
 

 

 

ELECTRON TRANSFER DISSOCIATION 

MASS SPECTROMERTY STUDIES  

OF PEPTIDES 

 

by 

CHANGGENG FENG 

CAROLYN J. CASSADY, COMMITTEE CHAIR 

GREGORY J. SZULCZEWSKI 

LAURA S. BUSENLEHNER 

STEPHEN A. WOSKI 

YONGHYUN KIM  

A DISSERTATION 

Submitted in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

in the Department of Chemistry 

in the Graduate School of 

The University of Alabama 

 

 

TUSCALOOSA, ALABAMA 

 

2014 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Changgeng Feng 2014 

ALL RIGHTS RESERVED 

 



ii  

 

 

 

ABSTRACT 

Electron transfer dissociation (ETD) is an important tandem mass spectrometry technique 

in peptide and protein sequencing.  In the past, ETD experiments have primarily involved basic 

peptides.  A limitation of ETD is the requirement that analytes be at least doubly cationized by 

electrospray ionization (ESI).  In this research, a method has been developed for enhancing 

protonation of acidic and neutral peptides.  This has allowed doubly protonated ions, [M+2H]
2+

, 

to be produced from peptides without basic residues and has enabled their study by ETD.  This 

dissertation includes the first extensive study of non-basic peptides by ETD. 

The effects of a basic residue on ETD were investigated using a series of heptapeptides 

with one lysine, histidine, or arginine residue.  The spectra contain primarily cǌ- and zǋ-ions, 

which result from cleavage of N-CŬ bonds along the backbone.   Almost all of product ions 

include the basic residue.  Enhanced fragmentation occurs on the C-terminal side of the basic 

residue.  Also, cn-1ǌ formation is enhanced, where n is the number of residues in the peptide. 

Addition of Cr(III)  nitrate to a solution of the neutral peptide heptaalanine  yields 

abundant [M+2H]
2+

 formation by ESI.  Eleven metal ions were tested and Cr(III)  gave by far the 

most intense supercharging of peptides.  In contrast, Cr(III)  does not increase protonation of 

proteins.  Experiments were performed to explore the supercharging mechanism.  Addition of 

Cr(III)  to the sample solution was used to produce [M+2H]
2+

 in the remainder of this research. 

Neutral peptides with alkyl side chains were studied by ETD and found to produce b- and 

cǌ-ions.  Two mechanisms are proposed for b-ion formation, which involves cleavage of 
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backbone amide (O=C)-N bonds.  The length of peptide chain affects ETD fragmentation, but 

the identity of the alkyl residue has minimal effect. 

Acidic peptides with one or two aspartic or glutamic acid residues produce b-, cǌ- and zǋ-

ions.  The mechanism of b-ion formation is probably the same as that for neutral peptides, while 

cǌ- and zǋ-ions result from a radical mechanism involving oxygen atoms on the acidic side chains.  

For highly acidic heptapeptides, cǌ- and zǋ-ions are the major products, which supports a radical 

mechanism. 

  



iv 

 

 

 

 

 

 

 

 

DEDICATION 

 

This thesis is dedicated to my parents, Jiaji Feng and Youmei Qin, and my sisters, 

Shuchu Feng and Liping Feng, for their love and unconditional support for me throughout my 

whole life.  Without the help from all of them I could not have completed this dissertation. 

  



v 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

AC alternating current 

ACN acetonitrile 

AI  absolute intensity 

Ala alanine (A) 

Arg arginine (R) 

Asp aspartic acid (D) 

bar unit of pressure 

cal calorie 

CID collision-induced dissociation 

Da Dalton 

DC direct current 

DIC 1,3-diisopropylcarbodiimide 

DMF N,N-dimethylformamide 

e-*  low energy electron 

ECD electron capture dissociation 

EM electron multiplier 

ESI electrospray ionization 

ET electron transfer 

ETD electron transfer dissociation 

ETnoD electron transfer no dissociation 

eV electron volt 

FA formic acid 

Fmoc 9-fluoroenylmethoxycarbonyl 



vi 

 

FT Fourier transform 

g grams 

GB gas-phase basicity 

Glu glutamic acid 

Gly glycine 

HÅ hydrogen radical 

HCT high capacity trap 

His histidine 

Hobt 1-hydroxybenzotriazole hydrate  

HPLC high performance liquid chromatography 

Hz hertz 

ICC ion charge control 

ICR ion cyclotron resonance 

IE ionization energy 

Ile isoleucine (I) 

IRMPD infrared radiation multiphoton dissociation 

J joule 

k kilo (prefix) 

KE kinetic energy 

L  liters 

LC liquid chromatography 

Leu leucine (L) 

LMWCr low-molecular-weight chromium-binding substance 

Lys lysine (K) 

µ micro (prefix) 



vii  

 

m milli (prefix)  

m meter 

M moles/liter (concentration) 

MALDI  matrix-assisted laser desorption ionization 

MeOH methanol 

Met Metal 

mol mole(s) 

MS mass spectrometry 

MS/MS tandem mass spectrometry 

MS
n
 tandem mass spectrometry 

m/z mass-to-charge ratio 

n nano (prefix) 

nanoESI nanoelectrospray ionization 

nCI negative chemical ionization 

NMP N-methyl-2-pyrrolidinone 

-OMe methyl ester (-OCH3) 

p pico (prefix) 

pE pyroglutamate 

PIP piperidine 

PTM Post-translational modification 

QIT quadrupole ion trap 

RE recombination energy 

RF radiofrequency 

s second 

SPPS solid phase peptide synthesis 



viii  

 

t time 

TFA trifluoroacetic acid 

TIPS triisopropyl silane 

TOF time-of-flight 

UW Utah-Washington 

Val valine (V) 

V volt 

ɤ angular frequency 

 

  



ix 

 

 

 

 

ACKNOWLEDGEMENTS 

 

I am pleased to have this opportunity to express my deepest appreciation to my research 

advisor Dr. Carolyn J. Cassady for her guidance in academics.  I have also learned from her 

professional communication and behavior unique to American culture. 

I would like to thank all of my current committee members, Drs. Gregory Szulczewski, 

Laura Busenlehner, Stephen Woski, and Yonghyun Kim and former committee member Dr. 

Perry Churchill for their valuable inspiring questions and advice on my academic progress.  I 

would also like to thank Dr. John Vincent for providing me with different metal salts and for 

help in my research project.  I am grateful for the assistance in instrumental electronics from Mr. 

Billy Atkins.  I would like to thank Dr. Qiaoli Liang for training me in use and maintenance of 

the LC-MS in our department. 

The financial support of the National Institutes of Health (grant number 

1R15GM109401A) is gratefully acknowledged.  Thanks to the National Science Foundation 

CRIF program for purchasing the Bruker HCTultra PTM discovery system (CHE 0639003). 

I would like to thank the current and former group members of Dr. Cassady lab.  I am 

grateful for some of the basic and acidic peptides they left.  I enjoy the atmosphere in our office.  

I would especially thank Chelsea Plummer for checking my English writings and Juliette 

Commodore for help with the methyl esters experiments.   



x 

 

Finally, I would like to thank my family who never stopped encouraging me and gave me 

support when I was depressed.  I also thank my friends for their help in my daily life.  I really 

appreciate the people who helped me at the University of Alabama. 

 

 

 

  



xi 

 

TABLE OF CONTENTS 

ABSTRACT .............................................................................................................................. ii 

DEDICATION ..................................................................................................................... é. iv 

LIST OF ABBREVIATIONS AND SYMBOLS ......................................................................... v 

ACKNOWLEDGEMENTS........................................................................................................ ix 

LIST OF TABLES ................................................................................................................... xiv 

LIST OF FIGURES .................................................................................................................. xv 

CHAPTER 1 AN OVERVIEW OF THE DISSERTATION....................................................... 1 

References  .......................................................................................................... 7 

CHAPTER 2 INSTRUMENTATION AND EXPERIMENTAL PROCEDURES .................... 13 

2.1 Electrospray Ionization/Nanoelectrospray Ionization  ............................. 13 

2.2 Quadrupole Ion Trap  ............................................................................. 17 

2.3 Dissociation Techniques ......................................................................... 22 

2.3.1  Collision-Induced Dissociation  .................................................... 22 

2.3.2  Electron Transfer Dissociation  ..................................................... 23 

2.4 Peptide Sequencing Nomenclature  ......................................................... 26 

2.5 Peptide Synthesis  ................................................................................... 27 

2.6 Amino Acid Structure  ............................................................................ 30 

References ......................................................................................................... 34 

CHAPTER 3 ELECTRON TRANSFER DISSOCIATION OF BASIC PEPTIDES  ................ 36 

3.1 Introduction ............................................................................................ 36 

3.2 Experimental .......................................................................................... 38 

3.2.1  Peptides  ....................................................................................... 38 



xii  

 

3.2.2  Mass Spectrometry  ...................................................................... 39 

3.3 Results and Discussion ........................................................................... 40 

3.3.1  Effect of Basic Residue Position on ETD  ..................................... 41 

3.3.2  Effect of the Identity of the Basic Residue on ETD  ...................... 46 

3.3.3  Preferential Cleavages .................................................................. 49 

                        3.4 Conclusions ............................................................................................ 53 

References ......................................................................................................... 54 

CHAPTER 4 THE USE OF CHROMIUM(III) TO SUPERCHARGE PEPTIDES BY 

PROTONATION AT THE PEPTIDE BACKBONE  ......................................... 59 

4.1 Introduction ............................................................................................ 59 

4.2 Experimental  ......................................................................................... 62 

4.2.1  Peptides and Reagents  .................................................................. 62 

4.2.2  Mass Spectrometry  ...................................................................... 63 

4.3 Results and Discussion  .......................................................................... 64 

4.3.1  Effects of Selected Metal Ions on Supercharging of A7 ................. 64 

4.3.2  Optimal Conditions for Supercharging A7 Using Cr(III)  .............. 67 

4.3.3  Supercharging Other Peptides with Cr(III) .................................... 68 

4.3.4  Comparison of Cr(III) to Organic Supercharging Reagents  .......... 74 

4.3.5  Factors that May Contribute to the Ability of Cr(III) to Supercharge 

 ............................................................................................................... 75 

4.3.6  The Role of Cr(III)-Peptide Interactions in Supercharging  ........... 80 

                        4.4 Conclusions ............................................................................................ 83 

References ......................................................................................................... 84 

CHAPTER 5 ELECTRON TRANSFER DISSOCIATION OF NEUTRAL PEPTIDES WITH 

ALKYL SIDE CHAINS  .................................................................................... 92 



xiii  

 

5.1 Introduction ............................................................................................ 92 

5.2 Experimental .......................................................................................... 95 

5.2.1  Peptides  ....................................................................................... 95 

5.2.2  Mass Spectrometry  ...................................................................... 96 

5.3 Results.................................................................................................... 96 

5.4 Discussion ............................................................................................ 100 

5.4.1  Effect of the Identity of the Neutral Residue with Alkyl Side Chain 

on  ETD  ............................................................................................... 100 

5.4.2  Mechanism of b-Ion Formation in ETD of Neutral Peptides  ....... 100 

5.4.3  Effect of Peptide Chain Length on b-Ion Formation  ................... 121 

5.5 Conclusions  ......................................................................................... 122 

References ....................................................................................................... 124 

CHAPTER 6 ELECTRON TRANSFER DISSOCIATION OF ACIDIC PEPTIDES WITHOUT 

BASIC AMINO ACID RESIDUES  ................................................................ 129 

6.1 Introduction .......................................................................................... 129 

6.2 Experimental ........................................................................................ 131 

6.2.1  Peptides  ..................................................................................... 131 

6.2.2  Mass Spectrometry  .................................................................... 132 

6.3 Results and Discussions ........................................................................ 132 

6.3.1  Effects of Glutamic Acid Residues on ETD  ............................... 132 

6.3.2  Effects of Aspartic Acid Residues on ETD  ................................. 139 

6.3.3  Effects of Overall Peptide Acidity on ETD  ................................ 142 

6.4 Conclusions  ......................................................................................... 144 

References ....................................................................................................... 145 

CHAPTER 7 CONCLUDING REMARKS ........................................................................... 149 



xiv 

 

 

LIST OF TABLES 

4.1 Absolute signal intensity for [M+2H]
2+

 from heptaalanine (A7), pH of the solutions, and 

properties of the metal ions  ........................................................................................... 65 

5.1 Product ions produced by ETD on [M+2H]
2+

 of peptides with alkyl side chains ............ 98 

6.1 Product ions produced by ETD on [M+2H]
2+

 of peptides with acidic side chains ......... 137 

  



xv 

 

LIST OF FIGURES 

1.1 Peptide sequence nomenclature  ...................................................................................... 2 

2.1 Diagram of ESI source  .................................................................................................. 15 

2.2 Schematic depiction of an ESI source operated in positive ion mode  ............................ 16 

2.3 Ion transfer from ion source to ion trap.  .............................................................................. 19 

2.4 Diagram of a QIT mass analyzer  ................................................................................... 19 

2.5 Mathieu stability diagram  ............................................................................................. 21 

2.6 ETD reaction used to produce peptide fragmentation  .................................................... 25 

2.7 ETD set-up  ................................................................................................................... 25 

2.8 Fmoc-L-amino acid residue. .......................................................................................... 29 

2.9 Peptide methyl esterification reaction  ........................................................................... 29 

2.10 Basic amino acids. ......................................................................................................... 30 

2.11 Neutral amino acids and polar amino acids  ................................................................... 31 

2.12 Acidic amino acids  ....................................................................................................... 32 

3.1 ETD mass spectra of [M+2H]
2+

 from (a) RAAAAAA, (b) ARAAAAA, (c) AAARAAA, 

(d) AAAAARA, and (e) *AAAAAAR.  The asterisk indicates that the N-terminal alanine 

residue has 
13

C substitution at its methyl side chain ....................................................... 42 

3.2 ETD mass spectra of [M+2H]
2+

 from (a) K*AAAAAA, (b) AKAAAAA, (c) AAAKAAA, 

(d) AAAAAKA, and (e) AAAAAAK.  The asterisk indicates that the first alanine residue 

has 
13

C substitution at its methyl side chain. .................................................................. 43 

3.3 ETD mass spectra of [M+2H]
2+

 from (a) HAAAAAA, (b) AHAAAAA, (c) AAAHAAA, 

(d) AAAAAHA, and (e) AAAAAAH  ........................................................................... 45 

3.4 ETD mass spectrum of [M+2H]
2+

 from AAAKAAAA.  ................................................. 51 

3.5 Scheme for cn-1ǌ ion formation from basic peptides  ....................................................... 52 

4.1 ESI mass spectra of solutions containing a 10:1 molar ratio of metal:A7 for:  (a) no metal, 

(b) Cr(III), (c) Zn(II), (d) La(III), and (e) Eu(III).  For Figure 4.1(c), the low intensity 

peak below the arrow labelled ñNo [M+2H]
2+
ò is not the ion of interest, but a singly 

charged impurity.. .......................................................................................................... 66 



xvi 

 

4.2 ESI mass spectra of the following peptides with Cr(III) added at a 10:1 molar ratio of 

metal ion to peptide:  (a) AGGAAAA, (b) AAAAA (A5), and (c) AAAEAAA.............. 69 

4.3 ESI mass spectra of AHAAAAA with (a) no Cr(III) and (b) Cr(III) at a 10:1 molar ratio 

of Cr: AHAAAAA.  ....................................................................................................... 71 

4.4 ESI mass spectra of EEEEGDD with (a) no Cr(III), (b) Cr(III) at a 10:1 molar ratio of 

Cr:EEEEGDD, and (c) ETD on [M+2H]2+ produced by addition of Cr(III). ................. 73 

4.5 The ball-and-stick model of Cr(III) and A7 .................................................................... 82 

5.1 The ETD spectra of [M+2H]
2+

 from (a) AAAAAAA and (b) AAARAAA  .................... 97 

5.2 The ETD spectra of [M+2H]
2+

 from (a) AAIAAAA, (b) AALAAAA, and (c) 

AAVAAAA.  ................................................................................................................. 99 

5.3 The ETD spectra of [M+2H]
2+

 from (a) AGGAAAAAA, and (b) A14. ........................ 101 

5.4 The ETD spectrum of [M+2H]
2+

 from GGAVAAA   .................................................... 102 

5.5 The ETD spectrum of [M+2H]
2+

 from A13 .................................................................. 103 

5.6 The CID spectrum of [M+H]
+
 from A7. ....................................................................... 105 

5.7 The CID spectra (MS/MS/MS) of b6 produced by (a) ETD on [M+2H]
2+

 on A7 and by (b) 

