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ABSTRACT 

 The work described in this dissertation shows the importance of the C-terminus and the 

backbone in dissociation and deprotonation of peptides.  Characteristic dissociative behavior can 

be extremely valuable in proteomic applications and for mechanistic interpretation of mass 

spectra.  Identification of the deprotonation site of a peptide is also important to the development 

of mechanisms for mass spectrometry, as dissociation is often charge-directed.   

 Collsion-induced dissociation (CID) and electron transfer dissociation (ETD) have been 

used to discover distinguishing features of peptide dissociation related to the presence of an 

amidated C-terminus (-CONH2) compared with the standard acid C-terminus (-COOH).  

Protonated peptide acids and amides are found to produce practically identical spectra, except for 

increased ammonia loss from the precursor for the peptide amide.  ETD of multiply-protonated 

peptide acids and amides also produce similar spectra, although dissociation trends related to the 

basic amino acid residues (e.g. Arg, His, Lys) are observed for the peptide pairs.  Deprotonated 

peptide acids and amides produced several unique product ions that differentiated the analogs.  

In CID experiments, abundant cm-2
–
 (m = the number of amino acid residues in the peptide) 

formed for many of the peptide amides and cm-3
–
 formed for many of the peptide acids.  

Supporting computational work by Michele Stover of the Dixon Group shows that the process 

leading to cm-2
–
 from peptide amides is less endothermic than the same process for peptide acids. 

 Gas -phase acidities (GA) have been determined for tyrosine, phenylalanine, their amino 

acid amides and 4-(4-hydroxyphenyl)-2-butanone using bracketing ion/molecule reactions.  Two 

deprotonated species of tyrosine are observed, corresponding to deprotonation at the carboxylic 
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acid -OH and the phenolic -OH.  The two GAs determined for tyrosine are:  GA(1) = 332.4 ± 2.2 

kcal/mol and GA(2) = 333.5 ± 2.4 kcal/mol.  Tyrosine amide has an experimental GA of 336.4 ± 

2.7 kcal/mol, phenylalanine has a GA of 332.5 ± 2.2 kcal/mol, phenylalanine amide has a GA of 

345.8 ± 3.8  kcal/mol, and 4-(4-hydroxyphenyl)-2-butanone has a GA of 339.6 ± 3.0 kcal/mol. 

 The GAs of six tripeptides (with alkyl or H- side chains) have been determined.  All of 

the experimental GAs fall within a 1.2 kcal/mol range, which is consistent with the C-terminus 

being the most acidic site on the peptides.  The GAs of three methyl esters have been 

determined, demonstrating the ability of peptides to deprotonate on the backbone.  The peptide 

methyl ester GAs are all very similar and fall within a 1.4 kcal/mol range.  Computational results 

indicate that these methyl esters are deprotonating at the central amide NH.  Three other methyl 

esters could not be deprotonated by ESI, because of conformation and steric hindrance to the 

deprotonation site.     
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CHAPTER 1:  OVERVIEW OF DISSERTATION 

  

 The field of proteomics has become the focus of many scientific disciplines that have 

progressed in the “post-genomic era.”1-3  At the core of proteomics is the proteome, the complete 

set of proteins expressed by an organism.  Studying these proteins is not a trivial task, which 

explains the existence of databases dedicated solely to protein identification.4-10  Bioinformatic 

methods are rapidly being developed to keep up with the demand for accurate protein 

identifications11-15 and a more complete understanding of proteins is essential to this venture.  

Fingerprint characteristics used in bioinformatic models can be determined using classical 

proteomic analysis methods, which includes techniques such as protein digestions (e.g. 

trypsin),16-22 separations (e.g. 2-dimensional gel electrophoresis and capillary separations),16-19, 21, 

23-25 nuclear magnetic resonance (NMR) spectroscopy,26-30 x-ray crystallography,27, 28, 31-33 and 

mass spectrometry (MS).34-38  These fingerprint characteristics are ultimately responsible for the 

positive or negative identification of a protein.  

 Structural proteomics, which deals with all four levels of structural organization within a 

protein, benefits greatly from developments in fundamental MS studies.37, 39-45  Protein and 

peptide sequencing using tandem mass spectrometry techniques has become commonplace in 

many laboratories.  Unfortunately, most biological systems are not fully sequenced using a single 

technique.45  Further understanding of all modes of gas-phase behavior is important to improve 

the sequencing of peptides by mass spectrometry.   
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 Complimentary tandem MS techniques such as collision-induced dissociation (CID) and 

electron transfer/capture dissociation (ETD/ECD or ExD) have been established as desirable 

methods for studying biological systems.38, 46  Both CID and ExD can provide valuable structural 

information;38, 45-47 CID traditionally provides fragmentation related to amide bond cleavage in a 

protein or peptide, whereas ExD usually provides information related to the N−C bond.48, 49  The 

combination of these two techniques can frequently provide complete sequence information 

about a protein or peptide.47, 50 

 The capability of most mass spectrometers to easily operate in both positive and negative 

polarities adds even more depth to what information can be gathered from the CID of a 

biological compound.  Protonated CID of peptides and proteins produces mainly amide bond 

cleavages and neutral losses, and is well studied.49, 51-57  Deprotonated CID is underutilized, but 

equally informative.58-71  Amide bond cleavages and neutral losses are abundant in both positive 

and negative ion mode CID, but N−C bond cleavage products are also often present.  Basic 

residues tend to direct cleavage in protonated CID whereas acidic residues enhance deprotonated 

CID fragmentation.60, 72, 73   Utilizing both polarities in CID can be advantageous in proteomic 

analysis, since protonated and deprotonated peptides differ in their gas-phase behavior and 

charge site.    

 Charge location on a peptide is important to the development of dissociation 

mechanisms, since most dissociation is charge-directed.52, 74, 75  Protonation of a peptide typically 

occurs at basic functional groups such as the N-terminus, backbone amide carbonyl oxygens, or 

basic amino acid side chains (e.g. arginine, lysine, histidine).74, 76-79  Deprotonation of a peptide is 

generally accepted to take place at an acidic functional group such as the C-terminus or a 

glutamic acid or aspartic acid side chain.65, 80  Exploration of alternate deprotonation sites for 
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peptides may enhance the collective understanding of the mechanistic pathways of peptide 

dissociation in mass spectrometry.   Even with the many advantages to using CID and ExD, 

there are some caveats.  For example, in addition to the amide bond cleavages observed in CID, 

neutral losses (e.g. water, ammonia, side chains) frequently overwhelm the spectra.  The 

presence of arginine, the most basic amino acid residue, in a peptide sequence can limit 

protonated CID fragmentation due to charge sequestering.57, 81-83  Neutral losses are not as 

overwhelming in ExD, but are still prolific.  Labile post-translational modifications such as 

phosphorylation, glycosylation, and disulfide linkages can be identified by the ExD process,38, 48, 

84-86 but are more difficult to locate by CID. 

 In addition to tandem MS techniques, the mass spectrometer can be used as a medium for 

conducting controlled reactions in high vacuum.  Ion/molecule (I/M) reactions performed in a 

mass spectrometer can provide important information about a biological system, such as gas-

phase basicity77, 87-93 (for protonated systems) and gas-phase acidity80, 94-97 (for deprotonated 

systems).  The two aforementioned thermochemical properties offer a better understanding of the 

location of charge on a protein or peptide, and can validate proposed mechanisms. 

 Studying the behavior of peptides in the gas phase, by various mass spectrometry 

methods, can aide in the development of bioinformatic methods for protein identification in 

proteomics.98  Linking gas-phase behavior to specific structural characteristics will enhance the 

possibility of protein identification.  One such characteristic is the C-terminal amide, which is 

abundant in natural peptides.99, 100  The behavior of a C-terminal amide functional group (rather 

than the much more common C-terminal carboxylic acid group) has been addressed regarding 

CID of protonated peptides,101 but not deprotonated peptides.  Protonated behavior of peptides 

containing C-terminal amides in CID is unremarkable, mainly producing abundant loss of 
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ammonia.  The charge site on a peptide is another attribute that can be valuable to the 

development of bioinformatic methods.52  For example, knowing the site of deprotonation on a 

peptide can assist in determining the most probable mechanistic course of dissociation. 

 This dissertation investigates the importance of the backbone and C-terminus in mass 

spectrometry of peptides. Several of the foremost techniques in contemporary mass spectrometry 

are employed.  Dissociation techniques such as CID and ETD are used to probe the behavior of 

C-terminally modified peptides of varying length and amino acid composition.  I/M reactions 

using the bracketing method102 are used to acquire valuable thermochemical information (i.e. 

gas-phase acidity) about smaller systems.  Each of the projects discussed herein represent 

progress in the advancement of MS as a valuable tool for proteomics as well as for fundamental 

mass spectrometry studies of biomolecules. 

 Chapter 2 will introduce the experimental procedures used in this research.  Each of the 

mass spectrometers used in this work will be described and each component (i.e. ion source, 

mass analyzer) will be discussed individually.  Then, the dissociation techniques, CID and ETD, 

are addressed.  Experimental procedures related to the ion/molecule reactions are described, as 

are the related theoretical calculations.  Additional consideration is given to synthetic strategies, 

as many of the peptides in this research were made or modified in-house.  Finally, the 

nomenclature used to describe peptide fragmentation will be discussed briefly. 

 Chapters 3 and 4 will focus on the dissociation of peptides possessing various C-terminal 

endgroups.  Chapter 3 deals with low-energy CID of various peptides.  Both positive and 

negative mode dissociation patterns are explored, as the two polarities have been shown to 

produce unique products and fragmentations.  Chapter 4 concentrates on using ETD, a novel 

dissociation technique, to probe the behavior of C-terminally modified peptides.  The peptides in 
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Chapters 3 and 4 were studied in varying lengths and compositions with several different 

modifications to the C-terminus.  C-terminal modifications involved in the study include the 

standard C-terminal carboxylic acid (-COOH), amide (-CONH2), substituted amides (-CONHEt 

and -CONMe2), and the methyl ester (-COMe).   

 Chapters 5 and 6 probe the essential thermochemical properties associated with the 

deprotonation of amino acids, amino acid amides, small peptides, and other small organic 

molecules.  Gas-phase acidity (GA, the negative of the Gibbs free energy change of the reaction 

AH → A
-
 + H

+
 at 298 K) values are determined for the aforementioned types of biomolecules 

using ion/molecule reactions in a Fourier transform ion cyclotron resonance (FT-ICR) mass 

spectrometer.  High level G3(MP2) calculations have also been performed by David Dixon’s 

group here at the University of Alabama to determine the theoretical GAs in support of the 

experimental data.   

 Chapter 5 deals with the deprotonation of amino acids.  The site of deprotonation on an 

amino acid has been debated in recent years.  Several groups have investigated deprotonation 

sites other than the generally accepted site, the C-terminal carboxylic acid group.95, 103-105  

Tyrosine is an interesting case, because it possesses two sites that are capable of deprotonation, 

the C-terminal carboxylic acid and the phenolic -OH group.  Previously, the overall GA of 

tyrosine has been determined by the equilibrium method and the kinetic and extended kinetic 

methods.95, 96, 106, 107  Kass and coworkers95 addressed the GA of the phenolic and carboxylic acid 

sites experimentally and computationally.  The research shown in this dissertation addresses the 

GAs tyrosine (Tyr), tyrosine amide (Tyr-NH2), phenylalanine (Phe), phenylalanine amide (Phe-

NH2), and 4-(4-hydroxyphenyl)-2-butanone (HPB).  Each was chosen based on structural 

similarity to tyrosine:  Tyr-NH2 and HPB both possess a phenolic -OH, and Phe has a carboxylic 
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acid.  Phe-NH2 does not have the phenolic -OH or a carboxylic acid but does have the aromatic 

sidechain.  The order of experimental acidity is as follows:  Phe-NH2 < HPB < Tyr-NH2 < Phe < 

Tyr.  Experimental evidence of two ion species was observed for tyrosine, which supports the 

previously mentioned work of Tian and Kass.95  

 Chapter 6 deals with the deprotonation of peptides and peptide backbones.  We have 

found several cases of peptides that do not possess acidic sites (i.e. C-terminal carboxylic acid or 

an acidic amino acid residue like glutamic acid or aspartic acid) that are still capable of 

deprotonation.64, 108-111  Thus, the backbone must be considered as an alternate site of 

deprotonation.  Several model tripeptides composed of alanine and/or glycine amino acid 

residues were selected to study using ion/molecule reactions to measure their GAs by the 

bracketing method.  Three of the model peptides were converted to the methyl ester to 

investigate the possibility of backbone deprotonation.  Methyl esterification removes the lone 

acidic site on a neutral peptide, thus forcing deprotonation to occur on the next most acidic site.  

Chapter 6 will also address an interesting phenomenon that occurred during the preliminary 

phase of the project.  Several of the model peptide methyl esters that were chosen for the study 

were incapable of deprotonating in appreciable amounts.  These peptides were eliminated from 

the GA study, but their behavior warrants discussion, as it provided insight to the mechanism for 

the deprotonation process. 

 Chapter 7 will review the most important aspects of the research shown in this 

dissertation.  The impact of each project will be discussed with respect to proteomics and 

fundamental mass spectrometry.  This chapter will also address prospective future projects that 

may further enhance our understanding of the concepts discussed in this dissertation. 
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CHAPTER 2:  THEORY, INSTRUMENTATION, AND EXPERIMENTAL 

PROCEDURES 

  

2.1 Overview 

 The experimental results discussed in this dissertation were acquired by various mass 

spectrometry techniques.  Fragmentation studies (e.g. CID and ETD) were carried out on a 

Bruker (Billerica, MA, USA) HCTultra PTM Discovery System equipped with ESI.  Gas-phase 

acidity studies were performed on a Bruker BioApex 7e FT-ICR, also equipped with ESI.  Since 

both mass spectrometers utilize ESI as the ionization technique, this is discussed first.  Then, 

each mass spectrometer is detailed with regard to theory and each of the experimental procedures 

are discussed.  This includes CID, ETD, and gas-phase acidity experiments.  Finally, the solid-

phase synthesis of peptides, solution-phase modification of peptides, and peptide fragmentation 

nomenclature are described. 

 

2.2 Electrospray ionization  

 Originating from the early work of Dole and coworkers1 and largely credited to eventual 

Nobel laureate John Fenn,2-6 electrospray ionization (ESI) has become a familiar method of 

ionizing samples for mass spectral analysis.  The ability of ESI to act as an interface for liquid 

chromatography/mass spectrometry (LC/MS) has made it even more useful.4, 7  Additionally, the 

unique ability of ESI to produce multiple charges on ions, [M + nH]
n+

 or [M - nH]
n-

, allows for 

the study of very large compounds.  The multiply charged ions generated by ESI are also ideal 
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precursor ions for dissociation techniques such as collision-induced dissociation (CID) and 

electron transfer dissociation (ETD). 

 The ESI process is well-studied3, 8-12 and although there are a few different configurations 

available, the process is principally the same for each.  ESI begins with sample preparation.  A 

sample of interest is dissolved in solvent.  The solvent can be composed of one or more of the 

following components:  typically methanol, water, or acetonitrile.  Depending on the desired 

ionization polarity, 1-2% (V/V) of additives such as acetic acid, formic acid, or ammonium 

hydroxide may be added.  Acetic and formic acid help to protonate samples prior to ESI, and 

ammonium hydroxide aids in deprotonating samples.  The concentration of the sample solution 

can vary depending on sample or mass spectrometer, but the sensitivity of ESI can be in the 

attomole (1 × 10
-15

 mole) range.  For this dissertation research, a typical ESI sample 

concentration range of 1-5 M was used for experiments performed on the Bruker HCTultra 

PTM Discovery System.  Concentrations of 50-100 M were characteristic of experiments 

performed on the Bruker BioApex 7e FT-ICR. 

 The prepared sample solution is introduced using a syringe mounted on a syringe pump 

set to deliver between 50-250 L/hr.  The syringe is connected to a stainless steel needle via 

polymeric tubing (i.e. PEEK tubing).  The needle, which is inside the electrospray chamber, 

sprays the sample solution.  In some ESI configurations, a voltage (~ 3000-4000 V) is applied to 

this needle.  In others, such as the instruments used in this research, a voltage may be applied to 

an endplate and capillary entrance that follows in the source design.  An inert gas, like nitrogen 

(N2) or air, may be used in the nebulization process.  Often this same inert gas is used as a drying 

gas, assisting in solvent stripping.  The nebulizing gas is typically flowing in the same direction 

as the needle carrying the sample, whereas the drying gas flows in the opposite direction toward 

the needle.  This spraying and subsequent drying of the sample solution produces ions.  In this 
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dissertation research, gaseous nitrogen (for the HCTultra) or air (for the BioApex) heated to a 

temperature of about 220°C was used as the drying gas.  The drying gas was set to flow at a rate 

of ~5 L/min.  Nitrogen was also used as the nebulizer gas at a pressure of 10-20 psi. 

 Droplets formed during nebulization possess charges (positive or negative, depending on 

polarity) that build up on their surface.  Eventually the Rayleigh limit is reached, and the droplets 

are broken down into even smaller droplets by coulombic explosions.13-15  These droplets can 

have charges equal to or greater than one ([M + nH]
n+

 or [M - nH]
n-

, where n ≥ 1), and are called 

quasi-molecular ions.  These ions are then directed through a glass capillary, commonly coated 

with platinum on both ends for conductivity.  Once through the capillary, the ions pass through a 

skimmer and a hexapole or octapole then travel through at least two stages of vacuum pumping 

on their way to the mass analyzer.  A simplified diagram of an ESI is illustrated in Figure 2.1.  

Note that the nebulizing needle may be positioned orthogonally to the capillary as well.  

Figure 2.1.  Diagram of ESI source. 
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2.3 Mass analyzers 

2.3.1 Quadrupole ion trap 

 The invention of the quadrupole ion trap (QIT) earned Wolfgang Paul and Hans Dehmelt 

part of the 1989 Nobel Prize in Physics.  Their contributions to the field of mass spectrometry 

laid the groundwork for the linear and 3-dimensional (3D) QIT mass analyzers used today.16  The 

high capacity (HC) 3D QIT used in this dissertation is a component of our HCTUltra PMT 

Discovery System equipped with ESI.  A QIT is a pulsed-type mass analyzer that uses both radio 

frequency (RF) and direct current (DC) potentials to trap ions in a “pseudopotential well.”  

Figure 2.2 shows a general diagram of the QIT and ion transfer used in this research.  

 The 3D QIT has a very simple physical design, a ring electrode flanked by two endcaps.  

Ions are directed to the trap using electrostatic focusing by means of two octopoles and a lens 

system that connects the ESI source to the mass analyzer.  The ions enter (and exit) the trap 

Figure 2.2.  QIT and ion transfer diagram. 
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through small holes in the endcaps.  Since ions are produced by a continuous ionization source 

(i.e. ESI), the ions are stored in the first octapole and allowed into the QIT during a variable 

accumulation time.  Accumulation times can range from 0.01 ms to 200 ms, with the goal of 

maximum signal and minimizing space charge effects.  A high potential is normally applied to 

the gate lens to keep ions from entering the trap.  During the accumulation time, this potential is 

not applied, thus allowing ions into the trap.  To trap ions in the QIT, a DC potential is applied to 

the endcaps, and an RF potential is applied to the ring electrode.  The endcaps are typically at 

ground and the frequency of the RF potential is held constant at 781 kHz.  This forms an 

oscillating quadrupolar field that excites the ions.   

 The ions in the trap behave as a cloud, and are being pushed and pulled in a series of 

complex motions. To focus the ion cloud and minimize motion, a damping gas (i.e. helium) is 

often present in the ion trap at a background pressure of ~10
-3

 Torr.  Motion of the ion cloud can 

be described by solutions of the Mathieu equations: 

 Canonical Form of Mathieu Equation: 

   

                          2.1 

Ion Motion Form of Mathieu Equation: 

   

   
                         2.2 

where 

  
  

 
          2.3 

In these equations, au and qu are trapping parameters, where u describes the direction of motion 

as axial (z) or radial (xy),   is a dimensionless parameter, and Ω is the frequency of the RF 

potential.  As a result of much substitution and rearrangement, several similar expressions arise 

to describe the motion of the ion cloud in radial (Equations 2.4 and 2.5) and axial (Equations 2.6 
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and 2.7) directions.  The amplitude of the DC voltage is represented by U, the amplitude of the 

AC voltage is V, and r represents the radius of the ring electrode.  The mass of the ion is 

represented by m and the ion’s nominal charge is z with e representing the charge of an electron 

(ze is therefore the charge on the ion in Coulombs). 

   
    

   
            2.4 

    
    

   
            2.5 

    
    

   
            2.6 

   
    

   
           2.7 

Axial trapping parameters are most important as they indicate stability in the trap as 

illustrated in the Mathieu stability diagram (Figure 2.3).17  The Mathieu diagram also illustrates 

the mass-to-charge cutoff for the QIT, where 
 

 
 

 

  
.  Thus, the RF potential placed on the ring 

electrode directly affects the mass-to-charge ratios (m/z) of the ions that are successfully trapped.  

The trapped ions also oscillate at a frequency known as the “secular frequency,” which is 

described by Equations 2.8-2.10.  Secular frequency is simply the frequency at which an ion of a 

particular m/z oscillates.  Low m/z ions oscillate at high frequencies and high m/z ions oscillate at 

low secular frequencies.  The m/z with secular frequency closest to Ω/2 is the cutoff mass.  

Typically ions with m/z below the cutoff mass will not be effectively trapped in the QIT. 

        
 

 
                 2.8 

         
 

 
                2.9 

        
  
 

 
                  2.10 
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 Excitation of the trapped ions is a result of placing a supplementary voltage on the 

endcaps in resonance with the axial secular frequency.  This “tickles” the ion cloud, causing the 

ions to move away from the center of the trap.  This movement also causes the ions to increase 

their kinetic energy due to the increase in the trapping field.  Ramping the amplitude of the RF 

voltage further increases the energy of the ions, ejecting them from the trap for detection by an 

electron multiplier. 

 

2.3.2 Fourier transform ion cyclotron resonance 

 Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS) was 

introduced in 1974 by Comisarow and Marshall18 as a potential method for reducing the time 

Figure 2.3.  Mathieu stability diagram 

(used with permission from Reference 17). 
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required to scan a wide mass range during spectral acquisition.  Their work improved on ICR-

MS by applying the Fourier transform technique.  Fourier transform increases the speed of 

spectral acquisition significantly, which allows for analysis over a much wider m/z range . 

Another benefit to FT-ICR is the superior resolution that is not possible with ICR.   

 The exceptional figures of merit for FT-ICR MS make it one of the most powerful mass 

spectral techniques available.  Figures of merit include:  mass resolving power, scan speed, mass 

range, trapping time, and ion energy.  Most notable of these advantages is the capability to 

routinely measure the m/z of a particular system with very high mass resolution and accuracy.  

The full-width half maximum (FWHM) resolution can be greater than 500,000 for routine 

measurements, and exceptional resolution can be attained for lower mass compounds since 

resolution in an FT-ICR is inversely related to mass.  Marshall and coworkers19 demonstrated the 

resolving power of the FT-ICR by the measurement of two isomeric peptides, RVMRGMR and 

RSHRGHR.  The masses of these peptides differ by 0.00045 Da, and a resolution of 3,300,000 

was achieved for this measurement.   

 In addition to resolution, FT-ICR MS has numerous advantages over other MS 

techniques.  For example, detection of ions is performed inside the cell without the use of a 

traditional detector (e.g. electron multiplier, microchannel plate).  Plates on the FT-ICR are used 

to excite and detect the ions.  All ionization techniques are compatible with FT-ICR MS (e.g. 

ESI, matrix-assisted laser desorption ionization (MALDI), electron ionization (EI), etc.), which 

makes it a superior technique for studying almost any compound.  Ultra-high vacuum  
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(~10
-9

 - 10
-10

 mbar) conditions in the FT-ICR cell allow ions to be trapped for an unrestricted 

amount of time.  These low pressures are advantageous for numerous applications; for example, 

ion/ion and ion/molecule reactions.  Tandem mass spectrometry (MS
n
) techniques such as CID 

and ECD are easily performed on an FT-ICR.  Tandem MS is performed in time rather than 

space (as in a sector or multi-stage quadrupole mass spectrometer), allowing for maximum 

information to be acquired. 

 The FT-ICR used in this dissertation is a Bruker BioApex 7e FT-ICR MS (Figure 2.4).  

This instrument is configured with an Apollo API source (Bruker Daltonics, Billerica, MA) as 

the primary ionization method.  A 7 T superconducting magnet is used to produce the magnetic 

field.  A cylindrical analyzer cell is used for ion storage, mass analysis and subsequent detection.  

An electron ionization (EI) filament is present in the FT-ICR cell, which can also be used for 

ionization or MS
n
 experiments (such as electron capture dissociation).  Instrumental theory will 

be discussed as it applies to this instrument using ESI to produce ions. Ions produced by 

electrospray are transferred to the analyzer cell using electrostatic focusing.  A sequence of 

Figure 2.4.  Diagram of Bruker BioApex 7 Tesla FT-ICR MS. 
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lenses, plates and tubes are used to provide the necessary voltages for ion transfer.  The 

configuration of the ion transfer optic system used in our FT-ICR can be seen in Figure 2.5.  The 

ion optics serve to increase the velocity of the ions so that they may penetrate the magnetic field 

to reach the analyzer cell.  Prior to entering the cell, the ions must be slowed down so that they 

may be trapped by the low voltages (1-10 V) used in the analyzer cell.  A sample diagram of the 

voltage profile used may also be seen in Figure 2.5.   

Figure 2.5.  Diagram of ion transfer optics in the Bruker BioApex 7 Tesla FT-ICR MS 

and sample voltage profile for transfer of protonated species. 

Figure 2.6.  Diagram of the cylindrical analyzyer cell. 
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Figure 2.7. Ion  

cyclotron motion.  

 Figure 2.6 illustrates the “infinity” analyzer cell as originally described by Carvatti and 

Alleman.20  The ions enter the analyzer cell through a hole located in the center of the trapping 

plates nearest the ESI source.  The trapping plates are oriented perpendicular to the magnetic 

field, and voltages between 1-1.5 V are used to trap the ions.  Inside the 

analyzer cell, the ions experience three types of motion:  cyclotron 

motion, trapping motion, and magnetron motion.  The most important of 

these motions is the cyclotron motion, which is used in mass analysis.  

In cyclotron motion, the ions experience a balance of two forces, 

magnetic (Lorentz) force and centrifugal force, that causes them to 

move in circular orbits.  Motion occurs in the x-y plane perpendicular 

to the magnetic field (z-axis).  The cyclotron motion of the trapped ions is shown in Figure 2.7:  

where v represents the velocity of the ion, F1 is the Lorentz force, F2 is the centrifugal force, r is 

the radius of the ion’s orbit, and B is the magnetic field (perpendicular to the page).  The two 

forces acting upon the ion are equal, and combining the two equations produces a mathematical 

relationship to describe the cyclotron motion (Equations 2.11-2.19). 

                            2.11 
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so, 
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                                              2.18 

thus, 
 

 
 

 

   
            

 

 
     2.19 

Equation 2.19 directly relates the cyclotron frequency of an ion to the magnetic field strength and 

its m/z.  This means that a singly-charged ion with m/z 150 in a 7 T magnetic field will have a 

cyclotron frequency of approximately 717 kHz. 

 To detect ions in an FT-ICR experiment, a radio frequency (RF) sweep is applied to the 

excitation plates (as shown in Figure 2.6).   The RF sweep excites 

the ions into larger orbits causing those with identical m/z to move 

coherently as a single packet of charge.  Each m/z is then detected 

as an image current on the detect plates (shown in Figure 2.5) 

producing the transient signal.  Fourier transform of the time-

domain transient produces a mass frequency spectrum.  Figure 

2.8 shows a simple illustration of a transient signal produced by an FT-ICR experiment and its 

consequential transformed mass spectrum. 

 An experimental setup for simple mass analysis in an FT-ICR consists of three steps.  

The first step is typically a quenching pulse that is used to eliminate any ions present in the 

analyzer cell prior to the experiment.  The voltage used for this pulse is opposite in polarity to 

that of the ions being studied (i.e. negative voltages for positive ions).  After quenching, ions are 

brought into the cell through the hole in the front trapping plate.  Finally, the ions are excited and 

detected.  Tandem mass spectrometry techniques would add at least two additional steps to the 

procedure prior to excitation and detection.  For example, a particular ion of interest may be 

isolated in the cell by an RF sweep over all of the frequencies except that of the ion being 

isolated.  This RF sweep ejects all ions other than the mass selected ion.21  After isolation, the ion 

Figure 2.8. FT of transient from 

an FT-ICR experiment. 
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may be dissociated by CID or perhaps undergo an I/M reaction with a neutral reference 

compound before excitation and detection.  

 

2.4 Dissociation techniques 

2.4.1 Collision-induced dissociation 

 Collision-induced dissociation (CID) is defined by the International Union of Pure and 

Applied Chemistry (IUPAC) Gold Book to be “an ion/neutral species process wherein the 

projectile ion is dissociated as a result of interaction with a target neutral species.  This is brought 

about by conversion of part of the translational energy of the ion to internal energy in the ion 

during the collision.”22  CID is a common feature on commercial mass spectrometers, and is one 

of the most widely used members of the tandem MS family.  In the CID process, an ion is 

isolated and then fragmented by collisions with an inert gas such as helium, argon, xenon, or 

nitrogen (N2).  There are high-energy and low-energy versions of CID; high-energy CID can 

have keV collision energies whereas low-energy CID typically has collision energies >10 eV.  

Both protonated and deprotonated species may be studied using CID, and they are often 

complimentary methods.  Coupled with the multiple charging capabilities of ESI, CID can be a 

powerful tool for fragmenting large compounds.  The CID process will be discussed here as 

performed using peptides in the QIT of the Bruker HCTultra PTM Discovery System used in this 

research.  The CID process on the BioApex 7e is very similar. 

