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ABSTRACT 

In order to ascertain the impacts of the structural features ofpolypeptide and 

oligosaccharide ions on the dissociation of these hiomolecules under typical 

collision induced dissociation (CID) and electron capture dissociation (ECD) 

conditions, the dissociation patterns of even-electron precursor ions generated by 

protonation ([A/+ nH]"^)/metalation ([Metal-^M]"^), odd-electron hydrogen-deficient 

precursor ions (Kt*) generated by SORI-CID of [Cu(Tpy)Mf^ and odd-electron 

hydrogen-surplus precursor ions ([M+2H广)generated by ECD of [M+2Hf^ were 

examined. It was found that backbone cleavages, with the generation of h/y and c/z 

ions, were dominant in the dissociation of [M+H]. and [M+2H广 respectively 

Whilst in the dissociation of h/t •’ side chain loss reactions were the major fragments 

generated. For post translational modification (PTM)-containing peptides, the labile 

PTM groups were found to cleave preferentially in the dissociation of M^* and 

[M+H�+ , but were found to be retained in the intact peptides and peptide fragments 

in the dissociation of [h4+2H]“. It is hypothesized that the different dissociation 

pathways is attributed to the different nature of radicals. Further to these, it was 

found that in the dissociation of oligosaccharides, similar cleavage patterns 

(glycosidic and cross-ring cleavages) were obtained regardless of the nature of the 

precursor ions (i.e. whether odd- or even-electron) and the ion activation conditions. 

During the course of the systematic study, it was also discovered that 

douhly-protonated diarginated peptides containing multiple glutamic acid residues 

(E) (n>4) could suppress the backbone fragmentation of [M+2H广.Together with 
mt 

/ � 

the results obtained from conformational searches, it was hypothesized that the 

interactions between carboxylic oxygens of E side chains and backbone amide 

hydrogens could stabilize the radical intermediate and thereby inhibiting the usual 

N-Ca cleavages and H. loss from 广. 



摘要 

本文著研究多肽/蛋白質和低聚糖離子結構特徴對於其碰撞誘導裂解 

(CID)及電子捕獲裂解（ECD)中裂解反應的影響，分別對質子（[M+HD / 

金屬（[M e t a l + M D離子化的偶電子前驅離子、銅三卩 t t淀多肽聚合物 

([Cu(Tpy)M]2+)於持纊非共振輻照碰撞誘導裂解(SORI-CID)中所產生的貧氫 

奇電子前驅離子（ivr)以及電子捕獲裂解（ECD)所産生的富氫奇電子前驅離 

子（[M+2H广)的裂解模式進行硏究。 

研究表明對於質子（[M+Hr ) /金屬([Metal+M广)離子化的偶電子前驅離 

子和富氣奇電子前驅離子（[M+2Hr)在裂解的過程中，主要是主鏈斷裂，産生 

b/y�和C/Z類型的碎片離子。對於貧氫奇電子前驅離子（NT)，則主要是支鏈裂 

解。對含有翻譯後修飾的肽，在質子（[M+H]+) /金屬（[Metal+M广)離子化的 

偶電子前驅離子和貧氫奇電子前驅離子（N/T)裂解中，其不穩定官能圓將優先 

斷裂；而在富氫奇電子前驅離子（[M+2H^)的裂解中’則會保留。由此推斷雜 

原子自由基和氬原子自由基可能會促進特定的裂解反應通道。另外在進一步對 

於低聚糖分子的硏究中發現’無論是何種類型的前驅離子以及離子活化方法’ 

都會發生相類似的糖苷和環斷裂的裂解方式。 

在以上系統的硏究中，還發現谷氣酸（fi) (>4)能夠抑止含雙精氨酸的富氫 

奇電子肽離子（[M+2H广)主鏈碎片離子的産生。通過這項試驗現象和構像捜索 

發現谷氣酸支鏈翔基氧與主鏈醜胺氫原子相互作用能夠穩定中間體自由基’由 
i 

此抑止常規的鍵斷裂和富氫肽離子氫原子解離。 
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Chapter 1 

Introduction 

1.1 Mass spectrometry of biomolecules 

Biomolecules such as carbohydrates, DNA and proteins assume important 

roles in biological functions. Carbohydrates play a crucial part in cellular processes 

like energy storage, structural support, signaling and extra-cellular interactions [1, 2], 

whereas malfunction of DNA or abnormal abundance of certain kinds of protein can 

cause different types of diseases [3]. In order to understand more about the 

biomolecules in human bodies and to discover biomarkers for diseases and drug 

targets, scientists have started doing proteomic researches. Since the structures of 

biomolecules provide useful information about their biological functions, 

sequencing is very often taken as the first step in proteomic studies. 

Proteins and DNA are linear biomolecules. Others such as saccharide units 

stick to each other through a variety of linkages to form non-linear carbohydrates 

with branching structures. As any slight changes in these linkages or branches would 

greatly affect the conformations and biological activities of the carbohydrates, it is 

more difficult to obtain sequence information for oligosaccharide than protein. 

There are several ways to perform protein and oligosaccharide sequencing, 

which can largely be classified as chemical and mass spectrometric approaches. 

Edman degradation [4-6] and enzymatic digestion (using glycosidases) are examples 

of chemical approach. The former was established as a routine technique to gain 

sequence information for peptide/protein while the latter was often used for 

sequence analyses related to oligosaccharide [7，8]. Both approaches have their 
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limitations. They require lengthy analysis time and involve large amounts of 

samples and tedious sample purification procedures. Also, they cannot be used for 

obtaining sequence information for certain kinds of biomolecules such as 

peptide/protein with N-terminal blocked or post-transiational modifications (PTMs). 

Given these limitations, the chemical approach is gradually phasing out and mass 

spectrometry (MS), characterized by its ultrahigh sensitivity and accuracy in mass 

measurement, is now widely used as an analytical technique for biomolecules 

sequencing. 

The concept of MS was first introduced by J. J. Thomson in 1899 [9]. It was 

then one of the most sensitive and accurate analytical techniques to obtain the 

molecular mass of an atom. With the subsequent development of different types of 

ionization methods, the capability of MS to analyze large biomolecules has been 

greatly enhanced. Classic ionization techniques such as electron impact ionization 

(EI) [10] and chemical ionization (CI) [11] are suitable for dealing with volatile and 

thermally stable molecules. For analyses involving involatile and thermally labile 

molecules, field desorption (FD) [12], fast atom bombardment (FAB) [13], 

secondary ion mass spectrometry (SIMS) [14] and plasma desorption (PD) [15] have 

been commonly used. FAB was first developed for peptide sequencing [16] but 

limited to relatively low mass biomolecules (<1500 Da). In the late 1980s, 

matrix-assisted laser desorption ionization (MALDI) [17] and electrospray 

ionization (ESI) [18] were introduced. These two techniques are ideal for high mass 

biomolecules analyses and have become indispensable tools for MS of a great 

variety of substances, including high mass biomolecules and synthetic products. 

ESI has advantages over other ionization techniques in several ways. First, it 

enables sample solution to be analyzed directly without any matrix involvement and 
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tedious sample workup. Second, it enables analyses of biomolecules with 

theoretically unlimited masses (mass limit depending only on the type of mass 

analyzer used). Third, it produces multiply-charged ions instead of singly-charged 

ions and thus allows the use of mass range in lower mass/charge (m/z) region with 

even high mass biomolecules. 

In 1984, Fenn and co-workers demonstrated the coupling of ESI to MS [19]. 

In a typical ESI experiment of biomolecules, the sample is first dissolved by using a 

suitable solvent. Sample solution is then introduced into a hypodermic needle 

connected to a syringe pump at a flow rate of � 1 i^iL/min. Owing to the high 

potential difference (~4 kilo volts) between the metal capillary and the 

counter-electrode, a Taylor cone [20] protrudes. When the coulomb repulsion force 

exceeds the surface tension of the sample solution, droplets of liquid with excess 

charges are generated and a small jet of fine mist with charge droplets produced; and 

under the influence of the electric field, the charged droplets migrate towards the 

counter-electrode. With the use of an appropriate nebulizing gas (such as dry 

nitrogen) at an elevated temperature of typically 250 - 300 °C，the solvent molecules 

evaporate continuously from the droplets, leading to a reduction of the droplet 

volume. The increasing charge density of the droplets eventually causes explosion of 

the droplets into even finer droplets. There was a suggestion that the rapid 

evaporation of the migrating droplets promotes a sequence of coulomb explosions 

that gives rise to droplets with a radius of curvature so small that the electric field on 

their surfaces becomes high enough to desorb solute ions into the ambient gas. If the 

analyte molecules have multiple basic residues, multiply-charged ions are generated. 

Since ESI produces analyte ions directly from the sample solution, it is very often a 

method of choice to complete MS with liquid separation methods such as high 
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performance liquid chromatography (HPLC). 

1.2 Tandem mass spectrometry 

With the advancement of instrumentation by various tandem mass 

spectrometry (MS") techniques, mass spectrometer has become a useful tool for 

structural analyses of large biomolecules. 

MS" is a fast and selective analytical technique for sequencing biological 

samples in complex mixture without requiring extensive sample purification. In this 

technique, the ions of interest (i.e., precursor ions) are first isolated and then 

activated. The activated ions subsequently undergo unimolecular dissociation and 

the fragment ions produced (i.e. product ions) are then recorded and analyzed. This 

cycle can be repeated as anyone of the resulting fragment ions can be further 

isolated and activated to give secondary fragments. Depending on the methods of 

ion activation，fragmentation can occur at different positions along the peptide 

backbone to produce several sequence specific fragment ions. 

The fundamental approaches for protein sequencing by MS can be classified 

as bottom-up and top-down strategies. In the bottom-up approach, large proteins are 

subjected to enzymatic digestion and the peptides or small proteins resulted are 

analyzed by MS [21]. Known and unknown proteins can then be rapidly identified 

by comparing the fingerprint of the digested products against the hypothetical 

pattern generated from protein databases. This peptide mass fingerprinting, however, 

requires several peptide fragments to uniquely identify a protein. In the top-down 

approach, intact protein ions are selected and subjected to gas phase fragmentation 

for MS analysis, and protein identification is based on the accurate mass 

measurement of sequence tags generated by MS" [22]. This strategy has an 
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advantage over the bottom-up approach [23] in that it avoids enzymatic digestion 

and prevents neglect of PTM(s)，and for this reason is useful for localization and 

characterization of PTM(s) [24]. 

1.2. 

To facilitate understanding of the labeling of the fragment ions in MS" 

spectra to be mentioned in the ensuing chapters, the nomenclature of different 

peptide and oligosaccharide systems is briefly described below. 

The cleaving sites and the notations of peptide fragments under the systemic 

nomenclature suggested by Roepstorff and co-worker [25] in 1984, which was 

subsequently modified by Johnson and co-workers [26], are shown in Scheme 1.1. 

Under this system, if the charge is retained on the N-terminal, the ion is named as a, 

b or c\ but if the charge is retained on the C-terminal, the ion is x, y or z. Additional 

side chain loss from z ions is labeled as w ion. Each of the subscripts indicates the 

number of residues in the fragment. 

d<l b i C<j 32 

H2N 

W 1 O - Y ) 

OH 

X2 V2 Z2 Xi yi z-
Scheme 1.1 

The systematic nomenclature generally used for carbohydrate fragmentation 
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was introduced by Domon and Costello in 1988 [27]. Under this system, fragment 

ions containing the non-reducing end is either A, B or C, whereas ions containing 

the aglycone (or the reducing end for carbohydrates) is labeled as X，Y or Z. The 

glycosidic bond linking to the aglycone is numbered 0. The cleaving positions and 

notations in this regard are shown in Scheme 1.2. 

Yo Zo 

HO 
O - r R 

1. Dissociation of protonated peptide 

Conventionally used MS" techniques include collision induced dissociation 

(CID) [28, 29]，surface induced dissociation (SID) [30], blackbody infrared radiation 

dissociation (BIRD) [31] and infrared multiphoton dissociation (IRMPD) [32]. The 

principles of all these techniques are based on excitation of the vibration modes of 

ions (i.e. the weakest bond in the ions would cleave preferentially during the 

redistribution of vibrational excitation energy). 

1.2.2.1 CID of protonated peptide ions 

CID is one of the dissociation techniques widely used for protein sequencing. 

It was introduced by Jennings in 1968 and has become an important tool in MS". In 
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1982，Preiser and co-workers first reported CID experiments performed in 

Fourier-transform ion cyclotron resonance mass spectrometer (FTICR-MS). 

In a typical CID MS" experiment in FTICR-MS, the ions of interest, i.e. the 

precursor ions, are isolated by over-excitation of the unwanted ions. The ions are 

then subjected to a short /^^excitation waveform (whose frequency is identical to the 

cyclotron frequency of the precursor ions) under an elevated background pressure 

(10*^ - 10-7 Ton) of inert gas. As a result of multiple collisions, some of the 

translation energy of the precursor ions is converted to internal energy. The internal 

energy randomizes over all degrees of freedom in the ions，eventually leading to 

their dissociation. 

Depending on the power, duration and frequency of the excitation 

waveform(s), CID can be subdivided into several classes, including on-resonance 

CID, sustained off-resonance irradiation CID (SORI-CID) [33], very low-energy 

CID (VLE-CID) [34] and multiple excitations for collision activation (MECA) [35]. 

Among these, SORI-CID is the most widely adopted method for inducing 

dissociation of large biomolecule ions in FTICR-MS. 

CID of peptides and oligosaccharides usually cleave amide [36] and 

glycosidic [27] linkages respectively to form a series of b/y and B/Y ions. Besides 

the generation of sequence specific fragments, losses of small neutral molecules (e.g. 

water, ammonia and carbon dioxide) are always observed. This is more prominent in 

cases of protein with PTM(s). Owing to their lability, PTM groups will lose 

preferentially upon vibrational excitations. 

For peptides/proteins, a "mobile proton model" [37-41] has been proposed to 

account for their dissociation patterns. It is believed that under collision activation 
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conditions, the added protons in the precursor ions will migrate from the protonation 

site along the amide backbone to induce cleavages at different inter-residual linkages 

[37]. It is also believed that the initial protonation site is located at the side chain of 

basic amino acids; while for peptides with no basic amino acid, the initial 

protonation site is at the N-terminal amino group [42]. 

Several mechanisms have been proposed for the dissociation of protonated 

peptide under low-energy CID conditions. They include ‘amino-O，pathway [43-45], 

‘aziridinone，pathway [46], ‘diketopiperazine’ pathway [46-48], 'ai-y*' pathway [49， 

50] and ‘oxazolone’ pathway [43，51-53]. The first pathway mentioned is initiated 

by protonation of hydroxy 1 oxygen while the others are initiated by protonation of 

amide nitrogen. Protonation action weakens the C(0)-N bond, causing carbonyl 

carbon to become more electrophilic and therefore susceptible to attacks by the 

nearby nucleophilic groups such as N-terminal amino nitrogen and carbonyl oxygen. 

Details of the five dissociation pathways are in Appendix I. 

1.23 Dissociation of protonated/metalated peptide ions via radical 
Intermediates 

There are many ways in the literature to generate peptide/protein radical ions. 

Among them are laser ionization [54], neutralization-reionization [55], homolytic 

cleavages of covalent bonds between the chemical/chromophore groups (or radical 

initiators) and peptides [56-58], peptide ion-electron/ion-ion interaction methods 

[59-62] and dissociation of the noncovalent complexes of peptides [63]. Of these, 

peptide ion-electron/ion-ion interaction methods are more widely used as they can 

simplify the analysis process by avoiding prior covalent modification, complexes 

formation and/or additional isolation/activation steps. 
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1.23.1 ECD of protonated peptide ions 

Relatively new MS" techniques involving the dissociation of ion species are 

electron capture dissociation (ECD) [59], electron transfer dissociation (ETD) [62] 

and electron ionization dissociation (EID) [61], all of which are complementary to 

conventional dissociation techniques. ^ 

Introduced by McLaffeity and co-workers in 1998，ECD has been commonly 

used for structural analyses of biomolecules because of its fragmentation properties. 

For peptides/proteins, cleavages in ECD are relatively non-specific [64]. Owing 

presumably to the cyclic nature of proline, fragment ions corresponding to the 

cleavage at the N-terminal side of proline have not been observed [65]. Since ECD 

cleaves almost every N-Ca bond between amino acid residues, it generates lots of 

sequence specific fragments to reveal the amino acid sequence of protein. 

In a typical ECD experiment of biomolecules, multiply-charged precursor 

ions (e.g. cations) are subjected to high energy (>10 eV) or low energy (< 0.2 eV) 

electron irradiation for a pre-defined period of time. Upon electron capture, one 
J? 

charge is neutralized, and a certain amount of recombination energy is converted 

from electronic energy to vibrational energy. The precursor ions then undergo fast 

dissociation with the following reaction: 

[M+nH]n+ + e ^ [M+nH]^" '^ • c/z 

Many ECD-based experiments have been developed with the aim of further 

improving ECD's analytical capability. They include activated ion ECD (AI-ECD) 

[66], use of indirectly heated dispenser cathode as electron source [67], combination 

of external accumulation with ECD (XA-ECD) [68], hot electron capture 

dissociation (HECD) [69, 70] and sustained off-resonance irradiation electron 

9 
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capture dissociation (SORI-ECD) [71]. 

Unlike conventional dissociation techniques, dissociation of peptide ions in 

ECD is believed to be initiated by radical. For peptides/proteins, the resulting 

sequence specific ions are mainly d z ones. Currently, there are two proposed ECD 

mechanisms: 'hot hydrogen atom’ model [64] and 'amide-superbase' model [72], the 

details of which are set out below. 

The ‘Hot hydrogen atom' model (called Cornell mechanism [73]) suggests 

that electron capture occurs at one of the protonation sites on peptide/protein. This 

results in the formation of a hypervalent radical intermediate which readily releases 

a hydrogen atom that is in turn captured by the carbonyl oxygen in an amide group. 

The aminoketyl radical intermediate resulted then rapidly dissociates via the 

cleavage of the adjacent N-Ca bond as illustrated in Scheme 1.3, 
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1 .23 .2 CID of non-<;ovalent complex of peptides 
. � • • • 
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An a l t e ^ t i v e way to'generate. peptide radical ions involves CID of copper 

temaryVcomplex, [Cu(L)M}. (L and M refer to ligand and peptide respectively). 
- S ‘ , . 

• », • •. • , 
As fir3t*demonstrated by Siu ^ d co-worker in 2000 [74], CID of [Cu(L)M]2+ would 
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The ‘ Amide-superbase‘ model (called Utah-Washington mechanism, and 

UW for short) pinpoints the importance of the remote charge. It proposes that high 

electron affinity (EA) amide tc* orbital will capture an electron exothermically since 

the EA of amide groups increases with the presence of remote charge. After 

capturing the electron by amide n* orbital, the basicity of the amide carbonyl 

oxygen increases and will abstract a proton from the protonated functionalities in the 

vicinity. Consequently, a labile aminoketyl radical will be formed and dissociate 

readily by cleaving N-Ca bond cleavage. This mechanism explains why electron 

capture induces N-Ca bond cleavage in systems which lack guanidinium groups as 

the hydrogen atom donor. Scheme 1.4 shows how this mechanism works. 
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undergo several dissociation channels as follows: 

[ C U ( L ) M ] 2 + — [ C I A L ) ] + + M + . ( 1 ) 

[CU(L)M]2+ — [Cu"(L)(y„-H)]+ + (2) 

[ C U ( L ) M ] 2 + [ C U " ( M - H ) ] + + [ L + H ] ^ ( 3 ) 

[CU(L)M]2+ — [Cu"(L-H)]+ + [M+H]+ (4) 

In this dissociation method, fragment ions corresponding to proton transfer 

reaction from auxiliary ligand to peptide moiety (channel 4) will not be observed, 

presumably due to the absence of acidic proton in the ligand [75]. The presence of 

basic amino acid in the peptide ion can probably hold the proton tighter and 

therefore reduce the chance of its dissociation through channels 2 and 3 [76，77]. Of 

all the dissociation channels as mentioned above, channel 1 is the desired one as it is 

the only channel that produces peptide radical cation (M^) and for this reason is 

useful in studies concerning the dissociation pattern of M+-. 

Systematic studies on the roles of auxiliary ligands [77，78] have revealed 

that the degree of steric hindrance on auxiliary ligands is an important factor 

influencing the formation of M+. from [Cu(L)M]2+. Researches have also reviewed 

the capability of trivalent transition metal ions to generate metal ternary complexes. 

These ions, which include Cr^+’ Mn^^, Fe^^ and Co].，can be used to generate 

peptide radical ions by using salicylaldehyde (a dianionic ligand) as the auxiliary 

ligand [79]. 

1.3 Dissociation of peptide radical ions 

Protein radicals are important intermediates in enzymatic reactions [80]. 

Apart from being important biological intermediates, peptide/protein radical ions 

12 
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have recently proven to be interesting precursor ions for structural characterization 

of peptide/protein moiety in MS. This is because comparison of the dissociation 

patterns between peptide radical ions and their corresponding protonated species 

provides useful sequencfe diagnostic and complementary information which can 

increase significantly the sequence coverage. 

Dissociation of peptide radical ions generated by ECD complements 

conventional dissociation techniques in several ways. First, labile PTM(s) in 

proteins are found to cleave preferentially when compared to backbone cleavages. 

The fragment ions produced by conventional techniques could only characterize the 

type, but not the site(s), of modifications. But in ECD, the labile groups are usually 

retained in the fragment ions during the dissociation of peptide radical species. It is 

possible to confirm the characterization as well as localization of PTM(s) [81-85] by 

comparing the ECD and CID spectra of peptide with PTM(s). 

Second, ECD shows preferential cleavage of disulphide bonds. This special 

feature facilitates the sequencing of proteins which contain disulphide bonds. 

Complementary sequence information could be obtained from ECD of peptide 

radical ions plus CID of the corresponding protonated species. 
t 

Third, ECD has demonstrated that aspartic acid (D) and isoaspartic acid 

(isoD) can be differentiated by generation of diagnostic ion(s) unique to each form 

[86-89]. Deamidation of asparagine (N) and isomerization of aspartic acid to form a 

mixture of aspartic and isoaspartic acid are non-enzymatic PTM(s) that occur 

spontaneously in proteins [90]. As it is difficult to differentiate the isomers [91] with 

conventional dissociation techniques, ECD can be used to distinguish aspartic acid 

from isoaspartic acids. Since isoaspartic acid does' not contain any N-Ca bonds, its 

fragmentation under ECD conditions is different from that of aspartic acid. Instead 

13 
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of c and z' ions, a diagnostic ion pair, c/-„.+58 and z„'-57 (/ being the length of the 

peptide, n being isoaspartic acid) will be observed; and the identity and position(s) 

of the isoaspartic acid can then be determined. 