CID on [M+H]
+
 on A7. ................................................................................................ 106 

5.8 The CID spectra (MS/MS/MS) of b4 produced by (a) ETD on [M+2H]
2+

 on A7 and by (b) 

CID on [M+H]
+
 on A7. ................................................................................................ 107 

5.9 The CID spectra (MS/MS/MS) of b5 produced by (a) ETD on [M+2H]
2+

 on A7 and by (b) 

CID on [M+H]
+
 on A7. ................................................................................................ 108 

5.10 (a) ETD spectrum of [M+2H]
2+

 from AAAAAGA and (b) CID spectrum of [M+H]
+
 from 

AAAAAGA. ................................................................................................................ 109 

5.11 The CID spectra (MS/MS/MS) of b4 produced by (a) ETD on [M+2H]
2+

 on AAAAAGA 

and by (b) CID on [M+H]
+
 on AAAAAGA.  ................................................................ 110 

5.12 The CID spectra (MS/MS/MS) of b5 produced by (a) ETD on [M+2H]
2+

 on AAAAAGA 

and by (b) CID on [M+H]
+
 on AAAAAGA  ................................................................ 111 

5.13 (a) ETD spectrum of [M+2H]
2+

 from AGGAAAA and (b) CID spectrum of [M+H]
+
 from 

AGGAAAA  ................................................................................................................ 112 

5.14 The CID spectra (MS/MS/MS) of b4 produced by (a) ETD on [M+2H]
2+

 on AGGAAAA 

and by (b) CID on [M+H]
+
 on AGGAAAA  ................................................................ 113 



xvii  

 

5.15 The CID spectra (MS/MS/MS) of b5 produced by (a) ETD on [M+2H]
2+

 on AGGAAAA 

and by (b) CID on [M+H]
+
 on AGGAAAA  ................................................................ 114 

5.16 The CID spectra (MS/MS/MS) of b6 produced by (a) ETD on [M+2H]
2+

 on AGGAAAA 

and by (b) CID on [M+H]
+
 on AGGAAAA  ................................................................ 115 

5.17 (a) ETD spectrum of [M+2H]
2+

 from AGGAAAAA and (b) CID spectrum of [M+H]
+
 

from AGGAAAAA.  .................................................................................................... 116 

5.18 The CID spectra (MS/MS/MS) of b5 produced by (a) ETD on [M+2H]
2+

 on 

AGGAAAAA and by (b) CID on [M+H]
+
 on AGGAAAAA  ...................................... 117 

5.19 The CID spectra (MS/MS/MS) of b6 produced by (a) ETD on [M+2H]
2+

 on 

AGGAAAAA and by (b) CID on [M+H]
+
 on AGGAAAAA  ...................................... 118 

5.20 The CID spectra (MS/MS/MS) of b7 produced by (a) ETD on [M+2H]
2+

 on 

AGGAAAAA and by (b) CID on [M+H]
+
 on AGGAAAAA  ...................................... 119 

6.1 ETD mass spectra of [M+2H]
2+

 from (a) EAAAEA, (b) AAARAAA, and (c) 

AAAAAAA. ................................................................................................................ 134 

6.2 ETD mass spectrum of [M+2H]
2+

 from EAAAAE.. ..................................................... 135 

6.3 ETD mass spectrum of [M+2H]
2+

 from AAEEAA. ...................................................... 136 

6.4 ETD mass spectra of [M+2H]
2+

 from (a) EAAAAAA, (b) AAA EAAA,  and (c) 

AAAAAA E.. ............................................................................................................... 138 

6.5 ETD mass spectra of [M+2H]
2+

 from (a) DAAA DA, and (b) AAAA DD. .................... 140 

6.6 ETD mass spectra of [M+2H]
2+

 from (a) DAAAAAA, (b) AAADAAA, and (c) 

AAAAAAD.. ............................................................................................................... 141 

6.7 ETD mass spectra of [M+2H]
2+

 from (a) EEEEGDD, (b) DDDDDDD, and (c) 

EEEEEEE.................................................................................................................... 143 



I 

 

 

 

CHAPTER 1:  AN OVERVIEW OF THE DISSERTATION  

 

In September 2011, the Human Proteome Project was started with the aim of 

characterizing protein products of the human genome.1  In order to understand protein structure 

and function, the initial step is to obtain sequence information.  Mass spectrometry is a standard 

analytical tool in the Human Proteome Project to sequence peptides and proteins.1-6  Tandem 

mass spectrometry techniques (MS/MS) such as collision-induced dissociation (CID),7,8 electron 

capture dissociation (ECD),9-14 and electron transfer dissociation (ETD)15-19 are widely used in 

peptide sequencing of protonated molecular ions.  The ability to use MS/MS to provide peptide 

and protein sequence information has been greatly benefited by fundamental studies of peptide 

fragmentation mechanisms.20-28  A recent article in Nature reported that tandem mass 

spectrometry has identified around 84% of proteins from 20,687 annotated human protein 

coding-genes.29  In May 2014, a draft of a mass spectrometry based human proteomics database 

called ProteomicsDB was established.30 

Today, CID is the main method used in peptide and protein sequence analysis.  

Development of new dissociation methods is still greatly needed as many peptides are not 

identified by CID.31-35  In a study of yeast peptides, only 26,815 peptides out of 162,000 

compounds were identified from their MS and MS/MS spectra.34  The recent development of 

ECD and ETD could change the situation.  ETD is reported as an important method for 

increasing sequence coverage in the Human Proteome.29  ECD and ETD provide peptide 

sequence information that is complementary to CID.13  ECD and ETD produce c- and z-ions 
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while CID produces b- and y-ions.  (See Figure 1.1 for cleavage nomenclature, which will be 

discussed in more detail in Chapter 2.)  ECD and ETD preserve post-translational modifications 

(PTMs) by providing little vibrational heating during cleavage.  The ETD and ECD processes are 

faster than CID processes and therefore result in more random non-ergodic cleavage.13   

 

 

Figure 1.1.  Peptide sequence nomenclature. 

 

ETD and ECD are electron-based methods that produce primarily c- and z-type fragment 

ions by random backbone N-CŬ bond cleavages.  Although the method with which the precursor 

ion obtains an electron differs for ECD and ETD, the fragmentation mechanisms and the 

resulting mass spectra are very similar.13  ETD and ECD are very promising dissociation 

techniques in peptide sequencing, but also have limitations.  The biggest issue is that ETD can 

only be used for basic peptides.  Non-basic peptides generally do not produce a precursor ion 

with a charge of +2 or higher.  In ETD or ECD, the addition of an electron to a singly positively 
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charged precursor ion makes the charge neutral and neutral species cannot be detected by mass 

spectrometry. 

Basic residues play important roles in biological processes and in peptide fragmentation.  

In proteomics, trypsin is an important protease for cleaving protein chains into smaller basic 

peptides that contain arginine or lysine residues at the C-terminus.35  These resulting tryptic 

peptides are mostly sequenced by ETD, ECD or CID.15,16,36-40  Basic residues (lysine, histidine 

and arginine) can affect the protonation of a peptide and the fragmentation pathways 

observed.22,41-47  The reason is that basic residues have high gas-phase basicities (GBs) and their 

side chains more readily sequester protons as compared to amide groups on the peptide backbone.  

Arginine is the most basic residue and therefore is the most able to retain a proton and limit 

fragmenation.48,49  With arginine residues, additional energy may be needed to move the 

hydrogen ion to the peptide backbone and induce dissociation.42 

The analysis of peptides without basic residues is very important because many peptides 

with predominately neutral or acidic side chains exist in nature.50-53  For example, numerous 

peptides in biological processes such as neurology,50,54,55 blood coagulation,51,56 and HIV 

infection57 are acidic.  In addition, some acidic peptides have been studied to treat HIV52,53 and 

malaria.58  In proteomics, staphylococcus aureus V8 protease is widely used to cleave proteins 

bonds to produce smaller peptides that contain aspartic acid or glutamic acid residues at the C-

terminus, while asp-N-protease digests proteins into peptides with aspartic acid or glutamic acid 

at the N-terminus.59  Peptides containing acidic residues readily donate protons and are difficult 

to multiply protonate in the positive ion mode by electrospray ionization (ESI).  Therefore these 

peptides are often limited to analysis by negative ion mode ESI, which is not compatible with 

ETD because negative ions do not readily accept an electron due to charge repulsion.60,61 
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In peptide and protein sequence analysis using mass spectrometry, it is very important to 

protonate a molecule in ESI.62  ESI can produce multiply charged ions that have advantages in 

the sequencing of peptides and proteins by MS/MS.2-4  Multiple charging can shift the mass-to-

charge ratio (m/z) of ions to a range of the spectrum where resolution is optimal63 and can 

increase the ion intensity for mass spectrometers in which the signal detected is proportional to 

charge.64,65  In addition, for peptides and proteins, higher charge state ions generally require less 

energy to initiate dissociation and provide more sequence-informative product ions than lower 

charge state ions.39,66-68 

Enhanced production of [M+2H]
2+

 is greatly needed for peptide sequencing by MS/MS.  

First, ETD and ECD can only be performed for at least doubly protonated ions.  Enhanced 

protonation provides an opportunity to study non-basic peptides by ETD and ECD.  Second, for 

CID, [M+2H]
2+

 precursor ions produce more structurally-informative product ions than singly 

protonated ions, [M+H]
+
.  This is why the majority of CID studies for peptide sequencing 

involve [M+2H]
2+

.69,70  Finally, enhanced [M+2H]
2+

 precursor ion intensity would result in a 

corresponding increase in the signal-to-noise ratio (S/N) of the MS/MS spectra.  In a noisy mass 

spectrum with low S/N, automated data processing routines have difficulty deciding if a peak 

corresponds to a real peptide ion.  This difficulty in peak recognition becomes a limiting factor in 

bioinformatics work and may result in a false positive identification for peptides.71,72   

The studies presented in the dissertation are focused on use of the ETD to obtain 

sequence information for peptides.  This includes work on the mechanism of ETD for basic 

peptides, the supercharging of non-basic peptides, and extension of the applications of ETD for 

non-basic peptides (i.e., peptides without arginine, histidine, or lysine residues).  The objective 
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of this research is to enhance the understanding of peptide fragmentation by ETD and expand the 

applications of ETD to neutral and acidic peptides. 

Chapter 2 describes the instrumentation and experimental procedures employed in the 

research project:  (1) electrospray ionization (ESI), (2) nanospray ionization (nanoESI), (3) 

quadrupole ion trap (QIT) mass analyzer, (4) collision-induced dissociation (CID), (5) electron 

transfer dissociation (ETD), (6) peptide sequencing nomenclature, (7) peptide synthesis, and (8) 

structures of amino acids used in this work.  

Chapter 3 discusses the effects of basic residue identity and position on the ETD spectra 

of small peptides.  ETD on [M+2H]
2+

 produces almost exclusively cǌ and zǋ-ions.  Almost all the 

ETD products ions contain the basic residue, suggesting that the side chains of lysine, histidine, 

and arginine contain a charge site.  Specific side chain cleavages from arginine residues may be 

useful in identifying arginine residues in peptides.  A characteristic of histidine residues is 

formation of an electron transfer without dissociation product.  In general, basic residues 

promote enhanced cleavage at neighboring N- terminal or C-terminal residues.  When a basic 

residue is located at the N-terminus, a whole series of cǌ-ions is produced that may be very 

useful for peptide sequencing. 

Chapter 4 explores the addition of metal salts to solutions of small peptides undergoing 

ESI.  The purpose was to find the optimal conditions for increasing both charge and ion intensity 

of protonated peptides; this process is known as ñsupercharging.ò  The addition of Cr(III) nitrate 

to peptide solutions in ESI dramatically increases [M+2H]
2+

 intensity for neutral and acidic 

peptides that normally produce only [M+H]
+
.  For some basic peptides that produce [M+2H]

2+
 in 

low abundance, Cr(III) can greatly enhance the signal intensity of [M+2H]
2+

 and the number of 
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ions being protonated.  The ability of Cr(III) to supercharge small peptides by ESI may prove to 

be highly useful in peptide analysis and sequencing.  

Sequencing and analysis of neutral peptides is important because a large number of 

peptides are neutral in nature.39  In proteomics, chymotrypsin protease is widely used to digest 

proteins into smaller peptides that contain tryptophan, tyrosine or phenylalanine residues at the 

C-terminus.59  These resulting peptides are non-basic and difficult to sequence by electron-

induced dissociation techniques.  In Chapter 5, Cr(III) nitrate is applied to neutral peptide 

solutions produced by ESI, which allows these peptides to be studied by ETD.  Compared to 

basic peptides, ETD of neutral peptides cleaves at backbone C-N amide bonds to produce b-ions.  

Two explanations are used to discuss b-ion formation.  In addition, peptide chain length can 

change the fragmentation pathways, but the identity of the alkyl residue has minimal effect on 

ETD.  An understanding of mechanisms for ETD of neutral peptides could extend the use of 

ETD and provide guidance in peptide sequencing. 

In Chapter 6, Cr(III) nitrate is added to solutions of acidic peptides in order to produce 

[M+2H]
2+ 

for study by ETD.  These experiments represent the first investigation of ETD on 

acidic peptides without basic residues.  Small peptides with one or two acidic residues were 

analyzed in ETD and mainly produce b-, c- and z-series ions.  The c- and z-series are produced 

like basic peptides and b-ion series are produced like neutral peptides.  The identity and location 

of the glutamic acid and aspartic acid residues has minimal effect on ETD.  For highly acidic 

peptides, ETD product ions changed to primarily members of the c- and z-series.  These results 

show that ETD provides abundant sequence information for acidic peptides.  

Chapter 7 summarizes the most important aspects of this dissertation work and discusses 

potential future work. 
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CHAPTER 2: I NSTRUMENTATION AND EXPERIMENTAL PROCEDURES  

 

 All mass spectra in this dissertation were acquired by a Bruker (Billerica, MA, USA) 

HCTultra PTM Discovery System equipped with ESI.  This chapter will discuss the general 

principles of the mass spectrometry used in this work:  ionization techniques, quadrupole ion trap, 

and dissociation techniques.  Then, solid phase peptide synthesis, structures of the amino acid 

residues under study, and peptide sequencing nomenclature will be described. 

 

2.1 Electrospray Ionization/Nanoelectrospray Ionization 

Mass spectrometry analyses are based on gas-phase ions, which is due to the fact that 

mass-to-charge (m/z) analysis only works for charged particles.  The movement of ions is easy to 

control experimentally.  Varying the electric and magnetic fields can control the energy and 

velocity of ions, which in turn provides separation by m/z and detection.  There are many 

different gas-phase ionization techniques.  Electrospray ionization (ESI) is a very important 

ionization technique for characterization of large biomolecules.1  ESI was first used by Malcom 

Dole2 in 1968, and later developed by John Fenn3,4 in the 1980s.  Fenn won the Nobel Prize in 

Chemistry in 2002 for the development of ESI.  ESI is a very soft ionization technique because it 

gives negligible fragmentation.  The most important feature of ESI is the production of multiply 

charged ions, [M+nH]
n+

 or [M-nH]
n-
, from large molecules.  Positive multiply charged ions are 

especially useful in electron transfer dissociation (ETD) studies. 
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Electrospray ionization (ESI) is a process involving a fine spray of charged droplets in 

the presence of a strong electric field.  The solvent is evaporated to allow the charged drops to 

convert into gas-phase ions.  A sample is dissolved in a solvent that usually consists of a mixture 

of water, acetonitrile, or methanol.  Depending on the desired ionization polarity, 0.1-2% (v/v) of 

additives such as acetic acid, formic acid, salts, or ammonium hydroxide may be added to assist 

in ion formation.  Acids and salts help to protonate or cationize samples, while bases deprotonate 

samples.  The concentration is varied depending upon the sample properties but the sensitivity of 

ESI can be as low as the attomole (1 x 10
-15

 M) range.  The sample concentration used in this 

work is around 0.1-20 µM. 

