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Introduction 
 
 
I. General introduction 

 
Living matter involves a large variety of biologically active macromolecules 

with specific functions 1. Peptides and proteins are just two of the important classes 

of biomolecules that play indispensable roles in all living organisms. Their diversity 

originates from differences at molecular level in terms of elemental composition 

and (macro)molecular architecture. To understand the functions they perform in a 

biological system is imperative to structurally characterize them. The investigation 

of the structure-function relationship is of paramount interest in many Life Science 

disciplines including biochemistry, biology and medicine. Additional interest exists 

in the commercial sector for a wide range of applications ranging from health care 

to food and agriculture. Peptide and protein characterization involves the accurate 

determination of their molecular weight, primary structure (amino acid sequence), 

secondary structure (local three-dimensional form), tertiary structure (full three-

dimensional shape), quaternary structure (arrangement of multiple folded proteins 

which forms a complete unit), identification and localization of posttranslational 

modifications and relative quantitation. Proteomics is the field that aims to identify, 

characterize and map expressed proteins in a biological system. Information about 

three-dimensional structure of peptides and proteins can be obtained from Nuclear 

Magnetic Resonance (NMR) 2 and X-ray crystallography 3.  Beside the fact that 

they are time-consuming, their major drawbacks include the use of large amounts 

of pure and concentrated samples. Therefore, they are hardly suitable for analysis 

of complex mixtures especially when limited amount of sample is available. To 

benefit from the maximum amount of information that can be obtained from small 

amounts of material, mass spectrometry (MS) is the method of choice 4. 

Mass spectrometry (MS) is a widely applied technology which has 

demonstrated its ability to address different problems in proteomics research by 

virtue of its sensitivity, specificity and speed of analysis 4. This analytical technique 
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measures the mass-to-charge ratio and the relative abundance of peptides, 

proteins and their fragments. As a straightforward consequence of the discovery 

and implementation of novel technologies to explore biomolecules in gas-phase, 

biomolecular mass spectrometry experienced a tremendous growth in the last 20 

years. Nowadays, MS analytical platforms enable the separation of analytes from 

complex mixtures, their intact transfer from solution in to the gas-phase and to 

probe their structural features. Interfacing mass spectrometry with different 

chromatographic and ionization techniques allowed very small amounts 

(zeptomolar concentrations) 5 of different classes of very large and labile 

biomolecules and even complete viruses 6 to be thoroughly investigated. The 

development of soft ionization techniques such as matrix-assisted laser desorption 

ionization (MALDI) 7 and electrospray ionization (ESI) 8-10 are directly responsible 

for these advances.  

Mass spectrometry generated impressive amounts of data that have paved 

the way for systematic identification of proteomes in intra-cellular dynamics. The 

growth of the MS arsenal provides more freedom and confidence to scientific 

community in its approach of complex problems in proteomics. These include the 

study of the identity, distribution, dynamics and interaction of proteins in biological 

systems.  

One of the modern MS technologies that attracted a huge interest due to 

its remarkable analytical potential is Fourier transform ion cyclotron resonance 

mass spectrometry (FTICR-MS) 11. A combination of magnetic and electric fields is 

used in FTICR-MS to trap ions in the ion cyclotron resonance (ICR) cell under high 

vacuum (10-9 mbar) conditions. Electromagnetic fields are used to manipulate the 

trapped ions and to investigate their interaction with particles or electromagnetic 

radiation. High mass resolution, mass accuracy, high sensitivity, long ion-

observation times and non-destructive multichannel detection are just a few of the 

outstanding features of FTICR-MS. These distinctive capabilities are 

complemented by a collection of fragmentation techniques compatible with FTICR-

MS that offer the possibility to perform gas-phase reactions for structural analysis 

of large intact (bio)molecules. Together with advances in informatics, FTICR-MS is 

developed to such that it is now capable to pre-select monisotopic ion species from 
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complex ion mixtures to be further subjected to tandem mass spectrometry 

(MS/MS or MSn) procedures for structural investigations. The possibility to 

generate native states of large and fragile proteins and protein complexes in gas-

phase enabled the introduction of the “top-down” approach This technique involve 

accurate mass measurement of intact proteins followed by MS/MS for structural 

analysis of post-translational modifications. The molecular puzzle can also be 

tackled using the so-called “bottom-up” approach within the protein, in a first stage, 

is proteolytically cleaved in small peptides. This is followed by protein identification 

based upon mass measurements of a set of peptide digestive products or by 

MS/MS fragmentation of one or more of these peptides. Mapping protein`s three-

dimensional structure (conformational analysis) is another active area of research 

in mass spectrometry. All these strategies are compatible with FTICR-MS 

instrumentation. The “bottom-up” approach rarely leads to 100% sequence 

coverage of the intact protein and does not provide information about the protein 

conformation. Therefore, the “top-down” strategy is becoming more and more 

attractive because it offers the possibility to gain more insight in to the unaltered 

protein.  

