
University of Wollongong - Research Online
Thesis Collection

Title: Mass spectrometry of acylated peptides and proteins

Author: Jenny Anne Vazquez

Year: 2010

Repository DOI:

Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The
University does not authorise you to copy, communicate or otherwise make available electronically to any
other person any copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright
Act 1968, no part of this work may be reproduced by any process, nor may any other exclusive right be
exercised, without the permission of the author. Copyright owners are entitled to take legal action against
persons who infringe their copyright. A reproduction of material that is protected by copyright may be a
copyright infringement. A court may impose penalties and award damages in relation to offences and
infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving
the conversion of material into digital or electronic form.

Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily
represent the views of the University of Wollongong.

Research Online is the open access repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

https://dx.doi.org/
mailto:research-pubs@uow.edu.au


University of Wollongong University of Wollongong 

Research Online Research Online 

University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 

2010 

Mass spectrometry of acylated peptides and proteins Mass spectrometry of acylated peptides and proteins 

Jenny Anne Vazquez 
University of Wollongong 

Follow this and additional works at: https://ro.uow.edu.au/theses 

University of Wollongong University of Wollongong 

Copyright Warning Copyright Warning 

You may print or download ONE copy of this document for the purpose of your own research or study. The University 

does not authorise you to copy, communicate or otherwise make available electronically to any other person any 

copyright material contained on this site. 

You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 

1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 

without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 

their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 

may impose penalties and award damages in relation to offences and infringements relating to copyright material. 

Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 

conversion of material into digital or electronic form. 

Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 

represent the views of the University of Wollongong. represent the views of the University of Wollongong. 

Recommended Citation Recommended Citation 
Vazquez, Jenny Anne, Mass spectrometry of acylated peptides and proteins, Doctor of Philosophy thesis, 
School of Chemistry - Faculty of Science, University of Wollongong, 2010. https://ro.uow.edu.au/theses/
3151 

Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

https://ro.uow.edu.au/
https://ro.uow.edu.au/theses
https://ro.uow.edu.au/theses
https://ro.uow.edu.au/thesesuow
https://ro.uow.edu.au/theses?utm_source=ro.uow.edu.au%2Ftheses%2F3151&utm_medium=PDF&utm_campaign=PDFCoverPages




 

 
MASS SPECTROMETRY OF ACYLATED  

 
PEPTIDES AND PROTEINS 

 
 
 
 

A thesis submitted in fulfilment of the requirements for the award of the degree 
 
 
 
 

DOCTOR OF PHILOSOPHY 
 
 
 
 

from 
 
 
 
 

UNIVERSITY OF WOLLONGONG 
 
 
 
 

by 
 
 
 
 

JENNY ANNE VAZQUEZ, BA, BSc(Hons), Grad.Dip.Ed. 
 
 
 
 

SCHOOL OF CHEMISTRY 
 
 
 
 

2010 



 i

 
 
 
 
 
CERTIFICATION 
 
 
I, Jenny Anne Vazquez, declare that this thesis, submitted in fulfilment of the 

requirements for the award of Doctor of Philosophy, in the School of Chemistry, 

University of Wollongong, is wholly my own work unless otherwise referenced or 

acknowledged. The document has not been submitted for qualifications at any other 

academic institution. 

 
 
 
Jenny Anne Vazquez 

5th May 2010 



 ii 

TABLE OF CONTENTS 
 
CERTIFICATION ............................................................................................................. i 

LIST OF TABLES........................................................................................................... iv 

LIST OF FIGURES .........................................................................................................vi 

LIST OF SCHEMES......................................................................................................... x 

ABBREVIATIONS .........................................................................................................xi 

PUBLICATIONS...........................................................................................................xiii 

ABSTRACT...................................................................................................................xiv 