 Low-energy CID is frequently used to study biomolecules such as proteins and peptides.  

Structural, kinetic, and energetic information may be obtained from a well-designed CID 

experiment and such information is valuable to both fundamental studies as well as proteomic 

studies.23-28  Fragmentation of protonated peptides by CID has been exhaustively researched, 

providing the field with such concepts as the “mobile proton model.”29, 30  The mobile proton 

http://goldbook.iupac.org/I03103.html
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model states that the initial protonation site (i.e. N-terminal amino group or basic residue side 

chain) does not retain the proton and it moves freely along the peptide backbone to sites that are 

energetically less favorable.29, 30   This causes destabilization of the amide bond, and produces the 

commonly observed b/y fragment ions.  (The nomenclature of peptide fragmentation is discussed 

in Section 2.5.)  Discovery of fragmentation patterns based on sequence,31-40 conformation,41-43 

salt bridge formation,44, 45 identity of N- or C-terminal group,46 and other structural attributes 

have developed CID into a powerful tool for proteomic analysis.  CID of deprotonated peptides 

is not as developed as its protonated counterpart, but many advances have been made in recent 

years. 

 The CID process begins after the ions have been produced by ESI and transported to the 

QIT by electrostatic focusing.  A peptide ion of interest is isolated by subjecting the trapped ions 

to a broadband range of frequencies (for the AC voltage) that causes ions moving with these 

frequencies to increase their kinetic energies and be ejected from the trap.  The resonant 

frequency of the precursor ion is not included; thus it remains in the trap.  Once isolated, the 

fragmentation sequence is as follows:  resonant excitation of the precursor ion, collisions with 

neutral gas (helium in this case) present in trap, fragmentation, and finally detection.  The 

resonant excitation of the precursor ion requires an excitation voltage amplitude of 

approximately 1 V which increases the kinetic energy of the precursor and results in more 

energetic collisions with the helium present in the trap.  The kinetic energy from the collisions is 

then distributed along the backbone of the peptide causing fragmentation.  The entire CID 

process takes place over a timescale of approximately 20-60 ms. 

 For the low-energy CID experiments described in this dissertation, precursor ions were 

allowed to accumulate in the trap for up to 200 ms and then mass selected using ejection pulses.  

The isolation window was 4 m/z wide in most cases, but was narrowed to 1 m/z for situations that 
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had interfering peaks nearby.  Helium was used as the collision gas.  A collision energy sweep of 

30-200% with amplitude between 0.1 and 1.0 V was used to maximize CID fragmentation.   

 

2.4.2 Electron transfer dissociation 

 Electron transfer dissociation (ETD) is one of the more contemporary methods of 

fragmentation in MS.  Introduced by Hunt and coworkers47 in 2004, the ETD experiment is 

designed for use in ion trap mass spectrometers.  A similar technique introduced in 1998, 

electron capture dissociation (ECD), was designed for use in FT-ICR mass spectrometers.48  Both 

ETD and ECD processes involve the transfer of a low energy electron to a multiply-charged ion 

to induce fragmentation by vibrational excitation of the N–C bond.  This type of experiment 

requires positive ions, and an ionic charge greater than one.  Transfer of an electron to a singly 

protonated ion would merely neutralize the ion, which could not be detected without 

reionization.  Recent progress in the field has expanded the ECD and ETD experiments to 

include negative ions.  Although still in infancy, negative electron transfer dissociation (nETD) 

and electron-detachment dissociation (EDD) are the negative ion analogs of ETD and ECD.49, 50

 The ETD experiments discussed in this dissertation were performed on a Bruker 

HCTultra PTM Discovery System.  Multiply-charged ions were produced by ESI, transferred to 

the QIT, and isolated.  The transfer of a low-energy electron to the multiply-charged precursor 

ion requires an ETD reagent with an electron affinity (EA) low enough to release the electron 

Figure 2.9.  Production of fluoranthene anion in NCI source. 
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(<60-70 kcal/mol).  Fluoranthene is used as the standard ETD reagent in the Bruker HCTultra 

system and in this dissertation research.  Other ETD reagents such as azobenzene and anthracene  

may be used as well with little or no experimental modification.51  The fluoranthene anion is 

produced by negative chemical ionization (nCI) as shown in Figure 2.9.  As shown in Figure 

Figure 2.10,52 the nCI source is located outside of the QIT, so the fluoranthene anions must be 

transported to the trap using the same ion transfer octopole that is used to transfer the multiply-

protonated precursor ions.  This is accomplished simply by switching the polarity on the 

transport octopole.  Once the reagent anions are accumulated in the trap, an ion/ion reaction 

between the multiply-protonated precursor ions and the fluoranthene anions occurs.  The ion/ion 

reaction (i.e. ETD process) occurs on a timescale of 40-100 ms, which is a longer timescale than 

the 20-60 ms scale observed with CID.  Transfer of a low-energy electron from the reagent anion 

to a multiply-protonated peptide causes excess vibrational energy to be dispersed throughout the 

peptide backbone, causing primarily N–C bond cleavage.   

Figure 2.10.  ETD in the Bruker HCTultra PMT Discovery System. 
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 For the ETD experiments described in this dissertation, a multiply-charged ion of interest 

was mass selected for isolation.  A low-energy electron was transferred to the multiply-charged 

ions by a reaction in the trap with the ETD reagent, fluoranthene, on the order of 40-100 ms.  

Each spectrum is the average of approximately 200 scans.   

 

2.5  Ion/molecule reactions 

 Thermochemical properties such as gas-phase basicity (GB) and gas-phase acidity (GA) 

are valuable in the study of biological compounds such as proteins, peptides and amino acids.  

These properties can be easily extracted from gas-phase proton transfer reactions involving the 

system of interest.  There are several methods have been developed for this purpose and each is 

based on experimental conditions.   

 The equilibrium method can be traced back to the early work of Kebarle and coworkers 

with pulsed electron high pressure mass spectrometry.53  Since then, equilibrium determinations 

have been made for numerous systems such as:  anilines,54 phenols,55 benzoic acids,55, 56 

carboxylic acids,57 and numerous other organic and inorganic species.58-64  Equilibrium 

determination experiments are traditionally performed using pulsed ICR or flowing afterglow 

techniques.  The experiment requires that the ionized compound of interest be in thermal and 

chemical equilibrium with the neutral reactant.  This means that the pressures of both compounds 

must be known.  Conventional ionization methods such as electron ionization are often used, 

which requires the compound to be sufficiently volatile.  Due to these volatility constraints, 

insufficiently volatile peptides and amino acids are typically not studied using the equilibrium 

method.  The kinetic method (and later extended kinetic method), conceived by R. G. Cooks65-67, 

was initially designed to probe the proton affinity of gas-phase bases.  This experimental method 

requires a cluster-type ion (usually a proton-bound dimer) of the compound of interest with a 
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reference compound.  The dissociation of this cluster in the mass spectrometer is monitored to 

determine thermochemical properties based on the rate constants.  Recently the extended kinetic 

method68, 69 has been used to determine the GAs of the -amino acids.70, 71  The extended kinetic 

method differs from the kinetic method by consideration of the entropy changes that occur 

during a reaction.68 

 The bracketing method72-82 was used for the research described in this dissertation.  The 

Bruker BioApex 7e FT-ICR MS was used to perform bracketing experiments to determine the 

gas-phase acidity (GA) of several small peptides, amino acids, and amino acid amides.  A 

bracketing experiment involves ionizing and isolating an ion of interest and reacting it with a 

series of reference compounds that have known GAs.  This allows one to determine the 

experimental GA of the compound being studied based on the efficiency of the proton transfer 

reaction with the reference compound. 

 The GA of a species of interest, M, is the negative free energy change (-G°) for the 

proton transfer reaction: 

M → [M - H]
–
  +  H

+
  -G° = GA    2.20 

The proton transfer reaction of the species of interest, M, with a reference compound, A, is 

shown in Equation 2.21.    

[M - H]
–
  +  A  →  M  +  [A - H]

–
     2.21 

A fast (exoergic) reaction has a negative Gibbs free energy change whereas a slow reaction or no 

reaction at all (endoergic) has a positive Gibbs free energy change.  Identification of the GA of 

the species of interest lies at the point where reactions with reference compounds become 

exoergic.  This point is generally established by a comparison of reaction efficiencies.  The 

reaction efficiency (RE, Equation 2.22) relates the experimental rate constant of the proton 
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transfer reaction (Equation 2.21) to the theoretical rate constant as calculated using collision 

theory.83, 84 

    
    

    
                                                                               2.22 

The experimental rate constant, kexp, is determined experimentally and kcap is calculated by: 

                     2.23 

where,          
 

 
      

         

 
         2.24 

(q = unit of electron charge,  = polarizability,  = reduced mass, I = moment of inertia )  

             
         2.25 

where      
     

  
         2.26 

and     
   

   
        2.27 

      
           

      
                     2.28 

                                     2.29 

                                     2.30 

   
 

   
   

  
 

     
        2.31 

TR = reduced temperature , D = dipole moment, KB = Boltzman constant,  

T = temperature, e = elementary charge) 

This relation of experimental and theoretical rate constants provides a tangible value for the 

percentage of collisions that produce a reaction.  For example, an RE of 0.25 means that 25% of 

the collisions are resulting in a proton transfer reaction.  The GA is established at an RE that is 

defined to be the point at which the reactions become exoergic, otherwise known as the break 

point.  Using past data published by the Cassady research group,73 Bouchoux and coworkers 
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recently showed that establishing the break point at a RE of 0.269 gives the most accurate 

representation of GA.69, 70, 85-87  Past work in our group on the GAs of aspartic acid, glutamic acid 

and their amides used this RE as the break point for assigning numerical GA values with good 

outcome.73 

 The experimental rate constant, kexp, is found by a relationship of the relative intensity of 

the precursor ion to reaction time.  The pressure of the neutral reactant is held constant in the cell 

of the FT-ICR MS, therefore the reaction is pseudo-first-order.  A plot of the natural log of the 

relative intensity of the precursor ion versus time produces a straight line (as shown in Figure 

2.11).  The slope of this line is used to calculate kexp (in cm
3
•molec

-1
•s

-1
) using Equation 2.32.  In 

this equation, Rx is the relative  

     
              

                     
       2.32 

sensitivity of the ion gauge to the specific neutral reactant as described by Bartmess and 

Georgiadis.88  The experimental pressure of the neutral (in mbar) as read off of the pressure 

meter is represented by Pexp and the correction factor for the positioning of the Bayard-Alpert 
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Figure 2.11.  Plot of the natural log of the relative precursor ion intensities versus time for 

the reactions of deprotonated tyrosine with 4-trifluoromethylaniline. 
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ionization gauge is represented by IGcorr.  (1.333 is the conversion factor between mbar, which 

are the units of the ion gauge, and Torr.  There are 3.23 x 10
16

 molec/cm
3
 in 1 Torr.) 

 The ion gauge correction factor (IGcorr) is necessary for accurate representation of the 

experimental pressure.  This is because the ion gauge is located outside of the cell (outside of the 

magnetic field) and away from where the reaction takes place.  To account for this, the ion gauge 

was calibrated with the proton transfer reaction between protonated glycine and N,N-

dimethylformamide (DMF)89 as seen in Equation 2.33: 

[Gly + H]
+
 + DMF → Gly + [DMF + H]

+
                                        2.33 

This reaction has an average experimental rate constant (kexp) of 8.19 × 10
-10

 cm
3
/molec•sec, a 

standard deviation of 1.07 × 10
-10

 cm
3
/molec•sec, and a relative standard deviation of 13%.   

 Aside from simple proton transfer, other pathways may be present, which requires 

modification of the method used to calculate the experimental rate constant.  For example, a 

proton-bound dimer of the precursor and reactant, [M + A – H]
 –
, may form.  This is especially 

common when the two reacting species are very close in GA.  For these situations, the rate 

constant is determined by the relationship shown in Equation 2.34 (where [A - H]
–
 is the relative 

intensity of the deprotonated reference compound, kdeprot is the rate constant for deprotonation 

only and kall is the rate constant for all pathways).90   

      

                   
  

       

    
                  2.34 

There are also cases where two reacting species of the precursor ion are present.  This can be 

observed in the non-linear plot of the natural log of the relative precursor ion intensity versus 

time.  For this type of situation, the experimental rate constants are determined for each species 

by fitting the data to the sum of two exponential relationships. 
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2.6  Peptide fragmentation nomenclature 

 The peptide fragmentation nomenclature introduced by Roepstorff and Fohlman91 will be 

used to describe both CID and ETD spectra.  Figure 2.12 illustrates the nomenclature as it relates 

to the dissociation of a peptide.  This nomenclature uses letters to describe the sites of C–C, 

amide, and N–C bond cleavages.  The letters a, b and c relate to these respective cleavages with 

charge retention on the N-terminal side of the cleavage site.  The letters x, y and z relate to these 

respective bond cleavages with charge retention on the C-terminal side of the cleavage site.  The 

subscript number indicates the position in the amino acid sequence that is involved in the 

fragmentation relative to the terminus retaining the charge.  Prime symbols are used to denote the 

addition or subtraction of hydrogens.  For example, in protonated spectra, c- and y- type ions 

have two more hydrogens than standard bond cleavages.  These ions are represented by cn
+
 and 

yn
+
, which stands for [cn + 2H]

+
 and [yn + 2H]

+
 respectively (where n is position of cleavage in 

the peptide sequence).  Another example from fragmentation of protonated peptide species is 

zn
+
, where one additional hydrogen is present.  In the fragmentation of deprotonated peptides, b-

type cleavages often produce ions that are two mass units lower than standard bond cleavages.  

This means that the fragment ion has lost two hydrogens, and is denoted by bn
–
.  Note that 

placing the prime symbol to the left indicates loss of a hydrogen, whereas placement to the right 

indicates the gain of a hydrogen. 

 In 2003, Roman Zubarev92 introduced a modified version of standard nomenclature for 

use with ETD.  His modification of the peptide fragmentation nomenclature accounts for radical 

location and hydrogen transfer.  Two types of ions are described using his nomenclature:  radical 

products, cn
+• 

and zn
+•

, and hydrogen-atom transfer products, zn
+
 and cn

+
.   Radical product ions 

are one mass unit higher than standard homolytic bond cleavage, and hydrogen-atom transfer 
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product ions are two mass units higher.  The results described in this dissertation are 

characterized by the number of hydrogens that are associated with the ETD fragment ions.  Tthe 

standard peptide fragmentation nomenclature is better suited to  keeping track of the additional 

hydrogens and is therefore used here rather than using the modified Zubarev nomenclature. 

 

2.7  Peptide synthesis 

 Some of the peptides used in this research were available through commercial sources or 

were provided by academic contacts.  However, there were many peptides needed that are 

unusual or otherwise commercially unavailable.  These peptides were synthesized in house using 

standard Fmoc-based chemistry.  The term Fmoc is derived from the protecting group, 9-

fluorenylmethoxycarbonyl, used to block the amine group of the amino acid.  In cases where a 

non-standard C-terminus was desired, modification strategies were employed after synthesis or 

directly to the commercial peptide. 

 

Figure 2.12.  Peptide sequencing nomenclature. 
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2.7.1  Fmoc solid-phase synthesis 

 Established by Merrifield93 in 1963, solid-phase peptide synthesis (SPPS) has allowed the 

common research laboratory to circumvent the time and effort consumed by classical liquid-

phase peptide synthesis techniques.  This technique is generally based on attaching the C-

terminal residue to a solid support, which is traditionally some sort of 

porous polystyrene resin bead (although polyacrylamide, polyethylene 

glycol, surface, and composite-based supports are used as well).  The 

N-terminal amine of the residue is protected by a protecting group 

such as Fmoc (Figure 2.13.).  Synthesis is accomplished by a 

series of wash-deprotect-couple-wash steps, building the peptide from the C-terminus (which is 

attached to the solid support) to the N-terminus.  The final step of the synthetic strategy is to 

remove the solid support, leaving the newly formed peptide.   

 Several of the peptides studied in this dissertation were synthesized in our laboratory 

using the standard Fmoc protocol94 on an Advanced ChemTech Model 90 peptide synthesizer 

(Louisville, KY, USA).  Automated peptide synthesizers such as this greatly decrease the at-

bench time required for synthesizing peptides, and can be more cost-effective than commercial 

custom synthesis for producing small batches of peptides.  Solid support resins were chosen 

based on the desired functionality for the C-terminus.  The resins were purchased with the C-

terminal amino acid residue in place and an Fmoc protecting group on the free amine of the 

residue.  Wang and Rink amide resins (Advanced ChemTech) were used to produce C-terminal 

acid (-COOH) and amide functionalities (-CONH2), respectively.  The Sieber resin (Anaspec, 

San Jose, CA, USA) was used to produce a C-terminal secondary amide functionality (-NHEt).   

 The solid support resin was placed in a reaction vessel that works with the Advanced 

Chemtech peptide synthesizer.  The wash/deprotect/couple/wash(/repeat) sequence is automated 

Figure 2.13.  Fmoc 

protecting group. 
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and can be customized to meet the needs of the synthesis.  The resin is first washed with N,N-

dimethylformamide (DMF), then methanol (MeOH), then again with DMF.  Next, the Fmoc 

protecting group is removed using 20% piperidine (PIP) in DMF (V:V).  After deprotection and 

a DMF/MeOH/DMF wash, an Fmoc-protected amino acid is coupled to the now free amine of 

the residue that is anchored on the resin.  A 0.5 M solution of the Fmoc-protected amino acid in 

0.5 M 1-hydroxybenzotriazole hydrate (HOBt) in N-methyl-2-pyrrolidinone (NMP) is introduced 

to the reaction vessel.  A 0.5 M solution of 1,3-diisopropylcarbodiimide (DIC) in NMP is also 

used in the coupling step to activate the carboxyl group.  After the coupling step is completed, 

another wash cycle of DMF/MeOH/DMF is performed.  This entire sequence is repeated until 

the desired peptide has been built. 

 Post-synthesis, the peptide is still attached to the resin.  Thus, a resin cleavage step must 

be used to yield free peptide.  A cleavage solution of 92% trifluoroacetic acid (TFA), 5% 

ultrapure water, and 3% trisopropylsilane (TIPS) is used to cleave the peptide from the resin at 

room temperature.  The reaction mixture is then filtered to remove the solid resin, and the 

peptide is precipitated using diethyl ether that has been cooled to -78°C in a bath of dry ice and 

acetone.  The precipitated peptide is separated by centrifuging and decanting the diethyl ether 

mixture.  The peptide is allowed to dry at room temperature in a dessicator.  No further 

purification steps are used since mass spectrometry is capable of isolating the peptide ion of 

interest from any contaminants. 
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2.7.2  Methyl esterification 

 To eliminate the C-terminal carboxylic acid functional group as a potential site for 

deprotonation, several of the peptides in this dissertation research were converted to methyl 

esters.  Conventional solution-phase chemistry95 was applied to the raw peptides.  Figure 2.14 

shows the reaction procedure to form the methyl esterified peptides.  The peptide methyl esters 

tend to revert to carboxyl form when stored in aqueous or acidic solvent systems, thus working 

solutions were prepared from solid peptides for each experiment to minimize degradation. 

 

2.7.3  Amino acid structures and C-termini 

 The peptides involved in this dissertation were composed of various amino acids.  Many 

of the peptides were studied in the standard free acid form (C-terminal acid, -COOH) as well as 

amide form (C-terminal amide, -CONH2).  Select peptides were studied with other C-terminal 

modifications such as methyl esterification (-COOMe) and substituted secondary and tertiary 

amides (e.g. -CONHEt and -CONMe2).  Figures 2.15 through 2.22 illustrate the amino acids 

whose residues composed peptides in this research.  Figure 2.23 illustrates the various C-

terminal modifications that were utilized.  

Figure 2.14.  Methyl esterification strategy. 
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Figure 2.15.  Amino acids with alkyl side chains. 



44 
 

 

 

Figure 2.16.  Amino acids with basic side chains. 

 

 

Figure 2.17.  Amino acids with aromatic side chains. 
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Figure 2.18.  Amino acids with acidic side chains. 

 

 

Figure 2.19.  Amino acids with hydroxylated side chains. 

 

 

Figure 2.20.  Amino acids with sulfur-containing side chains. 
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Figure 2.21.  Amino acids with amidated side chains. 

 

 

Figure 2.22.  Non-standard, selectively methylated amino acids. 

 

 

 

Figure 2.23. Peptide C-terminal endgroups utilized in this dissertation. 
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CHAPTER 3:  A COMPARISON OF THE EFFECTS OF AMIDE AND ACID GROUPS 

AT THE C-TERMINUS ON THE COLLISION-INDUCED DISSOCIATION OF 

DEPROTONATED PEPTIDES 

 

3.1  Overview  

 The dissociative behavior of peptide amides and free acids is explored using low-energy 

collision-induced dissociation (CID) and high level computational theory.  Both positive and 

negative ion modes were utilized in the study, but the most profound differences were observed 

for the deprotonated peptide species.  Amidation of the C-terminus removes a potential 

deprotonation site on a peptide.  Elimination of this charge site is shown to have consequences 

on the resulting deprotonated CID spectra, producing amide-specific product ions (i.e. cm–2
–
, 

where m is the number of residues in the peptide) that are either absent or in low abundance for 

the analogous peptide free acid.  It is postulated that the driving force behind cm–2
–
 in peptide 

amides is the formation of a diketopiperazine (DKP) neutral.  The most notable occurrence of an 

amide-specific product ion is the presence of c3
–
 in the spectrum of laminin amide (YIGSR-

NH2).  This case has been thoroughly investigated to determine the cause of cm–2
–
 formation in 

amidated peptides due to its convenient size.  In support of these experimental findings, 

G3(MP2) calculations have been performed using model oligoglycines to determine the 

energetic differences between the peptide amides and free acids.  Computational results show 

that the formation of cm–2
–
 and the proposed DKP neutral from a peptide amide requires 31.6 

kcal/mol, which is 26.1 kcal/mol less than the same process involving the peptide free acid.  
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These complimentary experimental and computational results indicate that deprotonated amide-

specific fragmentation patterns may be useful in bioinformatic methods related to proteomics. 

 

3.2  Introduction 

 Hydrophobic amide groups at the C-termini of peptides are prolific in nature and 

generally thought to be one of the key binding sites on biologically active peptides.1-4  For 

example, a C-terminal amide group is a post-translational modification found in peptides that 

have the C-terminus extended by a glycine residue.5-7  In addition, there are several groups of 

well-known biologically active peptides that are C-terminal amides; for example, the 

tachykinins, a family of neurological peptides.  Substance P, discovered by Von Euler and 

Gaddum in 1931, belongs to the broad tachykinin family and is one of the peptides used in our 

study.8  There are several groups of peptides with antimicrobial and anticancer properties that 

possess a C-terminal amide.9  Additional biologically active C-terminal amide peptides include 

the adrenomedullins, amylins, calcitonin, cholecystokinins, endokinins, growth hormone 

releasing factor, and oxytocins.10-17  Furthermore, C-terminal amide dipeptides are easily 

converted to 2,5-diketopiperazines, a 6-membered ring species, in the presence of an acid18 and 

the formation of diketopiperazines from the N-terminal amino group has been reported.19, 20  

Wang et al.21 studied endomorphin-1 and endomorphin-2, both C-terminal amides, and their 

activity when the C-terminus was modified.  Their results showed that the functionality of the C-

terminus was important and that derivatizing the amide by converting the terminus to an ester 

had a detrimental effect on the activity of the endomorphin peptide.   

 There has been a great deal of research comparing the properties of peptide acids and 

amides by chemical methods other than mass spectrometry.  Dennison et al.9 studied the effects 

of changing the C-terminus on peptides that exhibit antimicrobial and anticancer activity via 



57 
 

physical and computational methods.  Their work demonstrated an unpredictable effect on the 

efficacy and no effect on the selectivity of the peptides studied.  Krstenansky et al.22 synthesized 

several C-terminal analogs of hirudin(54-65) to probe the structure-activity relationship.  The C-

terminal amide was among the modifications studied and its presence lessened the activity of the 

antithrombin peptide.  Chemical means have been used to determine the C-terminal end group of 

peptides and proteins by converting the C-terminus from a carboxylic acid to an amide via 

ammonolysis or hydrazinolysis.23, 24 

 There have been few reports comparing acid and amide analogous peptides by mass 

spectrometry.  Kim and Kim25 employed a carboxypepsidase Y digestion to identify amino acid 

amides using fast atom bombardment (FAB) mass spectrometry.  Brinkworth and Bowie26 

investigated the maculatin family of C-terminal amide peptides by negative ion electrospray 

ionization (ESI) mass spectrometry.  Although their work did not consider the acid versions of 

the peptides, it did demonstrate the dissociation patterns of deprotonated peptide amides.  

Enjalbal and coworkers27 performed an extensive study comparing the differences in positive ion 

mode collision-induced dissociation (CID) fragmentation patterns of both peptide acids and 

amides.  Their work included 76 pairs of peptide acids and amides with a variety of amino acid 

compositions.  For their study of protonated peptides, the presence of the amide group at the C-

terminus had little effect on the resulting CID spectra, apart from an increased loss of ammonia 

from the protonated peptide amide.  This minor difference is likely influenced by the peptide 

composition and is not solely due to the C-terminal end group.  To date, there has been no 

published report of a comparison of the acid/amide analogous peptides via negative ion mode 

CID.   

 Conversion of a C-terminal carboxylic acid group to an amide group may remove a 

possible charge site in negative ion mode.  Consequently, absence of this carboxylic acid group 
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should alter the fragmentation pattern of the deprotonated peptide.  Complimentary to the 

positive ion mode work of Enjalbal and coworkers,27 our effort focuses on the differences 

observed in negative ion mode fragmentation.  Differing fragmentation patterns between nearly 

identical deprotonated species will allow for greater identification of unknown peptides. 

 

3.3  Experimental 

3.3.1  Peptides 

 Table 3.11 shows the amino acid sequence of each peptide studied and its monoisotopic 

mass for the protonated and deprotonated ions.  Substance P acid and amide, cholecystokinin 

acid, and laminin acid and amide were purchased from Anaspec (San Jose, CA).   

Cholecystokinin amide was purchased from American Peptide (Sunnyvale, CA).  Pentaalanine 

and the laminin analogs were synthesized in our laboratory using standard Fmoc protocol 28 on 

an Advanced ChemTech Model 90 peptide synthesizer (Louisville, KY).  Wang and Rink amide 

resins (Advanced ChemTech) were used to produce the acid (-COOH) and amide functionalities 

(-CONH2), respectively.  The Sieber resin (Anaspec, San Jose, CA) was used to produce the 

secondary amide functionality (-NHEt).  YIGSR-NMe2 was custom synthesized by NEO 

BioScience (Cambridge, MA).  YIGSR-OMe was produced in our laboratory via methyl 

esterification29 of the commercially available laminin acid.  The remaining peptides were 

provided by Christine Enjalbal’s group at the University of Montpellier (Montpellier, France).   

 

3.3.2  Sample preparation 

 Stock peptide solutions were prepared in ultrapure water from solid peptide at a 

concentration of 1-2 mg/mL.  Peptides that had low solubility in water were prepared in a 50:50  
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Table 3.1  Peptide sequences, monoisotopic masses, and predominant backbone cleavage ions 

from CID of [M - H]
−
. 

Peptide Sequence 

(name) 

Monoisotopic  

mass
a
 of  

[M - H]
−
 

Base peak of spectrum
a
 

Observed CID backbone product 

ions
b,c

 

amide acid amide acid amide acid 

AAAAA 

(pentaalanine) 
371.1  372.2 c3

–
/y3

–
 c2

–
 

a3
−
, a4

−
, a5

−
, c2

−
, 

c3
−
, y2

−
, y3

−
, y4

−
 

a3
−
, a4

−
, a5

−
, c2

−
, 

c3
−
, y2

−
, y3

−
, y4

−
 

YIGSR 

(laminin) 
592.3 593.3 [M-H-CH2O]

–
 [M-H-CH2O]

–
 c3

−
 c2

−
, c3

−
 

YIGSA 507.2  508.2 [M-H]
–
 [M-H-NH3]

–
 c2

−
, c3

−
 c2

−
, c3

−
 

FPARVGI 756.4 757.4 [M-H]
–
 [M-H-NH3]

–
 

c2
−
, c3

−
, c4

−
, c5

−
, 

y3
−
, y4

−
, y5

−
, y6

−
 

c2
−
, c3

−
, c4

−
, c5

−
, 

y3
−
, y4

−
, y5

−
, y6

−
 

DYMGWMDF 

(cholecystokinin) 
1061.4 1062.4 [M-H-H2O]

–
 [M-H-H2O]

–
 

  

c6
−
, y7

−
 

  

 

 c6
−
, y7

−
 

  

LMYVHWVK 1072.6 1073.6 y6
–
 and c6

–e
 c5

–
 

c3
−
, c4

−
, c5

−
, c6

−
, 

y3
−
, y4

−
, y5

−
, 

y6
−
, y7

−
 

c3
−
, c4

−
, c5

−
, c6

−
, 

y3
−
, y4

−
, y5

−
, y6

−
, 

y7
−
 

LMYVHWVR 1100.6  1101.6 
c6

–
 and 

[M-H-HN=C=NH]
–
 

[M-H-

HN=C=NH]
–
 

c3
−
, c4

−
, c5

−
, c6

−
, 

c7
−
, y4

−
, y5

−
, 

y6
−
, y7

−
 

c3
−
, c4

−
, c5

−
, c6

−
, 

c7
−
, y4

−
, y5

−
, y6

−
, 

y7
−
 

MLGFRSVGYA 1097.5 1098.5 [M-H]
–
 [M-H-CH2O]

–
 

c3
−
, c4

−
, c5

−
, c6

−
, 

c7
−
, c8

−
, c9

−
, y3

−
,  

y4
−
, y5

−
, y6

−
, 

y7
−
, y8

−
, y9

−
, 

y10
−
 

c3
−
, c4

−
, c5

−
, c6

−
, 

c7
−
, c8

−
, c9

−
, 

c10
−
, y3

−
,  y4

−
, 

y5
−
, y6

−
, y7

−
, y8

−
, 

y9
−
, y10

−
 

WFAPPRVGYL 1202.6  1203.6 [M-H]
–
 [M-H-NH3]

–
 

c2
−
, c5

−
, c6

−
, c7

−
, 

c8
−
, y3

−
,  y4

−
, 

y5
−
, y6

−
, y7

−
, 

y8
−
, y9

−
, y10

−
 

c5
−
, c6

−
, c7

−
, c8

−
, 

c9
−
, y3

−
,  y4

−
, 

y5
−
, y6

−
, y7

−
, y8

−
, 

y9
−
, y10

−
 

RPKPQQFFGLM 

(substance P) 
1345.7 1346.7 c9

–
 

[M-H-

HN=C=NH]
–
 

c4
−
, c5

−
, c6

−
, c7

−
, 

c8
−
, c9

−
, y4

−
, y5

−
, 

y6
−
, y7

−
, y8

−
, 

y9
−
, y10

−
 

c8
−
, c9

−
, y4

−
, y5

−
, 

y6
−
, y7

−
, y8

−
, y9

−
, 

y10
−
 

a 
Units of m/z are Thomson. 

b
 Neutral loss peaks are excluded.  

c
 Ions in bold red have an intensity of  >40% of base peak.  
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mixture (by volume) of ultrapure water and methanol.  Solutions for mass spectral analysis were 

obtained by diluting the stock solutions to (1-5) M in a 50:50 mixture of acetonitrile and  

ultrapure water.  A 0.1-1% volume of either acetic acid or ammonium hydroxide was added to 

the sample solution (to assist in protonation or deprotonation, respectively).   