Detailed structural information can only be obtained from accurate mass 

determination of the protein fragmentation produced through tandem mass 

spectrometry. Currently used fragmentation techniques are based on ion 

interaction with neutral molecules as in collision-induced dissociation (CID), with 

active surfaces as in surface-induced dissociation (SID) or with infrared or 

ultraviolet photons (i.e.: Infrared Multiphoton Dissociation or IRMPD and Ultraviolet 

Photon Dissociation or UVPD). In all these fragmentation techniques, the internal 

energy of the precursor ion is increased until dissociation occurs. For that reason 

they are known as “slow-heating” techniques. Their utility for structural studies is 

well acknowledged by the mass spectrometry community. However, using these 

methods to locate labile groups such as posttranslational modifications (PTM`s) in 

a protein sequence is very difficult or even impossible because PTM`s are lost 

before the protein’s backbone is cleaved.  On the other hand, strong intramolecular 

bonds like disulfide bridges hamper sequence information to be obtained.  
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With the discovery of electron capture dissociation (ECD) in 1998 in the 

group of Prof. McLafferty, a new era started in proteomics that allowed the study of 

molecular species that are difficult to be investigated using traditional MSn 

strategies. In ECD, multiply charged macromolecular ions trapped in the ICR cell 

reacts with low-energy electrons supplied by an electron beam to generate specific 

fragments. Since its conception, ECD has stimulated the discovery and 

development of other fragmentation techniques in gas-phase based on reactions 

between polypeptide ions and electrons: hot-electron capture dissociation (HECD), 

electron excitation dissociation (EED), electron detachment dissociation (EDD) and 

more recently electron transfer dissociation (ETD). What makes ECD so attractive 

compared with other fragmentation techniques employed by mass spectrometry? It 

was found that ECD leads to extensive and unselective cleavage of the 

polypeptide backbone. Scission of disulfide bonds is facile with ECD and non-

covalent interactions are preserved intact while the strong bonds are preferentially 

cleaved with ECD. This later feature allows labile posttranslational modifications to 

be both identified and localized with ECD.  The technique was improved in the last 

years and nowadays ECD is a high-throughput technique that generates 

complementary information to the information obtained with classical fragmentation 

techniques. It has been shown that the combination between ECD and IRMPD has 

a great advantage for proteomics as it generates rich and high quality MS spectra 

using experimental sequences on time scales compatible with different 

chromatographic techniques. Hence, ECD became an indispensable tool for 

proteomics. However, the dissociation rate with ECD is lower compared with other 

fragmentation techniques.  
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II. Scope of the thesis 
 

In spite of its utility, the mechanism, which underlies ECD, is still not well 

understood. Understanding the factors which plays a role in ECD helps to further 

develop this technique in to a “plug and play” method for protemics. The work 

presented in this thesis comprises a fundamental study of ECD, followed by 

instrumental development dedicated to ECD and application of this dissociation 

technique to biologically relevant biomolecules. 

 

This thesis contributes to the understanding and developments of the 

electron capture dissociation as a useful fragmentation technique in Fourier 

transform ion cyclotron resonance mass spectrometry to study the structure of the 

ions in gas phase. This is of fundamental importance for proteomics because other 

tandem MS methods do not show features to produce extensive information about 

conformation and subtle structural changes in peptides and proteins. 

 

The following two chapters are dedicated to FTICR-MS as a distinguished 

MS tool and to ECD as a method. The first part of chapter 1 will supply the reader 

with the fundamental aspects of FTICR-MS followed by a description of the 

experimental setup. Instrumental presentation will continue with an introduction of 

the most used dissociation techniques in FTICR-MS and will end with a short 

presentation of the software tools used to process the recorded mass spectra. 

Chapter 2 will be completely dedicated to electron capture dissociation. The 

technique will be briefly reviewed and its application to proteomics will be 

described.  

 

Chapter 3 of this thesis is a fundamental study of ECD. We investigate 

whether the conformational heterogeneity of the precursor ions plays a role on the 

fragments produced in ECD. Therefore, the precursor ion population is thermally 

manipulated in order to achieve ion clouds with different conformation 

heterogeneity. It is shown that ECD at 86 K of the linear peptide substance P and 

the cyclic peptide gramicidin S results in less backbone fragments than at room 
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temperature. The fact that ECD at 86 K generates a smaller number of backbone 

fragments is consistent with reduced conformation heterogeneity of the ion 

population at low temperatures. This finding is important because shows how the 

conformation population of the ion packet influences the relative intensity of the 

fragments and the sequence coverage. 

 

It is clear from the study mentioned above that heating the ion population is 

required to enhance the performances of ECD. Based on a novel approach we 

propose a new experimental configuration wherein IRMPD and ECD can be 

simultaneously performed in the ICR cell using co-linear and overlapping beams. 

Conformation heterogeneity of the ions is increased with IR irradiation whether 

ECD has the ability to achieve extensive sequence coverage using irradiation times 

compatible with chromatographic separation techniques. Chapter 4 describes such 

an instrumental development in order to reduce the irradiation time and to improve 

the quality and the information content of the MS/MS spectra. 

 

At first glance, chapter 5 does not have anything in common with ECD. 

However, the idea of using SORI-CID for structural investigation of the peptides 

containing a disulfide bridge has roots in our recent ECD work on oxytocin 

complexed with different divalent transition metal cations12. We showed that ECD 

of [oxytocin+Cu2+] results in formation of only b type of backbone fragments which 

are atypical for ECD being rather representative for CID experiments. Here, we 

demonstrate that SORI-CID of the peptides that contain a disulfide bridge when are 

complexed with divalent metal cations yields very rich tandem mass spectra 

including fragments that require cleavage of the disulfide bond. On the contrary, 

SORI-CID of the doubly protonated analogues result just in backbone fragments 

from the region that is not involved in the disulfide bond. The location of the metal 

ion is also explored in this study. The benefit of peptide/protein complexation with 

metal cations for SORI-CID is that leads to increased sequence coverage and 

more confidence in peptide- or protein assignment. 

