 The acidic nature of the phosphopeptides contributes to 

their difficulty in producing protonated ions by ESI and potentially makes them a good candidate 

for enhanced protonation with Cr(III). The peptides pYA7 and EDDpYDEEN produced little to 

no protonated ions with and without Cr(III), as shown in the data of Table 3.1. Mass spectra of 

EDDpYDEEN are presented in Figure 3.8. The inability of Cr(III) to enhance the protonation of 

phosphopeptides could be a result of Cr(III) forming insoluble salts with phosphates in 

solution.52 Cr(III) has been shown to bind DNA53,54 along the phosphate backbone as well as 

ATP.55 Zhitkovich and coworkers noticed a decrease in Cr(III)-DNA binding in the   
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Figure 3.7. ESI mass spectra of YA6 with (a) no Cr(III) and (b) Cr(III) in a 1:10 peptide-to-

Cr(III) molar ratio. The peptide was synthesized in the Cassady lab using solid-phase chemistry 

with no further purification steps, which accounts for impurities in the mass spectra. No [M + 

2H]2+ is present for A5, A6, and YA5, which is consistent with a previous study that revealed 

Cr(III) enhances protonation peptides with seven or more amino acid residues.15  
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Figure 3.8. ESI mass spectra of for the biological phosphopeptide EDDpYDEEN with (a) no 

Cr(III) and (b) Cr(III) in a 1:10 peptide-to-Cr(III) molar ratio.  Note the total absence of peptide 

ions when Cr(III) is added to the solution of part (b). 
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presence of inorganic phosphate buffer.54 They attributed it to the coordination of Cr(III) to the 

ionized phosphate oxygen, which may have precipitated out of solution due to Cr(III) 

phosphate’s low solubility. The Cr(III) adducts, [M + Cr]3+ and [M + Cr – H]2+, are present in 

the mass spectrum of EDDpYDEEN with Cr(III). This implies that the phospho group binds 

Cr(III) to the peptide. The possibility exists that Cr(III)-phospho binding is strong enough to 

inhibit proton transfer by not allowing for the dissociation of Cr(III) from the peptide after 

complex formation. In this dissertation research, no visible precipitation of a phosphate salt was 

observed, but this could be attributed to the low concentrations (i.e., micromolar range) being 

used. 

3.3.4 Effect of peptide size 

 The proteins myoglobin, cytochrome c, and ubiquitin were employed to determine the 

effect of Cr(III) on the analysis of protein solutions. Previously, Cr(III) was reported to have no 

effect on the protonation of myoglobin and cytochrome c when added in a 1:10 protein-to-Cr(III) 

molar ratio.15 Compared to peptides, proteins possess a myriad of amino acid sidechains with 

varying functional groups that may tie up Cr(III) and, thus, more Cr(III) may be needed to 

observe an effect. To test this hypothesis the concentration of Cr(III) was increased for the 

protein solutions.  

 Figure 3.9 illustrates the effects of adding Cr(III) in a 1:300 peptide-to-Cr(III) molar ratio 

to solutions containing cytochrome c. Cytochrome c is a highly conserved protein (i.e., few 

historical mutations) with 104 amino acids and a molecular mass of ~12 kDa. Without Cr(III), 

the [M + nH]n+ charge states observed are between 10+ and 17+ with the distribution centered at 

12+, as shown in Figure 3.9(a). Adding 1% acetic acid increases the maximum charge state to 

20+ and shifts the distribution to center around 16+, Figure 3.9(b). Addition of Cr(III) in a 1:300 
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protein to Cr(III) molar ratio also increases the charge state to 20+ and shifts the center of the 

distribution to 15+, Figure 3.9(c). Acetic acid increased the overall absolute intensity by 900%, 

whereas Cr(III) increases the absolute intensity by 33%. Figure 3.10 demonstrates the result of 

Cr(III) on solutions containing myoglobin. Myoglobin is a heme protein with a mass of ~18 kDa 

that forms charge states between 12+ and 22+ by ESI, Figure 3.10(a). The distribution is 

centered around 16+. As shown in Figure 3.10(b), addition of 1% acetic acid increases the 

maximum charge state to 27 + and shifts the distribution center to 23+. Addition of Cr(III) 

increases the maximum charge state to 25+ and the distribution centers around 21+, Figure 

3.10(c). Both acid and Cr(III) increases the absolute intensity for myoglobin. Cr(III) also 

increases the maximum charge state for ubiquitin (~8.5 kDa) from 12+ to 13+ and shifts the 

distribution center from 9+ to 11+, Figure 3.11. The overall absolute intensity of the protonated 

ions increases with the addition of Cr(III). The three proteins all form [M + Cr + nH]n+ signifying 

the direct binding of Cr(III) to the protein in the gas phase.  

 

Table 3.2. pH of protein solutions undergoing ESI. 

 pH 

Peptide No additives 
With 1% 

acetic acid 

1:10 protein-

to-Cr(III) 

1:300 protein-

to-Cr(III) 

Cytochrome c 6.23 2.98 6.07 4.20 

Myoglobin 5.73 3.21 5.82 4.50 

Ubiquitin 5.20 3.18 5.28 4.25 
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Figure 3.9. ESI spectra of cytochrome c with (a) no Cr(III), (b) 1% acetic acid, and (c) Cr(III) in 

a 1:300 peptide-to-Cr(III) molar ratio. Protonated protein ions are labeled with their charge. 

Cr(III) adducted protein ions are labeled with an asterisk.  
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Figure 3.10. ESI spectra of myoglobin with (a) no Cr(III), (b) 1% acetic acid, and (c) Cr(III) in a 

1:300 peptide-to-Cr(III) molar ratio. Protonated protein ions are labeled with their charge. Cr(III) 

adducted protein ions are labeled with an asterisk. 
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Figure 3.11. ESI mass spectra of ubiquitin with (a) no Cr(III) and (b) Cr(III) in a 1:300 peptide-

to-Cr(III) molar ratio. Protonated protein ions are labeled with their charge. Cr(III) adducted 

protein ions are labeled with an asterisk. 
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 These results show that Cr(III) can be used to increase protonation of proteins by ESI; 

however, pH measurements reveal that the increase in protonation is caused by a pH effect 

similar to adding acetic acid. Table 3.2 contains pH values for the protein solutions with no 

additives, 1% acetic acid, 1:10, and 1:300 protein-to-Cr(III) molar ratio. Adding Cr(III) in a 1:10 

protein-to-Cr(III) molar ratio does not change the pH of the solution. At a 1:300 protein-to-

Cr(III) molar ratio a decrease in pH is seen. This is consistent with the pH effect of adding 1% 

acetic acid. Though metal adducts are seen alongside the protonated protein ions, the increase in 

protonation seems to be a pH effect rather than Cr(III)-inducing enhanced protonation. For this 

reason, Cr(III) is more beneficial for peptide analysis by ESI than for protein analysis. Proteins 

benefit most from organic supercharging reagents, which may denature the protein to assist in 

protonation.14,56,57 

3.4 Conclusions 

 Addition of Cr(III) to peptide solutions undergoing ESI increases protonation and often 

produces additional ion charge states for acidic and neutral peptides. Carboxylic acid groups 

were shown to be a key factor in the mechanism of protonation induced by Cr(III). Carboxylic 

acid groups located at the sidechains of glutamic and aspartic acid residues and at the C-terminus 

can participate in coordinating the metal ion to the peptide to create a Cr(III)-peptide bridge that 

facilitates proton transfer to a basic site on the peptide. Proton transfer is more efficient when 

two carboxylic acid groups are located near each other, which further emphasizes the importance 

of these groups in metal coordination. Peptide amides can also enhance protonation with Cr(III), 

perhaps by coordinating the metal to the carbonyl oxygen and amide nitrogen. Regardless of 
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whether Cr(III) is binding to a carboxyl or an amide group, desolvation of the Cr(III)-peptide 

complex results in a highly acidic environment that enables additional charges to be added to the 

peptide. 

 The extent of protonation is affected by size, the identity of amino acid residues present, 

and the presence of carboxylic acid and amide groups. Acidic residues effect enhanced 

protonation the most due to their sidechains having a carboxyl group. Phosphorylated peptides 

did not undergo enhanced protonation with the addition of Cr(III), which is believed to be caused 

by strong Cr(III) binding to the phosphate group, perhaps resulting in precipitation of a 

phosphate salt. Higher concentrations of Cr(III) are needed to increase the maximum charge state 

observed by ESI and shift the charge distribution for proteins, but this was found to be consistent 

with a pH effect as opposed to a Cr(III)-complexation effect. The presence of Cr(III) adducts and 

other impurities from the Cr(III) solution decreases the signal-to-noise (S/N) ratio in protein 

analysis. This suggests that Cr(III) is more suitable for peptide analysis, whereas proteins benefit 

more from organic supercharging reagents.12,13,15,58 
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CHAPTER 4.   ALTERNATIVE METHODS OF CHROMIUM DELIVERY INTO 

ELECTROSPRAY IONIZATION SOURCE 

4.1 Introduction 

 Liquid chromatography (LC) is a common separation method used in mass spectrometry 

(MS) based-proteomics for the analysis of complex mixtures.1,2 Electrospray ionization (ESI) 

and matrix-assisted laser desorption ionization (MALDI) are the two most popular methods of 

ionizing peptides.3-6 ESI is a continuous ionization method where a liquid stream is flowed into 

the source, whereas MALDI is a pulsed technique. The coupling of ESI with LC is easily 

accomplished online by directly introducing the LC flow into the ESI chamber.7 This is not the 

case for MALDI, which requires offline analysis where fractions are collected after eluting from 

the LC column and then analyzed by MALDI-MS.8,9  

 Volatile organic acids such as trifluoroacetic acid (TFA) are often added to LC mobile 

phases to change the pH and improve chromatographic separation by acting as an ion-pairing 

agent.10,11 The acid anion forms ion pairs with basic molecules, which causes the molecules to 

appear to have a neutral charge. Because of this, the molecules are retained longer on silica-

based reverse-phase columns leading to sharper chromatography peaks.12   However, the ion 

pairing of TFA to molecules suppresses the analyte signal in ESI.13-15 Neutralization of the 

molecules with TFA renders the molecule undetectable in MS. To remedy this problem, Loo and 

coworkers16 reported the addition of small amounts of organic supercharging reagents (e.g., m-

nitrobenzyl alcohol and propylene carbonate)  in the mobile phase to counteract the effects of  
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TFA. The supercharging reagent decreases the concentration of TFA anions in the droplet during 

desolvation, and LC separation is not disturbed by the addition of supercharging reagents to the 

mobile phase.   

 After the discovery that trivalent chromium, Cr(III), can serve as an additive to increase 

the protonation of peptides in ESI,17 a previous Cassady group member, Matthew Mireles, 

attempted to introduce Cr(III) to peptide solutions via the LC mobile phase.18 The 

chromatographic resolution and separation ability were affected by Cr(III), and the project was 

unsuccessful. Infusion experiments with Cr(III) involved peptide solutions containing Cr(III) in 

an optimized 1:10 peptide to Cr(III) molar ratio.17 Experimental and computational results 

indicated that Cr(III) enhances the protonation of peptides during the ESI desolvation phase and 

not strictly in the solution phase.19,20 Therefore, Cr(III) does not necessarily have to be in same 

solution as the peptide for enhanced protonation to occur.  

 Post-column additives have been reported to decrease TFA suppression of 

chromatographic quality.12,21 Goodley and coworkers10,12 introduced a solution containing 

propionic acid in isopropyl alcohol into the LC flow after elution from the column. Addition of 

the solutions was reported to increase the signal intensity for a mixture of proteins. Another post-

column method involves doping the ESI drying gas with organic solvents.22-24 Drying gas 

enriched with polar solvent vapor enhances ion formation in ESI. In a study reported by Fenn22 

on the mechanism of ion formation in ESI, addition of polar solvents to the drying gas increased 

the ion formation of amino acids and peptides. The solvent vapor increases the rate at which the 

analyte desorbs from the ESI droplet during desolvation. In general, post-column additives allow 

for LC workflows to go undisturbed while enhancing ionization. Since adding Cr(III) to the 

mobile phase interferes with the chromatography, post-column addition is a logical option here. 
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 The work presented in this chapter provides alternative methods of delivering Cr(III) into 

the ESI source independent of the peptide solution. The model peptide A7 was employed to 

study three different methods of Cr(III) introduction: (1) coating of the spray shield and capillary 

cap of the ESI source with Cr(III) solution, (2) co-axial entrance of peptide and Cr(III) solutions 

into the source, and (3) doping the nebulizing gas with Cr(III). These methods should allow for 

direct analysis using Cr(III) of peptide mixtures eluted from the LC column without Cr(III).  

4.2 Experimental 

 Experiments were performed on a Bruker (Billerica, MA, USA) HCTultra post-

translational modification (PTM) Discovery System high capacity quadrupole ion trap (QIT) 

mass spectrometer.  The high voltage is applied on the stainless-steel capillary entrance cap, 

endplate, and the platinum coating at the entrance of the ESI capillary, while the ESI needle is 

held at ground. Experiments were performed in the positive ion mode. The parameters altered in 

this study includes the nebulizing gas pressure and drying gas flow. Peptide and Cr(III) solutions 

were introduced using a syringe pump from KD Scientific (Holliston, MA, USA). The flow rate 

varied for each method that was studied. Final peptide solutions were 10 μM in 50:50 [v/v] 

acetonitrile:water, and the concentration of Cr(III) varied. The peptide A7 was custom 

synthesized by Biomatik (Cambridge, Ontario, CA). Chromium(III) nitrate nonahydrate was 

purchased from Alfa Aesar (Tewksbury, MA, USA). 

4.3 Results  

4.3.1 Coating of capillary end cap with chromium(III) 

 The experiments were accomplished by immersing the capillary endcap and spray shield 

in solutions containing Cr(III) in varying concentrations. These ESI source parts were submerged 

in the Cr(III) solution for 15 min and directly placed back on the instrument. A 10 μM solution 
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of A7 was infused into the ESI source. Refer to Figure 2.1.  The ESI spectrum obtained with no 

Cr(III) after cleaning the ESI source, capillary, and skimmer is presented in Figure 4.2(a). Figure 

4.2(b) is the ESI spectrum after submerging the capillary cap and spray shield in a 0.1 M solution 

of Cr(III). At 0.1 M Cr(III), the ESI capillary (through which ions travel into the vacuum 

chamber) began to clog from the accumulation of Cr(III) salt, and the analyte signal was lost 

after a while. At lower concentrations of Cr(III), formation of [M + 2H]2+ is not observed. To 

reduce the amount of Cr(III), a polyester tipped swab (Puritan Medical Co. LLC, Guilford, ME, 

USA) was used to swab a small amount of the 0.1 M Cr(III) solution directly on the spray shield. 