Fourth, ECD enables the differentiation of isomeric amino acid leucine (L) 

from isoleucine (I). Although L and I can be distinguished in FAB or high energy 

CID (as different side chain loss from L (43.055Da) and I (29.039Da) can be 

observed after backbone cleavages [92]), these techniques can only be applied to 

small peptides, say, peptides containing less than five amino acid residues. For the 

larger peptides/proteins, L and I can be differentiated by the secondary 

fragmentation of z' ions under HECD. It has been demonstrated by Zubarev and 

co-workers that identification of 80 % of L and I residues in a bovine milk protein 

PP3 can be achieved [93] by HECD. 

Although many studies have been conducted on the mechanisms for 

dissociation of peptide radical ions, some of the proposed dissociation pathways and 

fragmentation patterns of peptide radical ions are not clear enough. To secure proper 

spectral interpretations for protein sequencing, it is vitally important to identify the 

roles of the radicals in different types of peptide radical ions, including both 

hydrogen-deficient ([M+(n-2)H](n-"+) and hydrogen-surplus ([M+nH]^"-^^) species, 

in the dissociation process. 

f 

1,4 Overview of the Project 

This project aims to study the generation and fragmentation of 

peptkie/protein radical ions via a FTICR-MS. Two dissociation techniques, namely 

SOIR-CID and ECD，were used in this study. Chapter One of this thesis introduces 

the related mass spectrometry methods and the underlying mechanisms of 

14 
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SORI-CID and ECD. Chapter Two describes in detail the principles and setting of 

FTICR-MS used in this study. It also outlines various experimental conditions and 

the typical experimental procedures for acquisition of tandem mass spectra. Chapter 

Three summarizes the fragmentation patterns and sequence information of peptide 

radical cations generated by CID of copper ternary complexes. The fragmentation 

patterns are then cross-compared with SORI-CID and ECD of the corresponding 

protonated peptides. Chapter Four discusses about the dissociation preferences of 

peptide radical cations，both with and without PTM functional groups generated by 

SORI-CID of copper ternary complexes. The fragmentation patterns of SORI-CID 

of copper-ligand oligosaccharide complexes are also studied. These dissociation 

patterns are then cross-compared with those derived from SORI-CID and ECD of 

protonated peptides and metal-adducted oligosaccharides. In addition, the retention 

of weak non-covalent interactions between 12-crown-4 and peptide after ECD was 

evaluated. It also summarizes the impacts of 12-crown-4 to peptides on the 

dissociation patterns and fragmentation efficiency of peptides under typical ECD 

conditions. Chapter Five gives an example of natural structural motifs suppressing 

peptide ion fragmentation after electron capture under typical ECD conditions. 

Concluding remarks for the whole project are set out in Chapter Six. 
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Chapter 2 

Instrumentation and Experimental Conditions 

2.1 Fourier-transform ion cyclotron resonance mass spectrometry 

The first experiment using Fourier transform ion cyclotron resonance mass 

spectrometer (FTICR-MS) was carried out by Comisarow and Marshall in the early 

1970，s [94]. For the past two decades, the instrument has been an important 

analytical tool for researches, especially in biological studies. It not only allows 

analyses of a wide variety of samples owing to its ability to couple different types of 

ionization sources (e.g. EI/CI, MALDI and ESI), but is also much more accurate in 

mass measurement than other mass spectrometers. Its ultra-high resolving power, 

moreover, enables identification of the isotopic peaks of ions and hence 

determination of the latter's charge states. Further to this, its ability to store ions for a 

long period of time (in the analyzer cell) allows ion-molecule/ion-electron reaction 

for ion dissociation and in so doing generates lots of structural information for 

analysis purposes. 

2.1.1 Instrumental principle 

In a typical FTICR-MS, the analyzer cell is placed under a strong and static 

magnetic field. Two trapping plates, perpendicular to the magnetic field, are located 

at both ends of the analyzer cell. Figure 2.1 shows a typical ICR analyzer cell. The 

motions of ions within the cell are constrained by both static magnetic and electric 

fields which are perpendicular to each other. There are three independent motions in 

the analyzer cell - cyclotron motion, trapping harmonic oscillation and magnetron 

motion [95, 96], each of which is outlined below. 

16 
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Cyclotron motion of the trapped ions is derived from the interaction of ions 

with the magnetic field. Ions move in a circular orbit with a constant speed (i.e. no 

collisions) and experience a force, called the Lorentz force, which is perpendicular to 

the magnetic field (i.e. xy plane) and the direction of the ions. The analytical 

expression in this regard is shown in equation 2.1 as follows: 

mv^J 
Bgy^y = ^ ^ [2.1] 

r 

B is the magnetic field strength (Tesla); and q, m, r and Vxy are respectively the charge, 

mass, cyclotron radius and angular velocity of the ion in xy plane. Using the angular 

cyclotron frequency (coc), equation 1.1 can be transformed to equation 2.2 as below: 

^c = — = — [2.2] 
r m 

The ion cyclotron frequency is directly proportional to the magnetic field strength {E) 

and inversely proportional to the mass-to-charge ratio (m/q or m/z) of the ions. It is 

independent of the ion velocity and thus kinetic energy. If magnetic field B is 

homogeneous and stable, it can be treated as a constant. And the cyclotron frequency 

of the orbiting ions can then be accurately determined from the image current and 

very precise mass measurement is possible. 

Trapping harmonic oscillation along the z-axis of the ions is caused by the 

electric field generated by the trapping plates at both ends of the analyzer cell. The 

trapping frequency (cor) of an ion is correlated to the mass-to-charge ratios (m/z), the 

trapping potential (FT-), the geometry factor ( a ) and the dimension {a) of the cell. 

The analytical expression in this connection is shown in equation 2.3: 

� [ 2 . 3 ] 
V ma 
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Magnetron motion of the ions is caused by the interaction between the 

trapping potentials and the magnetic field [97-100]. Owing to the nonlinear gradient 

of the electric field, the trapping potentials exert a radial force of magnitude (分 ̂ ^^ r ) a 
onto the orbiting ions. The analytical solution of the ion motion is modified from 

equation 2.1 to equation 2.4 as follows: 

似2 一丝斜鲜=0 [ 2 . 4 ] 
m ma 

By solving equation 2.4, the reduced cyclotron frequency (cor ) and the 

magnetron frequency (oom) can be obtained in equations 2.5 and 2.6: 

份c 

CO 

(0,J - co = 

2 2 
I ^c] COj 
I 2 ； 2 

[2.5] 

M - 2 

CO, 

V 2 
^ [2.6] 

(Oc in the above equations is the "unperturbed" cyclotron frequency. Since the 

magnetron motion of an ion moves at the same plane as the cyclotron motion, the 

observed cyclotron frequency {co^) is slightly lower than its original cyclotron 

frequency as shown in equation 2.7: 

①。=份c-〜 [2.7] 

In order to detect ions in the analyzer cell, a radio frequency {rf) waveform is 

used to excite the trapped ions. This rf electric field serves to align the trapped ions 

to move in a spatially coherent manner and to accelerate them to a larger radius of 

motion. Each cyclotron ion species emits rf signal intensity (image current) to the 

detection plates at its characteristic frequency. Unlike other mass analyzers, 

FTICR-MS does not rely on spatial separation to distinguish ions of different 
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mass-to-charge ratios [101]. 

2.1.2 The Instrument 

All experiments were performed by using a 4.7 Tesla FTICR-MS (APEX III， 

Bruker Daltonics Inc., Boston, MA), a schematic diagram of which is shown in 

Figure 2.2. The instrument consisted of several parts, including a vacuum assembly, a 

homemade nanospray ion source (modified from a standard commercially available 

external electrospray ion source), an electrostatic ion focusing system, an ICR 

analyzer cell, a 65 mm wide-bore 4.7 Tesla horizontal superconducting magnet and a 

standard electrically heated filament electron source. The details and functions of 

these integral parts are set out below. 

2.1.2.1 Vacuum system 

Vacuum system could be subdivided into three regions, namely the ion source 

region, the ion focusing region and the analyzer cell region. In order to minimize 

ion-molecule collision and prevent perturbation of ion motion during analysis, the 

pressure in the analyzer cell region was maintained at ultrahigh vacuum conditions. 

Owing to the existence of a small opening in the ion source region for ions entry, a 

differential pumping system as depicted below was adopted in order to achieve an 

ultrahigh vacuum condition. 

The vacuum system worked on two sets of pumps. The first set of pumps 

included an auxiliary rotary pump (E2M28, Edwards Corporation, UK), a roughing 

rotary pump (E2M18, Edwards, Corporation, UK) and a 250 L/min turbomolecular 

pump (EXT250HI, Edwards Cprporation, UK). The auxiliary rotary pump and 

turbomolecular pump (inter-connected to each other) were installed inside the ion 
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source region, whilst the roughing rotary pum]i^was connected to the front of the ion 

transfer region for source roughing. 

The other set of pumps comprised a Coolstar cryopump 800 (L/min) 

(Edwards Corporation, UK) installed in the ion source region, a Coolstar cryopump 

400 (L/min) (Edwards Corporation, UK) in the ion transfer region and a Coolstar 

cryopump 800 (L/min) (Edwards Corporation, UK) in the analyzer cell region. All of 

these cryopumps were controlled by a Cryodrive 3.0 (Ricor Limited, Israel) which 

could be computer-controlled through a program called Ricor PLC Communication. 

Under typical pumping process, compressed liquid helium supplied by the 

cryodrive was circulated .he three cryopumps, and the cryodrive was then cooled 

by a refrigerated recirculator (CFT-150, Neslab, US). The temperature of the cold 

head and the pumping performance of the cryopumps were monitored by the 

hydrogen gas thermometer associated with each cryopump. In normal working 

conditions, the pressure in the dielectric capillary and the hexapole ion guide were 

around 10"̂  - 10'* Torr and 10"̂  - 10"̂  Torr respectively, the pressure in the front and 

the rear of the ion focusing region are 10"̂  - 10"̂  Torr and 10 ® Torr respectively, 

while the pressure in the analyzer cell region was about 10'^ Torr. 

The vacuum conditions of the analyzer cell region and the ion focusing 

region were monitored by two cold cathode gauges (IKR 020, Balzers, 

Liechtensteion). Since the cold cathode gauges located above the two Coolstar 

cryopumps 800 could only operate when the pressure was lower than 1 M (T* Torr, 

when the pressure of the ion focusing region reached 1 ^ 10"̂  Torr, the cold cathode 

gauges were turned off and a pirani gauge (TPR 010 Balzers, Liechtensteion) was 

used to measure the pressure inside the analyzer cell region and the ion focusing 

region. 
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To facilitate venting of the ipn source chamber for exchange of ion sources 

and cleaning of the dielectric capillary while preserving the ultrahigh vacuum 

conditions of the analyzer cell region and the pumping status of the front Coolstar 

cryopump 800 in the ion source. region, a Vatterfly valve (DN160 Vatterfly Valve 

Series 20, Vat Vakuumventile AG, Haag) was installed to isolate the front Coolstar 

cryopump 800 from the ion source region, while a mini UHV-Schieber gate valve 

(DN50, VAT Vakuumventile AG, Haag) was installed to separate the ion source 

region from the analyzer cell region. 

In addition to the above two valves, a leak valve (controlled manually by 
I 

adjusting its knob) and an electromagnetic pulse valve (controlled by a TTL pulse 

generated by the console) were installed near the analyzer cell region. The former 

was used for introducing volatile sample while the latter for introducing argon as 

collision/cooling gas，into the analyzer cell. 

2.1.2.2 Nanospray source 

Nanospray ion source was adapted from a commercially available 

electrospray ionization source (Analytical, Bradford, CT, USA). A homemade 

nanospray assembly [102] as shown in Figure 2.3 was established after modifications 

as described below. 

The platinum wire inside the capillary was grounded to produce a stable 

spray solution. Negative potential, Vcap (�1，000 voltage)，was applied to the entrance 

metal cap of the dielectric capillary (18.0 cm in length and was made of glass) for the 

positive ion mode, and positive potential for the negative ion mode. A flow of heated 

dry nitrogen gas ( � 2 7 5� C ) was used to facilitate solvent evaporation from the 

sprayed droplets. 

23 



G
at

e 
El

ec
tro

de
 

(L
6)

 

H
ex

ap
ol

e 
Io

n 
G

ui
de

 
(L

3)
 

C
ap

ill
ar

y 
Sk

im
m

er
 

Ex
it 

. 
(L

2)
 

、
(L

1)
 

D
ie

le
ct

ric
 

C
ap

ill
ar

y 

Sp
ra

y 

ts)
 

•U
 

G
la

ss
 C

ap
illa

ry
 T

ip
 

C
ap

ill
ar

y 
En

tra
nc

e 
(V

cp
) 

C
ry

op
um

p 
Tu

rb
o 

pu
m

p 
10

 ^
-1

0'
To

rr
 

10
 '-

10
 'T

or
r 

R
ot

ar
y 

pu
m

p 
10

M
0"

T
or

r 
At

m
os

ph
er

e 

Fi
gu

re
 2

.3
 S

ch
em

at
ic

 d
ia

gr
am

 o
f t

he
 B

ru
ke

r A
PE

X
 I

II
 4

.7
T 

FT
IC

R
-M

S 
eq

ui
pp

ed
 w

ith
 a

 h
om

em
ad

e 
na

no
sp

ra
y 

io
n 

so
ur

ce
 

c y a l j t e r  2 :  I n s t r u m e n t a t i o n  a n d  E x p e r i m e n t a l  C o n d i t i o n s  



Chapter 2: Instrumentation and Experimental Conditions 
‘ ‘ • \ ‘ 

‘ X 

The ion focusing optics was located in the low vacuum region of the 
/ 

,nanospary assembly. It included a skimmer (L2), an Iris^'^ hexapole ion guide (L3) 

and a gated electrode (L6). The hexapole ion guide was used for external ion 

accumulation. It provided a strong focusing�optics to guide ions across the relatively 
• � ’ _. 

high pressure region. 
r 

The small orifice of the dielectric capillary and the skimmer were used to 

limit gas flow ‘ from the atmosphere iiito the vacuum region of the nanospray. By 

using a rotary pump, the region between the capillary and the skimmer was pumped 

to a low vacuum of around lO'' -10'^ Torr. At the same time, pressure in the region 

between the skimmer and the hexapole ion guide was reduced to around 10'^ -10"^ 

Torr with a 250 L/min turbomolecular pump. 

The potential applied to LI was typically about 100 V (positive potential for 

positive ion mode and vice versa). This 100 V potential was a potential barrier for 

transmission of analyte ions. The flow of ions across this potential barrier was 
. f 

believed to be the result of gas flow due to the pressure difference between the 
‘ 0 

I 

atmospheric region and the capillary skimmer region (�lO* - ICT Torr). To enhance 

the signal intensity of the analyte ions，ions were accumulated in the hexapole ion 

guide for a predefined time before they were extracted and directed to the analyzer 

cell through the ion transfer region. In positive ion mode, ions were trapped inside 

the hexapole ion guide while L6 was held at positive potential. Upon approaching of 

a negative potential pulse to L6, the analyte ions were extracted to the ion focusing 

region. 

2 .1 .23 Electrostatic ion focusing system 

The electrostatic ion focusing system was installed to guide ions from the ion 
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source to the analyzer cell. It was composed of a series of electrostatic lenses. Figure 

2.4 shows a schematic diagram of different ion optics with their typical potential 

gradient curves. 

There were two kinds of ion optic*? inside the system — the ion focusing lens 

(HVO, PLl , PL9, FOCLl and FOCL2) and the ion beam steering electrodes 

(PL2/DPL2, PL4/DPL4, XDFL and YDFL). HVO is a high potential electrode with a 

typical potential of about -2.5 kV for positive ion mode and 2.5 kV for negative ion 

mode. It was used to accelerate ions to a higher velocity, thereby increasing the 

efficiency of ion transmission. DPL2 and DPL4 are low energy beam steering 

electrodes, while XDFL and YDFL are high energy beam electrodes used for fine 

steering of ion beam. The potentials of the ion beam steering electrodes were set to 

some preset-values in order to guide ions into the analyzer cell. 

EVl in Figure 2.4 was the entrance electrode of the analyzer cell. A slightly 

negative potential (for the positive ion mode) was applied on EVl so as to pull the 

decelerated ions into the analyzer cell. A pair of split electrodes, EV2 and DEV2, was 

located behind EVl . EV2 defined the center potential at the cell entrance while 

DEV2 controlled the voltage gradient across the cell entrance. They provided the 

"kicker voltage" to deflect the ion beam along the x-y plane to increase the trapping 

efficiency of the analyzer cell. In order to trap ions in the analyzer cell, trapping 

potentials (PVl and PV2) were applied at the trapping plates. 

2.1.2.4 Analyzer Cell and electron emission source 

An I n f i n i t y IM Cell [103] (Bruker-spectrospin, Fallanden, Switzerland), 

measuring 60 mm in diameter and 60 mm in length and containing gold-coated 

electrodes, is used as the analyzer cell of the FTICR-MS in this study. 
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In order to prompt ion-electron reaction in the In f in i ty^ Cell, the Cell was 

connected to a standard electrically heated filament source. As illustrated in the 

schematic diagram in Figure 2.5, two trapping electrodes (PVl and PV2) were 

located at the front and rear ends of the I n f i n i t y丁 ^ Cell and a circular aperture (6 mm 

in diameter) was located at the center of each trapping electrodes for entry and exit of 

ions and/or electrons. Four curved electrodes were installed orthogonal to the 

trapping plates. The shorter pair of electrodes provided two excitation plates through 

which /y^excitation pulses would be transmitted. The other pair of electrodes acted as 

two detection plates for image current generated by the cyclotron motion of the 

trapped ions. 

The InflnityTM Cell was used because of its advantages over the standard cell. 

First, the Inflnity^'^ Cell is equipped with segmented trapping plates to avoid 

undesirable z-axial ejection of the trapped ions during ion excitation at frequencies of 

cOc+2cDt. Second, the front trapping potential (PVl) of the I n f i n i t y t m Cell is kept 

constant throughout the whole event. 

During the ion accumulation process, the potential of EV1，EV2 and DEV2 

electrodes were changed to some preset-values for admission of ions into the Cell. 

After ion accumulation, the I n f i n i t y C e l l was closed by restoring the potentials of 

these electrodes to the same value as the PV1. 

The I n f i n i t y ^ Cell was equipped with a filament made from a —0.5 mm-wide 

rhenium ribbon and spot-welded onto two metal pins, pin! and pin2，with a parting 

distance of ~6 mm. It had a resistance of 0.5 O under ambient conditions. At the back 

of the filament, a metal plate was directly connected to pin2. Under 

typical condi t ions of no f i lament heat ing current and electron irradiation, equal 
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potentials of +13.2 V were loaded onto both pinl and pin2. When current flew 

through the filament, different potentials were loaded onto pinl and pin2 such that 

the potential of pinl was higher than that of pin2. During electron irradiation in ECD, 

the potentials of pinl and pin2 were ramped down from a positive to a negative 

condition. When negative potential was applied onto pin2, electrons emitted from the 

filament were repelled from the metal plate into the I n f i n i t y t m C e W . 

2.1.2.5 Data acquisition system 

The console of the FTICR-MS used in this study was connected to a Dell 

window-based workstation PWS530 (Dell Computer Corporation, Texas, US) which 

was equipped with an Intel (R) XEO microprocessor and 32 megabytes (Mb) of base 

memory and operated under Microsoft Windows 2000 System. Tuning of 

experimental parameters, data acquisition and data manipulation were carried out 

using the user-interface program XMASS version 6.1.0 (Burker Daltonics, Billerica， 

US) running on the workstation. 

The free induction decay (FID) signal received was amplified by either the 

FADC 12-bit digitizer (for board-band mode) or the SADC 16-bit digitizer (for 

narrow-band mode). The maximum size of the time-domain signal was 1 Mb. After 

completion of data acquisition, the FID signal was transferred to the Dell workstation. 

It was first zero-filled and subsequently converted to frequency-domain signal (mass 

spectrum) by the Fast Fourier transform (FFT) algorithm and magnitude calculation 

method. 

2.2 Experimental Conditions 

2.2.1 Sample preparation 
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Sample solution ( �1 0 ^iL) was loaded into a homemade glass capillary tip 

placed a few centimeters away from the opening of the dielectric capillary in the 

nanospray ion source. The capillary tip was secured on a platform which could be 

finely adjusted along x, y and z directions. A thin gold-plated tungsten wire ( 0 = 10.0 

ixm), spot-welded onto a platinum wire ( 0 = 0.3 mm) to facilitate manipulation, was 

then placed inside the capillary tip to establish electrical contact. This was followed 

by positioning the nanospray tip to 1 to 2 mm in front of the dielectric capillary. 

2.2.2 Acquisition pulse program 

Data acquisition from the performed FTICR-MS experiments was done via a 

pulse program, which is the execution of a sequence of pulses to different units of the 

FTICR-MS to control the corresponding events during data acquisition. The source 

codes of all the pulse programs used are in Appendix II. 

2.2.2.1 MS with or without multiple-ion filling 

The pulse program used for acquiring data from the ESI-FTICR-MS 

experiments involved four steps — ion quench, ion accumulation, ion excitation and 

ion detection, each of which is explained in detail below. 

Ion quench, the first step for each acquisition cycle, referred to the control 

pulses used to ensure the removal of all ions from the Infinity…Cell. Under this 

process, a pulse was sent to the voltage control board to pulse the potential of the rear 

trapping electrode (PV2) to negative voltage (-10 V) for the positive ion mode (and 

+10 V for the negative ion mode). This was followed by another quench control 

pulse sent to the voltage control board to change the potential of the gate electrode 

inside the ESI source to negative voltage for the positive ion mode (and positive 

31 



Chapter 2: Instrumentation and Experimental Conditions 

voltage for the negative ion mode). As a result, residue positive ions，if any, in the 

hexapole ion guide were removed. After the quench pulses, there was a short delay to 

restore the potential of the rear trapping electrode and gated electrode back to the 

preset values. 