ACKNOWLEDGMENTS .............................................................................................xvi 
 
1 General Introduction ........................................................................................ 1 
1.1 Proteins and Peptides .......................................................................................... 1 
1.1.1 Modified Proteins and Peptides .......................................................................... 2 
1.2 Analysis of Proteins and Peptides....................................................................... 6 
1.2.1 Analysis of Acylated Proteins and Peptides ..................................................... 11 
1.3 Mass Spectrometry ........................................................................................... 12 
1.3.1 Ion Sources ....................................................................................................... 13 
1.3.2 Mass Analysers ................................................................................................. 17 
1.4 Mass Spectrometry of Peptides and Proteins.................................................... 22 
1.5 Mass Spectrometry of Modified Proteins and Peptides.................................... 25 
1.6 Aims.................................................................................................................. 27 
 
2 Methods............................................................................................................ 29 
2.1 Mass Spectrometry ........................................................................................... 29 
2.1.1 Electrospray Ionisation Q-o-TOF MS/MS ....................................................... 29 
2.1.2 MALDI Q-o-TOF MS/MS................................................................................ 29 
2.1.3 MALDI TOF MS and MALDI PSD MS.......................................................... 30 
2.1.4 Electrospray Ionisation-Fourier Transform Ion Cyclotron-Resonance MS/MS  

(ESI-FTICR MS/MS) ....................................................................................... 31 
2.1.5 Materials Required for MS Analysis ................................................................ 32 
2.2 Preparation of Acylated Peptides...................................................................... 32 
2.2.1 Synthesis ........................................................................................................... 33 
2.2.2 High Performance Liquid Chromatography (HPLC) Purification ................... 33 
2.2.3 Materials for Peptide Acylation........................................................................ 34 
2.3 Preparation of Monodisperse Polymers............................................................ 34 
2.4 Enzymatic Digestions ....................................................................................... 35 
2.4.1 Procedure .......................................................................................................... 35 
2.4.2 Materials for Enzymatic Digestions ................................................................. 35 
2.5 Liquid Chromatography / Mass Spectrometry (LC/MS).................................. 35 
2.5.1 Sample Preparation and Instrumentation.......................................................... 35 
2.5.2 Materials for LC/MS......................................................................................... 36 
2.6 Theoretical Mass Calculations.......................................................................... 36 
 
3 Analysis of Acylated Peptides by Mass Spectrometry................................. 38 
3.1 Introduction....................................................................................................... 38 
3.1.1 Ghrelin: An Appetite Controlling Acylated Peptide......................................... 39 



 iii

3.1.2 Mass Spectrometry of Acylated Peptides and Proteins ....................................41 
3.2 Results and Discussion .....................................................................................43 
3.2.1 Tandem Mass Spectrometry of O-Acylated Neurokinin A ..............................44 
3.2.2 Tandem Mass Spectrometry of O-acylated Eledoisin ......................................54 
3.2.3 Tandem Mass Spectrometry of Ghrelin............................................................59 
3.2.4 Tandem Mass Spectrometry of Ghrelin Tryptic Peptide T1-11 .......................65 
3.2.5 Tandem Mass Spectrometry of Tyrosine(4) and Tyrosine(13) O-acylated Renin 

Substrate Tetradecapeptide ...............................................................................71 
3.2.6 Tandem Mass Spectrometry of S-acylated Glutathione....................................81 
3.2.7 Tandem Mass Spectrometry of N-acylated Substance P ..................................88 
3.3 Conclusions.......................................................................................................91 
 
4 Sequence Determination for a Potential HIV Immune Response 

Antagonist ........................................................................................................96 
4.1 Introduction.......................................................................................................96 
4.1.1 Peptide and Lipopeptide Vaccines....................................................................96 
4.1.2 Human Immunodeficiency Virus (HIV) and Acquired Immune Deficiency 

Syndrome (AIDS) .............................................................................................98 
4.1.3 HIV type-1 Nef Protein...................................................................................102 
4.1.4 Aims................................................................................................................104 
4.2 Results and Discussion ...................................................................................105 
4.2.1 MS Analysis of the Synthetically N-acylated Nef1-6 Mixture.........................105 
4.2.2 MS/MS of N-glycine Palmitoylated Nef1-6 .....................................................108 
4.2.3 MS/MS of Nex 1 and Nex 2 ...........................................................................115 
4.2.4 Tryptic Digestion of Nex 1 and Nex 2............................................................129 
4.3 Conclusions.....................................................................................................138 
 