Sample solutions were infused into a stainless steel needle at a flow rate of 50-250 ɛL/h 

using a syringe pump.  A simplified diagram is illustrated in Figure 2.1.  In the Bruker 

instrument, the needle tip is kept at ground voltage, while the capillary cap, endplate, and 

capillary entrance are held at a high potential (3 to 4 kV).  For some instruments from other 

manufacturers, the high voltage is applied to the needle tip while keep capillary cap region is at 

ground voltage.  No matter where the voltage is applied, there is a potential difference (around 

3.5 kV) between the needle tip and capillary cap region.  The high potential difference produces 

an electrostatic field to disperse the sample solution into a fine spray of charged droplets.  To 

nebulize the sample, a flow of heated nitrogen is introduced in the same direction as the needle.  

A drying gas of nitrogen flows in the opposite direction to evaporate the charged droplets.  In 

this dissertation work, the drying gas and nebulizer gas are both nitrogen.  The drying gas has  

a temperature of 250-350ęC and a flow rate of 5-10 L/min.  The pressure of the nebulizer gas 

was optimized between 5.0-10.0 psi to obtain the best ESI signal. 
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 Figure 2.1.  Diagram of ESI source. 
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 Figure 2.2.  Schematic depiction of an ESI source operated in positive ion mode. 

 

Electrospray ionization (ESI) occurs in three steps:  droplet formation, droplet shrinkage, 

and desorption of gaseous ions.5  Figure 2.2 is a schematic depiction of the  

ESI process in positive mode.6  Initially, the electrostatic force on the analyte solution causes a 

partial separation of the charges.  Cations move to the tip of the spray needle and  

anions move in the opposite direction.  A Taylor cone forms at the tip of the needle, where the 

movement of the cations is compensated by the surface tension of the analyte solution.  If the 

applied electric force is strong enough, a fine mist of droplets is emitted from the Taylor cone.  
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The rapid solvent evaporation by heating leads to droplet shrinkage.  As the size of droplets 

decreases, the charge density on the surface of the droplets increases.  Finally, when the force of 

the Coulomb repulsion is equal to the surface tension of the droplet (the Rayleigh limit), a 

Coulombic explosion breaks the droplets into even smaller and highly charged droplets.  This 

droplet shrinkage and explosion process is repeated.  In the end, quasi-molecular ions, [M+nH]
n+

, 

are produced.  These ions are then transported through two stages of pumping from the 

atmospheric pressure region into a high vacuum region containing the mass analyzer.   

Nanoelectrospray ionization (nanoESI), which was introduced by Wilm and Mann,7,8 is 

designed to operate at low flow rates (50-500 nL/min).  NanoESI is a miniaturized version of 

ESI but has some differences.  First, the sprayer needle tip in nanoESI is 10-15 µm in diameter, 

while for standard ESI the sprayer needle tip diameter is around 100 µm.  Second, the nebulizing 

gas in nanoESI is not needed because the initial droplets are very small.  Third, after the needle is 

installed on the nanoESI device, the three dimensional (3D) position of the needle needs to be 

adjusted correctly to obtain a good spectrum.  The operation of the nanoESI is more complicated 

than for standard ESI.  In this research, nanoESI was occasionally used because this technique 

has a lower sample flow rate into the source and a greater tolerance for salt impurities than ESI.  

Low flow rates have been reported to increase ion intensity.9  NanoESI was employed to test 

whether lower flow rates could increase the supercharging of peptides, which is discussed in 

Chapter 4. 

 

2.2 Quadrupole Ion Trap 

The quadrupole ion trap (QIT), with the original name Paul trap, is a 3D ion trap where 

ions are held in a quadrupolar electric field.  The QIT was introduced by Wolfgang Paul in 1958.  
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He won the 1989 Nobel Prize in Physics for its development.10  The QIT is a trapping mass 

analyzer that can store ions for milliseconds to seconds.  One important feature of a QIT is that it 

can trap positive and negative ions at the same time, which is especially useful for ETD 

experiments.  Multiple stages of MS (MS
n
) can be performed within a single QIT analyzer. 

Ions entering the QIT were produced in the ESI source and introduced into the trap by 

electrostatic focusing using a combination of two octopole ion guides and electrostatic lenses, as 

shown in Figure 2.3.  The 3D quadrupole consists of a two dome-shaped end cap electrodes and 

a central ring electrode.  One of the end cap electrodes has a small aperture to allow the ion beam 

to be gated periodically into the trap.  The other end cap electrode has a small hole to allow ions 

to be ejected to a detector (see Figure 2.4).  The ions are trapped in the QIT by applying a 

radiofrequency (RF) potential to the ring electrode while the end cap electrodes are kept at 

ground potential.  This results in an oscillating electric field to trap the ions.  Helium buffer gas, 

at a pressure of ~10
-3
 mbar, is used to damp the motion of trapped ions and concentrate ions in 

the center of the trap. 

Ions in the QIT move in an oscillating motion around the center of the trap.  The motion 

of the ions can be described by solutions of the Mathieu equation.11  The canonical form of the 

Mathieu equation is: 

             
Äςό

Äʊς
ὥό ςή

ό
ÃÏÓςʊ  u= 0                                                                              2.1 

where u represents the direction of motion as radical (x, y) or axial (z), ɝ is a dimensionless 

parameter equal to ɋt/2 where ɋ is the frequency of the RF potential and t is time, and au and qu 

are trapping parameters. 
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Figure 2.3.  Ion transfer from ion source to ion trap. 

 

 

Figure 2.4.  Diagram of a QIT mass analyzer. 
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After much substitution and rearrangement, the following trapping parameter expressions 

are obtained:  

      Á                                                                                                                     2.2 

   Ñ
ɋ

                                                                                                                  2.3 

    Á                                                                                                                  2.4 

    Ñ                                                                                                                      2.5 

where U is the amplitude of the DC voltage, V is the amplitude of the AC voltage, r is the radius 

of the ring electrode, m is the mass of the ion, z is the charge of ion, and e is the charge of an 

electron.   

The solutions to the Mathieu equation can be interpreted in terms of trajectory stability in 

radical (x, y) and axial (z) directions.  The Mathieu stability diagram in Figure 2.5 shows stable 

regions where ions of a certain m/z range can be stored in the QIT.  In most commercial 

instruments, the mass selective instability mode is used.  This mode, which is simple and is the 

most popular mode in mass analysis, only applies an RF voltage to the ring electrode and 

maintains the end cap electrode at ground potential (U and az are 0).  The ions in this mode are in 

an oscillating electric field.  At a given value of V, all ions above a certain m/z value are trapped 

in the QIT.  The relationship of the cut-off m/z and V is given by:   

ɋ
                                                                                                                     2.6 

where qmax is maximum value of qz, usually at 0.908.  The peak-to-peak magnitude of V in these 

experiments was 30 kV (15 kV zero-to-peak). 

The ions move in an oscillating mode in the trap and each m/z has a characteristic secular 

frequency.  When an exterior voltage with this same frequency is applied to the end cap  
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Figure 2.5.  Mathieu stability diagram (used with permission from Reference 10). 

 

electrode, ions are bought into resonance, which increases their orbital radius and velocity.  The 

energy absorbed by an ion in resonance moves the ion away from the center of the trap.  As the 

RF voltage (V) is increased, ions of increasing m/z expand their range of motion and are ejected 

out of the trap and detected by a Daly detector system. 

The Daly system12 is currently the most common detector in mass spectrometry and has 

the advantage of a long lifetime because ions and neutrals do not come into contact with the 
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electron amplification dynodes.  After the ions exit the ion trap, an electrostatic lens is used to 

focus the ions on a conversion dynode, which produces a photon beam.  Photons pass through a 

glass seal and hit another dynode, which produces an electron beam.  The electron beam is 

multiplied using an electron multiplier (EM), which is a horn-shaped assembly made of a funnel 

of glass where the inner surface is coated with a copper-beryllium alloy that readily expels 

electrons upon bombardment with particles (including electrons).  The emitted electrons 

continuously strike to the opposite surface until the exit is reached and the resulting electrical 

current is measured at an anode.  The electrons are multiplied with a gain of 10
6
 to 10

7
.  The 

HCTultra PTM Discovery System used in this research contains a high capacity spherical ion 

trap (HCT).13 

  The HCT is not bigger than a QIT but contains more ions because its design and the 

method of applying voltages forces ions to bunch together in the center of the trap in a spherical 

shape.  The main difference between an HCT and a conventional QIT is that a RF potential is 

applied to all three electrodes on the HCT to mimic the electric field of a hexapole.  This gives 

the HCT better control of ion motion and interactions and greatly increases sensitivity. 

 

2.3 Dissociation Techniques 

2.3.1 Collision-Induced Dissociation 

Collision-induced dissociation (CID) is also known as collision-activated dissociation 

(CAD).  CID was first introduced in 196814 and is now the most widely used method in tandem 

mass spectrometry (MS/MS and MS
n
).15-17  The CID process occurs in two steps:  collision 

activation and unimolecular dissociation.  The precursor ions, selected by resonance frequency 

techniques, are accelerated and collide with an inert gas (helium in the QIT), which excites the 
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ions excited to higher energy states.  In the collision process, part of the translational energy of 

the precursor ion is converted into internal energy to cause the precursor ion to fragment by 

unimolecular dissociation.  For peptides, CID breaks N-C amide backbone bonds to produce 

primarily b- and y-ions. (b- and y-Ions will be discussed in Section 2.4.)  The processes involved 

are:   

Collision activation:  mp
+
  + N           [mp

+
]* + Nǋ                                                            2.7 

Unimolecular dissociation:  [mp
+
]*          m1

+
 + mn                                                          2.8 

where mp
+
 is the precursor ion,  N is the inert gas,  Nǋ is the inert gas after collision,  and m1

+
 and 

mn are fragments of the analyte ion. 

There are two types of CID:  high energy CID and low energy CID.  High energy CID is 

mainly used in magnetic sector and TOF mass analyzers and the ions have translational energies 

between 3 and 10 keV.5  The collision results in higher energy excited electronic states and 

vibrational states.  High energy CID has more fragmentation than low energy CID.  Low energy 

CID is primarily used in quadrupole and ion trap based tandem mass spectrometry.  The ions are 

given collision energies below 100 eV.  The low energy collisions excite ions only to upper 

vibrational states.  In this dissertation, low energy CID is performed within the QIT of the Bruker 

HCTultra PTM Discovery System. 

 

2.3.2 Electron Transfer Dissociation 

Electron transfer dissociation (ETD) was developed by Hunt and coworkers18 

 in 2004 and is an important new technique for peptide sequencing.19-22  The ETD process uses an 

ion/ion reaction to transfer a low energy electron to a peptide ion and initiate dissociation as 

shown in Figure 2.6.  The generation of low energy electrons is a multi-step process.  First, 
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higher energy electrons are generated by an electron ionization (EI) filament source, where the 

electrons are accelerated with a potential of ~75 eV.  In a negative chemical ionization (nCI) 

process, these electrons collide with methane gas and the resulting plasma generates very low 

energy electrons.  The low energy electrons are captured by an ETD reagent gas with a low 

electron affinity.  Fluoranthene, azobenzene and anthracene are common ETD reagents; 

fluoranthene was used in this work.  The fluoranthene reagent anion is moved by electrostatic 

focusing into the QIT.  Inside the QIT, the reagent anion and a m/z-selected precursor ion 

undergo an ion/ion reaction.  The result is a reduced ion, [M+nH]
(n-1)+Å

, that cleaves at the N-CŬ 

backbone to produce c- and z-ions.  (c- and z-Ions will be discussed in Section 2.4.)  Peptides 

should be at least doubly protonated in ESI to perform ETD experiments.  Otherwise, the 

addition of an electron to a singly charged precursor ion makes the charge neutral and 

undetectable by mass spectrometry.  The ETD process is similar to the tandem mass 

spectrometry technique of electron capture dissociation (ECD)23 except that an electron is 

captured by a multiply charged peptide ion in ECD.  ECD is primarily used in Fourier transform 

ion cyclotron resonance (FT-ICR) mass spectrometry instruments. 

All ETD experiments in this research were performed using a Bruker HCTultra PTM 

Discovery System equipped with ESI.  The ETD source is shown in Figure 2.7.  The nCI 

ionization source is located outside of the QIT.  The fluoranthene anions produced by nCI and 

multiply charged peptide ions produced by ESI are transported into the trap using the same 

octopole.  After the peptide cations are introduced into the ion trap, the ion transmission device is 

switched in polarity to accumulate fluoranthene anions.  The peptide cations and reagent anions 

are then trapped together for a time in the range of 40-100 ms.   
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Figure 2.6.  ETD reaction used to produce peptide fragmentation. 

 

 

 

 Figure 2.7.  ETD set-up (used with permission from Reference 13). 
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Although the method with which the multiply charged peptide ion obtains an electron 

differs for ECD and ETD, the fragmentation mechanisms and the resulting mass spectra are very 

similar.  ETD and ECD both produce primarily c- and z-type fragment ions by random backbone 

N-CŬ bond cleavages.  The Cornel mechanism23 and Utah-Washington mechanism24 are used to 

explain the c- and z-ion formation.  These mechanisms will be discussed in detail in Chapter 3.  

ETD and ECD are widely used in peptide and protein sequencing.18,19,21,22,25-30 

 

2.4 Peptide Sequencing Nomenclature 

The standard peptide fragment ion nomenclature31 by Roepstorff and Fohlman is used 

throughout this dissertation for describing ions in the CID and ETD spectra.  Figure 1.1 in 

Chapter 1 illustrates the nomenclature for peptide fragmentation.  When a protonated or 

deprotonated peptide ion cleavages, the charge is retained on one side of the peptide.  If the 

charge is retained near the N-terminus, a, b, and c are used to describe the ions.  If the charge 

stays near the C-terminus, x, y, and z are used.  The subscript number refers to the cleavage site, 

which is numbered from the terminus that retains the charge.  Prime symbols on the right mean 

the addition of hydrogens.  For example, cnǋ stands for [cn+H]
+ 
and cnǌ stands for [cn+2H]

+
.  

Prime symbols on the left denote the subtraction of hydrogens.  In 2002, Zubarev and coworkers 

developed a modified nomenclature32 to denote for radical products in ETD in which the major 

ETD product ions are referred to as cǋ and z
Å
.  The cǋ of Zubarev nomenclature is cǌ for 

Roepstorff and Fohlman nomenclature and z
Å 
is zǋ.  To better keep track of additional hydrogens, 

Roepstorff and Fohlman nomenclature is used throughout this dissertation. 
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2.5 Peptide Synthesis 

In order to meet specific research requirements in the projects of the dissertation, some 

custom synthesized peptides were needed.  Most of these peptides were synthesized using 

standard Fmoc solid phase peptide synthesis (SPPS) protocol on an Advanced ChemTech Model 

90 peptide synthesizer (Louisville, KY, USA) in our laboratory.  In some cases, further 

modification of peptides via methyl esterification was used to eliminate the C-terminal 

carboxylic acid group. 

Solid phase peptide synthesis was developed by Merrifield33 in 1963 to help scientists 

synthesize peptides in their laboratory.  Peptides are synthesized from the C-terminus to N-

terminus on an insoluble support resin.  An Fmoc (9-fluorenylmethoxycarbonyl) group is 

attached to an amino acid residue to protect the reactive amino group, as shown in Figure 2.8.  

The Fmoc-amino acid residue used for the C-terminus is attached to a resin, which is 

traditionally an insoluble polystyrene bead.  The Fmoc-amino acid and Fmoc-amino acid residue 

can be purchased commercially.  In these experiments, the Fmoc-amino acids and Fmoc-amino 

acid Wang resins (a standard resin in peptide synthesis) were purchased from Advanced 

ChemTech. 

To synthesize a peptide, the desired resin was put into a reaction vial that was attached to 

the peptide synthesizer.  The resin was first washed with dimethylformamide (DMF), methanol 

(MeOH) and then DMF again.  A PIP solution of 20% piperidine (v:v) in DMF solvent was 

introduced into the reaction vial to remove the Fmoc group.  The resulting amino acid resin was 

washed again using the same wash steps.  1-Hydroxybenzotriazole hydrate (Hobt), which is a 

coupling additive to reduce racemization, was dissolved in N-methyl-2-pyrrolidinone (NMP) to 

prepare a 0.5 M Hobt solution.  The Hobt solution was used to make a 0.5 M Fmoc amino acid 
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residue solution.  The prepared Fmoc amino acid residue solution along with 0.5 M solution of 

1,3-diisopropylcarbodiimide (DIC) in NMP was added to the reaction vial to start coupling steps.  