 

3.3.3  Mass spectrometry 

 Low-energy CID experiments were performed using a Bruker HCTultra PTM Discovery 

System (Billerica, MA) high capacity quadrupole ion trap (QIT) equipped with ESI.  Peptide 

samples were introduced into the ESI source using a KD Scientific syringe pump (Holliston, 

MA) at a flow rate of 100-250 L/hr.  Ions were produced by ESI using a spray voltage of 

±(3000-4000 V).  Nitrogen was used as the ESI drying gas and was heated to a temperature of 

300°C and set to flow at a rate of 5 L/min.  The nebulizer gas, also nitrogen, was set to a pressure 

of 10 psi. 

 For low-energy CID experiments, precursor ions were allowed to accumulate in the trap 

for up to 200 ms and then mass selected using ejection pulses.  The isolation window was 4 m/z 

wide in most cases, but was narrowed to 1 m/z for a couple of situations that had interfering 

peaks nearby.  Narrowing the isolation window had a negligible effect on the intensity of the ion 

of interest, and effectively removed the interfering peak.  Helium was the collision gas.  A 

collision energy sweep of 30-200% with amplitude between 0.8 and 1.0 V was used to maximize 

CID fragmentation.  Care was taken to use the same CID conditions for each of the peptide acid 

and amide pairs. To describe the observed fragmentation of the peptides in the study, 

nomenclature introduced by Roepstorff and Fohlman30 is used.  (Chapter 2 discusses 

fragmentation nomenclature in more detail.)   
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3.3.4  Computations 

All calculations were performed by Michele Stover of Dr. David Dixon’s group at the 

University of Alabama.  The calculations were performed at the density functional theory (DFT) 

and correlated molecular orbital (MO) theory levels with the program Gaussian-03.31  The 

geometries were initially optimized at the DFT level with the B3LYP exchange-correlation 

functional32, 33 and the DZVP2 basis set.34  Vibrational frequencies were calculated to show that 

the structures were minima and to provide zero point and thermal corrections to the enthalpy and 

entropies so that free energies could be calculated for direct comparison to experiment.  A range 

of structures was optimized  to determine the most stable conformers.  In our previous work on 

amino acid acidities35, 36 (and results in Chapters 5 and 6) the Dixon and Cassady groups have 

shown that the high level G3(MP2) correlated molecular orbital method37 gave agreement for the 

acidities with the experimental values to within about ±1 kcal/mol.  G3(MP2) has an additional 

advantage over DFT methods in terms of reliable predictions for these types of compounds 

because the correlated molecular orbital methods in G3(MP2) perform better in the prediction of 

hydrogen bond energies as well as steric non-bonded interactions than do most widely-used DFT 

exchange-correlation functionals. 

 

3.4  Results and discussion 

3.4.1  CID of peptide acid/amide pairs 

 Protonated, [M + H]
+
, and deprotonated, [M - H]

−
, peptides were fragmented by low-

energy CID.  For protonated peptides, loss of NH3 was more prominent in the amide spectra 

(data not shown), but few other differences were observed.  This is consistent with the C-

terminal acid and amide groups not being charge sites in positive ion mode.  These results are in 
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agreement with those of Enjalbal and coworkers for CID on protonated ions from 76 acid/amide 

pairs.27   

For the deprotonated peptides, common negative ion mode CID backbone cleavages 

occur; that is, cn
−
 and yn

−
.38-41  Pentaalanine also produces an

−
 and bn

−
, which is typical of 

oligoalanine peptides in negative ion mode.40  Neutral loss peaks common to specific amino acid 

residues are abundant in the spectra; for example, elimination of H2O and CH2O from serine 41-48, 

the guanidino group (HN=C=NH) from arginine,39, 48, 49 H2O from aspartic acid,50-53 O=C6H4=CH2 

from tyrosine,53 and CH3SH, CH3SCH3, and CH2CH2SCH3 from methionine.54 

 In negative ion mode, a dominant backbone cleavage product ion forms for most of the 

peptides studied and is typically several times more abundant than other backbone product ions.  

The deprotonated peptide amides produce abundant cm-2
−
, where m is the number of residues in 

the peptide sequence.  Many of the peptide acids produce cm-3
−
 in abundance, which was also 

observed in prior work by Cassady and coworkers.39 

 Data from the deprotonated peptide CID experiments has been compiled in Table 3.1.  

Three sets of example spectra are given in Figures 3.1, 3.2 and 3.3.  The CID spectra for the 

remaining peptides can be seen in the Supplementary Materials at the end of this chapter.  These 

example spectra illustrate the differences observed between the acid and amide peptides.  

Laminin amide (Figure 3.1(a)), which is a pentapeptide (m = 5), produces c3
−
 as the only 

backbone cleavage ion in abundance.  This cm-2
−
 type ion is far more pronounced in the amide 

spectrum than in the acid spectrum.  Laminin acid (Figure 3.1(b)), whose sequence is YIGSR, 

produces a very simple spectrum consisting mainly of neutral loss peaks and c2
−
 and c3

−
 in low 

abundance.  Another example can be seen in the spectra of FPARVGI (m = 7, Figure 3.2).  

Dissociation of the FPARVGI amide (Figure 3.2(a)) produces several cn
−
 and yn

−
, as well as  



 

 

 

  

Figure 3.1.  CID spectra of [M - H]
–
 from laminin (YIGSR) (a) amide and (b) acid. 
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Figure 3.2.  CID spectra of [M - H]

–
 from FPARVGI (a) amide and (b) acid. 
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Figure 3.3.  CID spectra of [M - H]
–
 from AAAAA (a) amide and (b) acid. 

6
6
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many neutral loss peaks.  A very intense c5
−
 (a cm-2

−
 type ion) and products from internal valine 

(V) residue elimination (e.g., [y4 - V]
−
 and neutral loss products from this ion) are unique to the 

amide spectrum.  The acid form of FPARVGI (Figure 3.2(b)) produces a spectrum similar to the 

amide, without the intense c5
−
 and valine loss.  Another significant aspect of the FPARVGI acid 

spectrum is the appearance of a more abundant c4
−
 (a cm-3

−
 type ion).  Pentaalanine (AAAAA, m 

= 5) is also shown to demonstrate the differences between acids and amides without interaction 

from side chains.  Pentaalanine amide (Figure 3.3(a)) has c3
–
/y3

–
 as the base peak of the spectrum 

(masses are identical due to symmetry) and a very prominent water loss peak associated with this 

ion.  The remaining product ions are less than 20% relative to the base peak.  Pentaalanine acid 

(Figure 3.3(b)) has c2
–
 as the base peak of its CID spectrum.  Other backbone fragment ions are 

observed for pentaalanine, but they are all less than 20% relative to the base peak. 

 These selected spectra demonstrate the differences in dissociative behavior of 

deprotonated peptide acids and their amide analogs.  Formation of cm-3
−
 in the CID of the peptide 

acids has been observed previously.39, 55  However, the production of cm-2
−
 in the CID spectra of 

the peptide amides has not been addressed.  There are several factors that must be considered in 

this case.  Since conversion of the C-terminus to an amide removes an acidic site on a peptide, 

the site of deprotonation may be a factor in cm-2
−
 formation.  Another factor is the reaction 

enthalpy which accounts for the difference in energies between the deprotonated peptide 

precursor ion and the product neutral leaving group and the product c-ion. 

 

3.4.2  Peptide composition effects on cm-2
−
 formation 

 To elucidate the involvement of a C-terminal amide group in formation of cm-2
−
, we chose 

to modify laminin and study these peptides by CID.  Several laminin analogs were synthesized 

with altered C-termini to explore the involvement of the C-terminus.  Other analogs were studied  
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Table 3.2.  Comparison of CID fragmentation observed for laminin (YIGSR) and related 

derivatives.   

Peptide 

 

C-terminus 

 
Relative 

intensity
a
 of c3

−
 

Absolute intensity 

of c3
−
 

YIGSR-NH2 

 
 

 

60% 73108 

YIGSR-OH 

 
 

 

<5% 7218 

YIGSR-NHEt 

 
 

 

30% 2770 

YIGSR-NMe2 

 
 

 

40% 38710 

YIGSR-OMe 

 
 

 

<6%
b
 252 

YIGSA-NH2 

 
 

 

80% 371294 

YIGSA-OH 

 
 

 

8% 50060 

YIGAR-NH2 

 
 

 

100%
c
 103225 

YIGGR-NH2 

 
 

 

100%
c
 75374 

a 
Relative to the base peak, [M - H - CH2O]

-
. 

b
 Base peak is [M - H - MeOH - HN=C=NH]

-
. 

c
 Because this peptide does not contain a serine residue, the c3

−
 ion is the base peak. 
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to test amino acid residue and backbone site interactions.  Table 3.2 shows the C-terminal 

modifications as well as the absolute and relative (to [M - H - CH2O]
–
) intensities of c3.   

 The first modification is replacement of one of the hydrogens on the C-terminal amide 

moiety with an ethyl group, producing YIGSR-NHEt.  Dissociation of deprotonated YIGSR-

NHEt produces a CID spectrum (Figure 3.4(a)) nearly identical to that of the original laminin 

amide (Figure 3.1(b)), with the exception of product ions related to the C-terminal ethyl group.  

The intensity of c3
−
 is reduced in half when one amide hydrogen is substituted by an ethyl group, 

from ~60% of the base peak for laminin amide to ~30% of base peak for the -NHEt analog.   

 The second modification was to completely remove the both C-terminal amide hydrogen 

and replace them with methyl groups, producing YIGSR-NMe2.  Although its intensity has 

dropped by about a third relative to unmodified laminin amide, c3
−
 is still present at ~40% of the 

base peak (Figure 3.4(b)).  This suggests that a precursor ion structure involving deprotonation at 

the C-terminal amide group is responsible for some, but not all, of the cm-2
−
 formation.   

 A third C-terminal modification was to produce the methyl ester of laminin acid.  The 

CID spectrum of YIGSR-OMe (Figure 3.5) is dominated by products formed from elimination of 

CH3OH from the methyl ester functional group.  There have been previous reports of CH3OH 

loss in CID of peptide methyl esters 56, 57.  Laminin acid (Figure 3.1(a)) produces [c2 - NH3]
−
 and 

c2
−
; these ions do not form for the laminin methyl ester.  However, the laminin methyl ester does 

produce small amounts of y3
−
, c3

−
, and c3

−
.  The c3

−
 ion (i.e., [c3 + H]

−
) appears adjacent to c3

−
 

and is not observed in other spectra, which suggests that this product ion stems from the presence 

of the C-terminal methyl ester group. 

 Laminin was also modified internally by replacing specific residues in the sequence to 

test their involvement in the formation of cm-2
−
.  The first of these modifications was replacement 

of arginine with a neutral alanine residue, to form YIGSA.  This was done to rule out the 



 

 

 

 

  

Figure 3.4:  CID spectra of [M - H]
–
 from (a) YIGSR-NHEt and (b) YIGSR-NMe2. 

6
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Figure 3.5:  CID spectrum of [M - H]
–
 from YIGSR-OMe. 

7
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Figure 3.6:  CID spectra of [M - H]
–
 from YIGSA (a) acid and (b) amide. 

7
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possibility of a salt bridge interaction involving the highly basic arginine residue.49, 58  Both acid 

and amide analogs were synthesized and fragmented by CID (Figure3.6).  The acid and amide 

analogs of YIGSA yield spectra nearly identical to the acid and amide analogs of laminin 

(YIGSR) except without the neutral loss peaks related to the side chain of arginine.  These 

spectra indicate that arginine is not participating in the mechanism that leads to production of  

cm-2
−
 or cm-3

−
.   

 Additional internally modified peptides, YIGAR-NH2 and YIGGR-NH2, were studied to 

test the involvement of the backbone alpha carbon and the amide nitrogen on formation of cm-2
−
.  

The penultimate residue of these laminin amide analogs is either 2-amino-2-methylpropanoic 

acid (2-methylalanine or aminoisobutyric acid, A), which is essentially alanine with an 

additional methyl group on the alpha carbon (i.e., 2 methyl groups on the alpha carbon), or 

sarcosine (G), which is glycine substituted with a methyl group on the amide nitrogen.  Both of 

these laminin analogs (Figures 3.7 and 3.8, respectively) produce abundant c3
−
 as the base peak 

in the CID spectra.  These results indicate that at least one mechanism of cm-2
−
 formation does 

not require hydrogen substitution on the methylene carbon or amide nitrogen of the penultimate 

residue.  Thus, cm-2
−
 can form even when it is not possible to deprotonate the backbone amide 

site at the penultimate residue.  

 

3.4.3  Peptide deprotonation site 

 In general, gas-phase deprotonation of a peptide occurs at an acidic site like the 

carboxylic acid groups of the glutamic acid (E) and aspartic acid (D) side chains and the C-

terminus.45  In the peptide amides, the carboxylic acid group at the C-terminus is replaced with a 

less acidic terminal amide group.  A comparison of the gas-phase acidities (GAs) of simple 

compounds like acetic acid and acetamide reveals a distinct difference in the energy required for 



 

 
 

 
 
  

Figure 3.7:  CID spectrum of [M - H]
–
 from YIGAR-NH2. 
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Figure 3.8:  CID spectrum of [M - H]
–
 from YIGGR-NH2. 

7
4
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the reaction of carboxylic acid versus amide functional groups.  Acetic acid has a GA of 341.1 ± 

2.0 kcal/mol whereas acetamide has a GA of 355.0 ± 2.0 kcal/mol,59 an energy difference of 13.9 

kcal/mol with acetic acid being more acidic (i.e. lower GA).  Yet, the peptide amides studied 

here produce abundant [M - H]
–
 by ESI.  These peptide amides deprotonate even though (with 

the exception of cholecystokinin, CCK) they are composed of amino acid residues without acidic 

side chains.  This is consistent with past work by Gao and Cassady60 where peptides with no 

carboxylic acid groups deprotonate readily by matrix-assisted laser desorption ionization 

(MALDI) mass spectrometry.  In addition, Bowie and coworkers41, 45, 61 have reported instances 

of deprotonation occurring at the amide nitrogen for peptide and organic amides.  Their 

experimental results are supported by lower level theoretical calculations (HF/6-31G*//AM1) 

using model systems.61  Thus, amide nitrogens and alpha carbons of the peptide backbone must 

be considered as alternative deprotonation sites.   

 We have also undertaken a comprehensive experimental and high level G3(MP2) 

computational study of the GAs for all possible deprotonation sites of numerous small peptides.  

This is the subject of Chapter 6.  We have found that the amide nitrogens are the most 

energetically favorable peptide backbone deprotonation sites due to their ability to form a 

–(O
-
)C=N– resonance structure.  Therefore, these sites need to be considered in the present 

study. 

 Table 3.3 includes the calculated G3(MP2) heats of formation (ΔHf) for several 

deprotonated peptide ions produced from acid and amide analogs of tri- to pentaglycine.  The 

lowest energy structure for each deprotonated peptide has been calculated by sampling a variety 

of conformers.  For the peptide amides, the ΔHf values indicate that there is only a few kcal/mol 

difference between deprotonation at the C-terminal amide nitrogen and deprotonation at a 

backbone amide nitrogen.  For example, consider pentaglycine amide:  ΔHf of the anion is -261.8  



76 
 

Table 3.3  G3(MP2) calculated heats of formation. 

 ΔHf (kcal/mol) 

 

Deprotonation Site 

C-terminus 

Backbone for       

6-membered 

ring 

formation
a 

Backbone for  

9-membered 

ring 

formation
b 

Precursor Ions    

[GGG-NH2 - H]
–
 -156.5 -164.6 NA

c 

[GGG-OH - H]
–
 -220.4 -210.4 NA 

[GGG-NHEt - H]
–
 -166.9 -172.7 NA 

[GGGG-NH2 - H]
–
 -209.5 -213.9 -216.4 

[GGGG-OH - H]
–
 -271.5 -258.7 -254.2 

[GGGG-NHEt - H]
–
 -214.2 -221.6 -224.4 

[GGGGG-NH2 - H]
–
 -261.8 -263.7 -265.7 

[GGGGG-OH - H]
–
 -325.2 -298.7 -312.8 

[GGGGG-NHEt - H]
–
 -264.5 -271.5 -271.0 

[AAAAA-OH - H]
–
 -369.4 -341.4 -353.2 

Product Ions
d
    

cm-2
–
 from GGG peptides  -55.4

 
  

cm-2
–
 from GGGG peptides  -108.6   

cm-3
–
 from GGGG peptides -55.4   

cm-2
–
 from GGGGG peptides  -156.5   

cm-3
–
 from GGGGG peptides -108.6   

cm-2
–
 from AAAAA peptides -182.4   

cm-3
–
 from AAAAA peptides -125.7   

Neutral Products
e
    

Diketopiperazine (DKP) -73.7   

1-ethylpiperazine-2,5-dione (DKP-Et)
f
 -83.6   

1,4,7-triazonane-2,5,8-trione (TAT) -105.1   

1-ethyl-1,4,7-triazonane-2,5,8-trione (TAT-Et)
g
 -114.6   

Diketomorpholine (DKM) -111.0   
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1,4,7-oxadiazonane-2,5,8-trione (ODAT) -147.1   

1,4-dimethyl-2,5-diketomorpholine 

(DKM(Me2))
h
 

-130.5   

3,5,9-trimethyl-1,4,7-oxadiazone-2,5,8-trione 

(ODAT(Me3))
i
 

-175.1   

a
 Deprotonation is at the backbone amide nitrogen adjacent to the N-C bond cleavage site for 

formation of cm-2
−
 and the 6-membered ring DKP and DKM species. 

b
 Deprotonation is at the backbone amide nitrogen adjacent to the N-C bond cleavage site for 

formation of cm-3
−
 and the 9-membered ring TAT and ODAT species. 

c
 NA = not applicable.  For triglycine (GGG), loss of a neutral incorporating a 9-membered ring 

containing all three residues would not leave sufficient atoms to form a c-ion. 
d
 Changing the C-terminal end group (-OH, -NH2, -NHEt) does not change ΔHf of the product 

ions.  All of the calculations involve c-ions with linear structures where the negative charge is on 

the amide nitrogen at the C-terminal side.   
e
 Neutral structures are shown in Schemes 1 and 2.  The neutral products do not possess a 

deprotonation site. 
f
 Structure is equivalent to DKP with an ethyl group on a ring nitrogen. 

g
 Structure is equivalent to TAT with an ethyl group on a ring nitrogen. 

h
 Structure is equivalent to DKM with a methyl group on each ring carbon. 

i
 Structure is equivalent to ODAT with a methyl group on each ring carbon. 
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kcal/mol when deprotonated at the carboxylic acid group of the C-terminus, -265.7 kca/mol 

when deprotonated at the amide nitrogen of the central residue, and -263.7 kcal/mol when 

deprotonated at the amide nitrogen of the penultimate residue.  Given this relatively small  

difference in energies, the ESI process in the mass spectrometer should be capable of 

deprotonation at all three sites.  The fact that multiple precursor ion structures are potentially 

involved explains why removal of both C-terminal amide hydrogens in the YIGSR-NMe2 

experiments lessens, but does not eliminate, cm-2
–
 formation by CID and why removing both 

backbone amide hydrogens in the YIGAR-NH2 experiments also does not eliminate cm-2
–
 

formation. 

 For the peptide acids, the ΔHf values of Table 3.3 indicate that C-terminal deprotonation 

is more favorable than backbone deprotonation by 10-30 kcal/mol.  For example, with 

pentaglycine acid, ΔHf for the peptide ion deprotonated at the C-terminal carboxylic acid group 

is -325.2 kcal/mol, which is more favorable than ΔHf’s for the ions deprotonated at the central 

amide nitrogen (-312.8 kcal/mol) and at the penultimate amide nitrogen (-298.7 kcal/mol).  ESI 

is a very soft ionization technique that produces ions will little excess energy and, therefore, 

preferentially generates ions with the lowest energy structure.62-66  As a result, the majority of the 

precursor ions produced by ESI on the peptide acids should be deprotonated at the C-terminal 

carboxylic acid group.  However, the presence of some peptide acid anions with backbone amide 

deprotonation cannot be ruled out.  In particular, after ion activation by CID, the location of 

negative charge on the ion may move in an analogous manner to the “mobile proton model”67 

that occurs during CID on protonated peptides in the positive ion mode.  
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3.4.4  Proposed dissociation mechanisms 

 We propose a substituted 2,5-piperazinedione (or diketopiperazine, DKP) as the stable, 

heterocyclic leaving group for the formation of cm-2
–
 by deprotonated peptide amides.  The 

general DKP structure is shown in Structure 1 of Scheme 3.1 for X = NH.  DKP analogs 

frequently form as a by-product in solid-phase peptide synthesis.68-70  These 6-membered ring 

dipeptides are often biologically active and commonly present in nature as secondary 

metabolites.71, 72  DKP analogs have been the subject of much debate in the formation of b2
+
 from 

protonated peptides,73-76 but there have been few reports of the role of this structure in 

deprotonated peptide spectra.  Harrison and co-workers77 proposed involvement of a DKP neutral 

in the formation of b2
–
 from a3

–
 in low-energy CID of tripeptides, but their theoretical 

calculations suggested this was not a key pathway.78  Harrison and Young79 mentioned the 

possible formation of DKPs in their study involving formation of oxazolones in CID of 

deprotonated N-benzoylpeptides.  Bowie and coworkers56 proposed the formation of a 

deprotonated DKP from diglycine methyl ester in high-energy CID.  There have also been 

reports of CID fragmentation of deprotonated DKPs, as well as theoretical calculations of 

fragmentation pathways.80, 81  A diketomorpholine (DKM) is the analogous leaving group for a 

deprotonated peptide acid.  This compound is identical to DKP, except that DKM has an oxygen 

in place of one ring nitrogen (Structure 1 with X = O).  Diketomorpholines are frequently used in 

synthetic applications and are occasionally biologically active.82, 83 

 Scheme 3.1 illustrates our proposed mechanism to form cm-2
−
 from either the acid or 

amide form of a pentapeptide with involvement of the C-terminus.  The process proceeds by a 

nucleophilic attack of the deprotonated C-terminus on the alpha carbon of the penultimate 

residue.  When the C-terminus is a carboxylic acid, the neutral leaving group is a DKM.  In 

instances where the C-terminus is an amide, the leaving group is a DKP.  A factor of importance  



 

 
 

 

Scheme 3.1:  Mechanism for the formation of DKP/DKM and cm-2
–
 from [M - H]

–
. 

8
0
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to the proposed mechanism is the nucleophilicity of the deprotonated functional group on the C-

terminus of the peptide.  As neutrals, both groups are weakly nucleophilic, with the carboxylic 

acid being a somewhat better nucleophile.84  However, deprotonation renders the amide, NH
−
, to 

be a much stronger nucleophile than the deprotonated acid, COO
−
.   

 Reaction enthalpies (Hrxn) give a more complete energetic explanation for the processes 

occurring here, especially as they are endothermic processes.  G3(MP2) calculations have been 

performed for the thermodynamics of a variety of dissociation processes of deprotonated 

peptides.  The calculated structures and the respective processes for GGGG are shown in Figure 

3.9, the G3(MP2) heats of formation are given in Table 3.3, and the reaction enthalpies are given 

in Table 3.4.  For each peptide, deprotonation has been considered at the C-terminus and also at 

the backbone amide nitrogen adjacent to the cleavage site.  Heats of formation have been 

calculated for the backbone fragment ions, cm-2
−
 and cm-3

−
, as these are two prominent features of 

the peptide amide and acid spectra, respectively.  Heats of formation have also been calculated 

for the neutral leaving groups resulting from the CID processes.  When cm-2
−
 forms, the proposed 

neutral leaving groups are the 6-membered ring species DKP (Figure 3.9(a) and Scheme I) for 

the peptide amide and DKM for the peptide acid (Figure 3.9(b) and Scheme 3.1).  As shown in 

Scheme 3.2, formation of cm-3
−
 is proposed to involve elimination of a 9-membered ring neutral, 

which is 1,4,7-triazonane-2,5,8-trione (TAT, Structure 2 with X = NH) for peptide amides, and 

1,4,7-oxadiazonane-2,5,8-trione (ODAT, Structure 2 with X = O) for peptide acids.  For 

comparison, G3(MP2) calculations for the C-terminal ethyl amide (-NHEt) analogs of the 

oligoglycines are also included in Tables 3.3 and 3.4. 

 The reaction enthalpies shown in Table 3.4 are in most cases substantially endothermic, 

which explains the need for collisional activation and dissociation to form the fragmentation 

products.  Several noteworthy trends can be obtained from these values.  Many of the examples  
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ΔHf (G3MP2) = -271.5

ΔH rxn (G3MP2) = 51.9

+

ΔHf (G3MP2) = -111.0ΔHf (G3MP2) = -108.6

ΔHf (G3MP2) = -209.5

+

ΔHf (G3MP2) = -73.7ΔHf (G3MP2) = -108.6

ΔH rxn (G3MP2) = 27.2
(a)

(b)

[GGGG - amide - H]–

[GGGG - H]–

cm-2
–

cm-2
–

DKP

DKM

ΔHf (G3MP2) = -271.5

ΔH rxn (G3MP2) = 69.0

+

ΔHf (G3MP2) = -147.1ΔHf (G3MP2) = -55.4

ΔHf (G3MP2) = -209.5

ΔH rxn (G3MP2) = 49.0

[GGGG - amide - H]–

[GGGG - H]– cm-3
–

ODAT

(d)

+

ΔHf (G3MP2) = -105.1ΔHf (G3MP2) = -55.4
cm-3

–
TAT

(c)

Figure 3.9:  G3(MP2) calculations of enthalpies of formation (Hf) and of reaction enthalpies (Hrxn) in kcal/mol for 

(a) GGGG-CONH
−
 forming cm-2

−
 and DKP (b) GGGG-COO

−
 forming cm-2

−
 and DKM (c) GGGG-CONH

−
 forming  

cm-3
−
 and 1,4,7-triazonane-2,5,8-trione (d) GGGG-COO

−
 forming cm-3

−
 and 1,4,7-oxadiazonane-2,5,8-trione. 
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Table 3.4.  G3(MP2) calculated reaction enthalpies.
  

 

a
 NA = not applicable.  Due to the small size of triglycine (GGG), c-ions can not form with a 9-

membered ring neutral. 
b
 Backbone deprotonation for the precursor ion is at the amide nitrogen adjacent to the N-C bond 

cleavage site for formation of cm-2
−
 and the 6-membered ring neutrals.

  

c
 Backbone deprotonation for the precursor ion is at the amide nitrogen adjacent to the N-C bond 

cleavage site for formation of cm-3
−
 and the 6-membered ring neutrals. 

d
 Not calculated for this species. 

e
 The DKM species formed in this case is DKM(Me)2. 

f
 The ODAT species formed in this case is ODAT(Me)3.

Reaction 

ΔHrxn (kcal/mol)  

GGG 

m =3 

GGGG 

m =4 

GGGGG 

m = 5 

AAAAA 

m = 5 

C-terminus deprotonation of precursor ion  

[Peptide Amide - H]
–
 → cm-2

–
 + DKP 27.4 27.2 31.6 –

d
 

[Peptide Ethyl Amide - H]
–
 → cm-2

–
 + 

DKP-Et 
27.9 22.0 24.4 – 

[Peptide Acid - H]
–
 → cm-2

–
 + DKM 54.0 51.9 57.7 56.5

e
 

[Peptide Amide - H]
–
 → cm-3

–
 + TAT NA

a 
49.0 48.1 – 

[Peptide Ethyl Amide - H]
–
 → cm-3

–
 + 

TAT-Et 
NA 44.2 41.3 – 

[Peptide Acid - H]
–
 → cm-3

–
 + ODAT NA 69.0 69.5 68.6

f
 

Backbone deprotonation of precursor 

ion 
 

   

[Peptide Amide - H]
–
 → cm-2

–
 + DKP

b
 35.5 31.6 33.5 – 

[Peptide Ethyl Amide - H]
–
 → cm-2

–
 + 

DKP-Et
b
 

33.7 29.4 31.4 – 

[Peptide Acid - H]
–
 → cm-2

–
 + DKM

b
 44.0 39.1 31.2 28.5

e
 

[Peptide Amide - H]
–
 → cm-3

–
 + TAT

c
 NA

 
55.9 52.0 – 

[Peptide Ethyl Amide - H]
–
 → cm-3

–
 + 

TAT-Et
c
 

NA 54.4 47.8 – 

[Peptide Acid - H]
–
 → cm-3

–
 + ODAT

c
 NA 51.7 57.1 52.4

f
 



 

 
 

  

Scheme 3.2:  Mechanism for the formation of TAT/ODAT and cm-3
–
 from [M - H]

–
. 
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discussed below will involve the pentaglycine analogs because all of the peptides studied 

experimentally by CID had five or more residues.   