 



Introduction 

 17 

  A further step to investigate the influence of the peptide structural changes 

on the ECD behaviour is made in chapter 6. The results indicate that not only 

amino acid composition of the peptide but also the identity of the charge carrier has 

an important role on the type of fragments and the fragmentation pattern produced 

by ECD. 

 

Chapter 7 is a future outlook of three MS methods to study the structure of 

biomolecules in the gas-phase. 

 

The results presented in this thesis bring new evidence that ECD is a 

useful and versatile technique for structural analysis of peptides and proteins, 

especially for obtaining high sequence coverage and to investigate the 

conformation of the ions in gas phase.  
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Chapter 1 

 
Fourier Transform Ion Cyclotron Resonance 
Mass Spectrometry 
 
 

1.1   FTICR-MS basics. Principle of operation 
 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-

MS) is a technique that combines magnetic and electric fields to measure the 

molecular weight of the molecules in the gas phase. In the field of mass 

spectrometry, FTICR-MS combines different fragmentation techniques and can 

perform measurements with unmatched high mass resolution and high mass 

accuracy. FTICR-MS has its roots in the 1930`s when for the first time the ion 

cyclotron resonance phenomenon was used to accelerate protons at high kinetic 

energies for nuclear physics experiments 1. At late 1940`s Sommerfeld et al. 

incorporate ICR technique in mass spectrometry to determine the Faraday 

constant by measuring the cyclotron resonance frequency of protons 2,3. Three 

decades ago Marshall and Comisarow reported the first practical implementation of 

the Fourier transformation algorithm to the image charge detection of the cyclotron 

motion of the ions 4. This development represented a novelty in mass spectrometry 

and the technique was termed Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometry or shortly FTICR-MS. The next paragraphs of this chapter will 

introduce the basic concepts of FTICR-MS with an emphasis to the experimental 

procedures used for the work described in this thesis. More detailed introductions 

to this technique can be found elsewhere 5-8.  
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1.1.1 Ion motion in the cyclotron cell 
 

The heart of the FTICR-MS is the ion cyclotron resonance (ICR) cell which 

is a Penning trap placed in the centre of a super-conducting magnet bore. The role 

of the ICR cell is threefold: to trap, manipulate and detect the ions of interest. 

Because the magnetic field is homogenous along the ICR cell an ion with non-zero 

kinetic energy in the x and y direction will be forced to follow a cyclotron motion in 

the xy-plane; the magnetic field is considered to be parallel with z axis. Two 

opposing trapping electrodes are used to create a potential well in order to confine 

the ion cloud and to avoid ion loss along the z-axis (fig.1.1).  

 

 

 
 

 
Figure 1.1: A schematic of the closed cylindrical cell. It consists of two trapping plates with a small inlet 

hole and two pairs of opposite electrodes, one for excitation and one for detection. 

 

Several designs for the ICR cell have been studied and reported in 

literature such as rectangular 9, cubic 10,11 and cylindrical cells 12. The undesired 

loss of ions along the z-axis was minimised with the introduction of the “infinity” cell 
13. A disadvantage of this ICR cell is that it has a limited access for ion introduction. 

When an open-ended cell 14-16 was proposed and implemented, the ion trapping 

became much easier because in this ICR cell design the front electrode hole has a 

diameter of approximately 6 cm. Other geometries for ICR traps are currently 

studied to minimize ion losses, to improve ion axial confinement and to produce 

nearly linear ion excitation/detection. 
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When an ion with charge q and speed v enters the ICR cell it experiences the 

combined force of the magnetic field B and the electrostatic trapping field E. The 

sum of the electric and magnetic forces that acts on the ion is given by the Lorentz 

force equation (eq. 1.1): 

 

FL=qE+q(v x B)   (1.1) 

 

If the electrostatic force is negligible, the magnitude of the Lorentz force is given by 

the charge, speed and the magnetic field strength. As can be seen from equation 

1.1 the Lorentz force is perpendicular to the ion velocity and to the magnetic field 

strength B. The Lorentz force is equilibrated by the centripetal force oriented in 

opposite direction (fig. 1.2).  

 

 

 
 
Figure 1.2: The cyclotron motion of an ion. The ion velocity perpendicular to the uniform magnetic field 

generates a Lorentz force (perpendicular to both) which forces the ion to move on a circular orbit. 

 

Hence, the magnetic field bends the trajectory of the ion into a circle of radius r 

perpendicular to the magnetic field being mathematically expressed by equation 

1.2: 

 

qvxyB=mv2
xy/r  (1.2) 
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It should be mentioned that the Lorentz force changes just the direction of the 

velocity vxy but not its magnitude. Defining the angular frequency ωc as vxy/r we 

obtain from equation 1.2 that for a given value of the magnetic field strength ωc is 

dependent only by the mass and the charge of the ion (eq. 1.3): 

 

ωc=qB/m or νc=qB/2πm (1.3) 

 

where νc= ωc/2π is the cyclotron frequency. The second observation is that νc is 

independent of the velocity of the ions and thus independent of the kinetic energy 

of the ions and the cyclotron radius. This is particularly important for FTICR-MS 

because, contrary to other mass spectrometric methods the spread in kinetic 

energy of the ions does not limit the mass resolution during FTICR-MS analysis. 

Until now, the contribution of the trapping potential was neglected in eq. 1.3 but it 

can have a significant influence on the cyclotron motion and that’s why it should be 

considered.  