Figure 4.3 contains the ESI mass spectra for A7 without Cr(III) and with 0.1 M Cr(III) swabbed 

onto the spray shield.  

   

      

Figure 4.1. Opened ESI source with (a) spray shield exposed and (b) capillary cap exposed after 

removal of the spray shield. 
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Figure 4.2. ESI mass spectra of A7 with (a) no Cr(III) and (b) spray shield and endcap 

submerged in 0.1 M Cr(III) solution. 
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Figure 4.3. ESI mass spectra of A7 with (a) no Cr(III) and (b) 0.1 M Cr(III) swabbed on the 

spray shield. 
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4.3.2 Co-axial introduction of solutions into the ESI source  

 For the co-axial introduction of  Cr(III) into the ESI source, as shown in Figure 4.4, a 

Swagelok (Solon, OH, USA) 1/16” union tee was connected to the ESI needle with a zero dead 

volume (ZDV) union. Two syringe pumps were employed to introduce the peptide solution and 

the Cr(III) solution separately. The flow rate was set to 1.5 μL/min for both solutions. At the 

optimized 1:10 peptide to Cr(III) molar ratio, no enhanced protonation is observed. The addition 

of Cr(III) in a 1:50 molar ratio results in the formation of [M + 2H]2+. Figure 4.5 shows the ESI 

mass spectra for A7 with (a) no Cr(III) and (b) infusion of a 500 μM Cr(III) solution.  

   

 

Figure 4.4. Image of co-axial introduction of peptide solution and Cr(III) solution into the ESI 

chamber. 
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Figure 4.5. ESI mass spectra of A7 using the co-axial design with (a) no Cr(III) and (b) 500 uM 

Cr(III) solution. 
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4.3.3 Doping the nebulizing gas with chromium(III) 

 When adding Cr(III) directly to solutions containing A7, the nebulizer gas pressure was 

found to be important for increasing the intensity of [M + 2H]2+.25 Introducing Cr(III) into the 

gas phase via the nebulizer gas was investigated using nitrogen as the nebulizer gas. A PeekTM 

(Lancashire, UK) tee high pressure LC connection was used to introduce a solution containing 

Cr(III) in water into the nebulizing gas flow path.  Figure 4.6 is an image of the PEEK 

connection with the red line carrying Cr(III) solution. The drying gas flow rate, nebulizer gas 

pressure, peptide and Cr(III) solution flow rate, and Cr(III) concentration was varied until [M + 

2H]2+ formation was observed. A decrease in absolute intensity is observed after addition of 

Cr(III) to the nebulizer gas flow, and [M + 2H]2+ forms with 0.02 M Cr(III) solution at a flow 

rate of 3.5 μL/min. The peptide solution was infused at a flow rate of 1.5 μL/min. The drying gas 

flow rate was set to 5 L/min and the nebulizing gas pressure at 12 psi. Figure 4.7 is the mass 

spectra for A7 with no Cr(III) and with a 0.02 M Cr(III) solution doped into the nebulizer gas 

flow.  

4.4 Discussion  

 After multiple ESI-MS experiments have been conducted using peptide solutions 

containing Cr(III), residual Cr(III) in the mass spectrometer can cause enhanced protonation to 

still occur with peptide solutions containing no Cr(III). (This was a hindrance to conducting the 

experiments discussed in Chapters 3 and 6.) A thorough cleaning of the mass spectrometer is 

required between each trial to avoid residual Cr(III) affecting results, especially in cases where 

absolute intensities are being compared. This led to the realization that Cr(III) does not need to 

be in the peptide solution to achieve enhanced protonation and could instead be introduced by 

depositing Cr(III) onto the spray shield and capillary endcap of the Bruker HCTultra’s ESI  
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Figure 4.6. Image of Cr(III)-doped nebulizing gas setup. The red line contains Cr(III) solution. 
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Figure 4.7. ESI mass spectra of A7 with (a) no Cr(III) and (b) 0.02 μM Cr(III) doped into the 

nebulizing gas flow. 
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source. An image of the Bruker HCTultra spray shield and endcap is provided in Figure 4.1. The 

endcap and spray shield were chosen due to their location at the entrance of the glass capillary 

and the drying gas flow path. The drying gas conditions were determined to be a critical factor in 

enhanced protonation using Cr(III).25 

 An overall decrease in absolute signal intensity for A7 is observed when swabbing Cr(III) 

on the spray shield or doping the nebulizing gas flow with Cr(III). This may be due to the use 

high concentrations of Cr(III) that is required to observe formation of [M + 2H]2+. Dr. 

Changgeng Feng, a previous group member, reported the optimal molar ratio of 1:10 peptide to 

Cr(III) and noted a decline in the signal intensity of [M + H]+ and [M + 2H]2+ at higher 

concentrations.17 This indicates that high concentrations of Cr(III) may be suppressing ionization 

of A7. The drastic decrease in signal intensity is not observed with the co-axial introduction of 

Cr(III), which uses 500 μM Cr(III) compared to 0.1 and 0.02 M Cr(III) used with swabbing the 

spray shield and doping the nebulizing gas flow, respectively. However, the concentrations are 

not directly comparable because coaxial introduction involves Cr(III) in solution, while coating 

of source parts results in introduction of Cr(III) from the heated solid salt that remains after the 

solvent has evaporated. 

  When swabbing the spray shield with Cr(III), the absolute intensity of [M + 2H]2+ 

decreases over time. Another factor that may be causing the decrease in signal intensity could be 

the quick melting of [Cr(H2O)6](NO3)3 • 3H2O, which begins at 60ºC.26 Control over the 

temperature when swabbing Cr(III) onto the spray shield with the ESI source door open is 

limited; thus, the drying gas temperature fluctuates between 250 to 300ºC. At this temperature 

range, Cr(III) goes into the gas phase instantaneously and begins to interact with peptide ions. As 

time progresses, the concentration of Cr(III) in the source decreases resulting is less Cr(III) and 
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peptide interactions. Ultimately the formation of [M + 2H]2+ decreases. A time effect was 

observed when Cr(III) was swabbed on the spray shield. The effect time has on [M + 2H]2+ 

formation is illustrated in Figure 4.8 where the absolute intensity is plotted over a time span of 5 

min. As time elapses, the absolute intensity of [M + 2H]2+ decreases by 65%. Depositing Cr(III) 

on the spray shield may not be the best method of introducing Cr(III) because of the need of a 

constant supply of Cr(III) in the source region to keep enhanced protonation going. However, 

this experiment does confirm the general concept that Cr(III) can be introduced in the gas phase 

as opposed to being adding only to a peptide solution.   

  

 

Figure 4.8. Absolute intensity of [M + 2H]2+ for A7 as a function of time (min) elapsed from 

closing of the ESI source door. 
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 The greatest degree of enhanced protonation was observed using the co-axial introduction 

of Cr(III) solution into the ESI needle. Formation of [M + 2H]2+ forms at ~ 2:1 ratio of [M + 

2H]2+ to [M + H]+. Unlike the other two methods, the optimized ESI conditions for enhanced 

protonation of A7 
25 could be used in the co-axial design with no modifications. The 1:50 peptide 

to Cr(III) molar ratio is slightly higher than the 1:10 optimized ratio; but in the case of two 

separate solutions, the amount of solvent increases and dilutes the peptide and Cr(III) ions. In 

addition, mixing of peptide and Cr(III) is not as thorough with co-axial introduction as it is when 

both species are in the same . 

4.5 Conclusions 

 Enhanced protonation of A7 was observed using all three methods of Cr(III) delivery 

albeit to different extents. These results give additional support that the mechanism is occurring 

during the desolvation phase in the ESI source. Although enhanced protonation is observed with 

depositing Cr(III) onto the spray shield, the decrease in signal intensity overtime as the amount 

of Cr(III) diminishes and the high concentration of Cr(III) required resulting in the ESI capillary 

clogging does not make it a good method of choice. The most promising methods are the co-

axial introduction of Cr(III) solution and the doping of the nebulizing gas. As the work in this 

chapter is a proof-of-concept experiment, additional parameter and design optimization needs to 

be done. In addition, other peptides that undergo enhanced protonation with Cr(III) should be 

investigated. In all, these results look hopeful for the incorporation of Cr(III) into LC-MS 

workflows as a post-separation additive to increase protonation efficiency of peptides.  
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CHAPTER 5.  ENHANCED PROTONATION WITH TRIVALENT CHROMIUM IN 

MATRIX-ASSISTED LASER DESORPTION IONIZATION MASS SPECTROMETRY 

5.1 Introduction 

 Matrix-assisted laser desorption ionization (MALDI) is a soft ionization technique 

routinely used in the analysis of biomolecules and polymers by mass spectrometry (MS). 

Introduced in the 1980s by Tanaka,1 Hillenkamp, and Karas,2 MALDI can analyze large 

molecules and has a high tolerance for sample contamination.3,4 Unlike electrospray ionization 

(ESI), MALDI produces primarily singly charged ions, usually [M + H]+.4,5 The analyte is 

generally mixed with an excess of matrix molecules before being spotted on a target plate to dry 

and co-crystallize. In MALDI, the target plate is placed into the mass spectrometer and the 

sample spot is irradiated with a pulsed laser, which results in desorption of the analyte and 

matrix from the target plate. The matrix, which absorbs at the wavelength of the laser, serves the 

purpose of absorbing the laser’s energy and transferring the energy to the analyte. The matrix 

also prevents cluster formation of the analyte and provides an additional source of protons for 

protonation of the analyte.6 MALDI matrices are categorized into three different general classes: 

solid organic matrices, liquid crystalline matrices, and inorganic matrices.7 Solid crystalline 

organic matrices are most often used in the analysis of peptides (as well as other biomolecules). 

The most common matrices are 2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-

hydroxycinnamic acid (CHCA).8,9  

A previous member of the Cassady group, Dr. Xinyao Jing, determined that trivalent 

chromium, Cr(III), as a matrix alone results in poor crystal formation and poor reproducibility of
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peptide ion intensities.10 However, preliminary data showed that Cr(III) as an additive used with 

an organic matrix has the potential to enhance the ionization of the biological peptides 

bradykinin, bradykinin (1-7), and substance P in MALDI-MS.11 Although promising, these 

results could not be consistently reproduced. Poor sample-to-sample and shot-to-shot 

reproducibility is a major disadvantage of MALDI and has limited quantitative analysis using 

MALDI.12,13 Poor reproducibility stems from the heterogenous co-crystallization of the matrix 

and analyte on the target plate leading to signal variations over the surface of the sample spot. 

The perfect matrix will promote homogenous co-crystallization with the analyte and give 

consistent signal intensity throughout the sample spot. New MALDI matrices are constantly 

being developed. 

 Besides the matrix, another factor that influences MALDI analysis is the method of 

depositing the sample and matrix on the target plate. The most common method is the dried 

droplet method;5 in this method, a solution containing the matrix and sample is spotted on the 

target plate and dried (i.e., evaporation of the solvent). Although widely used in qualitative 

analysis, the dried droplet method produces heterogeneous crystallization that results in poor 

reproducibility making it a poor choice for quantitative analysis.14,15 In another method, an 

analyte solution is spotted and dried on the target plate; then, the matrix solution is spotted on top 

of the analyte layer and dried to create a thin film. This process can be done in the reverse. 

Termed the two or thin-layer method,16-18 this method was reported to produce homogeneous co-

crystallization and improve quantitative MALDI analysis of DNA.19 Sample preparation in 

MALDI-MS is not a one size fits all protocol. Matrix selection and deposition method differs 

depending on the analyte of interest. Determining the best sample preparation method can at 

times be based on trial and error.  
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 In this chapter, Cr(III) will be investigated as an additive in positive ion mode MALDI-

MS for the enhanced protonation of peptides. Various matrices and sample deposition methods 

will be studied in an effort to determine the best sample preparation method to use for increasing 

the absolute intensity of [M + H]+.  Because MALDI rarely produces multiply charged ions, 

supercharging by production of [M + nH]n+ is not expected to occur. 

5.2 Experimental 

5.2.1 Mass spectrometry  

 All MALDI experiments were performed on a Bruker (Billerica, MA, USA) rapifleX 

MALDI-TOF/TOF mass spectrometer equipped with a smartbeam™ 3D Nd:YAG (355 nm) 

laser. Mass spectra were acquired in reflectron positive ion mode by signal averaging 10,000 

scans per spectrum. The laser power varied between 30 to 70% of the total laser power and was 

set to automatic random walk mode across the sample spot surface. External mass-to-charge 

calibration was performed using the peptide calibration standard solution from Bruker. 

5.2.2 Peptides, Cr(III) complex, and MALDI matrices 

 The peptide heptaalanine amide, A7-NH2, was custom synthesized by Biomatik USA 

(Wilmington, Delaware, USA). Substance P acid was purchased from ThermoFisher (Waltham, 

MA, USA). Peptide solutions contained a final concentration of 5-10 µL peptide in 50:50 [v/v] 

acetonitrile: Milli-Q water. Chromium(III) nitrate nonahydrate was purchased from VWR 

International (Radnor, PA) and was dissolved in Milli-Q water. The concentration of Cr(III) was 

varied to determine the optimal ratio of matrix-to-Cr(III). 

 The matrices 2,5-dihydroxybenzoic acid (DHB) and 5-methoxysalicylic acid (MSA) were 

obtained from Acros Organics (Fair Lawn, NJ, USA). 1,1-Bi-2-naphthylamine (BNA), 3-

hydroxy-4-nitrobenzoic acid (HNBA), and α-cyano-4-hydroxycinnamic acid (CHCA) were 
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purchased from Alfa Aesar (Haverhill, MA, USA). 2-Nitrophloroglucinol (2-NPG) came from 

Chem-Impex International Inc. (Wood Dale, IL, USA). 2,4,6-Trihydroxyacetophenone (THAP) 

was acquired from TCI Chemicals (Portland, OR, USA); and 4-nitro-1-naphthylamine (NNA), 

from Sigma-Aldrich (St. Louis, MO, USA). DHB (20 mg/mL) and CHCA (10 mg/mL) were 

dissolved in 30:70 [v/v] acetonitrile: 0.1% trifluoracetic acid in Milli-Q water. MSA was 

dissolved in 3:1 [v/v] acetonitrile: Milli-Q water to a final concentration of 17 mg/mL. Super-

DHB (sDHB) was prepared by making a solution of 9:1 [v/v] DHB: MSA. The matrices THAP 

(25 mg/mL), 2-NPG (10 mg/mL), HNBA (10 mg/mL), NNA (10 mg/mL), and BNA (10 mg/mL) 

were prepared in 50:50 [v/v] acetonitrile: 0.1% trifluoracetic acid in Milli-Q water. 