The DIC was used to activate the carboxyl group of the Fmoc amino acid. After the coupling 

step was complete, another round of wash steps was performed.  These wash-deprotect-couple-

wash steps were automated by writing a program for the peptide synthesizer.  The cycles were 

repeated to add other amino acid residues. 

When all the residues were added, the C-terminal resin was cleaved from the resin to 

generate the synthesized peptide.  A cleavage solution of 9.5 ml trifluoroacetic acid (TFA), 0.3 

ml triisopropylsilane (TIPS), 0.5 ml deionized (DI) water was used to cleave the ester linkage 

between peptide and resin.  The mixture was filtered to remove the resin, and then diethyl ether 

(which had been cooled to -78°C in a bath of dry ice) and acetone were added to precipitate the 

peptide.  The solution was centrifuged and the diethyl ether was decanted.  The remaining gel 

was the peptide of interest, which was put in a desiccator to dry. 

After drying, the synthesized peptide can be directly used for mass analysis.  Sometimes, 

peptides needed to be further modified.  For example, in Chapter 4, some peptides were 

converted to methyl esters to test if the carboxylic acid groups are involved in supercharging 

with Cr(III).  Solution-phase chemistry34 was used here to make methyl esterified peptides.  

Figure 2.9 illustrates the methyl esterification process.  In these experiments, 5 µL of acetic 

anhydride, 6 µL  of 12 M hydrochloric acid, and 69 µL  of dry methanol were mixed for 5 minutes 

and then 1.2 mg of solid peptide was added.  The resulting solution contained the peptide methyl 

ester. 
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Figure 2.8.  Fmoc-L-amino acid residue. 

 

 

 

 

Figure 2.9.  Peptide methyl esterification reaction. 
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2.6 Amino Acid Structure 

The basic, neutral, and acid peptides used in these experiments are composed of different 

amino acid residues.  Figure 2.10, 2.11, and 2.12 show the basic, neutral and acid amino acids, 

respectively, that are involved in this work. 

 

 

Figure 2.10.  Basic amino acids. 
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Figure 2.11.  Neutral amino acids and polar amino acids. 
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Figure 2.12.  Acidic amino acids. 
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CHAPTER 3:  ELECTRON TRANSFER DISSOCIATION OF BASIC PEPTIDES 

 

3.1 Introduction 

In proteomics, trypsin protease is widely used to digest proteins into smaller peptides that 

contain arginine or lysine residues at the C-terminus.1  These resulting tryptic peptides are often 

sequenced by tandem mass spectrometry.2-9  The presence of basic residues can affect both the 

location of protons in precursor ions and the fragmentation pathways observed.10-17  Basic 

residues have high gas-phase basicities (GBs) and their side chains may sequester protons and 

limit fragmentation, especially for highly basic arginine residues.18,19  Extra energy may be 

required to move the hydrogen ion to the peptide backbone and facilitate dissociation.12  In 

collision-induced dissociation (CID) cleavage is favored at either the C-terminal or N-terminal 

sides of arginine residues.11  In CID, many peptides exhibit preferential cleavage at the C-

terminal side of histidine residues, including both adjacent to the histidine residue and two 

residues removed.12,20  

In electron transfer dissociation (ETD) and electron capture dissociation (ECD), N-CŬ 

bond cleavage dominates the spectra of basic peptides.3,5,6,21-23  Protonated peptides with lysine, 

histidine, or arginine participate in electron transfer to a similar degree.19  Peptides with histidine 

residues show the highest degree of electron transfer without dissociation (ET no D).19  Tureļek 

and coworkers found that the ET no D products had undergone rearrangement and that proton 

migrations from peptide termini to the C-2ǋ position of the reduced His-ring stabilized the 

undissociated radicals.13  Basic peptides often generate ETD and ECD products that include side 
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chain losses, with such processes being particularly prominent for arginine residues.19,24-26  Haag 

et al. found that for the pentapeptides KXXXX, XKXXX, and XXKXX (X = A or G), the 

product ions always contain lysine (Lys, K).27  Marshall and coworkers reported that basic 

residues located at the N-terminus or C-terminus enhance the formation of a- and y-ions in 

ECD.14  In contrast, Cooper found that lysine-containing peptides promote the formation of b-

ions.28  In addition, Liu and Håkansson observed in an ECD study that when histidine was 

adjacent to the N-terminal residue, b-ions were produced.29   

ETD6 and ECD30 are electron-based methods that produce primarily c- and z-type 

fragment ions by random backbone N-CŬ bond cleavages.31  Although the method with which the 

precursor ion obtains an electron differs for ECD and ETD, the fragmentation mechanisms and 

the resulting mass spectra are very similar.8  The earliest mechanism proposed for ECD32 is the 

Cornell mechanism by McLafferty and coworkers where an electron localized at a positively 

charged functional group (e.g., ammonium or guanidinium) captures a hydrogen atom to form an 

odd-electron ion that undergoes N-CŬ bond dissociations.33  OôConnor and coworkers used a 

double resonance experiment to confirm the existence of a radical intermediate in ECD.34  

Zubarev and coworkers named the short lived radical intermediate the [cǋ+z
Å
] or [c

Å
+zǋ] 

complex.35  The hydrogen atom is transferred to a carbonyl oxygen of an amide group; the result 

is N-CŬ bond cleavage that produces even-electron and radical product ions.35  Most often, the 

product ions are members of the c- and z- series.6  The non-ergodic N-CŬ bond dissociation 

process is affected by intramolecular solvation of protons at the side chains of basic residues.32  

However, this mechanism cannot explain N-CŬ bond dissociations that are remote to the basic 

residues. 
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Another mechanism to describe N-CŬ bond cleavage has been proposed by the Simons36 

and Tureļek37 groups independently and is known as Utah-Washington (UW) mechanism.  In 

this mechanism, the electron in ECD or ETD is captured in a Coulomb stabilized amide ˊ* 

orbital that converts the amide bond into a superbase.  The amide superbase can either abstract a 

proton from a nearby proton donor group, which triggers a backbone cleavage, or can undergo 

N-CŬ bond dissociation to form an enole-imidate anion, which then abstracts a proton to form c- 

and z-product ions.18  The major difference between the UW and Cornell mechanisms is that the 

UW mechanism does not require the side chains of basic residues to participate in proton-

coupled electron transfer. 

In the present study, ETD was performed on doubly protonated ions, [M+2H]
2+

, from 

fifteen model heptapeptides that contain one basic residue and six alanine residues.  Because the 

methyl group comprising the side chain of alanine should not affect fragmentation, this allows 

determination of the effects of the identities and positions of basic residues on ETD. 

 

3.2 Experimental 

3.2.1 Peptides 

The heptapeptides studied were XAAAAAA, AXAAAAA, AAAXAAA, AAAAAXA 

and AAAAAAX, where X is arginine (R), lysine (K), or histidine (H) and A is alanine.  The 

peptides were synthesized by standard Fmoc procedures38 with an Advanced ChemTech 

(Louisville, KY, USA) model 90 automated peptide synthesizer, as discussed in Chapter 2.  

Peptides containing 
13

C labeled alanine residues, K*AAAAAA and *AAAAAAR, were also 

synthesized and analyzed to further identify the product ion types.  The asterisk indicates that the 

alanine residue, *A, has 
13

C substitution at its methyl side chain.  In addition, the peptide 
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AAAKAAAA was purchased from Synthetic Biomolecules (San Diego, CA, USA).  All reagents 

were used in without further purification and were purchased from Advanced ChemTech or 

VWR (Radnor, PA, USA).  Deionized and distilled water was produced with a Barnstead E-pure 

system (Dubuque, IA, USA).   

 To dissolve the basic peptides, they were first added to a solvent of methanol:water at 

50:50 volume:volume ratio using a concentration of 1 mg peptide per mL of solvent.  From this 

stock solution, solutions for analysis by ESI were dissolved to 10 ɛM in acetonitrile:water:acetic 

acid at a volume ratio of 49.5:49.5:1. 

 

3.2.2 Mass Spectrometry 

The peptides were analyzed on a Bruker (Billerica, MA, USA) HCTultra PTM Discovery 

System high capacity quadrupole ion trap mass spectrometer equipped with ESI as discussed in 

Chapter 2.  The ESI end plate and capillary voltages were kept at ~4.0 kV and the capillary exit 

voltage was +103 V.  The ESI drying and nebulizer gas was nitrogen heated to 250ęC.  Samples 

were infused at a flow rate of 1-2 ɛL/min using a KD Scientific (Holliston, MA, USA) syringe 

pump.  

Single stage mass spectra (m/z 50-700) were acquired in standard enhanced positive ion 

mode and followed by ETD fragmentation experiments.  The precursor cation target value was 

adjusted from 80,000 to 200,000 and a maximum accumulation time of 200 ms was used to 

regulate the number of ions entering the trap.  Selection of the doubly protonated precursor ion, 

[M+2H]
2+

, was optimized within an isolation window of 1.0- 4.0 m/z in order to maximize 

precursor intensity while excluding nearby ions.  Methane was used as the negative chemical 

ionization (nCI) reagent gas.  Fluoranthene anions were generated within the nCI source and 
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were introduced into the trap, where they transferred electrons to the m/z-selected precursor ions 

in the ETD process.  ETD was performed using Brukerôs automatic smart decomposition,39,40 

which adjusted the anion/cation reaction times automatically in order to maximize fragmentation 

efficiency.  Reaction times were in the range of 50-200 ms.  The smart decomposition routine 

also applied a low energy resonance excitation pulse to the odd-electron protonated peptide ET 

no D ions, [M+2H]
+Å

.  This essentially performed a very low energy collision-induced 

dissociation (CID) event on the ETD dissociation intermediate in order to break apart fragment 

clusters held together by non-covalent interactions, thus enhancing ETD fragmentation 

efficiency.39,40   (Experiments were also performed without this additional CID activation and it 

was found that the pulse had negligible effects on the spectra presented here.)  For ETD, the ion 

charge control (ICC) value was set to 50,000-400,000 to maximize dissociation efficiency.  An 

initial lower end m/z cut-off of 140 m/z was used to acquire ETD spectra.  However, in order to 

observe lower m/z ETD product ions, cut-offs in the range of 50-140 m/z were also employed.  

Reducing the lower m/z cut-off results in a somewhat reduced ETD efficiency because the 

corresponding ion trajectory changes lessen the overlap between the cationic and anionic ion 

clouds involved in ETD.  All the spectra shown here were obtained from signal averaging of 200 

scans. 

 

3.3 Results and Discussion 

Doubly protonated heptapeptides XAAAAAA, AXAAAAA, AAAXAAA, AAAAAXA 

and AAAAAAX, where A is alanine and X is arginine (R), lysine (K), or histidine (H) residues, 

were dissociated by ETD.  The standard peptide fragment nomenclature41 by Roepstorff and 
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Fohlmann is used here for the ETD spectra.  The nomenclature employed is discussed in Chapter 

2. 

 

3.3.1 Effect of Basic Residue Position on ETD 

Figure 3.1 shows the ETD spectra of [M+2H]
2+

 from RAAAAAA, ARAAAAA, 

AAARAAA, AAAAARA, and *AAAAAAR.  These peptides produce mainly c- and z-series 

ions with a few side chain losses.  All of the ETD product ions contain an arginine residue.  

Figure 3.1(a) gives the spectrum for arginine at the N-terminus where a complete series of cnǌ, n 

= 1-6 is produced.  When arginine is located at the second position of the heptapeptide in Figure 

3.1(b), cnǌ, n = 2-6, and z6ǋ, are produced.  Figure 3.1(c) has arginine at the fourth position, 

where cnǌ, n = 4-6, and znǋ, n = 4-6, form.  Arginine at the sixth position in Figure 3.1(d) yields c6ǌ 

and znǋ, n = 2-6.  When arginine is located at the C-terminus in Figure 3.1(e), z1ᾴ and znǋ, n = 2-6, 

are produced.  The isotopically labeled peptide *AAAAAAR, with a 
13

C on the methyl group of 

the N-terminal residue, was used to distinguish the z1ǌ from c2ǌ and znǋ from cn+1ǋ, because these 

ion series have the same nominal m/z.  When the position of arginine residue changes from the 

N-terminus to the C-terminus, the fragment ions change from a complete cnǌ series to a complete 

znǋ series. 

Figure 3.2 contains the ETD spectra of [M+2H]
2+

 from K*AAAAAA, AKAAAAA, 

AAAKAAA, AAAAAKA and AAAAAAK.  The product ions are again primarily members of 

the cǌ-and zǋ-series, along with some ammonia loss species.  The majority of the ETD product 

ions contain a lysine residue.  When lysine is at the N-terminus in Figure 3.2(a), a complete 

series of cnǌ, n = 1-6, is produced.  Lysine at the second position, in Figure 3.2(b), yields cnǌ, n 

=2-6, a6ǋ and z6ǋ.  When lysine is located at the fourth position in Figure 3.2(c), cnǌ, n = 4-6, and 
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Figure 3.1.  ETD mass spectra of [M+2H]
2+

 from (a) RAAAAAA, (b) ARAAAAA,  (c) 

AAARAAA, (d) AAAAARA, and (e) *AAAAAAR.  The asterisk indicates that the N-terminal 

alanine residue has 
13

C substitution at its methyl side chain 
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Figure 3.2.  ETD mass spectra of [M+2H]
2+

 from (a) K*AAAAAA, (b) AKAAAAA, (c) 

AAAKAAA, (d) AAAAAKA, and (e) AAAAAAK.  The asterisk indicates that the first alanine 

residue has 
13

C substitution at its methyl side chain. 
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znǋ, n = 4-6, form.  Lysine is the sixth residue in Figure 3.2(d), where c5ǌ, c6ǌ and znǋ, n = 2-6, 

form.  When lysine is located at the C-terminus in Figure 3.2(e), c5ǌ, c6ǌ and znǋ, n = 2-6, are 

produced.  When the lysine residue is changed from the N-terminus to the C-terminus, the ETD 

product ions again change from the cnǌ series to an almost complete znǋ series.  
13

C-labeled 

K*AAAAAA was used to confirm the identity of product ions due to m/z-overlap of cnǌ with 

zn+1ǌ, n=1-5.  

Figure 3.3 shows the ETD spectra of [M+2H]
2+

 from HAAAAAA, AHAAAAA, 

AAAHAAA, AAAAAHA , and AAAAAAH.  The product ions are mainly cǌ and zǋ ions, and 

some ammonia loss is also observed.  Histidine at the N-terminus, in Figure 3.3(a), produces a 

series of cnǌ, n = 2-6 and also c1ǋ.  Histidine at the second position of the heptapeptide in Figure 

3.3(b), yields cnǌ, n = 2-6, and z6ǋ.  When histidine is located at the fourth position in Figure 

3.3(c), cnǌ, n = 4-6, and znǋ, n = 4-6, are produced.  Histidine is the sixth residue, in Figure 3.3(d), 

generates c5ǌ, c6ǌ, znǋ, n = 2-6.  In Figure 3.3(e), when histidine is at the C-terminus, c5ǌ, c6ǌ and 

znǋ, n = 2-6, are produced.  With of the histidine residue is changed from the N-terminus to C-

terminus, the ETD product ions are also changed from cnǌ to primarily znǋ.  The majority of the 

product ions contain the histidine residue; the only products without a histidine residue are c5ǌ 

from AAAAAHA [Figure 3.3(d)] and c5ǌ and c6ǌ from AAAAAAH [Figure 3.3(e)].   

Heptapeptides with the basic residue in the second position were investigated because Liu 

and Håkansson suggested that a histidine in this position might enhance b-ion formation.29  

These researchers found that the hexapeptide WHWLQL produced abundant b-ions in ECD.  

They suggested that Coulombic repulsion would result in one proton being located near the N-

terminus in the precursor ion (at either W or H) and that the second proton resided along the  
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Figure 3.3.  ETD mass spectra of [M+2H]
2+

 from (a) HAAAAAA, (b) AHAAAAA,  (c) 

AAAHAAA, (d) AAAAAHA, and (e) AAAAAAH.  
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peptide backbone and facilitated the production of b- and y-ions.42  However, in Figure 3.3(b), all 

the backbone cleavage products are c- and z-ions.  Therefore, the histidine residue does not 

promote b-ion production in the peptide AHAAAAA. 