5 Characterisation of Monodisperse Polymers by Mass Spectrometry ......140 
5.1 Introduction.....................................................................................................140 
5.1.1 Monodisperse Polymers..................................................................................140 
5.1.2 Characterisation of Monodisperse Polymers ..................................................141 
5.2 Results and Discussion ...................................................................................143 
5.2.1 Analysis of Peracylated Ubiquitin by Mass Spectrometry .............................143 
5.2.2 Analysis of Peracylated Bovine Carbonic Anhydrase II by Mass Spectrometry

.........................................................................................................................182 
5.2.3 General Discussion .........................................................................................227 
5.3 Conclusions.....................................................................................................228 
 
6 General Conclusions .....................................................................................230 
 
APPENDICES ..............................................................................................................234 

REFERENCES..............................................................................................................250 



 iv 

 
LIST OF TABLES 
 
Table 1.1  Nomenclature for acyl modifications..................................................................6 

Table 2.1  User in-put sequences and user defined amino acids........................................37 

Table 3.1  Characteristic and useful sequence ions identified for O-acylated neurokinin 
A........................................................................................................................51 

Table 3.2  Characteristic and useful sequence ions identified for ghrelin. ........................64 

Table 3.3  Characteristic and useful sequence ions identified for ghrelin tryptic peptide 
T1-11. ................................................................................................................70 

Table 3.4  Characteristic and useful sequence ions identified for O-acylated renin 
substrate tetradecapeptide. ................................................................................77 

Table 3.5  Characteristic and useful sequence ions identified for S-acylated glutathione. 84 

Table 3.6  Marker ions observed in the ESI-Q-o-TOF MS/MS spectra of acylated 
peptides. ............................................................................................................93 

Table 4.1  Proposed identities of species present in the acylated Nef1-6 synthetic 
mixture. ...........................................................................................................107 

Table 4.2  Assignment of ESI-FTICR MS/MS results for (pam)Nef1-6...........................113 

Table 4.3  Calculation of the mass difference between Nex1 and Nex 2. .......................118 

Table 4.4  Calculations to determine the mass of amino acid-7. .....................................123 

Table 4.5  Summary of the assignment of ESI-FTICR MS/MS results for Nex 1 and 
Nex 2. ..............................................................................................................127 

Table 4.6  Peptides resulting from the tryptic digestion of Nex 1 and Nex 2. .................130 

Table 4.7  Assignments for ESI-Q-o-TOF MS/MS of Nex 1 and Nex 2 combined 
tryptic peptides T1-9. ......................................................................................132 

Table 4.8  Assignments for ESI-Q-o-TOF MS/MS of Nex 1 and Nex 2 combined 
tryptic peptides T1-6. ......................................................................................136 

Table 5.1  Acyl groups used to perfunctionalise ubiquitin and bovine carbonic 
anhydrase. .......................................................................................................141 

Table 5.2  Summary of Intact MS observed for functionalised ubiquitin........................147 

Table 5.3  Peptide assignments for the GluC enzymatic digest of perfunctionalised 
ubiquitin. .........................................................................................................152 

Table 5.4  Peptide assignments for the AspN enzymatic digest of perfunctionalised 
ubiquitin. .........................................................................................................166 

Table 5.5  HPLC-ESI-Q-o-TOF MS/MS analysis of glutarylated and PEGylated 
ubiquitin containing sub-stoichiometric functionalisation of ubiquitin. .........176 

Table 5.6  Identification of possible sites containing truncated PEG addition to 
ubiquitin. .........................................................................................................182 

 
  



 v

Appendix A Assignment of MALDI-Q-o-TOF MS/MS results for (pam)Nef1-6…………. 254 

Appendix B Assignment of ESI-Q-o-TOF MS/MS results for (pam)Nef1-6..................  255 

Appendix C  Assignment of MALDI-Q-o-TOF MS/MS results for Nex 1 and Nex 2....256 

Appendix D Assignment of ESI-Q-o-TOF MS/MS results for Nex 1 and Nex 2…....... 258 