After quenching the source, ion accumulation was performed by storing the 

ions (generated from the nanospray source) in the hexapole ion guide for a preset 

delay period. Then an ion injection pulse was executed by first adjusting the gate 

electrode to the preset extraction potential so as to extract the ions from the hexapole 

ion guide to the electrostatic ion focusing region. This was followed by adjusting the 

deflector voltages (DPL2 and DPL4) and the entrance electrodes of the In f in i ty^ 

Cell (EVl , EV2 and DEV2) to the preset values to guide the ion beam towards the 

Cell. After the ions were accumulated for a predefined period of time, the deflector 

voltages were restored to ground voltages and the voltages of the entrance electrodes 

reset to the same potential as PV1. 

The ion excitation pulse was executed after the injection of ions into the 

Infinity™ Cell. With the pulse, a /y^waveform (chirp for board-band mode or pulse 

for narrow-band mode) of scanning was transmitted from the cyclotron frequency of 

the lowest detection mass (highest frequency) to the highest detection mass (lowest 

frequency) through the excitation electrodes of the I n f i n i t y C e l l . Following the 

pulse, the amplitude and duration of the //^waveform were optimized to give an 

intense signal. 

The entire pulse program concluded with the r/^receiver plates of the analyzer 

cell detecting the image current generated from the cyclotron motions of the excited 

ions and eventually an FID signal was generated. 
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For illustration purpose, a basic pulse program meant for ESI-FTICR-MS 

experiments is shown in Figure 2.6. 

In order to increase the sensitivity for ion detection, the ion accumulation step 

was modified to a multiple-ion filling (MIF) approach. Instead of accumulating ions 

in the hexapole ion guide for a predefined period of time (1-2 seconds) before 

transferring them into the I n f i n i t y C e l l (as with the ESI approach), ions were first 

injected into the Cell within a short-time accumulation in the hexapole ion guide. 

Cooling gas (argon) was then pulsed into the Cell to remove the excessive z-axial 

kinetic energy of the ions and to prevent substantial loss of trapped ions during the 

admission of another pulse of ions. Ion injection and pulsing of cooling gas as 

aforesaid were repeated for 10 times. An enhancement of the sensitivity for ion 

detection and in turn improved the quality of the mass spectrum. 

Figure 2.7 shows the concept of the above mentioned pulse program. The 

ECD spectra of substance P generated under ESI and MIF approaches are shown in 

Figures 2.8 (a) and 2.8 (b) respectively. 

2.2.2.2 MS^ with or without double resonance ion ejection 

The pulse programs of MS^ involved the addition of two events, i.e. ion 

selection and ion activation, after the ioti accumulation process. 

Under the ion selection process, an ion selection pulse was executed once 

ions were accumulated in the In f in i ty^ Cell. The ions of interest were then isolated 

by irradiation with a correlation sweep (a modified chirp of /y^waveform) to 

over-excite all unwanted ions. This was followed by careful adjustment of the 

amplitude, r/^waveform duration and "ejection safety belt" to minimize the excitation 

of ions of interest and to maximum the ion ejection efficiency. 
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Among the numerous ion activation methods applicable to FTICR-MS, 

SORI-CID and ECD were adopted for use in this project. 

The ion activation process in SORJ-CID involved the pulsing of collision gas 

and ion activation with pumping delay. An inert collision gas (argon) was first 
丁 KIL 

pulsed into the Infinity Cell region immediately after the ion selection process. 

Then, the pressure of the high vacuum chamber was temporarily increased to � 

3.0x10-7 mbar, whilst the magnitude of the pressure pulse was controlled by 

adjusting the cylinder pressure and the duration of the pulse gas event. The ion 

activation process ensued with the application of a 500 ms long …waveform to the 

excitation plates (at a frequency offset of 1,000 Hz relative to the frequency of the 

selected ions). The precursor ions were then excited/de-excited and eventually 

collided with the collision gas to generate fragment ions. Ultimately, the amplitude of 

the ^ w a v e f o r m was adjusted to optimize the fragment ion intensities. After this ion 

activation process, there was a delay of 3.5 seconds to allow pressure within the Cell 

to be pumped back to the base level for the detection event. Figure 2.9 shows the 

pulse program used for ESI-(SORI-CID)-FTICR-MS experiments. 

The ion activation process in ECD only involved an electron irradiation pulse, 

which was executed once the ions of interest had been selected and trapped in the 

I n f i n i t y t m Cell. This was followed by changing the potentials of the two pins on the 

electron source from positive to negative c^d i t ion . The electron beam emitted 

thereafter was directed into the Cell to interact with the selected ions for a preset 

period of time. The electron flux and electron energy were then adjusted by varying 

the filament heating current and the average filament bias voltage to maximize the 

ECD fragments intensities. Figure 2.10 shows the pulse program for 

ESI-ECD-FTICR-MS experiments. 
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Chapter 2: Instrumentation and Experimental Conditions 

e 

In order to perform on-resonant ejection of a particular ion (usually the reduced 

precursor ion produced in ECD) during the electron irradiation process, the ECD 

experiment was modified to double resonance (DR) ECD experiment. This was 

achieved by executing an on-resonant ejection pulse and electron irradiation pulse 

simultaneously. As a result, all secondary ions derived from the ejected ion were 

generated. Please see Figure 2.10 for the pulse program used in an 

ESI-(DR-ECD)-FTICR-MS experiment. 

2.2.2.3 MS^ 

To further investigate the structure of the fragment ion generated in MS^, the 

fragment ion of interest was selected and dissociated in MS^ experiment, which was 

performed by adding the ion selection and ion activation processes before the ion 

excitation process in the pulse program for MS^. 

2.2.3 Calculation 

2.2.3.1 Ab initio and Density functional theory (DFT) calculation 

Calculations were performed using Gaussian 03 molecular orbital package 

[104]. For all copper ternary complexes [Cii"(Tpy)(M-H)]+•，geometry optimizations 
* 

were performed using Beckers hybrid B3LYP functional [105-107], with 3-21G(d) 

basis set applied to the H，C，N and O atoms in the complexes. The LANL2DZ basis 

set was used to place an effective core potential (ECP) on Cu [108, 109]. 

Spin-unrestricted calculations (UB3LYP) were employed for the open-shell system. 

The optimized structures were characterized by harmonic frequency analysis as local 

minima (all frequencies real) and first order saddle points (single imaginary 

frequency); and the frequencies were corrected by 0.96 for calculation of 
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zero-point vibrational corrections [110]. Single-point energies were calculated at 

B3LYP level using the 6-31 + G(d,p) basis set on H, C, N and O atoms plus 

LANL2DZ with ECP on Cu. Spin contamination in calculations with unrestricted 

wave functions was negligible to moderate. The <S^> operator expectation values 

were 0.75-0.76 for B3LYP with LANL2DZ calculations of local minima and 

transition state. 

2.2.3.2 Molecular tt^chanics calculation ” 

Merck molecular force fields (MMFFs) knd conformational searches (Low 

Mode conformational search, LMCS) were used to predict the low-energy 

conformers using MacroModel program (v5, Schrodinger Inc., Portland, OR). In 

general. Truncated Newlon-Raphson Conjugate Gradient (TNCG) was used to 

perform energy minimization. The low-mode conformational search was conducted 

using Monte Carlo [111] method with a random variation of all bonds [112]. 

Low-energy conformers were found in 5000 steps. Only structures with energies 

within 50 kJmol"' from the lowest-energy structure were stored. From the results of 

the initial search, the lowest-energy structure and up to 10 structurally different 

conformers were used as starting geometries for another 5000 steps conformational 

searches. Energies of all structures found in these conformational searches were 

aligned; and low-energy conformers within 15 kJiriol'' from the lowest energy 

conformer were then used to compute the hydrogen-bonding pattern of the molecular 

ions. The relative contribution of hydrogen-bonding from each low-energy 

conformer was calculated using Boltzmann distribution. Finally, the overall 

distribution of hydrogen bonds was obtained by adding up the relative abundance of 

hydrogen-bonding formed at the backbone amide linkages (which were contributed 

by the low-energy conformers) 
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Chapter 3 

Direct Comparison of Fragmentation Patterns 
between Different Types of Peptide Radical Cations 

3.1 Introduction 

Since dissociation of peptide radical ions can yield complementary 

information for structural characterization of peptides/proteins, lots of studies have 

been conducted to investigate the factors governing the dissociation pathways of 

peptide radical ions. The role of radicals in peptide radical ions is believed to be 

amongst such factors. According to the findings of a recent comprehensive study 

conducted by O'Hair and co-workers on the dissociation patterns of peptide radical 

cations produced from copper ternary complexes [77] and protonated peptides under 

the tripeptide model, GXR (X being one of the 20 common amino acids), the 

fragmentation reactions of hydrogen-deficient peptide radical cations are radical 

directed whereas the CID of their corresponding protonated peptides arc proton 

initiated. 

In order to probe into the role played by radical in the dissociation process, 

the fragmentation patterns of hydrogen-deficient peptide radical cations 

([M+(n-2)H](n 介•） generated by CID of copper ternary complex 

([Cu(L)(M+(n-2)H)]n+’ where L = ligand and M = peptide) were compared with 

those of hydrogen-surplus peptide radical ions ([M+nH]^"''^') generated by ECD. As 

one of the proposed dissociation mechanisms of ECD is remote by hydrogen radical 

(H') released by neutralization of the captured electron, it is believed that 

examination of the dissociation pathways of hydrogen-deficient peptide radical 

cations 
[ M + ( n - 2 ) H 广 ( M + ' when n = 2) may shed light on the fragmentation 
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Patterns between Different Types of Peptide Radical Cations -

mechanism of peptide radical cations. 

Aiming to acquire more information on the dissociation mechanisms of 

copper ternary complexes, the dissociation pathways and fragmentation patterns of 

peptide radical cations generated by SORI-CID and a series of custom-synthesized 

peptides were analyzed. The general sequences of the peptides are G9X (where X is 

either I，L or W), G4XG4K (where X is either I，L，W, S or E) and ZG5WG5Z’ (where 

Z and Z’ are R, K or H). The glycine spacers in all these peptides were used to 

separate functional i zed amino acid residues in an effort to minimize the 

complication(s) arising from specific interactions between adjacent residues. 

A larger system of peptides’ G4XG4K (versus GXR), was used in this study as 

in order to facilitate an additional insight into the fragmentation behaviours of 

[Cii(Tpy)M]2+ and M , In order to investigate the role of radical in subject 

dissociations, the results of SORI-CID of M+. were cross-compared with those of 

SORI-CID and ECD of their protonated species (i.e., [M+H]+ and [M+2H]2+). As 

regards ZG5WG5Z’，its hydrogen-deficient peptide radical cations ([M+H]2+*) contain 

an extra hydrogen (which is non-existent in G4XG4K). Thus the role of proton in the 

dissociation process could be examined and their ECD fragmentation patterns of 

[M+H]2+.compared to those of [M+3H]2+-. 

3.2 Experimental Section 

A series of custom-synthesized model peptides G9X (where X = I, L or W), 

G4XG4K (where X = I, L, W, S or E) and ZG5WG5Z' (where Z a i ^ Z，= R，K or H) 

were purchased from Peptron Inc. (Daejeon, South Korea) and used without further 

purification. Ternary copper complexes were prepared in situ by first mixing 49 pL 

of 1.6 mM CuS04-5H20 (Riedel-de Haen, Seelze, Germany) with 49 nL of 300 nM 
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peptide in 50:50 (v:v) water.methanol solution. The sample was vortexed for one 

minute and 2 ^iL of saturated 2,2':6' ,2"-terpyridine (Tpy) (Sigma-Aldrich, St. Louis, 

MO, USA) was added to the 98 îL sample. For SORI-CID and ECD experiments 

related to protonated peptides, the analyte solutions were prepared at peptide 

concentrations of 250 jiM in 50:50 (v:v) water:methanol solution with 3% acetic acid 

(Riedel-de Haen, Seelze, Germany). 

All experiments were conducted by using a 4.7 Tesla FTICR-MS (APEX I， 

Bruker Instrument Inc., Boston, MA，USA), a computer system and associated 

electronics which were upgraded to APEX III. For detailed instrumental 

arrangements and sample preparation procedures, please refer to Chapter 2. 

In SORI-CID experiments, precursor ions were first mass-selected by 

preferentially exciting and ejecting other unwanted ions. Argon gas was pulsed from 

a pressure-regulated cylinder (—0.35 bar) into the analyzer region using a solenoid 

pulse-valve with a fixed duration of 1200 jxs，and pressure within the analyzer cell 

was temporarily increased from � 8 . 0 X 1 T o r r (basic pressure) to �3 . 0 X 1 T o r r . 

The isolated precursor ions were then activated by using a 500 ms /y^waveform with 

a frequency offset of 1000 Hz to the corresponding ion cyclotron frequency of the 

molecular ions. This was followed by carefiil adjustment of the waveform's 

amplitude to maximize the intensities of the fragment ions from 2 to 6 Vpcak-to-pcak- A 

delay of 3.5 s was used after the ion activation process to allow metastable 

fragmentation of the activated ions and resumption of the base pressure before 

excitation and detection of the resulting ions. 10 cycles of MIF were performed for 

SORI-CID of copper ternary complex with a series of ZG5WG5Z，. 50 scans were 

summed to improve the signal-to-noise ratio in SORI-CID of copper ternary complex, 

whereas in the case of protonated peptides, 30 scans were summed. All mass spectra 

44 



Chapter 3 : Direct Comparison of Fragmentation 
Patterns between Different Types of Peptide Radical Cations -

were acquired in boardband mode w i t h t ime-domain signals o f 256k data points and 

were zero- f i l led once pr ior to Fourier transformation. 

In E C D experiments, a standard electrically-heated f i lament source was used 

to produce pulses o f electron beam. Typical experimental condit ions were 3.2 A 

f i lament heating current, 4.5 V average filament bias voltage and 300 ms electron 

irradiat ion t ime. 30 scans were summed to improve the signal-to-noise ratio. A l l 

E C D mass spectra were acquired in broadband mode using 128k data points and 

zero-f i l led twice pr ior to Fourier transformation. 

For al l structures o f copper ternary complexes [ C u " ( T p y ) ( M - H )广 tackled in 

this chapter, calculat ions were performed using Gaussian 03 molecular orbital 

package. Please refer to Chapter 2 for the detailed parameters o f the calculations. 

3.3 Results and Discussion 
3.3.1 The G9X and G4XG4K series 

3.3.1.1 S O R I - C I D o f |Cu(Tpy>Ml2+ 

Figure 3.1 shows the typical S O R I - C I D mass spectra o f [Cu(Tpy)M]2+，where 

M is (a) G9I, (b) G9W, (c) G4IG4K and (d) G4WG4K. Assignments o f al l labeled side 

chain in the spectra are shown in Appendix I I I . It can be seen f rom the spectra that 

dissociat ion o f [Cu(Tpy)M]2+ generated main ly peptide radical cations (M+.)， 

copper-related species such as [Cu(Tpy)]+， [Cu(Tpy)(yr rH) ]+, [Cu(M-H) ]+ and 

protonated l igand [Tpy+H]+. The occurrence o f these fragment ions matched nicely 

w i t h the f irst three o f the dissociation channels [76, 77,113, 114] as proposed by Siu 

and co-workers be low: 

[Cu(Tpy)M]2+ — [Cui(Tpy)]+ + M+_ (1) 
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[Ci i(Tpy)M]2+ — [ C u ( T p y ) ( y „ - H ) r + (2) 

[Cu(Tpy)M】2+ — [Cu(M-H) ]+ + [Tpy+H]+ (3) 

[Cu(Tpy)M]2+ — [ C u ( T p y - H ) r + [M+H]+ (4) 

The four th dissociat ion channel w明 not observed in this study, presumably due to 

the absence o f acidic proton in terpyridine (Tpy) [75]. 

The general in format ion obtained f rom the SORI -C ID spectra concerned are 

summarized in Table 3.1, wh ich shows that G 4 X G 4 K generated main ly M+. related 

fragments. It is also indicated in Figure 3.1 (c) and (d) that the presence o f lysine ( K ) 

greatly depleted dissociations through channels 2 and 3. These observations are in 

l ine w i t h the f ind ing o f Siu et al.，who postulated that the presence o f basic amino 

acid could prevent compet ing pathways via mobi le proton and acid-base reaction 

[76]. G 4 X G 4 K was therefore used in the study on the dissociation patterns o f M+. as 

described below. 

3.3.1.2 SORI-CID of 
Figure 3.2 shows the typical SORI -C ID mass spectra o f M+•，where M is (a) 

G4IG4K, (b) G 4 E G 4 K and (c) G4WG4K. It indicates that odd- and even-electron side 

chain loss reactions were much more abundant than backbone fragments as the 

relative intensities o f backbone fragments were below 30%. This suggests 

dissociation o f IVf^' wou ld result in X or K side chain loss when the heteroatom 
f 
i 

radical abstracted a a - or 7 -hydrogen atom f rom X or K . The possible dissociation 

pathways o f the odd- and even-side chain loss from M+. are proposed in Scheme 3.1 

(a) and (b). 

As can be seen from Figure 3.2，backbone cleavages were minor dissociation 

channels compared to abundant side chain loss reactions. Since the dissociation of 
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Patterns between Different Types of Peptide Radical Cations -

N / j ^ ^ a s believed to be init iated by radical, y and z' ions might also have been formed 
* * 

when the heteroatom radical abstracted a hydrogen atom at a-carbon f rom glycine. A 

proposed format ion o f y ion was put forth by O 'Ha i r and co-workers [77], whi lst a 

possible format ion o f z' ion is proposed via Scheme 3.1 (c). The observed more 

abundance o f side chain loss from M.* than backbone cleavages suggests that the 

abstraction o f hydrogen atom f rom a - or 丫 -carbon o f X was easier than that f rom 

a-carbon o f glycine. 

A summary o f the fragment ions generated from SORI-CID o f M^ ' is given in 

Table 3.2. In all the cases involved, y ions were observed. Yet in some cases, side 

chain loss from z' ions (w ions) was observed but z* ions were not found. It is 
、 

suspected that this might be due to the relatively low stability o f odd-electron z' ions 

(compared to even-electron y ions) which had caused them to undergo secondary 

dissociation easily to form the w ions. However, there were research groups [113， 
« 

115] who observed that more backbone fragments such sts b, y and z' ions were 

generated in their experiments. This difference in f indings is believed to be 

attributable to the use o f different types o f instruments. In literature, ion trap MS was 

used to perform C I D o f [Cu(L)M]2+. But in this study, a first attempt was made to use 

FT ICR-MS for such purpose. In the ‘ l i terature’ case, the cool ing gas used caused the 

pressure in the ion trap MS to be.higher than that o f the ICR cell. It fo l lowed that the 

ions in the trapping region (o f the ion trap M S ) had a higher internal energy and 

hence a higher probabi l i ty o f backbone cleavages. 

As i l lustrated via Table 3.2, [M-CO2广 was only obtained in G4EG4K and 

G4WG4K dur ing the dissociation o f M+.. However, in the dissociation o f 

[Cu(Tpy)M]2+’ [M-C02]+. was observed in all G4XG4K cases and its relative 

intensity in most cases was found to be higher than that in the dissociation o f M+.. 
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Chapter 3 : Direct Comparison of Fragmentation 
Patterns between Different Types of Peptide Radical Cations -

These observations presumably imply that the loss o f CO2 was not induced by the 

excessive internal energy in M+. but might be related to the binding mode o f 

copper-terpyridine complex. 

To il lustrate the postulation as mentioned above, deprotonated 

N-acetyl-glycine in model 1 was used to study whether the binding mode o f 
t 

copper-terpyridine complex wou ld lead to the loss o f CO2 in MS】. Since the 

coordination number o f copper in the complex was unknown, optimizations o f 

several geometries were performed. Figure 3.3 shows three binding modes pursued. 

Among them, the square planar structure ( b m l ) was found to be the most stable one. 

The [ C u " ( T p y ) ( M - H )广 complex ( l a ) shown in Scheme 3.2 was roughly a 

planar around the coppcr ccntcr and nitrogen atoms o f terpyridine - the preferred 

geometry for Cu" in gas phase [115, 116]. Upon SORI-CID, the distance between 

carboxyl oxygen o f C-terminus and the copper center was increased f rom 1.867 to 

2.062 A whi le the C-Cu backbone bond was lengthened f rom 1.549 A to 2.375 A，as 

shown in TS lab . As a result, l a dissociated to give l b and [Cu(Tpy)J+ wi th CO2 

simultaneously lost f rom l b . The reaction was found to be endothermic (AHrxn = 12 

kJ mol ' ' ) , w i th an activation barrier o f 110 kJ mol ' ' . This calculation suggests that the 

cleavage o f C-Ca backbone bond in the activated copper ternary complex would lead 

to the loss o f CO2. Alternatively, when the dissociation o f copper ternary complex 

existed as bm2 or bm3, [ M - H ] ' and [Cu(Tpy)]^ wou ld be generated as major 

fragment ions. Scheme 3.3 shows the dissociation pathways o f bm2 and bni3. Based 

on these f indings, it is suspected that the loss o f CO2 from peptide in SORI-CID o f 

[Cu(Tpy)M]2+ might probably be a copper mediated-reaction for certain binding 

modes. 

The f ragmentat ion patterns between S O R I - C I D o f G4XG4K— in this study 
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Patterns between Different Types of Peptide Radical Cations -

and S O R I - C I D o f GXR+* by O ' H a i r and co-workers [77] were compared. In the 

small system o f GXR+•，X side chain loss From M+* and y j ions were the major 

fragments. But in the 狄stem adopted in this study, X and K side chain loss f rom 

G4XG4IC— were the most abundant fragment ions wh i le yg and y9 ions were the minor 
< 

fragments yielded. A l though the speciation o f fragments in the two systems was the 

same, the preferential dissociation channels were not identical. Furthermore, wh i le 

side chain loss from M+* were the most intense fragments in both cases, the 

intensities o f y ions produced f rom GXR+. were much higher than those from 

G4XG4K+* (due presumably to the steric effect o f X or R side chain(s) in the small 

system wh ich had resulted in structures favour ing the format ion o f y ions). These 

comparative results suggested that the chain length o f peptide ions wou ld determine 

the f lex ib i l i t y o f the backbone wh ich in turn altered the dissociation channels. 