In a common FTICR-MS set-up, the ions are usually produced in an external ion 

source and transported into the ICR cell. Using ion optics, they will enter the ICR 

cell with some initial kinetic energy and in order to trap them, they have to be 

decelerated. This could be achieved either by using the retarding field produced by 

the trapping plates in so called gated trapping 17,18, by sidekick trapping 19 or 

through multiple collisions of the ions with a neutral gas (e.g. Ar), method known as 

gas-assisted dynamic ion trapping (GADT) 20. Even if gated trapping is the simplest 

way to trap the ions, this method is not efficient enough to trap ions with wide 

energy and m/z ranges. To increase the trapping efficiency, GADT and sidekick 

trapping are used. However, using GADT requires introduction of a cooling gas 

evacuation delay which significantly extends the length of the experimental 

sequence. Sidekick trapping uses the deflection of the ion beam from the main axis 

of the instrument during introduction in to the ICR cell. In this way, the ions are 

trapped by the higher electrostatic potential present around the cell axis. Ions are 

confined inside the ICR cell and their trajectory inside the ICR trap is dependent on 

the amplitude of the sidekick voltage and other experimental parameters (ion 

energy, m/z ratio, introduction angle, ion coordinate). This method has the 
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advantages of fast trapping of ions with wide range of energy and mass-to-charge 

ratios. The major drawback of this trapping technique is that the ion cloud is 

displaced from the axis that makes ion detection to be less efficient. 

Positive voltages are applied to the trapping plates to trap positive ions while for 

negative ions the trapping voltages are negative. The potential well keeps the ions 

in a trapping motion, back and forth, along the z-axis with a trapping frequency ωT, 

given by equation 1.4: 

 

ωT=
md
qVT

 (1.4) 

 

where VT is the potential applied to the trapping electrodes and d is the length of 

the ICR cell. The radial field produced by the trapping potentials is E=VTr/2d2 and 

in opposite direction to the inward-directed Lorentz force. With this electric field 

component equation 1.1 becomes: 

 

mω2r=qBωr-q(VTR/2d2) (1.5) 

 

which is a quadratic equation with two distinct solutions: 

 

ω+= 2
ω

2
ω

2
ω 22

ZCC −⎟
⎠
⎞

⎜
⎝
⎛+  (1.6) 

 

ω-=
2
ω

2
ω

2
ω 22

ZCC −⎟
⎠
⎞

⎜
⎝
⎛−  (1.7) 

 

where ωZ is the “trapping” oscillation frequency (ωZ=ωT) and ωC is the 

“unperturbed” cyclotron frequency. These two solutions show that the trapping 

potential has two effects on the ions motion: first, it reduces the cyclotron frequency 

and secondly forces the ions to follow a periodic motion at low frequency, called 
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magnetron motion. ω+ is the reduced cyclotron frequency and falls in the range 5 

kHz – 5 MHz for a 7T magnet, which corresponds to a mass range between 100 

Da and 70 kDa. ω- is the magnetron frequency and is in the order of 1-100 Hz. 

 

 

1.1.2 Ion excitation and detection in FTICR-MS  
 

Mass determination in FTICR-MS is based on the relationship that exists 

between the m/z ratio of the ions and their cyclotron frequency (eq. 1.3 and 1.7). 

Even if the ions in static magnetic field move on cyclotron orbits this will not 

generate any signal on the ICR detection plates because the radius of the motion 

is very small and the ions move incoherently. In order to collect a signal it is 

necessary to move the ion cloud, that is situated on the ICR cell axis, close to the 

detection plates to induce an image current which is then recorded and digitized 6. 

The ions must be excited to a coherent motion to obtain a measurable signal. Ions 

without a coherent motion can not be detected. Incoherency comes from random 

distribution of the phase and radius of the ion that enter the cell. Hence, a radio-

frequency (rf) electric field, which excites the ions to a coherent motion, precedes 

the detection event. The form of the rf pulse has the form (eq. 1.8): 

 

E(t) = 0E cosωCt j = 
d
VPPα

cosωCt j  (1.8) 

 

where α is the geometrical constant of the ICR cell, j is the unit vector and VPP is 

the peak-to-peak amplitude of the rf excitation pulse. This linearly polarised electric 

field could be expressed as the sum of two counter-rotating components, EL(t) and 

ER(t) (eq. 1.9 a and b): 

 

EL(t) = 
2

0E
cosωCt j - 

2
0E

sinωCt i  (1.9 a) 
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ER(t) = 
2

0E
cosωCt j + 

2
0E

sinωCt i  (1.9 b) 

 

The radiofrequency component ER(t) rotates the ions in the same sense and at the 

same frequency by pushing the ions continuously to a higher orbit. The second 

component, EL(t), rotate the ions in an opposite sense but is 2ω off-resonance and 

will not have an effect on the ions orbit. During excitation time (texc.) the ions absorb 

energy and the radius of their orbit increases. If all the excitation energy is 

converted into kinetic energy (A(texc.)=
2
0E q2texc./4m) the final radius of the ions orbit 

becomes: 

 

r = 
0

.0

2B
tE exc  (1.10) 

 

This equation (1.10) shows that the ions are excited to the same final radius 

independently of their mass or charge. Such a uniform excitation is achieved by 

applying a Stored Waveform Inverse Fourier Transform (SWIFT) 21 pulse which 

was introduced by Marshall in 1985 22. In SWIFT the amplitude and frequency 

range is specified and with an inverse Fourier transformation the excitation time 

domain pulse is calculated. The time domain excitation pulse is modulated in 

amplitude using a quadratic phase scrambling method. Ion excitation could also be 

performed with constant amplitude with so-called sweep or chirp excitation pulse. 

These are sinusoidal waveforms, whose frequency linearly changes in time. 