Appendix E Assignment of ESI-FTICR MS/MS results for Nex 1 and Nex 2.............. 260 

Appendix F Peptide Assignments for the AspN Enzymatic Digest of Peracylated 
Bovine Carbonic Anhydrase II................................................................... 263 

Appendix G Peptide Assignments for the GluC Enzymatic Digest of Perpegylated 
Bovine Carbonic Anhydrase II................................................................... 268 

 

 
 

 



 vi 

LIST OF FIGURES 
 
Figure 3.1  HPLC trace for the purification of O-octanoylated eledoisin.......................44 

Figure 3.2  MALDI PSD mass spectra of neurokinin A (a) and O-octanoyl-neurokinin 
A (b)..............................................................................................................45 

Figure 3.3  MALDI-Q-o-TOF CID MS/MS analysis of neurokinin A (C.E 110 eV) (a) 
and O-octanoyl-neurokinin A (C.E 110 eV) (b).. .........................................46 

Figure 3.4  ESI-Q-o-TOF CID MS/MS analysis of neurokinin A (C.E. 25 eV; 2+ 
precursor ion) (a) and O-octanoyl-neurokinin A (C.E. 30 eV) (b). ..............47 

Figure 3.5  Collision energy profiles for the precursor ion and product ions of: O-
octanoyl neurokinin A (a) and O-myristoyl neurokinin A (b)......................52 

Figure 3.6  MALDI PSD mass spectra of eledoisin (a) and O-octanoyl eledoisin (b). ..56 

Figure 3.7  MALDI-Q-o-TOF CID MS/MS of eledoisin (C.E. 110 eV) (a) and O-
octanoyl eledoisin (C.E. 110 eV) (b).. ..........................................................57 

Figure 3.8  ESI-Q-o-TOF CID MS/MS of eledoisin (C.E. 25 eV; 2+ precursor ion) (a) 
and O-octanoyl eledoisin (C.E. 30 eV) (b).. .................................................58 

Figure 3.9  MALDI PSD mass spectrum of ghrelin........................................................60 

Figure 3.10  ESI-Q-o-TOF CID MS/MS of des-acyl ghrelin. ..........................................62 

Figure 3.11  ESI-Q-o-TOF CID MS/MS of ghrelin..........................................................63 

Figure 3.12  Collision energy profile for the precursor ion and product ions of ghrelin. .65 

Figure 3.13  MALDI PSD mass spectrum of the ghrelin tryptic peptide T1-11...............67 

Figure 3.14  MALDI-Q-o-TOF CID MS/MS of the ghrelin tryptic peptide T1-11. Bold-
face type indicates ions containing the acyl moiety. ....................................68 

Figure 3.15  ESI-Q-o-TOF CID MS/MS of the ghrelin tryptic peptide T1-11.................69 

Figure 3.16  Collision energy profile for the precursor ion and product ions of: ghrelin 
tryptic peptide T1-11. ...................................................................................71 

Figure 3.17  ESI-Q-o-TOF MS/MS of native and O-acyl-renin substrate 
tetradecapeptide ............................................................................................73 

Figure 3.18  Collision energy profiles for the precursor ion and product ions of: tyr(13) 
O-octanoyl renin substrate (a); tyr(13) O-myristoyl renin substrate (b); 
tyr(13) O-palmitoyl renin substrate (c); tyr(4) O-octanoyl renin substrate 
(d) (3+ precursor ions).. ................................................................................79 

Figure 3.19 Collision energy profile for the fragmentation of native and Tyr(13) O-
acylated renin substrate tetradecapeptide .....................................................80 

Figure 3.20  ESI-Q-o-TOF MS/MS of native and O-acyl-glutathione .............................82 

Figure 3.21  Collision energy profiles for the precursor ion and product ions of: S-
octanoyl glutathione (a); S-myristoyl glutathione (b); S-palmitoyl 
glutathione (c). ..............................................................................................86 

Figure 3.22  Collision energy profile for the fragmentation of native and S-acylated 
glutathione. ...................................................................................................87 



 vii

Figure 3.23  MALDI-Q-o-TOF MS/MS of substance P (C.E.110 eV) (a) and N-
octanoylated substance P (C.E. 110 eV) (b). ............................................... 89 