5.2.3 Sample preparation 

 For the dried droplet method, 1 uL of peptide solution was mixed with 1 uL of each 

matrix; afterwards, 1 uL of the mixture was deposited onto the target plate and dried at room 

temperature. For Cr(III) analysis, 1 uL of Cr(III) solution was added to the peptide-matrix 

mixture, and 1uL of the total solution was deposited onto the target plate. The thin-layer method 

consisted of separately depositing 1 µL each of matrix, peptide, and Cr(III) solutions onto the 

target plate allowing for each layer to dry at room temperature before loading the next layer. In 

another formulation, each matrix was also mixed with Cr(III) in a 1:1 [v/v] ratio, then 1 µL of 

the mixture was deposited on the target plate. Once dried, 1 µL of peptide solution was loaded as 

the final layer.    

5.3 Results and discussion 

The results of the work discussed in Chapter 3 demonstrated the importance of carboxylic 

acid groups to the mechanism of Cr(III) enhanced protonation. Many common peptide matrices 

contain a carboxylic acid group (e.g. DHB, CHCA). Nine matrices with varying functional 
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groups were studied to determine the appropriate matrix to use in conjunction with Cr(III). Table 

5.1 contains information on the nine matrices used in this study.  

These matrices were chosen for various reasons. In routine peptide analysis using 

MALDI, the most widely used matrices are DHB and CHCA; therefore, these matrices were 

employed in the study.20 Interaction between Cr(III) and the peptide is important; thus, adequate 

time is needed for proton transfer to occur. The matrix BNA was chosen due to its aromatic 𝜋 

system that could potentially stabilize the Cr(III)-peptide complex giving time for proton transfer 

to occur. To eliminate competition between the peptide and matrix for Cr(III) binding, the 

matrices THAP, NNA, and 2-NPG were chosen. These matrices do not have carboxylic acid 

groups. Besides not having a carboxylic acid group, 2-NPG as a matrix was reported to form 

highly charged protein ions in MALDI and to increase protonated ion abundance.21-24  

Several studies have demonstrated the softness of MSA in oligonucleotide analysis by 

MALDI.25-27 A “soft” matrix transfers less energy to the sample and, therefore, results in a 

decrease chance of bonds breaking (i.e., product or fragment ion formation); whereas, a “hard” 

matrix can transfer enough energy to break bonds. Using a soft matrix like MSA may help in 

extending the lifetime of the Cr(III)-peptide complex compared to hot matrices (e.g. CHCA) that, 

after irradiation, may break apart the complex before proton transfer has occurred. MSA can also 

serve as additive to DHB to achieve more homogeneous crystal formation compared to DHB and 

MSA alone.28 This mixture is commonly known as sDHB and is reported to enhance ionization. 

The addition of MSA disrupts the lattice structure of DHB causing ‘softer’ desorption of the 

analyte and matrix. For this reason, sDHB was added to the present study. Lastly, the matrix 

HNBA is a benzoic acid derivative similar to DHB that and available in our lab. 
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Table 5.1. List of MALDI matrices studied. 

Name Abbreviation MW (Da) Structure 

    

α-cyano-4-hydroxycinnamic 

acid 
CHCA 189.2 

 

2,5-dihydroxybenzoic acid DHB 154.1 

 

6-methoxysalicylic acid MSA 168.2 

 

2-nitrophloroglucinol 2-NPG 171.1 

 

2,4,6-

trihydroxyacetophenone 
THAP 186.2 

 

4-nitro-1-naphthylamine 4-NNA 188.2 

 

3-hydroxy-4-nitrobenzoic 

acid 
HNBA 183.1 

 

1,1-bi-2-naphthylamine BNA 284.4 

 

super-DHB sDHB -a 

 
    

a sDHB is a mixture of MSA (168.2 Da) and DHB (154.1 Da). 
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Substance P acid, RPKPQQFFGLM-OH, a basic peptide that readily ionizes in the 

positive mode, was analyzed with the nine matrices using the dried droplet and thin-layer 

method. Cr(III) was added in a 1:10, 1:50, and 1:100 Cr(III)-to-matrix molar ratio. For the  

thin-layer method, two types of sample spots were created. On one spot Cr(III) and matrix were 

premixed in an Eppendorf (Enfield, CT, USA) tube before being spotted on the target plate as the 

seed layer, while in another spot Cr(III) is spotted as a separate layer. Of the nine matrices, an  

increase in protonation for substance P acid is seen for 2-NPG, THAP, and sDHB using the thin-

layer method with Cr(III) and the matrix mixed in a 1:50 molar ratio. The remaining matrices 

either exhibited no change, loss of signal, or decrease in signal intensity when Cr(III) is added at 

any concentration. Figure 5.1 contains the MALDI mass spectra for substance P acid using 2-

NPG, which shows a 3x increase of [M + H]+ intensity after addition of Cr(III). However, the 

results are inconsistent and the deviation is large (both with and without the use of Cr(III)). This 

is also the case with THAP and sDHB. Table 5.2 shows the mean and standard deviations of 

three independent trials using sDHB, THAP, and 2-NPG without and with Cr(III). These results 

reveal that the sample-to-sample reproducibility is poor, which is not unusual for MALDI. Thus, 

the increase in signal intensity that is observed for sDHB, THAP, and 2-NPG may be due to 

variations in peptide ion signal from different areas on the sample spot and may not necessarily 

be from the addition of Cr(III).   

 In addition, Cr(III) changes the crystal morphology for substance P acid when sDHB, 

THAP, and 2-NPG are used. Figures 5.2 through 5.10 contain images of the sample spots for the 

different matrices and deposition methods. Crystals produced when Cr(III) and 2-NPG, sDHB, 

or THAP were premixed and spotted on the target plate were more defined, and the analyte 

signal was more consistent throughout the sample spot compared to when Cr(III) is not used. 
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Figure 5.1. MALDI  mass spectra of substance P acid containing (a) no Cr(III) and (b) Cr(III) 

using 2-NPG as the matrix and the thin-layer method with Cr(III) and matrix premixed. 
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Table 5.2. MALDI results for substance P acid containing the mean and standard deviation of 

absolute intensities of [M + H]+ without and with Cr(III) using sDHB, THAP, and 2-NPG as the 

matrix. The thin-layer method with Cr(III) and matrix premixed was used to spot the samples. 

 

 A.I X 105  

Matrix Without Cr(III) With Cr(III) Signal increase 

sDHB 12 ± 7 25 ± 6 2 ± 1 

THAP 0.8 ± 0.8 2.4 ± 0.3 5 ± 5 

2-NPG 2 ± 3 12 ± 9 12 ± 11 

 

 

Cr(III) has less of an impact on crystal formation when using the thin-layer method with the 

matrix, Cr(III), and the peptide as separate layers than with the dried droplet and Cr(III)/matrix 

premixed thin-layer method. Figure 5.6 contains images of substance P with THAP as the 

matrix. Addition of Cr(III) changes the morphology of the crystals for the dried droplet method, 

Figure 5.6(b) and the thin-layer method with Cr(III) and matrix premixed, Figure 5.6(e). A 

decrease in the extent of aggregation is observed for the sample. This is also observed with 2-

NPG, Figure 5.5, and sDHB, Figure 5.10. Addition of Cr(III) improves the uniformity of the 

crystals using the thin-layer method with Cr(III) and matrix premixed. Improved crystal 

uniformity has been linked to better shot-to-shot reproducibility in MALDI,13,29 but it does not 

account for day-to-day irreproducibility. Determining whether Cr(III) is the actual cause for the 

increase in signal intensity observed for substance P acid, which already forms abundant [M + 

H]+ by MALDI, is difficult. 

Heptaalanine amide (A7-NH2,), a neutral peptide that increased in peptide signal intensity 

with the addition of Cr(III) in ESI, was analyzed with the nine matrices. A7-NH2 was selected for  
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Figure 5.2. Photographic MALDI target plate images of substance P acid using the matrix 

CHCA. The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) 

Cr(III), the thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no 

Cr(III) and matrix mix as a layer. 
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Figure 5.3. Photographic MALDI target plate images of substance P acid using the matrix DHB. 

The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), the 

thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 
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Figure 5.4. Photographic MALDI target plate images of substance P acid using the matrix MSA. 

The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), the 

thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 
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Figure 5.5. Photographic MALDI target plate images of substance P acid using the matrix 2-

NPG. The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), 

the thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 
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Figure 5.6. Photographic MALDI target plate images of substance P acid using the matrix 

THAP. The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) 

Cr(III), the thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no 

Cr(III) and matrix mix as a layer. 
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Figure 5.7. Photographic MALDI target plate images of substance P acid using the matrix NNA. 

The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), the 

thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 
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Figure 5.8. Photographic MALDI target plate images of substance P acid using the matrix 

HNBA. The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) 

Cr(III), the thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no 

Cr(III) and matrix mix as a layer. 
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Figure 5.9. Photographic MALDI target plate images of substance P acid using the matrix BNA. 

The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), the 

thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 
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Figure 5.10. Photographic MALDI target plate images of substance P acid using the matrix 

sDHB. The sample was spotted using the dried droplet method with (a) no Cr(III) and (b) Cr(III), 

the thin-layer method with (c) no Cr(III) and (d) Cr(III) as a separate layer, and (e) no Cr(III) and 

matrix mix as a layer. 

 

 

 

 

 

 

 

 

 

 

 

 



 114 

study because it does not form abundant [M + H]+ by MALDI in the absence of Cr(III). When 

using NNA, BNA, and THAP as the matrix, no peptide-related ions were observed for A7-NH2 

without and with Cr(III) regardless of the method used to spot the sample. The remaining 

matrices, produces inconsistent results when using the dried droplet and thin-layer methods. 

Thus, Cr(III) had no effect on the protonation of A7-NH2. 

The mechanism for Cr(III)-enhanced protonation in ESI may not be applicable to 

MALDI, because the processes proceed by different mechanisms. The mechanism of ion 

formation in MALDI is not yet completely understood and may involve multiple processes. 

Currently two proposed models for ion formation in MALDI exist.30 The 

photoexcitation/pooling model assumes that the analyte is neutral when incorporated with the 

matrix during crystallization.30,31 Photoionization of the matrix molecules is the first step leading 

to ionization of the analyte by charge transfer. The more recent model is the cluster model, also 

termed the “lucky survivor model,” which has been studied with proteins.4,32,33 In this model, 

ions are said to be preformed and incorporated into the matrix crystal. After laser ablation, 

clusters including the precharged ions, matrix, and solvent are desorbed off the target plate. 

Secondary reactions can occur within the laser plume, which includes proton, cation, or electron 

transfer. Evidence of the cluster model involves MALDI-MS on pH indicator dyes that 

maintained their pH and, thus, charge state from solution.34 If the peptide is incorporated into the 

peptide/matrix crystal as a charged species, then Cr(III) may not impact ionization in MALDI in 

the manner that it does for ESI. Cr(III) does improve crystal formation of substance P acid using 

some matrices and can, therefore, make finding “sweet spots” (locations on the sample surface 

that generate intense ions) less challenging. However, this is dependent on the sample because, 
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for example, A7-NH2 did not show any improvement in crystal formation or protonation with 

Cr(III).   

5.4 Conclusions 

 Ion formation by MALDI is heavily influenced by sample preparation, including the 

choice of matrix and the method of depositing the sample on the target plate. This often leads to 

MALDI being an arbitrary process of trial and effort for finding the best method of analyzing a 

particular analyte. Even when a new method is established, MALDI suffers from poor shot-to-

shot and sample-to-sample reproducibility that makes quantitative MALDI difficult. In this 

study, where ion intensity is being compared, reproducibility is important because of the need to 

conclusively determine if there is an effect from adding Cr(III). Although an increase in intensity 

of [M + H]+ is observed for substance P acid using 2-NPG, THAP, and sDHB, the variation in 

signal intensity is broad and makes it difficult to determine if the increase is due to Cr(III) or to 

finding a sweet spot on the sample surface. No increase in signal intensity is observed with A7-

NH2, which does not readily ionize in MALDI, when Cr(III) is added. Therefore, whether Cr(III) 

enhances ionization is still not understood, which may be due in part to a lack of a universal 

understanding of ion formation in MALDI. Cr(III) was seen to improve crystal formation using 

sDHB, 2-NPG, and THAP for substance P acid, but no improvement was observed for A7-NH2.  

Consequently, Cr(III) cannot be recommended as a protonation additive for MALDI. 
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CHAPTER 6.  THE SCOPE OF ENHANCED PROTONATION OF BIOMOLECULES WITH 

TRIVALENT CHROMIUM IN ELECTROSPRAY IONIZATION 

6.1 Introduction 

 The ability of trivalent chromium, Cr(III), to generate new charge states with acidic and 

neutral model peptides or increase the intensity for charge states normally produced by 

electrospray ionization (ESI) of basic peptides is a novel aspect.1-4 Model peptides (and a few 

biological peptides) have been used to demonstrate the analytical utility of Cr(III) in enhancing 

ionization and proposing the mechanism of protonation in ESI. Many of the model peptides used 

had a limited number of sidechain functional groups. Biological peptides are composed of a 

myriad of sidechains that can interact with one another and influence the structure and function 

of the peptide.5-7 Conformational preferences are dependent on intramolecular interactions (i.e., 

hydrogen bonding, van der Waals interactions, and electrostatic interactions) between amino acid 

sidechains.5,8,9 With model peptides, this aspect of intramolecular interactions is limited. Thus, to 

gage the analytical utility of Cr(III) in proteomic research, commonly studied peptides with 

biological activity should be studied.  