 For the mechanism shown in Scheme 3.1 with deprotonation at the C-terminus, formation 

of DKP from a peptide amide is considerably less endothermic than production of DKM from a  

peptide acid, regardless of peptide length.  For example, with C-terminal deprotonation and 

dissociation to yield cm-2
−
 and a 6-membered ring neutral, pentaglycine amide requires greater 

than 31.6 kcal/mol, whereas pentaglycine acid requires greater than 57.7 kcal/mol.  This is 

consistent with the CID results where cm-2
−
 forms in much greater abundance for peptide amides 

than for peptide acids.  When the peptide amides are deprotonated at the backbone nitrogen 

adjacent to the site of N-C bond cleavage, the process is 2-8 kcal/mol more endothermic than 

for C-terminal deprotonation.  Also, as the size of the peptide increases, the energy difference 

between processes involving C-terminus deprotonation and backbone deprotonation decreases.  

The process to form cm-2
−
 and DKP with C-terminus deprotonation of the dissociating ion is less 

endothermic than the analogous process with backbone deprotonation by 8.1 kcal/mol for 

triglycine amide, 4.4 kcal/mol for tetraglycine amide, and 1.9 kcal/mol for pentaglycine amide.  

This suggests that for larger peptide amides both C-terminal and backbone deprotonation sites 

may contribute to cm-2
−
 formation.  

 For the mechanism shown in Scheme 3.2, formation of a 9-membered ring neutral from a 

peptide amide is ~20 kcal/mol less endothermic than from a peptide acid.  This is true for both 

tetraglycine and pentaglycine.  (Triglycine analogs, m = 3, cannot form cm-3
−
 because of their 

short sequences.)  For example, pentaglycine amide requires greater than 48.1 kcal/mol to form 

cm-3
−
 and TAT when the precursor ion has C-terminal deprotonation and greater than 52.0 

kcal/mol with backbone deprotonation.  The analogous process to produce ODAT from 
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pentaglycine acid requires greater than 69.5 kcal/mol with C-terminal deprotonation and greater 

than 57.1 kcal/mol with backbone amide deprotonation. 

 The reaction enthalpies indicate that processes leading to the formation of 6-membered 

ring neutrals are always lower in energy (less endothermic) than those that produce 9-membered 

rings, regardless of peptide length or deprotonation site of the precursor ion.  With pentaglycine 

amide, formation of cm-2
−
 and DKP is less endothermic than production of cm-3

−
 and TAT by 16.5 

kcal/mol for C-terminal deprotonation and 18.5 kcal/mol for backbone amide deprotonation.  For 

pentaglycine acid deprotonated at the C-terminus, formation of cm-2
−
 and DKM is less 

endothermic than production of cm-3
−
 and ODAT by 11.8 kcal/mol.  The predicted reaction 

enthalpy trend is interesting because it is the opposite of the trend in our CID experiments where 

peptide acids generally produce more cm-3
−
 than cm-2

−
.  The difference between the predicted 

thermodynamic trend and experiment may relate to the ability of ESI to generate the 

deprotonated peptide precursor ion and to the contribution of backbone deprotonation in these 

fragmentation pathways.  As the ΔHf values in Table 3.3 indicate for pentaglycine acid anions, 

[GGGGG-OH - H]
−
, deprotonation at the amide nitrogen of the central residue (which is a 

precursor for cm-3
−
) requires 12.4 kcal/mol more energy than deprotonation at the carboxylic acid 

group of the C-terminus; however, deprotonation at the penultimate residue (which is a precursor 

for cm-2
−
) requires a significantly larger amount of energy, 26.5 kcal/mol more than C-terminal 

deprotonation.  Therefore, for peptide acids with five residues or more, the ESI process may 

preferentially generate the deprotonated backbone precursor for the cm-3
−
 pathway, resulting in a 

more intense cm-3
−
 in the CID spectra.  We note that the calculated energy differences for 

dissociation processes starting from the same anion are much larger than the estimated ± 1 to ± 2 

kcal/mol errors for such calculated energy differences.  
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The above discussion assumes that the reactions are under thermodynamic control.  It is 

of course possible that the reactions that are under kinetic control.  For the highly endoergic 

dissociations, this seems to be unlikely as the location of the barrier will be displaced towards the 

products and the barrier will be small.85  The Dixon group searched for transition states for 

[GGGG-OH - H]
–
 to form the 6-member and 9-member rings.  Initially, they used a semi-

empirical molecular orbital method with the PM6 parameterization scheme86 to search for the 

transition states with the AMPAC version 9 program (http://www.semichem.com/ ).  This gave 

PM6 barrier heights of 76.5 and 78.9 kcal/mol for the dissociation to the 6-member and 9-

member rings respectively.  Using these geometries, single point calculations at the 

DFT/B3LP/DZVP2 level gave respective barriers of 85 and 100 kcal/mol for the 6- and for the 9-

member rings.  These energy differences are in the order of the dissociation energies and the 

differences in the barriers to the dissociated products is almost the same for both rings (31 - 33 

kcal/mol).  Numerous subsequent optimizations of these transition states at the DFT level always 

led back to the low energy chain structure so it is likely that there is no or only a small barrier to 

dissociation at the higher computational level.  Thus, no evidence exists for why there could be a 

kinetic preference for the 9-member ring unless there are dynamic effects that would not be 

found by the calculation of specific points on the potential energy surface. 

 The G3(MP2) calculations show that production of cm-2
−
 and DKP from C-terminally 

deprotonated peptide ions requires only 27.4 kcal/mol, 27.2 kcal/mol, and 31.6 kcal/mol, 

respectively, for the amides of tri-, tetra-, and pentaglycine.  Calculations were also performed 

for oligoglycine amides where one hydrogen on the amide C-terminus was replaced with an ethyl 

group.  When comparing the processes that led to DKP and DKP-Et, the reactions involving 

triglycine are very close in energy (27.4 kcal/mol versus 27.9 kcal/mol).  However, for tetra-and 

pentaglycine analogs, the processes that led to DKP-Et are less endothermic by 5-7 kcal/mol than 
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that of DKP.  These same trends can be seen in the reactions that produce TAT-Et and TAT; 

TAT-Et production is less endothermic by 5-7 kcal/mol.  Steric hindrance from the relatively 

bulky ethyl group apparently lowers the reaction energy for the tetraglycine and pentaglycine 

ethyl amides; however, in triglycine ethyl amide the ethyl group causes the reaction to be more 

endothermic and comparable to that for the triglycine amide.  Steric hindrance may also be a 

factor in the CID experiments where replacement of the -NH2 group on the laminin with a -NHEt 

group decreased the intensity of c3
−
 by approximately half.   

 The Dixon group  used the same G3(MP2) computational approach to study the 

thermodynamics of the pentaalanine anion decomposition.  For C-terminus deprotonation, the 

effect of the 5 methyl groups is small, on the order of 1 kcal/mol decreasing both reaction 

energies (ΔHrxn = 68.6 kcal/mol for [AAAAA-Peptide Acid - H]
–
 → cm-3

–
 + ODAT(Me3) and 

ΔHrxn = 56.5 kcal/mol for [AAAAA-Peptide Acid - H]
–
 → cm-2

–
 + DKM(Me2)).  Backbone 

deprotonation at the third nitrogen from the C-terminus of pentaalanine is 11.8 kcal/mol more 

probable than deprotonation of the second nitrogen from the C-terminus for AAAAA.  

Deprotonation from the third nitrogen leads to the formation of the nine-member ring 

ODAT(Me3) (see Supporting Information for a molecular drawing) and from the second nitrogen 

to the six-member ring DKM(Me2).  The effect of the methyl groups are to lower the 

endothermicity of the nine-member ring formation by 4.7 kcal/mol (ΔHrxn = 52.4 kcal/mol for 

AAAAA-Peptide Acid - H]
–
 → cm-3

–
 + ODAT(Me3) and that of the six-member ring by 2.7 

kcal/mol (ΔHrxn = 28.5 kcal/mol for AAAAA-Peptide Acid - H]
–
 → cm-2

–
 + DKM(Me2) as 

compared to the unsubstituted reactions.  These effects are larger than for the C-terminus 

deprotonation as the methyl groups have more of an impact on the anion site in the main chain 

deprotonated pentaalanine. 
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3.4.5  Internal valine residue loss 

 An interesting aspect of the CID spectrum for FPARVGI amide (Figure 3.2(a)) is the 

incidence of [y4 - V]
–
 and related products such as [y4 - V - H2O]

–
 and [y4 - V - HN=C=NH]

–
.  

This is not observed in the CID of FPARVGI acid (Figure 3.2(b)).  Loss of an internal valine 

residue was originally reported by Bowie and coworkers when studying CID of deprotonated 

citropin 1.1 and its synthetic analogs; these peptides all have C-terminal amide groups.87, 88  They 

proposed that the helical structure of the peptide allows a conformational rearrangement to take 

place.  They found that the ESI solvent can affect the process.  Elimination of valine has also 

been observed by Jai-nhuknan
89

 in a study of protonated transform growth factor (TGF)  (34-

43) using sustained off-resonance irradiation (SORI) CID in a Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometer.  The valine loss appears as [M + 2H - V]
2+

 in the SORI-

CID spectrum of [M + 3H]
3+

 from TGF which has a C-terminal carboxylic acid 

group and a disulfide bond.89  Jai-nhuknan also studied the reduced form of TGF  (34-43), 

where the disulfide bond is cleaved; this ion did not eliminate the valine residue.  This suggests 

that the intact disulfide bond in TGF  (34-43) facilitates a peptide ion conformation that 

contributes to a unique loss of an internal valine.89 

 

3.4.6  Peptides with no difference in CID spectra between acid and amide analogs 

 Although most of the peptide amides in this study produced abundant cm-2
–
, there were a 

few that did not follow this trend.  The peptide amides of SWAMVR, MLGFRSVGYA, and 

cholecystokinin produce only a small amount of cm-2
–
.  (These spectra can be found in the 

Supplemental Materials.)  In these cases, backbone fragmentation is overshadowed by neutral 

loss products from specific amino acid side chains.  Each of the peptides contains at least one 

methionine residue, which is known for its abundant side chain loss in negative ion mode 54.  
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Cholecystokinin also has two aspartic acid residues in its sequence; acidic amino acid residues 

yield significant H2O loss.50, 53  In addition, serine is responsible for the production of abundant 

CH2O loss in the spectra of deprotonated SWAMVR and MLGFRSVGYA.42, 52, 57, 88 

 

3.5  Conclusions 

 The effects of differing C-termini were studied using positive and negative ion mode CID 

on a group of peptides.  Key differences were observed in the fragmentation of deprotonated 

substance P, laminin, pentaalanine, WFAPPRVGYL, LMYVHWVR, LMYVHWVK, and 

FPARVGI peptide acids and amides.  G3(MP2) calculations show that formation of cm-2
−
 and a 

diketopiperazine neutral leaving group from a deprotonated peptide amide requires significantly 

less energy than the analogous process of a deprotonated peptide acid leading to the formation of 

a diketomorpholine.  The presence of a prominent cm-2
−
 in a negative ion mode CID spectrum is a 

strong indicator that a peptide has an amide group at the C-terminus.  However, in some cases, 

side chain eliminations can suppress this distinctive fragmentation. 

 

3.6  Supplementary figures 

 The CID spectra for the peptides in Table 3.1 that were not shown in the body of the 

chapter appear on the following pages. 

 

  



 

 
 

  

  

Figure 3.10.  CID spectra of [M - H]
–
 from SWAMVR (a) acid and (b) amide.. 
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Figure 3.11.  CID spectra of [M - H]
–
 from CCK (a) acid and (b) amide. 
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Figure 3.12.  CID spectra of [M - H]
–
 from LMYVHWVK (a) amide and (b) acid. 
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 Figure 3.13.  CID spectra of [M - H]
–
 from LMYVHWVR (a) amide and (b) acid. 
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  Figure 3.14.  CID spectra of [M - H]
–
 from MLGFRSVGYA (a) amide and (b) acid. 
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Figure 3.15.  CID spectra of [M - H]
–
 from WFAPPRVGYL (a) amide and (b) acid. 
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Figure 3.16.  CID spectra of [M - H]
–
 from Substance P (a) amide and (b) acid. 
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CHAPTER 4:  HYDROGEN RECRUITING IN ELECTRON TRANSFER 

DISSOCIATION OF PEPTIDES WITH DIFFERENT C-TERMINI 

 

4.1  Overview 

 Electron transfer dissociation (ETD) was used to study the differences in dissociation 

between peptides that have identical sequences but different C-termini.  Peptides were studied in 

C-terminal carboxylic acid (-COOH) and amide (-CONH2) forms.  No major differences were 

observed between the analogous peptide pairs; however, several sequence-specific trends were 

observed.  All ETD product ions included either a basic residue (i.e. arginine, histidine, or lysine) 

or a pseudo-basic residue (e.g. tryptophan).  Several instances of an N-terminal product ion with 

an additional associated hydrogen atom were observed when a basic amino acid residue was 

adjacent to the cleavage site, suggesting that gas-phase conformation of the precursor ion may 

promote the addition of a hydrogen atom to these product ions. 

 

4.2  Introduction 

 Electron-based disscociation techniques such as electron transfer dissociation (ETD) and 

electron capture dissociation (ECD) are rapidly becoming powerful tools in mass spectrometry.  

For peptides, ETD and ECD (often collectively referred to as ExD) employ low energy electrons 

to initiate dissociation, producing primarily N−C bond cleavage (i.e. c/z cleavage ions) and S−S 

bond cleavage with cysteine.1-5  Fragmentation of this sort is complimentary to that of collision-

induced dissociation (CID), which typically produces amide bond cleavage (i.e. b/y cleavage 
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ions) and numerous types of neutral losses.  A recent advance has been to combine ETD and 

CID, producing what is referred to as ETcaD.2, 6  In ETcaD, supplemental collisional activation is 

used to fragment non-dissociated ETD products, increasing the amount of information that can 

be extracted from an ETD experiment.   

 Ion formation in ExD is thought to follow one of two mechanistic pathways:  the Utah-

Washington (UW) mechanism7-14 or the Cornell mechanism15 (each named for the developing 

institutions).  Both pathways involve the capture of a low energy electron and subsequent 

dissociation of the N–C bond.  The UW mechanism maintains that electron capture is occurring 

in the * orbital of a backbone amide and is stabilized by Coulombic interaction with charged 

side chains, which results in N–C bond dissociation.7, 12  The low-energy electron may also be 

captured in one of the high Rydberg states, and then intramolecular transfer of the electron to the 

* orbital results in N–C bond cleavages.7, 12  The Cornell mechanism states that the low-energy 

electron is captured by a positively-charged side chain of a basic amino acid residue to form a 

hypervalent species with an odd number of electrons, which results in N–C bond cleavage.15  

Both mechanisms tyrpically lead to the formation of c and z• ions (called c and z using 

Roepstorff and Fohlman nomenclature), but c• and z ions (c and z) have been reported.5, 16-19 

 Although the ExD techniques are fairly young, numerous performance characteristics 

have already been established.  For example, just as in CID of protonated peptides, basic amino 

acid residues (i.e. arginine, histidine, and lysine) have been identified as influential participants 

in ExD behavior.  Phosphate groups are retained in the ExD process, allowing for facile 

determination of the site of phosphorylation.20, 21  Tureček and coworkers13, 22, 23 discovered the 

“arginine anomaly” while studying electron transfer to arginine radicals and small arginine-

containing peptide radicals.  The presence of an arginine residue tends to sequester hydrogen 
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atoms, or even promote migration of hydrogen atoms from the alpha carbon to the guanidino 

group of the arginine side chain.  This can limit the observed fragmentation by ExD to side chain 

losses and arginine-containing fragments.  The Tureček group24-27 also reported the “histidine 

effect,” which is characterized by the presence of two populations of radical cations where a 

hydrogen atom is transferred from the N-terminus or the C-terminus to the side chain of histidine 

to form a zwitterionic species.  As reported by Tureček and coworkers, the histidine effect is not 

observed when the C-terminus is an amide group, which indicates that hydrogen bonding is a 

major factor in the occurrence of unusual zwitterionic conformers.  Unpublished work in our 

group28 has studied the effect of basic residues (in various positions within a model peptide 

sequence) on ETD, showing that product ions will almost always contain the basic residue.   

 C-terminal amide groups are common features of many peptides and proteins, and amide 

functionalities are present on numerous small organic molecules.  As discussed in Chapter 3, 

these amide-containing species have been included in numerous mass spectrometry studies.  

However, few studies have focused on the effect of this characteristic on mass spectra.  Enjalbal 

and coworkers29 reported a comprehensive study of numerous analogous C-terminal acid and 

amide peptide pairs using CID of protonated species.  They observed increased occurrence of 

ammonia loss in the CID spectra of the C-terminal amides, but this was the only major feature 

that differentiated the two analogous species.  Tureček and coworkers24-26 found that the identity 

of the C-terminus (carboxylic acid versus amide) has an effect on ETD fragmentation along the 

peptide backbone.  Specifically, they observed an isomerization that is initiated by H-migration 

from a free carboxyl group to the imidazole ring of a histidine.  Conversion of the C-terminus to 

an amide eliminated the isomerization. 



109 

 

 Backbone amide groups are potential charge sites for protonated peptides.  (In particular, 

experimental and computational work by Cassady and coworkers30, 31 has shown that, aside from 

the N-terminal amino group, the amide carbonyl oxygen is the most basic site on a peptide 

backbone.)  Amide protonation is a basis for the “mobile proton model” of Wysocki and 

coworkers,32, 33 in which protonated peptides undergo charge-directed cleavage alone the 

backbone after ion activation causes movement of an ionizing proton to backbone amide sites.  

Prior work by McLuckey and coworkers34 addressed the effect of methylation of backbone amide 

sites in ETD.  They reported that the backbone amide-methylated peptides behaved identically to 

the non-methylated peptides in ETD.  

 The work discussed in this chapter specifically targets the effect that changing the C-

terminus has on the resulting ETD spectrum.  Though ExD techniques are radical driven in 

nature (due to the electron transfer/capture process), it is plausible that the amide groups play a 

similar role as in the mobile proton model, allowing the hydrogen atom to move freely along the 

backbone.  Presence of an amide site on the C-terminus could behave as a basic site, increasing 

the occurrence of C-terminal ETD fragments (i.e. z-type product ions).  C-terminal amides can 

also affect the hydrogen bonding motifs within a peptide structure, which has been reported35, 36 

to affect dissociation. 

 

4.3  Experimental 

4.3.1  Peptides 

 Substance P, cholecystokinin free acid, and laminin were purchased from Anaspec (San 

Jose, CA).  Cholecystokinin amide was purchased from American Peptide (Sunnyvale, CA).  

The remaining peptides (FPARVGI, MLGFRSVGYA, WFAPPRGYL, SWAMVR, 
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LMYVHWVR, and LMYVHWVK) were a generous gift from Christine Enjalbal at the 

University of Montpellier (Montpellier, France).  Peptides were used without further purification.  

Stock solutions were prepared for each peptide at ~1 mg/mL in ultrapure water.  Samples were 

prepared for analysis by diluting the stock solutions to 2 M in 50:50 (V:V) acetonitrile and 

ultrapure water, with a 1% spike of acetic acid to aid in ion formation.   

 

4.3.2  Mass spectrometry 

 Electron-transfer dissociation experiments were performed using a Bruker HCTUltra 

PMT Discovery System (Billerica, MA, USA) high capacity quadrupole ion trap equipped with 

electrospray ionization (ESI).  Peptide samples were introduced to the ESI source using a KD 

Scientific (Holliston, MA) syringe pump with a flow rate of 100-150 L/min.  Ions were 

produced by ESI using a spray voltage of ~ -4000 V.  The nitrogen drying gas was held at a 

temperature of ~220°C and a flow rate of 5 L/min.  Nitrogen was also used as the ESI nebulizer 

gas at 10 psi.  Ions were transferred to the QIT using an octopole ion guide, and the multiply-

charged ions of interest were m/z-selected for isolation.   

 Fluoranthene, which was used as the ETD reagent to transfer a low-energy electron to the 

multiply-charged ions, was produced using a negative chemical ionization (nCI) source.  

Fluoranthene was then transferred to the QIT and allowed to react with the isolated precursor 

ion.  Each spectrum is the average of ~200 scans.   

 

4.3.3  Nomenclature 

 Standard peptide fragmentation nomenclature introduced by Roepstorff and Fohlman37 is 

used.  The ETD nomenclature introduced in 2003 by Zubarev17 is not used to describe this work.  
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The Zubarev modification of the peptide fragmentation nomenclature accounts for radical 

location and hydrogen transfer.  Two types of ions are described using the Zubarev 

nomenclature:  radical products, cn
+• 

and zn
+•

, and hydrogen-atom transfer products, zn
+
 and cn

+
.   

These ions are called cn
+
 and zn

+
, and cn

+
 and zn

+
 (respectively) using the Roepstorff and 

Fohlman nomenclature.  Radical product ions are one mass unit higher than standard homolytic 

bond cleavage, and hydrogen-atom transfer product ions are two mass units higher.  The results 

described here are characterized by the number of hydrogens that are associated with the ETD 

fragment ions, thus the standard peptide fragmentation nomenclature is more suitable for keeping 

track of the additional hydrogens rather than using the aforementioned Zubarev nomenclature.  

Use of the standard nomenclature also allows the ETD studies discussed in this chapter to be 

more directly comparable to the results of the CID studies on many of these same peptides, 

which are discussed in Chapter 3. 

 

4.4  Results and discussion 

 ETD was performed for each of the peptides listed in Table 4.1.  The [M+2H]
2+

 ion was 

selected for isolation from the profile spectrum and subsequently allowed to react with the 

fluoranthene ETD reagent for 40-100 ms, producing predominantly N−C bond cleavage 

products.  Upon comparing the spectra produced from the ETD experiments, there were few 

variations observed between the free acid and amide peptides.  Table 6.1 shows c- and z- ions 

observed for each of the peptides in the ETD spectra of [M + 2H]
+
 as well as m/z of the precursor 

ion.  Not all of the peptides undergo triple protonation by ESI.  For the peptides that do, ETD of 

[M + 3H]
+
 are discussed individually.  The peptides are grouped below with respect to presence 

and location of a basic residue in the peptide’s amino acid sequence.  



 

 

 

m/z
1
 of [M+2H]

2+
 

Observed ETD fragment ions 

 
amide free acid 

 
amide free acid 

No Basic Residues 
      

Cholecystokinin, CCK  

(DYMGWMDF) 
532.2 532.7 

c4
+
, cn

+
 (n = 5 - 7)                          

zn
+
 (n = 4 - 7) 

c4
+
, cn

+
 (n = 5 - 7)                          

zn
+
 (n = 4 - 7) 

N-terminal Basic Residue 
      

Substance P 

(RPKPQQFFGLM) 
674.4 674.9 

cn
+
 (n = 2, 4 - 10)                            

zn
+
 (n = 9) 

cn
+
 (n = 2, 4 - 10)                            

zn
+
 (n = 9) 

Central Basic Residue 
      

FPARVGI 379.7 380.2 
cn

+
 (n = 4 - 6)                                 

zn
+
 (n = 4 - 5) 

cn
+
 (n = 4 - 6)                                  

zn
+
 (n = 4 - 5) 

MLGFRSVGYA 550.3 550.8 
cn

+
 (n = 5 - 7), cn

+
 (n = 5 - 9)         

zn
+
 (n = 6 - 10), zn

+
(n = 6 - 10)  

cn
+
 (n = 5 - 7), cn

+
 (n = 5 - 9)         

zn
+
 (n = 6 - 10), zn

+
(n = 6 - 10)  

WFAPPRVGYL 602.8 603.3 
cn

+
 (n = 6 - 7), cn

+
 (n = 6 - 9)                               

zn
+
(n = 5, 8 - 9), zn

+
,(n = 5, 8 - 9)   

cn
+
 (n = 6 - 7), cn

+
 (n = 6 - 9)                               

zn
+
(n = 5, 8 - 9), zn

+
(n = 5, 8 - 9)   

C-terminal Basic Residue 
      

Laminin 

(YIGSR) 
297.7 298.2 zn

+
 (n = 2 - 5) zn

+
 (n = 2 - 5) 

SWAMVR 374.7 375.2 zn
+
 (n = 2 - 6), z1

+
 zn

+
 (n = 2 - 6), z1

+
 

C-terminal and Central Basic Residues 
      

LMYVHWVR 551.8 552.3 
c7

+                                                                                  

zn
+
 (n = 5 - 7), zn

+
(n = 3 - 4) 

c7
+                                                                                  

zn
+
 (n = 5 - 7), zn

+
(n = 3 - 4) 

LMYVHWVK 537.8 538.3 
c5

+
, cn

+
 (n = 5 − 7)                       

zn
+
(n = 4 - 7), zn

+
 (n = 4 - 7) 

c5
+
, cn

+
 (n = 5 - 7)                      

zn
+
(n = 4 - 7), zn

+
 (n = 4 - 7) 

1
  Units of m/z are Thomson. 

    

Table 4.1.  Peptide sequences, m/z of [M+2H]
2+

, and observed c/z cleavages. 

1
1
2
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4.4.1  Peptides without a basic residue 

4.4.1.1  Cholecystokinin (CCK) peptides (DYMGWMDF) 

 The ETD spectra for the [M+2H]
2+

 C-terminal amide and acid forms of CCK can be seen 

in Figure 4.1.  CCK is the only peptide in this study that does not contain a basic residue.  ETD 

of both species produces C-terminal and N-terminal backbone fragmentation.  All of the 

observed C-terminal fragments include the tryptophan residue (W, residue 5) and are zn
+
 type 

ions.  The observed N-terminal product ions begin with cleavages N-terminal to tryptophan 

residue and extend to the C-terminus.  The c4
+
 ion is the only product ion that does not contain 

the tryptophan residue.  Interestingly, this ion also has only one added hydrogen whereas the 

other c-ions are of the cn
+
 variety.  In the ETD spectrum of CCK amide, c5

+
 is the most 

abundant product ion in the spectrum and c7
+
 is very close in intensity.  The c5

+
 cleavage is C-

terminal to tryptophan.  The c7
+
 ion is the most abundant product ion in the ETD spectrum of 

the peptide acid of CCK, but c5
+
 is more abundant than the remainder of product ions in the 

spectrum.  Both spectra contain m/z 653, and could be attributed to loss of NH3 from c5
+
 or 

formation of b5
+
.  The ETD spectrum of the peptide amide also contains an abundant a8

+
 ion.  

This ion is not nearly as abundant in the peptide acid spectrum.  

 McLafferty and coworkers38 reported that ECD cleavage C-terminal to a tryptophan 

residue is five times more abundant than other observed cleavages due to the high hydrogen-

atom (H
•
) affinity of the 9-methylindole functionality on tryptophan.  The c4

+
 ion from CCK 

does not incorporate the tryptophan residue, and has one less hydrogen than the other c-type 

ions.  In this case, the lack of the high hydrogen (H
•
) affinity from the tryptophan side chain 

results in an N-terminal product ion with one less hydrogen.  In effect, the tryptophan behaves as 

a pseudo-basic residue in CCK (there are no “real” basic residues (e.g. Arg, His, Lys) in the 



114 
 

peptide sequence).  Tryptophan is the fourth most basic amino acid residue (GB = 219.0 

kcal/mol),39 thus it will be referred to as a pseudo-basic residue.  The abundant c7
+
 in both ETD 

spectra of the CCK peptides is a cm–1
+
 type ion (m is the number of residues in the peptide 

sequence), where the neutral product incorporates the C-terminal residue.  Wysocki and 

coworkers40 recently reported a statistical analysis of the ETD spectra of thousands of peptides, 

where loss of the C-terminal residue to produce cn-1 (where n = number of residues in the peptide 

sequence) is very abundant in all of the spectra of lower-charged peptides (charge of ≤+3), 

regardless of the C-terminal residue identity.  These researchers concluded that the secondary 

structure of the precursor ion is the main reason for the formation of cn-1.  The cn-1
–
 ion was not 

nearly as abundant in ETD of peptides with higher charge states (≥+4).  Wysocki and coworkers 

also observed increased cleavage C-terminal to several amino acids that are present in peptide 

sequences related to this chapter (i.e. histidine, arginine, glutamine, and tryptophan).   

 Minor production of m/z 653 is observed in both CCK spectra (not labeled), and is 

considered to be loss of NH3 from c5
+
 or formation of b5

+
.  Liu and Hakansson41 included CCK 

amide in a study on ECD of peptides that do not possess amino acids.  They observed a very 

different ECD spectrum for CCK amide than the ETD spectrum discussed here; b5
+
 was 

observed as the most abundant product ion.  Other spectral differences included presence of 

several moderately abundant b- and y- ions in the ECD spectrum.  This suggests that the ECD 

and ETD processes may differ for peptides that do not possess typical basic residues (e.g. Arg, 

His, Lys).  The a8
+
 ion produced in the ETD spectrum of CCK amide is a 44 Da loss from [M + 

H]
+
.  This ion could result from elimination of CO2 from the side chain of aspartic acid and/or 

elimination of CONH2 from the C-terminus.    