Figure 3.24  ESI-Q-o-TOF CID MS/MS of substance P (C.E.25 eV) (a) and N-
octanoylated substance P (C.E. 25 eV) (b). ................................................. 90 

Figure 4.1  MALDI-TOF MS of the acylated Nef1-6 synthetic mixture. Inset: 
expansion of the m/z region showing Nex 1 and Nex 2 ions. .................... 106 

Figure 4.2  MALDI-Q-o-TOF MS/MS of (pam)Nef1-6, m/z 900.6 precursor ion.. ...... 109 

Figure 4.3  ESI-Q-o-TOF MS/MS of (pam)Nef1-6, m/z 450.81 precursor ion.. ........... 110 

Figure 4.4 ESI-FTICR MS/MS of (pam)Nef1-6 m/z 450.8 precursor ion.................... 111 

Figure 4.5  MALDI-Q-o-TOF MS/MS of Nex 1 and Nex 2........................................ 117 

Figure 4.6  Combined ESI-Q-o-TOF MS/MS of Nex 1 and Nex 2 using a precursor 
isolation value of m/z 578.7 with a low resolution setting, allowing for the 
isolation of both Nex species. .................................................................... 120 

Figure 4.7  ESI-FTICR MS/MS of Nex 1 and Nex 2; m/z 579 precursor ion, Q2 CAD 
at 10 eV, 1000 ms external accumulation.................................................. 122 

Figure 4.8  ESI-Q-o-TOF MS/MS of Nex 1 and Nex 2 tryptic peptides T1-9, m/z 666, 
low resolution. ........................................................................................... 131 

Figure 4.9  ESI-Q-o-TOF MS/MS of Nex 1 and Nex 2 [T1-6+2H]2+, m/z 463/465. 
Inset ESI-Q-o-TOF MS/MS of [Nef1-6 + 2H]2+, m/z 450. ......................... 135 

Figure 5.1  MALDI-TOF MS analysis of peracetylated ubiquitin prior to treatment 
with lithium hydroxide a) and after lithium hydroxide treatment b). ....... 145 

Figure 5.2  MALDI-TOF MS analysis of native ubiquitin a), peractylated ubiquitin b), 
perglutarylated ubiquitin c) and perPEGylated ubiquitin d)...................... 146 

Figure 5.3  HPLC-ESI-Q-o-TOF MS/MS analysis of AspN digested perPEGylated 
ubiquitin: TIC a), combined mass spectrum for the peptide analysis b). .. 150 

Figure 5.4  HPLC-ESI-Q-o-TOF MS/MS analysis of perfunctionalised ubiquitin, 
GluC peptide 1-16. Peracetylated ubiquitin a)........................................... 154 

Figure 5.5  HPLC-ESI-Q-o-TOF MS/MS analysis of perfunctionalised ubiquitin, 
GluC peptide 25-34. Peracetylated ubiquitin a), perbenzoylated ubiquitin 
b). ............................................................................................................... 158 

Figure 5.6  HPLC-ESI-Q-o-TOF MS/MS analysis of perfunctionalised ubiquitin, 
GluC peptide 35-51. Peracetylated ubiquitin a), perbenzoylated ubiquitin 
b). ............................................................................................................... 161 

Figure 5.7  HPLC-ESI-Q-o-TOF MS/MS analysis of peracetylated ubiquitin, AspN 
peptide 1-20. .............................................................................................. 168 

Figure 5.8  HPLC-ESI-Q-o-TOF MS/MS analysis of peracetylated ubiquitin, AspN 
peptide 21-31. ............................................................................................ 168 

Figure 5.9  HPLC-ESI-Q-o-TOF MS/MS analysis of perbenzoylated ubiquitin, AspN 
peptide 32-38.. ........................................................................................... 170 

Figure 5.10 HPLC-ESI-Q-o-TOF MS/MS analysis of peracetylated ubiquitin, AspN 
peptide 39-51. ............................................................................................ 172 



 viii

Figure 5.11  HPLC-ESI-Q-o-TOF MS/MS analysis of perglutarated ubiquitin, AspN 
peptide 58-76. .............................................................................................173 