For all of the basic model peptides, ETD produces extensive cǌ and zǋ ions.  As the basic 

residueôs position moves from the N-terminus to the C-terminus, fewer c-ions are produced and 

more z-ions are formed.  The presence of some high intensity a-, b-, and y-ions in the ECD 

spectra of basic peptides has been reported.29,43,44  In our present ETD study, no b- and y-ions 

were observed and there was only one low intensity ion that might be a member of the a-series 

[a6ǋ from AKAAAAA shown in Figure 3.2(b)] .  This suggests that the formation of a-, b-, and y-

ions in ETD and ECD may not only relate to the basic residueôs identity and position, but also to 

the overall composition of amino acid residues in the peptide. 

 

3.3.2 Effect of the Identity of the Basic Residue on ETD 

When a peptide contains a highly basic arginine residue, all of the ETD product ions 

include the arginine residue.  For peptides with lysine and histidine residues, most (but not all) 

product ions contain the basic residue.  In an ECD study, Cederquist and coworkers27 also found 

that for model pentapeptides containing alanine, glycine, and lysine residues, each product ion 

contains a lysine residue.  The reason is undoubtedly that lysine residues have a higher  GB than 

alanine and glycine residues.  Peptides with lysine and histidine residues show very similar 

fragmentation by ETD, which may be due to the nearly identical GBs for these amino acids.  The 

GB for arginine is 240.58 kcal/mol, histidine is 227.1 kcal/mol and lysine is 227.3 kcal/mol.45-47  

The ETD spectra of our model heptapeptides with N-terminal basic residues contain the entire  

c1-6ǌ  product ion distribution, which is especially useful for sequencing. 
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In our experiments, arginine-containing peptides produce only c- and z-ions and all ETD 

backbone cleavage products contain the arginine residue.  Cooper and coworkers pointed out that 

peptides containing only one basic residue and no nitrotyrosine residue will follow the Cornell32 

or UW36,37 mechanisms for electron-induced fragmentation.48  According to the calculations of 

Tureļek and coworkers, the guanidinium group of arginine more readily abstracts a hydrogen 

atom as opposed to serving as a hydrogen atom donor.18  There is a large energy barrier for 

hydrogen atom transfer from the guanidinium group of arginine to a backbone carbonyl oxygen 

to form an aminoketyl intermediate.  The initial step of the Cornell mechanism is this hydrogen 

atom transfer, which cannot occur for arginine because of the large energy barrier.  Therefore, 

the Cornell mechanism does not apply to peptides with arginine residues and such peptides most 

likely obey the UW mechanism.  In the UW mechanism, an electron is captured in a Coulomb 

stabilized amide ˊ* orbital and a mobile hydrogen atom migration from the CŬ position of the 

peptide backbone to the guanidyl group of arginine occurs.18  The radical intermediate formed 

will initiate hydrogen abstraction form the Ŭ-carbon49 and a free radical reaction cascade will 

occur.50  Under the UW mechanism, arginine residues are charge carriers (i.e., protonated) and 

this could explain why all of the ETD product ions contain arginine. 

For peptides with lysine and histidine residues, backbone cleavage may be under the 

Cornell32 or UW36,37 mechanisms.  In our experiments, almost all of the product ions contain a 

basic residue.  In the UW mechanism, basic amino residues are protonated and, consequently, 

ETD backbone cleavage ions should preferentially contain basic residues.  In the Cornell 

mechanism, an electron is captured by the amide side chain of lysine.  The resulting hydrogen 

atom is transferred to backbone carbonyl oxygen to initiate backbone cleavage.  A similar 

process occurs with histidine (but not arginine).  In the Cornell mechanism, the lysine and 
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histidine side chains do not need to be protonated.  Therefore, the Cornell mechanism may result 

in the formation of a few product ions that do not contain lysine or histidine.  In our spectra, the 

following product ions that do not contain the basic residue are observed:  c5ǌ from AAAAAHA, 

AAAAAAH, AAAAAKA, and AAAAAAK; c 6ǌ from AAAAAAH and AAAAAAK. 

All of our spectra show elimination of ammonia, NH3 (17 Da).  From our data, it cannot 

be determined if the ammonia originates from the N-terminal amino group or the side chains of 

the basic residues.  Liu and Håkansson found that the ECD spectra of peptides without basic 

residues exhibit products with ammonia loss.29  For the peptide SDKPDMAEIEKFDK, Coon and 

coworkers found that ammonia elimination occurs when the N-terminus is unprotected but not 

when the N-terminus is acetylated.24  This provides evidence that the ammonia molecule can 

originate from the N-terminal amino group. 

Arginine residues exhibit prominent neutral molecule loss from the side chain, with the 

elimination of CH5N3 (59 Da) and CH3N2Å (43 Da) occurring from the doubly protonated 

precursor ions.  No characteristic side chain loss was observed for histidine and lysine residues.  

McLuckey and coworkers observed similar results for peptides containing the three basic 

residues.19  In an ECD study, two different groups, Marshall and coworkers26 as well as Chan and 

coworkers51 found that arginine residues had side chain losses of C4H11N3 (101.093Da), CH5N3 

(59.045 Da), CH4N2 (44.033 Da), and CH3N2Å (43.029Da), histidine residues underwent a side 

chain loss of C4H6N2 (82.053), while lysine residues had a side chain loss of C4H11N (73.089).  

Tureļek
 
and coworkers calculated the energy for hydrogen transfer from the side chains of 

arginine, lysine, and histidine to the backbone amide carbonyl group.13,18,52  Their calculations 

show that arginine has an inverse migration for a hydrogen atom from the peptide backbone to 

the side chain; this process increases the likelihood of side chain cleavage.  Their calculations 
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also indicate that hydrogen atom transfer for the lysine side chain to the backbone is very facile, 

which decreases the possibility of lysine undergoing a side chain cleavage.  Histidine has a stable 

imidazole group on the side chain that is difficult to cleave.  The side chain losses of arginine 

that are present in the ETD spectra are useful in determining if arginine residues are present in a 

peptide sequence. 

For peptides containing histidine residues, an electron transfer without dissociation (ET 

no D) product forms, [M+2H+e]
+Å

.  This process was not observed for peptides with lysine or 

arginine residues.  McLuckey and coworkers have suggested that the ET no D product of 

histidine may due to stability of the methylimidazolium side chain, which could delocalize the 

nearby radical.19  Tureļek
 
and coworkers53 have further pointed out that the relative intensity of 

[M+2H+e]
+
 depends on the peptide sequence and the number of histidine residues. 

 

3.3.3 Preferential Cleavages 

Most of the peptides studied here have previously been studied in our laboratory by low energy 

CID using a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS).
15

  While the 

vast majority of the ETD product ions contain the basic residues, this is not the case in CID.  For these 

peptides, CID produces a mixture of a-, b-, and y-ions both with and without the basic residue.  In 

addition, for CID cleavage is favored adjacent to the basic residue at either the C-terminal or N-terminal 

side, with this effect being most pronounced for the highly basic arginine residues.  While not as 

prominent, the ETD spectra show an increased intensity of cleavage adjacent to basic residues; for 

example, the enhanced abundance of c4ǌ from [M+2H]
2+

 of AAARAAA [Figure 3.1(c)], AAAKAAA 

[Figure 3.2(c)], and AAAHAAA [Figure 3.3(c)].  This enhancement may be explained by the inhibition 

of the mobile proton by the side chain of the basic residue.
11,16,17
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For several of the peptides, a relatively intense c6ǌ occurs in the ETD spectra that is 

independent of the position and identity of the basic residue.  For example, enhanced c6ǌ is 

produced from RAAAAAA, ARAAAAA, AAAAARA, HAAAAAA, AHAAAAA, AAAAAHA, 

AAAAAAH, AKAAAAA and AAAAAKA.  This is not an order of magnitude intensity 

enhancement as observed in the CID spectra,15 but the intensity of c6ǌ is generally about 50-100 % 

greater than expected based on other ion intensities in the ETD spectra.  In order to determine if 

the size of the neutral ETD product influences c6ǌ formation, the length of the peptide was 

increased.  Figure 3.4 shows the ETD spectrum of [M+2H]
2+

 for the octapeptide AAAKAAAA; 

the most intense peak is c7ǌ.  Thus, c6ǌ formation is not specifically enhanced, but instead there is 

an increased production of cn-1ǌ, where n is the number of residues in the peptide.  Because the 

stability of radical species generally increases as the size of the molecule increases,54 it is 

unlikely that enhanced cn-1ǌ is a result of an increased stability of the neutral product, which in 

this case is C3H5O2Å.  Instead, the preferential formation of cn-1ǌ may be due to a slightly greater 

ability of a C-terminal residue to coordinate to the basic site and initiate c-ion formation.  Figure 

3.5 shows the mechanism for c-ion formation first proposed by McLafferty and co-workers.32  

An electron is captured on the side chain of a basic residue and, via interaction with a carbonyl 

oxygen, a hydrogen atom is transferred to the oxygen.  A greater conformational flexibility of the 

C-terminal residue may result in a slight preference for coordination to the terminal carbonyl 

group. 
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Figure 3.4.  ETD mass spectrum of [M+2H]
2+

 from AAAKAAAA.  
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Figure 3.5.  Scheme for cn-1ǌ ion formation from basic peptides. 

 

 

 

 



53 

 

3.4 Conclusions 

In ETD, heptapeptides with one basic residue produce primarily cǌ and zǋ ions.  Almost 

all the ETD products ions contain the basic residue, suggesting that the side chains of arginine, 

histidine, and lysine contain a charge site.  In addition, side chain cleavage from arginine 

residues occurs and may be useful in detecting the presence of arginine residues in peptides.  

Histidine residues promote the formation of an electron transfer without dissociation product.  In 

general, the presence of basic residues results in preferential cleavage at neighboring C-terminal 

or N- terminal residues.  As was confirmed by ETD on an octapeptide, formation of cn-1ǌ is also 

enhanced slightly.  When the basic residue is at the N-terminus, a complete series of cǌ ions is 

produced that may be very useful for sequencing. 
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CHAPTER 4:  THE USE OF CHROMIUM(III) TO SUPERCHARGE PEPTIDES BY 

PROTONATIO N AT THE PEPTIDE BACKBONE  

 

4.1 Introduction  

 The ability to protonate a molecule using electrospray ionization (ESI)1 or matrix-assisted 

laser desorption ionization (MALDI)2 is an important step in the structural analysis of peptides 

and other biomolecules by mass spectrometry.  While MALDI produces almost exclusively 

singly charged ions from smaller biomolecules, ESI has the ability to produce multiply charged 

ions.  In the sequencing of peptides and proteins by tandem mass spectrometry (MS/MS),3-5 

multiple charging can have several advantages.  These include shifting the m/z of ions to a range 

of the spectrum where resolution is optimal6 and increasing the ion intensity for mass 

spectrometers in which the signal detected is proportional to charge.7,8  In addition, higher charge 

state ions from peptides and proteins generally require less energy to initiate dissociation and 

often provide more sequence-informative fragmentation than lower charge state ions.9-12   

 The ability to multiply charge a peptide is particularly important for the MS/MS 

techniques electron capture dissociation (ECD)13-15 and electron transfer dissociation (ETD)16-18.  

In ECD and ETD, an electron is transferred to the precursor ion, resulting in a radical species 

that dissociates to yield structurally-informative product ions.  ETD and ECD generally require 

that the precursor ion be multiply positively charged because addition of an electron to a singly 

charged ion forms a neutral species whose dissociation products are also neutrals and are not 

detected by mass spectrometry.  An issue that has somewhat limited the utility of ECD and ETD 

in proteomics research is that acidic or neutral peptides may not doubly (or sometimes even 
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singly) protonate by ESI.19  However, the analysis of natural and post-translational peptides 

containing acidic groups is important.  For example, acidic peptides are common in biological 

processes related to neurology,20-22 blood coagulation,23,24 and HIV infection.25  In addition, acidic 

peptides have been studied as potential vaccines for malaria26 and HIV.27,28 

 Williams and coworkers29 have developed a method for increasing the protonation of 

biomolecules by the addition of ñsuperchargingò reagents to the solution being electrosprayed.  

The supercharging reagent is usually a small organic molecule and its presence causes the 

number of protons added to the analyte to increase, leading to more highly charged ions.  

Compounds found to promote supercharging include m-nitrobenzyl alcohol (m-NBA),29-32 

glycerol,32 tetramethylene sulfone (sulfolane),33-35 dimethyl sulfoxide (DMSO),36 

dimethylformamide (DMF),37 and several benzyl alcohol and nitrobenzene derivatives.34  These 

organic reagents enrich in concentration as the more volatile solvent evaporates during ESI.  One 

mechanism proposed for supercharging is that enrichment affects the physical properties of the 

ESI droplet, which in turn results in changes to the conformation of the molecule under 

study.35,36,38,39  A consequence of a more open (unfolded) conformation for a peptide or protein is 

that a greater number of basic sites are accessible to protons and the charge state distribution 

produced by ESI increases.  An alternative mechanism, involving interaction of the 

supercharging reagent with the biomolecule, has been proposed by several groups.33,40,41  Flick 

and Williams have also reported that lanthanum(III) chloride can supercharge proteins.41  In 

addition, an electrothermal supercharging method has been developed that involves ESI from 

aqueous ammonium or sodium salt solutions, with the extent of protonation being dependent on 

solution conditions and on the ESI capillary temperature and spray potential.42-44  A unique 

feature of electrothermal supercharging is that the number of protons added to the protein is 
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often greater than the number of highly basic sites; in contrast, organic supercharging reagents 

normally do not protonate beyond the number of highly basic sites on the protein or peptide.   

 The majority of supercharging studies have involved proteins.  Only three studies11,12,45 

have included smaller peptides.  Madsen and Brodbelt12 used m-NBA to increase the charge on 

ions produced for a peptide with twelve residues; however, the number of protons added did not 

exceed the number of basic residues.  Jensen and coworkers11 incorporated 0.1% m-NBA into the 

solvent system during a liquid chromatography (LC) analysis of 33 peptides from a tryptic digest.  

They found that the average charge state for the peptide ions increased by approximately +0.25.  

Consequently, many peptides could be dissociated from the 3+ charge state rather than 2+, which 

caused an increase in ETD fragmentation efficiency and a better success rate in identifying the 

peptide sequences.  (With the exception of a 16-residue peptide, these peptides did not protonate 

in excess of the number of highly basic sites in their sequences.)  Tysbin and coworkers45 

demonstrated a dual-sprayer process for supercharging using several large proteins and also 

substance P, an 11-residue peptide that has three highly basic sites.  The intensity of the 3+ 

charge state for substance P was tripled, but additional protonation along the backbone to form 

more highly charged ions did not occur. 

During a recent study of the collision-induced dissociation (CID) of peptides cationized 

by the addition of metal salts to the electrosprayed solution, we noted that Cr(III)  nitrate, 

Cr(NO3)3, causes the neutral peptide heptaalanine (A7) to doubly protonate.46  In contrast, when 

Cr(III) is not present in the solution, A7 produces exclusively singly charge peptide, [M+H]
+
.  

This formation of [M+2H]
2+

 was unexpected because A7 has only one highly basic site, the N-

terminal amino group.  In general, ESI protonates peptides at only the most basic sites, which are 

the N-terminal amino group and the side chains of arginine, lysine, and histidine residues.47  
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(Although this generalization does not always hold true, the exceptions are usually proteins and 

not small peptides.48,49)  Because the side chain of alanine is a methyl group that will not 

protonate, the second proton must be located at an amide group of the peptide backbone.   

In the present study, the use of Cr(III) as a supercharging reagent for small peptides is 

explored.  Several other metal ions are also evaluated as supercharging reagents, although none 

proved to be as effective as Cr(III). 

 

4.2 Experimental 

4.2.1 Peptides and Reagents 

 The peptides A7, AAAAAGA , and EEEEGDD were purchased from Biomatik 

(Cambridge, Ontario, CA).  Cytochrome c from bovine heart (12.3 kDa) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA).  All other peptides were synthesized in our laboratory 

with an Advanced ChemTech (Louisville, KY, USA) Model 90 automated peptide synthesizer 

using standard Fmoc procedures.50  The peptides were used as synthesized, without further 

purification (which accounts for impurity peaks in the mass spectra shown).  All peptide 

synthesis reagents were purchased from Advanced ChemTech or VWR (Radnor, PA, USA).  