  



 
 

 

1
1
5

 

Figure 4.1  ETD spectra of [M + 2H]
2+

 from CCK (a) acid and (b) amide. 
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4.4.2  Peptides with an N-terminal basic residue 

4.4.2.1  Substance P peptides (RPKPQQFFGLM) 

 Substance P contains a basic arginine (R) residue at the N-terminus and a basic lysine 

residue (K) at position 3.  The ETD spectra of [M+2H]
2+

 and [M+3H]
3+

 from substance P can be 

seen in Figures 4.2 and 4.3, respectively.  The ETD spectra of [M+2H]
2+

 for the substance P 

analogs both contain 8 of 8 possible c-ions.  Both c2 and c3 would require cleavage of two bonds 

(due to the presence of proline), which is typically considered unfeasible42; therefore, only 8 c-

ions are possible even though the peptide has 11 residues.  All are cn
+
 type ions (rather than cn

+
 

ions), which is likely due to the charge-sequestering arginine at the N-terminus and the basic N-

terminal amino group.  This means that the high basicity of arginine and the N-terminus promote 

the addition of two additional hydrogens to the c- cleavage site.  (Formation of cn
+
 will be 

discussed later.)  The ECD spectrum of [M + 2H]
2+

 from substance P amide has been previously 

reported, and the same backbone cleavages were observed.19, 43     

 The C-terminal backbone fragment z9
+ 

is present as the only C-terminal product ion in 

the ETD spectra of the substance P analogs that contains a basic residue (residue 3, K).  Loss of 

the C-terminal residue (as previously discussed in the CCK section), to produce c10
+
, is also 

observed for both substance P analogs.  Two differentiating features are observed for substance P 

acid and amide related to c9
+
 and a10

+
.   

 The c9
+
 ion is approximately 50% relative to the base peak in the peptide acid spectrum, 

whereas the same ion is only 25% relative to the base peak in the peptide amide spectrum.  A 

potential explanation is that the gas-phase conformation of the peptide acid is more amenable to 

cleavage of this bond.  Substance P is composed mainly of amino acid residues that have rather 

bulky side chains.  The glycine residue (residue 9, G) is the smallest, possessing a hydrogen side  



 
 

  

Figure 4.2.  ETD spectra of [M + 2H]
2+

 from substance P (a) acid and (b) amide.  The label “neutral losses” 

refers to typical side chain losses like those from arginine, as well as other neutral losses such as water. 
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Figure 4.3.  ETD spectra of [M + 3H]
3+

 from substance P (a) amide and (b) acid. 
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chain.  Hydrogen bonding involving the C-terminal carboxylic acid group could weaken the N–

C bond between Gly9 and Leu10, increasing the probability of forming enhanced c9
+
.  Both 

carboxylic acid and amide functional groups can behave as the proton donor and acceptor in 

hydrogen bonding.44  The carbonyl oxygen of an amide, however, has increased basicity since an 

additional oxygen is not present as it is in the carboxylic acid.45  This slight difference in 

carbonyl oxygen basicity can alter the hydrogen-bonding pattern between carboxylic acid- and 

amide-containing peptides considerably. 

 The second feature that distinguishes the ETD of the peptide acid from the peptide amide 

is presence of a10
+
 produced by cleavage of the C–C bond between Leu10 and Met11.  

Production of this product ion likely stems from loss of CONH2 from c10
+
.  Formation of c10

+
 

cleaves the N–C bond between Leu10 and Met11.  Thus, CONH2 can be easily eliminated from 

the product ion.  Production of c10
+
 is also observed for substance P amide, yet a10

+
 is not 

produced, so there must be another unexplored pathway for enhanced a10
+
 formation in 

substance P amide. 

 Substance P contains three highly basic sites (i.e., the N-terminal amino group and the 

side chains of the arginine, R, and lysine, K, residues) and can therefore be triply protonated by 

ESI.  The ETD spectra of [M+3H]
3+

 for the substance P peptides can be seen in Figure 4.3.  

Singly- and doubly-charged product ions form.  All of the product ions observed in ETD of  

[M +2H]
2+

 are in these spectra as well, with the exception of c10 in the peptide amide.  It is 

interesting to note that c9 from both peptides is 3 Da higher in mass than the species resulting 

from cleavage of the N–C bond of Gly8–Leu9, which indicates that this singly-charged product 

ion has three added hydrogens.  The c10 ion observed in the peptide acid spectrum also seems to 

have three added hydrogens.  This type of product ion has not been previously reported, so 
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another pathway must be considered.  A potential explanation is that the peak (c10
+
) results 

from elimination of leucine from the singly-charged peptide,  [M + H - Leu]
+
, which has the 

same nominal mass as c10
+
.  Loss of a leucine residue (113 Da) was previously reported in the 

ECD of cyclic peptides.46  Loss of an internal valine residue in CID of deprotonated peptides has 

also been reported47, 48 and was previously discussed in Chapter 3.  Loss of the C-terminal residue 

to produce cn-1 is observed in both ExD and CID techniques.40, 49 

 

4.4.3  Peptides with a centrally located basic residue 

4.4.3.1  FPARVGI peptides 

 FPARVGI contains a highly basic arginine (R) amino acid residue in position 4.  The 

ETD spectra of the [M+2H]
2+

 species for FPARVGI can be seen in Figure 4.4.  The spectra for 

the peptide acid and peptide amide are essentially identical.  All of the observed product ions 

contain the highly basic arginine residue.  Each of the c-ions (cn
+
, n = 4-6) have two additional 

hydrogens.  These ions are likely protonated on the N-terminus and the arginine residue.  The N-

terminal ions a4
+
 and a6

+
 are also present.  These ions represent cleavage of the C–C bonds 

between Arg4–Val5 and Gly6–Ile7.  The C-terminal ions z4
+
 and z5

+
 have only one additional 

hydrogen; this is consistent with the second site of protonation being the N-terminal amino 

group.  The presence of proline in the peptide sequence also explains why z6
+
 is not observed 

because production of this ion would require breaking two bonds along the peptide backbone.  C-

terminal residue loss is abundant in both spectra.  However, c4
+
 is the most abundant product 

ion in the ETD of the peptide amide, resulting from cleavage of the N–C bond of Arg4–Val5. 

  



 
 

 

Figure 4.4.  ETD spectra of [M + 2H]
2+

 from FPARVGI (a) amide and (b) acid. 
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4.4.3.2  MLGFRSVGYA peptides 

 MLGFRSVGYA contains one basic residue, arginine (R) in position 5.  The ETD spectra 

for [M+2H]
2+

 of the two peptide analogs  can be seen in Figure 4.5.  All of the observed product 

ions contain the highly-basic arginine residue.  The C- and N-terminal product ions provide 

complete sequence coverage of N–C bond cleavage.  Loss of the C-terminal residue to produce 

c9
+
 is abundant for both peptides.  Cleavage C-terminal to the arginine residue is also very 

abundant.  The peptide acid and amide ETD spectra are very similar. 

 

4.4.3.3  WFAPPRVGYL peptides 

 WFAPPRVGYL contains an arginine (R) residue in position 6.  The ETD spectra of the 

two [M+2H]
2+

 species can be seen in Figure 4.6.  The peptide amide and acid produce nearly 

identical ETD spectra.  All of the observed product ions contain the arginine residue, and 7 out 

of 9 N–C bonds are cleaved.  Cleaving the remaining two N–C bonds is unlikely since they 

involve proline and would require cleavage of two bonds along the peptide backbone.  Loss of 

the C-terminal residue to form c9
+
 is the most abundant fragment.  The z5

+
 ion is the only z-

type ion that has two additional hydrogens.  This ion is a result of cleaving the N–C bond of 

Pro5–Arg6.  An interesting feature of the ETD spectrum of the peptide acid is the presence of 

abundant c9
+
 in addition to the equally abundant c9

+
.  The c9

+
 ion is also present in the ETD 

spectrum of the peptide amide, but is much less abundant than c9
+
.  The charge-reduced 

precursor, [M + 2H]
+•

, is present in the peptide amide spectrum, but observation of the charge-

reduced species varies from experiment to experiment and is not consistent.  Charge reduction 

(also called ET no D) is a common occurrence in ExD techniques where the transfer/capture of 
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the low-energy electron to the multiply-charged precursor does not always result in 

dissociation.50  Often, the result is a charge-reduced version of the precursor ion, [M + nH]
(n-1)+•

.   

 The peaks at m/z 1189 and 1190 in the ETD spectra of the peptide amide and acid, 

respectively, do not correspond to a typical neutral loss.  For the peptide amide, this peak 

corresponds to [M + 2H - 16]
+•

.  A 16 Da loss is not likely, so this peak is postulated to be [M + 

3H - NH3]
3+••

.  For the peptide acid, this peak corresponds to [M + H - 16]
+
, and is proposed to 

be [M + 2H - NH3]
+•

, with NH3 originating from the N-terminus.     

 

4.4.4  Peptides with a C-terminal basic residue 

4.4.4.1  Laminin peptides (YIGSR) 

 Laminin pentapeptide contains one basic residue, arginine (R) at the C-terminus.  The 

ETD spectra for the [M+2H]
2+

 species of laminin can be seen in Figure 4.7.  Both laminin 

peptides produce exclusively C-terminal backbone fragments of primarily the z-type.  This is 

consistent with the fact that the only basic residue (R) is at the C-terminus.  In a study of peptides 

containing basic residues, Feng and Cassady
14

 have recently found that virtually all ETD product 

ions contain the basic residue. 

For both laminin peptides, complete sequence coverage is observed, yielding z1
+
 and 

zn
+
 (n = 2-4) from both versions of laminin (z1

+
 not shown in Figure 4.7).  Cleavage of the 

amide bond of Ile2–Gly3 produces y3
+
, an ion not typical of ETD (c/z-type ions typically 

dominate ETD spectra).  There are also a small amount of neutral loss peaks present in both ETD 

spectra; for example, [M + H - HN=C=NH]
+
 and [M + H - HN=C=NH - CH2O]

+
.  



 
 

 

Figure 4.5  ETD spectra of [M + 2H]
2+

 from MLGFRSVGYA (a) amide and (b) acid. 
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Figure 4.6.  ETD spectra of [M + 2H]
2+

 from WFAPPRVGYL (a) amide and (b) acid. 
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Figure 4.7  ETD spectra of [M + 2H]
2+

 from laminin (YIGSR) (a) amide and (b) acid. 
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4.4.4.2  SWAMVR peptides 

 SWAMVR contains the basic arginine (R) residue at the C-terminus.  The ETD spectra 

for the [M+2H]
2+

 species can be seen in Figure 4.8.  As expected based on the position of the 

arginine at the C-terminus, the backbone fragments observed for the free acid and amide versions 

of the peptide arise solely from the C-terminus.  Complete sequence coverage is observed for 

both the peptides with formation of z1
+
 and zn

+
 (n = 2-5).  There are also several small peaks 

associated with neutral losses.  The peptide acid and amide analogs both produced z1
+
, the only 

C-terminal ion with two additional hydrogens.  Both peptides produced this ion, indicating that 

the C-terminal end group is not involved in formation of the product ion.  The z1
+
 ion was also 

formed in the ETD spectra of the laminin peptides.  Both laminin and SWAMVR have the highly 

basic arginine residue at the C-terminus.   The conformation of the doubly-charged precursor 

could be facilitating hydrogen transfer from serine (or elsewhere) to arginine. 

 

4.4.4.3  LMYVHWVR peptides 

 LMYVHWVR contains two basic residues; histidine (H) in position 5 and arginine (R) at 

the C-terminus.  The ETD spectra for the [M+2H]
2+

 species of the two peptide analogs can be 

seen in Figures 4.9.  ETD of [M+2H]
2+

 produces 5 out of 7 possible C-terminal backbone 

fragments for both the peptide acid and the peptide amide.  Product ions z3
+
 and z4

+
 result 

from cleavage of the N–C bonds of His5–Trp6 and Val4–His5, respectively.  These two ions are 

2 Da higher than standard z-type cleavage, and the remaining z-ions (zn
+
, n = 5-7) are only 1 Da 

higher.  Also present in the spectrum is the solitary N-terminal backbone fragment, c7
+
.  This 

fragment corresponds to the cleavage of the N-C bond of Val7–Arg8 and is thus a fragmentation 

adjacent to a charged residue.   



 
 

  

Figure 4.8.  ETD spectra of [M + 2H]
2+

 from SWAMVR  (a) amide and (b) acid. 
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Figure 4.10  ETD spectra of [M + 3H]
3+

 from LMYVHWVR (a) amide and (b) acid. 
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 The basic character of the histidine residue and the hydrogen atom affinity of the 

tryptophan residue38 are likely the reason that z3
+
 and z4

+
 have an additional hydrogen.   

Tryptophan has a reported gas-phase basicity (GB) of 219.0 kcal/mol and histidine has a reported 

GB of 227.1 kcal/mol.51  Tryptophan’s GB makes it the fourth most basic of the 20 common 

amino acids, after arginine, lysine, and histidine.  The z3
+
 ion likely has hydrogen atoms 

associated with the arginine and tryptophan side chains.  The tryptophan residue is behaving as a 

pseudo-basic residue (as mentioned in the discussion of CCK results) in this case.  The z4
+
 ion 

likely has hydrogen atoms associated with the arginine and histidine residues.  In this case, the 

high hydrogen (H
•
) affinity of the tryptophan residue is overshadowed by the much more basic 

histidine residue, and the proximity of the histidine and tryptophan residues makes it unlikely 

that a third hydrogen would be added to make z4
+
.  It is unusual, however, that the remaining 

C-terminal product ions (zn
+
, n = 5-7) do not have an additional hydrogen, given that they also 

contain the histidine, tryptophan, and arginine residues.  The gas-phase conformation of zn
+
 (n = 

5-7) could have hydrogen bonding patterns that prevent the additional hydrogen from 

transferring.  Spatial orientation of these ions could inhibit the accessibility of the tryptophan and 

histidine residues, thus preventing the addition of a hydrogen to make zn
+
 type ions.    

 The ETD spectra of [M+3H]
3+

 for the LMYVHWVR analogs can be seen in Figure 4.10.  

Six of the possible seven C-terminal product ions are observed, though this time, z3
+
 and z4

+
 

have only one additional hydrogen.  All of the z-type ions have the species with one additional 

hydrogen as the predominant form.  However, z7 produces the zn
+
 and zn

+
 forms in nearly equal 

abundance.  Another feature of these spectra is the appearance of more N-terminal ions.  A 

nearly complete cn
+
 (n = 2-7) series is observed for the ETD of the [M + 3H]

3+
 species, whereas 

only c7
+
 was observed in ETD of the [M + 2H]

2+
 species.  Two a-ions, a5

+
 and a7

+
, are present  



 
 

  

Figure 4.10  ETD spectra of [M + 3H]
3+

 from LMYVHWVR (a) amide and (b) acid. 
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in the spectra.  These ions are the result of cleaving the C–C bonds of Val4 and Val7 and both of 

these valine residues are adjacent to a basic residue (i.e. His5 and Arg8).  The neutral loss of 59 

Da observed in both spectra corresponds to the neutral loss of HN=C=NH and NH3 from  

[M + H]
+
. 

 

4.4.4.4  LMYVHWVK peptides 

 LMYVHWVK possesses two basic residues; histidine (H) is in position 5 of the peptide 

sequence and lysine (K) is located at the C-terminus.  The ETD spectra for the [M+2H]
2+

 species 

can be seen in Figure 4.11.  All of the product ions observed for the peptides include the histidine 

residue (zn, n = 4-7).  Lysine is present at the C-terminus and is thus only capable of appearing in 

these C-terminal ions.  Histidine and lysine have very similar gas-phase basicities; according to 

the NIST Webbook,39 histidine has a GB of 227.7 kcal/mol and lysine has a GB of 227.3, making 

histidine slightly more basic.  This, however, is contradictory to what is observed for small 

peptides containing either of these amino acids.  Carr and Cassady52 investigated the GBs of di- 

and tripeptides containing histidine and lysine.  They reported that peptides containing lysine 

were more basic, presumably because the greater flexibility of the lysine side chain allows for 

more participation in hydrogen bonding.   Cleavage adjacent to histidine produces the only C-

terminal product ion with two additional hydrogens, z4
+
.  Another cleavage adjacent to histidine 

produces both forms of c5, c5
+
 and c5

+
.  

 The ETD spectra for the [M+3H]
3+

 species of LMYVHWVK can be seen in Figure 4.12.  

All of the product ions that were observed in the ETD spectra of [M+2H]
2+

 are present.  An 

interesting aspect of the [M+3H]
3+

 spectra is the presence of several product ions that do not 

contain at least one of the basic residues.  Nearly complete c- and z-series are observed, with the 
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exception of the c1 and z1 species.  The absence of these lower mass product ions are due to the 

low m/z cutoff of the quadrupole ion trap (QIT), which was discussed in Chapter 2.  It is also 

interesting to note that c5
+
 is the only c5 species present in these spectra, whereas both c5

+
 and 

c5
+
 were present in the [M+2H]

2+
 ETD spectra.  Several a-, b-, and y-type ions appeared in these 

spectra in low abundance.  All of the observed a-ions contain the histidine residue and have an 

additional hydrogen. 

 

4.4.5  C-terminal residue loss to produce c-ions 

 Elimination of the C-terminal residue to form abundant cn-1
+
 was observed for CCK, 

substance P, FPARVGI, MLGFRSVGYA, WFAPPRVGYL, LMYVHWVR, and 

LMYVHWVK.  This is in agreement with the extensive study by Wysocki and coworkers,40 

which found that elimination of the C-terminal residue to form c-type ions was largely due to the 

position of the C-terminal residue as determined by precursor ion structure.  The peptides in this 

dissertation research have basic residues in various positions (except CCK, which does not 

contain a residue with a basic side chain).  Neither laminin nor SWAMVR exhibit C-terminal 

residue loss.  Both peptides have an arginine residue at the C-terminus, however, LMYVHWVR 

also has an arginine residue at the C-terminus yet it produced c7
+
 (indicating loss of the C-

terminal residue).  Peptide length may be a factor in C-terminal residue loss (laminin has 5 

residues and SWAMVR has 6 residues, whereas LMYVHWVR has 8 residues).  Wysocki and 

coworkers40 reported average peptide lengths of 13.6 or greater (only averages were reported due 

to the massive size of the data set).  Polfer and coworkers18 reported that the C-terminal arginine 

of bradykinin participates in backbone solvation (which means the positively-charged arginine 

side chain is hydrogen bonded to a backbone carbonyl), which resulted in a preference for  
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Figure 4.11.  ETD spectra of [M + 2H]
2+

 from LMYVHWVK (a) amide and (b) acid. 
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Figure 4.12.  ETD spectra of [M + 3H]
3+

 from LMYVHWVK (a) amide and (b) acid. 
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forming N-terminal ions that contain the N-terminal arginine.  Shorter peptide sequences likely 

have very different [M +2H]
2+

 structures than those from longer peptide sequences.  If the C-

terminal arginine of SWAMVR or laminin is solvated to the backbone, elimination of the C-

terminal residue may not occur.  If two basic residues are present in the peptide sequence, cn-1
+
 

may form as long as these ions incorporate at least one of the basic residues. 

 

4.4.6  Recruiting hydrogens 

 Protonation of carboxylic acid and amide functional groups differ greatly in the gas 

phase.  For example, formamide has a GB of 189.1 kcal/mol39 and formic acid has a GB of 169.8 

kcal/mol.39  Formamide is nearly 20 kcal/mol more basic than its carboxylic acid counterpart.  

The same trend is observed for acetamide (GB = 199.0 kcal/mol) and acetic acid (GB = 179.9 

kcal/mol).26  Given this difference in basicity, a C-terminal amide on a peptide could behave as a 

charge site in mass spectrometry studies of protonated ions and, consequentially, may exhibit 

different dissociative behavior in tandem MS techniques.   

 C-terminal amide peptides and C-terminal acid peptides behave similarly in CID of 

protonated peptides.  (This was also addressed in Chapter 3.)  In ETD, C-terminal amide and 

acid peptides also exhibit very similar dissociative behavior.  The peptide acids and amides 

discussed here produced nearly identical spectra except for one minor situation.  CCK amide 

produced an a8
+
 ion that was not very abundant in the CCK acid spectrum.  This is attributed to 

the loss of the C-terminal CONH2 and/or CO2 from one of the two aspartic acid residues, located 

at the N-terminus or in position 4 of the peptide sequence.  Since aspartic acid is common to both 

peptides, the a8
+
 is likely an additive feature attributed to both aforementioned neutral losses.  
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This means that CONH2 and CO2 are being lost from the amide, to produce a peak more 

abundant than what was observed for the peptide amide. 

 There are, however, several features of the acid and amide peptide ETD spectra that 

indicate an interesting occurrence of hydrogen recruiting.  Laminin and SWAMVR produce z1
+
, 

which is cleavage N-terminal to arginine.  LMYVHWVR and LMYVHWVK both produce 

abundant z4
+
, which is cleavage N-terminal to histidine.  LMYVHWVR also produces abundant 

z3
+
, which is cleavage N-terminal to tryptophan.  These product ions all result from cleavage of 

the N–C bond N-terminal to a basic residue (e.g. Arg, His) or a pseudo-basic residue (e.g. Trp) 

and have one more hydrogen than other N-terminal product ions in the spectra.  Hydrogens are 

being “recruited” to these C-terminal product ions based on the basicity and position of these 

amino acid residues. 

 The recruitment of hydrogens to C-terminal product ions is not always observed.  

Formation of z4
+
 from ETD of CCK is not observed, rather z4

+
 occurs (when considering Trp as 

a pseudo-basic residue).  Cleavage of the N–C bond N-terminal to lysine in the ETD of 

substance P produces z9
+
 rather than the z species.  Arginine is present in the peptide sequence 

of FPARVGI, yet z4 and z5 have only one additional hydrogen (making them zn
+
).  The 

inconsistency of hydrogen recruiting to N-terminal ions (that have basic residues at the cleavage 

site) indicate that the structure of the dissociating ion is crucial to the transfer of a hydrogen 

atom.   

 Polfer and coworkers18 reported on the formation of c- and z-ions with differing numbers 

of hydrogens in an ECD study on naturally occurring peptides.  For zn
+
 with n≤4, the z type ion 

was preferred, and for zn
+
 with n>4, the z

+•
 type ion was preferred.  (They used the Zubarev 

nomenclature mentioned earlier in the in the chapter, thus translated, zn
+
 is preferred for n≤4 
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and zn
+
 is preferred for n>4).  Formation of both c• and c type ions (c and c, respectively) was 

also reported.18  The c/z• ions observed by Polfer and coworkers18 and earlier reports 19, 38 are 

considered to be atypical of ExD and the result of hydrogen rearrangement.5  

 

4.4.7  Comparison of [M + 2H]
2+

 versus [M + 3H]
3+

 ETD 

 Only three of the peptides studied, substance P, LMYVHWVR, and LMYVHWVK, 

produced [M + 3H]
3+

 for study by ETD.  Each of these aforementioned peptides have two basic 

amino acid residues present in the peptide sequence, and these residues are separated by at least 

one residue.  The spacing of the basic amino acid residues and the N-terminal free amine (for 

each peptide) minimizes potential Coulombic repulsion between multiple charges.53, 54  

  The ETD experiments of the [M + 3H]
3+

 from the aforementioned peptides provided 

equivalent information when compared to the ETD of the [M + 2H]
2+

 species.  Similar cleavages 

were observed when comparing the [M + 2H]
2+

 and [M + 3H]
3+

 dissociations.  Additional higher 

charge state product ions were observed in the [M + 3H]
3+

 spectra.  These ions were not the 

result of additional cleavages, but just higher charge state versions of the same ions observed in 

the [M + 2H]
2+

 ETD spectra.  Wysocki and coworkers40 reported the less selective nature of ETD 

on higher charge state peptides, thus the result of the research in this chapter is not unexpected.  

The unusual observance of c9
+
 and c10

+
 from the ETD of [M + 3H]

3+
 from substance P is 

attributed to the loss of an internal leucine residue. 

 

4.5  Conclusions 

 Gas-phase basicity differences between amide and carboxylic acid sites  suggest that C-

terminal peptide amides and acids could behave differently under ETD conditions.  However, all 
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of the peptides in this study produced c/z-type cleavages that are typically observed in ETD.  The 

peptide acids and amides produced nearly identical spectra in all cases, with only a few notable 

differences. The most remarkable observations were those involving basic residues (i.e. arginine, 

histidine, and lysine) and amino acid residues with high hydrogen atom (H
•
) affinity (i.e. 

tryptophan).  Cleavage adjacent to either type of amino acid residue produces fragment ions that 

have at least one additional hydrogen compared to other fragmentation in the ETD spectrum.  

There is ongoing research in the Cassady group that is studying the direct effect of basic residues 

on ETD spectra.  The study consists of several model peptides (C-terminal acids only) composed 

mainly of polyalanines with one basic residue (e.g. AAAAAR, AAAKAA, etc.).  This will 

clarify the behavior of basic residues in ETD without the interaction of other non-inert amino 

acid residues.  

 The results shown here indicate that a peptide C-terminal amide group behaves similarly 

to a C-terminal acid group in ETD.  This is consistent with the results from studies of CID of 

protonated ions involving the same peptides (discussed briefly in Chapter 3) and the work of 

Enjalbal and coworkers in a similar study on CID of protonated peptides.29  This means that the 

C-terminal amide is not a distinguishing factor for use in bioinformatic methods for 

identification of peptides using ETD in the positive ion mode.  Nonetheless, it is important to 

understand the contribution of all chemical functionalities under tandem MS conditions to further 

develop identification methods. 
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CHAPTER 5:  DEPROTONATION OF AMINO ACIDS AND AMINO ACID AMIDES:  

AN EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION INTO THE GAS-

PHASE ACIDITIES OF TYROSINE AND PHENYLALANINE 

 

5.1  Overview 

 The gas-phase acidities (GAs) of tyrosine (Tyr), tyrosine amide (Tyr-NH2), phenylalanine 

(Phe), phenylalanine amide (Phe-NH2), and 4-(4-hydroxyphenyl)-2-butanone (HPB) were 

determined using proton transfer reactions in a Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR MS).  The order of acidity is as follows:  Phe-NH2 < HPB < Tyr-NH2 < 

Phe < Tyr.  Two ion structures were observed for Tyr-OH and GAs were assigned for each 

deprotonated structure.  The GAs values of the amino acid amides are a valuable tool for 

understanding fragmentation of deprotonated peptides, as amino acid amides are a better 

representation of the residues in a peptide backbone than are amino acids.  In collaboration with 

Professor David Dixon’s research group at the University of Alabama, high-level G3(MP2) 

calculations have been performed and are in agreement with the observed experimental acidity 

trend.   

 

5.2  Introduction 

 Tyrosine and phenylalanine are among the twenty standard amino acids found in nature.  

They often have similar properties because both possess aromatic, hydrophobic side chains.  

Their structures, which are shown in Figure 5.1, are similar with tyrosine having a 4-
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hydroxylbenzyl group at the side chain and phenylalanine having a benzyl side chain.  Tyrosine 

plays an important role in signal transduction processes, where phosphorylation of the tyrosine 

side chain can affect protein function.1-5 

  Tyrosine kinase, in particular, is responsible for the enzymatic transfer of a phosphate 

group from adenosine triphosphate (ATP) to a target protein.6, 7  Another enzyme, tyrosine 

hydroxylase, is responsible for the catalytic conversion of phenylalanine to tyrosine in 

mammalian liver cells.5  Tyrosine even participates in photosynthesis, where D1-Tyr161 in 

photosystem II donates an electron in the reduction of P680.8, 9  Phenylalanine is responsible for 

the disorder phenylketonuria, where individuals are unable to metabolize ingested phenylalanine 

due to reduced function of the phenylalanine hydroxylase enzyme.10, 11 

 The tyrosine and phenylalanine residues of peptides are known to exhibit unique behavior 

in tandem mass spectrometry techniques such as collision-induced dissociation (CID), and 

electron transfer dissociation (ETD).12-16  Bowie and coworkers have detailed the side-chain 

fragmentation and backbone fragmentation of deprotonated peptides containing tyrosine and 

phenylalanine in high-energy CID studies.13, 14, 16  Cleavage adjacent to the tyrosine residue and 

loss of neutral O=C6H4–CH2 from the side chain of tyrosine are common characteristics of the 

CID spectra.  Harrison17 reported the fragmentation behavior of phenylalanine residues in the C-

terminal, central, and N-terminal positions in low-energy CID of deprotonated dipeptides and 

tripeptides.  Cleavage N-terminal to the phenylalanine residue is reported a major pathway for 

low- and high-energy CID of deprotonated peptides, as well as abundant loss of C7H8 (probably 

as toluene) when phenylalanine is at the N-terminus.  The neutral loss of C7H6O from tyrosine 

was reported by Pu and Cassady12 in a sustained off-resonance irradiation (SORI) CID study of 
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deprotonated peptides that possess hydroxyl-containing amino acid residues.  Their work agrees 

with high-energy CID results from Bowie and coworkers.13 

 Proton transfer reactions in the gas phase are important tools for obtaining 

thermochemical information regarding a compound of interest.  Whereas acid and base 

dissociation constants (pKa and pKb, respectively) are important to solution-phase studies, gas-

phase acidity (GA) and gas-phase basicity (GB) are particularly valuable for the study of gas-

phase biomolecules such as amino acids, peptides, and proteins.  Each represents the energetics 

associated with the deprotonation and protonation of a compound of interest, respectively.  

Knowledge of the lowest energy site of deprotonation (or protonation) can help explain behavior 

observed under electrospray ionization (ESI), CID, and ETD conditions and may further assist in 

the development of fragmentation mechanisms.   

 Gas-phase acidities have been determined for the standard amino acids by O’Hair and 

coworkers18 and Poutsma and coworkers19 using the kinetic and extended kinetic methods,  

respectively.  The GA values obtained from the two studies are in excellent agreement.  Cassady 

and coworkers20 recently determined the GAs of glutamic acid, aspartic acid, and their amino 

acid amides.  Recently, Kass and coworkers21 determined the GA of tyrosine to be 332.5 ± 1.5 

kcal/mol using equilibrium gas-phase acidity measurements in a dual cell Fourier transform 

ioncyclotron resonance mass spectrometer (FT-ICR MS).   