 Along with biological peptides, this chapter will discuss the effect of Cr(III) in enhancing 

the ionization of other biomolecules. In the published mechanism discussed in Chapter 3,4 

oxygen atoms were shown to be coordination sites for Cr(III). In fact, oxygen atoms bind 

strongly to Cr(III). This suggests that molecules containing oxygen, which many biomolecules 

possess, can potentially be good candidates for Cr(III) enhanced protonation in ESI. Lipids are a 
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diverse group of biological molecules that are soluble in organic solvents, but insoluble in 

water.10 Fatty acids are a class of lipids that contain a carboxylic acid functional group with a 

long-chain hydrocarbon side group. Sterols, another category of lipid, contain four fused 

saturated rings called cyclopentanoperhydrophenanthrene and a polar hydroxyl group. Most 

lipids are ionized in the negative ion mode where hydroxyl and carboxyl groups can be 

deprotonated; in the positive ion mode, derivatizations are typically performed to increase signal 

intensity.11-13  Another class of biomolecules, carbohydrates, consist of monosaccharides 

containing hydroxyl functional groups linked together by glycosidic bonds. Carbohydrates are an 

essential component of all living organisms.10 Similar to lipids, carbohydrates are often difficult 

to protonate in positive ion mode ESI. Derivatization and metalation are commonly performed 

for ESI analysis of carbohydrates.14-16 

 The work in this chapter will explore the scope of Cr(III) enhanced protonation of a range 

of biological peptides and will investigate the effects of Cr(III) on the analysis of fatty acids, 

sterols, and polysaccharides in positive ion mode ESI-MS. 

6.2 Experimental 

6.2.1 Peptides  

 All commercial peptides were obtained from either Alfa Aesar (Haverhill, MA, USA) or 

Bachem (Torrance, CA, USA) except as noted. Substance P free acid was purchased from 

ThermoFisher (Waltham, MA, USA).  Des-Arg14-Glu1-fibrinopeptide B and EDDpYDEEN, 

were custom synthesized by Biomatik (Cambridge, ON, Canada). All solvents were purchased 

from VWR (Radnor, PA, USA). Chromium(III) nitrate nonahydrate came from Acros Organics 

(Fair Lawn, NJ, USA).   
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6.2.2 Mass spectrometry 

 The ESI experiments were performed on a Bruker (Billerica, MA, USA) HCTultra PTM 

Discovery System high-capacity quadrupole ion trap (QIT) mass spectrometer. Samples were 

directly infused at a flow rate of 3 μL/min into an ESI source with a grounded needle and a 

voltage of -4.0 kV (positive ion mode) applied to the capillary entrance and end plate. Nitrogen 

served as both the nebulizer gas and the drying gas. The drying gas had a flow rate of 5-10 L/min 

and a temperature of 300°C. The nebulizer gas pressure was between 5-10 psi. All spectra shown 

are the result of signal averaging 300 scans.  Reported absolute intensity values are from three 

replicates obtained on three different days. Final analyte solutions studied were 1-5 μM in 50:50 

[v/v] acetonitrile: Milli-Q water. Peptides were mixed with Cr(III) in a 1:10 molar ratio. 

6.3 Results and discussion 

6.3.1 Biological peptide survey 

 For this work, a total of 27 biological peptides were studied. Table 6.1 contains the amino 

acid sequences of all peptides included in the study. Table 6.2 contains the absolute intensities for 

peptide ions generated by ESI. The addition of Cr(III) to the peptides fibrinopeptide B, des-

Arg14-Glu1-fibrinopeptide B, EGFR (985-966), bradykinin (2-9),  and hirudin (54-65) results in 

an increase in the charge state (n) for [M + nH]n+ produced by ESI.  

 Fibrinopeptide B, pEGVNDNEEGFFSAR, is a peptide that is cleaved from the 340 kDa 

protein fibrinogen.17,18 Fibrinogen is found in human blood and the polymerization of fibrinogen 

after cleavage of fibrinopeptide B and A results in the formation of clots.19 Fibrinopeptide B has 

a cyclized pyroglutamic acid residue, pE, at the N-terminus, one highly basic arginine (gas-phase 

basicity of arginine = 240 kcal/mol20) residue at the C-terminus, and three acidic amino acid 

residues within the peptide chain. The peptide forms [M + nH]n+, n = 1 and 2 without Cr(III).  
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Table 6.1. Amino acid sequence and isoelectric point at pH 4.0 of peptides studied. Acidic 

residues are highlighted in red and basic residues in blue. 

 

 

aIsoelectric point at pH 4.0 was calculated using the free bioinformatic toolbox Prot pi.21 

 

 

 

Peptide Name Sequence 

 

Isoelectric Point at pH 4.0a 

EDDpYDEEN EDDpYDEEN -3.03 

Des-Arg14-Glu1-fibrinopeptide B EGVNDNEEGFFSA -1.05 

Glu1-fibrinopeptide B EGVNDNEEGFFSAR -0.207 

Fibrinopeptide B pEGVNDNEEGFFSAR -0.789 

EGFR (985-996) DVVDADEYLIPQ -1.65 

Bradykinin (2-9) PPGFSPFR 1.20 

Bradykinin RPPGFSPFR 2.20 

MUC5AC, analog I fragment GTTPSPVPTTSTTSAP 0.199 

PreproVIP (156-170) SSEGESPDFPEELEK -0.587 

Hirudin (54-65) GDFEEIPEEYLQ -1.25 

ACTH (22-39) VYPNGAEDESAEAFPLEF -1.03 

Somatostatin AGCKNFFWKTFTSC 2.11 

ACTH (1-10) SYSMEHFRWG 2.06 

β -amyloid protein (1-11) DAEFRHDSGYE 0.619 

Amylin (20-29) SNFGAILSS 0.286 

Chemerin (149-157) YFPGQFAFS 0.286 

WP9QY, TNF-alpha antagonist YCWSQYLCY 0.281 

Caerulein pEQDYTGWMDF-NH2 0.0727 

CEBVB (280-288) GLCTLVAML 0.346 

Angiotensin II EGVYVHPV 0.900 

α-mating factor WHWLQL 1.34 

Gastrin amide pEGPWLEEEEEAYGWMDF-NH2` -1.78 

Human gastrin (1-14) pEGPWLEEEEEAYGW -1.95 

Substance P RPKPQQFFGLM-NH2 3.00 

Substance P acid RPKPQQFFGLM-OH 2.32 

Angiotensin I DRVYIHPFHL 2.60 

ACTH (1-13) SYSMEHFRWGKPV 3.05 
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Table 6.2. ESI results of biological peptides studied. 

 

Peptide Name 

No Cr(III)  A.I
a
 x 10

6
 Cr(III)  A.I x 10

6
 

[M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 

[M +nH]
n+ 

to [M 

+ (n-1)H](n-1)
+
 

Ratiob 

[M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 [M + Cr]

3+
 [M + Cr - H]

2+
 

[M +nH]
n+ 

to [M 

+ (n-1)H](n-1)
+
 

Ratio 

EDDpYDEEN 0.6 ± 0.2 c 0 0 - d 0 0 0 0.44 ± 0.06 0.30 ± 0.01 - 

Des-Arg14-Glu1-

fibrinopeptide B 
7.5 ± 1.8 65 ± 6 0 - 1.1 ± 0.2 34 ± 5 5.7 ± 0.5 20 ± 3 6.9 ± 1.6 0.17 ± 0.01 

Glu1-fibrinopeptide B 0 17 ± 6 2.0 ± 0.0 0.13 ± 0.05 0 3.9 ± 1.2 2.4 ± 0.5 0 0 0.64 ± 0.07 

Fibrinopeptide B 0.15 ± 0.07 1.7 ± 1.4 0 - 0.01 ± 0.01 7.3 ± 0.9 0.4 ± 0.1 9.1 ± 1.3 2.6 ± 0.4 0.05 ± 0.01 

EGFR (985-996) 6.3 ± 1.1 49 ± 6 0 - 0.5 ± 0.0 22 ± 1 6.2 ± 0.4 37 ± 4 7.0 ± 0.2 0.28 ± 0.02 

Bradykinin (2-9) 0.4 ± 0.0 48 ± 2 0 - 0.1 ± 0.0 46 ± 8 0.2 ± 0.0 0 0 0.005 ± 0.001 

Bradykinin 0 12 ± 2 16 ± 3 1.2 ± 0.1 0 6.6 ± 0.7 14 ± 1 0 0 2.2 ± 0.1 

MUC5AC, analog I 

fragment 
1.5 ± 0.5 21 ± 3 0.5 ± 0.1 0.03  ±  0.01 0.1 ± 0.0 12 ± 2 0.4 ± 0.1 9.9 ± 0.5 4.2 ± 0.4 0.03  ±  0.01 

PreproVIP 

(156-170) 
0 16 ± 5 1.1 ± 0.5 0.07  ±  0.01 0 3.6 ± 0.3 2.1 ± 0.1 0.8 ± 0.1 0.1 ± 0.0 0.6  ±  0.1 

Hirudin (54-65) 2.4 ± 0.8 34 ± 10 0 - 0.2 ± 0.1 13 ± 2 1.7 ± 0.1 24 ± 3 4.6 ± 0.8 0.13 ± 0.01 

ACTH (22-39) 1.7 ± 0.4 27 ± 8 1.7 ± 0.9 0.06  ±  0.02 0.1 ± 0.0 12 ± 2 1.2 ± 0.2 12 ± 2 3.4 ± 0.4 0.097  ±  0.001 

Somatostatin 0 23 ± 0 11 ± 3 0.5 ± 0.1 0 9.5 ± 0.9 10 ± 1 0.3 ± 0.1 0 1.1 ± 0.1 

ACTH (1-10) 0 19 ± 3 32 ± 4 1.7 ± 0.2 0 7.7 ± 0.6 21 ± 1 0 0 2.8 ± 0.1 

β-amyloid protein  

(1-11) 
0 12 ± 2 3.9 ± 0.8 0.34  ±  0.05 0 5.1 ± 0.6 5.4 ± 1.1 0.3 ± 0.1 0 1.1  ±  0.3 

Amylin (20-29) 0 0.2 ± 0.0 0 - 0 0.9 ± 0.2 0 0.6 ± 0.1 0.1 ± 0.0 - 

Chemerin (149-157) 3.9 ± 0.3 12 ± 3 0 3 ± 1 1.0 ± 0.1 27 ± 6 0 16 ± 2 4.4 ± 0.1 26 ± 3 

WP9QY, TNFα 

αntagonist 
1.3 ± 0.2 2.2 ± 0.8 0 1.7 ± 0.8 0.3 ± 0.0 6.5 ± 1.5 0 5.3 ± 0.8 2.2 ± 0.2 22 ± 4 

Caerulein 0.2 ± 0.1 0.7 ± 0.1 0 5 ± 2 0.2 ± 0.1 0.3 ± 0.0 0 4.6 ± 0.7 4.8 ± 0.8 1.4 ± 0.4 

CEBVB(280-288) 3.9 ± 0.8 6.4  ± 1.3 0 1.6 ± 0.1 3.6 ± 1.1 33 ±1 0 15 ± 3 5.4 ± 1.2 10 ± 2 

Angiotensin II 0.4 ± 0.1 25 ± 3 0 63 ± 10 0.1 ± 0.0 17 ± 3 0 0 0 210 ± 27 

α-mating factor 0.8 ± 0.1 32 ± 1 0 40  ±  3 0.4 ± 0.0 21 ± 3 0 0 0 49 ± 9 
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aAbsolute intensity 
bn = the highest protonated charge state observed 
cMean ± one standard deviation from three independent replicates 
d “-“ signifies that the ratio is unable to be calculated due to lack of signal 

 

Table 6.2. continued. 
 

 No Cr(III)  A.I
a
 x 10

6
 Cr(III)  A.I x 10

6
 

Peptide Name [M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 

[M +nH]
n+ 

to 

[M + (n-1)H](n-

1)+ Ratiob 

[M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 [M + Cr]

3+
 [M + Cr - H]

2+
 

[M +nH]
n+ 

to 

[M + (n-

1)H](n-1)+ Ratio 

Gastrin amide 0 0.1 ± 0.1 0 - 0 0.1 ± 0.0 0 6.9 ± 0.9 1.7 ± 0.6 - 

Human gastrin 

(1-14) 
0 1.4 ± 0.2 0 - 0 0.3 ± 0.1 0 4.3 ± 0.9 5.4 ± 0.2 - 

Substance P 0 18 ± 3 24 ± 3 1.3 ± 0.2 0 14 ± 3 33 ± 8 0.3 ± 0.1 0 2.3 ± 0.2 

Substance P acid 0 18 ± 2 15 ± 1 0.8 ± 0.6 0 13 ± 2 26 ± 5 0.46 ± 0.13 0 2.0 ± 0.1 

 [M +2H]
2+

 [M + 3H]
3+

 [M + 4H]
4+

 

[M +nH]
n+ 

to 

[M + (n-1)H](n-

1)+ Ratio 

[M + 2H]
2+

 [M + 3H]
3+

 [M + 4H]
4+

 [M + Cr]
3+

 [M + Cr - H]
2+

 

[M +nH]
n+ 

to 

[M + (n-

1)H](n-1)+ Ratio 

Angiotensin I 6.0 ± 0.7 15 ± 2 3.7 ± 2.5 0.2 ± 0.1 1.8 ± 0.5 13 ± 0.9 7.5 ± 0.6 0 0 0.6 ± 0.1 

ACTH(1-13) 12 ± 2 13 ± 1 8.3 ± 0.6 0.63 ± 0.04 2.6 ± 0.2 11 ± 1 25 ± 4 0 0 2.3 ± 0.1 
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Figure 6.1. ESI mass spectra for des-Arg14-Glu1-fibrinopeptide b with (a) no Cr(III) and (b) 

Cr(III). 
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Addition of Cr(III) results in the formation of n = 3 and quadruples the overall intensity of n = 2, 

,as shown in Table 6.2. Glu1-fibrinopeptide B, EGVNDNEEGFFSAR, does not have the cyclized 

N-terminus and forms n = 1-3 without Cr(III) by ESI. Addition of Cr(III) did not form any 

additional charge states for this peptide.  

 The isoelectric point (pI) of a peptide is the pH at which the peptide exists in solution as a 

zwitterion. The lower and more negative the pI is the more acidic the peptide. Table 6.1 includes 

the pI of the peptides in this study in a solution at pH 4. The pI of des-Arg14-Glu1-fibrinopeptide 

B, fibrinopeptide B and Glu1-fibrinopeptide B is -1.05, -0.789, and -0.207, respectively. 

Therefore, des-Arg14-Glu1-fibrinopeptide B is the most acidic of the three peptides. Des-Arg14-

Glu1-fibrinopeptide B, EGVNDNEEGFFSA, has an uncyclized N-terminus and no basic arginine 

residue at the C-terminus. Figure 6.1 contains the ESI mass spectra for des-Arg14-Glu1-

fibrinopeptide B in the presence and absence of Cr(III). Addition of Cr(III) to des-Arg14-Glu1-

fibrinopeptide B results in the formation of n = 3 that is otherwise not formed by ESI. The 

peptide also forms the most abundant Cr(III)-adducted peptide ions when compared to 

fibrinopeptide B and Glu1-fibrinopeptide B. The acidic nature of des-Arg14-Glu1-fibrinopeptide B 

seemingly increases its binding to Cr(III).  

 Epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor protein that 

contains 1,091 residues. The protein binds the several different ligands, also called growth 

factors.22,23 Binding of ligands to the receptor signals cell growth and development, tissue 

turnover and healing, and is essential for animal development.23,24 Overexpression of EGFR is 

linked to the development of aggressive cancers in humans.25-27 The peptide clip of EGFR, 

EGFR (985-966), is a highly acidic peptide whose sequence is DVVDADEYLIPQ. The peptide 
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has four acidic residues and no basic residues. In the absence of Cr(III), EGFR (985-966) forms 

[M + nH]n+, n = 1 and 2, Figure 6.2(a). After adding Cr(III), n = 3 forms, Figure 6.2(b).  

 Hirudin contains 65 amino acids and is an anticoagulant agent isolated from medicinal 

leeches.28 Variants of hirudin has been created and approved for clinical use for thrombotic 

complications.29,30  The C-terminal end of hirudin contains multiple acidic residues. The clip 

hirudin (54-65), GDFEEIPEEYLQ, was included in this study because of its acidic nature. 

Figure 6.3 is the ESI mass spectra for this peptide clip with and without Cr(III). Similar to EGFR 

(985-996), hirudin (54-65) forms n = 3 only after the addition of Cr(III). Intense Cr(III)-adducted 

peptide ions, which are characteristic of the ESI spectra for acidic peptides with Cr(III), are also 

present. 

 Bradykinin (2-9), PPGFSPFR, was the only basic peptide in this study that adds an 

additional proton with Cr(III). Full sequence bradykinin, RPPGFSPFR, is a basic peptide that has 

been associated with inflammation and intense pain.31,32 Bradykinin forms [M + nH]n+, n = 2 and 

3 without Cr(III), Table 6.2. No additional protons are added with Cr(III). In contrast, bradykinin 

(2-9), which is missing the N-terminal arginine residue, forms predominantly [M + 2H]2+ and a 

small amount of [M + H]+. Adding Cr(III) leads to the formation of a minute amount of [M + 

3H]3+.  

 Another basic peptide, substance P, is a neurotransmitter that is released from the central 

and peripheral nervous system.33 The amino acid sequence is RPKPQQFFGLM-NH2, and it 

exists naturally with an amide group at the C-terminus (i.e., as a peptide amide). Results 

presented in Chapter 3 showed that the peptide amides A7-NH2 and AAAEAAA-NH2 increased 

in charge state upon addition of Cr(III). Substance P and its analog substance P acid, 

RPKPQQFFGLM-OH, were added to this survey to determine if the same effect is observed.  
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Figure 6.2. ESI mass spectra for EGFR (985-966) with (a) no Cr(III) and (b) Cr(III). 
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Figure 6.3. ESI mass spectra for hirudin (54-65) with (a) no Cr(III) and (b) Cr(III). 
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Figure 6.4 and 6.5 contains the mass spectra of substance P amide and acid, respectively. Both 

peptides form [M + nH]n+, n = 2 and 3, by ESI. The addition of Cr(III) shifts the charge 

distribution towards n = 3 for both peptides but does not add any additional charge states. 

Although Cr(III) may be able to coordinate to the peptide amide, coordination to the peptide acid 

results in the protonation being enhanced to a greater extent. For both peptides, only low 

intensities of Cr(III)-adducted peptide ions form. This agrees with previous results reported by 

the Cassady group that concluded basic peptides form less intense Cr(III) adduct ions than acidic 

peptides.1  

 Two other peptide amides were included in the study: human gastrin (1-17) and caerulein. 

Gastrin (1-17) stimulates gastrin acid secretion and is linked to ulcer disease and gastric cancer.34   

The peptide is highly acidic and difficult to protonate in the positive ion mode but generates 

abundant ion signal in the negative ion mode.35 Gastrin (1-17) contains a chain of glutamic acid 

(E) residues and a cyclized N-terminus pyroglutamic acid residue (pE); its sequence is 

pEGPWLEEEEEAYGWMDF-NH2. A clip of the peptide, gastrin (1-14),  

pEGPWLEEEEEAYGW, was also included in the study. In the absence of Cr(III) both peptides 

form little [M + 2H]2+. After the adding Cr(III) the intensity of [M + 2H]2+  decreases for gastrin 

(1-14) and stays the same for gastrin (1-17), Table 6.2. The peptides form Cr(III)-adducted ions 

signifying that Cr(III) is interacting with the peptides. This suggest that the multiple carboxylic 

groups from the sidechain of the acidic residues located near each other may coordinate strongly 

with Cr(III) and inhibit Cr(III) from being released after binding. This contrasts with previous 

work by the Cassady group1 where Cr(III) greatly enhances protonation and charge state for the 

highly acidic peptide EEEEGDD. 
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Figure 6.4. ESI mass spectra for substance P amide with (a) no Cr(III) and (b) Cr(III). 
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Figure 6.5. ESI mass spectra for substance P acid with (a) no Cr(III) and (b) Cr(III). 
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 Caerulein is a peptide found in the skin of Australian amphibians that causes contractions 

of the gallbladder and stimulates the production of bile in the intestines. The peptide’s sequence 

is pEQDYTGWMDF-NH2, with the C-terminus end resembling gastrin (1-17). The tyrosine (Y) 

residue is sulfated with the hydroxyl group replaced by a sulfate group. In this study, the 

desulfated peptide is used. Similar to gastrin, caerulein is acidic and produces very little 

protonated ions, Table 6.2. Without Cr(III), n = 1 and 2 forms at low intensity. The addition of 

Cr(III) slightly decreases the signal for n = 2. Cr(III) adducted peptide ions are also present with 

this peptide.  

 Addition of Cr(III) caused an increase in the signal intensity of protonated ions typically 

made by ESI for six of the neutral and basic biological peptides in this study, as shown Table 

6.3. WP9QY, TNFα antagonist is a neutral cyclic peptide, YCWSQYLCY, with a disulfide bond. 

The peptide was created to mimic tumor necrosis factor α (TNFα) and prevent binding of TNFα  

with its receptor.36 Binding of TNFα to its receptor enhances production of inflammatory 

diseases and has been associated with rheumatoid arthritis.37-39 Figure 6.6 is the ESI mass spectra 

for WP9QY, TNFα antagonist without Cr(III) and with Cr(III). The neutral peptide forms [M + 

nH]n+, n = 1 and 2, by ESI, and the addition of Cr(III) increases n = 2 by a factor of three, which 

shifts the charge state distribution almost completely to n = 2. 

 An increase in intensity is also observed with adrenocorticotropic hormone clip (ACTH 

1-13) after the addition of Cr(III). ACTH is a hormone that contains 39 amino acids and is 

produced and secreted by the pituitary gland.40 The hormone controls the production of 

corticosteroids from the adrenal glands and have been used as a therapeutic in multiple 

ailments.41 The clip ACTH (1-13), SYSMEHFRWGKPV, is a basic peptide with three basic 

residues and one acidic residue. Figure 6.7 contains the ESI mass spectra for ACTH (1-13) in the 
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Table 6.3. Peptides that increased in signal intensity but did not add additional protons with Cr(III). 

 

aAbsolute intensity 
bn = the highest protonated charge state observed 
cMean ± one standard deviation from three independent replicates 
d “-“ signifies that the ratio is unable to be calculated due to lack of signal

 

Peptide Name 

No Cr(III)  A.I
a
 x 10

6
 Cr(III)  A.I x 10

6
 

[M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 

[M +nH]
n+ 

to [M 

+ (n-1)H](n-1)
+
 

Ratiob 

[M + H]
+
 [M + 2H]

2+
 [M + 3H]

3+
 [M + Cr]

3+
 [M + Cr - H]

2+
 

[M +nH]
n+ 

to [M 

+ (n-1)H](n-1)
+
 

Ratio 

WP9QY, TNF-alpha 

antagonist 
1.3 ± 0.2 2.2 ± 0.8 0 1.7 ± 0.8 0.3 ± 0.0 6.5 ± 1.5 0 5.3 ± 0.8 2.2 ± 0.2 22 ± 4 

CEBVB(280-288) 3.9 ± 0.8 6.4  ± 1.3 0 1.6 ± 0.1 3.6 ± 1.1 33 ±1 0 15 ± 3 5.4 ± 1.2 10 ± 2 

Amylin (20-29) 0 0.2 ± 0.0 0 - 0 0.9 ± 0.2 0 0.6 ± 0.1 0.1 ± 0.0 - d 

Chemerin (149-157) 3.9 ± 0.3 12 ± 3 0 3 ± 1 1.0 ± 0.1 27 ± 6 0 16 ± 2 4.4 ± 0.1 26 ± 3 

Substance P acid 0 18 ± 2 15 ± 1 0.8 ± 0.6 0 13 ± 2 26 ± 5 0.46 ± 0.13 0 2.0 ± 0.1 

 [M +2H]
2+

 [M + 3H]
3+

 [M + 4H]
4+

 

[M +nH]
n+ 

to 

[M + (n-1)H](n-

1)+ Ratio 

[M + 2H]
2+

 [M + 3H]
3+

 [M + 4H]
4+

 [M + Cr]
3+

 [M + Cr - H]
2+

 

[M +nH]
n+ 

to 

[M + (n-

1)H](n-1)+ Ratio 

ACTH(1-13) 12 ± 2 13 ± 1 8.3 ± 0.6 0.63 ± 0.04 2.6 ± 0.2 11 ± 1 25 ± 4 0 0 2.3 ± 0.1 
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Figure 6.6. ESI mass spectra for WP9QY, TNFα antagonist with (a) no Cr(III) and (b) Cr(III). 
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Figure 6.7. ESI mass spectra for ACTH (1-13) with (a) no Cr(III) and (b) Cr(III). 
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absence and presence of Cr(III). The peptide forms [M + nH]n+, n = 2-4, without Cr(III). The 

addition of Cr(III) shifts the charge state distribution to n = 4 and increases the ion’s intensity by 

three. No Cr(III) adducts form for this basic peptide.  

Addition of Cr(III) to the following peptides results in a decrease in the absolute intensity 

of n = 2: MUC5AC analog I fragment, preproVIP (156-170), ACTH (22-39), somatostatin, β-

amyloid (1-11), angiotensin II, and α-mating factor.  Unlike the model peptides that were utilized 

in earlier studies of Cr(III) enhanced protonation, the secondary and tertiary structure of the 

biological peptides in this study are of higher complexity. Peptide conformations are dictated by 

their higher order structure. A possibility exist that the conformation of the peptides may be 

confining Cr(III) and not allowing for dissociation of Cr(III) from the peptide. This also can 

explain the decrease in intensity for [M + 2H]2+ observed for some of the peptides in this study. 

The mass spectrum for these peptides contains Cr(III) adducts, which confirms the coordination 

of Cr(III) to the peptide. In addition, for some biological peptides the multiple O- and N-

containing sidechains may be resulting in sufficiently strong coordination to inhibit release of 

Cr(III). 

6.3.2 Other biomolecules   

 A previous Cassady group member, Matthew Mireles, investigated the effect of Cr(III) 

on lipids; Cr(III) had no impact on the protonation of oleic acid, cholic acid, cholesterol, and 

hydroxystearic acid.42 Another Cassady group member, Dr. Ranelle Schaller-Duke, concluded 

that the addition of Cr(III) to solutions containing carbohydrates had no effect on protonation.43     

6.4 Conclusions 

 Of the 27 biological peptides studied, five peptides increased in charge state and 

protonated ions of six peptides increased in upon addition of Cr(III). All peptides that obtain an 
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extra proton in the presence of Cr(III) were acidic peptides except for bradykinin (2-9). The 

increase in signal intensity (but not charge state) is seen with basic and neutral peptides. This is 

in agreeance with prior studies1,3 in which Cr(III) was more likely to put on additional protons to 

acidic peptides and not basic peptides, which, instead, exhibit an increase in signal intensity. 

Comparison of the biological peptide acids and amides indicates that Cr(III) affects both 

functional groups the same. Cr(III) suppresses or have no impact on the highly acidic peptides, 

gastrin 1-17, gastrin 1-14, and EDDpYDEEN suggesting that maybe the presence of too many 

acidic residues or highly acidic phosphorylated residues may bind tightly to Cr(III) inhibiting the 

metal ion from dissociating from the peptide. This is evident in the presence of Cr(III) adducts 

that form in each case. Although Cr(III) did not improve the protonation of all of the peptides 

studied, it does work well with some. To the contrary, Cr(III) was not observed to increase 

protonation by ESI for the limited number of lipids, steroids, and carbohydrates that were 

studied.    
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CHAPTER 7.   ELECTRON TRANSFER DISSOCIATION OF MULTIPLY PROTONATED 

PEPTIDE IONS 

7.1 Introduction 

 Mass spectrometry (MS) is an invaluable tool in peptidomics and proteomic research by 

providing accurate mass measurements and structural analysis to further understand biological 

functions and mechanisms.1-3 Peptide sequence information can be elucidated by utilizing 

tandem mass spectrometry (MS/MS). The most common method of peptide and protein 

dissociation is collision-induced dissociation (CID).4 In CID, precursor ions are activated 

through collisions with a neutral gas to induce dissociation along the peptide backbone amide 

bonds. Cleavage at the amide bond generates N-terminal b-ions and C-terminal y-ions, which are 

characteristic of CID fragmentation. CID can be easily implemented on many commercial mass 

spectrometers; therefore, the technique is well-known and widespread.  