3.3.1.3 Comparison between SORI-CID of [M+Hl+，M+ and ECD of�M+2Hl2+ 
Figure 3.4 sets out the typical mass spectra o f G 4 L G 4 K ( M ) in (a) SO i^ l -C ID 

\ 

o f [M+H】+’ (b) S O R I - C I D o f M—and (c) E C D o f [M+2H]2+. It shows that SORf \C ID 

o f [ M + H ] + produced a myr iad o f backbone fragments，mainly h/y ions，which had a 

high sequence coverage. In S O R I - C I D o f M+•’ side chain loss f rom M+* was the most 

dominant fragment species and on ly a f e w backbone fragments were obtained. As to 

E C D o f [M+2H]2+’ it generated pr imar i ly c/z ions whi le a, b, x, 'y and w ions (i.e., 

side chain loss from z' ions) were observed as minor fragments. 

As the speciation o f precursor ions differed，naturally the species o f fragment ions 

produced f rom the dissociat ion o f [ M + H ] + and M+. under S O R I - C I D were dif ferent. 

Obviously，、SORI-CID o f even-electron [ M + H ] + was dr iven by ‘mobi le 

p ro ton ’ wh i l e the S O R I - C I D o f odd-e lec t ron M+* by radical . D u r i n g the S O R I - C I D 
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[M+2H]2+ ( « i n d i c a t e s CO2I0SS，一 indicates H^O 
loss and •~ indicates NH, loss from the corresponding 

backbone fragments) 

58 



Chapter 3 : Direct Comparison of Fragmentation 
Patterns between Different Types of Peptide Radical Cations -

process, stepwise increments o f internal energy in the precursor ions led to 

preferential cleavage o f the weakest bond in mo lecu le ions. Since the yield o f side 

chain loss from [M+H]+ was lower than that o f backbone fragments, this implies that 

cleavage o f covalent amide linkage in [M+H]+ required less energy when compared 

to side chain loss. As regards the dissociation o f M+•，since odd- and even-electron 

side chain loss from M— were the major fragment ions, presumably the abstraction o f 

hydrogen at side chain had a lower activation barrier when compared to that of 

a-carbon o f glycine residues. 

The dissociation o f different radical species ( M ” and [M+2H]+.) was 

examined by two techniques — SORI-CID and ECD. In SORI-CID o f M+.，the most 

abundant fragments were odd- or even-electron side chain loss from 1V1+•； whilst in 

ECD o f [M+2H]2+, backbone fragments {c/z ions) were the major fragments. A 

comparison o f the side chain cleavages o f peptides was made between SORI-CID o f 

M+. and ECD o f [M+2H]2+. Table 3.3 summarizes the small fragments lost from the 

precursor ions and in both C ID and ECD wi th peptides G4XG4K. From the table, 

it can be seen that the speciation o f side chain loss from M+* was different from that 

o f [M+2H] . * but more or less identical to those from z ion in ECD. 

In SORI-CID o f M+., the heteroatom radical abstracted a hydrogen at a- or 

"y-carbon o f X or K (Scheme 3.1) resulting in side chain loss. This dissociation 

pathway was similar to that o f the secondary dissociation o f z ion in ECD [117-120] 

since the radical in z ion is located at a-carbon which is a carbon based radical [121]. 

Table 3.3 indicates that both odd- or even-electron X side chain(s) was lost from 

[ (M+2H ) -NH3广 in ECD. The loss o f NH3 presumably implies that the protonated 

amine group had captured an electron, forming hypervalent nitrogen which induced 

the formation o f carbon radical by losing 17.02Da (NH3). This carbon radical in turn 
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abstracted a hydrogen atom at X side chain and resulted in side chain loss. 

Consecutive losses o f NH3 and X side chain loss generated [ (M+2H)-Xsc-NH3广， 

which is more stable than [ (M+2H) -NH3广 as it is a captodative stabilized radical 

[115]. The possible dissociation pathways o f the consecutive losses o f NH3 and X 

side chain are proposed via Scheme 3.4. 

3.3.2 The ZG5WG5Z' series 

3.3.2.1 SORI-CID of lCu(Tpy)(M+H))^ 

In order to investigate the role o f proton in the dissociation o f M+* and 

[M+2H]—, the dissociation patterns o f [M+H]2+* and [M+2H]3+. were compared. 

Figure 3.5 sets out the typical SORI -C ID mass spectra o f [Cu(Tpy)(M+H)]3+，where 

M is (a) RG5WG5R, (b) RG5WG5K, (c) KG5WG5R and (d) KG5WG5K. It shows that 

the dissociation o f [Cu(Tpy)(M+H)]3+ generated mainly one-electron oxidized 

peptide radical cations (fM+H]2—); copper-related species such as [CiJ(Tpy)]+ and 

[Cu(Tpy)(yn-H)]+; and protonated ligand [Tpy+H]+. In the SORI-CID o f 

[Cu(Tpy) (M+H) ]3+of R G 5 W G 5 R and R G 5 W G 5 K， [ M + H f — and side chain loss from 

were the most abundant fragment ions when N-terminus was arginine. 

However, when the N-terminus switched f rom arginine to lysine (i.e. SORI-CID o f 

[C:u(Tpy)(M+H)]3+where M is K G 5 W G 5 R or KG5WG5K) , fragment peaks related to 

backbone cleavages (e.g. [Cu(Tpy)yi2]2+’ [Cu(yi2-H)]+ and yi2+) signif icantly 

increased . 

Besides lysine，the scenario o f using histidine as the charge carrier was also 

studied. Figure 3.6 shows the typical SORI -CID mass spectra o f [Cu(Tpy)(M+H)]3+, 

where M is (a) RG5WG5H, (b) HG5WG5R and (c) HG5WG5H. Major fragments 

([Cu(Tpy)yi2]2+，b+ and y+) generated through proton transfer, [M+H]2+. and its 
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related species could be seen. Further to this, as in the case w i th lysine-containing 

peptides, the dissociation o f copper complexes wi th histidine-containing peptides 

was found to favour proton transfer reactions as the proton af f in i ty o f histidine is 

lower than that o f arginine. 

In all the cases mentioned in the above paragraphs, backbone cleavages were 

particularly abundant at both sides o f tryptophan (W) (e . g . a^+，b?、C6+， , etc), 

suggesting that the heteroatom radical (generated during the transfer o f electron in 

SORI -CID o f [Cu(Tpy)(M+H)]3+) was probably located at tryptophan or hydrogen 

bond was formed between the heteroatom radical and tryptophan residue, which 

easily induced backbone cleavages at both N - and C-terminus to tryptophan. 

Table 3.4 shows the dissociation patterns o f SORI -CID o f [Cu(Tpy)(M+H)]3+. 

For all the peptides concerned, subsequent loss o f tryptophan side chain f rom 

[M+H]2+. (generated from the dissociation o f the complex) was relatively abundant 

in all [M+H】2+* related fragments. Besides side chain losses, fragment ions generated 

through proton transfer reactions were also observed. But in the case o f RG5WG5R, 

dissociation channels through proton transfer were prohibited as the proton was 

sequestered t ight ly by arginine and thus no [Cu(Tpy)yi2]^^ and [L+H]+ were seen. 

However, for lysine-containing peptides, high intensities o f backbone fragments such 

as [Cu(Tpy)yn]2+ and y ions were observed in addit ion to side chain loss f rom 

[Cu(Tpy)(M+H)]3+ and [M+H]2+.. Such change o f dissociation channels is 

attributable to the lower proton af f in i ty o f lysine which favoured mobi le proton 

init iated reactions. 

The protonated arginine side chain (CaHQNa"^') and [ (M+H)-Rsc •]+ seen in 

Figure 3.5 (a) implies that the protonation site was located on the arginine side chain. 

Simi lar ly in Figure 3.5 (b), both protonated arginine (C3H9N3—) and 
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lysine (CsHgN^*) side chain loss f rom [M+ri】〗" were found. Since the gas-phase 

basicity o f argininc is much higher than that o f lysine [122, 123], the probabi l i ty for 

arginine to becomc protonated was higher than that o f lysine. As a result, the 

intensity o f [ (M+H)-Rsc广T was higher than that o f [(M+H)-ICsc 卜广 Regarding the 

dissociation patterns o f hist idine-containing peptides，they were simi lar to those o f 

lysine-conlaining peptides as proton transfer reactions were observed to be the 

dominant dissociat ion pathways. 

3.3.2.2 Comparison between SORI-CID of and ECD of 

Figure 3.7 shows the dissociation patterns o f (a) SORI -C ID o f 

[RGsWGsK^-H]^" ' , (b) SORI -C ID o f [ K G s W G s R + H ^ •， (c) ECD o f 

[RG5WG5K+3H]3+ and (d) E C D o f [ K G 5 W G 5 R + 3 H广. I n the SORI -C ID o f 

[M+H]2+* as i l lustrated in Figure 3.7 (a) and (b)，only a few fragment ions (arginine 

or t ryptophan side chain loss from『M+H】2+•，y,/ and y i / ) were yielded and the 

structural in format ion provided was thus l imited. A t the same t ime, side chain loss 

reactions were observed to be dominant in the dissociation o f [RGsWGsK+H]^^* 

wh i le y ions were the major fragments in the dissociation o f [ K G s W G s R + H p ” . In 

the former case, it was h ighly probable that the proton was sequestered at the 

arginine side chain. Presumably, the heteroatom radical cation formed at the lysine 

side chain abstracted a hydrogen atom f rom a -carbon o f tryptophan or arginine， 

thus causing the e l iminat ion o f protonated argininc or tryptophan side chain. This 

observation is s imi lar to the f ind ing o f Chu and co-workers 1124J in which side chain 

loss f rom [M+H]^^* was much more abundant than backbone fragments. Whi ls t in the 

latter case，the structure o f the heteroatom radical cation formed at the lysine side 

chain (N- lerminus) is believed to have favoured the abstraction o f hydrogen atom at 

the glyc ine side chain (as a six-member r ing was formed) and led 
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to the generation o f abundant yi2 ions. Since side chain loss reactions were the major 

dissociation pathways in S O R I - C I D o f [ M + H ” " as previously discussed, the 

fragmentat ion pattern o f [ M + H ] ^ " is s imi lar to that o f M ” . In a nutshell, it is 

speculated that the dissociat ion in these two cases was init iated by the heteroatom 

radical. 

In contrast lo the observations contained in Figure 3.7 (a) and (b), abundant 

backbone cleavages were seen in the HCD spectra in Figure 3.7 (c) and (d). The 

dissociation o f is believed to be init iated by the migrat ion o f H' to 

backbone carbonyl , wh ich typical ly resulted in the generation o f c/z ions as the 

major fragments and sometimes h/y ions as the minor fragment ions. Generation o f 

h/y ions was as expected since three protons had been added to the peptide chain but 

only two o f them were sequestered by the basic amino acids. The proton which was 

not held by basic amino acid could mobi l ize easily and led to the format ion o f h/y 

ions. 

The above experiments indicate clearly thai the dist inct ive difference in the 

fragmentation patterns o f the two radical precursors was due to the dif lerent 

properties o f the radicals involved. S O R I - C I D o f the hydrogen-deficient radical 

cation， fM+HJ^**, was dr iven by the heteroatom radical through abstraction o f a 

hydrogen,atom, wh ich eventual ly led to predominant ly side chain loss from the 

precursor ion. The dissociat ion o f the hydrogen-surplus radical cation (i.e. 

I • 

via ECD，on the other hand，generated main ly backbone cleavages. As proposed in 

the Cornel l mechanism, the dissociation was init iated by the migrat ion o f H* to the 

backbone carbonyl , leading to N-Cu cleavages. Whi ls t in the Utah-Washington 

mechanism [72] , the charge-reduced precursor ion, could be a 

heteroatom radical anion (because the amide 7i* orbital wou ld capture an electron， 
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leading to the formation o f amide carbonyl oxygen radical anion). This heteroatom 

radical anion abstracted a proton from an amino acid residue and generated a labile 

aminoketyl radical which was dissociated readily by N-Cq bond cleavage. 

3.3.2.3 Comparison of lCu(Tpy>(M+H)广 between MS^ and MS^ 

A comparison o f [Cu (Tpy ) (M+H)广 (where M is R G 5 W G 5 K ) between MS〗 

and MS^ (Figure 3.5 (b) and Figure 3.7 (a)) revealed that whi le MS^ yielded more 

backbone fragments than MS^, the speciation o f side chain loss from the precursor 

ions concerned was similar. For other peptides, there was the same observation that 

more backbone cleavages were found in MS^ than in MS^. 

3.4 Conclusion 

Three series o f model peptides were used to generate hydrogen-deficient 

peptide radical cations (N4+* or [M+H]^^ ' ) f rom their respective copper ternary 

complexes. SORl -C ID o f M^' and [M+H]2+. was performed and it is found that upon 

dissociation, the hetero-atom radical cation would abstract a- or y-hydrogen at amino 

acid residue o f interest, leading to abundant side chain loss. It is also noted that in 

SORI-CID o f M+.，[M-CO2广 wi th different intensities would be obtained from MS^ 

and MS^, presumably due l o the binding mode o f the copper ternary complex. The 

loss o f CO2 f rom SORI-CID o f [Cu(Tpy)M]2+ is therefore believed to be a 

copper-mediated reaction. 

The comparative study related lo the dissociation patterns o f M+7[M+H]2+. 

in SORI-CID and [IVH 2 H ] ' 7 ( M f in ECD reveals that the respective 

dissociation pathways dif fer substantially. The dissociation o f hydrogen-deficient 

radical cations in SORI-CID is believed to be driven by the abstraction o f a- or 
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V 

"/-hydrogen o f amino acid o f interest. On the other hand, the dissociation o f 

hydrogen-surplus radical cations in ECD is initiated by the migrat ion o f H* to the 

backbone carbonyl, invok ing N-Cu cleavages in the end. On this basis, it is envisaged 

that SORI -CID o f peptide radical cation does not provide as much sequence 

informat ion as ECD o f protonated peptide. 
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Chapter 4 
Probing Structural Effect of Radical Cations on 

their Generation and Fragmentation 
4.1 Introduction & 

When using conventional dissociation techniques such as C ID , the labile 

P T M groups in proteins are found to cleave preferentially as compared to backbone 

cleavages, y ie ld ing fragment ions that are only useful in characterizing the type o f 

PTM(s) but not the site(s) o f modif ications. Alternat ively, ECD is found to be able to 

preserve the labile side chain modi f ied groups whi le inducing extensive backbone 

cleavages. A combinat ion o f E C D and C I D has demonstrated to be an extremely 

powerfu l MS methodology for characterization and localization o f PTM(s) in 

proteins. However, current informat ion on the factors affecting the dissociation 

preference, in particular backbone cleavages versus loss o f labile P T M functional 

groups, is rather l imited. In order to gather more information about the preservation 

o f labile P T M groups in radical cations ([M+2H]十•）in ECD，the dissociation o f 

PTM(s) containing peptide radical cations (M^*) was studied. A direct comparison 

between the dissociation pathways o f [M+H]+，M+* and [ M + 2 H广 was then 

conducted using PTM(s) containing peptides i.e. methionine oxidat ion ( M ( 0 ) ) or 

serine phosphorylat ion (pS). 

0 ’ H a i r and co-workers have shown that besides peptide radical cations, 

radical cations o f constituents o f nucleic acid ( including nucleobases, nucleosides 

and nucleotides) could be formed in C I D o f ternary metal complexes [125]. A im ing 

to explore the possibi l i ty o f fo rming biomolecuie radical cations through the 

dissociation o f metal ternary complexes, this systematic study on C ID o f 
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[Cu(Tpy)M]2+ was further expanded to include oligosaccharides. 

Regarding structural analyses for oligosaccharides, several research groups 

have investigated the dissociation patterns o f metalated oligosaccharides under 

IRMPD, C I D or/and ECD conditions [126, 127]. Their results have indicated that 

ECD o f metalated oligosaccharides would provide structural information 

complementary to that obtained from C ID and IRMPD. An attempt was therefore 

made in this study to generate oligosaccharide radical cations (M+*) in SORI-CID o f 

copper-terpyridine-oligosaccharide ([Cu(Tpy)M]2+). Both SORI-CID and ECD were 

performed on copper-adducted oligosaccharides ([Cu+M]2+) to study their 

fragmentation patterns. In addition, linear and branched oligosaccharides were also 

examined to ascertain the branching effect o f [Cu(Tpy)M]2+ on CID. 

Since the dissociation patterns o f copper ternary complexes are different from 

those o f the corresponding copper-adducted species, it is believed that the presence 

o f l igand moiety in the complex would alter its dissociation preference and pattern. 

Conformational change induced by the non-covalent interaction between 

protein/peplide and ligand would cause abnormalities which may result in diseases 

[128]. The fragmentation patterns o f ligand-peptide complexes have been examined 

by numerous researchers. Their ECD experimental results revealed that ligand (e.g. 

spermine) retention was found in the fragment ions (i.e. a-synuclein, Parkinson's 

disease related protein) after the dissociation process and thus the binding site o f 

ligand could be located [129]. As for the case of CID, ligand was found to be 

eliminated and no direct cleavage o f peptide was observed [130]. This implies that 

the interaction between ligand and protein was weaker than amide bonds in protein 

backbone, thus generating less structural information. A systematic study on ECD o f 

crown ether-peptide complexes [L+(M+2H)]2+ (where L and M are 12-crown-4 and 
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peptide respectively) was therefore carried out in this study to evaluate the retention 

o f weak non-covalent interaction between 12-crown-4 and peptide after ECD. Apart 

from this, an investigation was conducted to examine how the addit ion o f 

12-crown-4 to peptides wou ld affect the l a t t e r d i s s o c i a t i o n patterns and 

fragmentation eff iciencies under typical E C D conditions. 

4.2 Experimental section 
Custom-synthesized model peptides G G G G X G G G G R (where X = M , M ( 0 ) , 

S and pS), truncated peptide f rom Histone H3 fragment 217-223 ( I N S M L P R ) w i th its 

P T M analogue, in both oxidized methionine form ( INSM(O)LPR) and 

phosphorylated serine form ( INpSMLPR) , were purchased f rom Peptron Inc., 

(Daejeon, South Korea) and used wi thout further purif ication. Copper ternary 

complexes were prepared in situ by first m ix ing 49 | iL o f 1.6 m M CUSO4.5H2O 

(Riedel-de Haen, Seelze, Germany) w i th 49 j i L o f 0.3 m M peptide in 50/50 

water/methanol solution. The sample was vortexed for one minute and 2 }iL o f 

saturated 2’2，:6’，2”-terpyridine (Tpy) (Sigma, St Louis MO，USA) was added to the 

98 f i L sample. For SORJ-CID and E C D experiments related to protonated peptides, 

analyte solutions were prepared at peptide concentrations o f 250 in 50/50 

water/methanol solut ion w i th 3% acetic acid (Riedel-de Haen, Seelze，Germany). 

Maltoheptaose and 3a,6a-Mannopenlaose were purchased f rom Sigma (St 

Louis MO，USA). Copper ternary complexes were then prepared in situ in the same 

way as described above. For SOR l -C ID and E C D experiments concerning metal-

adducted oligosaccharides, analyte solutions were prepared at oligosaccharide 

concentrations o f 250 |jiM in 50/50 water/methanol solution w i th 3 m M o f 

CUSO4.5H2O (Riedel-de Haen, Seelze, Germany). 
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Several truncated peptides o f I N S M L P R were examined and their analogues 

were N S M L P R , S M L P R , N L P R , LPR and PR. A l l peptides were synthesized 

in-house using a H i Pep Laboratories (Kyo to , Japan) Peti-Syzer® Mode l PSS-510 

Personal Synthesizer and used wi thout further pur i f icat ion. Standard Fmoc synthesis 

procedures were employed [131，132]. A l l reagents used for peptide synthesis were 

obtained from Sigma and A ld r i ch (St Louis M O , USA) , LC Science (Houston, T X , 

U S A ) and Advanced ChemTech (CreoSalus Inc., Louisv i l le , K Y , USA) . HPLC 

grade methanol was purchased fo rm LabScan, Ireland; whi le acetic acid (98.7%) and 

】2-crown-4 (98%) from Riedel-de Haen (Seezle, Germany) and Sigma and A ld r i ch 

(St Louis M O , U S A ) respectively. Ligand-peptide complexes [L+(M+2H) ]2+ (where 

L = 12-crown-4 and M = peptide) were prepared in situ by m i x i ng the 12-crwon-4 

( 3 m M ) w i t h peptide solut ion ( 3 m M ) in 5:1 volume ratio in 1:1 water/methanol 

solut ion (v:v) . For E C D experiments concerning protonated peptides ( [M+2H]2+) ’ 

analyte solut ions were prepared at peptide concentrations o f 250 in 1:1 

water/methanol solut ion w i th 3 -5% acetic acid. 

A l l experiments were conducted via a 4.7 Tesla F T I C R - M S ( A P E X I，Bruker 

Instrument Inc., Boston, M A ) , a computer system and associated electronics 
A* 

upgraded to A P E X I I I . For detailed instrumental arrangements and sample 

preparation procedures, please refer to Chapter 2. As for SORI -C ID and ECD 

experiment condit ions, reference should be made to Chapter 3. 

4.3 Results and Discussion 

4.3.1 Comparison of fragmentation patterns between peptide radical cations 
(M+. and IM+2H1+) and protonated peptides (|M+H1+) with 
post-trahslational modification(s) containing peptides 

4.3.1.1 SORI-CID of [Cu(Tpy>Ml2+ 
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The dissociation pattern o f [Cu(Tpy)Mj2+ was examined by a series o f 

s impl i f ied model peptide G G G G X G G G G R (G4XG4R), where X denotes M , M(0)，S 

and pS. Whi le the introduction o f C-terminal arginine was to resemble the 

typsin-digested real peptide fragments consisting o f a C-terminal arginine, the 

glycine residues served to min imize side-chain interactions and confine the globular 

structure o f the peptides. 

Figure 4.1 shows the SORI -CID mass spectra o f [Cu(Tpy)G4XG4R]2+，where 

X is (a) M，(b) M ( 0 ) ’ (c) S and (d) pS. Assignments o f all labeled side chain in the 

spectra arc shown in Appendix I I I . The major product ions shown in Figures 4.1 (a) 

to (c) were [ C u ( T p y ) r and M+* related fragments, whereas the major fragments in 

Figure 4.1 (d) were [Tpy+H]+ and [Cu" (M- I I ) ]+ related fragments. For the real 

peptides, truncated peptide f rom Histone H3 fragment 217-223 ( I N S M L P R ) was 

selected randomly in real protein. Its P T M analogue, methionine oxidized form 

( I N S M ( O ) L P R ) and phosphorylatcd serine form (INpSMLPR)，were also examined. 