 In the gas phase, most amino acids and peptides are thought to deprotonate at the C-

terminal carboxylic acid group (if such a group is present).  Exceptions to this assumption 

include aspartic acid and glutamic acid residues, which have carboxylic acid groups located on 

the side chain and can deprotonate readily on either the C-terminus or side chain.20  Another 

exception is the cysteine residue, which has been shown to deprotonate on the side chain.22  
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Tyrosine is also unique in that it possesses two acidic functionalities capable of deprotonation, 

the carboxylic acid group and the phenolic -OH.  In the context of a peptide backbone, the 

carboxylic acid functionality becomes part of the amide linkage, thus removing a likely 

deprotonation site thath is present in the amino acid but not the amino acid residue.  However, 

deprotonation of peptides lacking acidic sites (such as substance P amide, which part of the 

MS/MS research of Chapters 3 and 4) has been observed experimentally.23  Thus, alternative 

deprotonation sites must be equally accessible using common mass spectrometry ionization 

techniques such as ESI and matrix-assisted laser desorption ionization (MALDI). 

 There have been several studies that explore deprotonation of amino acids at the C-

terminal carboxylic acid group or elsewhere on the molecule.20-22, 24 -27  These works demonstrate 

that the side chain can also be an energetically accessible location for deprotonation.  Several 

studies have addressed the propensity for ESI to produce solution-phase or gas-phase 

structures.24, 25, 28  In particular, Kass and coworkers21, 22 investigated the deprotonation sites of 

cysteine and tyrosine, as well as several isomeric structures. 

   Tian and Kass21, 24 addressed the gas-phase deprotonation (by ESI) of tyrosine and p-

hydroxybenzoic acid experimentally and theoretically.  They thoroughly investigated whether 

the compounds were deprotonating on the carboxylic acid group or phenolic -OH.  Several 

different solvent systems were employed, consisting of acetonitrile, water, methanol, or a 

combination of two of the previously mentioned solvents.  Methanol was shown to affect the 

ratio of phenoxide to carboxylate by increasing the amount of phenoxide substantially.  Tian and 

Kass21 also developed an elegant reaction involving trimethylsilyl azide (TMSN3) to probe 

whether the carboxylate anion or the phenolic anion was being produced.  Their experimental 

results indicate that the phenoxide structure is the favored gas-phase deprotonation site when 
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methanol is used in the solvent system, whereas the carboxylate structure dominates when 

acetonitrile and/or water are used.  Disparate results from photoelectron spectroscopy (PES) 

experiments indicate the carboxylate structure is dominant.  The inconsistency between the 

TMSN3 and PES experiments is attributed to ESI source differences, where the time ions are 

trapped in the hexapole differs.  These researchers speculated that hexapole accumulation times 

are thought to affect whether solution-phase or gas-phase structures are produced.  The hexapole 

(see Figure 2.1 in Chapter 2) is present in some mass spectrometer configurations as part of the 

ESI source where ions are stored and allowed to accumulate prior to transfer to the mass 

analyzer.  Longer accumulation times (1-5 seconds, used in TMSN3 experiments) produce gas-

phase structures (e.g. phenoxide), whereas shorter accumulation times (100 milliseconds, used in 

PES experiments) produce liquid-phase structures (e.g. carboxylate).  Computational results 

from Kass and coworkers (at the B3LYP/aug-cc-pvdz level) show that the carboxylate structure 

(i.e., deprotonation on the C-terminal carboxylic acid functional group) is the most energetically 

accessible structure of deprotonated tyrosine by 0.2 kcal/mol over the phenoxide.21, 25 

 Oomens and coworkers26 performed infrared multiphoton dissociation (IRMPD) on a set 

of deprotonated amino acids (which included tyrosine) to investigate their gas-phase anionic 

structures.  These spectra were compared to calculated spectra at the B3LYP/6-31++G** level of 

theory.  The amino acid solutions were prepared in 80:20 methanol and water, which is similar to 

the solvent conditions with which Kass and coworkers21, 24 observed increased phenoxide 

production.  The ESI source used by Oomens and coworkers26 was a Micromass  Z-spray source 

with hexapole (and with hexapole accumulation times of several seconds), which is the same 

commercial source used by Kass and coworkers for the TMSN3 reactions.21  However, the 
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experimental IRMPD results show that tyrosine is undoubtedly a carboxylate in the gas-phase 

under their conditions, with no evidence of a phenoxide structure.     

 The present study focuses on the GAs of Tyr-OH, Tyr-NH2, Phe-OH, Phe-NH2, and HPB 

(see Figure 5.1 for structures).  Tyrosine possesses two possible sites for deprotonation, the 

carboxylic acid and phenolic functional groups.  Phenylalanine has a structure similar to that of 

tyrosine, but lacking the phenolic -OH group.  HPB was chosen for comparison to tyrosine and 

tyrosine amide because it contains a phenolic side chain, but does not have a carboxy or amino 

terminus.   The amino acid amides, Tyr-NH2 and Phe-NH2, are of particular importance because 

they better represent the behavior of an amino acid residue in the context of a peptide backbone.  

With the exception of the C-terminal residue, the carboxylic acid moiety is not present along a 

peptide backbone.  The tyrosine amide is expected to provide valuable insight to the ongoing 

debate over deprotonation site. 

 

5.3  Experimental 

5.3.1.  Mass spectrometry methods 

 Ion/molecule reactions were performed in a Bruker BioApex 7e FT-ICR mass 

spectrometer (Billerica, MA).  Samples were prepared at 60 M (~ 1 mg/mL) in a solvent of 

50:50 methanol and ultrapure water (with a 1% spike of ammonium hydroxide to promote 

deprotonation), then introduced to the Apollo API source (Bruker Daltonics, Billerica, MA) 

using a syringe pump (Cole Parmer, Vernon Hills, IL) set to deliver ~90 L/hr.  Ions were 

produced by ESI with a 3.5-4.0 kV potential.  The source pressure was ~10
-7

 mbar.  Unless noted 

otherwise in the text, ions produced by ESI were allowed to accumulate in the hexapole for  



 

 
 

Figure 5.1  Structures of compounds studied. 
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700 ms before being transported to the ICR cell by electrostatic focusing.  Deprotonated ions, [M 

- H]
–
, were mass selected for isolation using correlated frequency ion ejection techniques29 and 

then allowed to react with a reference compound that is introduced to the ICR cell through a leak 

valve at constant pressure.  A pumping delay was set to allow the ion/molecule reactions to 

proceed before detection. 

 Each of the ions selected for study were reacted with a series of reference compounds 

that have well-known gas-phase acidities.30  The reference compound pressures were measured 

using an ion gauge that has been calibrated as discussed in Chapter 2.31 

   Performing several sets of reactions using reference compounds with varying acidities 

allows for accurate bracketing to determine the experimental GAs of the amino acid analogs.  

These pseudo-first order reactions allow for determination of the experimental rate constant 

(kexp) from a semi-logarithmetic plot of the decreasing precursor ion intensity as a function of 

time.  In cases where deprotonation was in competition with proton-bound dimer formation, kexp 

was determined from the kinetic relationship (as discussed in Chapter 2) of the relative intensity 

of the deprotonated reference compound intensity as a function of time.  The reactions of Tyr-

OH with ethyl cyanoacetate and 4-amino-2,3,5,6-tetrafluoropyridine exhibited non-linear 

kinetics, indicating the presence of two ion structures reacting at slightly different rates.  

Experimental rate constants for the non-linear cases were determined from fitting the data to the 

sum of two exponential decays.  A reaction efficiency of 0.27 is used as the break point establish 

the experimental GA (as detailed in Chapter 2).    
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5.3.2.  Computational methods 

 The calculations were performed by Michele Stover of Professor David Dixon’s research 

group at the University of Alabama.  Calculations were performed at the density functional 

theory (DFT) and correlated molecular orbital (MO) theory levels with the program  

Gaussian-03.32  The geometries were initially optimized at the DFT level with the B3LYP 

exchange-correlation functional33, 34 and the DZVP2 basis set.35  Vibrational frequencies were 

calculated to show that the structures were minima and to provide zero point and thermal 

corrections to the enthalpy and entropies so that free energies could be calculated for direct 

comparison to experiment.  The Dixon group optimized a range of structures to determine the 

most stable conformers.  In previous work on the GAs of amino acids20, 36, 37 and organic acids,36 

the Dixon group showed that the high level G3(MP2) correlated molecular orbital method38 gave 

agreement for the acidities with the experimental values to within about ±1 kcal/mol.  G3(MP2) 

has an additional advantage over DFT methods in terms of reliable predictions for these types of 

compounds because the correlated molecular orbital methods in G3(MP2) perform better in the 

prediction of hydrogen bond energies as well as steric non-bonded interactions than do most 

widely-used DFT exchange-correlation functionals. 

 

5.4  Results and discussion 

5.4.1  Experimental gas-phase acidities 

 Structures for each of the studied compounds can be found in Figure 5.1.  Tyrosine and 

phenylalanine (Figures 5.1(a) and 5.1(c), respectively) are standard L-amino acids.  Tyrosine 

amide and phenylalanine amide (Figures 5.1(b) and 5.1(d), respectively) are amino acids that 

possess a C-terminal amide (-CONH2) rather than a carboxylic acid group (-COOH); they were 



154 
 

also studied in their L-forms.  HPB (Figure 5.1(e)) is an organic molecule with a structure 

similarity to tyrosine, but lacking the N-terminal amine and C-terminal carboxylic acid groups. 

 Table 5.1 shows the reference compounds that were used in this study, the corresponding 

gas-phase acidities (GA, Gacid), and the reaction efficiencies for proton transfer reactions with 

each of the reference compounds.  Figure 5.2 shows sample mass spectra illustrating the way the 

proton transfer reactions progress over time.  Several reference compounds were attempted that 

were insufficiently volatile to use in this study; a constant pressure in the 10
-8

 - 10
-7

 mbar range 

could not be achieved and thus they could not be used.  The following compounds were not 

sufficiently volatile for study in our FT-ICR:  2-chloropropanoic acid (GA = 330.4 ± 2.0 

kcal/mol, boiling Point (BP) = 78°C (351 K)), 4-oxo-pentanoic acid (333.7 ± 2.8 kcal/mol, BP = 

245-246°C (518-519 K) ), methoxyacetic acid (335.3 ± 2.0 kcal/mol, BP = 202-204°C (275-277 

K)), 4-chlorophenol (336.2 ± 2.0 kcal/mol, BP = 220°C (493 K)), and butanoic acid (339.5 ± 1.5 

kcal/mol, BP = 163.5° (437 K)). 

 Using the deprotonation reaction efficiency results summarized in Table 5.1, the 

experimental GAs were assigned at a reaction efficiency of 0.27.  Experimental GA values are 

summarized in Table 5.2.  Note that lower numerical GA values correspond to higher acidity.  

Phenylalanine amide, the least acidic of the compounds studied, has an experimental GA of 

345.8 ± 2.4 kcal/mol.  HPB has a GA of 339.6 ± 2.7 kcal/mol.  Tyrosine amide has an 

experimental GA of 336.4 ± 2.4 kcal/mol.  Phenylalanine has an experimental GA of 332.5 ± 2.2 

kcal/mol.  This value for phenylalanine is slightly higher than the 329.6 ± 3.0 kcal/mol 

previously reported by O’Hair and coworkers,18 but is within experimental error.  Poutsma and 

coworkers19 reported acidity as Hacid = 338.9 ± 4.3 kcal/mol.  A comparison of literature values 

for phenylalanine with this dissertation research may be seen in Table 5.3.  



155 
 

 Tyrosine is a special case, since there are two potential sites of deprotonation.  Two ion 

populations were observed in the reactions of [Tyr-OH - H]
–
 with ethyl cyanoacetate and 4- 

amino-2,3,5,6-tetrafluoropyridine (the two ion populations will be discussed later), thus two 

experimental GAs have been determined.  Tyrosine is the most acidic of the compounds studied, 

with an experimental GA of 332.4 ± 2.4 kcal/mol for deprotonation at the carboxylic acid site, 

and a GA of 333.5 ± 2.1 kcal/mol for deprotonation at the phenolic -OH site.  This is the first 

report of identification of the distinct GAs for deprotonation of both the phenolic and carboxylic 

acid sites.  This experimental GA of tyrosine is in accord with previously reported values.18, 19, 21  

Table 5.3 shows the literature values for the GA of tyrosine compared with the experimental GA 

determined in this work.  

Figure 5.2.  Mass spectra for the proton transfer reactions of deprotonated 

tyrosine amide (Tyr-NH2) reacting with 4-amino-2,3,5,6-tetrafluoropyridine 

(ATFP).  ATFP is present in the ICR cell at a pressure of 5.2 × 10
-8

 mbar. 



 

 
 

 

Table 5.1.  Reaction efficiencies from the proton transfer reactions of deprotonated tyrosine, phenylalanine, their amino acid 

amides, and HPB with reference compounds. 

Reference Compound 
GA

30
 

(kcal/mol) 

Average Reaction Efficiency 

Phe-NH2 HPB
b
 Tyr-NH2 Tyr-OH Phe-OH 

chloroform 349.9 ± 2 0.04 ± 0.01 0.01 ± 0.004 −
b
 − − 

4-trifluoromethyl aniline 346.0 ± 2 0.24 ± 0.05 − − − − 

  
BREAK 

    
phenol 342.3 ± 2 0.70 ± 0.05 − − − − 

acetic acid 341.1 ± 2 0.29 ± 0.01 0.07± 0.005 0.005 ± 0.004 − − 

   
BREAKc 

   
formic acid 339.1 ± 2 0.49 ± 0.06 0.34 ± 0.01  0.12 ± 0.01 − − 

isovaleric acid 338.5 ± 2 0.56 ± 0.04 0.41 ± 0.11 0.09 ± 0.03 − − 

trimethylacetic acid 337.6 ± 2 0.54 ± 0.05 0.41 ± 0.06 0.10 ± 0.02 NR
d
 NR 

    
BREAK 

  
p-chlorophenol 336.2 ± 2 − 0.55 ± 0.04 0.33 ± 0.12 NR NR 

ethyl cyanoacetate 333.6 ± 2 − − 0.20 ± 0.05 
0.23 ± 0.06 (24 ± 9%) 

0.03 ± 0.04 (76 ± 9%) 
0.007 ± 0.001 

     
BREAK 

 
4-amino-2,3,5,6-

tetrafluoropyridine 
332.8 ± 2 − − 0.33 ± 0.001 

0.53 ± 0.25 (30 ± 8%) 

0.07 ± 0.01  (70 ± 8%) 
0.02 ± 0.003 

     
BREAK  BREAK 

3-trifluoromethyl phenol 332.4 ± 2 − − 1.09 ± 0.04 0.29 ± 0.02 0.36 ± 0.02 

3,3,3-trifluoropropionic acid 326.9 ± 2 − − − 0.75 ± 0.09 0.79 ± 0.08 
a  HPB stands for 4-(4-hydroxyphenyl)-2-butanone, which is not an amino acid. 

  
b  "−" indicates that no reaction was performed. 

  
c  "BREAK" indicates the point where experimental GA was assigned. 

  
d  "NR" indicates that no reaction was observed. 

  

   
 

  

1
5
6
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Table 5.2.  Experimental and G3(MP2) calculated GAs (in kcal/mol). 

  Deprotonation GA 

Compound Site
a
 Experimental G3(MP2) 

Phenylalanine carboxylic acid 332.5 ± 2.2 330.7 

Phenylalanine amide amide 345.8 ± 3.8  347.8 

Tyrosine carboxylic acid 332.4 ± 2.2 330.4 

 
phenolic -OH 333.5 ± 2.4 332.9 

Tyrosine amide phenolic -OH 336.4 ± 2.7  336.9 

HPB phenolic -OH 339.6 ± 3.0 −
c
 

a
 Based on calculations. 

c
 Not calculated. 

 

5.4.2  Theoretical gas-phase acidities 

 Figure 5.3 shows the geometry optimized structures of the amino acids and amino acid 

amides, as well as their corresponding lowest energy conformer(s) for the deprotonated species.  

Tyrosine (Figure 5.3(a)) has two low energy structures related to differences in protonation site, 

the carboxylate and phenoxide, that correspond to calculated GA values of 330.4 and 332.9 

kcal/mol, respectively.  These two species are nearly isoenergetic, so both are shown.  Tyrosine 

amide (Figure 5.3(b)) does not possess the carboxylic acid functionality; thus its lowest energy 

structure is the phenoxide, which has a calculated GA of 336.9 kcal/mol.  The phenoxide forms 

of tyrosine and tyrosine amide have calculated GA values that differ by 4 kcal/mol.  Hydrogen 

bonding between the carboxylic acid and amine functionalities on tyrosine has a stabilizing 

effect on the deprotonated structure.  Tyrosine amide does not experience the same hydrogen 

bonding due to the presence of the amide functionality rather than the carboxylic  

acid.  Previous work by Cassady and coworkers18 has shown that hydrogen bonding between the 

carboxylic acid and amine groups of an amino acid has a stabilizing effect on gas-phase 

conformation.  Deprotonation of phenylalanine (Figure 5.3(c)) to form the carboxylate  

  



 

 
 

 

 

Table 5.3.  Reported experimental and theoretical Gacid values for tyrosine and phenylalanine (in kcal/mol). 

 

  Experimental 

Method 

Deprotonation 

Site 

Experimental   Computation 

Level 

Theoretical    

  Gacid Hacid Gacid Hacid

Tyr-OH:               

Present Work 
Bracketing carboxylic acid 332.4 ± 2.2 −

a
 G3(MP2) 330.4 338.3 

 
phenolic -OH 333.5 ± 2.4 − 

 
332.9 340.5 

Kass and coworkers Equilibrium carboxylic acid 332.5 ± 1.5 340.7 ± 1.5 B3LYP − 339.5 

  
phenolic -OH − − 

 
− 338.3 

  
carboxylic acid − − G3B3 − 339.9 

  
phenolic -OH − − 

 
− 339.0 

Poutsma and coworkers 
Extended 

Kinetic 
− − 337.7 ± 2.6 

B3LYP/6-

31+G* 
− 339.2 

O'Hair and coworkers Kinetic − 329.5 ± 3.0 337.6 ± 3.1 − − − 

Phe-OH:               

Present Work Bracketing − 332.5 ± 2.2 − G3(MP2) 330.7 338.5 

Poutsma and coworkers 
Extended 

Kinetic 
− − 338.9 ± 4.3 

B3LYP/6-

31+G* 
− 338.7 

O'Hair and coworkers Kinetic − 329.6 ± 3.0 336.5 ± 3.1 − − − 

a
 Not reported/available. 

       
b
 Reported theoretical H values include a correction for acetic acid and phenol. 

   

1
5
8
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Phe-NH2 

-H 

 

[Phe-NH2 - H]
−
 

(amidate) 

 

-H 

 

 

Phe-OH 
[Phe-OH - H]

−
 

(carboxylate) 

 

Tyr-NH2 

-H 

 

[Tyr-NH2 - H]
−
 

(phenoxide) 

 

-H 

 

-H 

 

[Tyr-OH - H]
−
 

(carboxylate) 

 

Tyr-OH 

[Tyr-OH - H]
−
 

(phenoxide) 

 

Figure 5.3.  Geometry optimized lowest energy structures of neutral and deprotonated forms of 

tyrosine, phenylalanine, their amino acid amides and HPB.  The lowest energy neutral structure 

is shown for each compound with the corresponding low-energy anion.  Arrows indicate the site 

of deprotonation.  Two low-energy anions are shown for tyrosine. 
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corresponds to a G3(MP2) calculated G298(gas) of 330.7 kcal/mol.  Phenylalanine amide 

(Figure 5.3(d)) deprotonates to form an amidate structure that corresponds to a calculated GA  of 

347.8 kcal/mol.  Table 5.4 shows the G3(MP2) calculated H298 and GA (G298) values for all of 

the explored deprotonation sites of the amino acids and amino acid amides.  In all cases, the 

lowest energy structures of the deprotonated species are more acidic than deprotonation at other 

sites by at least 8 kcal/mol. 

 

Table 5.4.  G3(MP2) calculated thermochemical data at 298 K for tyrosine, phenylalanine, and 

their amino acid amides. 

 

  Deprotonation 
H298 

gas 
H298 gas 

G298 

gas
a 

pKa 

(298) 
pKa (298) 

  Site G3(MP2) (literature)
19

 G3(MP2) G3(MP2) (literature)
39

 

Phenylalanine carboxylic acid 338.5 338.9 ± 4.3 330.7 5.96 1.83 

 
amine 384.4 

 
376.4 38.01 

 

 
amine 390.3 

 
382.5 46.92 

 
Phenylalanine amide amide 355.0 

 
347.8 15.44 

 

 
amide 362.6 

 
355.5 12.94 

 

 
alpha carbon 371.9 

 
364.2 25.43 

 
Tyrosine carboxylic acid 338.3 337.7 ± 2.6 330.4 6.50 2.20 

 
phenolic -OH 340.5 

 
332.9 8.89 

 

 
aromatic ring 358.6 

 
352.9 24.87 

 
Tyrosine amide phenolic -OH 344.3 

 
336.9 8.39 

 

 
amide 354.7 

 
347.4 15.50 

 
  amide 361.3   353.8 15.06   

a
 G298 gas = GA. 
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5.4.3  Isomeric tyrosine species  

 The reactions of Tyr-OH with ethyl cyanoacetate (ECA) and 4-amino-2,3,5,6-

tetrafluoropyridine (ATFP) indicate that there are two ion structures for deprotonated tyrosine.  

This can be seen in the non-linear nature of the pseudo-first order kinetics plot for the natural log 

of the relative precursor ion intensity versus reaction time.  An example of this from the reaction 

of deprotonated Tyr-OH with ethyl cyanoacetate is shown in Figure 5.4.  Two deprotonated Tyr-

OH species are present, a fast reacting species and a slow reacting species.  The results of 

ion/molecule reactions does not provide definitive proof which species is the the fast or slow 

reacting species, but GAs can be determined for each species.  Compared with the theoretical 

results (see Table 5.2), however, the fast reacting species appears to be the phenolate species.  

The slow reacting species appears to be the carboxylate species.      

 When two reacting populations of ions are present, as is the case with the reactions of 

deprotonated Tyr-OH with ECA and ATFP, the resulting kinetics plot is distinctively non-linear.  

To obtain the relative abundances of each reacting species and the associated experimental rate 

constants, the reaction data is fit to the sum of two exponentials.40  However, many of the data 

sets from reactions of deprotonated Tyr-OH with ATFP were ill-fitted using this method.  Figure 

5.5 shows a sample plot of reaction data from the reactions of Tyr-OH with ATFP.  The data is 

clearly non-linear, however, the plot is very different than Figure 5.4.  It is possible that the slow 

reacting population of deprotonated Tyr-OH is converting to the faster reacting population 

during the reaction with ATFP.  However, the GA of ATFP is 332.8 ± 2 kcal/mol30 and very 

close to the experimental and theoretical acidities of tyrosine (at either site).  Both phenolate and 

carboxylate species of Tyr-OH are likely reacting with ATFP at such similar rates that they 

cannot be distinguished.   
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 Tian and Kass25 also reported two species of deprotonated Tyr-OH in a previous study of 

deprotonation site in the gas phase.  They designed an elegant method for determining whether  

the deprotonated tyrosine species was the carboxylate or the phenoxide by a series of reactions of 

deprotonated Tyr-OH with trimethylsilylazide (TMSN3).  Relative ratios of each deprotonated 

species could be determined from mass spectral product peak intensities.  Multiple solvent 

systems were used in the study25 and an interesting phenomenon was observed.  The phenoxide 

form of Tyr-OH was predominant, forming in a ratio of 70:30 with the carboxylate, when the 

solvent system was 3:1 (V:V) methanol to water.  Similar ratios of phenoxide were obtained with  

1:1 methanol and water.  Using a solvent system composed largely of acetonitrile and a small 

quantity of methanol, ranging from 96:4 to 99:1 acetonitrile to water, the ratio of phenoxide to 

Figure 5.4.  Non-linear plot of [Tyr-OH - H]
–
 versus reaction time, indicating two 

isomeric deprotonated species.  Data comes from the reactions of deprotonated Tyr-OH 

with ethyl cyanoacetate at a constant pressure of 8.91 × 10
-8

 mbar. 
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carboxylate decreased slightly.  When methanol was absent from the solvent system (meaning 

solvent was either pure acetonitrile, or some combination of acetonitrile and water), the 

carboxylate was dominant and very little phenoxide formed.    

 Photoelectron spectroscopy (PES) results also previously reported by Kass and 

coworkers21 indicate a more dominant carboxylate structure regardless of solvent system.  This  

was attributed to the differences in instrumentation between the PES experiments and TMSN3 

reactions.  The ESI sources used in the experiments had very different hexapole accumulation 

times (as discussed in section 6.1 of this chapter).  The differing sources were a homebuilt ESI 

source (used in PES experiments) that had an accumulation time of 100 ms and a commercial 

Figure 5.5.  Non-linear plot of [Tyr-OH - H]
–
 versus reaction time, indicating two 

isomeric deprotonated species.  Data comes from the reactions of deprotonated Tyr-OH 

with 4-amino-2,3,5,6-tetrafluoropyridine at a constant pressure of 2.8 × 10
-8

 mbar using 

a hexapole accumulation time of 1 millisecond.  
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ESI source (used for TMSN3 experiments) that had accumulation times between 1-5 s.21  As 

mentioned earlier in the chapter, Oomens and coworkers26 reported a hexapole accumulation 

times of several seconds for IRMPD experiments with deprotonated Tyr-OH.  These 

accumulation times match what was used in Kass’21 TMSN3 experiments, yet conflicting results 

were reported. 

 To investigate the effect of hexapole accumulation time and solvent, we performed 

reactions of deprotonated tyrosine with ethyl cyanoacetate and 4-amino-2,3,5,6-

tetrafluoropyridine using varied hexapole accumulation times and solvent systems.  The 

hexapole accumulation time is easily manipulated in the Apollo API source on our Bruker 

BioApex 7e FT-ICR.  Thus, accumulation times similar to the two ESI sources used in Kass’ 

PES and TMSN3 experiments could be used.  A short hexapole accumulation time of 1 ms was 

used to mimic the conditions of the homebuilt ESI and a long hexapole accumulation time of 5 s 

was used to mimic the conditions in the commercial ESI source.  Tyr-OH was prepared in three 

different solvent systems:  50:50 methanol and ultrapure water, 75:25 methanol and ultrapure 

water, and 50:50 acetonitrile and ultrapure water (each with an added 1% spike of ammonium 

hydroxide to assist in ion formation).   

 The reactions of deprotonated Tyr-OH with ECA produce two interesting results:  solvent 

system does not appear to greatly affect the abundances of each ion population, and hexapole 

accumulation time greatly affects the relative ion abundances.  The three solvent systems utilized 

in these experiments mirrored those used in both Kass’ and Oomens’ reported experiments 

(although the ionization aide (e.g. NaOH, NH4OH) differed).   

 The kinetics plots for each of the different solvent systems produced comparable relative 

ion abundances.  This, however, cannot be definitive proof that the solvent system does not 
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affect the deprotonation of Tyr-OH.  Other solvent systems such as pure water, pure acetonitrile, 

and other varied solvent systems with or without the addition of an ionization aide would be 

interesting to investigate. 

 Different hexapole accumulation times produced very different results for the reactions of 

deprotonated Tyr-OH with ECA.  The results of these experiments are compiled in Table 4.  At 

very long accumulation times of 5 seconds, the two deprotonated Tyr-OH species were produced 

in a 24:76 ratio of fast reacting to slow reacting species.  At very short hexapole accumulation 

times of 1 millisecond, the fast reacting species nearly disappears.  The fast reacting to slow 

reacting ratio for short accumulation times is 7:93.  Observation of such different ratios of fast 

reacting to slow reacting ion species from drastically different accumulation times is indicative 

that hexapole accumulation time has a considerable effect on ion production.  The longer 

accumulation times allow the deprotonated Tyr-OH to isomerize, forming primarily the lowest 

energy gas-phase structure.  The pressure inside the hexapole is ~1 × 10
-3

 mbar, and 

isomerization of the deprotonated Tyr-OH may be a result of solvent interactions or heating that 

occurs while ions are accumulating in the hexapole.  This is due to a radial stratification effect of 

the ion cloud.41   

 Using the reaction data from the 5 second accumulation time reactions of deprotonated 

Tyr-OH and ECA allowed for determination of the GAs of both the phenoxide and carboxylate 

species.  The 5 second data had much more of the fast reacting species present, thus it was used 

to determine the reaction efficiencies for the two deprotonated species. 

 Reactions of deprotonated Tyr-OH and ATFP were also performed using the same three 

solvent systems and hexapole accumulation times that were used in the ECA reactions.  Once 

again, the solvent systems did not affect the ion populations, and the hexapole accumulation 
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times did affect the ion populations.  In this case, however, the result is not quite as definitive of 

the relative abundances of the two ion populations.  A long hexapole accumulation time of 5 

seconds resulted in pseudo-first order kinetics plots that were linear, indicating only one reacting 

ion species.  Short accumulation times of 1 millisecond produce non-linear pseudo-first order 

kinetics plots.  The results of the short accumulation time experiments indicate that there are two 

reacting ion species.   

 The sample kinetics plot shown earlier in Figure 5.5 shows the result of a 1 ms 

accumulation time data set.  Figure 5.6 shows a sample kinetics plot from the reaction of 

deprotonated Tyr-OH with ATFP using a 5 second hexapole accumulation time.  The shape of 

the kinetics plot in Figure 5.5 is different than what was observed previously in the reactions of 

Tyr-OH with ECA (Figure 5.4).  The slow reacting species seems to isomerize to the fast 

reacting species.  Both species are reacting with similar rates, and the acidity of Tyr-OH is very 

close to that of the ATFP (332.8 ± 2 kcal/mol30).  Thus, the reactions with ATFP are not a good, 

reproducible approach to determine relative abundances of the two Tyr-OH anion populations. 

 Two data sets from the reactions of deprotonated Tyr-OH with ATFP were fit to the sum 

of two exponentials, and ion populations were observed that were similar to what was observed 

for the reactions of Tyr-OH with ECA.  Thus, the experimental GAs of the two species of 

anionic Tyr-OH could be assigned using some of the ATFP data.   