Peptide methyl esters were produced by acid-catalyzed esterification with methanol, as discussed 

in Chapter 2.51 

 All metal salts were purchased from VWR or Thermo Fisher Scientific (Waltham, MA, 

USA).  The organic supercharging reagents, DMSO and m-NBA, and the ESI solvents, HPLC 

grade acetonitrile and methanol, were also purchased from VWR.  Deionized and distilled water 

was produced with a Barnstead E-pure system (Dubuque, IA, USA).   
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 Peptides and proteins were dissolved to 1 mg/ml in a solvent of methanol:water at a 

50:50 volume ratio.  From these stock solutions, the solutions studied by ESI were generated at a 

concentration of 10 ɛM in acetonitrile:water at a volume ratio of 50:50.  Prior to ESI, metal salts 

or acids were added to these peptide solutions at the concentrations discussed below.  The pH of 

the solutions being electrosprayed was measured with a Thermo Scientific Orion pH meter. 

 

4.2.2 Mass Spectrometry 

All studies were performed using a Bruker (Billerica, MA, USA) HCTultra PTM 

Discovery System high capacity quadrupole ion trap mass spectrometer.  The ESI source has a 

grounded needle, and a high voltage of -3.5 kV was placed on the capillary entrance and endplate.  

The capillary exit voltage was 103 V.  The drying gas was nitrogen with a temperature of 300ęC 

and a flow rate of 5-10 L/min.  The nebulizer gas was also nitrogen and the pressure was 

optimized between 5-10 psi to obtain the best ESI signal.  Samples were infused at a flow rate of 

2.5 ɛL/min with a KD Scientific (Holliston, MA, USA) syringe pump.  Single stage mass spectra 

were acquired in the positive ion mode.  All the spectra shown here were obtained from signal 

averaging of 200 scans.  The ETD experiment for EEEEGDD was also performed on this 

instrument using conditions reported elsewhere.52 

For nanospray (nanoESI) experiments, sample was introduced using a syringe pump 

connected to fused silica transfer tubing (360 ɛm x 50 ɛm) and emitters (360 ɛm x 75 ɛm x 15 

ɛm).  NanoESI emitters were purchased from New Objective (Woburn, MA, USA).  A sample 

flow rate of 5-20 ɛL/h was employed.  There was no nebulizer gas.  Nitrogen was the drying gas, 

used at a temperature of 120-150°C and a flow rate of 3-10 L/min.   
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4.3 Results and Discussion 

4.3.1 Effects of Selected Metal Ions on Supercharging of A7 

 Heptaalanine, A7, was employed as the test peptide to study the ability of various metal 

ions to promote supercharging.  Trivalent salts of aluminum (Al), chromium (Cr), iron (Fe), 

rhodium (Rh), lanthanum (La), and europium (Eu) were studied, as well as a tetravalent salt of 

cerium (Ce) and divalent salts of manganese (Mn), iron (Fe), copper (Cu), and zinc (Zn).  Table 

4.1 lists the metal salts studied and provides absolute signal intensity of [M+2H]
2+

 for several 

replicate trials using solutions with a peptide concentration of 10 µM and a metal ion 

concentration of 100 µM (metal:peptide molar ratio of 10:1).  Table 4.1 also includes the 

measured pH for all solutions, information on the intensities of metal adduct ions found in the 

mass spectra, and reference values for pertinent physical properties of the metal ions.   

 Figure 4.1 shows typical mass spectra obtained for several mixtures of A7 with metal 

salts.  For comparison, Figure 4.1(a) provides the ESI mass spectrum of a 10 µM solution of A7 

in a solvent system of 50:50 acetonitrile:water with no added metal ion.  In the absence of metal 

ion, [M+2H]
2+

 is not produced.  As seen in Figure 4.1(b), the presence of Cr(III) causes 

[M+2H]
2+

 to form in an intensity roughly equal to that of [M+H]
+
.  Addition of the other metal 

ions generally produces [M+2H]
2+

, but in an intensity too low to be analytically useful; see, for 

example, the spectra of Figure 4.1(c)-(e).  Mn(II), Zn(II), and Rh(III) are the only metal ions 

investigated that do not generate [M+2H]
2+

.  Although not included in the current study, Co(II), 

Ni(II), and Cu(I) did not significantly supercharge A7 in our previous study of CID of metal-A7 

adducts.46 
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Table 4.1.  Absolute signal intensity for [M+2H]
2+ 

from heptaalanine (A7), pH of the solutions, and properties of the metal ions. 

 

Metal Salt 

 

Atomic  
Number 

of Metal 

 

Ionic 
Charge 

 

Coordination 
Number of 

Metal
a
 

 

Metal 
Adducts in 

ESI MS 

Spectra
b 

[M+2H]
2+

 

Absolute 
Intensity 

(x10
5
),  

x← Ñ s 

 

pH of 
Solution,  

x← Ñ s 

 

pK1
c 

 

E
0
, V

d
 

 

Residence 
Time, µs

e 

 

Ionic 
Radius, 

pm
f 

 

Hydrated 
Ionic 

Radius, 

pm
g 

Al(NO3)3Å9H2O 13 3+ 4,5,6 n  1.5±1.4 4.3±0.1   4.97 ī 
h 

6.3 x 10
6 

 67.5 450 

CrCl3Å6H2O 24 3+ 6 m  7.9± 0.6 5.3±0.3   4.0 -0.407 2.0 x 10
12 

 75.5 450 

Cr(NO3)3Å9H2O 24 3+ 6 m 17.3±3.9 5.2±0.1   4.0 -0.407 2.0 x 10
12 

 75.5 450 

MnCl2Å4H2O 25 2+ 4,5,6 m  0 7.1±0.1 10.59 ī 0.0316  97 300 

FeCl3Å6H2O 26 3+ 4,5,6,8 n  3.7±2.2 3.7±0.6   3.05 +0.771 316  78.5 450 

Fe(NO3)3Ā9H2O 26 3+ 4,5,6,8 n  5.1±4.5 3.5±0.2   3.05 +0.771 316  78.5 450 

FeSO4Å7H2O 26 2+ 4,6,8 m  2.0 ±0.4 5.6±0.2   9.5 ī 0.32  75 300 

CuCl2 29 2+ 4,5,6 m  1.5±1.1 5.6±0.2   8.0 +0.153 5.0 x 10
4 

 87 300 

Zn(NO3)2Å6H2O 30 2+ 4,5,6,8 w  0 6.6±0.1   8.96 ī 0.032  88 300 

RhCl3 45 3+ 6 n  0 6.8±0.3   3.4 ī 3.2 x 10
13 

 80.5 450 

La(NO3)3Å6H2O 57 3+ 6,7,8,9,10,12 s  1.8±1.4 5.9±0.6   8.5 ī 0.050 117.2 450 

(NH4)2Ce(NO3)6 58 4+ 6,8,10,12 w  1.4±1.1 3.6±0.2  -1.1 +1.72 ī 101 550 

Eu(NO3)3Å6H2O 63 3+ 6,7,8,9 w  1.6±1.4 5.9±0.4   7.8 -0.36 ī 108.7 450 
a 
Coordination numbers are from reference 53. 

b
 The metal adduct formed with Cr(III) and La(III) is [M+Met-H]

2+
.  The metal adduct with Mn(II), Fe(II), Cu(II) and Zn(II) is [M+Met]

2+
.  The 

metal adducts with Eu(III) are [M+Met]
3+

 and [M+Met-H]
2+

.  Adduct ion intensity is compared to the intensity of [M+H]
+
 with n = no adduct 

formed, w = weak intensity at <30%, m = medium intensity at 30-65%, and s = strong intensity at >65%.  
c
 pK1 values for dissociation of the first proton from the aquo-metal complex are at 298.15K and from references 54,55. 

d
 Standard reduction potentials, E

0
, for the removal of one electron at 298.15K and 1atm are from reference 56. 

e 
Resident times for water exchange from the aquo-metal complex at 25 °C are from reference 54. 

f
 Ionic radii of the metals in a crystalline solid are from reference 57.  The metal ions where low and high spin forms are known, the radii listed is 

for the spin that is most common for the aquo-complex. 
g
 Estimated hydrated ion radii are from reference 58. 

h 
ī indicates that the value is not available in the literature, usually because the value cannot be measured.                
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\     

Figure 4.1.  ESI mass spectra of solutions containing a 10:1 molar ratio of metal:A7 for:  (a) no 

metal, (b) Cr(III), (c) Zn(II), (d) La(III), and (e) Eu(III).  For Figure 4.1(c), the low intensity peak 

below the arrow labelled ñNo [M+2H]
2+
ò is not the ion of interest, but a singly charged impurity. 
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4.3.2 Optimal Conditions for Supercharging A7 Using Cr(III)  

 Several molar ratios of Cr(III) to A7 were tested to determine the best conditions for 

supercharging.  With a metal:peptide molar ratio of 5:1 or less a slight increase in [M+H]
+
 

intensity is observed, although very little formation of [M+2H]
2+

 occurs.  The maximum 

intensity of [M+2H]
2+

 is found at a 10:1 metal:peptide ratio.  Greater concentrations of Cr(III) 

generally do not increase the [M+2H]
2+

 intensity further but instead lead to a gradual decline in 

intensities for both 2+ and 1+ species.  Also, addition of Cr(III) to the solution causes peptide 

adduct ions containing sodium or potassium ions to greatly decrease in intensity, although Cr(III) 

adduct ions form instead.  The most commonly observed Cr(III) adduct ion is [M + Cr - H]
2+

. 

 Using Cr(III) and A7 in a 10:1 molar ratio, two organic solvent systems were tested, 

50:50 acetonitrile:water and 50:50 methanol:water.  With acetonitrile:water, the absolute 

intensity for both doubly and singly charged ions was approximately double that found for 

methanol:water.  Therefore, acetonitrile:water was used for all other experiments. 

The identity of the negative counter ion was considered because anions affect protonated 

ion generation by ESI in ways that relate to their structure and their acid/base properties.59,60  As 

the intensity data in Table 4.1 show, the nitrate salts of Cr(III)  and iron(III) produce an [M+2H]
2+

 

signal for A7 that is almost twice as intense as the signal produced with the corresponding 

chloride salts.  An attempt was made to study the acetate salt for Cr(III), Cr(OAc)3ÅH2O.  

Because of the volatility of the resulting neutrals, acetate salts are often employed in LC-MS 

experiments and acetate buffers are used to minimize salt-induced signal suppression in ESI.61,62  

However, the solubility of Cr(OAc)3ÅH2O in aqueous solutions is low63 and we were unable to 

dissolve this salt to an adequate extent for the present study.  Also, a low solubility salt is not 

desirable as an ESI solution additive because solid can clog the needle. 
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Ion production by nanoESI64 was studied because this technique has a lower sample flow 

rate into the source and a greater tolerance for salt impurities than ESI.  Low flow rates have 

been reported to increase ion intensity.65  The flow rate in our ESI experiments was ~2.5 µL/min, 

while the nanoESI flow rate was ~0.2 µL/min.  Addition of Cr(III) to the A7 solution increased 

the [M+2H]
2+

 intensity to the same extent for both ESI and nanoESI.  No advantage was seen in 

using nanoESI.  Therefore, all other experiments in this study employed ESI. 

 

4.3.3 Supercharging Other Peptides with Cr(III) 

 In addition to A7, the ability of Cr(III) to supercharge peptides was studied using a 

variety of neutral, basic, and acidic peptides.  These experiments employed the nitrate salt, 

Cr(NO3)3Å9H2O, with a 10:1 molar ratio of Cr(III) to peptide.  In all cases for peptides of seven 

residues or more, the addition of Cr(III) was found to greatly enhance the production of 

[M+2H]
2+

. 

 Peptides with five residues or less were not observed to form [M+2H]
2+

.  The small 

peptides studied were the tripeptides GAA and SSS and the pentapeptides GGGGG (G5) and 

AAAAA (A5).  For example, the spectrum of A5 with Cr(III), that yields no [M+2H]
2+

 is shown 

in Figure 4.2(b).  The short chain lengths of these peptides may inhibit their ability to accept two 

protons due to Coulomb repulsion of neighboring protons.   

 The ability of hexapeptides to undergo backbone protonation depends on the sequence of 

the peptides.  The peptides GGGGGG (G6), AAAAAA  (A6), and ASSAAA do not supercharge.  

Several other hexapeptides (as discussed below) produce [M+2H]
2+

, although usually in lower 

intensities than are seen for similar hepta- and larger peptides.   
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Figure 4.2.  ESI mass spectra of the following peptides with Cr(III) added at a 10:1 molar ratio 

of metal ion to peptide:  (a) AGGAAAA, (b) AAAAA (A5), and (c) AAAEAAA.  
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A variety of neutral peptides with exclusively alkyl side chains were studied.  These 

included the 7-residue peptides AGAAAAA, AAAAAGA, AGGAAAA, AAIAAAA, 

AALAAAA, AAVAAAA, and GGAVAAA; the 8 -residue peptide AGGAAAAA; the 9-residue 

peptide AGGAAAAAA; the 13-residue peptide A13; and the 14-residue peptide A14.  All 

neutral peptides produced only [M+H]
+
 in the absence of Cr(III), and abundant [M+2H]

2+
 when 

Cr(III) was added to the solution.  (As an example, the spectrum for AGGAAAA can be found in 

Figure 4.2(a).)  The 6-residue peptide AVGIGA also generated [M+2H]
2+

 in the presence of 

Cr(III), but in low abundance.  While addition of  Cr(III) to the heptapeptides generally produced 

[M+2H]
2+

 in an abundance nearly equal to that of [M+H]
+
, for the hexapeptide AVGIGA the 

intensity of the 2+ ion was only about 10% of the intensity of the 1+ ion upon Cr(III) addition.  

In addition, two hexapeptides with neutral side chains containing heteroatoms, TAAAAA and 

AAAAA N, undergo a limited amount of supercharging. 

The analysis of peptides containing basic residues can also benefit from the addition of 

Cr(III).  Figure 4.3 shows mass spectra for the heptapeptide AHAAAAA, where H is the basic 

histidine residue.  As seen in Figure 4.3(a), a low intensity of [M+2H]
2+

 forms even without 

Cr(III), which is consistent with the fact that the sequence includes highly basic sites at the N-

terminal amino group (residue 1) and at the side chain of histidine (residue 2).  However, the 

absolute intensity of [M+2H]
2+

 increased from 0.2 x 10
6
 in the absence of Cr(III) to 5.8 x 10

6
 in 

the presence of Cr(III).  This is a nearly 30-fold increase in [M+2H]
2+

 intensity due to the use of 

Cr(III) as a supercharging reagent.  A similar affect was observed for the heptapeptide, 

GVAKAAAA, which has a basic lysine residue (K).  For both peptides, not only did Cr(III) shift 

the predominant charge produced from 1+ to 2+, but the number of peptide molecules being 

protonated doubled or tripled.  This is illustrated in Figure 4.3, where the combined 1+ and 2+  
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Figure 4.3.  ESI mass spectra of AHAAAAA with (a) no Cr(III) and (b) Cr(III) at a 10:1 molar 

ratio of Cr:AHAAAAA. 
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absolute intensity in the absence of Cr(III) is 2.4 x 10
6
, but is 6.6 x 10

6
 when Cr(III) is added.  

For neutral and acidic peptides, Cr(III) shifts the charge state (causing 2+ to form in place of 1+), 

but a dramatic increase in the overall intensity of protonated ions does not always occur. 

 Peptides containing acidic residues can be difficult to analyze by MS/MS in the positive 

ion mode because they may form protonated ions in low abundance.  However, our studies show 

that acidic peptides can be readily supercharged in the presence of Cr(III).  Again, these peptides 

produce little or no [M+2H]
2+ 

in the absence of Cr(III), but form [M+2H]
2+

 upon addition of 

Cr(III).  Our studies included 7-residue peptides of the types XAAAAAA, AAAXAAA, and 

AAAAAAX, where X = aspartic acid (D) and glutamic acid (E).  (As an example, Figure 4.2(c) 

includes the ESI mass spectrum for AAAEAAA with addition of Cr(III).)  In addition, with 

Cr(III) the following 6-residue peptides supercharged:  DAAADA, EAAAEA, EAAAAE, and 

AAEEAA.  For the hexapeptides, glutamic acid residues facilitate more supercharging than 

aspartic acid residues.  In general, with glutamic acid, the intensity of [M+2H]
2+

 is 70-100 % of 

the intensity of [M+H]
+
, while this value is only 10-30 % for the aspartic acid.  The side chain of 

glutamic acid has one more methylene group than the side chain of aspartic acid.  The longer 

glutamic acid side chain may better interact with Cr(III) and facilitate supercharging.     