Figure 4.2 shows the SORI -C ID mass spectra o f [Cu(Tpy)M]^^, where M is 

(a) I N S M L P R , (b) r N S M ( 0 ) L P R and (c) INpSMLPR. These spectra revealed that 

the dissociation patterns o f real peptides were quite different f rom those o f model 

peptides as shown in Figure 4.1. In Figures 4.2 (a) and (b)，a high intensity o f 

[Tpy+H]+ and [Cu" (M-H) ]+ related fragments was observed, indicating that proton 

transfer reaction ( f rom peptide to l igand) was the major dissociation channel. The 

base peak, as shown in Figure 4.2 (c)，was y4+ instead o f [CiJ"(M-H)]+. This implies 

that the dissociation o f [Cu(Tpy)M]2+ ( M being phosphorylatcd serine containing 

peptide) was triggered easily by the presence o f mobi le protons in the peptides. 

Table 4.1 is a summary o f the fragment ions obtained f rom SORI -CID o f 

[Cu(Tpy)M ]2+. It shows the major dissociation channel o f model peptides {G4XG4R) 
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was electron transfer f r om the peptide to the copper center, whereas proton transfer 

from the peptide to l igand was the major dissociation channel o f real peptides. Apart 

f rom this，an abundance o f [Cu" (M-H) ]+ and [Cu"(yn-H)]+ was detected in the real 

peptides, imp l y i ng that the protons concerned could easily be mobi l ized. In some 

cases o f S O R I - C I D o f [Cu(Tpy)M]2+ invo lv ing real peptide and its P T M analogues, 
* 

l igands were seen detached from the complexes easily dur ing the dissociation 

process，producing a h igh intensity o f [CiiM]2+. This indicates the interaction 

between copper and l igand was weaker than that o f copper and peptide，presumably 

due to the steric effect o f side chains containing dif ferent functionalit ies. 

For ox id ized methionine containing peptides, loss o f even-electron M ( 0 ) side 

chain ( C H 3 S O H ) f rom M+ •， [Cu"(M-H) ]+ and [Cu(Tpy)M]2+ was detected (see 

Figures 4.1 (b) and 4.2 (b)). However, signif icant amount o f oxid ized methionine 

side chain loss f rom [Cu(Tpy)M]2+ or/and [Cu" (M-H) ]+ but no methionine side chain 
\ 

loss f rom [Cu(Tpy)M]2+ and [ C u " ( M - H ) ] + … e observed in Figure 4.1 (a-b) and 
‘ \ 

Figure 4.2 (a -b) , imp ly ing that ox id ized methionine side chain was more labile than 

methionine side chain upon SORI -CID. 

As regards phosphorylated serine containing peptides, the major dissociation 

channel o f [Cu(Tpy)M]2+ was observed to be proton-ini t iated reaction, w i th 

[Cu " (M-H) ]+ or/and y ion being the major fragment ions. Un l ike oxidized 

methionine containing peptides, there was no phosphorylated serine side chain loss 

from [Cu(Tpy)M]2+ and M+*. It is suspected that the phosphoric acid might have 

easily released a mobi le proton wh ich either transferred to the l igand or induced 

backbone cleavages and generated [Cu " (M-H) ]+ or y ions respectively. Apart from 

this, even-electron phosphorylated serine side chain (H3PO4) was' found to be lost 

from [Cu " (M-H) ]+ whi le only odd-electron phosphorylated serine side chain (H2PO4' 
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and PO3') was lost f rom M+_. No loss o f H3PO4 from M+. was observed, which is 

believed to be related to the absence o f mobi le proton. As shown in Figures 4.1 (d) 

and 4.2 (c), although no M^ ' was found in the spectra, there was a significant amount 

o f (M-H2PO4') ' and (M-HPO3丫. This implies that the phosphoric acid group was so 

labile that phosphoric acid side chain was lost preferentially f rom [Cu(Tpy)M]^^ or 

[Cu" (M:H) ]+ under SORI -C ID conditions. ‘ 

4.3.1.2 Dissociation patterns of methionine and oxidized methionine containing 
model peptides 
Figure 4.3 shows the mass spectra o f G4MG4R ( M ) in (a) SORI-CID o f 

[M+H]+，(b) SORI -CID o f M+. and (c) ECD o f IM+2H]2+. It was found that 

SORI-CID o f LM+H]+ produced a myriad o f backbone fragments (bn and yn ions) that 

provided profuse sequence information. In SORI-CID o f M+., odd- or even-electron 

methionine side chain loss f rom M+. were the dominant fragment species but no 

backbone fragments were obtained. But in ECD o f the usual ECD 
m 

backbone fragments, i.e. c and z' ions, as wel l sls b, y and secondary fragmentation o f 

z' ions ( forming w ions) were detected. 

Figure 4.4 shows the mass spectra o f G4M(0)G4R ( M ) in (a) SORI-CID o f 

[ M + H ] \ (b) SORI -C ID o f M— and (c) ECD o f [M+2H】2+. In SORI-CID o f [ M + H f , 
f 

typical oxidized methionine side chain (CH3SOH) was preferentially cleaved from 

the peptide, g iv ing a very high intensity o f [ (M+H) -CH3SOH]+ and a small amount o f 

backbone fragments. In SORI-CID o f M+.，the major fragment ions observed were 

odd- or even-electron oxidized methionine side chain (CH3SO•，CH3SOH，C2H5SO' 

and Q H 6 S O ) lost f rom M—. ECD o f [M+2H]2+，on the other hand, generated 

mainly y, c and z' ions wi th oxidized methionine side chain remaining intact in the 

precursor ions [ 133, 134]. In add i t i on , loss o f odd- or even-e lec t ron ox id i zed 

81 



a 

9 e + 0 6 

6 e + 0 6 

3e+06 

Oe+00 

a. I . 

8 e + 0 5 

6 e + 0 5 

4 e + 0 5 

2 e + 0 5 

Oe+00 

•‘ — Chapter 4: 
Probing Stioictural Effect of Radical Cations on their Generation andcFragmentation 

(a) G|G|Gf3|vi'G|G^ G丨R 

NH _ b„-H，0 

Yb 

y2-NH3 ‘ 

y2 

ki\ III M l 

H , 0 

yi,i>,.i 

[(M + H)-H,0-NH. 
[M + H 厂 

y / 

100 300 4nn fion 600 7 0 0 m / z _ 

(b) G G G G M G G G G R 
氺 

[ m - M s c T 

[ M - M s c ] " 

M 

2 0 0 300 4 0 0 500 600 700 
_丨>|灿_1»丨麵_ -ipillM 
800 m/z 

a 

1 .26+07 

8 e + 0 6 

4 e + 0 6 

O e + 0 0 - ^ 

b 

y厂(c) G G G G M G Q G G R 

[Ze-MscT 
1 [ Z r - ^ s c V 
\ \ [Zr-MscV 

1 • /_ . [z , 

100 200 

MscT 
1 

[M + H r 

300 400 500 600 700 m/z 
F i g u r e 4.3 M a s s spec t ra o f G , M G , R ( M ) in (a) S O R I - C I D o f [ M + H ] . ; 

( b ) S O R I - C I D o f M * ； and ( c ) E C D o f [ M + 2 H 广 . 

* i nd i ca tes peak tha t c o u l d no t be c lean in i s o l a t i o n . 

82 



•‘ — Chapter 4: Probing Stioictural Effect of Radical Cations on their Generation andcFragmentation 

a. I. 

3 e + 0 8 

2 e + 0 8 

1e+08 

Oe+00 

(a) G G G G M ( 0 ) G G | G G R [(m+h)-m(o)sc】 

1 

k i 

I 
y，-NH，. / Ib.-M(O),, ,0】. 

ly.-M(O). 

200 300 400 500 

[ y« -M (o ) sc r ya" [M"»"H】 

a. 

.5e+05-

5e+05r 

1 0 0 如 。 • 666 fefVrt • krtrt m/z 

(b) G G G G M ( 0 ) G G G G R 
M 

IM-M(0>,c-】 

713 715 

- I [ M - M ( 0 ) 3 C J 

Oe+OO 

a 

9 e + 0 6 

6 e + 0 6 

3 e + 0 6 

Oe+OO 

[M+2H】: 

- 1 2 X 

z. 

JMp 

z / - z 

_ 

z. 

i 

(c) Q G G G M ( O ) G G GGIR 
【z,-M(o>scT 

1 
471 473 

V. 

[ZB-M(0)sc2 广 
A A,A.,,,. / [ z 8 - M ( o ) s c T 

/ [Z9-M(0)SCT 
、• [ ( M + H) -M(0 )scJ , 

[ M + H r ye 

-7 I I 

100 2 0 0 3 0 0 4 0 0 500 6 0 0 700 800 m/z j a i 

F i g u r e 4 . 4 M a s s spec t ra o f G , M ( 0 ) G , R ( M ) i n (a ) S O R I - C I D o f [ M + H 】 

( b ) S O R I - C I D o f M••； and ( c ) E C D o f [ M + 2 H广. 

83 



•‘ — Chapter 4: 
Probing Stioictural Effect of Radical Cations on their Generation andcFragmentation 

methionine side chain f rom z ions and [ (M+2H) -NH3广 was observed. It can be 

concluded f rom the f indings in Figure 4.4 (a—c) that there was characteristic oxidized 

methionine side chain (CH3SOH) e l iminat ion f rom the precursor ions or/and 

fragment ions. 

4.3.13 Dissociation patterns of serine and phosphorylated serine containing 
model peptides 
In S O R l - C I D o f [Cu(Tpy)M]2+, the intensity o f M— generated f rom 

phosphorylated serine containing peptides was relatively low given that proton 

transfer f rom peptide to l igand was the preferred dissociation channel. Al though 

SORl -C ID o f M+. could not be performed using G4SG4R and G4PSG4R, the fragment 

ions related to M— obtained in MS^ (see Figure 4.1 (c) and (d)) were examined. In 

the case o f G4SG4R, there was loss o f H2O and CO2 loss from M+- but no serine side 

chain loss. For G4PSG4R, loss o f odd-electron side chain (H2PO4' or HPO3') f rom 

M+- was detected. This observation dif fered f rom that o f oxidized methionine 

containing peptides. In SORl -C ID o f [G4M(0)G4R广’ odd- or even-electron side 

chain(s) (CH3SO•’ C2H5SO-，CH3SOH and C3H6SO) were lost from M— (Figure 4.1 

(b)) but there was no characteristic side chain (H3PO4) loss in (Figure 4.1 (c)). 

Figure 4.5 illustrates the dissociation patterns o f (a) SORl -C ID o f 

[G4SG4R+H]+，(b) E C D o f [G4SG4R+2H]2+，(c) S O R I - C I D o f [G4PSG4R+H]' and (d) 

ECD o f [G4pSG4R+2H]2+. The high complexi ty noted in SORI-CID o f [G4SG4R+H]+ 

was due to the loss o f small molecules (e.g. H2O and CO2) f rom b and y ions during 

the dissociation process. Such loss was the result o f the presence o f hydroxyl group 

in serine side chain wh ich easily led to water loss. In SORI -CID o f [G^pSGdR+H]. ’ 

labile even-electron phosphoric acid (H3PO4) was seen to cleave preferentially [135]. 

As for E C D o f [G4SG4R+2H]2+ and [G4pSG4R+2H]^\ they yielded the usual 
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backbone fragments such as c, z', b and y, ions. Subsequent loss o f even-electron 

phosphoric acid f rom z•，b and y ions respectively was also observed. 

4.3.1.4 C o m p a r i s o n of dissociation patterns between | M + H I \ and [M+2H1+* 
P T M groups are labile in protonated peptides and were found to cleave 

preferential ly in S O R l - C I D o f [M+H]+ (see Figure 4.4 (a)). However in SORI -C ID 

o f M+. (or fragments related to M+. obtained in the dissociation o f [Cu(Tpy)M]^^) , 

side chain loss reactions were the major fragments even though no P T M groups were 

present in the peptides (see Figure 4.3 (a) and 4.4 (a)). Such difference in the 

product ion o f fragment ions from SORI -C ID o f [ M + H ] ^ a n d M— (or [ C u ( T p y ) M ] 2 l 

despite the use o f the same dissociation technique could be attributed to the 

speciation o f the precursor ions. It is surmised that the dissociation o f even-electron 

[ M + H ] + under S O R I - C I D was dr iven by 'mob i le proton’ propagated along the 

peptide backbone, leading to backbone cleavage [37-41]. But for odd-electron M+-

under SORI -C ID , the dissociation was dr iven by radical as discussed in Chapter 3 -

the heteroatom radical abstracted a hydrogen atom, causing loss o f odd- or 

even-electron side chain. The proposed dissociation pathways o f odd- and 

even-electron ox id ized methionine side chain(s) loss f rom M+. are shown in Scheme 

4.1，while the corresponding pathway o f odd-electron phosphorylated serine side 

chain(s) loss from M+* is shown in Scheme 4.2. 

In order to obtain addit ional sequence in format ion [93, 117-121], an analysis 

on the dissociat ion patterns o f secondary fragmentation o f precursor ions was 

conducted. Table 4.2 summarizes the dif ferent types o f side chain loss dur ing 

SORI -C ID o f [M+H]+， [Cu(Tpy)M]2+ and M+.; and E C D o f [M+2H]2+. As indicated 

in the table, fo r pept ides w i t h no P T M groups，there was no side cha in loss f r o m 
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protonated peptide in SORI-CID. However, for PTM containing peptides, 

characteristic oxidized methionine (CH3SOH) and phosphorylated serine (H3PO4) 

side chains were eliminated from the precursor ions in SORI-CID. 

A n additional observation was that in SORI-CID o f [Cu(Tpy)M]2+ and ECD 
o f [M+2H]2+, the same kind o f odd- and even-electron PTM side chains were lost 

f rom th6 fragment ions (i.e. M+.，z— and [(M+2H)-NH3广）as all o f them are 

heteroatom radicals (radical in z— and [ (M+2H ) -NH3广 is located at carbon or 

nitrogen). Presumably, the dissociation o f heteroatom radical was initiated by the 

abstraction o f a hydrogen atom at side chain, which eventually invoke odd- or 

even-electron side chain(s) loss (refer to Schemes 4.1 and 4.2). Similar loss was not 

observed in the charge-reduced precursor ion ([M+2H广）generated in ECD. 

Analysis of the Fragmentation Patterns of Copper Ternary Complexes 
and Metal-adducted Oligosaccharide under SORI-CID and/or ECD 
conditions 

4.3.2.1 General features of spectra 

Figure 4.6 shows the dissociation patterns o f (a) SORI-CID o f [Cu(Tpy)M]2+’ 

(b) SORI-CID o f [Cu+M]2+ and (c) ECD o f [Cu+M]2+，where M is maltoheptaose. 

Product ion marked wi th an asterisk ( * ) denotes it is a non-metalated species, all 

other product ions contained [Cu(Tpy)]2+ and Cu〗—". which were generated in 

SORI-CID o f [Cu(Tpy)M]2+’ SORI-CID o f [ C u + M f and ECD o f [ C u + M f 

respectively. B and Z; C and Y; 2，4八 and ^'^X; and and were isomeric 

fragments due to the symmetric property o f maltoheptaose [136, 137]. They are 

labeled as B/Z，C/Y, ^'"^A/^^X; and /^''^X in the spectrum. 

In S O R I - C I D o f [Cu(Tpy)M]2+，the most abundant fragment y ielded was 
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[Cu(Tpy)]+ but its counter part, M+., was not observed. The presence of [Cu(Tpy)]+ 
implies the electron had transferred from the oligosaccharide to the copper center, 
leading to the format ion o f M+. which subsequently dissociated to give Bn+ fragments 

due its instability. Fragmentation of |Cii(Tpy)M]2+ also generated doubly-charged 
glycosidic bond cleavages (i.e. [Cu(Tpy)B/Z]^'^ and [Cu(Tpy)C/Y]^*) as the major 
fragments. Besides, several singly-charged glycosidic fragments (i.e. 
[Cu(Tpy)(B/Z-H)]^ and [Cu(Tpy)(C/Y-H)]+) were also formed due to the transfer of 
proton to the complementary B/Z ions (labeled as *[B/Z]+). Most of the glycosidic 
cleavages retained to bind with [Cu(Tpy)]^^, and only a few singly-charged [B/Z]+ 
and a fragment at m/z 145.0495 (could be assigned as [B/Z-H20]+) were generated. 
These singly-charged non-metalated fragment ions were also seen in the SORI-CID 
of [Cu+M]2+and ECD of [Cu+M]2+，where most of the fragment ions produced were 

copper-adductcd species (both glycosidic and cross-ring cleavages). 

The SORI-CID spectrum of [Cu+M]^^ was substantially different from that of 
[CLi(Tpy)M]2+. Abundant peaks corresponding to singly-charged glycosidic cleavage 
fragments were noticeable in the spectrum (Figure 4.6 (b)) with relatively low 
intensity of cross-ring cleavage fragments. Rather similar results were noted in ECD 
of [CU+M]2+ (Figure 4.6 (c))，which generated a mixture of glycosidic and cross-ring 

cleavages, a charge-reduced precursor ion ([Cu+M广）and a fragment ion related to 

its neutral loss ([(Cu+M)-H20广). 
{ 

• _ 

Figure 4.7 outlines the dissociation patterns of (a) SORI-CID of 
[Cu(Tpy)M]2+，(b) SORI-CID of [Cu+Mf + and (c) ECD of [Cu+M]^", where M is 
3a,6a-maimopentaose. Table 4.3 summarizes all the spectral information concerned. 
A singly-charged [B/Z]+ and a fragment at m/z 145.0495 were seen in each spectrum. 
The SORI-CID spectrum o f [Cu(Tpy)M]^/ was s imilar to that o f the linear 
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oligosaccharide in SORI -C ID o f [Cu(Tpy)M]2+ as shown in Figure 4.6(a). The most 

abundant fragmecit yielded was [Cu(Tpy)]+ but its counter part, M+., was not seen. 

Further, the intensities o f all fragment ions yielded were relatively low except 

[Cu(Tpy)]+. The low-intensi ty fragment ions included one cross-ring fragment (^''^A 

ion) and a series o f singly- and doubly-charged glycosidic bond cleavages (mainly 

B /Z ions). In SORI -C ID o f [Cu+M】2+, prominent singly-charged ions corresponding 

to both glycosidic and cross-ring cleavages were produced. As to ECD o f [Cu+M]〗.’ 

glycosidic cleavages were the major fragments whereas cross-ring cleavages the 

minor fragments w i th relatively low intensity. Unl ike the case o f linear 

oligosaccharide, more abundant cross-ring cleavages ( including 

2 ’4A ia / ’2x， ' ' ^Aand were observed in SORI -C ID than in ECD o f [Cu+M]^^. 

4.3.2.2 Comparison bet^veen SORI-CID and ECD of [Cu+M] 2+ 

As il lustrated via Table 4.3, most o f the fragment ions obtained in the 

SORI -C ID o f [Cu+M]2+ and E C D o f [Cu+M]2+ were singly-charged species. In all 

M S / M S spectra o f singly-charged [ B / Z f and ions w i t h m/z 145.0495 

(upon further dissociation o f the singly-charged [B/Z]+) were observed. The possible 

dis始ciat ion pathways o f m/z 145.0495 are proposed via Scheme 4.3. 

For maltoheptaose (l inear oligosaccharide), the relative percentages o f 

d i f fe ren t k inds o f f ragment ions (g lycos id ic and cross-r ing cleavages) obtained in 

SORI -C ID o f [Cu+M]2+ and E C D o f [Cu+M]2+ were similar as shown in Table 4.3. 

These results were congruent w i t h those o f C A D and ‘hot ’ E C D o f permethylated 

linear malto-oligosaccharides performed by Zhao and co-workers [138]. A m o n g all 

the fragment ions obtained in the SORI -C ID and ECD experiments concerned, the 

re lat ive intensit ies o f B /Z ions were much higher than those o f C / Y ions wh i le the 
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relative intensit ies o f A / X ions were more or less identical. The studies by Harvey 

[137] and Carr et al. [139] have shown that the product ions formed from cleavage 

on the non-reducing side o f glycosidic oxygen (B and Y ions) are more abundant 

than those formed f rom cleavage on the reducing side (C and Z ions). However, 

g iven the symmetr ic nature o f maltoheptaose, B and Z ions could not be 

dist inguished on the basis o f their m/z and thus the experimental results in this study 

could not be compared w i th those obtained in the previous studies as mentioned. 

As to 3a,6a-mannopentaose (branch oligosaccharide), B and Z ions were the 

major fragment ions，whereas C and Y ions the major product ions observed in 

S O R l - C I D o f [Cu+M]2+ and E C D o f [Cu+M]2+ respectively. In addit ion, cross-ring 

cleavages ( A / X ions) were found more abundant in SORI -C ID than in ECD. For 

branch ol igosaccharide, its [Cu+M]2+ exhibi ted simi lar fragmentat ion pattern as that 

o f the l inear ol igosaccharide under S O R I - C I D condit ions. However, a di f ferent E C D 

dissociat ion pattern was found for copper-adducted branch oligosaccharide 

([Cu+M]2+), probably due to the specif ic b ind ing mode between the copper ion and 

the branch ol igosaccharide. This is because dur ing the E C D process, the electron 

neutral ized a charge and induced fragmentat ion in a relat ively short t ime. The 

cleavage posi t ion is thus speculated to be affected by the structure o f precursor ion as 

wel l as the posi t ion o f the neutral izat ion site. 

I n contrast to E C D , the precursor ion in SORI -C ID heated up s lowly and the 

dissociat ion t ime should be suff ic ient for structural relaxation o f the copper-addycted 

branch ol igosaccharide. Presumably, the relaxed structure o f copper-adducted branch 
> 

oligosaccharide was s imi lar to that o f copper-adducted linear ol igosaccharide, thus 

rendering i t possible for the copper ion to transfer to a posit ion more favourable for 

inducement o f g lycosid ic cleavages (B /Z ion) and cross-ring cleavages ( A / X ion). As 
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a result, the S O R I - C I D fragmentat ion pattern o f copper-adducted branch 

ol igosaccharide was simi lar to the S O R I - C I D and E C D patterns o f copper-adducted 

l inear ol igosaccharide. 