Figure 5.12  HPLC-ESI-Q-o-TOF MS/MS analysis of the sub-stoichiometrically 
PEGylated ubiquitin GluC peptide 25-34 a). Selected ion chromatogram 
for the combined 2+ and 3+ states of substoichiometrically PEGylated and 
perPEGylated ubiquitin AspN peptide 25-34 b).........................................177 

Figure 5.13  HPLC-ESI-Q-o-TOF MS/MS analysis of the unmodified ubiquitin AspN 
peptide 39-51 a). Selected ion chromatogram for the combined 2+ and 3+ 
states of the native and PEGylated ubiquitin AspN peptide 39-51 b). .......178 

Figure 5.14  TIC for the HPLC-ESI-Q-o-TOF MS/MS analysis of AspN digested 
perPEGylated BCA.....................................................................................185 

Figure 5.15  HPLC-ESI-Q-o-TOF MS/MS analysis of native BCA AspN enzymatic 
peptide 150-159. .........................................................................................190 

Figure 5.16  HPLC-ESI-Q-o-TOF MS/MS analysis of peracetylated BCA AspN 
enzymatic peptide 150-159.........................................................................192 

Figure 5.17  HPLC-ESI-Q-o-TOF MS/MS analysis of pertrifluoroacetylated BCA 
AspN enzymatic peptide 150-159. .............................................................194 

Figure 5.18  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA AspN 
enzymatic peptide 150-159.........................................................................196 

Figure 5.19  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA, GluC 
enzymatic peptide 1-13...............................................................................201 

Figure 5.20  HPLC-ESI-Q-O-TOF MS/MS analysis of perPEGylated BCA, containing 
asp-10, AspN enzymatic peptide 1-9 a), containing asp-10, AspN 
enzymatic peptide 10-17 b). .......................................................................204 

Figure 5.21  HPLC-ESI-Q-o-TOF MS/MS analysis of BCA AspN enzymatic peptide 
18-30 a), BCA AspN enzymatic peptide 18-30 containing a succinimide 
intermediate at position-23 b). ....................................................................205 

Figure 5.22  HPLC-ESI-Q-o-TOF MS/MS analysis of BCA AspN enzymatic peptide 
61-69 containing asp-61. ............................................................................208 

Figure 5.23  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA AspN 
enzymatic peptide 74-79 a) and sub-stoichiometrically PEGylated BCA 
Asp N enzymatic peptide 74-79 b). ............................................................211 

Figure 5.24  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA AspN 
enzymatic peptide 163-172 ........................................................................213 

Figure 5.25  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA AspN 
enzymatic peptide 31-39.............................................................................217 

Figure 5.26  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 41-52.............................................................................217 

Figure 5.27  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 106-116.........................................................................219 

Figure 5.28  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 117-128.........................................................................220 



 ix

Figure 5.29  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA AspN 
enzymatic peptide 137-149.. ...................................................................... 221 

Figure 5.30  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 204-212.. ...................................................................... 224 

Figure 5.31  HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 204-232.. ...................................................................... 225 

Figure 5.32 HPLC-ESI-Q-o-TOF MS/MS analysis of perPEGylated BCA GluC 
enzymatic peptide 237-259. ....................................................................... 226 

 



 x

LIST OF SCHEMES 
 
Scheme 1.1  Structures of an amino acid (a) and of a two consecutive amino acids, 

showing the amide (or peptide) bond (b)........................................................2 

Scheme 1.2  Schematic of a typical ESI source (not to scale). .........................................14 

Scheme 1.3  Schematic of a typical MALDI-TOF mass spectrometer (not to scale). ......16 

Scheme 1.4  Nomenclature for the fragmentation of peptides by tandem mass 
spectrometry. ................................................................................................25 

Scheme 2.1  Schematic of the QqQ FTICR mass spectrometer used in this thesis. .........31 

Scheme 2.2  Reaction scheme for the acylation of side-chain residues. ...........................33 