 

5.4.4  Comparison of tyrosine and tyrosine amide with HPB 

 The amino acids and amino acid amides in this study all have structural similarities to 

each other, and more importantly, to Tyr-OH.  HPB, in particular, was chosen because it 

possesses a phenolic -OH like Tyr-OH, but does not have the carboxylic acid or amine  
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functionalities.  The structure of HPB is also similar to tyrosine amide, but without the amine 

functionality.   

 HPB has a GA of 339.6 kcal/mol, which corresponds to deprotonation at the phenolic -

OH.  This is ~6 kcal/mol less acidic than deprotonation of Tyr-OH at the phenolic -OH and ~7 

kcal/mol less acidic than deprotonation of Tyr-OH at the carboxylic acid group.  The energy 

difference between deprotonation at the phenolic -OH for HPB and Tyr-OH show the effect that 

hydrogen bonding motifs can have on acidity.  Tyr-OH can have stabilizing hydrogen bonds 

between the carboxylic acid and amine groups.  Tyrosine amide is ~3 kcal/mol more acidic 

(lower GA) than HPB.  Replacing the carboxylic acid group with an amide group lessens the 

acidity of the phenolic -OH, but hydrogen bonding between the amide and amine groups can still 

Figure 5.6.  Linear plot of [Tyr-OH - H]
–
 versus reaction time.  Obtained from the 

reactions of deprotonated Tyr-OH with 4-amino-2,3,5,6-tetrafluoropyridine at a constant 

pressure of 2.8 × 10
-8

 mbar using a hexapole accumulation time of 5 seconds.  

 

 



168 
 

occur.  HPB cannot experience the same stabilizing effects of hydrogen bonding due to the lack 

of additional electronegative atoms in the molecular structure.  Thus, the GA value of HPB is 

fairly high (low acidity). 

 

5.5  Conclusions 

 The GAs of Phe-NH2, Tyr-NH2, and HPB have been determined for the first time.  The 

GAs of Phe-OH and Tyr-OH have been determined using the bracketing method, and results are 

in agreement with previously reported values.18, 19, 21  Two experimental GAs were obtained for 

Tyr-OH, corresponding to deprotonation at the phenolic and carboxylic acid -OHs.  All of the 

experimentally determined GAs agree with G3(MP2) calculated GA values within experimental 

error.  The two ion structures observed for Tyr-OH in the reactions with ethyl cyanoacetate and 

4-amino-2,3,5,6-tetrafluoropyridine were used to distinguish their individual GAs.  These 

structures correspond to the phenoxide and carboxylate anions of Tyr-OH; however ion/molecule 

reactions cannot distinguish the ions but can only determine the relative abundances of each.  Ion 

population abundances of fast reacting:slow reacting were 24:76 in reactions with 

ethylcyanoacetate and 30:70 in reactions with 4-amino-2,3,5,6-tetrafluoropyridine.  Very short 

hexapole accumulation times decreased the amount of the fast reacting species observed in the 

reactions of Tyr-OH with ethyl cyanoacetate to 7:93.  Performing the TMSN3 reactions described 

by Kass and coworkers21 using other varied solvent systems and hexapole accumulation times 

may elucidate the identity of the fast and slow reacting species of deprotonated Tyr-OH. 
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CHAPTER 6:  DEPROTONATION OF THE PEPTIDE BACKBONE:  A GAS-PHASE 

ACIDITY STUDY OF TRIPEPTIDES 

 

6.1  Overview 

 The gas-phase acidities (GAs) of several tripeptides were determined for the first time.  

Gas-phase deprotonation reactions are performed using the bracketing method to determine GAs 

experimentally.  High-level G3(MP2) calculations have been performed (by David Dixon’s 

group at the University of Alabama) to determine the GAs theoretically and to gain information 

on structures.  Six standard (C-terminal -COOH) peptides were studied:  triglycine (GGG), 

trialanine (AAA), trisarcosine (GGG), tri-2-methylalanine (AAA), glycylalanylglycine 

(GAG), and alanylglycylalanine (AGA).  Three peptides were studied with C-termini that had 

been converted to a methyl ester:  triglycine methyl ester (GGG-OMe), trialanine methyl ester 

(AAA-OMe), and glycylalanylglycine methyl ester (GAG-OMe).  Other peptide methyl esters, 

trisarcosine methyl ester (GGG-OMe), tri-2-methylalanine methyl ester (AAA-OMe), and 

alanylglycylalanine methyl ester (AGA-OMe) did not produce abundant [M - H]
–
 by ESI; thus 

their GAs could not be determined experimentally.  In the absence of an acidic group such as the 

C-terminal carboxylic acid functionality, a peptide should preferentially deprotonate at the 

lowest energy site on the backbone.  Amide nitrogens and alpha carbons are potential sites for 

deprotonation on the peptide backbone.  G3(MP2) calculations by the Dixon research group 

show that the backbone amide nitrogens of the peptides in this research are the lowest energy 

sites of backbone deprotonation. 
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 The collision-induced dissociation (CID) spectra of several protonated and deprotonated 

tripeptides with standard and methyl esterified C-termini were also acquired.  Deprotonated 

methyl esters produce primarily [M - H - MeOH]
–
 under CID condtions.  The deprotonated 

peptides composed of non-standard amino acid residues (e.g. GGG and AAA) yield typical 

CID fragmentation for alkyl based peptides, however,  GGG produces higher abundances of 

peaks related to amide bond cleavage than observed for the other peptides.  CID of protonated 

GGG-OMe and AAA-OMe produce enhanced y1
+
 compared to GGG and AAA.  GGG and 

GGG-OMe produce an unusual internal ion not previously reported in the literature. 

 

6.2  Introduction 

 Deprotonation of a peptide is generally accepted to take place at an acidic functional 

group such as a C-terminal -COOH or a glutamic acid or aspartic acid side chain (which is also a 

-COOH).
1, 2

  While acidic groups are favored sites of deprotonation, there have been reports on 

deprotonation of neutral or even basic peptides by electrospray ionization (ESI), matrix-assisted 

laser desorption ionization (MALDI) and fast atom bombardment (FAB).
3-6

 (Also discussed in 

Chapter 3)  Therefore, typical mass spectrometry ionization techniques are capable of 

deprotonating a peptide somewhere along the backbone, such as at the amide nitrogen or alpha 

carbon.  Deprotonation of a peptide at a position other than the C-terminus may have a 

significant effect on dissociation, since most dissociation is charge-directed.
7, 8

  Exploration of 

alternate deprotonation sites for peptides may enhance the collective understanding of the 

mechanistic pathways of peptide dissociation in mass spectrometry.  Determination of the gas-

phase acidity (GA) for peptides that do not posess traditional acidic sites is important to 

understanding the energetic basis for deprotonation along the backbone.  GA is defined as the 
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negative Gibbs free energy change for the deprotonation reaction shown in Reaction 6.1 (defined 

at 298 K): 

                                                 6.1 

 

 The GAs for 19 of the standard amino acids (not including glutamic and aspartic acids) 

were determined by Bowie and coworkers
9
 using the kinetic method (which was discussed in 

Chapter 2, Section 2.4).  Previous work in the Cassady group
2
 investigated the GAs of glutamic 

acid, aspartic acid, and their amino acid amides.  The GA determinations involving amino acids 

and (except for those of Cassady and coworkers
2
) focused on species possessing C-terminal 

carboxylic acid groups (-COOH); however, this provides an incomplete representation of amino 

acid residues in the context of a peptide backbone.  When an amino acid residue is positioned at 

the C-terminus, the GAs of that amino acid can be of importance.  When the residue is present in 

a position other than the C-terminus, the GA of that amino acid (which typically represents 

deprotonation at the C-terminal -COOH) becomes insignificant because the C-terminal of the 

amino acid does not exist in the residue.  Thus, the GAs of the amino acid amides (which possess 

a -CONH2 at the C-terminus rather than a -COOH) provide a more complete representation of 

the peptide backbone.   

 Deprotonation of amino acids (as discussed in Chapter 5) and peptides at sites other than 

the C-terminus is important.  As mentioned in Chapter 3, Section 3.3, substance P amide does 

not have any acidic amino acid residues in the peptide sequence (in fact, the peptide sequence is 

quite basic, containing arginine and lysine) and has an amidated C-terminus.  Substance P still 

produces abundant [M - H]
–
 by both MALDI and ESI.

3, 6
  As discussed in Chapter 5, tyrosine has 

two potential deprotonation sites, the phenolic -OH and the C-terminal -COOH.  The results of 
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the GA experiments and theoretical calculations in Chapter 5 show that deprotonation at both 

sites of tyrosine have similar energies.  The capability of phenylalanine amide (Phe-NH2, 

discussed in Chapter 5) to deprotonate also shows that typical acidic sites are not necessary for 

deprotonation by ESI. 

 The dissociative behavior of small, alkyl-based peptides has been thoroughly studied by 

low- and high-energy CID.  Much of the early work on high-energy CID involved production of 

ions by negative chemical ionization (nCI) or fast atom bombardment (FAB) (to produce [M - 

H]
–
) or electron ionization (EI) (to produce M

–
).

1, 4, 10-14
  High-energy CID of small negatively-

charged peptides produces abundant loss of CO2 (forming an
–
, n = length of peptide) from [M - 

H]
–
, as well as abundant bn

–
 and yn

–
 ions.  Low-energy CID of small, deprotonated peptides 

possessing alkyl side chains produces the same types of fragmentation, with a larger emphasis on 

the bn
–
 and yn

–
 ions.

15
  Harrison

15
 attributed the production of abundant a3

–
 to a higher energy 

process, which rationalizes why these ions were less abundant in his low-energy CID 

experiments.  Larger deprotonated peptides produce primarily c-type ions under CID 

conditions.
16

  

 The work discussed here focuses on a select group of model tripeptides composed of 

amino acids with alkyl or hydrogen side chains, as well as the methyl esters of these peptides.   

Hydrogens were removed at specific sites along the peptide backbone (and replaced with methyl 

groups) in order to obtain information about protonation site and its affect on acidity.  Gas-phase 

acidities (GAs) were determined using ion/molecule reactions.  Dissociative behavior was 

investigated using CID of the protonated, [M + H]
+
,and deprotonated, [M - H]

–
, species.  

Experimental GA results are reinforced by computations performed by the Dixon group at the 

University of Alabama. 
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6.3  Experimental 

6.3.1.  Mass spectrometry methods 

 All CID experiments were performed using a Bruker HCTultra PMT Discovery System 

equipped with ESI (Billerica, MA).  Both deprotonated and protonated peptides were produced 

using ESI, and CID was performed on each species.  Samples were prepared for analysis in ~2 

M concentrations in both 50:50:1 (V:V:V) ACN:H2O:NH4OH (to produce [M - H]
–
) and 

50:50:1 ACN:H2O:AcOH (to produce [M +H]
+
).  The ESI and CID experiments were performed 

as described in Chapter 2. 

 Ion/molecule reactions were performed in a Bruker BioApex 7T FT-ICR mass 

spectrometer (Billerica, MA).  Samples were prepared 60 M in 50:50:1 MeOH:H2O:NH4OH, 

then introduced to the Apollo API source (Bruker Daltonics, Billerica, MA) using a syringe 

pump (Cole Parmer, Vernon Hills, IL) set to deliver ~90 L/hr.  Electrospray ionization (ESI) 

employed  a 3.5-4.0 kV potential to produce the deprotonated and protonated molecular ions of 

interest.  The source pressure was ~10
-7

 mbar.  Ions were allowed to accumulate in the hexapole 

for 700 ms before being transported to the ICR cell by electrostatic focusing.  Deprotonated ions, 

[M - H]
–
, were mass selected for isolation using correlated frequency ion ejection techniques

17
 

and then allowed to react with a reference compound that was introduced to the ICR cell through 

a leak valve at constant pressure.  A pumping delay was set to allow ion/molecule reactions to 

proceed before detection. 

 Each of the ions selected for study were reacted with a series of reference compounds 

that have known GAs.
18

  The ion gauge was calibrated as detailed in Chapter 2.  Performing 

several sets of reactions using reference compounds with varying acidities allows for accurate 

bracketing to determine the experimental GA of the amino acid analogs.  These pseudo-first 
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order reactions allow for determination of the experimental rate constant (kexp) from a semi-

logarithmic plot of the decreasing precursor ion intensity as a function of time.  In cases where 

deprotonation was in competition with proton-bound dimer formation, kexp was determined by 

fitting the experimental reaction data as discussed in Chapter 2 (Section 2.4). 

   The ratio of the experimental rate constant to the thermal capture rate constant
19, 20

 

produces a reaction efficiency (RE) that is used to establish the GA.  A RE of 0.27 is used as a 

break point, to designate the point at which the reaction becomes exoergic (as discussed in 

Chapter 2).   

 

6.3.2.  Computational methods 

 The calculations by Michele Stover of the Dixon group were performed at the density 

functional theory (DFT) and correlated molecular orbital (MO) theory levels with the program 

Gaussian-03.
21

  The geometries were initially optimized at the DFT level with the B3LYP 

exchange-correlation functional
22, 23

 and the DZVP2 basis set.
24

  Vibrational frequencies were 

calculated to show that the structures are minima and to provide zero point and thermal 

corrections to the enthalpy and entropies so that free energies could be calculated for direct 

comparison to experiment.  The most stable conformers were determined by optimizing a range 

of structures.  In previous work by the Dixon and Cassady groups on the GAs of amino acids
2, 25, 

26
 and organic acids

25
 high level G3(MP2) correlated molecular orbital method

27
 gave agreement 

for the acidities with the experimental values to within about ±1 kcal/mol.  G3(MP2) has an 

additional advantage over DFT methods in terms of reliable predictions for these types of 

compounds because the correlated molecular orbital methods in G3(MP2) perform better in the 
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prediction of hydrogen bond energies as well as steric non-bonded interactions than do most 

widely-used DFT exchange-correlation functionals. 

 

6.4  Results and discussion 

 Six model tripeptides were chosen for this experiment:  GGG, AAA, GAG, AGA, 

GGG, and AAA.  GGG is structurally similar to GGG, except that each of the amide 

nitrogens along the peptide backbone are methylated (and the N-terminal nitrogen has one 

methyl group and one hydrogen).  AAA is similar to AAA, except that each of the alpha 

carbons along the peptide backbone has two methyl groups (i.e., no hydrogens present on any of 

the alpha carbons).  The structures of each of these model peptides can be seen in Figure 6.1. 

 The methyl esters of each of these peptides were also studied and their structures can be 

seen in Figure 6.2.  This means that the C-terminal carboxylic acid group (-COOH) was 

converted to a methyl ester group (-COCH3 or -COMe).  Studies using ESI and CID of some of 

the deprotonated peptide methyl esters (which will be discussed later) revealed that three of the 

peptide methyl esters were not suitable for ion/molecule reactions because of a very weak 

deprotonated ion, [M - H]
–
, signal.  Thus, AGA-OMe, GGG-OMe, and AAA-OMe 

(structures shown in Figure 6.3) were eliminated from the ion/molecule reaction study, but 

calculations were still performed to elucidate structures that may explain why these peptides 

could not be deprotonated by ESI. 
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Figure 6.1  Structures of tripeptides (GGG, AAA, GAG, AGA, GGG, and AAA) used in 

this research. 
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Figure 6.2.  Structures of tripeptide methyl esters (GGG-OMe, AAA-OMe, and 

GAG-OMe) used in the CID and ion/molecule reaction study. 

 

Figure 6.3.  Structures of tripeptide methyl esters (GGG-OMe, AAA-OMe, and 

AGA-OMe) that did not produce sufficient [M - H]
– 
 for study by ion/molecule 

reactions but where studied by CID. 
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6.4.1  ESI of deprotonated tripeptides 

 ESI MS experiments were performed on the tripeptides and their methyl esters to 

determine the ease with which they deprotonate.  Abundant [M - H]
–
 is necessary for the 

ion/molecule reactions.  The Bruker HCTultra PMT Discovery System QIT MS was used to 

perform ESI studies on GGG, AAA, GGG, AAA, and their respective methyl esters.  The 

Bruker BioApex 7e FT-ICR MS was used to perform ESI studies on GAG, AGA, and their 

methyl esters.  ESI studies on the Bruker BioApex were also performed on GGG, AAA, GGG, 

AAA, and their respective methyl esters to confirm the results from the ESI studies on the 

Bruker HCTultra prior to ion/molecule reactions.  The two instruments have ESI sources with 

very similar designs. 

 Abundant [M - H]
–
 was produced by all of the standard (C-terminal -COOH) tripeptides 

under ESI conditions.  The peptide methyl esters produced much less abundant [M - H]
–
, with 

the exception of AAA-OMe (this is discussed in Section 6.4.3).  In negative ion mode ESI, the 

C-terminal -COOH is a charge site.  Esterification of the C-terminus removes the acidic group 

from the peptides in this study; thus deprotonation must occur at a site other than the C-terminus.   

 Average intensities for [M - H]
–
 ranged from 10,000 to 100,000 for GGG, AAA, GGG, 

and AAA.  This is sufficient for performing CID experiments in the Bruker HCTultra.  Much 

lower [M - H]
–
 intensities were observed for GGG-OMe, GGG-OMe, and AAA-OMe.  These 

methyl esters produced [M - H]
–
 in average intensities ranging between 1,000 and 4,000, which 

is considerably lower than desired for CID.  The dissociative behavior of these low intensity 

deprotonated methyl esters can still be studied by additional signal averaging.  An interesting 

exception to the peptide methyl esters was AAA-OMe, which produced abundant [M - H]
–
 in 

absolute intensities in the 250,000-300,000 range.  These intensities were higher than observed 
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for the standard C-terminal -COOH peptides.  AAA-OMe was also included in a previous study 

by Harrison
15

 using deprotonated peptides with alkyl and hydrogen side chains.  In that work, he 

reported the ability of AAA-OMe to deprotonate readily.   

 The results of the ESI experiments (using the Bruker BioApex FT-ICR) revealed that two 

of the methyl esters were not suitable for ion/molecule reactions.  Very low ESI signals were 

observed for [M - H]
–
 from GGG-OMe and AAA-OMe.  Thus, these methyl esters were 

eliminated from the GA study.  The other peptide methyl esters, GGG-OMe and AAA-OMe 

produced abundant [M - H]
–
 for use in ion/molecule reactions.  Methylation of the amide 

nitrogens and additional methyl groups present on the alpha carbons have a significant effect on 

the deprotonation of these methyl esters (when compared to GGG-OMe and AAA-OMe).  These 

ESI results suggest that both the alpha carbon and amide nitrogen must be available sites of 

deprotonation when the C-terminus is an ester.   

 ESI studies on GAG, AGA and their methyl esters were performed on the Bruker 

BioApex 7e FT-ICR MS.  Both of the standard C-terminal -COOH tripeptides produced 

abundant [M - H]
–
 for ion/molecule reactions.  GAG-OMe also produced acceptable intensities 

for use in ion/molecule reactions.  AGA-OMe, however, did not produce an adequate amount of 

[M - H]
–
 and had to be eliminated from the ion/molecule reaction study.  The calculated lowest 

energy structures for neutral and deprotonated AGA-OMe can be seen in Figure 6.5(c) and 

6.5(d).  Neutral AGA-OMe has a structure nearly identical to the calculated lowest energy 

structure of neutral AGA.  A similar hydrogen bonding pattern is present on both molecules.  

AGA-OMe has two isoenergetic structures for the deprotonated species, resulting from 

deprotonation at either of the backbone NH groups. 
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6.4.2  Interactions that prevent [M - H]
–
 formation by ESI 

 Solvent interactions can potentially hinder deprotonation of a peptide.  For instance, a 

low intensity of  [M - H]
–
 may be observed if the solvent is more acidic than the peptide.  The 

reported GAs
18

 for the components of the solvent system used in this research are as follows:  

methanol GA = 376.02 ± 0.62 kcal/mol and water GA = 383.74 ± 0.06 kcal/mol.
18

  These GAs 

values are much higher (less acidic) than the calculated GAs of GGG-OMe, AAA-OMe, and 

AGA-OMe (which are discussed in Section 6.4.3).  This means that these methyl esters are more 

acidic than their solvent system, and thus solvent acidity cannot be the cause for their inability to 

form abundant [M - H]
–
.   

 Steric and conformational interactions within the neutral peptide are another viable 

reason for poor [M - H]
–
 formation from GGG-OMe and AAA-OMe.  Conformation is 

known to affect the ability of ESI to protonate and deprotonate peptides (i.e., the charge state 

distribution produced by ESI).
28-32

  The additional methyl groups present on GGG-OMe and 

AAA-OMe could be severely limiting the access to the backbone deprotonation sites, thus 

limiting the production of [M - H]
–
.  Evidence of the importance of conformation and steric 

hindrance to deprotonation is provided by AGA-OMe, which produces relatively little [M - H]
–
 

by ESI.  In contrast, AAA and GGG, which should have similar GAs (as discussed in Section 

6.4.3), produce abundant [M - H]
–
 by ESI.   

 

 6.4.3  Experimental and theoretical gas-phase acidities of tripeptide methyl esters 

 The GAs of the peptide methyl esters of GGG, AAA, and GAG were determined for the 

first time.  Converting the C-terminal carboxylic acid group to a methyl ester removes an acidic  
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Table 6.1.  Reaction efficiencies for the proton transfer reactions of deprotonated tripeptide 

methyl esters with reference compounds. 

 

Reference Compound GA (kcal/mol)
18

 
Average Reaction Efficiency 

GGG-OMe GAG-OMe AAA-OMe 

phenol 342.3 ± 2 0.05 ± 0.01 0.02 ± 0.004 0.04 ± 0.02 

     
acetic acid 341.1 ± 2 0.025 ± 0.002 0.02 ± 0.005 0.02 ± 0.001 

     
formic acid 339.1 ± 2 0.11 ± 0.06 0.10 ± 0.04 0.09 ± 0.02 

     
isovaleric acid 338.5 ± 2 0.23 ± 0.04 0.09 ± 0.04 0.05 ± 0.03 

  
BREAKa 

  

trimethylacetic acid 337.6 ± 2 0.31 ± 0.18 0.22 ± 0.15 0.12 ± 0.02 

   
BREAK BREAK 

p-chlorophenol 336.2 ± 2 0.32 ± 0.01 0.41 ± 0.03 0.34 ± 0.01 

     

3-trifluoromethyl phenol 332.4 ± 2 −
b
 1.02 ± 0.09 1.09 ± 0.08 

a
  "BREAK" indicates the point where experimental GA was assigned.   

b
  "−" indicates no experiment was performed 

 

 
 

 

Table 6.2.  Experimental and G3(MP2) theoretical GAs for peptide methyl esters.  

Peptide 

GA (kcal/mol) 

Experimental 

G3MP2 

C-terminal 

CH 

C-terminal 

NH 

Central 

CH 

Central 

NH 

N-terminal 

CH 

N-terminus 

(NH2) 

GGG-OMe 338.1 2.1 348.7 342.8 358.7 340.1 359.5 −
a
 

AAA-OMe 336.7 ± 2.2 344.2 334.3 349.6 334.1 349.8 353.3 

GAG-OMe 337.2 ± 2.1 350.6 342.4 360.2 339.8 360 −
a
 

GGG-OMe N/A
b
 351.6 –

c
 358.3 –

c
 365.2 369.6 

AAA-OMe N/A –
c
 341.2 –

c
 326.2 –

c
 349.5 

AGA-OMe N/A 349.4 339.1 356.5 339.1 360.6 −
a
 

a
  Attempts to deprotonate at this site resulted in a reversion back to deprotonation at the central NH. 

b
 Experimental GA could not be determined by ion/molecule reactions because peptide could not be deprotonated by 

ESI. 
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site on a peptide, thus forcing deprotonation to occur at another site.  Table 6.1 lists the reference 

compounds and respective reaction efficiencies for the deprotonation reactions with the methyl  

ester peptides.  Using a reaction efficiency of 0.27 as the point to assign GA values,
33

 the GAs of 

the peptide methyl esters were determined.  Table 6.2 lists the experimental GAs of each of the 

peptide methyl esters and the G3(MP2) calculated GAs for each of the deprotonation sites that 

were explored.  Figure 6.4 shows the lowest energy calculated structures for the neutral and 

deprotonated peptide methyl esters.  Figure 6.5 shows the lowest energy structures for the neutral 

and deprotonated methyl esters that could not be deprotonated by ESI. 

 The GA of GGG-OMe was experimentally determined to be 338.1 ± 2.1 kcal/mol.  

G3(MP2) calculations show deprotonation of the amide nitrogens and the N-terminus to be very 

close in energy.  The central amide nitrogen has a G3(MP2) calculated GA of 340.1 kcal/mol and 

the C-terminal amide nitrogen has a GA of 342.8 kcal/mol.  Thus, GGG-OMe is likely 

deprotonating at one of these backbone nitrogen sites.  The experimental and calculated GAs are 

within experimental error.  The calculated lowest energy structures for the neutral and lowest 

energy anion of GGG-OMe are shown in Figure 6.4(a).  Neutral GGG-OMe adopts a somewhat 

closed conformation.  Hydrogen bonds are formed between the N-terminus and the C-terminal 

carbonyl, between the N-terminus and the N-terminal amide nitrogen, and between the C-

terminal NH and the N-terminal carbonyl.  Deprotonation occurs at the central NH of GGG-OMe 

and the resulting structure is more open than the neutral molecule.  Hydrogen bonding is still 

observed between the C-terminal NH and the N-terminal carbonyl, and the N-terminus 

experiences hydrogen bonding to the central nitrogen (the site of deprotonation).  Delocalization 

of the negative charge occurs over the central nitrogen and the adjacent carbonyl to form an 

amidate structure (C(=O)N
–
 C(=N)=O

–
). 



187 
 

 The experimental GA of AAA-OMe was determined to be 336.7 ± 2.1 kcal/mol.  This is 

the most acidic peptide methyl ester in the study, which is consistent with inductive effects from 

the methyl groups of the alanine residues allowing enhanced stabilization of the negative charge.  

G3(MP2) calculations show that the central NH and the C-terminal NH are the most 

energetically favored sites of deprotonation for AAA-OMe, with GAs of 334.1 and 334.3 

kcal/mol, respectively.  The experimental GA is in good agreement with the theoretical results.  

The lowest energy calculated structures for neutral and central NH deprotonated AAA-OMe are 

shown in Figure 6.4(b).  The neutral form of AAA-OMe adopts a very open confirmation with 

two hydrogen bonds, between the N-terminal carbonyl and the C-terminal NH and between the 

N-terminus and the central NH.  Deprotonation of AAA-OMe at the central NH does not affect 

the structure greatly, as both hydrogen bonds are retained.  These hydrogen bonds however are 

strengthened in the deprotonation process.  The hydrogen bond between the central NH (N
–
 in 

deprotonated form) and between the N-terminus shortens from 2.43 to 2.17 Å from the neutral to 

deprotonated peptide.  The hydrogen bond between the N-terminal carbonyl and the C-terminal 

NH shortens from 2.03 to 1.64 Å from the neutral to deprotonated peptide.  The deprotonated 

methyl ester forms an amidate like that described for GGG-OMe. 

 GAG-OMe has an experimentally determined GA of 337.2 ± 2.1 kcal/mol.  G3(MP2) 

calculations show that deprotonation at the central NH is the lowest energy site with a GA of 

339.8 kcal/mol, and the C-terminal amide nitrogen is slightly less acidic at 342.4 kcal/mol.  Each 

of these backbone nitrogens are energetically accessible sites of deprotonation for GAG-OMe, 

and are within the error of the experimentally determined GA.  Calculated structures for neutral 

and central NH deprotonated GAG-OMe are shown in Figure 6.4(c).  GAG-OMe adopts a 

somewhat closed neutral structure, very similar to the neutral structure of GGG-OMe.  Hydrogen  
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Figure 6.4.  G3(MP2) calculated structures for neutral and deprotonated (a) GGG-

OMe, (b) AAA-OMe, and (c) GAG-OMe.  Arrows indicate the deprotonation site. 
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Figure 6.5.  G3(MP2) calculated structures for neutral and deprotonated (a) 

GGG-OMe, (b) AAA-OMe, (c) AGA-OMe, and (d) AGA-OMe.  AGA-OMe 

has two isoenergetic structures for the deprotonated species.  Arrows indicate the 

deprotonation site. 
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bonding occurs between the N-terminus and the C-terminal carbonyl, between the N-terminus 

and the N-terminal amide nitrogen, and between the C-terminal NH and the N-terminal carbonyl.   

Deprotonation of GAG-OMe at the central NH results in a structure similar to that of 

deprotonated GGG-OMe.  Hydrogen bonds between the C-terminal NH and the N-terminal 

carbonyl (shortened by 0.82 Å), and the N-terminus to the central nitrogen (site of deprotonation, 

bond lengthened by 0.13 Å) are retained.  Delocalization of the negative charge across the 

central amide nitrogen and the adjacent carbonyl occurs to form an amidate structure like that 

described for GGG-OMe and AAA-OMe. 

 

6.4.4  Experimental and theoretical gas-phase acidities of tripeptides  

 Table 6.3 lists the reference compounds and respective reaction efficiencies for the 

reactions with the tripeptides.  Experimental GAs for each of the tripeptides are shown in Table 

6.4 as well as the G3(MP2) calculated GAs for each of the possible deprotonation sites.  The 

GAs of all of the tripeptides were bracketed between difluoroacetic acid and pentafluorophenol.  

All have very similar GAs within a small 1.2 kcal/mol range.  The lowest-energy G3(MP2) 

calculated structures for the neutral and deprotonated peptides Figure 6.6. 

 The uncertainties for the experimental GAs listed in Tables 6.2 and 6.5 are assigned as 

half of the difference in literature GA between the two reference compounds at the break point.  