< 

43.2.3 Comparison of SORI-CID of ICu(Tpy)M)^^ with (Cu+M)̂ "^ 

For both linear and branch oligosaccharides, no M^ ' was observed in 

S O R I - C I D o f [Cu(Tpy)M]2+ (see Figure 4.6 (a) and 4.7 (a)). The observed 

abundance [Ci i (Tpy) ]+ indicates that the electron had transferred f rom the 

ol igosaccharide to the copper center. S imi lar to S O R I - C I D o f [Cu(Tpy)M]^^ (where 

M is G4PSG4R (peptide)) as i l lustrated via Figure 4.1 (d), M— is believed to have 

dissociated readily after its generation and therefore no M. * was observed. This 

impl ies that the stabi l i ty o f ol igosaccharide radical cations was much lower than that 

o f peptide radical cations. It is also bel ieved that the presence o f weak bonds in the 

ol igosaccharide promoted fragmentat ion (as in the case w i t h nucleic acic^s [125])， 

and the unstable ol igosaccharide radical cat ion (M—) dissociated to give B ions by 

c leaving the glycosidic l inkages. A possible dissociation pathway o f oligosaccharide 

radical cat ion is shown in Scheme 4.3. 

In S O R I - C I D o f [Cu(Tpy)M]2+ and [ C u + M ” . ’ B and Z ions were the major 

fragments y ie lded (Figures 4.6 (a -b ) and 4.7 (a—b) are relevant). Table 4.3 shows that 

the glycosidic cleavages were main ly doubly-charged in S O R I - C I D o f [Cu(Tpy)M]2+ 

but singly-charged in S O R I - C I D o f [Cu+M]^^ . It also indicates that the dissociation 

o f [Cu(Tpy)M ]2+ on ly y ie lded a few cross-r ing cleavages ( A / X ions) w i t h very l ow 

intensities. Based on empir ica l correlat ion, the differences in the dissociation patterns 

o f S O R I - C I D o f [Cu(Tpy)M]2+ and [Cu+M]2+ could be related to the presence o f 

terpyr idine l igand. These observations suggest that the presence o f l igand could alter 
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the dissociation channel and therefore torque the charge state o f g lycosid ic cleavages 

between 2+ and 1+. 

In order to gain an addit ional insight o f how the presence o f l igand wou ld 

affect the preference o f dissociation, conformational searches o f [Cu (Tpy )M]^^ and 

[Cu+M]2+ (where M is maltoheptaose) were performed to extract the features o f their 

low-energy structures. From the structures obtained, wh ich are shown in Figure 4.8 

(a) and (b) respectively, the copper center was found to be octahedral -coordinated in 

both complexes. Figure 4.8 (a) shows that three out o f the six coordinat ion sites o f 

the copper center were occupied by terpyridine, leaving three coordinat ion sites to 

interact w i t h the hydroxy l oxygen in the oligosaccharide. Whi ls t in Figure 4.8 (b), al l 

o f six coordinat ion sites o f the copper center interacted w i th the oxygenated groups 

( inc lud ing oxygen atom in the ring and hydroxy l oxygen). These are indicat ive o f the 

abi l i ty o f the metal center to coordinate oxygen atoms in mul t ip le posit ions o f the 

oligosaccharide, thereby invok ing increased fragmentation. This assumption is in line 

w i th the observations o f Harvey [140]. A further f ind ing f rom the low-energy 

structures procured is that the coordinat ion between copper and oligosaccharide was 

di f ferent in [Cu(Tpy)M ]2+ and [Cu+M]2+. Since cross-ring cleavages involve 

mul t ip le bond cleavages [141] , the copper ion w i l l not be detached from the 

oligosaccharide easily after cleavage o f the first bond i f more interactions* exist 

between the copper center and the obligosaccharide in [Cu+M]】.. This explains why 

more cross-ring cleavages were yielded f rom the SORI -C ID o f [Cu+M]2+. 

Further to the above, it is found that the charge state o f the glycosidic 

cleavages obtained from [Cu(Tpy)M]2+ and [Cu+M]2+ was altered in the presence o f 

l igand. I t is believed that l igand lowered the polar iz ing abi l i ty o f the copper ion (as 

dat ive bonds were f o r m e d be tween n i t rogen atoms and copper center) and thus 
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weakened the interaction(s) between the copper center and the oligosaccharide. 

Amidst this weak interaction, glycosidic fragments continued to bind wi th 

copper-terpyridine after cleavage o f the glycosidic linkage, resulting in 

[Cu(Tpy)B/Z]2+ and [Cu(Tpy)C/Y]2+ as the major fragments in SORI-CID o f 

[Cu(Tpy)M]2+. And since the polarity o f copper ion is higher in [Cu+M]^"^ than in 

[Cu(Tpy)M]2+, the interaction between copper ion and oligosaccharide should be 

stronger in [Cu+M]2+. As a result, the two fragments were held by the copper ion in 

[Cu+M]2+ for a longer period after cleavage o f the glycosidic linkage and this 

provided enough time for a proton transfer between them. Consequently, instead o f 

doubly-charged glycosidic cleavages, the major fragments generated in SORI-CID o f 

[Cu+M]2+ were singly-charged [Cu(B/Z-H)] " and [Cu(C/Y-H)]+ (identical to those 

reported by Harvery [137]). The proposed dissociation pathways o f doubly- and 

singly-charged glycosidic cleavages ([CuTpy]2+ or Cu^^ adducted) are shown in 

Scheme 4.4. 

4.3.3 Investigation of the Effect of Non-Covalent binding of (12-crown-4) on 
Peptide Dissociation under ECD conditions 

4.3.3.1 General features of spectra 

Figure 4.9 sets out the ECD mass spectra o f [L+(M+2H) ]2+ and [M+2H]2+， 

where L is 12-crown-4 and M is ENSMLPR. Dissociation o f [L+(M+2H)]2+ led to 

the generation o f several z* ions; neutral side chain loss from z" ions and [M+2H]+.; 

high intensities o f [ M + 2 H广 and [M+2H]2+; and ligand retention in only a few 

backbone fragment ions. In the dissociation o f [M+2H]2+，major fragments o f side 

chain loss from z' ions and [ M + 2 H广 and minor backbone fragments such as h/y ions 

were detected. This apart, the intensities o f [ M + 2 H 广 and [ ( M + 2 H ) - N H 3广 were 
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Figure 4. 9 E C D mass spectra o f (a) [ L + M + 2 H ] " and (b) [ M + 2 H 广，where 

L is 12 -c rown-4 and M is E N S M L P R . 
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much less abundant. In both spectra concerned, no Z2 ion was found due to the 

presence o f prol ine (P) wh ich had suppressed backbone cleavages at the N-terminal 

side o f P [65]. 

The high intensity o f [M+2H]2+ yielded in ECD o f [L+(M+2H)]2+ was 

observed to have been dissociated to give exactly the same k ind o f fragment ions as 

its parent ion. To ensure the backbone fragments obtained were generated directly 

from [L+(M+2H)]2"^ and not f rom the derived secondary ion, a double resonance (DR) 

experiment was carried out [101，141-145 ] whereby [M+2H]2+ was ejected. For 

comparison purpose，Figure 4.10 shows the mass spectra o f (a) [L+(M+2H)]2+ under 

ECD, (b) D R - E C D o f and (c) D R - E C D o f [ M + 2 H ] +•’ where L is 

12-crown-4 and M is I N S M L P R . The spectra in Figure 4.10 (a) and (b) show that the 

ejection o f [M+2H]2+ d id not have a profound effect on both the dissociation pattern 

and the intensities o f the fragment ions. As a few relatively low-intensity b/y ions 

were seen present in the E C D experiment but not the DR-ECD, this indicates that 

major i ty o f the fragment ions were dissociated directly f rom [L+(M+2H)]2+ and not 

f rom [M+2H]2+. 

Separately, as it might be possible that the c/z' ion pair(s) generated f rom 

[M+2H]+ . was held together by non-covalent hydrogen bond(s) or salt bridge(s) 

dur ing the E C D process, another DR experiment was performed wi th the excitat ion 

o f [ M + 2 H 广 in order to provide a rough measurement o f the product ion l i fet ime for 

fragments. (However , i t must be pointed out that there is a l im i ta t ion in this 

experiment as the t ime scale o f DR excitat ion is in microseconds (jas) and so, i f the 

dissociation rate was faster than jis, the target ejected ions could escape f rom the D R 

excitat ion and the fragment ions produced wou ld be observed.) Comparison o f 

Figure 4.10 (a) w i t h Figure 4.10 (c) shows that no product ions disappeared upon 
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ejection of [M+2H]+.. This suggests that hydrogen bonci(s) which could hold 
fragment pairs together after their cleavage was absent from the peptide ions. 

4.33.2 DR-ECD experiments 

Table 4.4 summarizes the spectral information yielded from DR-ECD 
experiments as illustrated via Figure 4.10. It shows that the DR-ECD experiments for 
both [M+2H]2+ancl [M+2H广 had posed only a mild effect on the various side chain 
loss from z* ions, [M+2H广 and their associated fragment ions. It is noteworthy that 
some abnormal ECD fragments formed in the DR-ECD experiments for ions such as 
[b3-H20]+ and [b5-H20]+ were not observed in the delay experiment. 

Scheme 4.5 shows the different dissociation channels of [L+(M4 2H)]2+ under 
ECD conditions. Besides ECD event, b/y ions could also be generated through 
metastable dissociation and electron excitation dissociation (EED). Table 4.4 shows 
that most of the b/y ions observed in the delay experiment were generated through 
metastable dissociation. It is envisaged that if the ions were observed in DR-ECD for 
both [M+2H]2+ and [M+2H]+* but not in the delay experiment, they should have been 
produced through ECD; however, if they were found in DR-ECD of [M+2H]” and 
and not in DR-ECD of [M+2H]2+ or the delay experiment, the ions 

a 

should have been generated through EED of [M+2H]2+ (despite that the major 
products from EED were proposed to be a and c ions [69, 146, 147] in the literature). 

In the literature, there were a few proposed mechanisms for the formation of 
b ions under ECD conditions. The presence of b ions in ECD was first investigated 
by Cooper [148] who observed that more h ions were formed in the dissociation of 
lysine-containing peptides when compared to arginine-containing peptides. By 
conduct ing D R - E C D exper iments , she also found that b ions were not 
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generated from the secondary fragmentation o f c ions. A possible mechanism for the 

formation o f b ions was believed to be the generation o f non-radical charge-reduced 

cation ([M+nll ]""^), which dissociated subsequently through typical peptide bond 

cleavage pathway [149, 150]. In the experiments performed by Uggerud and 

co-workers [151], the formation o f h ions were speculated to be the result o f the 

existence o f nitrogen-protonated peptide conformers. 
I 

4.3.3.3 Comparison of ECD dissociation patterns between |L+(M+2H)j2+ and 
f 
f 

In order to investigate the effect that ligand and the chain lengths o f peptides 

would have on the ECD dissociation patterns o f peptides，several truncated peptides 

together w i th their corresponding ligand-binded peptides were used in this study. 

Table 4.5 summarizes the relative abundance o f [ M • FTp， [M+2H广 and 

[(M+2H)-NH3]+•； the branching ratio o f [ M + 2 H广 / [ M + H p : the sum‘of ions; and 

the various side chain loss from z. ions and [ M + 2 H广.T h e branching ratios o f 
fv 

[ M十2 H广 / [ M + H r in ECD o f [L+(M+2H)]^^ were seen to be generally much higher 

than the ratio o f [M+2H]2+， implying that [ M + 2 H广 yielded in the dissociation o f 

[L+(M+2H)]2+ was more abundant. These observations were in agreement w i th the 

experimental results o f Chakraborty and co-workers [152], who proposed that 

unsolvated ions would favour H* loss from charge-reduced precursor ions ([M+2H]+*) 
< . 

and that ammonia loss f rom highly solvated ions was a competitive process in ECD 

[153]. They were also congruent w i th the findings o f Wi l l iams and co-workers, who 

observed a change in peptide conformation that altered the dissociation pattern after 

using water or methanol molecules to act as a ‘cage’ to solvate the peptide ions. It is 

believed that similar phenomena wocrld happen when the water or methanol 

molecules are changed to 12-crown-4. 
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Apart f rom the more abundance o f [M+2H]+. , the intensities o f side chain 

loss from [ M + 2 H广 in the dissociation o f [L+(M+2H)]2+ were also higher than those 

o f [M+2H]2+ as shown in Table 4.5. It is thus speculated that the higher intensity o f 

[ M + 2 H广 in the dissociation o f [L+(M+2H)]2+ led to more abundant side chain loss 

from [M+2H]+-. 

Besides [M+2H]+* related ions，z* ions were the major ECD fragments 

generated in the experiments under this study. As Table 4.5 shows, both the sum o f 

the relative intensities o f z' ions and side chain loss from z* ions generated from ECD 

o f [L+(M+2H)]2+ were generally greater than those from [M+2H]2+. This higher 

stability o f [M+2H]+* and z* ions is presumably attributable to the elimination o f 

ligand, which took away wi th it a portion o f the ion-electron recombination energy. 

This led to a reduction o f the internal energies o f z* ions and [IV1+2H]+* and hence 

reduced the subsequent loss o f side chain and H' from the z'Mons and [IVI+2H广 

respectively. This assumption is in agreement wi th literature calculation results 

which suggested that the ion-electron recombination energies o f crown 

ether-diammonium alkane ions were lower than those o f its respective free 

diaminoalkane cations [154]. 

The sum o f the relative intensities o f side chain loss from z' ions, the ratio o f 

odd- and even-electron side chain(s) o f methionine (M) , and the loss o f leucine (L) 

from [ M + 2 H广 and z ions in ECD o f [L+(M+2H)]2十 and were analyzed 

and the results summarized in Table 4.6. It suggests that the presence o f ligand 

reduced the probabil i ty o f losing odd-electron M and L side chain(s) f rom z" ions. 

However, as the relative intensities o f even-electron L side chain loss from both 

[M+2H]+* and ；+• in ECD o f [L+(M+2H)]2+were remarkably higher than those in 
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[M+2H]2+，it implies that the addition o f ligand caused a change in the energy o f the 

dissociation pathway and resulted in the enhancement o f even-electron L side chain 

loss reaction. According to literature calculation results [117], the loss o f 

even-electron L side chain from creates a relatively low activation barrier for 

certain peptide conformation. It could thus be presumed thai the high intensity o f 

even-electron L side chain loss from [ M + 2 H广 and z / ' observed in this study was 

due to the conformation o f the peptides. 

4.3.3.4 ECD fragmentation efficiency of and IM+ZH��十 

The ECD fragmentation efTiciency (ECDfrag-cir) o f doubly-charged precursor 

ions o f standard peptide in FTICR was investigated [71，155]. The equations derived 

from these experiments were compared and re-defined via equation 4.1 below: 

UJfragmen!hms J 
, 2 ) + f / / 

(Pr ccur\i>rl<ml.\i>lulum J “ } \ (Pr virursnrlonDelay] 一 J. 

ECDfrag-eff = t? 【份广厂一、i x 100% [4.1 ] 
12 

Z I[ECDfiagnientions} represents the sum o f the intensities o f ECD fragments which includ 

typical c/z' ions，side chain loss from z' ions and [M+2H]̂ '. Ifprecursorionisoiaiionj and 

[̂PrccurosrionDeiay] are the precuFsor ion intensities after isolation prior to electron 

irradiation and after delay (the consequence o f long storage time or kinetic excitation 

(vide infra) has been taken into account). The equation assumes that the peak height 

in mass spectra is proportional to the charge state o f the ions and therefore the signal 

intensities o f the precursor ions in isolation and delay should be divided by two. The 

denominator in the equation takes the average o f precursor ion intensities both after 

isolation and delay, the reason being that underestimation would happen i f only the 

precursor ion after isolation is used，and conversely, overestimation could result i f 

only the precursor ion after delay is used. 
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Figure 4.11 summarizes the calculated E C D fragmentat ion ef f ic iency values 

o f [L+(M+2H) ]2+ and [M+2H]2+, where L is 12-crown-4. In order to investigate the 

reproducib i l i ty o f the results, the E C D experiments o f [ INSMPLR+2H]2+ were 

performed thrice. The average value o f E C D fragmentat ion eiTiciency was calculated 

to be 20.68% w i t h a standard deviat ion o f 2.02%. Given this relatively small 

deviat ion, the trend obtained f rom the experiments was considered to be val id. 

As indicated by the trend o f E C D fragmentat ion ef f ic iency o f [M+2H]2+ in 

Figure 4.11，the ECDfrag-cir o f [M+2H]2+ decreased w i th a reduction in the peptide 

chain length wh i le the ECDfrag^tr o f I N S M L P R was lower than that o f E N S M L P R (as 

a result o f the more abundant glutamate (E) side chain loss f rom [ M + 2 H 广 and z* 

ions in E N S M L P R when compared to isoleucine (1) side chain loss reactions in 

I N S M L P R ) . A s the charge-charge repulsion exist ing in peptide ions increased w i t h 

decreased peptide chain length, the ECDfrag-efl o f N S M L P R and S M L P R were lower 

than that o f I N S M L P R and E N S M L P R . 

Figure 4.11 also shows that the trend o f ECDfrag-cir o f [L+(M+2H) ]2+ was 

sl ight ly d i f ferent from that o f [M+2H]2+. In general, the addit ion o f l igand to peptide 

wou ld lower the ECDfrag-eff o f [ L [ ( M + 2 H ) ] 2 + (when compared to their corresponding 

[M+2H]2+). Since the e l iminat ion o f l igand in the former case (i.e. E C D o f 

[L+(M+2H) ]2+) removed a port ion o f the ion-electron recombinat ion energy, fewer 

fragments were produced and the ECDfrag-crr therefore decreased. However, the 

ECDfrag<ff o f [ (12-c rown"4)+ INSMLPR+2H]2+ was found to be unexpectedly h igh 

w i t h the presence o f l igand. This is tentatively attributable to the change in the 

hydrogen bond ing pattern o f the peptide ion. 

4 3 3 . 5 Comparison between ECD and ECID 
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Electron capture induced dissociation (ECID) was developed to mimic ECD 

in a sector beam mass spectrometer [156, 157]. Holm et al. [154] who conducted a 

comparative study on ECD and ECID experiments found that crown ether ligand had 

a substantial effect on the recombination energy o f the ammonium cation and 

contributed to their different ECD and ECID dissociation patterns. In the ECID 

experiments done by Bemigauda et al. [158], it was found that backbone cleavages 

happened wi th equal probabilities in ECD and ECID. 

The ECD results o f [L+(M+2H)]2+ obtained in this study were compared wi th 

the ECID o f m2+(CE) (M is dipeptide, A K , and CE is crown ether) data obtained by 

Bemigauda et al. [158]. The dissociation patterns observed in both experiments were 

rather similar since the major fragments obtained in both studies were N-Cq bond 

cleavages (producing c and z* ions as well as H* and leading to NH3 loss from 

[M+2H]+.). However, there were two notable differences: first, ligand retention was 

found only in [ M + 2 H广 and z* ions in ECID but not in ECD experiments; second, 

secondary dissociation o f [M+2H]+. and z* ions was only observed in ECD 

experiments. These findings could possibly account for the different electron 

energies and time scales in the two dissociation processes as discussed by Ho lm et al. 

[154]. 

4.4 Conclusion 
The dissociation channels o f [Cu(Tpy)M]2+of peptides, both wi th and without 

P T M groups (oxidized methionine and phosphorylated serine), have been examined 

in detail. It is found that the dissociation patterns o f the copper ternary complex 

would change w i th the presence o f modif ied groups, which may probably affect the 

binding mode o f peptide and copper-ligand. In MS^, the P T M group cleave 
y 
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preferentially in [Cu(Tpy)M]2+; whereas in MS), odd- or even-electron side chain 

loss from M+* is the dominant dissociation pathway for all peptides. Given that 

structural in format ion provided by MS^ is also obtainable f rom MS】’ the latter excels 

the former in prov id ing structural information on the binding mode o f peptide and 

copper-ligand. 

The comparative study related to SORl -CID o f [M+H]^ , SORI-CID o f M+* 

and E C D o f [M+2H]2+ indicates that SORl -C ID o f [M+H]+ would preferentially 

cleave the modi f ied groups when compared to backbone cleavage. It also reveals that 

SORI-CID o f M^ ' wou ld lead to abundant side chain loss wi th the P T M group 

preserved in peptide backbone under ECD conditions. A further observation is that 

oxidized methionine and phosphorylated serine side chains (CH3SOH and H3PO4) 

would be lost f rom the precursor ions ([M+H]+， [Cu(Tpy)Ml^'") in SORI-CID, 

whereas only specific odd- and even-electron side chains would be lost f rom the 

heteroatom radical fragment ions (M+*, z+. and [(M+2H)-NH3]+.) generated during 

SORI-CID o f [Cu(Tpy)M]2+ and E C D o f『M+2Hl2+. It is believed that the 

preferential cleavage o f the P T M groups in SORI-CID o f N/T. is related to the 

property o f the hydrogen-deficient heteroatom radical, whi le the preservation o f 

P T M groups in the dissociation o f hydrogen-surplus radical ( [M+2H]+*) under ECD 

conditions is attributable to the involvement o f H ' which induces backbone 

cleavages. 

As revealed by the study on SORI -CID o f [Cu(Tpy)M]2+ (where M is linear 

or branch oligosaccharides), oligosaccharide would be ionized as high abundance o f 

[Cu(Tpy)]+ was observed in the experimental results. However, since no M"^ was 

found, there is an impl icat ion that other than the ionization potential ( IP) o f 
I . 

.事 

oligosaccharide, its stabil ity is also an important factor governing the generation o f 
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radical cations in the dissociation o f [Cu(Tpy)M]2+. Had weak bond(s) been present, 

M+* wou ld have undergone further dissociation to generate biomolecule fragments 

(i.e. glycosidic fragments). A l though no SORI -C ID o f M+* could be performed, 

sequence in format ion on oligosaccharides could st i l l be obtained f rom SORI -C ID o f 

[Cu(Tpy)M]2+’ in wh ich a series o f glycosidic fragments wou ld be observed. 

The study related to SORI -C ID o f [Cu i M]2+ and ECD o f [Cu+M]2+ shows 

that the dissociat ion patterns o f these complexes are rather similar in both linear and 

branch oligosaccharides (except E C D o f branch oligosaccharide). This is tentatively 

attributable to the coordinat ion o f the copper center w i th the branch oligosaccharide. 

The study also sheds l ight on the proposit ion that the dissociation patterns in 

SORI -C ID o f [Cu(Tpy)M]2+ and [ C u + M ” . are signif icantly dif ferent due to the 

effect o f i igand. The l igand present in SORI -C ID o f [Cu(Tpy)M]^^ wou ld lower the 

coordinat ion number between the copper center and oligosaccharide as wel l as the 

polar iz ing abi l i ty o f the copper ion; as a result, cross-ring cleavages wou ld be 

reduced, thereby favour ing the format ion o f doubly-charged coppcr-terpyridine 

adduc^ed glycosidic fragments. 