Scheme 3.1  Sequence of human ghrelin. .........................................................................40 

Scheme 4.1  Annotated sequence of (pam)Nef1-6............................................................114 

Scheme 4.2 Structure of the palmitoyl moiety. ..............................................................114 

Scheme 4.3 Structure for a) oleoyl and b) stearoyl moieties..........................................119 

Scheme 4.4 Structure of ester-linked kynurenine residue (denoted X throughout text).124 

Scheme 4.5 Annotated sequence of Nex 1 and Nex 2....................................................128 

Scheme 4.6 Tryptic digestion of Nex 1 and Nex 2. .......................................................130 

Scheme 4.7 MS/MS of tryptic peptide 1-9 from Nex 1 and Nex 2. ...............................133 

Scheme 4.8 MS/MS of tryptic peptide T1-6 from Nex 1 and Nex 2.. ...........................137 

Scheme 5.1  Amino acid sequence for Ubiquitin (human and bovine)...........................143 

Scheme 5.2  Sequence coverage maps for the GluC digestion of perfunctionalised 
ubiquitin. .....................................................................................................151 

Scheme 5.3  Sequence coverage maps for the AspN digestion of perfunctionalised 
ubiquitin. .....................................................................................................165 

Scheme 5.4  Amino acid sequence for bovine carbonic anhydrase. ...............................183 

Scheme 5.5  Sequence coverage maps for the AspN digestion of perfunctionalised 
bovine carbonic anhrydrase II. ...................................................................186 

Scheme 5.6  Sequence coverage maps for the GluC digestion of perfunctionalised 
bovine carbonic anhrydrase II. ...................................................................188 

Scheme 5.7  Deamidation of Asparagine, via a succinimide intermediate. ....................199 

 

 
 
 



 xi

ABBREVIATIONS 
 
 
 
Symbol Meaning 
a acetyl 
ACN acetonitrile 
ACTH adrenocorticotropic hormone, clip 18–39 
AIDS acquired immune deficiency syndrome 
b benzoyl 
BCA bovine carbonic anhydrase 
BUDA Boston University Data Analysis (software) 
ºC degrees Celsius 
C.E. collision energy 
CAD collision activated dissociation 
CE capillary electrophoresis 
CID collisionally induced dissociation 
D dimensional (as in 2D-gel electrophoresis) 
Da Daltons 
DNA deoxyribose nucleic acid  
e exponent; x10n 
ECD electron-capture dissociation  
ESI electrospray ionisation  
eV electron volts 
f trifluoropropionoyl 
FTICR Fourier transform-ion cyclotron resonance  
g glutaroyl 
GPI glycosylphosphatidyl inositol (anchor) 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) 
HIV human immunodeficiency virus 
HPLC high performance liquid chromatography 
i iodoacetyl 
i.d. internal diameter 
IDA intellegent data acquisitionTM 
IPA isopropanol 
IUPAC International Union of Pure and Applied Chemistry 
kDa kilodaltons 
kV kilovolts 
kyn kynurenine 
LC liquid chromatography 
LIT linear ion trap 
M molar (mol/L) 
[m+H]+ protonated or positively charged ion  
m/z mass-to-charge ratio 
MALDI matrix-assisted laser desorption/ionisation  



 xii 

mg milligram 
MHC major histocompatibility complex 
min minute 
mL millilitre 
mM millimolar 
MS mass spectrometry or mass spectrum(a) 
MS/MS tandem mass spectrometry (mass spectrometry/mass spectrometry) 
MSn multi-stage mass analysis  
myr tetradecano- or myrist- acyl group 
nm nanometres 
NMR nuclear magnetic resonance  
NNRTI nonnucleoside reverse transcriptase inhibitor 
o orthogonal (as in Q-o-TOF) 
oco octano- or capryl- acyl group 
ole n-octadeceno- or ole- acyl group 
p methoxypolyethylene glycol propionoyl 
pam hexadecano- or palmit- acyl group 
PEG used to represent methoxypolyethylene glycol propionate 
pH -log[H+] 
pmol picomole 
ppm parts per milllion 
PSD post source decay 
Q or q quadrupole 
QIT quadrupole ion trap 

R general symbol used to represent a functional group (e.g. for an 
amino acid sidegroup.) 