Several highly acidic peptides were found to produce sufficient [M+2H]
2+

 for further study by 

MS/MS techniques upon addition of Cr(III).  These peptides include heptaaspartic acid (D7), 

heptaglutamic acid (E7), and the biological peptide hirudin(54-65), which is involved in blood 

clotting and has the sequence GDFEEIPEEYLQ.  In addition, the highly acidic peptide 

EEEEGDD readily supercharges, as is shown in Figure 4.4.  The intensity of [M+2H]
2+

 increases 

by about 25-fold when Cr(III) is added to the solution and the number of peptide molecules     
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Figure 4.4.  ESI mass spectra of EEEEGDD with (a) no Cr(III), (b) Cr(III) at a 10:1 molar ratio 

of Cr:EEEEGDD, and (c) ETD on [M+2H]
2+

 produced by addition of Cr(III). 
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being protonated doubles [Figure 4.4(a) versus Figure 4.4(b)].  With added Cr(III), [M+2H]
2+

 is 

sufficiently intense to be studied by MS/MS techniques and, as an example, the ETD spectrum of 

this ion is shown in Figure 4.4(c).  The signal-to-noise ratio (S/N) is excellent, and cleavage 

occurs at every residue, allowing the peptide to be readily sequenced from this spectrum.  

EEEEGDD is a fragment of low-molecular weight chromium-binding substance (LMWCr, also 

known as chromodulin), a biological peptide found in humans and animals that is involved in 

metabolism66-68 and may have utility in diabetes treatment.69  Our research group has recently 

sequenced a biological form of this peptide, pEEEEGDD.70  This was a challenge because the 

high acidity of the peptide resulted in only deprotonation by ESI and MALDI.  The negative ion 

mode CID and post-source decay (PSD) spectra contain an inconsistent mixture of backbone 

cleavage ions that often include intense water loss.  We interpreted these spectra and sequenced 

the peptide conclusively only after synthesizing two candidate peptides and comparing their 

negative ion MS/MS spectra to those of the biological peptide.  The project would have been 

much simpler if Cr(III) had been used to protonate the peptide, followed by either CID or ETD in 

the positive ion mode. 

 

4.3.4 Comparison of Cr(III) to Organic Supercharging Reagents 

 The ability of Cr(III) to supercharge cytochrome c (bovine heart) was explored.  

Cytochrome c is a 102-residue protein with 24 highly basic residues (including the N-terminus).  

This protein was selected for study because it has been the subject of several reports using 

organic supercharging reagents.29,31,33,37,71  Addition of Cr(III) was found to have no effect on the 

protonation of cytochrome c.  For comparison, we added two organic supercharging reagents, m-
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NBA29-32 and DMSO,36 to a cytochrome c solution and observed extensive supercharging 

consistent with literature reports.29,31,33  

 In the converse experiment, the organic supercharging reagents m-NBA and DMSO were 

separately added to solutions of our test peptide A7.  The result was an extremely minor 

formation of [M+2H]
2+

, which was not of sufficient intensity to be useful in MS or MS/MS 

experiments.  This greatly contrasts the ability of Cr(III) to produce [M+2H]
2+

 in high abundance 

for A7. 

 These results suggest that organic supercharging reagents (e.g., m-NBA and DMSO) 

work best for protonation of larger molecules such as proteins, while Cr(III) excels at adding 

protons to smaller molecules such as peptides.  Thus, organic supercharging agents and Cr(III) 

probably affect protonation by different mechanisms. 

 

4.3.5 Factors that May Contribute to the Ability of Cr(III) to Supercharge 

 The metal ions studied were selected to test the effects of specific properties on 

supercharging ability.  These properties are discussed below, with pertinent reference values 

being given in Table 4.1. 

 One factor to consider in [M+2H]
2+

 formation is the acidity of the solution.  In aqueous 

solutions, metal ions promote acidity by undergoing hydrolysis: 

 M
n+

  +  mH2O  ᵶ  [M(H 2O)m]
n+

  ᵶ  [M(H2O)(m-1)(OH)]
(n-1)+

  +  H
+  

                               4.1 

Cr(III) forms the hexaaquachromium(III) ion, [Cr(H2O)6]
3+

, which has an hydrolysis dissociation 

constant (pK1) in the range of 3.8-4.2;54,55 this is the acid dissociation constant (pKa) of the aquo-

metal complex.  This low pK1 value is consistent with our observation that the addition of Cr(III) 

to an A7 solution lowers the pH to 5.3±0.3; in contrast, the pH of the A7 solution without metal 
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ion is 7.8±0.3.  As the values in Table 4.1 indicate, aquo-metal complexes of divalent metal ions 

have higher pK1 values than complexes of trivalent metal ions.  Thus, divalent metal ions 

produce less acidic solutions than trivalent metal ions, which is consistent with our experimental 

pH measurements.  The divalent metal ions that were studied provide only a weak to non-

existent enhancement of [M+2H]
2+

 intensity for A7, which may indicate that these ions do not 

provide an adequately acidic environment for supercharging.  However, acidity is not the only 

factor affecting protonation.  The most acidic metal ion in our study is Ce(IV), which has a pK1 

of -1.1 for its aquo-complex55 and a solution pH of 3.6±0.2 when mixed with A7; however, 

Ce(IV) produced only a low intensity of [M+2H]
2+

 for A7.  

 Acidifying the peptide solution in the absence of a metal ion also does not doubly 

protonate A7.  Experiments were performed in which the A7 solution was acidified with 0.5-2.0 

volume % of acetic acid, trifluoroacetic acid, hydrochloric acid, nitric acid, and an acidic buffer.  

A pH of 5.0 in the absence of the metal ions does not cause A7 to supercharge.  Even when the 

pH was lowered to a highly acidic value of pH 2.0 using nitric acid, only a very low abundance 

of [M+2H]
2+

 forms.  Also, addition of acetic acid to the solution containing A7 and Cr(III) does 

not result in a greater increase in protonation relative to the use of Cr(III) without added acid. 

 A noteworthy feature of Cr(III) is that it does not readily reduce.  The standard reduction 

potential, E
0
, for Cr(III) reduction to Cr(II) is -0.407 V.56  In contrast, Fe(III) much more readily 

reduces to Fe(II), with E
0
 of +0.771 V.56  This suggests that more chromium ions can survive the 

ESI process in a 3+ charge state than iron ions.  As the data in Table 4.1 indicate, Fe(III) was 

found to doubly charge A7 in an intensity roughly one-third that of Cr(III).  Of the metal ions 

studied, Fe(III) is second only to Cr(III) in the ability to supercharge A7.  However, Fe(III) salts 

are not promising as supercharging reagents because the [M+2H]
2+

 intensity that they generate is 
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unstable.  There is a pronounced ion intensity fluctuation and the [M+2H]
2+

 signal sometimes 

goes away entirely.  This is illustrated by the mean ± standard deviation ion intensity values of 

Table 4.1, which are 3.7±2.2 (x 10
5
) for iron(III) chloride and 5.1±4.5 (x 10

5
) for iron(III) nitrate.  

Electrochemical processes are known to occur during ESI72 and it is possible that reduction of 

Fe(III) during ESI is causing instability of the [M+2H]
2+

 signal.  Similarly, Ce(IV) readily 

reduces to Ce(III) with an E
0
 of +1.7256 and reduction of Ce(IV) during ESI may limit the ability 

of this ion to supercharge peptides.  Like Cr(III), the trivalent ions of Al, La, Eu, and Rh do not 

readily reduce.  However, unlike Cr(III) and Fe(III), they do not promote supercharging for A7.  

Our conclusion is that the ability of a metal ion to resist reduction does not cause a metal ion to 

be a supercharging agent, but may allow the metal to remain in a form that is optimal for 

supercharging.  

 A distinguishing property of Cr(III) is the kinetic inertness of its complexes in aqueous 

solution.73-75  The residence time of a water ligand in the first hydration shell around Cr(III) is 2.0 

x 10
12

 µs (23 days).54  In comparison, the residence time of a water ligand around Fe(III) is only 

316 µs.54  Residence time for water ligands might correlate to the interactions of the metal ions 

with oxygens at the peptide backbone.  To test this hypothesis, our study also included Rh(III), 

which like Cr(III), is known for its kinetic inertness to water exchange.76  The residence time of a 

water ligand at Rh(III) is 3.2 x 10
13

 µs.54  Al(III), which has a residence time of 6.3 x 10
6 
µs,54 

was also investigated.  However, neither Rh(III) nor Al(III) were found to be good supercharging 

reagents.  Thus, the residence time of water and other oxygen-containing functional groups 

around the metal ion does not significantly affect supercharging. 

 Metal ion size is another consideration in characterizing supercharging ability.  There 

might be an optimal metal ion size to facilitate interactions of the ion with the peptide backbone 
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and promote protonation.  In support of this theory, the two trivalent metal ions that cause the 

greatest supercharging, Cr(III) and Fe(III), have similar sizes.  The ionic radius in solid crystals 

of Cr(III) is 75.5 pm, while the ionic radius of Fe(III) is 78.5 pm.54  At 67.5 pm, the ionic radius 

of Al(III) is only slightly smaller than that of Cr(III) and Fe(III).  All three metal ions also have 

the same estimated hydrated ionic radius in water, 450 pm.58  In addition, at 80.5 pm, the ionic 

radius of Rh(III) is similar to that of Cr(III).  However, Rh(III) and Al(III) are poor 

supercharging reagents.  Therefore, while metal ion size may influence supercharging, it is not 

the major factor that causes Cr(III) and Fe(III) to supercharge. 

 In comparing the physical properties listed in Table 4.1 for the metal ions studied, the 

species most similar to Cr(III) is Rh(III).  Yet, Cr(III) induces abundant supercharging, while 

Rh(III) induces none.  This suggests that the primary reason that Cr(III) causes supercharging is 

not related to a physical property, but a chemical property.  Chromium is a first row transition 

metal, while rhodium is a second row transition metal.  Although their physical properties may 

be similar, the first and second transition series often have very different chemical properties.  In 

general, first row metals are more reactive and form a greater number and diversity of metal-

ligand complexes than second row metals.77  Another factor supporting the premise that the 

ability of Cr(III) to supercharge relates to a chemical property is the fact Fe(III) also induces 

facile supercharging (although in an erratic manner).  Like chromium, iron is a first row 

transition metal and their trivalent ions frequently have similar chemical properties; for example, 

both Cr(III) and Fe(III) are members of the ñiron groupò of classical qualitative inorganic 

analysis78 and both are transported in the human body by the glycoprotein transferrin.79 

 Our experiments suggest that Cr(III) and organic supercharging agents enhance 

protonation by different mechanisms.  Williams and coworkers have proposed that organic 
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supercharging agents act by causing the peptide to undergo conformational changes during 

droplet evaporation by ESI, which makes highly basic sites more accessible.30,35,36,38,39,80  This is 

probably not the mechanism with Cr(III) because the peptides studied here are sufficiently small 

that backbone folding is unlikely to make basic sites entirely inaccessible.  More important, these 

neutral and acidic peptides do not have a second highly basic site to protonate, but instead are 

undergoing protonation of a backbone amide group to form [M+2H]
2+

.  Changes in surface 

tension of the ESI droplets due to the addition of the organic reagents has also been proposed to 

play a role in protein supercharging,71 although other studies suggest that surface tension may be 

of limited importance.81,82  Surface tension is unlikely to be a factor in Cr(III) supercharging 

because the ability of a metal ion to affect aqueous surface tension primarily relates to ionic 

charge and not identity (e.g., Ca
2+

 and Mg
2+

 salts have almost the same effect on surface 

tension).83 

 Supercharging with Cr(III) resembles electrothermal supercharging42-44 in that both 

methods can add a greater number of protons than there are highly basic sites on the biomolecule.  

Electrothermal supercharging is believed to result from conformational changes and denaturation 

when a biomolecule is exposed to factors that include temperature, voltage, and ionic strength.  

However, the ñover-protonatingò of proteins by electrothermal supercharging probably does not 

involve the peptide backbone but instead results from protonation of less basic residues (i.e., 

proline, tryptophan, and glutamine).49  The alkyl side chain peptides studied here, including A7, 

have no residues with side chains that will protonate. 
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4.3.6 The Role of Cr(III) -Peptide Interactions in Supercharging 

 A proposed supercharging mechanism that is likely to be a factor for Cr(III) is interaction 

of the supercharging reagent with the biomolecule.  Douglass and Venter suggested that the 

formation of adducts of cyctochrome c and sulfolane are responsible for supercharging.33  Based 

on data from thermal studies, Chingin et al. proposed that the supercharging mechanism involves 

direct interaction.40  Flick and Williams suggested that La(III) adduction to the protein led to 

increased Coulomb repulsion and caused protein unfolding.41  For supercharging with Cr(III), 

metal ion-peptide interaction goes along with the premise that a chemical factor is at work rather 

than a physical property.   

 Cr(III)  coordinates in solution to ligands with oxygen75,84-88 or nitrogen,89-93 although this 

is not unique among transition metal ions.  Cr(III)  is a hard Lewis acid that prefers to bind to 

oxygen rather than nitrogen.94  (The other hard metal ions in this study are Fe(III) and Al(III).)  

The binding of Cr(III) to oxygen ligands is usually strong and often involves coordinate covalent 

bonds.77  Little is known of the ability of Cr(III) to bind to peptides, with the exception of work 

on the chromium-binding peptide found in animals, LMWCr.  LMWCr is a small highly acidic 

peptide of 10-12 residues that tightly binds four Cr(III);95-97 in fact, the EEEEGDD fragment of 

LMWCr (whose mass spectra are shown in Figure 4.4) binds four Cr(III) in solution.69  The 

carboxylic acid groups on the side chains of the acidic residues and at the C-terminus are 

involved in Cr(III) binding.  Also, both Cr(III) and Fe(III) are transported in animals by 

transferrin, and the two metal ions have very similar binding affinities to this glycoprotein.79   

 An hypothesis that carboxylic acid groups are involved in the Cr(III) supercharging 

mechanism is supported by the solution-phase data on Cr(III) binding to LMWCr and by our 

experimental observations that hexapeptides with acidic residues supercharge readily with the 
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identity of the acidic residue (glutamic acid versus aspartic acid) affecting protonation.  To test 

this hypothesis, we removed the C-terminal carboxylic acid groups of A7, AAVAAAA, and 

AAIAAAA by converting these peptides to methyl esters.  ESI on these peptide methyl esters 

showed no increased [M+2H]
2+

 signal when Cr(III) was added.  In contrast, the acid forms of all 

three peptides supercharge in abundance upon addition of Cr(III) to produce [M+2H]
2+

 at near 

equal intensity to [M+H]
+
.  

 Although no protonation enhancement occurs upon addition of Cr(III), even without 

Cr(III) the three methyl esters form [M+2H]
2+

 at ~30% the intensity of [M+H]
+
.  This result is 

interesting because the acid forms of these peptides produce almost no [M+2H]
2+

 without Cr(III).  

This is likely to be a conformational effect, with the methyl esters having more open structures 

due to less participation of the C-terminus in hydrogen bonding.51  If so, this suggests that 

conformation has at least some effect on the protonation of even small peptides. 

 Interaction of Cr(III) with peptide C-terminal or side chain carboxylic acid groups 

appears to be an important step in the supercharging mechanism.  Cr(III)  forms almost 

exclusively hexacoordinate complexes of octahedral geometry.77  Therefore, it is possible that 

several carbonyl oxygens along the peptide backbone coordinate at multiple sites of the Cr(III) 

octahedron in solution or during drying in ESI as coordinating water is stripped from the droplet.  

Using scale models in Figure 4.5, we found that at least four carbonyl oxygens on the A7 

backbone can coordinate at octahedral sites of Cr(III) without severe distortion of the backbone.  

Such interaction might assist in transfer of a proton from aquo-Cr(III) complexes to the peptide 

backbone.   
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Figure 4.5.  The ball-and-stick model of Cr(III) and A7. 
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Conclusions 

 The addition of Cr(III)  nitrate to solutions being electrosprayed is shown to dramatically 

increase [M+2H]
2+

 intensity for neutral and acidic peptides that normally produce only [M+H]
+
.  