For on-resonance frequencies the ions will absorb energy and will increase their 

orbit radius following an out warded spiral motion as long as the rf-excitation signal 

is applied. Thus, the cyclotron orbit radius increases until the radius is close to the 

dimensions of the ICR cell. The excitation signal is applied until the cyclotron radius 

of the ions becomes slightly smaller then the radius of the ICR cell. This coherent 

packet of ions induces an image charge in the detection plates. The detection 

plates are opposed to each other and positioned coaxially and at the same radius 

between the excitation plates as shown in figure 1.1. Because the ions will 
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periodically pass in front of the detection electrodes, an alternating potential will be 

induced and detected. This will produce an alternating image current. The 

frequency of this current is identical to the cyclotron frequency of the ions. This 

weak image current is amplified and converted into a voltage signal that gives the 

following time domain signal f(t): 

 

f(t) = )cos(
1

ii

M

i

t

i teN i ϕωτ +∑
=

−
 (1.11) 

 

where t is the length (in seconds) of the transient, ωi is the cyclotron frequency of 

the ions, Ni is the number of ions i and φi the phase of the ions. Collisions with the 

background gas and charge repulsion will result in a dephasing of the coherent ion 

motion and a decrease of the orbit radius. As a result, the time domain signal 

intensity will decrease with the damping constant iτ . The final resolution of the 

mass spectrum is dependent on the length of the transient. An example of the time 

domain signal is presented in fig. 1.3. 

The time-domain signal (fig. 1.3 a) shows a clear decay and represents the sum of 

the individual sinusoidal signals of all ions. The time-domain signal is then Fourier 

transformed to obtain a frequency spectrum. By using eq. 1.3 the mass spectrum is 

calibrated (fig. 1.3 b). Unlike other mass spectrometric methods (with the exception 

of the recently introduced Orbitrap) the detection in FTICR-MS is non-destructive 

which allows reuse the ions after detection. 

Summing N repeating spectra improves the signal-to-noise ratio with a factor of 

N1/2. Another excitation pulse is needed to remove undesired ions from the ICR 

cell. This pulse is applied to the trapping plates to axially eject the residual ions out 

of the cell. 
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Figure 1.3 Left, (a), time domain transient measured at a magnetic field of 7T for the 2+ charge state of 

substance P (MW = 1347.83) and right, (b), mass spectrum of the [M+2H]2+ isotope peaks obtained by 

Fourier transformation of the time domain signal. 

 

 

1.2 FTICR-MS experimental set-up 
1.2.1 Sequence of events 

 

Different instrumental FTICR-MS set-ups have been reported in literature 
23-25. In principle the majority of the FTICR-MS configurations consists of three main 

parts: the ion source, the ion transport system and the trapping and detection 

region. Ions generated in the ion source are transported using electrostatic lenses 

or multipoles to the ICR cell where they are trapped and detected to record a MS 

spectrum. Alternatively, the trapped ions can be subjected to MS/MS procedures. 

Therefore, an FTICR-MS experiment implies a scenario with several steps 

separated in time. An example of such an experimental sequence that contains 

consecutive events is presented in figure 1.4. 

First, a quench pulse is applied to the ICR cell in order to empty the cell 

from all residual ions followed by introduction of the ions of interest. In many cases, 

ion selection precedes the dissociation event. After formation of the dissociation 

products, the ion cloud is excited to a higher cyclotron radius and subsequently 

detected. The obtained signal is digitally stored and subjected to Fourier-
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transformation, which finally results in a mass spectrum. For a multiple scan 

measurement, this succession of events is repeated several times. The total time 

for a MS experiment with such an experimental sequence depends on the time 

involved in each of these events, the type of instrument and the analysis required. 

When ion trapping is performed without a collision gas the duration for an FTICR-

MS experiment is approximately 1s. If GADT is required, a pump delay is needed 

to pump away the neutral gas therefore extending the experimental sequence to 

several seconds. 

 

 

 

 
Figure 1.4 A typical experimental sequence used in FTICR mass spectrometry 
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1.2.2 Ionization techniques 
 
Ion production from solid, liquid or gas-phase samples is a key factor in 

any MS analysis. This could be performed either in the ICR cell or in an external 

ion source coupled to an ion transfer system. With the external ion source, the ions 

are produced outside of the ICR cell, which requires introduction of a differential 

pumping stage between analyzing cell and the ion source for high resolution 

measurements. Another advantage of the external ion source is the flexibility to use 

different types of ion sources for ion production and different ion optical elements to 

store and/or select ion population prior to mass spectrometric analysis. In the early 

stage, molecular ionization in mass spectrometry was realized by electron impact 

(EI) through irradiation of a volatilized sample with 70eV electron beam. The main 

drawback of EI is that only volatile, low molecular weight compounds can be 

analysed. This makes EI unsuitable for biological samples containing biomolecules 

with relatively high molecular weight and containing labile modifications. Several 

soft ionization techniques using high electric fields 26,27, plasmas 28, laser irradiation 
29,30 and particle bombardment 31,32 have been employed for this purpose in the 

past. Two ionization techniques, electrospray ionization (ESI) 27,33,34 and matrix-

assisted laser desorption ionization (MALDI) 30 are currently applied in modern 

mass spectrometry to study macromolecular, non-volatile and thermally labile 

compounds (Figure 1.5). With MALDI, the sample is desorbed and ionized from a 

dry crystalline matrix through irradiation with laser pulses producing mainly singly 

charged ions. In MALDI ion production occurs as discrete events and if mass 

analysis is synchronized with ion generation small amount of sample is needed. 