RF radio frequency 
RNA ribose nucleic acid 
SDS-PAGE sodium dodecylsulphate polyacrylamide gel-electrophoresis 
SIV simian immunodeficiency virus 
SORI sustained-off resonance ionisation 
ste octadecano- or stear- acyl group 
SWIFT stored waveform inverse Fourier transform 
T denotes peptide resulting from tryptic digestion 
T Tesla 
TFA trifluoroacetic acid 
TIC total ion current 
TOF time-of-flight 
u unified atomic mass unit 
µL microlitre 
µm micrometre 
UV ultra-violet 
V volts 
VIS visible 
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ABSTRACT 
The majority of naturally occurring proteins are modified in some manner, with many 

biological systems requiring these modifications in order to function properly. 

Acylation is one such type of modification. For example, the neuropeptide ghrelin, 

which plays a critical role in appetite stimulation, is octanoylated on its ser-3 residue. 

Many proteins are palmitoylated at one or more cysteine residues, with the lipid moiety 

essential for membrane binding. It is likely that many biological systems rely on protein 

acylations, and it would be beneficial to develop techniques that allow a facile detection 

of naturally occurring acylations. 

Synthetically acylated peptides and proteins (a class of monodisperse polymer) have 

many potential uses. Synthetically acylated peptides and proteins are being developed 

for use as therapeutic agents and also as chemical standards. Synthetically acylated 

peptides, for example, have the potential for use as vaccines for diseases such as 

hepatitis and HIV. The ability to successfully characterise these types of semi-synthetic 

molecules is imperative in their development process. In this work, mass spectrometry 

is explored as a means of analysing acylated peptides and proteins. 

A number of synthetically acylated peptides were examined using a range of mass 

spectrometry techniques in order to identify characteristic fragmentations. Acylated 

peptides were fragmented using electrospray ionisation or matrix-assisted laser 

desorption/ionisation combined with collisionally induced dissociation tandem mass 

spectrometry, and also using matrix-assisted laser desorption/ionisation post source 

decay mass spectrometry. Acylated peptides were observed to fragment in a similar 

manner to their unacylated counterparts, with the degree of fragmentation observed 

dependant on the length of the acyl chain (i.e. higher collision energies were required to 
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illicit the same degree of fragmentation with increasing chain length). The presence of 

an acylation on an N-terminal amino acid allowed the formation of a b1 product ion, not 

normally observed in the spectrum of unmodified peptides. A number of useful marker 

ions for acylation at serine, tyrosine and cysteine residues were observed, including, 

acyl carbenium ions and acylated immonium ions. The neutral loss of the acyl moiety 

was also commonly observed. The tandem mass spectrometry conditions required to 

produce marker ions were explored. 

Two lipopeptides, synthesised as by-products in the production of N-terminally acylated 

HIV protein Nef1-6 (acyl-GGKWSK), were characterised. These lipopeptides were 

found to be twelve residues long, with an unusual ether-linked kynurenine at position 

seven, and contained either a stearoyl or oleoyl moiety at their N-terminal glycine 

residues (ste/ole-GGKWSK-O-kyn-SKWSK). The successful characterisation of these 

molecules has allowed continued investigations into their use as immunological agents. 

A range of novel monodisperse polymers, acylated at their lysine residues, were 

analysed intact or subsequent to enzymatic digestion, using high performance liquid 

chromatography and tandem mass spectrometry. Analogous tandem mass spectra were 

observed irrespective of the acylating agent, however, chromatographic elution times 

were found to be dependant on the identity of the acyl moiety. Acylated lysine 

carbenium ions were observed in the tandem mass spectra, 17 u lower in mass than the 

calculated value for an acylated lysine immonium ion.  

This work demonstrates the ability of mass spectrometry to enable the characterisation 

of a wide range of acylated peptides and proteins. The use of a variety of mass 

spectrometry and commonly employed analysis techniques (such as enzymatic 

digestion) further aid in the characterisation of acylated peptides and proteins. 
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