In addition, for slightly basic peptides that produce [M+2H]
2+

 in low abundance, addition of 

Cr(III) both shifts the charge state distribution to predominantly 2+ and causes the number of 

ions being protonated to double or triple.  This greatly enhanced production of [M+2H]
2+

 has 

several advantages for peptide sequencing by MS/MS.  First, production of abundant [M+2H]
2+

 

allows ECD and ETD experiments to be performed on peptides that normally could not be 

studied because of the need for these electron-base techniques to have multiply charged 

precursor cations.  (Such experiments are discussed in Chapters 5 and 6.)  Second, for CID, 

which is the most common dissociation technique in peptide sequencing, the amount of 

structurally-informative fragmentation is generally greater for [M+2H]
2+

 than for [M+H]
+
.  This 

is why biological peptide sequencing by CID in proteomics research usually involves 2+ 

precursor ions.98,99  Finally, the large increase in signal intensity for [M+2H]
2+

 precursor ion 

results in a corresponding increase in S/N of the MS/MS spectra.  A limiting factor in the ability 

of bioinformatics techniques to correctly identify peptides is mass spectra with low S/N.100,101  

This makes selecting analyte peaks from noise difficult and results in false positive 

identifications for peptides.  The ability of Cr(III) to increase both charge and ion intensity in the 

ESI mass spectra could prove to be very useful in peptide analysis and sequencing. 
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CHAPTER 5:  ELECTRON TRANSFER DISSOCIATION OF NEUTRAL PEPTIDES 

WITH ALKYL SIDE CHAINS  

 

5.1 Introduction  

Electron transfer dissociation (ETD)1 and electron capture dissociation (ECD)2 are two 

important tandem mass spectrometry techniques (MS/MS) in peptide and protein sequencing.3-11  

In post-translational modifications (PTMs), the modified side chains remain intact during ETD 

and ECD, which makes the two techniques especially useful in protein sequencing.  ETD and 

ECD are reported as new methods for increasing sequence coverage in the Human Proteome 

Project.12  The two techniques are complementary to collision-induced dissociation (CID).  ETD 

and ECD produce c- and z-ions by random backbone N-CŬ bond cleavages, while CID cleaves at 

C-N bonds to make b- and y-ions.11,13  Although the methods by which a multiply protonated 

peptide obtains an electron are different in ETD and ECD, the fragments produced and 

mechanisms involved are similar.14 

Two major mechanisms have been proposed to explain fragmentation in ETD and ECD.  

In the Cornell mechanism,2 proposed by McLafferty and co-workers, an electron localized at a 

positively charged functional group (e.g., ammonium or guanidinium) captures a hydrogen atom 

(HÅ) to form an odd-electron ion and initiate N-CŬ bond dissociation.15  Backbone dissociation 

produces c- and z-fragment ions.  The non-ergodic N-CŬ bond dissociation process2 is affected 

by intramolecular solvation of protons from the side chains of basic residues.  However, this 

mechanism does not explain N-CŬ bond dissociations that are remote from the basic residues. 
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The other mechanism proposed by the Simons16 and Tureļek13 groups independently is 

known as the Utah-Washington (UW) mechanism.  The electron in ECD or ETD is captured in a 

Coulomb stabilized amide ˊ* orbital that turns the amide bond into a superbase.  The amide 

superbase can either accept a proton from a close proton donor group, which triggers backbone 

cleavage, or undergo N-CŬ bond dissociation to form an enole-imidate anion, which then 

abstracts a proton to form c- and z-product ions.17  The most important difference between the 

two mechanisms is that the UW mechanism does not need the side chains of basic residues to be 

involved in proton-coupled electron transfer. 

In order to perform ETD or ECD experiments, a peptide should be at least doubly 

positive charged under electrospray ionization (ESI) conditions.  Peptides without basic residues, 

such as neutral peptides, often do not readily multiply charge18 and therefore cannot be studied 

by ETD or ECD.  However, it has been reported that in one case the neutral peptides 

DYMGWMDF-NH2, pEVNFSPGWGT-NH2 and pEQWFWWM-NH2 were studied by ECD.19  

Håkansson and coworkers19 found that abundant b-ions were produced by ECD on these amide 

peptides that do not contain residues with basic side chains.  There are a few reports20-26 

regarding b-ions produced from basic peptides in ECD.  Cooper and coworkers found that 

lysine-containing peptides easily produce b-ions in ECD.21,26  Oh and coworkers observed b-ions 

in ECD of peptides containing a lysine homologue (a species with an n-propylamine side chain 

as opposed to the n-butylamine side chain of lysine).23  Two different groups, Haselmann22 and 

Uggerud20 and their coworkers, observed b-ions in ECD of amide peptides.  Chamot-Rooke and 

coworkers25 found b-ions in ECD of basic peptides containing five residues and proposed that the 

peptide size changes the redistribution of energy after electron capture and affects fragmentation 

pathways.  Although b-ions have been observed in ECD, ETD studies have not shown the 
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formation of b-ions from [M+nH]
n+

; however, this may be because most fundamental studies of 

electron-induced dissociation techniques have involved ECD rather than ETD. 

Two independent groups, Julian27 and Hess28 and their coworkers, reported b-ions in the 

ECD spectra of hydrogen-deficient peptide radical cations.  However, special methods29-36 were 

needed to produce hydrogen-deficient radical cations in the gas phase, such as CID of metal-

peptide complexes.  In addition, the precursor ion and fragmentation mechanisms of hydrogen-

deficient peptides are different from those of the multiply protonated peptides in ECD.  For 

hydrogen-deficient peptides, the radical ion undergoing dissociation is [M+nH]
(n+1)+Å

 and the 

dissociation is a competition between charge driven and radical driven processes.28,37,38  In 

traditional ETD, the ion under dissociation is [M+nH]
(n-1)+Å

 and dissociation is only a radical 

driven process. 

Sequencing and analysis of peptides without basic residues is important because 

numerous peptides with predominately neutral or acidic side chains exist in nature.39-42  For 

example, in proteomics research, chymotrypsin protease is widely used to digest proteins into 

smaller peptides that contain tyrosine, tryptophan, or phenylalanine residues at the C-terminus.43  

The resulting peptides sometimes lack basic residues and may not be readily sequenced by 

positive ion mode electron-induced dissociation techniques.18   

As discussed in Chapter 4, addition of Cr(III)  nitrate to the solutions of peptides with 

neutral side chains can greatly increase the formation of doubly protonated ions, [M+2H]
2+

, by 

ESI.  This allows these peptides to be studied by ETD.  This chapter discusses ETD experiments 

that were performed on [M+2H]
2+

 from neutral peptides composed of alanine, glycine, valine, 

leucine, and isoleucine residues.  Because alanine, glycine, valine, leucine, and isoleucine are 
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amino acids with alkyl side chains, this allows investigation of ETD on neutral peptides with 

simple structures that do not contain additional heteroatoms. 

 

5.2 Experimental 

5.2.1 Peptides 

Neutral peptides with an alkyl side chain synthesized were AAAAAAAAAAAAA (A13), 

AAAAAAAAAAAAAA (A14), AAIAAAA, AALAAAA, AAVAAAA, AGGAAAA, and 

GGAVAAA, where A is alanine, G is glycine, I is isoleucine, L is leucine, and V is valine.  The 

structures of these amino acids are given in Section 2.6.  These peptides were synthesized with 

an Advanced Chem Tech (Louisville, KY, USA) model 90 automated peptide synthesizer by 

standard Fmoc synthetic procedures.44  In addition, the peptides AAAAAAA, AAAAAGA, 

AGGAAAAA, AGGAAAAAA were purchased from Biomatik Co (Cambridge, Ontario, CA).  

Chromium (III) nitrate, Cr(NO3)3Ā9H2O, and HPLC grade acetonitrile and methanol were 

purchased from VWR (Radnor, PA, USA).  Deionized and distilled water was produced with a 

Barnstead E-pure system (Dubuque, IA, USA). 

The neutral peptides were first dissolved in a solvent of methanol:water at 50:50 

volume:volume ratio or water using a concentration of 1 mg peptide per mL of solvent.  From 

this stock solution, solutions for analysis by ESI were dissolved to 10 ɛM in acetonitrile:water at 

a volume ratio of 50:50.  A solution containing a molar ratio of Cr(III)  to peptide at 10:1 was 

used to generate doubly protonated ions. 
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5.2.2 Mass Spectrometry 

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

Discovery System high capacity quadrupole ion trap mass spectrometer, as discussed in Chapter 

2.  Additional experimental details are also provided in Chapter 3.   

 

5.3 Results 

ETD experiments were performed on the doubly protonated peptides, [M+2H]
2+

, with 

seven to fourteen residues.  A comparison of ETD spectra for neutral and basic peptides is shown 

in Figure 5.1.  Neutral peptide A7, in Figure 5.1(a), produces bn, n = 3-6, [bn+H-17]
+
, n = 4- 6, y2 

and cnǌ, n = 3-5.  The basic peptide AAARAAA in Figure 5.1(b) produces cnǌ, n = 4-6, znǋ, n = 4-

6, and side chain losses (59Da ſ CH5N3, 43Da ſ CH3N2Å, 17Da ſ NH3).  These two peptides 

were dissociated under the same ETD conditions.  ETD of the peptide A7 is dominated by b- and 

c-ions, which is very different from the spectrum of AAARAAA that contains mainly c- and z-

ions.   

Other neutral peptides containing seven or eight residues also primarily produce the b- 

and c-ion series and a few y- and z-ions by ETD.  A summary of the ETD product ions for the 

peptides studied is given in Table 5.1.  Examples of the spectra for various alkyl side chain 

residues are shown in Figure 5.2, which displays the products of the peptides AAIAAAA, 

AALAAAA , and AAVAAAA  after undergoing the ETD reaction. 
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Figure 5.1.  The ETD spectra of [M+2H]
2+

 from (a) AAAAAAA (A7)  and (b) AAARAAA . 
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Table 1.  Product ions produced by ETD on [M+2H]
2+

 of peptides with alkyl side chains.
a
 

Peptides            n =  bn [bn+H-17] cnᾴ yn  znᾳ 

AAARAAA    4-6  4-6 

A7 3-6 4-6 3-5 2  

AAIAAAA  3-6 4-6 3-6 3  

AALAAAA  3-6 4-6 3-6 3  

AAVAAAA  3-6 3-6 2-6 3 4 

AAAAAGA  3-6 4-6 3-6 3  

AGGAAAA  4-6 5-6 3-6 2 4 

AGGAAAAA  4-7 5-7 3-7  5 

GGAVAAA  4-6 4-6 3-6 2-3 4-5 

AGGAAAAAA  6-8 6-8 4-8 5 5 

A13 7, 12  7-12   

A14 12-13  8-13  10 
a
 Numerical values in the table indicate the range of n values (position of cleavage sites) 

observed in the ETD spectra. 
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Figure 5.2.  The ETD spectra of [M+2H]
2+

 from (a) AAIAAAA, (b) AALAAAA, and (c) 

AAVAAAA.  
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When the chain length increases, the ETD fragmentation pattern of the neutral peptides 

begins to change.  In Figure 5.3(a) of the nine residue peptide AGGAAAAAA, bn, n = 6-8, 

[bn+H-17]
+
, n = 6-8, y5, z5ǋ, cnǌ n = 4-8, and [M+2H-17]

+
 were produced.  The dominant peaks 

are only from the c-ion series and not the b-ion series.  In Figure 5.3(b), A14 produces bn, n = 12-

13, z10ǋ and cnǌ, n = 8-13.  The same trend can also observed in Figure 5.4 for GGAVAAA and 

Figure 5.5 for A13.  When the peptide size increases, the product ions of neutral peptides 

gradually changes from members of the b- and c-ion series to primarily the c-ion series. 

 

5.4 Discussion 

5.4.1 Effect of the Identity of the Neutral Residue with Alkyl Side Chain on ETD 

The identity of the neutral residues has no effect on ETD.  Alanine (A), isoleucine (I), 

leucine (L), and valine (V) are the four residues with alkyl side chains.  ETD of the peptides 

AAAAAAA, AAIAAAA, AALAAAA, AAVAAAA in Figure 5.1(a) and Figure 5.2 have similar 

product ions.  As discussed in Chapter 3, for basic peptides, arginine, lysine, and histidine 

residues have different effects on ETD, which is due to the structures and basicities of their side 

chains.2,17,45  The alkyl side chains of the neutral residues cannot protonate and have minimal 

effect on dissociation as compared to the peptide backbone, which can protonate. 

 

5.4.2 Mechanism of b-Ion Formation in ETD of Neutral Peptides 

In ETD or ECD studies, the major product ions have been c- and z-ions, which are 

produced by cleavage of backbone N-CŬ bonds.1,2  There are few reports about b-ions produced 

in ETD or ECD.19-28  In the ETD experiments discussed here, for neutral heptapeptides or the 

octapeptide AGGAAAAA, the b- and c-ion series are the dominant product ions.  In CID, b- and  
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Figure 5.3.  The ETD spectra of [M+2H]
2+

 from (a) AGGAAAAAA, and (b) A14. 
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Figure 5.4.  The ETD spectrum of [M+2H]
2+

 from GGAVAAA . 
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Figure 5.5.  The ETD spectrum of [M+2H]
2+

 from A13. 
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y-ions are the major product ions, and are produced by cleavage of amide C-N bonds along the 

backbone.46,47   

In order to know if the b-ions produced in ETD are also present in CID, singly protonated 

ions, [M+H]
+
, were subjected to CID.  Figure 5.6 shows CID on [M+H]

+
 from the peptide A7.  

The mass spectrum contains bn, n = 3-6, that were also produced in ETD.  To confirm if these b-

ions produced in ETD and CID have the same structure, MS/MS/MS experiments were 

performed.  Figure 5.7(a) and (b) displays the CID of b6 from the peptide A7.  The b6 precursor 

ion in Figure 5.7(a) was generated from [M+H]
+
 by CID; therefore, this is a MS/MS/MS 

experiment involving CID/CID.  The b6 precursor ion in Figure 5.7(b) was produced by 

[M+2H]
2+

 in ETD; the spectrum is from an ETD/CID experiment.  The two MS/MS/MS spectra 

are virtually identical.  Additional MS/MS experiments show that the other b-ions produced from 

A7 in Figures 5.8 and 5.9 also have the same structures.  Other peptides such as AAAAAGA, 

AGGAAAA and AGGAAAAA, whose spectra are shown in Figures 5.10 through 5.20, give the 

same results as A7.  Thus, b-ions generated by ETD have the same structures as b-ions from CID. 

Cooper21 has performed experiments to confirm that the b-ions found in ECD are not 

from a CID process but instead result directly from ECD of the precursor ion.  The b-ions are 

also not from loss of ammonia, NH3, from c-ions.  Cooper21 used resonant single-frequency 

dipolar excitation to continuously eject c-ions produced by ECD, and the resulting spectrum did 

not have c-ions, but still contained b-ions.21  In addition, if b-ions observed in ETD and CID of 

neutral peptides have the same mechanism of formation, the basic peptide AAARAAA should 

also have b-ions upon ETD fragmentation.  Figure 5.1(b) shows no b-ion production.  Therefore, 

b-ions formed in ETD of neutral peptides, unlike the b-ions originating from CID, are not formed 

by collisions of the precursor ion with an inert gas.  In addition, our spectra (e.g., Figure 5.1(b)), 
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Figure 5.6.  The CID spectrum of [M+H]
+
 from A7.   
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Figure 5.7.  The CID spectra (MS/MS/MS) of b6 produced by (a) ETD on [M+2H]
2+

 on A7 and 

by (b) CID on [M+H]
+
 on A7. 
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Figure 5.8.  The CID spectra (MS/MS/MS) of b4 produced by (a) ETD on [M+2H]
2+

 on A7 and 

by (b) CID on [M+H]
+
 on A7. 
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Figure 5.9.  The CID spectra (MS/MS/MS) of b5 produced by (a) ETD on [M+2H]
2+

 on A7 and 

by (b) CID on [M+H]
+
 on A7. 
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Figure 5.10.  (a) ETD spectrum of [M+2H]
2+

 from AAAAAGA and (b) CID spectrum of 

[M+H]
+
 from AAAAAGA . 

 

 

 

 

 

 

 

 