F rom the investigation concerning the dissociation patterns and fragmentation 

eff iciencies o f (12-crown-4)-pept ide complexes under t yp i ca l E C D condit ions, i t is 
) 

noted that the non-covalent interaction between 12-crown-4 and peptide is weak (as 

no retention o f l igand was found in most o f the fragment ions produced in the 
��� 

experiments). 

Fo l l ow ing the cross-comparisons made on the dissociation results o f 

[L+(M+2H) ]2+ and [M+2H]2+， i t is proposed that l igand could alter the dissociation 

patterns in E C D o f [L+(M+2H)]2+. When l igand is present, the intensities o f z* ions 

and the branching ratio o f [M+2H]+7[M+H]十 wou ld be higher than those o f 

118 



•‘ — Chapter 4: 
Probing Stioictural Effect of Radical Cations on their Generation andcFragmentation 

[M+2H]2+. a postulation is that el imination o f ligand from [L would 

drain o f f a port ion o f the ion-electron recombination energy, thereby reducing 

subsequent loss o f side chain and H* from z' ions and [ M + 2 H广 respectively. It is 

also believed that l igand would affect the conformation o f peptide ions and favour 

certain dissociation channels such as even-electron L side chain loss rcnctions. 
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Chapter 5 
Natural Structural Motifs that Suppress Peptide Ion 

Fragmentation after Electron Capture 

5.1 Introduction 

E C D involves the reaction between mult ip ly-charged ions and low-energy 

electrons. Besides the format ion o f charge-reduced precursor ions， [M+nH]^"" '^ ' , the 

recombinat ion energy released is strong enough to cause backbone N-Ca cleavages, 

producing a series o f c or z" ions and, to a lesser extent，a series o f d or y ions. Other 

ECD events include the e l iminat ion o f an H* to fo rm and the loss o f 

amino acid side chains from z' ions and/or [M+nH]^ " ' ' ^ ' . Cleavages in ECD are 

non-specif ic [64] and the relative propensities for dissociation o f various amino acid 

residues have been found to fa l l w i th in a narrow range. Because o f the ring-type 

structure, on ly the fragment ions result ing f rom backbone cleavages at the 

N- te rmina l side o f prol ine (P) are suppressed [65]. 

The importance o f radical in the charge-reduced precursor ion in E C D was 

investigated by a number o f researchers who incorporated synthetical ly single and 

mul t ip le radical trap, spin trap and charge tag moieties in model peptides. In his 

radical trap experiments, Belyayev et al. [159] attached coumarin labels onto the 

N- te rmina l amino group (or/and lysine side chain) and demonstrated that the 

presence o f a radical trap in a peptide ion could inhib i t backbone fragmentation 

under typical E C D condit ions. Jones and co-workers had simi lar observations when 

using 2-(4 ‘ -carboxypyr id-2 ‘ -yl)-4-carbox£imide group (pepy) [160] as the spin trap 

label. In f ixed charge experiments, L i et al. attached 2,4,6- t r imethylpyr id in ium ( T M P ) 
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[161] to the I^J-terminal amino group (or/and lysine side chain) o f some model 

peptides and found that the usual backbone cleavage fragments were suppressed and 

some label-related neutral side chains were lost f rom the reduced precursor ions. 
t 

Chamot-Rooke and co-workers obtained similar results by using 

tr is-(2,4,6-tr imethoxyphenyl)-phosphonium-methylenecarboxarnido (TMPP-ac) 

groups [ 162] as the f ixed charge carriers. 

It has also been conf i rmed that ECD o f linear peptide and cycl ic peptide at a 

low temperature (e.g. 86K) wou ld dramatically reduce the number o f backbone 

fragments [163]. Researchers concerned attributed the reduction o f backbone 

fragments to the decrease in number o f conformers at a low temperature. Hongo et al. 

found that backbone cleavages were suppressed in ECD o f triantennary 

complex-type N-glycosylated peptides [164]. This suppression o f backbone 

cleavages was due tentatively to the presence o f carbamoylmethylated cysteine, 

which might serve as a ‘radical trap', in the peptide. Glycopeptides wi th both 

cysteine residue and NeuNAc were also found to induce very few or no backbone 

fragments. 

More recently, Sohn and co-workers [165] investigated the ECD behaviour o f 

electron af f in i ty tuned peptides and have demonstrated that typical ECD or E T D 

backbone fragmentations could be completely inhibited in peptides w i th substituent 

tags having E A over 1.00 eV. 

To ensure proper spectral interpretation and further improve the analytical 

uti l i t ies o f E C D methods, i t is important to identi fy factors that influence the 

dissociation eff ic iency and pathways o f peptide ions, including especially the role o f 

radical in a charge-reduced precursor ion dur ing its dissociation. This study aims to 

provide evidence to show that certain natural structural mot i fs in proteins could 
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inhib i t backbone fragmentation o f charge-reduced peptide ions under E C D 

condit ions. Coupled w i t h conformat ional search, a hypothesis based on the 

interaction between carboxyl ic oxygen o f E side chain (or N ) and backbone amide 

hydrogen was used to account for the extra-stabil i ty o f charge-reduced precursor ions. 

Both Glutamic acid (E) and asparagine (N) residues were used because 

f ibr inopept ide-B, a bioactive peptide, has been found to be an analogue system for 

demonstrat ing the generalization o f the suppression effect. It is believed that similar 

observations wou ld be obtained by using aspatic acid (D) and glutamine (Q). 

5.2 Experimental section 

A series o f model peptides w i th sequence o f RGEGEGEGEGEGEGR, 

R G E G G E G G G E G G E G R , R G G E G G G E G G G E G G R , R G G G G E G G G E G G G G R , 

R G E G N G E G E G N G E G R and R G E G G N G G G N G G E G R were purchased from 

Peptron Inc., (Daejeon，South Korea) and used wi thout further puri f icat ion. 

Fibr inopept ide-B ( E G V N D N E E G F F S A R ) and its analogue, i.e. 

R E G V N D N E E G F F S A and R E G V N D N E E G F F S A R , were synthesized in-house 

using Personal Synthesizer (Peti-Syzer® Mode l PSS-510, H i Pep Laboratories, Kyoto, 

Japan) and used wi thout further pur i f icat ion. Standard Fmoc synthesis procedures 

were employed [131, 132]. A l l reagents used for peptide synthesis were obtained 

f rom Sigma and A ld r i ch (St. Louis, MO，USA), L C Science (Houston, T X , U S A ) and 

Advanced ChemTech (CreoSalus Inc., Louisv i l le , K Y , USA) . A l l samples were 

prepared at a concentrat ion o f 2.5 xlO"^ M in 1:1 watenmethanol (Labscan Ltd., 

Bangkok, Thai land) w i t h 3 -5% acetic acid (Riedel-de Haen, Seelze, Germany). 

A l l experiments were conducted by using a 4.7 Tesla Fourier transform ion 

cyclot ron resonance mass spectrometer ( F T I C R - M S ) ( A P E X I，Bruker Instrument 
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Inc., Boston, M A ) , a computer system and associated electronics wh ich were 

upgraded to A P E X I I I . Please see Chapter 2 for detailed instrumental arrangements 

and sample preparation procedures. 
» 

In E C D experiments，a standard electrically-heated f i lament source was used 

to produce pulses o f electron beam. Typical experimental condit ions were 3.2 A 

f i lament heating current, 4.5 V average f i lament bias voltage and 300 ms electron 

irradiat ion t ime. 30 scans were summed to improve the signal-to-noise ratio. A l l 

E C D mass spectra were acquired in broadband mode using 128k data points and they 

were zero- f i l led twice pr ior to Fourier transformation. 

For the low-energy structures o f R G E G E G E G E G E G E G R examined, 

calculations were performed via MacroMode l program. For calculations, please 

refer to Chapter 2. 

5.3 Results and Discussion 

Figure 5.1 shows the typical E C D spectra o f doubly-protoanted diarginated 

peptides, [ M + 2 H ] ^ \ w i th sequence o f R G G G G E G G G E G G G G R , 

R G E G G E G G G E G G E G R and R G E G E G E G E G E G E G R , respectively. Typical 聲 D 
% 

induced fragments, i.e. C4+ to C14+，Z8+. to zi/•，and peaks corresponding to 

charge-reduced precursor ion ([M+2H】+.) were observed. At t r ibutable to the low 

stabi l i ty o f odd-electron species, the z' ions were generally weaker in intensities than 

Cn+、[70], the even-electron species. Besides the usual c and z' ions, [ c -H] ' and [z+H] 

species and cleavage products related to the loss o f NH3，CO，side chain o f glutamic 

acid (E) and/or arginine (R) f rom the reduced precursor ions, [M+2H]+. , were also 
N 

observed in the E C D spectra. Moreover , both the number and the intensities o f c and 
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z" ions were f<5und to decrease f>rogressively as the number o f E residues increased. 

In addition， hydrogen radical (H.) loss f rom [N/I+2H广 was found to decrease 

dramatically w i th increasing number o f E in the diarginated model peptides. 

Compared to Figure 5.1 (a) and (b), the high abundance o f [M+2H]+* shown 

in Figure 5.1 (c) was evidence o f a successful electron capture event and suppression 

o f backbone cleavages. Figure 5.2 (a) shows the percentages o f H ' loss from 

[M+2H]+. o f the diarginated model peptides examined. (Calculation concerned has 

taken into account the isotopic contribution o f the charge-reduced precursor ions. 

Measurement o f error was obtained by three replicate experiments o f 

RGEGNGEGEGNGEGR and the error o f percentage o f H ' loss f rom [ M + 2 H广 was 

found to be 土 0.6%. Since the error was significantly smaller than the differences 

between data points, no further estimations o f measurement o f error were performed 

on other samples.) Substantial loss o f H ' from [ M + 2 H广 was observed when the E to 

R ratio in peptide equaled to 1:1. However, the percentage o f H* loss decreased 

progressively f rom 73%.to 0% when the E to R ratio increased from 1:1 to 3:1. The 

fact that no [M+H]+ was observed in ECD o f doubly-protonated peptide wi th 6E 

implies no H ' was lost from the charge-reduced precursor ions. Since the extent o f H* 

loss f rom the reduced precursor ions was lower in the cases o f 6E and 4E than the 

corresponding (4E+2N) and (2E+2N) cases, the impact o f E on the suppression o f 

cleavage could be said to be greater than that o f N. 

Apart f rom the H' loss from [M+2H]+., the number and the intensities o f 

backbone fragments were found to decrease as the number o f E residues increased. 

In order to investigate the suppression effect o f backbone cleavages on the 
» » 

doubly-charged precursor ions o f diarginated model peptides, the probabi l i ty for 

dissociation in ECD (ECDpr。Diss。）of these peptides was calculated by equation 5.1 
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Figure 5.2 (a) Percentage loss of H* loss from [M+2H] of diarginated model peptides and ( b ) Probability for dissociation in ECD of diarginated model peptides 
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as fo l lows: 

腳 。 r — 。 = 巧 〜 ； ― 丨 xlOOO/o [5.1] 

D[ecd_ Fragments] represents the sum o f the intensities o f E C D induced fragments 

wh i ch includes typ ica l c and z' ions, [c -H] . and [ z+H ] ions, side chain loss from 

and peaks related to [ M + 2 H 广 . I [Reducedj>rvcursorjonj represents the reduced precursor 

ion intensity. 

Figure 5.2 (b) summarizes the calculated ECDp^.d/j^o values o f [M+2H]2+ 

o f the diarginated model peptides. ( In the three replicate measurements, the error o f 

ECDpro_D.sso o f R G E G N G E G E G N G E G R was found to be 土 0.9%.) The probabi l i ty 

for dissociat ion in E C D o f was found to decrease progressively as the 

number o f E and N residues increased. As for the model peptides w i t h 6E (or 4E + 

2N) residues, a strong suppression o f fragmentation was observed. This phenomenon 

is rather s imi lar to the result o f H . loss from [M+2H]+ . as shown in Figure 5.2 (a). 

5.3.2 Comparison between ECD of [M+2H�2+ and [M+3H”+ 

Figures 5.3 shows the typical E C D spectra o f t r ip ly-protonated model peptide 

ions, [M+3H]3+， w i t h sequence o f R G G G G E G G G E G G G G R , 

R G E G G E G G G E G G E G R and R G E G E G E G E G E G E G R respectively. Wh i le typical 

E C D fragments (i.e. C3+ to C14+，Z4+. to zi4+.)，E side chain loss f rom z-ions and peaks 

corresponding to the charge-reduced precursor ions ( [M+3H]2+.) were observed in 

the spectra, there was no [c-H]•， [z+H] and double-electron reduced precursor ions 

( [ M + 3 H广 • ) . In addit ion, some complementary c and z' ion pairs were detected, 

i nc lud ing C5+/Z10+•； C6十/Z9+•； C7+/z8+•； C8+/z7+. and C9+/z6+*. For peptides w i t h h igher 
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number o f E residues, more peaks related to E side chain loss (both odd- or 

even-electron) from z* ions were observed. A n d other than typical ECD backbone 

fragments o f c and z* ions, b and y ions produced by non-standard ECD channel(s) 

were observed. However, the extent o f non-standard ECD cleavages was found to 

reduce as the number o f E increased. 

Unl ike the doubly-protonated peptides (Figure 5.1), the extent o f backbone 

cleavages in the corresponding triply-protonated peptides (Figure 5.3) was less 

dependent on the number o f E residues. A comparison o f Figure 5.1 (c) and Figure 

5.3 (c) reveals that E C D o f [M+2H]2+ exhibited suppression o f backbone fragments, 

whereas ECD o f [M+3H]3+ generated abundant backbone fragments. Besides 

suppression o f backbone cleavages, the percentage o f H* loss f rom the reduced 

precursor ions o f the doubly-protonated peptide ions was much lower than that in the 

tr iply-protonated diarginated E-r ich peptide ions. Al though the relative percentage o f 

the loss o f hydrogen atom from E C D o f [M+2H]2+ and [M+3H]3+ was in line wi th 

the charge-state effect demonstrated by K . Breaker et al. [166] (who used 7+ to 13+ 

o f ubiqui t in ions), the charge-state effect could not be used to explain the concurrent 

suppression o f backbone cleavages in the case o f [M+2H]2+. More experiments 

should be carried out to ascertain the origin(s) o f these suppression effects. 

5.3.3 Fibrinopeptide-B and its analogues 

Suppression o f backbone cleavages achieved by using the model peptides 

concerned was re-confirmed by analyzing the N-arginated Fibrinopeptide-B (i.e., 

R E G V N D N E E G F F S A R ) . This peptide contains four acidic residues (i.e. 3E and I D ) 

and 2 N residues. Figure 5.4 shows the E C D spectra o f doubly- and triply-protonated 

N -a rg ina ted F ib r i nopep t i de -B molecu les. E C D o f [M+2H]2+ species generated 
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predominantly [M+2H]+* whereas E C D o f [M+3H]3+ species induced extensive 

backbone cleavages. These results resembled those o f diarginine model peptide w i th 

6E as shown in Figures 5.1 (c) and 5.3 (c). 

The importance o f arginine residue (R) as proton carrier was revealed by 

examining the E C D behaviors o f Fibrinopeptide-B ( E G V N D N E E G F F S A R ) and its 

analogue ( R E G V N D N E E G F F S A ) . The results arising f rom ECD o f 

doubly-protonated E G V N D N E E G F F S A R and R E G V N D N E E G F F S A are shown in 

Figures 5.5 (a) and (b) respectively. Contrast to ECD o f doubly-protonated 

R E G V N D N E E G F F S A R (Figure 5.4 (a)), E C D o f doubly-protonated 

E G V N D N E E G F F S A R and R E G V N D N E E G F F S A exhibited extensive backbone 

cleavages, y ie ld ing a series o f z* and c ions, respectively. 

The role o f arginine residue as charge carrier on cleavage suppression is 

unknown. However, it has been conf i rmed that both doubly-protonated 

5.3) have no suppression effect on backbone cleavages. Empir ical ly, clutching o f 

added protons by arginine residues seems to be one o f the prerequisites for strong 

suppression o f backbone cleavage and H" loss from [M+2H]+. . 

5.3.4 Structural^ motif that suppresses backbone cleavages in diarginated 
E-rich peptides 
There are two possible scenarios to account for the suppression o f backbone 

cleavages in the ECD experiments o f diarginated E-r ich peptides. The 

charged-reduced precursor ions (i.e. [M+2H]+. ) formed under typical ECD 

conditions might have undergone usual cleavages to fo rm dz* fragments. However, 

these dz' fragments were held together for an extended period o f t ime (beyond the 

131 



Natural Structural Motifs that Suppress Peptide Ion Fragmentation Chapter 5: 
Electron Capture 

a . I 

8e+05^ 

Oe+00 

a. i. 
2e+06 

(a) 

4 0 0 

1e+06 

Oe+00 AQ£L 

z. 

E i G ^ [ N [ P | N E g p f F S A R 

[M+2H1' 
-X15 

•N. 

{(M+2H)-COj' 
【(M+2H)-N 扣丫 

[(M+2H)-NH3]' 
[M+HJV 
旧 + 2 H r 

2< 
Z 12 

V 
z 

'13 

10 

800 1200 1600 m/z 

REGVNDNEEGFFSA 

((M+2H)-NH. 

[(M+2H)-CO]^ 
‘ (M + HjV 

8 0 0 1200 1600 m/z 
Figure 5.5 Typical ECD spectra of [M+2H]'' where M is 

(a) EGVNDNEEGFFSA (Fribinopeptide-B) and 
its analogue (b) REGVNDNEEGFFSA. 
# indicates [(M+2H)-H20]''and * denotes ions that 
could not be cleaned in isolation process. 

132 



/ Chapter 5 : 
Natural Structural Motifs that Suppress Peptide Ion Fragmentation after Electron Capture 

time-scale o f typical FT ICR excitation and detection events) by strong and/or 

mul t ip le hydrogen bonds, and as a result, [M+2H]^ ' instead o f backbone fragments 

was observed. Another possible scenario is that the [M+2H]+* formed might have 

somehow been stabilized and the usual backbone cleavage channels were therefore 

inhibited. 

To determine the relevance o f the above scenarios, the dissociation 

behaviours o f charge-reduced precursor ions upon additional activation were 

examined. Figure 5.6 shows the ECD spectra o f doubly-protonated 

RGEGEGEGEGEGEGR (a) w i th an extended t ime delay (3 s) after electron 

irradiation pr ior to ion excitation and detection processes, and (b) w i th subsequent 

pulsing o f inert gas (1.2 ms) after the electron irradiation event and fol lowed by a 

delay (3 s). Table 5.1 summarizes the fragment ions shown in Figures 5.1 (c), 5.6 (a) 

and (b). The E C D experiment generated only a few backbone fragments, and loss o f 

H* from [M+2H]+ ' was largely suppressed (see Table 5.1 (i)). As expected, the 

insertion o f a long delay after the electron capture event al lowed metastable 

dissociation o f the charge-reduced precursor ions (Table 5.1 ( i i )) . However, it is 

important to note that only b and y ions were observed in this case and typical c/z* 

fragments were largely suppressed (the data o f b and y ions are not shown). As 

shown in Table 5.1 ( i i i ) , temporary elevation o f the cell pressure by pulsing argon gas 

into the trapped ion cell after the electron irradiation event had significant impact on 

the associated E C D spectrum. Apart from the expected b and>^ ions, several.c and z* 

fragment ions were generated. In addition, a high percentage o f charge-reduced 

precursor ions were found to have lost H* to fo rm [M+H]+ ions. 

The above experimental f indings serve to support the notion that capture o f a 

low-energy e lect ron by doubly-protonated R G E G E G E G E G E G E G R ion liberates 
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recombination energy. This energy randomizes along different degrees o f freedom 

and f inal ly invokes the usual C - N cleavages through the mobi le proton channels. The 

radical-init iated cleavage channels are largely inhibited in ECD o f diarginated E-r ich 

peptide ions, w i t h the production o f charge-reduced precursor ions (i.e. [M+2H]+.) 

remaining largely intact. However, the inhibi t ing factor wou ld somehow be l i f ted 

through col l is ions w i th inert gas molecules. As a result, both N-Ca cleavage and H* 

loss channels are activated leading to the generation o f additional c - ， a n d [M+H]+ 

fragment ions. 

To further understand the suppression effect, conformational search for the 

doubly-protonated RGEGEGEGEGEGEGR was performed to extract the 

conformational features o f the low-energy structures. In order to avoid the lengthy 

process o f comput ing and comparing the exact energies o f the various forms o f this 

peptide, the zwi t ter ion form o f this peptide was taken as the predominant species 

subsequent to several literature studies invo lv ing systems w i th similar functions. It 

was noted, for instance, that Rodriquez et al. performed detailed computational 

analysis o f gaseous bradykinin ( B K ) at dif ferent charge states [167]. Similar to the 

model peptide used in this study, B K has arginine residues at both termini. For 

doubly-protonated bradykinin, [BK+2H]2+，the zwitter ion form o f peptide is found to 

have lower energy than that o f the canonical form. As regards peptides containing 

acidic residues, L i and co-workers [168] preferred deprotonation o f the main chain 

C-terminal carboxyl ic group instead o f the side chain carboxylic group. The 

hydrogen bonding patterns o f the low-energy structures obtained in these 

conformational searches are set out in Appendix IV. Table 5.2 summarized the details 

o f these calculation results and the overall distr ibution o f hydrogen-bonds formed at 

backbone amide linkages o f the lowest energy structures. 
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Figure 5.7 shows the lowest energy zwitterion structure o f 

[RGEGEGEGEGEGEGR+2H]2+ obtained by conformational search. For clarity 

purpose, only hydrogen atoms capable o f forming classical hydrogen bonds are 

shown. Hydrogen bonds between carboxylic oxygen o f E side chain and backbone 

amide hydrogen are illustrated by dotted lines. (The distances are in angstroms,) As 

revealed in the figure, a sail bridge is formed between C-terminal carboxylic anion 

and N-terminal protonated amine. Such phenomenon concurs wi th the previous 

theoretical studies on the lowest energy structures o f doubly-protonated Bradykinin 

species [167]. In these studies, two protonated arginine side chains were mainly 

solvated by backbone carbonyl groups whi le four hydrogen bonds were formed 

between carbonyl oxygen o f E side chains and backbone amide hydrogen atoms. The 

hydrogen bonds are believed to be a significant factor that inhibits the usual N-Cq 

cleavages. 