An additional 2 kcal/mol has been added to account for uncertainties associated with these 

literature values.
18

  This results in a rather large uncertainty, but the resulting assigned 

uncertainties for the GAs of the peptides in this study would be abnormally low if the literature 

uncertainties were used directly to propogate the experimental uncertainty.   



 
 

Table 6.3.  Reaction efficiencies for the proton transfer reactions of deprotonated tripeptides with reference compounds. 

Reference Compound GA
a
 (kcal/mol) 

Average Reaction Efficiency 

GGG GGG AAA AAA GAG AGA 

Trifluoropropionic acid 327.0 ± 1.1 0.08 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.00 0.05 ± 0.00 0.06 ± 0.05 

Difluoroacetic acid 323.8 ± 2 0.07 ± 0.00 0.06 ± 0.02 0.04 ± 0.01 0.04 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 

  
BREAKb BREAK BREAK BREAK BREAK BREAK 

Pentafluorophenol 320.7 ± 2 0.57 ± 0.02 0.45 ± 0.05 0.34 ± 0.02 0.48 ± 0.03 0.48 ± 0.02 0.43 ± 0.02 

Trifluoroacetic acid 317.4 ± 2 0.72 ± 0.06 0.52 ± 0.06 0.55 ± 0.11 0.51 ± 0.08 0.53 ± 0.07 0.53 ± 0.09 
a
  All reference compound GAs were obtained from reference [18].       

b
  "BREAK" indicates the point where experimental GA was assigned. 

   
 

Table 6.4.  Experimental and G3(MP2) theoretical GAs for tripeptides.   

Peptide 

GA (kcal/mol) 

Experimental 

G3MP2 

C-terminus 

(COOH) 

C-terminal 

CH 

C-terminal 

NH 

Central 

CH 

Central 

NH 

N-terminal 

CH 

N-terminus 

(NH2) 

AAA-OH 322.2 ± 2.2 319.6 343.1 338.9 352.3 335.2 351.4 354.5 

GAG-OH 322.3 ± 2.2 321.6 347.5 337.7 359.4 331.3 359.5 −
b
 

AGA-OH 322.0 ± 2.2 318.4 346.0 338.2 355.8 338.8 359.7 −
b
 

AAA-OH 321.4 ± 2.2 322.1 −
a
 328.9 −

a
 330.4 −

a
 −

b
 

GGG-OH 322.6 ± 2.1 323.7 348.7 −
a
 356.4 −

a
 347.0 369.1 

GGG-OH 322.1 ± 2.3 323.5 344.3 328.5 344.5 334.7 350.6 413.6 
a
  This site does not exist in the peptide.. 

b
  Attempts to deprotonate at this site in the calculations resulted in a reversion back to deprotonation at the central NH. 

 

  

1
9
1

 



192 
 

  

Figure 6.6:  G3(MP2) calculated structures for neutral and deprotonated (a) GGG, (b) AAA, (c) GAG, (d) 

AGA, (e) GGG, and (f) AAA.  Arrows indicate the deprotonation site. 
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 Trisarcosine (GGG is the least acidic of the peptides (albeit only by 0.3 kcal/mol), both 

theoretically and experimentally.  GGG has an experimental GA of 322.6 ± 2.1 kcal/mol.  The 

most acidic site of GGG is the C-terminus with a calculated GA of 323.7 kcal/mol.  This is  23 

kcal/mol more acidic than the next most acidic site, the methylene carbon of the N-terminus.  

The methyl groups present on each of the nitrogens eliminate potential alternate deprotonation 

sites along the peptide backbone.  As was seen from the theoretical results for the peptide methyl 

esters, the backbone amide nitrogens and the N-terminus are the likely sites for deprotonation 

when the C-terminus is not available.  The lack of available amide hydrogens on the backbone 

may also be why GGG-OMe did not produce a sufficient [M - H]
–
 signal for ion/molecule 

reactions, since deprotonation at an alpha carbon (of GGG) would require >23 kcal/mol more 

energy than deprotonation at the C-terminus.  The calculated structures for the neutral and C-

terminally deprotonated GGG are shown in Figure 6.6(e).  Neutral GGG adopts a fairly open 

structure, and has only one hydrogen bonding interaction between the C-terminal carbonyl 

oxygen and OH.  Deprotonated GGG has a much more compact structure than its neutral 

counterpart.  Hydrogen bonding occurs between the C-terminal carbonyl oxygen and the N-

terminus and between the C-terminal carbonyl oxygen and the central N(CH3). 

 GAG has an experimental GA of 322.3 ± 2.2 kcal/mol.  The calculated GA for 

deprotonation of the C-terminus (the most acidic site) is 321.6 kcal/mol.   The agreement 

between the experimental and calculated values is excellent.  The lowest energy calculated 

structures for neutral and deprotonated GAG are shown in Figure 6.6(c).  Neutral GAG adopts a 

closed structure, with three hydrogen bonding interactions.  The C-terminal carbonyl oxygen 

forms a hydrogen bond with the N-terminus.  The N-terminus also hydrogen bonds to the central 

NH and the N-terminal carbonyl oxygen forms a hydrogen bond with the C-terminal NH.  
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Deprotonated GAG retains the hydrogen bond between the C-terminal carbonyl and the N-

terminus and the bond length decreases by 0.5 Å.  The C-terminal carbonyl oxygen also forms a 

strong hydrogen bond with the C-terminal NH (which is not present in the neutral molecule) and 

the hydrogen bond between the N-terminus and the central NH is retained. 

 Trialanine has an experimental GA of 322.2 ± 2.2 kcal/mol.  G3(MP2) calculations give a 

GA of 319.6 kcal/mol for deprotonation at the C-terminus.  The lowest energy calculated 

structures for neutral and C-terminally deprotonated AAA are shown in Figure 6.6(b).  Neutral 

AAA adopts an open structure, forming only two hydrogen bonds.  The N-terminus forms a 

hydrogen bond with the central NH and the N-terminal carbonyl oxygen forms a hydrogen bond 

with the C-terminal NH.  Deprotonated AAA has a much more compact structure than the 

neutral, with the N-terminus forming three hydrogen bonds to the C-terminal carbonyl oxygen 

and the central and C-terminal NHs.  The C-terminal carbonyl oxygen also forms a hydrogen 

bond with the C-terminal NH.  The experimental GA of AAA is about 2.6 kcal/mol higher than 

the calculated value.  This is not a large deviation, especially given the experimental error and 

the complexity of the calculations.     

The experimental GA of GGG is 322.1 ± 2.3 kcal/mol.  The calculated GA for GGG is 

323.5 kcal/mol, which involves deprotonation at the C-terminus.  Interestingly, the C-terminal 

NH deprotonation site has a GA of 328.5 kcal/mol, a mere 5 kcal/mol less acidic (higher GA 

value) than the carboxylic acid group of the C-terminus.  This site was also one of the potential 

deprotonation sites for GGG-OMe; however, it was not as acidic as the central amide nitrogen or 

the N-terminus.  This is due to the very different gas-phase confirmations adopted by (and 

confirmed by calculated structures) GGG (Figure 6.6(a)) and GGG-OMe (Figure 6.4(a)).  The 

lowest energy calculated structures for neutral and C-terminally deprotonated GGG are shown in 
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Figure 6.6(a).  Neutral GGG forms a fairly open structure with two hydrogen bonds.  The N-

terminus forms a hydrogen bond to the central NH and the C-terminal carbonyl oxygen forms a 

hydrogen bond to the C-terminal NH.  Deprotonated GGG slightly more compact than the 

neutral.  The hydrogen bond between the C-terminal carbonyl oxygen is retained, and this 

carbonyl also forms a hydrogen bond to the N-terminus.    

AGA has an experimental GA of 322.0 ± 2.0 kcal/mol.  G3(MP2) calculations once again 

show the C-terminus as the most acidic site with a GA of 318.4 kcal/mol.  Furthermore, the 

theoretical GA of AGA is the lowest (i.e. most acidic) value of the entire set of peptides in the 

study.  This also brings back the issue of deprotonation for AGA-OMe.  Each of the backbone 

amide and N-terminal nitrogens of AGA have reasonable calculated GAs, which means these 

values are very similar to the calculated GAs for deprotonation at analogous sites on GAG-OMe 

and the other methyl esters.  The calculated structures for AGA-OMe (Figure 6.5(c) and (d)) do 

not show any conformational feature  that could limit accessibility to the most acidic site of 

AGA-OMe and  limit production of [M - H]
–
 by ESI.  Thus, the inability of ESI to deprotonate 

AGA-OMe is inexplicable.  The lowest energy calculated structures for neutral and deprotonated 

AGA are shown in Figure 6.6(d).  Neutral AGA adopts a somewhat open structure, with three 

hydrogen bonding interactions.  The N-terminus forms two of these hydrogen bonds, one to the 

central NH and the other to the C-terminal carbonyl oxygen.  The other hydrogen bond is formed 

between the N-terminal carbonyl oxygen and the C-terminal NH.  Deprotonated AGA forms a 

more compact structure.  The hydrogen bond between the N-terminus and the C-terminal 

carbonyl is retained, and the bond length is decreased by 0.48 Å.  The hydrogen bond between 

the N-terminus and the central NH is retained, and the bond length is decreased only slightly 
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(0.09 Å).  A new hydrogen bond is formed between the C-terminal carbonyl oxygen and the C-

terminal NH.   

  AAA has an experimental GA of 321.4 ± 2.2 kcal/mol, making it the most acidic 

peptide studied.  The calculated GA for the C-terminus of AAA is 320.9 kcal/mol.  

Interestingly, only 8.3 kcal/mol separates the GA of the C-terminus from the least acidic site on 

AAA.  When compared to the results from the peptide methyl esters, the backbone amide 

nitrogens are suitable sites for deprotonation.  The calculated GA of AAA-OMe  is 326.2 

kcal/mol, which corresponds to deprotonation at the central NH, which is consequently the most 

acidic site calculated for any of the peptide methyl esters.  The lowest energy structure of neutral 

AAA-OMe (Figure 6.6(b)), however, shows that the most acidic site is somewhat protected by 

the four adjacent methyl groups, which could explain why AAA-OMe could not be 

deprotonated.  The lowest energy calculated structures for the neutral and deprotonated forms of 

AAA are shown in Figure 6.6(f).  Neutral AAA adopts an open conformation, as the 

additional methyl groups present on the alpha carbons increase the bulk of the peptide, limiting 

motion to other conformations.  The N-terminus of neutral AAA has two hydrogen bonding 

interactions with the central NH group.  Deprotonated AAA also adopts an open conformation, 

with more order to the structure.  The C-terminal carbonyl oxygen forms a hydrogen bond with 

the C-terminal NH.  The two hydrogen bonding interactions are retained between the N-terminus 

and the central NH.  A hydrogen bond is also formed between the central NH and the central 

carbonyl oxygen. 
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6.4.5  CID of deprotonated tripeptides and methyl esters 

 CID was performed on [M - H]
–
 produced from GGG, GGG-OMe, AAA, AAA-OMe, 

GGG, GGG-OMe, AAA, and AAA-OMe.  The resulting spectra from each of the 

standard (C-terminal -COOH) peptides were compared to their respective peptide methyl esters.  

Spectra resulting from CID of GGG and GGG-OMe can be seen in Figure 6.7.  The peptide 

methyl esters produced drastically different CID spectra than their C-terminal acid analogs.  

Charge site often dictates dissociation,
7, 34-37

 and the C-terminal -COOH is the charge site for the 

standard peptides whereas the -COOMe of the methyl ester peptides is not a charge site.  Also, 

the OMe (-OCH3) of a deprotonated peptide methyl ester can participate in a rearrangement to 

eliminate methanol, while the O
–
 is a deprotonated peptide acid is not readily involved in a 

rearrangement to eliminate water.  

 GGG produces a3
–
 as the base peak of the CID spectrum.  This is in agreement with 

previous reports by Bowie and coworkers
5
 and Kulik and Heerma.

11
  Harrison

15
 reported that a3

–
 

was an unstable product ion resulting in loss of the N-terminal amino acid residue.  Deprotonated 

GGG-OMe produces a drastically different dissociation pattern.  In fact, the only product ion 

produced is loss of methanol (MeOH)  from the precursor ion.  Loss of methanol from 

deprotonated peptide methyl esters has been previously reported 
4, 38, 39

 as a dominant CID 

pathway and is an indication that an intact methoxy group exists in the deprotonated peptide 

methyl ester ion. 

 CID of [M - H]
–
 from AAA and AAA-OMe produce spectra that are shown in Figure 6.8.  

Trialanine produces abundant y1
–
, which is one of the most frequently observed CID products for 

alkyl-based small peptides.
15

  Both b2
–
 and a3

–
 are also present in the CID spectrum of 



 
 

  

Figure 6.7.  CID spectra of [M - H]
–
 from (a) GGG and (b) GGG-OMe. 
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Figure 6.8.  CID spectra of [M - H]
–
 from (a) AAA and (b) AAA-OMe. 
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Figure 6.9.  Oxazolone structure of b2
–
 from AAA. 

Figure 6.10.  Amidate structure of a3
–
 from AAA.  (Adapted from Reference 40.) 
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deprotonated AAA.  The b2
–
 ion has been shown by infrared multiphoton dissociation (IRMPD) 

work by Oomens and coworkers
40

 to have a deprotonated oxazolone structure (Figure 6.9).  The 

a3
–
 ion is loss of CO2 from the precursor ion, and it has been reported that the structure of a3

–
 

from deprotonated trialanine is an amidate (Figure 6.10).  CID of deprotonated AAA-OMe 

produces a more informative spectrum relative to the other peptide methyl esters.  That is to say, 

AAA-OMe does more than just lose MeOH from the precursor ion.  Two successive losses of 

CONH from [M - H - MeOH]
–
 are observed at m/z 168 and m/z 124.   

 Figure 6.11 shows the CID spectra of [M - H]
–
 from GGG and GGG-OMe.  

Dissociation of GGG (trisarcosine) has not been previously reported.  The complimentary b2
–

/y1
–
 pair are the most abundant product ions observed.  In the CID spectrum of deprotonated 

GGG, a3
–
 was observe as the base peak, b2

–
/y1

–
  were observed as minor features.  The b2

–
/y1

–
 

pair of ions result from cleaving the amide bond at the second G position.  Formation of this ion 

pair in much greater abundance (when compared to GGG) suggests that the methyl groups 

present on the amide nitrogens weaken the amide bond.  Figure 6.12 shows a proposed 

mechanism as for the formation of b2
–
 and y1

–
 from the deprotonated precursor.  Harrison and 

coworkers
41

 proposed a similar mechanism for the formation of these ions from deprotonated 

trialanine, except the deprotonated precursor ion had an amidate structure, meaning the charge 

does not reside at the alpha carbon where cleavage takes place (see Figure 6.10 for an example of 

this type of ion).  The amidate structure has a resonance structure where the negative charge is 

either on the amide nitrogen or the adjacent carbonyl oxygen.  Grzetic and Oomens
40

 proposed a 

different mechanism for the formation of b2
–
 from a3

–
.  Also present are y2

–
 and a3

–
 and several 

neutral loss peaks.  The work of Oomens and Steill
42

 would suggest that the a3
–
 ion is an amidate, 



 
 

 

Figure 6.11.  CID spectra of [M - H]
–
 from (a) GGG and (b) GGG-OMe. 
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Figure 6.12.  Mechanism for formation of b2
–
 and y1

–
 from GGG.  
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however, the amide nitrogens of trisarcosine are blocked by methyl groups.  Thus the structure of 

a3
–
 cannot be the amidate and is likely a charge delocalized enolate structure (Figure 6.13).  CID 

of GGG-OMe produces only one peak, which corresponds to loss of MeOH from the 

precursor.  

 The CID spectra for deprotonated AAA and AAA-OMe can be seen in Figure 6.14.  

Deprotonated AAA produces abundant y1
–
 as the main fragmentation pathway.  This is 

intriguing since the presence of two methyl groups on the backbone alpha carbons suggests that 

some fragmentation might be adjacent to an alpha carbon (because enhanced branching weakens 

C-C bonds).  A proposed mechanism for the formation of y1
–
 can be seen in Figure 6.15.  Note 

that b2
–
 is not an observed pathway for AAA.  CID of deprotonated AAA also produces a3

–
 as 

a minor pathway as well as a few minor neutral loss peaks.  The a3
–
 product ion likely has an 

amidate structure similar to the one shown for trialanine in Figure 6.10.  CID of deprotonated 

AAA-OMe produces [M - H - MeOH]
–
 as the only product ion. 

 

6.4.6  CID of protonated tripeptides 

 CID of the protonated tripeptides were performed concurrently with the CID studies on 

deprotonated tripeptides, and it is in this context that this data is discussed.  CID was performed  

Figure 6.13.  Mechanism for formation of a3
–
 from GGG.  



 
 

  

Figure 6.14.  CID spectra of [M - H]
–
 from (a) AAA and (b) AAA-OMe. 
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Figure 6.15.  Mechanism for formation of y1
–
 from AAA.  
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on protonated GGG, AAA, GGG, AAA, and each of their respective peptide methyl esters.  

The results obtained from the standard peptides were compared to those from the peptide methyl 

esters.  Several interesting differences appeared between the pairs. 

 Loss of MeOH from the precursor is minimal in the CID spectra of the protonated methyl 

esters, and differences between CID from the standard C-terminal acid peptides and from their 

methyl esters are minimial.  In negative ion mode, a C-terminal -COOH group is a charge site 

but a -COMe is not.  These C-terminal groups are not charge sites in the positive ion mode, 

explaining why there are fewer differences between the analogous tripeptides in the CID spectra.   

 The CID spectra for protonated GGG and GGG-OMe can be seen in Figure 6.16.  GGG 

produces the expected CID spectrum, consisting of abundant b2
+
 as well as a2

+
 and y2

+
.  CID of 

GGG has been reported
43, 44

 and exhibit the same dissociation pattern.  GGG-OMe produces the 

same fragmentation with the addition of a very abundant y1
+
 as the base peak.  The y1

+
 is the 

compliment to b2
+
, both are the result of cleaving the amide bond between Gly2 and Gly3. 

 CID of [M + H]
+
 from protonated AAA and AAA-OMe can be seen in Figure 6.17.  

Fragmentation of protonated AAA produces abundant b2
+
 (base peak) and a2

+
, as well as a small 

amount of y2
+
.  AAA-OMe yields these ions as well, with the addition of abundant y1

+
.  Again, 

this y1
+
 is the compliment to b2

+
, where both result from cleavage of the amide bond between 

Ala2 and Ala3. 

 The CID spectra for protonated GGG and GGG-OMe can be seen in Figure 6.18..  

Both GGG and GGG-OMe produce abundant b2
+
, as well as y1

+
 and y2

+
.  An unusual 

feature of these spectra is the presence of an atypical internal fragment, c2y2
+
.  This ion results 

from cleavage of the amide bond between G1 and G2 and cleaving the N–C bond of G3.  MS
3
 

of this product (m/z 100) produces a single product ion at m/z 72 (loss of 28 Da from m/z 100).   



 
 

  

Figure 6.16.  CID spectra of [M + H]
+
 from (a) GGG and (b) GGG-OMe.  
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Figure 6.17.  CID spectra of [M + H]
+
 from (a) AAA and (b) AAA-OMe.  
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Loss of CO is typically attributed to a 28 Da loss, and given the availability of the CO on the c2y2 

ion (N(CH3)CH2CO), this is a soft confirmation of this unusual c2y2 ion.  Triglycine does not 

produce such an ion, which suggests that the additional methyl groups present on the nitrogens of 

GGG weaken the backbone amide and N–C bonds that adjoin the methylated nitrogen of G, 

causing more facile fragmentation that is not typical of CID of protonated peptides.   

 Enhanced formation of bn
+
 ions occurs for CID of peptides possessing one internal N-

methylated amino acid residue (meaning the residue is at a position other than the N-terminus). 
45

  

Activation of the amide bond C-terminal to the N-methylated residue triggers this enhanced ion 

fomation.  Kuzma et al.
46

 reported increased bn
+
 formation in the CID of cyclosporins, which are 

cyclic peptides that possess several n-methylated amino acid residues in the peptide sequence.  

No unusual internal ions were reported, although consecutive n-methylated residues are present 

in the cyclic peptide sequences.
46

  This suggests that the observation of the unusual c2y2 ion is 

related to cleavages of bonds on either side (amide or N–C) of the n-methylated residue is 

specific to small peptides composed of these types of residues.  Small peptides composed of 

typical amino acid residues are reported to produce fragmentation different than that observed 

for larger peptides.
15, 16

  

 CID spectra for protonated AAA and AAA-OMe can be seen in Figure 6.19.  

Fragmentation of protonated AAA produces abundant b2
+
 as the base peak.  Also present are 

y1
+
 and y2

+
 as well as a2

+
 and less common a1

+
.  CID of protonated AAA-OMe produces the 

same fragmentation, however, in much lower intensity.  Identical CID conditions were used, thus 

protonated AAA-OMe likely has a very stable gas-phase structure that restricts fragmentation. 

  



 
 

  

Figure 6.18.  CID spectra of [M + H]
+
 from (a) GGG and (b) GGG-OMe. 
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Figure 6.18.  CID spectra of [M + H]
+
 from (a) GGG and (b) GGG-OMe. 
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6.5  Conclusions 

 The GAs of six tripeptides (GGG, AAA, GAG, AGA, GGG, and AAA) and three 

peptide methyl esters (GGG-OMe, AAA-OMe, and GAG-OMe) have been determined for the 

first time.  Experimental and calculated GA values are in excellent agreement.  The standard C-

terminal acid (-COOH) peptides have very similar GAs, all falling within a 1.2 kcal/mol range.  

Deprotonation occurs at the C-terminus, as confirmed by computational results.  The peptide 

methyl esters also have very close GA values, all falling within a 1.4 kcal/mol range.  Due to the 

lack of a traditional acidic site (i.e. -COOH), deprotonation of the methyl esters must be 

occurring at one of the backbone sites of the peptide (e.g. backbone alpha carbon, backbone 

amide NH).  Computations confirm that backbone deprotonation is possible and the central NH 

is the most energetically favorable site for backbone deprotonation. 

 The inability of ESI to deprotonate GGG-OMe, AAA-OMe, or AGA-OMe reveals 

that steric hindrance or conformation may hinder deprotonation of energetically favorable sites.  

For example, computations show that the central backbone NH of AAA-OMe is the most 

acidic site of deprotonation for all of the peptide methyl esters, yet negligible [M - H]
–
 formed by 

ESI.  The calculated structure of neutral GGG-OMe, however, did not show significant 

blockage of the acidic backbone alpha carbon sites.  Availability of the backbone amide 

nitrogens is important to deprotonation by ESI, likely due to the C(=O)N
–
 C(=N)=O

–
 

resonance structure that forms.  AGA-OMe is still somewhat of a mystery, given that the 

calculated structure of the neutral is very similar to AGA.   

 Dissociation by CID of the deprotonated peptides reveals the detrimental effect of methyl 

esterification on dissociation.  Methyl esterified peptides produce little or no fragmentation, with 

the only major pathway being loss of MeOH from the precursor ion.  This correlates with the 
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deprotonation site of the methyl esters being on the backbone as opposed to C-terminal 

deprotonation for the standard peptides (that consequently do not exhibit abundant water loss). 

Dissociation of the protonated peptides reveals the effect of backbone methylation.  N-

methylated  GGG and GGG-OMe produce a previously unreported internal c2y2 fragment 

related to the cleavage of amide and N–C bonds adjacent to the methylated nitrogens.  Alpha 

carbon methylated peptides, AAA and AAA-OMe produced cleavages similar to AAA and 

AAA-OMe (which does not posess the extra methyl groups on the alpha carbons), however, 

many were in reduced abundance.   Protonated peptides and their methyl esters dissociate in an 

equivalent manner, with slightly varying ion intensities.  The C-terminal carboxylic acid and 

methyl esters groups of these peptides are not charge sites in the positive ion mode, thus similar 

CID spectra are expected.   
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CHAPTER 7:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The significance of the backbone and C-terminus to the mass spectrometry of peptides 

has been addressed using various contemporary mass spectrometry techniques.  Several 

dissociative characteristics, unique to the identity of the C-terminal end group (-CONH2 or 

 -COOH), have been explored using collsion-induced dissociation (CID) and electron transfer 

dissociation (ETD).  Experimental gas-phase acidities (GA) have been obtained for several 

amino acids, amino acid amides, tripeptides, and tripeptide methyl esters. 

 CID of deprotonated peptide acids and amides yielded fragmentation that was unique to 

each species.  Theoretical results provided insight to the energetic reasoning for the formation of 

these dissociation products.  To better understand the observed CID products, larger model 

peptides (composed of amino acids with alkyl or H- side chains) with C-terminal acid and amide 

endgroups may be useful to study. 

 CID of protonated peptide acids and amides as well as ETD of multiply-protonated 

peptide acid and amides provided conclusive evidence that the C-terminus is not a charge site in 

the positive ion mode.  Regardless of C-terminal identity, the peptides generally produce 

comparable spectra.  Thus, the C-terminus is not a good candidate for a distinguishing 

characteristic for peptide or protein identification in proteomic applications when using 

protonated (positive) ions. 

 The GAs of tyrosine, phenylalanine, and their amino acid amides yielded an interesting 

insight to the acidity of amino acid residues in the context of a peptide backbone.  The amino 
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acid amides mimic the backbone by replacing the carboxylic acid functional group with an 

amide, to eliminate the -COOH as a potential deprotonation site.  Investigation of other amino 

acids and their respective amides would be very useful to further understanding the 

deprotonation of peptides, and charge-directed dissociation mechanisms.  Other amino acids that 

possess hydroxyl (-OH) side chain functionalities, such as serine (S) or threonine (T), would be 

particularly interesting to compare with tyrosine.  The hydroxyl group on the side chains of these 

amino acids may be a viable location to deprotonate by ESI, even though they are not considered 

solution-phase acidic sites.  Study of serine and threonine amide alongside the C-terminal acid 

form will also elucidate the behavior of these amino acids in peptides.  Establishing the GAs of 

all of the amino acid amides (except those already studied in this dissertation, and also those 

previously reported by Cassady and coworkers1) would be particularly informative for 

understanding the dissociation of deprotonated peptides by CID, and may further support the 

findings in Chapter 3.   

Deprotonation of tyrosine occurs at either the carboxylic acid or phenolic -OH.  Both 

species (a fast and slow reacting species) were observed during bracketing ion/molecule 

reactions, and relative abundances of each were determined.  Hexapole accumulation time was 

found to greatly affect the appearance of the faster reacting species of deprotonated tyrosine.  

The deprotonation reactions do not indicate which structure (carboxylate or phenoxide) is the 

fast reacting species and which is the slow reacting species.  Ion/molecule reactions of 

deprotonated tyrosine with trimethylsilylazide (TMSN3)  should elucidate the identity of the ion 

species.  Reactions of deprotonated tyrosine with TMSN3 were reported by Kass and coworkers2 

as a method for directly distinguishing the relative abundance of phenoxide and carboxylate 

present based on reaction products that are unique to each deprotonated species.  Though solvent 
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system was not found in this dissertation research to affect the relative abundances of each ion 

population, further investigation of solvent affects is warranted.  Pure water would be an 

interesting solvent to try, as it was not investigated here or by Kass and coworkers.2  The 

addition of NH4OH or NaOH to the solvent system is typically done to assist in ion formation, 

but this solvent additive may also be affecting the observed ion populations.  Investigation of 

solvent systems devoid of these additives should also be considered.  In addition, the long and 

short hexapole accumulation times should be included with the additional experiments to further 

understand the role of accumulation in observed ion populations.     

 Backbone deprotonation of peptides has been demonstrated for the methyl esters of 

triglycine (GGG), trialanine (AAA), and glycylalanylglycine (GAG).  The experimental GAs of 

these peptides are approximately 14 kcal/mol higher (less acidic) than the non-esterified peptide; 

however, deprotonation of these methyl esters by ESI occurs in great abundance.  Methyl esters 

of trisarcosine (GGG-OMe), tri-2-methylalanine (AAA-OMe), and alanylglycylalanine 

(AGA-OMe) were unable to produce abundant [M - H]
–
 by ESI, indicating that steric and 

conformational interactions are preventing facile deprotonation.  Further investigation of these 

steric and conformational interactions would be interesting, perhaps by ion mobility mass 

spectrometry (IMS),3-8 which analyzes ions based on their size and shape.  Hydrogen-deuterium 

exchange (HDX) mass spectrometry could be performed using the Bruker BioApex 7e FT-ICR.  

HDX is very useful for investigating the conformation of a peptide based on ease of access for 

the deuterated reagent to exchange with hydrogens on heteroatoms of the peptide backbone.9-12  

This method would be particularly interesting to use for tri-2-methylalanine, since the calculated 

GA for deprotonation at the central NH is 326.2 kcal/mol which is similar to that of the other 

tripeptides, yet [M - H]
–
 was not abundantly produced by ESI.    
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 All of the research discussed in this dissertation answered questions regarding particular 

features of biomolecules and their relation to improving peptide identification using mass 

spectral techniques.  Deprotonation sites were proven to be an important characteristic for 

understanding gas-phase dissociation.  The deprotonation of tyrosine, phenylalanine, and their 

amino acid amides show that functional groups other than traditional acidic sites (i.e. C-terminal 

-COOH, or the glutamic acid or aspartic acid side chain -COOH) can be suitable sites of 

deprotonation in ESI.  Deprotonation of GGG-OMe, AAA-OMe, and GAG-OMe showed that 

backbone amide nitrogens are acidic enough for deprotonation by ESI.  The lack of [M - H]
–
 

formation by GGG-OMe, AAA-OMe, and AGA-OMe showed that conformation and/or 

steric hindrances within the neutral molecule may inhibit deprotonation by ESI. 

 Establishing valuable thermochemical information such as GA for amino acids, amides, 

peptides, and methyl esters will further enhance our understanding of gas-phase behavior.  

Benchmark data such as this can be extremely useful for the development of charge-directed 

dissociation mechanisms (of importance to peptide sequencing), and for determining the 

relationship of solution-phase ion structure to gas-phase structure. 
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