  Alternatives to inducing fragmentation are electron-based dissociation techniques such 

as electron capture dissociation (ECD)5 and electron transfer dissociation (ETD).6 Both 

techniques require multiply charged precursor ions to avoid neutralization of the ion upon the 

addition of an electron. Unlike CID, ETD is a non-ergodic process, which means that 

fragmentation is localized and occurs before the energy is randomized. The process involves a 

low energy electron being transferred to the sample molecule via a reagent ion that is made by 

means of negative chemical ionization (nCI). The result is cleavage of the N-Cα bonds along the 
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peptide backbone producing N-terminal c-ions and C-terminal z-ions.6 Refer to Section 2.5 for 

peptide fragmentation nomenclature. ETD and CID have been shown to provide complementary 

information. For example, in glycoprotein MS/MS analysis, CID exclusively cleaves glycosidic 

bonds while ETD cleaves peptide bonds.7  

 Before dissociation, the sample must be converted into gas-phase ions. The charge and 

intensity of the precursor ion can influence MS/MS results. Compared to singly protonated ions, 

higher charge state ions generally require less energy to dissociate and have been shown to 

increase fragmentation efficiency, thus providing more informative sequence fragmentation by 

increasing the number of product ions formed.8-11 In positive ion mode electrospray ionization 

(ESI) and matrix-assisted laser desorption ionization (MALDI), acidic peptides can be difficult 

to protonate due to their highly acidic nature and preference for deprotonation.12,13  Multiple 

efforts have been made to increase ionization efficiency in ESI. Organic supercharging reagents 

such as m-nitrobenzyl alcohol 14-17 and tetramethylene sulfone18-20 have been reported to increase 

the charge state in peptide ions. Another method to generate multiply charged precursor ions 

from peptides that are normally difficult to protonate is the addition of metal ions to produce 

metallated peptide cations.11,21-24 Additionally, trivalent chromium (Cr(III)) salts added to 

peptide solutions can enhance the signal intensity of protonated peptide ions and in some cases 

increase the highest charge state observed.25-28  

 The charge state, amino acid composition, and chain length have been shown to affect 

electron-based dissociation of protonated peptides. Chan and coworkers used ECD to investigate 

the effects of glutamic acid (Glu) and asparagine (Asn) residues on fragmentation of diarginated 

peptides.29 Backbone cleavage was suppressed with the doubly protonated precursor ion as the 

number of Glu and Asn residues increased, whereas extensive backbone cleavage is seen for the 
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triply protonated precursor ion. This occurrence was attributed to the stability of the precursor 

ions caused by the carbonyl oxygen on Glu residue sidechains and the amide backbone 

stabilizing the proton. In another study by Chan and coworkers,30 the length of the peptide was 

determined to be a factor in the suppression of product ions in ECD; they noted a decrease in the 

intensity of product ions for the longer peptide in their study.  

 Chalkley and coworkers reported the first statistical analysis of ETD product ions derived 

from enzymatic cleavage by characterizing the frequency of different ion types based on the 

charge state and protease used.31 Doubly protonated precursor ions gave less fragmentations and 

more hydrogen transfer products than triply protonated precursor ions. The location of the basic 

residue in the doubly protonated precursor ion was a determinant for the type of product ion 

formed; this effect is less prevalent with higher charge states that have multiple protonated basic 

residues. The formation of y-ions, which are characteristic of CID fragmentation, was observed 

for peptides digested with trypsin and Lys-C. Wysocki, Coon, and coworkers 32 expanded on this 

work by performing statistical analysis using data mining strategy and K-means clustering on the 

ETD fragmentation of 11,954 peptides using three different proteases; they observed selective 

cleavage at lower charge states with intense cleavage N-terminal to arginine, lysine, and 

glutamic acid, but as the distance between these residues and the C-terminus increases the 

selectivity decreases. At higher charge states, the preferential cleavage is less significant. 

Additionally, cleavage N-terminal to proline and carbamidomethylated cysteine were not 

observed; this was previously reported by Sun and coworkers.33 In two ETD studies by Karger 

and coworkers, selective cleavage of disulfide bonds was reported.34,35  

 The current study uses Cr(III) to assist in generation of multiply protonated peptide ions, 

[M + nH]m+, from biologically relevant peptides. Cr(III) can sometimes produce charge states (n) 
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that are not otherwise formed in sufficient intensity to study by ETD. Therefore, the effects of 

precursor ion charge on ETD were investigated with regard to the types of product ions 

produced.  The effects of specific residues on ETD fragmentation were also examined. 

7.2 Experimental 

 All ETD experiments were performed using a Bruker (Billerica, MA, USA) HCTultra 

PTM Discovery System high capacity quadrupole ion trap (QIT) mass spectrometer equipped 

with ESI. Samples were introduced into the ESI chamber using a KD Scientific syringe pump 

(Holliston, MA, USA) at a flow rate of 180 µL/hr. Experiments were performed in the positive 

ion mode with a high voltage of -3.5-4.0 kV applied at the capillary entrance. Nitrogen was the 

drying and nebulizing gas. The drying gas temperature and flow rate were set to 300ºC and 5-10 

L/min, respectively. The pressure of the nebulizer gas was optimized between 10-15 psi. Final 

spectra are the result of signal averaging 200 scans.  

 The reagent anion, fluoranthene, was produced by nCI with methane as the nCI reagent 

gas. To maximize transfer of the electron, the ion charge control (ICC) value was set between 

300,000 to 400,000 and the reagent anion accumulation time was set between 5-10 ms. The 

anion/cation reaction times were set in the range of 110-200 ms. No additional energy was 

applied to the ions post ETD.  

 Peptides were purchased from various vendors. Adrenocorticotropic hormone clip 

(ACTH (4-10)), GLFAVIKKVAKVIKKL, beta-amyloid (1-11), des-Arg14-Glu1-fibrinopeptide 

B, Glu1-endo-Glu7a-fibrinopeptide B, TDFEAALNTR, and des-Arg16-fibrinopeptide A were 

obtained from Biomatik USA (Wilmington, Delaware, USA). Hirudin (54-65), prepro vasoactive 

intestinal polypeptide (preproVIP), epidermal growth factor (EGFR (985-966)), angiotensin I, 

and fibrinopeptide A were purchased from Bachem Americas (Torrance, CA, USA). 
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Adrenocorticotropic hormone (ACTH (1-13)), HIF-1{α} (556-574), Glu1-fibrinopeptide B, and 

fibrinopeptide B were attained from VWR International (Radnor, PA, USA). Before infusion, 

peptides were dissolved in 50:50 [v/v] acetonitrile:water. Acetonitrile was purchased from VWR 

and Ultrapure Milli-Q 18 MΩ water was produced with a Barnstead (Dubuque, IA, USA) E-pure 

system. Chromium(III) nitrate was purchased from VWR. 

7.3 Results and Discussion 

7.3.1 Effects of Cr(III) on ETD spectra 

 All spectra presented are labeled according to the established peptide cleavage 

nomenclature of Roepstorff and Fohlman36 as modified by Biemann.37 This nomenclature is used 

in the current study to assist in conveying the number of additional hydrogens present in product 

ions generated from highly protonated precursor ions.  Additional hydrogens are denoted by a 

prime symbol to the right of the ion (i.e., zn
/ = [zn + H]+); whereas, the loss of hydrogens is 

represented by a prime symbol to the left (i.e., /cn= [cn – H]+). In the figures, the following color 

code is used to label ions:  z-ions = red, c-ions = blue, y-ions = green, undissociated precursor 

ion = purple, and neutral loss/electron transfer without dissociation (ETnoD) ions = black. 

 Sixteen peptides were chosen to study their fragmentation patterns at different charge 

states in ETD. The peptides and their sequences are provided in Table 7.1, along with the 

protonated ions formed during ESI and the fragment ions produced by ETD. The peptides range 

in size from 7-19 amino acid residues. For peptides that only form [M + H]+ during ESI or 

multiply protonated ions with weak intensities, chromium(III) nitrate was added to the peptide 

solution in a 5:1 or 10:1 Cr(III) to peptide molar ratio to increase the signal intensity of the 

multiply charged protonated ion, [M + nH]n+. 



 147 

  Our computational and experimental research into the mechanism by which Cr(III) 

enhances the protonation of peptides27,28 suggests that the use of Cr(III) should not influence the 

ETD spectra.  To confirm this, ETD spectra of peptide solutions with Cr(III) were compared 

with ETD spectra of peptide solutions without Cr(III). The work of Chapter 6 and previous 

Cassady group work demonstrates that Cr(III) is especially useful for the analysis of acidic and 

neutral peptides by ESI.25 Neutral peptides are defined as peptides with an equal number of basic 

and acidic sites. Basic sites include the N-terminus and sidechain of  basic amino acids (arginine, 

lysine, and histidine). Acidic sites on peptides are the C-terminus and sidechain of acidic amino 

acids (glutamic and aspartic acid).  

The ETD spectra for des-Arg14-Glu1-fibrinopeptide B are presented in Figure 7.1. ETD of 

[M + 2H]2+ from des-Arg14-Glu1-fibrinopeptide B with acetic acid, Figure 7.1(a),  and with 

Cr(III), Figure 7.1(b), generates the same product ions.  The spectra are identical, with des-

Arg14-Glu1-fibrinopeptide B producing c- and z-type product ions. In both cases, the c-series 

consist of c2, 9-12
+  and the z-series is z11

+ and z12
/+. Human epidermal growth factor fragment (EGFR 

(985-996)) without any additive forms only [M + nH]n+, n = 1-2, by ESI. Addition of Cr(III) 

forms n = 3, which is comparable to the ESI spectrum of EGFR (985-996) with 0.1% acid added 

to the peptide solution. ETD performed on [M + 3H]3+ produced by the addition of Cr(III) results 

in the same product ions being formed as ETD on [M + 3H]3+ produced with the addition of 

acetic acid. The product ions formed are of the z, c, and y-series and consist of z3-11
/+, z8-9,11

//+, c2-

11
+, c3-9, 11

/+,  and y2
+. Hirudin (54-65) is a highly acidic peptide that forms [M + nH]n+, n = 1-2, 

with acid, while with Cr(III) n = 3 forms. Comparison of the ETD spectra of [M + 2H]2+ with 

acid and Cr(III) shows the same product ions are formed: z11
/+, z11

//+, c9-11
+, c11

/+, and y9-10
+. 
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 Table 7.1. ESI ion formation and corresponding ETD product ions. 

Peptide Sequence 
Precursor ion 

formed by ESI 

Number of 

fragment 

ions 

zn-ions cn-ions yn-ions 

DRVYIHPFHL 

Angiotensin I 
[M + 2H]2+ 4 

zn
/+, n=9 

zn
//+, n=9 

cn
+, n=7-8 

cn
/+, n=8-9 

 

 [M + 3H]3+ 13 
zn

/+, n=2-3, 5, 7-9  

zn
//+, n=9 

cn
+, n=2-5, 7-9  

 [M + 4H]4+ 11 
zn

/+, n=2, 5, 7-8 

zn
//+, n=7-9 

cn
+, n=2-3, 5, 7-8 

cn
/+, n=9 

 

GDFEEIPEEYLQ 

Hirudin (54-65) 
[M + 2H]2+ 6 

zn
/+, n=11 

zn
//+, n=11 

cn
+, n=9-11 

cn
/+, n=11 

yn
+, n=9-10 

 [M + 3H]3+ 20 
zn

/+, n=2-11 

zn
//+, n=2-11 

cn
+, n=3-11 

cn
/+, n=3-5, 7-11 

yn
+, n=6 

DLDLEMLAPYIPMDDDFQL 

HIF-1{α} (556-574) 
[M + 2H]2+ 18 

zn
/+, n=8, 12, 14, 16, 18  

zn
//+, n=12, 15-18 

cn
+, n=9-10, 12-18 

cn
/+, n=15-18 

yn
+, n=8,11 

 [M + 3H]3+ 22 
zn

/+, n=2-7, 9, 12 

zn
//+, n=2-4, 6, 10, 12, 14 

cn
+, n=6-7, 9-10, 12-18 

cn
/+, n=7, 10, 12-18 

yn
+, n=8,11 

GLFAVIKKVAKVIKKL [M + 2H]2+ 
6 

 

zn
/+, n=13-15  

zn
//+, n=13-15 

cn
+, n=13-15 

cn
/+, n=14-15 

 

 [M + 3H]3+ 17 
zn

/+, n=3, 5, 9, 11-15 

zn
//+, n=3, 5, 9, 11-15 

cn
+, n=7-15 

cn
/+, n=7, 10-15 

 

 [M + 4H]4+ 25 
zn

/+, n=2-4, 6-7, 9-15  

zn
//+, n=2, 4, 6-7, 9-15 

cn
+, n=2-7, 9-15 

cn
/+, n=3-7, 9-15 

 

MEHFRWG 

ACTH (4-10) 
[M + 2H]2+ 7 

zn
/+, n=3-6 

zn
//+, n=4 

cn
+, n=5-6 

cn
/+, n=4 

 

 [M + 3H]3+ 9 
zn

/+, n=3-6 

zn
//+, n=5-6 

cn
+, n=2-6 

cn
/+, n=5-6 

 

SYSMEHFRWGKPV 

ACTH (1-13) 
[M + 2H]2+ 2 

zn
//+, n=10 cn

/+, n=12  

 [M + 3H]3+ 17 

zn
/+, n=3-7 

zn
//+, n=8-11  

zn
2+, n=11 

cn
+, n=6-9, 12 

cn
2+, n=12 

yn
+, n=4-5, 11 

yn
2+, n=11 

 [M + 4H]4+ 21 

zn
/+, n=3-7, 10-11 

zn
/2+, n=7-8, 10-11 

zn
//+, n=8-9 

cn
+, n=2-10  

cn
2+, n=8,10,12 

cn
3+, n=12 

yn
2+, n=7, 11 

      

      



 149 

Table 7.1. continued.  

 

Peptide Sequence 
Precursor ion 

formed by ESI 

Number of 

fragment 

ions 

zn-ions cn-ions yn-ions 

DAEFRHDSGYE 

β-amyloid (1-11) 
[M + 2H]2+ 2 

zn
//+, n=10 cn

+, n=10  

 [M + 3H]3+ 15 
zn

/+, n=5-10 

zn
//+, n=5, 9-10 

cn
+, n=2-10 

cn
/+, n=4-8, 10 

 

EGVNDNEEEGFFSAR 

Glu1-endo-Glu7a-fibrinopeptide B 
[M + 2H]2+ 11 

zn
/+, n=4-14 

zn
//+, n=4-14 

  

 [M + 3H]3+ 25 
zn

/+, n=1-9, 11-14 

zn
//+, n=1-2, 6-8, 11-14 

cn
+, n=3-14 

cn
/+, n=4-5, 7-8, 10-14 

 

SSEGESPDFPEELEK 

PreproVIP (156-170) 
[M + 2H]2+ 2 

 cn
+, n=14  

cn
/+, n=14 

yn
+, n=9 

      

 [M + 3H]3+ 33 
zn

/+, n=2-5, 7-8, 10-13 

zn
//+, n=8, 11-14 

cn
+, n=3-5, 7-8, 10-14 

cn
/+, n=3-4, 7, 10, 13-14 

yn
+, n=2-13 

DVVDADEYLIPQ 

EGFR (985-996) 
[M + 2H]2+ 3 

 cn
+, n=8-9, 11 

cn
/+, n=9, 11 

 

 [M + 3H]3+ 20 
zn

/+, n=3-11 

zn
//+, n=8-9, 11 

cn
+, n=2-11 

cn
/+, n=3-9, 11 

yn
+, n=2 

EGVNDNEEGFFSA 

Des-Arg14-Glu1-fibrinopeptide B 
[M + 2H]2+ 7 

zn
+, n=11 

zn
/+, n=12 

cn
+, n=2, 9-12 

 

 

 [M + 3H]3+ 22 
zn

/+, n=2-12 

zn
//+, n=2-12 

cn
+, n=2-12 

cn
/+, n=4-12 

 

EGVNDNEEGFFSAR 

Glu1-fibrinopeptide B 
[M + 2H]2+ 13 

zn
/+, n=8-13 

zn
//+, n=3-13 

cn
+, n=11, 13  

 [M + 3H]3+ 32 
zn

/+, n=1-13  

zn
//+, n=8-10, 12-13 

cn
+, n=2-13 

cn
/+, n=10-13 

yn
+, n=1-6, 10 

pEGVNDNEEGFFSAR 

Fibrinopeptide B 
[M + 2H]2+ 11 

zn
//+, n=3-13   

 [M + 3H]3+ 24 
zn

/+, n=1-8, 10  

zn
//+, n=9, 11-13 

cn
+, n=3-13 
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Table 7.1. continued.  