This results in a high MALDI sensitivity that allows mass spectral data to be 

obtained from sub-femtomole (< 1015 moles) sample. Moreover, quite recently 

MALDI was used to ionize peptides and proteins directly from a cell 35 or a  

tissue 36. Compared to MALDI, ESI produces ions in continuous mode by spraying 

a sample solution through a capillary kept at typically 1-3 kV. The magnitude of the 

voltages applied to the capillary is dependent on the solvent which is used and the 

inner diameter of the capillary. In general, capillaries with higher inner diameter and 
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solvents with higher boiling points require higher voltages. Depending on the 

polarity of the applied voltage positive or negative ions are formed. Sometimes, the 

ESI process is enhanced by using a coaxial gasflow (e.g. N2) to facilitate the 

nebulization process. Using ESI large molecules can be detected in low m/z region 

due to multiple charging and low fragmentation. The “soft” nature of ESI enabled 

non-covalently bound biomolecular species to be ionized intact. Moreover, ESI 

offers the possibility to couple liquid chromatographic techniques with different 

types of mass spectrometers facilitating rapid and thorough investigation of 

complicated biological mixtures. These advantages made ESI one of the most 

applied ionization techniques in proteomics. Despite of these remarkable features, 

two notable shortcomings are attributed to ESI: consumption of appreciable 

amount of sample and ion suppression caused by solutions containing high salt 

concentration or high-concentration analytes that can suppress ion formation from 

lower-concentration analytes.  

The ESI source used in this thesis was designed and constructed in-house and set 

to work in positive ion mode (Figure 1.5). Positively charged ions were obtained by 

applying 1000-3000 V potential difference between the spray needle (PicoTipTM 

Emitter, New Objective Inc., Woburn, MA, USA) and the inlet of the mass 

spectrometer. This potential difference creates an electric field that forces the liquid 

at the tip of the needle to adopt a Taylor cone where charge separation take place 

through an electrophoretic mechanism. A nebula of charged droplets enters the 

instrument through a stainlees steel capillary, which is surrounded by a ceramic 

heated tube maintained at ~2000 C to enhance evaporation of the solvent. 

When the repulsive coulombic forces between charges exceed the surface tension, 

the droplet will explode in smaller droplets. This process continues until the 

(macro)molecule is transferred to the gas phase and charged with one or more 

cations. The ions produced by ESI are focused by a tube lens through a skimmer 

into an octopole ion trap for accumulation and subsequently transferred to the ICR 

cell. 
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Figure 1.5 An electrospray ion source: (A) capillary needle; (B) spray cone; (C) heated capillary; (D) 

skimmer; (E) tube lens; (F) octopole; (G) pneumatically-actuated electrode 

 

 

1.2.3 Ion transfer 
 

External ionization sources generate ions outside of the strong-field region 

of the magnet and hence a guiding system is necessary to transport and introduce 

the ions into the ICR cell. Therefore, the guiding system must force the ions to 

move through the magnetic field gradient, which acts as a “magnetic mirror”, 

towards the ICR cell. However, efficient transfer of the ions from an external ion 

source into the ICR cell faces serious problems 37,38. One of these issues is that 

while travelling through the inhomogeneous fringe field of the magnet the ions 

interact with the radial component of the magnetic field. As a result, the axial 

velocity of the ions is converted into a radial component and eventually ions with 

low kinetic energy, which enter the fringe field at sufficiently large angles, will be 

reflected. Therefore, the ions should be injected along the fringe field lines in order 

to nullify the radial component of the ions velocity. Several approaches reported in 

literature to guide the ions from an external ion source through the magnetic field 

gradient include electrostatic lenses 39-41, quadrupole ion guides 42,43, octopole ion 
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guides 44,45 or electrostatic ion guides 46-48. Multipole ion guides can also be used 

for ion accumulation and dissociation by so called multipole storage assisted 

dissociation (MSAD) 49 or by laser assisted or collision assisted dissociation 50. 

Low pressure required by FTICR-MS is supplied in our set-up by a vacuum system 

including five differential pumping stages. The first vacuum pump establishes a 

pressure of approximately 1 mbar in the nozzle-skimmer region. The second 

pumping stage further decreases the pressure in the accumulation octopole to ~10-

2 mbar. Insertion of such an accumulation octopole in the ion optics increases the 

sensitivity of the instrument and the transfer efficiency of ions to the ICR cell 51. A 

retractable current probe is placed in front of the octopole ion trap to tune the ion 

source independently of the rest of the instrument. We found that this addition 

significantly helps ion optical tuning. From the accumulation octopole the ions are 

transported to the ICR cell via electrostatic lenses, gate valves and two quadrupole 

ion guides 52,53. A third vacuum pump assures a pressure of 10-5 mbar in the region 

of the 1st quadrupole. Ions enter the 2nd quadrupole region (pressure is ~10-7 mbar) 

where they are guided further in to the ICR cell. The fifth pump establishes a 

pressure in the ICR cell of approximately 10-10 – 10-9 mbar.  

 

 

1.2.4 Ion trapping and detection 
 

Several ICR traps with different geometries were developed in the last 

decades ranging from trapped-ion cell (1970) 9 until the matrix-shimmed ICR trap 

(1999) 54. A more detailed description of different ICR cells could be found 

elsewhere 55. 