Scheme 5.1 shows a proposed pathway for suppression o f backbone 

cleavages in diarginated E-r ich peptides. Besides inducing N-Ca cleavage, 

abstraction o f H ' f rom the guanidine group to the backbone carbonyl oxygen may 

lead to the transfer o f hydrogen from backbone amide nitrogen to carboxylic oxygen 

o f E side chains. The hydrogen bonds formed between the carboxylic oxygen o f & 

side chains and the backbone amide hydrogen atoms can inhibit the usual N-Ca 

cleavages by resonantly stabilizing the radical intermediate. As a result, the 

charge-reduced precursor ion w i l l remain intact as no backbone linkage w i l l be 

cleaved. Upon coll isional activation, the charge-reduced precursor could be activated 

and undergo further dissociation through two alternative pathways, including H' loss 
* 

f rom I M + 2 H广 and N-Ca cleavage. This explains why a few more c and z' ions were 

produced and [ M + H ] + was observed when argon gas was pulsed into the cell after 
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Natural Structural Motifs that Suppress Peptide Ion Fragmentation after Electron Capture 

ECD. 

5.4 Conclusion 
This study on a series o f diarginated model peptides wi th different number o f 

glutamic acid (E) and asparagine (N) residues has revealed that backbone cleavage 

and loss o f hydrogen atom (H ' ) f rom reduced precursor ions ( [M+2H]+. ) would be 

suppressed under ECD conditions. As the E C D spectra o f doubly-protonated peptides 

show a heavy dependence on the number o f E and N residues, it appears that both 

backbone cleavages and H ' loss f rom [ M + 2 H广 would be suppressed as the number 

o f E and N residues increases. Also, strong inhibi t ion o f the backbone cleavages and 

H ' loss are noted for peptides w i th 6E residues (or 4E + 2N residues). The 

experimental results obtained by using these model peptides have been re-confirmed 

by analyzing N-arginated Fibrinopeptide-B (i.e. REGVNDNEEGFFSAR) . It is found 

that E C D o f tr iply-protonated peptides wou ld extensive backbone cleavages, whereas 

ECD o f doubly-protonated species would yield predominantly charge-reduced 

precursor ions. This suggests that peptide ions w i th all surplus protons sequestered in 

arginine-residues would exhibit enhanced stability under ECD conditions as the 

number o f acid-residue increases. 

A possible hypothesis for the suppression o f backbone cleavages and the H ' 

loss from [ M + 2 H广 is related to the presence o f alternative dissociation pathways 

apart f rom the usual N-Ca cleavages. As observed from the lowest-energy structure 

o f diarginated E-r ich peptides, there are interactions between carboxylic oxygen o f E 

side chains and hydrogen o f backbone amidils. It is tentatively believed that these 

hydrogen bonds could inhibit the usual N-Ca cleavages and H ' loss by resonantly 

stabil izing the radical intermediate shown in Scheme 5.1. When charge-reduced 
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precursor ion is activated, it can further dissociate through two alternative pathways, 

i.e. either N-Cq cleavages or H* loss from reduced precursor ion. 
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Chapter 6 
Conclusions 

In the investigation o f the generation and dissociation o f polypeptide and 

oligosaccharide ions, the dissociation pathways o f even-electron precursor ions 

generated by protonation ( [M+H]+ ) or metalation ( [Meta l+M]"^) , odd-electron 

hydrogen-deficient precursor ions (M+*) generated by SORI -CID o f [Cu(Tpy)M]2+ 

and odd-electron hydrogen-surplus precursor ions ( [M+2H]+*) generated by ECD o f 

[M+2H]2+) were examined and cross-compared w i th each other. The results have 

indicated that side chain loss reactions are the dominant pathways for dissociation o f 

M— whi le backbone cleavages, leading to the formation o f b/y and c/z ions，are the 

dominant dissociation pathways o f [M+H]+ and [M+2H]+* under SORI -CID and 

ECD condit ions respectively. Backbone cleavages in SORI -CID is believed to be 

init iated by mobi le proton whereas those in E C D by radicals. Similar ly, for the 

peptides-containing PTM(s) , the labile P T M groups would cleave preferentially in 

the dissociation o f M+. and [M+H]+ but be preserved in the fragmentation o f 

[M+2H]+-. The dif ferent preferences in the dissociation o f these two radical systems 

are tentatively attr ibutable to the nature o f the radical, w i th M+- being a heteroatom 

radical and [ M + 2 H广 a hydrogen one (refer to Cornel l model). A n d similar to the 

secondary dissociation o f z— fragments, M+. favours side chain loss reactions 

through abstraction o f the a - or y -hydrogen o f the amino acid residue o f interest. 

These observations seem to suggest that the type o f radicals, but not the type o f 

dissociation condit ions, is the predominant factor governing the preferred 

dissociation pathway.. 

The systematic study using copper I I ions as charge carrier and 
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Chapter 6: Conclusions 

oligosaccharide as targets has indicated that different systems (i.e. SORI-CID o f 

[Cu(Tpy)M]2+’ SORI -CID and E C D o f [Cu+M]2+) seem to generate rather similar 

M S / M S spectra and that cleavage o f the weak glycosidic linkage plays a dominant 

role in governing the f inal appearance o f the MS /MS spectra. The study has also 

revealed a notable effect o f terpyridine l igand on substantial reduction o f cross-ring 

cleavages. It is proposed that l igand l imi ts the coordination o f copper ion and 

oligosaccharide, thereby inhib i t ing cross-ring cleavages. 

In the course o f evaluating the various structural effects o f peptides on their 

dissociation patterns, it was discovered that the presence o f l igand would pose a 
K 

M 

solvation effect on peptides and therefore reduce their fragmentation efficiencies, 

especially in the secondary fragmentation o f z' ions. A postulation in this regard is 

that part o f the recombination energy is used to remove the l igand and thus reduced 

energy is left for invoking secondary fragmentation. 

A separate but related conclusion is that certain natural structural moti fs 

wou ld inhibi t backbone fragmentation and loss o f hydrogen atom (H ' ) from 
<1 

[M+2HJ+.，as a posit ive correlation is found between the extent o f cleavage inhibi t ion 

and the number o f glutamic acid (E) residues. Given the global m in imum structure o f 

the doubly-protonated diargininated E-r ich peptide ion, it is believed that hydrogen 

bond interactions between carboxylic oxygens o f the E side chains and backbone 

amide hydrogens may stabilize the radical intermediate and thus inhibit the usual 

N-Ca cleavages and H ' loss f rom [M+2H]+*. Further investigations into the effect o f 

other structural parameters, such as charge carrier and peptide chain length, on 

suppression o f T^kCa cleavages and H* loss from [M+2H]+. should be conducted. 
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Appendix I 
Proposed dissociation mechanisms of protonated 

peptide under low-energy CID conditions� 
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Appendix II 
Pulse programs for MS and MS" experiments 

Block 
MS MS^ MS^ 

Block 
ESI M I F C I D ECD DR-ECD ( C I D ) 2 ECD-CID 

Ini t ial izat ion 
• 本 * 本 * • 

Start scan 

accumulation 

傘 • * 本 • * 

Source quench * * 本 幸 

Cel l quench 
* • * * * 

Hexabole 
accumulation 

幸 本 本 本 傘 

Ionization 
• • * * 本 本 

Ionization 
(mult ip le ions) 

Cool ing gas 
* 

Pumping delay 
幸 

Isolation 
本 * 本 芈 

Cleanup shots 
* • 本 本 • 

ECD 
本 * 

D R - E C D 
• 

Delay 
* 幸 本 

Pulsed valve 
* 本 * 

Parent ion 

activation 

* * • 

Reaction delay 
本 孝 * 

Excitat ion 
• • 本 * • 本 本 

Detection 
• * 本 * • • * 

Stop 
* • * * • 本 

Phase program 

definit ions for 

FCUs 

• * 本 * 本 本 

6 # Repeat once from ' Isolat ion' to 'Reaction delay’. 

* Indicates blocks should be present in sequential order in the pulse programs and 
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Appendix II: Pulse programs for MS and MS" experiments 

the source codes o f each o f these blocks are as fol lows: 

Initialization 
Initialization Block 
#ES_Wock "Initialization" 
#ES一bitmap "init3.bmp" 
#ES_condkiona‘_pp DM bb 

ADC 
#ES_conditional_pp DM hires 
#ES_conditional_pp RGAIN high 
#ES_conditional_pp RGAIN low 

lu setnmr3|30 

lu setnmf3^30 
lu setnmr3^28 
lu setnmr3I28 

bit 30 hi = unmixed signal to 

bit 30 low = mixed signal to ADC 
bit 28 low = Receiver gain high 
bit 28 hi = Receiver gain low 

Star t scan accumula t ion 

Start Scan Accum Block (NS loop) 
#ES_block "Start Experiment" 
#ES_bitTnap "start2.bmp" 
#ES一eventtype user一delay 
#ES-jjarameter dO 

10 do setnmr4|7 

lOu reset:fl 

；clear memory buffers in RCU 
；turn on Ultra RF amp (AGPP一OUT[0]) 
；NOTE: dO must be lOOms or greater! 
；reset phase of DDS in FCU 1 

Source quench 
Source Quench Block 
#ES_block "ESI Source Quench" optional 
#ES_bitniap "ESIquenchl.bmp" 
#ES_eventtype quench 
#ES_parameter d3 

d3 setnmr3|24 ； quench the ion guide (DEFLECTION) 
lu setnmr3^24 

Cell quench 
Cell Quench Block 
#ES_bk)clc "Cell Quench" optional 
#ES_bkmap "quench.bmp" 
#ES_eventtype quench 
#ES_parameter d4 

d4 setnmr3|27 ； cell quench (QUENCH) 
lu setnmr3八27 
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Appendix II: Pulse programs for M S and MS" experiments 

Hexapole accumulation 
Hexapole Accumulation Block 
#ES_block "Hexapole Accumulation" 
#ES-bitmap "hex_fill.bmp" 
#ES—eventtype user一delay 
#ES_parameter d 1 

d 1 ； post quench delay 

Ionization 
Ionization Block 
#ES—block "Ion Generation" 
#ES_bitmap "ion_gen2.bmp" 
#ES—eventtype user_pulse 
#ES_parameter d2 d5 

(12 setnmr3|24 ； external ionization pulse (DEFLECTION) 
lu setnmr3^24 
d5 ； post ionization delay 

Ionization (multiple ions) 
Ionization Block 
#ES_block "Multiple-Ion Generation" optional 
#ES—bitmap "ion_gen2.bmp" 
#ES—eventtype user_pulse 
#ES_paranieter d2 d7 

30 d7 ； delay 

V 

d2 setnmr3|24 
lu setnmr3^24 

external ionization pulse (DEFLECTION) 

Cooling gas 
Pulsed Valve Block � 
#ES_block "Cooling gas" optional 
#ES—bitmap "p_vafve.bmp" 
#ES一eventtype user_pulse 
#ES_parameterdl3 

dl3 setnmr3|22 
lu setnmr3 八22 
lo to 30 times 130 

；Pulsed Valve 1 (VALVE 1) 

；loop back to the ion generation pulse (line number30) 

Pumping delay 
Reaction Delay Block 
#ES—block "Pumping Delay" optional 
#ES_bitmap "react_del4.bmp" 
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Appendix II: Pulse programs for M S and MS" experiments 

;#ES_eventtype user—delay 
;#ES_parameter d8 

dS ； reaction delay 

Isolation 
MS/MS Selection Block 
#ES—block "Isolation (MS-2)" optional 
#ES_bitmap "msms sel a.bmp" 
#ES_eventtype corr_sweep 
#ES_parameter p4 pI4 

lOu pl4:fl 
20 (p4 ph2 fql):n 

lo to 20 times 10 
;#ES—flag—comment 

set attenuation for correlated sweep (FCU-1) 
correlated sweep 
L[0] steps in sweep 

#FC_ fql:n corr sweep 0 

Cleanup shots 
Cleanup Shots Block 
#ES_block "Isolation Shots (MS-2)" optional 
#ES_bitmap "cl_shots.bmp" 
#ES_eventtype coir—shot 
#ES_parameter p7 pl7 

lOu pl7:fl 
30 (p7 ph2 fql):n 

lo to 30 times 13 
;#ES_fIag_comment 

set attenuation for shots (FCU-1) 
high resolution clean-up shots 
L[3] total shots 

#FC一 fql:fl coiT一shot 0 

ECD 
ECD Block 
#ES_bk)ck "ECD" optional 
#ES_bitniap "ECD.bmp" 
#ES一eventtype user_pulse 
#ES_paranieter d7 

d7 setnmr3|26 
lOu setnmr3'^26 ECD pulse (INT一GATE) 

DR-ECD 
DRECD Block 
#ES_block "ECD" optional 
#ES_bitmap "ECD.bmp" 
#ES_eventtype coir一shot 
#ES_parameter d7 p9 pl9 

d7 setnmr3|26 ； ECD pulse (1NT_GATE) 
lOu pl9:fl ； set attenuation for shots (FCU-1) 
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Appendix II: Pulse programs for M S and MS" experiments 

70 (p9 ph2 fql):n 
lo to 70 times 14 
1 Ou setmnr3八26 

;#ES_flag_comment 

Delay 

；high resolution clean-up shots 
；L[4) total shots 
;#FC_ fq 1 :fl corr shot 0 

Delay Block 
#ES__block "Delay" optional 
#ES_bitmap "ECD.bmp" 
#ES_eventtype user_pulse 
#ES_parameter cn2 

dl2 

Pulse valve 
Pulsed Valve Block 
#ES_block "Pulsed Valve (MS-2)" optional 
#ES一bitmap "p_valve.bmp" 
#ES—eventtype userjpulse 
#ES_parameter 626 

d26 setnmr3|22 ； Pulsed Valve 1 (VALVE 1) 
I u setnmr3'^22 

Parent ion activation 
Parent Ion Activation Block 
#ES_block "Ion Activation (MS-2)" optional 
#ES_bitmap "activate.bmp" 
#ES_eventtype ion—activation 
#ES_paranieter p8 pl8 

lOu pl8:fl ； set attenuation for activation (FCU-1) 
；activation shot on the parent ion 
;#FC_ fql :fl parent-ion—activation 0 

(p8 ph2 fql):n 
;#ES_flag—comment 

Reaction delay 
Reaction Delay Block 
#ES—block "Pumping Delay (MS-2)" optional 
#E;S_bitinap "react_del4.bmp" 
#ES_eventtype user一delay 
#ES_parameter d6 

d6 ； reaction delay 
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Appendix II: Pulse programs for MS and MS" experiments 

Excitation 
Excitation Block 
#ES_block "Excitation" 
#ES_bitniap "excite.bmp" 
#ES_eventtype excitation一sweep 
#ES_parameter p3 pl3 

lOu pl3:fl ； set attenuation for excitation (FCU-1) 

;#ES_conditional_pp EM shot 
(p3 phi fql):n 

;#ES_conditional_pp EM shot 
;#ES_conditional_pp EM sweep 
40 (p3 phi fql):fl 
;#ES_conditicmal_pp EM sweep 

lo to 40 times 131 
;#ES—conditional_pp EM sweep 

；detection excitation shot 
;#FC_ fql :fl excitation shot 

；detection excitation sweep 

；L�3 I ] steps in sweep 
;#FC—fql:n excitation sweep 

Detection 
Detection Block 
#ES_block "Detection" 
#ES_bitmap "detect.bmp" 
#ES_eventtype detection 
#ES_parameter ci30 

1 u setnmr4^7 ； turn off Ultra RF amp before detect (AGPP_OUT[0]) 
d30 ； receiver dead time 
go = 10 ph I ； scan accumulation (loop to 10 times NS) 

Stop 
；Stop Block 
;#ES_block "Exit” 
;#ES_bitmap "exit.bmp" 

wr #0 
exit 

write data to disk 
end acquisition/experiment 

Phase program definitions for FCUs 
；Phase program definitions for FCUs 

ph 丨=0 0 2 2 ； phase program: 
ph2;0 0 0 0 ； phase program: 

0 0 180 180 (exc/det RF) 
0 0 0 0 (all other RF) 
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Appendix III 
Assignments of labeled side chain in mass spectra 

Amino acid 
Odd-electron species 

Label Assignment 
Even-electron species 

.abel Assignment 
Glycine [G] 
Alanine [A] 

Valine [V] 
Leucine [L] 

Isoleucine [I] 
Proline [P] 
Lysine [K] 

Arginine [R] 

Serine [S] 

Phosphory 丨 ated 
Serine [pS] 

Vsc* 
Lsc' 
Isc 

^-sc 
K̂ sc ' 

Rsc^ 

pSsc. 

•CHj 

•CH(CH3)2 

•CH2CH3 

•CH2CH2CH2NH2 

•CHzCHzCHjNHa* 

•NH2C (NH)NH2 

.'CHCH2 -NHC(NH2')NH2 

Lsc 

'sc 

K sc 

R sc 

CHjCH^CHCHj 

CH3CH=CHCH3 

H2OCHCH2CH2NH2 

H2C-CHCH2-NHC(NH)NH2 

pSsc 

pSsci 

Threonine [T] 
Aspartic Acid [D] 
Glutamic Acid [E] 

Asparagine [N] 
Glutamine [Q] 
Cysteine (C) 

Methionine [M] 
Oxidized 

Methionine 
[M(0)] 

Phenylalanine (F) 
Histine (H) 

Tryptophan [W] 
Tyrosine (Y) 

D sr O 二 c = o 
Esc' •CH2COOH Esc CH广CHCOOH 

Nsc" 'C(0)NH2 - — 

Qsc •CH2C(0)NH2 Qsc CH2=CHC(0)NH2 

Csc. •SH Csc S=CH3 

Msc" •CH2SCH3 Msc CH2=CHSCH3 

M(0)sc' •CH3SO M(0)sc CH3SOH 

M(0)sC 3 ' •CH2SOCH3 M(0)sc. 

M(0)SC2 

CH2S0 

CHz^CHSOCHj 

Wsc* CO Wsc Cr? 
Ysc CHKCsH^O) 
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Sample: RGEGEGEGEGEGEGR 
Fonn: Zwitterionic form 

R _ G _ E _ G _ E _ G _ E _ G _ E _ G _ E _ G _ E _ G—R 
1 Y J J J 1 I 9 10 11 12 I s 14 

Confomier 1 (Relative energy = -2737.52kJ/inol) 
O O 4 3 

Inter-residue : 4 � 2' 
N-H C»1 E,OH 

EfiOH E3OH 

3 >-4 
2 1 

Rn 
5 
E3 

RN 
6 
E3 

E2OH Ri； 
7 8 

EjOH 
， 9 � 

E2 

II.E4OH 
1 10 . 

E5 
12 

.11" 
1 0 � 

12� 
�� 

Nt.2 
13 

Nt.3 
� 1 4 ’ Ctol 

Nterl 

Conformer 2 (Relative e n e i ^ = -2732.66k J/mol) 
O O 4 3 

Inter-residue . .1' 2 
N-H Ctel E,OH 

EfiOH E3OH 

• 4 
2 1 

RN 
5 
Ej 

RN 
, 6 

E3 
• Rn 
7 ‘ 8 

E5OH 

9 
11 

10 -
E50H 

13 
11 
10 

K2 
， i r 

14 
13 

11 
�I 4 - -

13 
0 .1 
Ntcrl 

Conformer 3 (Relative energy= -2731.12kJ/mol) 
0=0 • 3,4 

Intcr-residue 1 2 
N-H Ctnl E,OH 

E2OH E3OH 
3, 4 , 
2 2 

RN 

•5 
RN 

6 
h 

- Rn 
7 .8 

E5OH 
9 ‘ 10 

13 

11 

El 

KV2 
. 1 2 

14 
• 43 

11 

Nta3 
14 
13 

Curl 

Conformer 4 (Relative energy= •2729.26kJ/mol) 
C=0 4 3 

Inter-residuc I 2 , 
N-H 0^1 Ee 

EfiOH E3OH 
3 '4 
2 • 1 

RN 

5 
RN 

6 
E? 

- Rn 
7 S 

EjOH 
9 10 

13 
.11 
E3 

Nter2 
12 

14 
13 

11 
T 14 

13 
Curl 
Nterl 

CTv 
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1
6
么
 

C=0 . 3 
Intcr-rcsidue 1 2 ‘ 

N - H C t ^ l E5OH 

4 5 
3 4 
2 3 

. 5 � 
4 

RN 
6 

EZJES 

RN N时 3 

7 • ；8 . 
E2 -

9. 
E2OH 
• 10 

11 
10,13 

11 r 
E,OH 
•12 

Ê OH 

11 

E5OH 
14 ’ Ctal 

N^l 

Conformer 6 (Relative energy= -2729.05kJ/mol) 
C=0 4 3 

Inter^esidue 1 ,2 
N-H Ct^l EiOH 

E ^ O H E3OH 

3 "-•'，4" 
2 1 

RN 

Es 

RN 
6. 

E3 
• RN 
r ' 8 

E5OH 

. 9 10 

13 
11 

El 
K 2 
12 

14 
13' 
11 

Nta? 
1 4 - . 
13 Ntal 

Conformer 7 (Relative energy = -2728.14kJ/mol) 
C=0 4 3 

Ihtcr^csidue '' 1 ,;” 2 
N-H Curl E,OH 

E2OH E3OH 

… ‘ 4 r 2 1 
Rn 
：5.‘ 

E5 

RN 
6 

E. 
• RN E5OH 

9，- 10 • 

13 
11 • 

h 

Nta2 

Etf 

14 
11 

Nta3 
.14 
13 

Ctal 
Nt.1 

Conformer 8 (Relative energy = -2728.03kJ/mol) 
- . I n t e r �d u e � . 1 � ‘ 

N-H Ctai E50H’E5 

4 5 
3 ' 4 ； 
• - 3’E5 

•5 4 
RN 

6 
RN • N如3 

E2 -
9 

E20H 
“ 1 0 � 

11 

10,13 
ir，:> 

F . 

EiOH 
： 

Ê OH 

， n ： 
11 

E5OH 

t：丨.14.:: 
Ct.1 

Nurl 

Sample: RGEGEGEGEGEGEGR 

Form: Zwitterionic form 

R _ G _ E _ G _ E _ G _ E _ G _ E _ G _ E _ G _ E— G—R 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Conformer 5 (Relative energy = -2729.24kJ/mol) 
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