 

Peptide Sequence 
Precursor ion 

formed by ESI 

Number of 

fragment 

ions 

zn-ions cn-ions yn-ions 

      

ADSGEGDFLAEGGGV 

Des-Arg16-fibrinopeptide A 
[M + 2H]2+ 12 

zn
//+, n=8, 12-14 cn

//+, n=2-3 

cn
+, n=9-14 

 

 

 [M + 3H]3+ 24 

zn
+, n= 3-5  

zn
/+, n=6-13 

zn
//+, n=13-14 

cn
+, n=2-12, 14 

cn
/+, n=13 

 

      

ADSGEGDFLAEGGGVR 

Fibrinopeptide A 
[M + 2H]2+ 18 

zn
/+, n=5-6, 8-15 

zn
//+, n=2-15 

cn
+, n=11, 14 

cn
/+, n=14 

yn
+, n=5, 14 

 [M + 3H]3+ 35 
zn

/+, n=1-7, 9-13, 15 

zn
//+, n= 10-15 

cn
+, n=3-15 

cn
/+, n=10-15 

yn
+, n=2-5, 10-

13 

TDFEAALNTR [M + 2H]2+ 7 
zn

/+, n=5-9 

zn
//+, n=3-6, 8-9 

  

 [M + 3H]3+ 14 zn
/+, n=2-9 cn

+, n=4-9  
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Figure 7.1. ETD mass spectra of [M + 2H]2+ for des-Arg14-Glu1-fibrinopeptide B (a) with acetic 

acid and (b) with Cr(III). In the figures, the following colors are used to label the ions: z-ions = 

red, c-ions = blue, y-ions = green, undissociated precursor ion = purple, and neutral loss/electron 

transfer without dissociation (ETnoD) ions = black. Additional hydrogens are denoted by a prime 

symbol to the right of the ion (i.e., zn
/ = [zn + H]+); whereas, the loss of hydrogens is represented 

by a prime symbol to the left (i.e., /cn= [cn – H]+). All peaks are shown to scale. 
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 As expected, the addition of Cr(III) had no impact on the ETD fragmentation. The same 

ions representing ETD product ions were formed for the precursor ions with and without Cr(III) 

at the same relative intensities. The process of isolating the protonated precursor ion prior to  

performing dissociation in the QIT prohibits Cr(III) from participating in the dissociation process 

because Cr(III) is not present in the isolated precursor ion. Also, the final step of the mechanism 

in which Cr(III) enhances protonation involves the separation of Cr(III) from the protonated 

peptide.27 Therefore, the impact of Cr(III) is only observed in the ionization step and does not 

play a role during dissociation.  

 One thing to note, for these biological peptides, is the absolute intensity of all protonated 

ions decreased with the addition of Cr(III). (That is not true for model peptides and some 

biological peptides, that have been previously studied, including the work in Chapter 6.25,26,28) In 

single stage MS, Cr(III)-adducted peptide ions are observed, which competes with protonation 

for the generation of precursor ions and decreases the amount of the peptide available for 

protonation.  

7.3.2 Effect of charge state 

 With the knowledge that Cr(III), which is used for increasing protonated ion signal and 

charge, does not impact fragmentation, the number of peptides studied was increased to explore 

fragmentation patterns at different charge states (n) in ETD. The number of distinct fragment 

ions formed at different charge states during ETD is listed for each peptide in Table 7.1. All 

peptides studied formed [M + nH]n+, n = 1-3, during ESI except for angiotensin I, ACTH (1-13), 

and GLFAVIKKVAKVIKKL, which also formed n = 4. In cases where Cr(III) was added to aid 

in protonation, the precursor ion generated from the Cr(III)-containing solution was used for this 

study.  
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 Des-Arg16-fibrinopeptide A contains four acidic residues and no basic residues and forms 

[M + nH]n+, n = 1-3, by ESI. Figure 7.2(a) shows the ETD spectrum of [M + 2H]2+ for des-

Arg16-fibrinopeptide A. The most prominent ions are c-ions, c2-3
//+ and c9-14

+. Some higher mass z-  

ions are present, z8,12-14 
//+. All of the product ions are singly charged, and the spectrum contains 

neutral losses involving CO and OH.  Dissociation of the precursor ion is poor with a significant 

amount of ETnoD product and the charge reduced product, [M + 2H]+, remaining. In 

comparison, Figure 7.2(b) shows the ETD spectrum of [M + 3H]3+ for des-Arg16-fibrinopeptide 

A. The spectrum contains about an equal mixture of c- and z-ions. Ions present of the z-series are 

z3-5
+, z6-13

/+, and z13-14
//+. The c-series consists of c2-12,14

+, and c13
/+. There is still a substantial amount 

of ETnoD product remaining although more fragmentation is observed for 3+. Lower mass c- 

and z-type ions appear at 3+ that are not formed from 2+. Cleavage occurs at every residue 

besides the low mass z1-2 and c1 positions.  

 ACTH (1-13) is a basic peptide that forms [M + nH]n+, n = 2-4, by ESI. Figure 7.3(a) 

contains the ETD spectrum of [M + 2H]2+ for ACTH (1-13). Similar to des-Arg16-fibrinopeptide 

A,  ETD of [M + 2H]2+ gives extensive ETnoD and charge reduced product. Only two product 

ions form: c12
/+ and z10

//+. ETD of [M + 3H]3+, Figure 7.3(b), yields a mixture of c-, z-, and y-ions. 

Ions present of the c-series are c6-9,12 
+ and c12

2+. The z-series consist of z3-7
/+,  

z8-11
//+, and z11

//2+. The y-ions that form are y4,5,11
+ and y11

2+. The formation of y-ions results from 

cleavage of the peptide bond, which is usually associated with CID. Although rare, y-ions have 

been observed in electron-based dissociation techniques.38-40 More product ions are observed 

with the n = 3 precursor ion than with n = 2, but the spectrum is still dominated by the ETnoD 

and charge reduced ions [M + 3H]2+ and [M + 3H]+. Figure 7.3(c) shows the ETD spectrum for 

the n = 4 precursor ion. Compared to n = 3, n = 4 produces more ions of the c-series. The product  
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Figure 7.2.  ETD mass spectra of (a) [M + 2H]2+ and (b) [M + 3H]3+ for des-Arg16-fibrinopeptide 

A. In the figures, the following colors are used to label the ions: z-ions = red, c-ions = blue, y-

ions = green, undissociated precursor ion = purple, and neutral loss/electron transfer without 

dissociation (ETnoD) ions = black. Additional hydrogens are denoted by a prime symbol to the 

right of the ion (i.e., zn/ = [zn + H]+); whereas, the loss of hydrogens is represented by a prime 

symbol to the left (i.e., /cn= [cn – H]+). There is an expansion of the y-axis.  
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Figure 7.3. ETD mass spectra of (a) [M + 2H]2+, (b) [M + 3H]3+, and (c) [M + 4H]4+ for ACTH 

(1-13). In the figures, the following colors are used to label the ions: z-ions = red, c-ions = blue, 

y-ions = green, undissociated precursor ion = purple, and neutral loss/electron transfer without 

dissociation (ETnoD) ions = black. Additional hydrogens are denoted by a prime symbol to the 

right of the ion (i.e., zn
/ = [zn + H]+); whereas, the loss of hydrogens is represented by a prime 

symbol to the left (i.e., /cn= [cn – H]+). There is an expansion of the y-axis.  
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ions formed for 4+ are  c2-10 
+, c8,10,12

2+, c12
3+, z3-7,10-11 

/+, z8-9
//+, z7-8,10-11

/2+,  and y7,11
2+. Multiply charged 

product ions are observed for the n = 3and n = 4 precursor ion. ETD of [M + 3H]3+ forms z11
/2+, 

c12
2+, and y11

2+, while ETD of 4+ forms z7-8,10-11
/2+, c8,10,12

2+, and c12
3+. The number of multiply 

charged product ions increases with charge state, which is not unexpected from basic peptides 

that contain multiple basic residues (i.e., arginine, lysine, and histidine) that can potentially 

sequester a proton at the sidechain. This is evident based on the location of the cleavages. All 

multiply charged product ions that are present in the spectra contain at least two basic residues in 

the product ion’s sequence.  

 Table 7.2 summarizes the ETD results. Compared to n = 2, more fragmentation is 

generated with n = 3 and 4. The increase in product ion formation with charge state is consistent 

with previous ETD studies of protonated and metallated peptide precursor ions.29,31,41,42 For all 

peptides in this study, ETD of n = 2 yields extensive ETnoD and charge-reduced products with 

minimal fragmentation. Liu and McLuckey reasoned that the lack of fragmentation observed for  

n = 2 might be due to the lack of internal electrostatic repulsion after electron transfer.41 Post-

activation methods have been utilized to increase ETD product ion formation.11,24,43,44 The 

Bruker HCTultra PTM Discovery system that was utilized for the experiments in this chapter has 

a “smart decomposition” feature that applies resonant excitation (very low energy CID) to break 

hydrogen and non-covalent bonds that keeps the ion intact. Unfortunately, this feature is not 

working properly (breaking midway through this project), and manual excitation could not be 

performed. This did not prevent acquisition of ETD spectra, but it did limit fragmentation 

efficiency. In cases where adding supplemental energy is not available, n = 3 yields the best 

sequence informative results.  
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Table 7.2. Summary of ETD fragmentation at different precursor ion charge states. 

Peptides Precursor ions Peptide sequence and fragmentationb 

   

Angiotensin I [M + 2H]2+ 
 

 [M + 3H]3+ 
 

Hirudin (54-65) [M + 2H]2+ 
 

 [M + 3H]3+ 
 

HIF-1{α} (556-574) [M + 2H]2+ 
 

 [M + 3H]3+ 

 

GLFAVIKKVAKVIKKL [M + 2H]2+ 
 

 [M + 3H]3+ 
 

 
[M + 4H]4+ 

 

ACTH (4-10) [M + 2H]2+ 
 

 [M + 3H]3+ 

 

ACTH (1-13) [M + 2H]2+ 

 

 [M + 3H]3+ 

 

 [M + 4H]4+ 

 

β-amyloid (1-11) [M + 2H]2+ 
 

 [M + 3H]3+ 
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Table 7.2. continued. 

 

Peptides Precursor ions Peptide sequence and fragmentation 
   

Glu1-endo-Glu7a-

fibrinopeptide 
[M + 2H]2+ 

 

 [M + 3H]3+ 

 

PreproVIP (156-170) [M + 2H]2+ 

 

 [M + 3H]3+ 

 

EGFR 985-996 [M + 2H]2+ 

 

 [M + 3H]3+ 

 

Des-Arg14-Glu1-

fibrinopeptide B 
[M + 2H]2+ 

 

 [M + 3H]3+ 

 

Glu1-fibrinopeptide B [M + 2H]2+ 

 

 [M + 3H]3+ 

 

Fibrinopeptide B [M + 2H]2+ 
 

 [M + 3H]3+ 

 

Des-Arg16-fibrinopeptide A [M + 2H]2+ 

 

 [M + 3H]3+ 
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Table 7.2. continued. 

 

  

Peptides Precursor ions Peptide sequence and fragmentation 

   

Fibrinopeptide A [M + 2H]2+ 
 

 [M + 3H]3+ 

 

TDFEAALNTR [M + 2H]2+ 
 

 [M + 3H]3+ 

 
   

bThe colors are z-ions in red, c-ions in blue, and y-ions in green. 
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7.3.3 Formation of c-ions 

 The amino acid composition and charge on the precursor ion can have a significant 

impact on formation of the c-ion series. Performing ETD on [M + 2H]2+ from fibrinopeptide B, 

Glu1-fibrinopeptide B, and Glu1-endo-Glu7a-fibrinopeptide B generates an extensive z-series that  

is majority z//+; whereas, des-Arg14-Glu1-fibrinopeptide B, EGVNDNEEGFFSA, which does not 

have a C-terminal arginine residue unlike the aforementioned peptides, formed only two z-ions, 

both of which are z/+.  

 In Figure 7.4(a) for ETD on [M + 2H]2+ for fibrinopeptide B, pEGVNDNEEGFFSAR,  

z3-13
//+ forms. In contrast, ETD on [M + 3H]3+, Figure 7.4(b), forms z1-8,10 

/+ and z9, 11-13
//+ and c3-13

+. 

The emergence of c-ions with the higher charge state indicates that the C-terminal arginine is 

involved in directing fragmentation at the lower charge state but is insignificant at higher charge 

states. All product ions resulting from ETD of 2+ from fibrinopeptide B are singly charged.  