Among these, two types of ICR cells were used for the work described in 

this thesis, namely the “infinity” cell 13 and the open cell 14,15. For the “infinity” cells 

the end caps consists of segmented plates in order to linearize the excitation 

potential. The main advantage of the infinity cell is that the trapping potentials are 

lower than for the open-ended cell. A Bruker InfinityTM cell was used for the chapter 

4, 5 and 6 of this thesis (Figure 1.6 (a)).  
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Figure 1.6 Two types of ICR cells: (a) the InfinityTM cell and (b) the in-house made capacitively coupled 

open ended cell. 

 

The measurements for chapter 3 were performed with a home-made capacitively 

coupled open-ended cell (Figure 1.6 (b)) 56. The electrodes of the cell are made 

from copper and are surrounded by a ceramic jacket embedded with a heating 

element and a cooling pipe. This jacket is electrically shielded from the ICR 

electrodes to prevent noise from the heater current. Liquid nitrogen was used as 

cooling agent to cool down the ICR cell, at low flow rates during quite long intervals 

(4-6 hours) to reach low temperatures (100-86 K). The role of the jacket is to 

assure a spatially uniform cooling/heating of the ICR cell. The temperature was 

measured with a Pt 100 temperature sensor inserted in the ceramic wall. During 

one measurement, the temperature was kept at nearly constant value (3 K 

variation). Such an open cell with heating and cooling facility enables the study of 

mechanistic aspects of ion reactions in the gas-phase. An advantage of an open-

ended cell is that allows the trapping of off-axis ions thereby increasing the 

sensitivity for external ion sources. For both ICR cells ion trapping could be 

enhanced by raising the trapping voltages during ion introduction (gated trapping) 

or by introduction of a collision gas (e.g. Ar) at 10-6 mbar prior to ion introduction to 

kinetically cool down the ions (gas assisted trapping).  
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1.3 Mass spectrometry 
1.3.1 Sequence of events 

 

FTICR-MS has the ability to combine different dissociation techniques to 

enable ion reaction mechanistic studies or to probe the structural features of the 

(bio)molecules in gas-phase. This kind of studies requires a succession of different 

MS procedures applied at certain time intervals or simultaneously. An example of a 

standard experimental sequence for an MS/MS experiment is presented in figure 

1.7. 

 

 
 
Figure 1.7 Schematic of an MS experimental sequence using a combination of two dissociation 

techniques (e.g. ECD and IRMPD). 

 

After the ions are trapped using Ar as trapping gas, a delay is necessary before ion 

selection to reduce the pressure to 10-8 – 10-9 mbar. When the trapping event was 

made without gas, ion selection can be performed immediately after ion 

introduction thereby shortening the total length of the experimental sequence. Ion 
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isolation is made with a tailor made isolation pulse generated by an in-house 

constructed arbitrary waveform generator (AWG) 57. All the ions are ejected from 

the cell except the ion(s) of interest. The ion(s) left in the cell are subsequently 

exposed to different fragmentation techniques or gas-phase chemical reactions 

and the sequence ends with detection of the reaction products. 

 

 

1.3.2 Fragmentation methods (CID, SORI, IRMPD, ECD, SID)  
 

Information on peptides and proteins can be obtained by accurately 

measuring their masses indicating, for instance, the amino acid composition or the 

presence of posttranslational modifications. A more detailed structural insight, 

however, requires MS/MS. As stated before, in MS/MS a precursor ion is first 

isolated and subsequently subjected to different dissociation techniques. The 

resulting MS/MS spectra contain a collection of dissociation products at different 

m/z values and intensities. In general, MS/MS is aimed at the structural 

characterization of a peptide/protein. Sequence information is obtained in MS/MS 

through cleavage of the peptide backbone. There are three predominant cleavages 

along the peptide backbone which could occur in MS/MS. If the charge is retained 

on the N-terminal site the fragments will be referred to a, b or c and if the C-

terminal site carry the charge the fragments will be noted as x, y or z. Thus, these 

backbone fragments are complementary, a/x, b/y and c/z, and follows the 

nomenclature proposed by Biemann 58 and Roepstorff 59 (see Figure 1.8).  
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Figure 1.8. The nomenclature used for peptide backbone fragmentation. a, b and c are N-terminal 

fragments; x, y and z are C-terminal fragments 

 

This nomenclature was used in this thesis for chapters 3 and 4 and a slightly 

adapted one for chapters 5, 6 and 7. 

One of the major concerns in proteomics is to find strategies for fast and 

accurate determination of a peptide sequence. To achieve this goal the peptide 

backbone should be cleaved at many positions for unambiguous sequence 

assignment. Multiple cleavages can result in production of consecutive backbone 

fragments allowing the position and identity of the amino acids to be exactly 

specified. As an example, the mass difference between the bn and b(n-1) ions is the 

mass of an amino acid at the nth position from the N-terminus. 

Several tandem MS techniques have been developed to obtain high sequence 

coverage. The most used are Collision-Induced Dissociation (CID, also referred to 

as Collisionally Activated Dissociation (CAD) 60,61), Sustained Off-resonance 

Induced Dissociation (SORI-CID) 61,62, InfraRed MultiPhoton Dissociation (IRMPD) 
63,64, Surface Induced Dissociation (SID) 65, 66 and Electron Capture Dissociation 

(ECD) 67-71.  