 The lack of a c-series for [M + 2H]2+ signifies that the proton is located at the arginine 

residue for all the product ions formed. The gas-phase basicity of arginine is 240 kcal/mol, and it  

is the most basic amino acid.45 The effects of basic residues on ETD fragmentation has been 

reported with studies focused on ETD of Lys-N and trypsin digested proteins and peptides.46-48 

The enzyme Lys-N, which cleaves at the N-terminal side of lysine, has been shown to produce 

predominantly c-ions.46 Trypsin protease cleaves proteins on the C-terminal side of lysine and 

arginine, which leaves a basic residue at the C-terminus of the resulting peptide.47,48 CID spectra 

of peptides digested by trypsin have been reported to predominantly generate y-ions that contain 

the basic residue.49 The sidechains of basic residues are known to sequester protons because of 

their high gas-phase basicity, which explains spectra dominated by product ions containing the 

basic residue. At higher charge states, the impact of the basic residue is negligible due to the 

presence of additional protons that can mobilize and promote randomized backbone cleavage. 
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Figure 7.4. ETD mass spectra of (a) [M + 2H]2+ and (b) [M + 3H]3+ from fibrinopeptide B. In 

the figures, the following colors are used to label the ions: z-ions = red, c-ions = blue, y-ions = 

green, undissociated precursor ion = purple, and neutral loss/electron transfer without 

dissociation (ETnoD) ions = black. Additional hydrogens are denoted by a prime symbol to the 

right of the ion (i.e., zn
/ = [zn + H]+); whereas, the loss of hydrogens is represented by a prime 

symbol to the left (i.e., /cn= [cn – H]+). There is an expansion of the y-axis.  
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7.3.4 Proline effects 

 Six of the 17 peptides studied contained at least one proline residue. Cleavage of the N-

Cα bond on the N-terminal side of proline is often absent in the ECD and ETD mass spectra due  

to the sidechain of proline forming a pyrrolidine ring with the adjacent amide nitrogen along the 

peptide backbone.5,50-52 Although the N-Cα bond is broken by ETD, the peptide is still covalently  

held together, which results in fragmentation not being observed. The peptides in this study that 

contain proline are angiotensin I, hirudin (54-65), ACTH (1-13), preproVIP (156-170),  

EGFR (985-996), and HIF-1{α} (556-574). Fragmentation N-terminal to proline was not 

observed for ACTH (1-13) and angiotensin I, which contain three basic residues in their 

sequence. ETD of [M + 3H]3+ for hirudin (54-65) results in the formation of z6
/+, y6

+, and c6
+, 

which corresponds to cleavage N-terminal to proline. PreproVIP (156-170) generates y9
+ for both 

the 2+ and 3+ precursor ion. In addition to y9
+, c6

+ and y6
+ are observed with the 3+ precursor ion. 

N-terminal proline cleavage is only seen when performing ETD on the 3+ charge state for EGFR 

(985-996); the product ions y2
+ and c10

+ are formed. ETD of HIF-1{α} (556-574) produces y8
+ for 

both 2+ and 3+.  

  In ETD of peptides containing proline, formation of y-ions N-terminal to proline residues 

are favored when cleavage is observed. This can be explained by the proline effect that is known 

in CID of proline-containing peptides. The proline effect describes the presence of abundant y-

ions in CID spectra indicative of the amide bond cleavage N-terminal to proline residues.53-55 

The relatively high gas-phase basicity of proline (213.3 kcal/mol)56  is one factor that encourages 

cleavage at the amide bond N-terminal to the proline residue. The lack of N-terminal proline 

cleavage for basic peptides may be the result of the highly basic residues immobilizing the 

protons that can otherwise promote backbone cleavage. In the case of acidic peptides that lack 

basic residues, the mobile proton model8 that explains fragmentation in CID may encourage the 
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formation of the y-ions in ETD. Due to the absence of basic residues, the proton added can 

become mobilized and migrate to the backbone amide nitrogen, which weakens the bond and 

triggers cleavage of the amide bond leading to y-ion formation.57 The formation of y-ions 

containing proline was observed for all the proline containing peptides in this study except for 

angiotensin I, which contains multiple basic residues.  

 Extensive y-ion formation is seen with ETD of [M + 3H]3+ of the highly acidic peptide 

preproVIP. PreproVIP contains six acidic residues and one basic residue at the C-terminus. 

Based on the sequence, two of the three protons added most likely are originally located at the N-

terminus and the lysine residue at the C-terminus. The third proton does not have a definite 

location to reside on the peptide chain and therefore might be acting as a mobile proton. Previous 

ETD studies reported y-ion formation in peptides containing aspartic and glutamic acid 

residues.57-61 The presence of multiple acidic residues and the mobile proton might promote 

extensive y-ion formation that is seen with preproVIP.  

7.4 Conclusions 

 As expected, Cr(III) can be used to enhance the ionization of peptides without disrupting 

ETD fragmentation. Performing ETD experiments on higher charge states yields more 

fragmentation compared to the doubly protonated peptide ion, which generated little to no 

fragmentation without any supplemental activation following the ETD process. Formation of c-

ions were inhibited for n = 2 when basic residues were located at the C-terminus. The high gas-

phase basicity of the basic residue immobilizes the proton and promotes z-ion formation. At 

higher charge states, additional protons are mobile, which leads to more random fragmentation 

and the appearance of c-ions. Proline containing peptides form y-ions N-terminal to the proline 
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residue; this effect is less prevalent with peptides containing multiple basic residues that 

sequesters protons. The formation of y-ions are also promoted by multiple acidic residues. 
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CHAPTER 8.  CONCLUDING REMARKS 

 In mass spectrometry (MS) analysis, the first step is conversion of the analyte into gas-

phase ions. For peptide and protein studies, this is often accomplished with electrospray 

ionization (ESI). Fundamental studies of the ionization of peptides and proteins is of importance, 

and many techniques have been developed to improve ionization efficiency in ESI by increasing 

charge state.1-5 The focus of supercharging in ESI has been with proteins. Dr. Heather Watson, a 

previous Cassady group member, discovered that the addition of trivalent chromium, Cr(III), to 

peptide solutions undergoing ESI enhances the protonation of the peptide.6 This discovery was 

further studied by Dr. Changgeng Fang,7 Dr. Juliette Commodore,8 and Dr. Xinyao Jing.9 The 

work in this dissertation builds upon these studies and investigates the scope of Cr(III) enhanced 

protonation of peptides.   

 In Chapter 3, experimental studies were carried out with model peptides to gain an 

understanding of the mechanism of Cr(III) enhanced protonation by probing properties of 

peptides. The ESI results reveal that the position of acidic residues (i.e., glutamic acid and 

aspartic acid) affects the extent of enhanced protonation using Cr(III). Acidic residues near the 

C-terminus generate the largest 2+ to 1+ ratio indicating the importance of the carboxyl group in 

the mechanism. The carboxyl group can be located on the sidechain of acidic residues or at the 

C-terminus. The amino acids, proline and tyrosine, were determined to have no effect on 

enhanced protonation using Cr(III). In contrast, addition of Cr(III) does not enhance the  

protonation of phosphorylated peptides, but rather suppresses its ionization. This can be 

attributed to Cr(III) and phosphate groups forming insoluble salts.  
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 Experimental and computational studies were employed to elucidate the mechanism of 

enhanced protonation using Cr(III). Computational studies using density functional theory were 

performed by Dr. Rudradatt Persaud of the Dixon group.10 The mechanism involves the loss of 

water from the Cr(III) complex, which shifts the pKa of the complex into the range of 

superacids.  The highly acidic Cr(III) complex coordinates with a carboxylic acid group. In ESI 

experiments of the peptide amides A7-NH2 and A3EA3-NH2 methyl ester, where no carboxyl 

group exists, enhanced protonation is observed. In this case, amide groups, which can 

deprotonate11-13 and coordinate metal ions,14 may act as a site of Cr(III) coordination. A proton 

can then be transferred to an amide site on the peptide backbone followed by dissociation of 

Cr(III) from the peptide.  

 In Chapter 4, the test peptide heptaalanine was employed to investigate alternative 

methods of adding Cr(III) in peptide analysis by MS. The focus was on post-column addition of 

Cr(III) because liquid chromatography (LC) MS studies by Matthew Mireles15 showed that using 

Cr(III) as a mobile phase additive had a negative impact on chromatographic resolution and 

separation. Three post-column methods were studied. The most promising methods are the use of 

a tee connection to introduce the Cr(III) solution in parallel to the peptide solution and the 

doping of the nebulizing gas with Cr(III). Another method, depositing Cr(III) onto the ESI spray 

shield, enhances the protonation of A7 by forming [M + 2H]2+, but in order to obtain continuing 

effects a constant supply of Cr(III) is necessary. In addition, depositing Cr(III) on the spray 

shield requires a high concentration of Cr(III) that can clog the ESI capillary and decrease signal 

intensity. Doping the nebulizing gas with Cr(III) also necessitates a high concentration of Cr(III) 

to observe formation of [M + 2H]2+, which causes a decrease in overall signal intensity of [M + 

H]+.  Perhaps the most important feature of these latter two methods is they demonstrate that 
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Cr(III) does not have to be present in the peptide solution in order to induce enhanced 

protonation; instead, Cr(III) can be introduced during the ESI desolvation stage. 

 The work presented in Chapter 4 serves as preliminary data to give future direction on 

incorporating Cr(III) into the LC-MS bottom-up proteomics workflows. Using a tee union to add 

Cr(III) into the ESI source region generates the largest ratio of 2+ to 1+ of 2:1. To expand on this 

work, further optimization should be done to improve on these results including finding the 

optimal flow rate for the sample as well as the drying gas flow and nebulizing gas pressure,  

which are critical factors in Cr(III) enhanced protonation in ESI. Additionally, the method of 

doping the nebulizing gas with Cr(III) should be optimized. Instead of a solution of Cr(III), the 

nebulizing gas can be passed through solid Cr(III). Lastly, to better reflect real-world MS 

applications, a peptide mixture should be analyzed using LC-MS with post-column addition of 

Cr(III).  

 In Chapter 5, the ability of Cr(III) to enhance the ionization of peptides in matrix-assisted 

laser desorption ionization (MALDI) was studied. Dr. Xinyao Jing determined that Cr(III) is not 

suitable for use as a MALDI matrix.16 The work presented in this chapter studied Cr(III) as an 

additive to improve protonation. Based upon the postulated mechanism for Cr(III) enhanced 

protonation (which involves coordination of Cr(III) to carboxyl groups) and routine peptide 

analysis in MALDI, nine matrices with varying properties were investigated with Cr(III). Two 

common methods of depositing the sample on the MALDI target plate was also studied. 

 Enhanced protonation in MALDI using Cr(III) was inconclusive. Some promising 

enhancements in peptide protonation were observed although the results were not always 

reproducible. It is well established that MALDI suffers from poor sample-to-sample and shot-to-

shot reproducibility. In a study such as this one, where absolute ion intensities are being 
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compared, reproducibility is essential.  The thin-layer method produced more reproducible 

results than the dried droplet method, although the standard deviations were still large in both 

methods.  Addition of Cr(III) to substance P does improve the homogeneity of the crystal sizes in 

the thin-layer method, but it had no effect on heptaalanine amide.  

 In Chapter 6, the focus reverts to Cr(III) enhanced protonation in ESI with a survey of 

biological peptides. Work presented in previous chapters utilized model peptides and a few 

biological peptides to study the effect Cr(III) has on protonation. This study included twenty-

seven acidic, basic, and neutral biological peptides to study the utility of Cr(III) in proteomic 

research.  Of the peptides studied, five peptides added an additional charge state (n) upon 

addition of Cr(III) to the peptide solution undergoing ESI.  Three of the peptides that added an 

additional proton, fibrinopeptide B, des-Arg14-Glu1-fibrinopeptide B, and EGFR (985-966), were 

acidic in nature. Bradykinin (2-9) was the only basic peptide that added an additional charge 

state. The peptides ACTH (1-13), WP9QY, TNFα Antagonist, CEBVB (280-288), amylin (20-

29), chemerin (149-157), and substance P acid did not add an additional proton, but an increase 

in ion intensity for the highest charge state formed by ESI is observed with Cr(III).  These results 

agree with previous studies that showed that acidic peptides are more likely to add an additional 

proton with Cr(III), while basic peptides are more likely to experience an increase in signal 

intensity.7,9  Unlike model peptides, the biological peptides in this study contain a myriad of 

sidechains that can interact and influence higher order structures of the peptide. There is a 

possibility that interactions between functional groups can prevent Cr(III) from coordinating 

efficiently with the peptide. In addition, interactions of Cr(III) with multiple functional groups 

simultaneously could hinder the ability of Cr(III) to detach from the peptide during formation of 

[M + nH]n+. 
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 The work presented in Chapter 7 studies the electron transfer dissociation (ETD) of 

multiply protonated peptide ions. ETD is a tandem mass spectrometry (MS/MS) technique that is 

used in peptide sequencing and requires multiply charged precursor ions. Th ETD fragmentation 

of protonated precursor ions produced with Cr(III) was the same as the ETD of the precursor ion 

produced with 1% acetic acid. Thus, the use of Cr(III) as an ESI additive is not affecting the gas-

phase peptide ion structures. Performing ETD on higher charge states (n) provides better 

sequence coverage. The presence of a basic residue (i.e. arginine or lysine) at the C-terminus 

leads to the ETD mass spectra of [M + 2H]2+ being dominated by z-ions containing the basic 

residue. At n = 3 and n = 4, the effect of the basic residue on fragmentation is diminished. The 

mobile proton model of protonated peptide fragmentation17 can be used to explain this trend. At 

higher n values, the additional protons are mobilized and can induce more random fragmentation 

compared to n = 2. Another observation is the formation of y-ions in ETD, which seems to be 

influenced by the presence of proline and acidic residues. The formation of y-ions is a 

characteristic of collision-induced dissociation (CID) but has been observed in ETD 

experiments.18 For future work, the formation of y-ions in ETD can be further investigated using 

model peptides containing proline and acidic residues. The N-terminal N-Cα bond adjacent to 

proline does not cleave during the ETD process due to the side chain of proline being cyclized 

onto the peptide backbone amide group. The formation of y-ions could help in indicating the 

presence of proline in the peptide sequence if there is, in fact, a correlation.  

 The ETD of [M + 2H]2+ results in an extensive amount of charge reduced and ETnoD 

products. This is typically remedied by adding supplemental energy after the ETD process to 

disrupt any hydrogen or noncovalent bonding that holds the cleaved peptide fragments intact at 

the mass-to-charge ratio of the precursor ion. The Bruker HCTultra PTM Discovery System 
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mass spectrometer has a “smart decomposition” function that applies resonant excitation (very 

low energy CID) to overcome these attractive forces. Unfortunately, this function stopped 

working on the instrument and applying supplemental energy manually could not be 

accomplished due to software limitations. Expansion of this work should include repeating ETD 

on [M + 2H]2+ using supplemental energy.  

 The work presented in this dissertation gives an overall perspective of the analytical 

utility of Cr(III)-enhanced protonation of peptides in MS. This contribution increases the 

knowledge on the mechanism in which Cr(III) enhances protonation in ESI and describes its 

limitations. The ability of Cr(III) to enhance the protonation of peptides is a novel aspect that can 

be beneficial to bottom-up ESI-MS and MS/MS analysis.
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