With collision-based dissociation techniques, the selected ion is kinetically 

excited with an rf pulse, on- or slightly off-resonance with the cyclotron frequency of 
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the ion. This will increase the kinetic energy of the ion. The duration and amplitude 

of the excitation pulse determines the kinetic energy of the ion. A part of the kinetic 

energy is converted in to internal energy by collisions with neutral atoms or 

molecules of the collision gas. Fragmentation occurs when the internal energy of 

the ion reaches the dissociation threshold. When on-resonance excitation is used, 

the ions are kinetically excited to higher orbit radius and collision with the target 

gas take place. Two major drawbacks derive from on-resonance CID. First, some 

time delay is needed for relaxation of the excited ions and for pumping out the 

collision gas. The second one is that fragmentation occurs far from the centre of 

the cell that makes the detection of the reaction products less efficient. In addition, 

it has been shown that on resonance excitation distorts the ion cloud thereby 

reducing the time domain data and lowering the mass resolving power of the 

instrument 61.  

Off-resonance collision induced dissociation (SORI-CID) overcomes this 

drawback. SORI uses a low amplitude rf pulse which is 1000-1500 Hz off-

resonance compared with the cyclotron frequency of the isolated ion. Compared 

with on-resonance excitation, the SORI pulse is alternately in- and out of phase 

and thus the ion is continuously (sustained) excited and de-excited. Therefore, the 

cyclotron orbit in SORI expands and shrinks periodically (fig. 1.9).  

Modulation of the kinetic energy with SORI could be made for seconds whereas in 

on-resonance excitation this requires less then half a millisecond. A SORI 

excitation pulse is kept at low amplitude in order to produce fragmentation close to 

the axis of the ICR cell for efficient detection. Another advantage of SORI-CID is 

that the collision energy is much lower then in on-resonance CID that allows the 

study of the lowest fragmentation pathway. 

Even if both, on-resonance CID and SORI-CID are known to produce efficient 

fragmentation they share some drawbacks such as introduction of a collision gas, 

unintentional excitation and ejection of dissociation products and distortions of 

isotopic distribution. 

 

 



Chapter 1 

 38 

 
 

Figure 1.9: Time evolution of ion trajectory in (a) on-resonance and (b) sustained off-resonance 

irradiation (SORI). Note that the average SORI radius is substantially smaller compared to the on-

resonance excitation. 

 

Within the frame of collision-based dissociation techniques, surface 

induced dissociation (SID) is distinguished from the first two (on-resonance CID 

and SORI-CID) by the fact that is based on ion-surface impact thereby increasing 

almost instantaneously the ion’s internal energy in only one single collision 72. The 

SID fragmentation efficiency is dependent on the size of the precursor ion, and as 

no collision gas or rf excitation is used, the acquisition time for an MS/MS 

experiment is significantly shorter than for on-resonance CID or SORI-CID. Recent 

time- and energy-resolved studies made with SID on small peptides highlight the 

potential of this technique for detailed energetic and mechanistic studies 73,74. 

Other modalities to vibrationally excite and dissociate gas-phase ions are 

based on photon irradiation. In IRMPD for instance, ion activation is established by 

irradiation of the ion cloud with a continuous or pulsed infrared laser beam. Multiple 

absorptions of infrared photons lead to an increase of internal energy until the 

dissociation limit is reached. This technique is especially suited for FTICR-MS 

because no excitation pulse and no collision gas are needed that considerably 

reduces the duty cycle. In addition, in IRMPD, all selected ions could be 

simultaneously excited and the dissociation fragments are produced close to the 
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cell axis. IRMPD could be combined with electron capture dissociation (ECD) to 

improve the information content of the MS/MS spectra.  

 
 

1.4 Data analysis tools 
   

The development of new mass spectrometry techniques together with the 

demand for protein biomarker discovery have led to a tremendous increase in the 

number, size and rate of mass spectrometry data. To extract useful information 

from such a huge data collection, a set of processing and data mining tools have 

been developed and implemented in proteomics in last decade. An important 

direction in proteomics is to develop new high-throughput technologies and 

computing machinery that enable rapid and accurate interpretation of the data 

those technologies produces. Their role is not just to enable data acquisition but 

also to organize, analyse and query the data base. Therefore, beside instrumental 

equipment and investigational techniques, a third pillar of proteomics is the data 

analysis software. A common requirement for these informational tools is high-

throughput to permit rapid interpretation of comprehensive mass spectral data. As 

a consequence, the impact of informatics in proteomics resulted in formation of a 

distinctive field in proteomics which is known as infoproteomics with the role to 

develop new methods for interpreting spectral data. Beside the speed of analysis, 

these proteomics dedicated software should be flexible in performing trustfully 

qualitative and quantitative analysis, as well. In a first step, a qualitative analysis 

includes peptide identification using well known software modules like MascotTM 75, 

SequestTM 76, PepseaTM 77, THRASH 78 or X!TandemTM 79 followed by reconstruction 

of the protein sequence. Quite recently, based on the method called “peptide mass 

fingerprinting” 77, a new software, AldenteTM 80, was proposed and made available 

by Swiss Institute of Bioinformatics on the ExPASy website 81. All these 

programmes use a search engine approach within the acquired mass spectra 

should match the mass spectra from an acquired data base-derived spectra. 

However, in many situations, such a correlation could not be found or these 

spectra are mismatched. To overcome these problems, several ideas have been 
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advanced based on improved scoring schemes 82, filtering of bad spectra 83 and 

exploring peptide libraries 84. A second step is quantification of the assigned 

peptides and proteins. This analysis is dependent by the analysis tools chosen to 

process and compare spectral data. Two approaches are currently used in 

quantitative proteomics: one based on isotope-tagging methods and another one 

which use the absolute ion intensity 85,86. Both approaches reduce the MS 

experimental time and are essential for applying proteomics in drug and disease 

research. 
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Chapter 2 
 
Electron Capture Dissociation 
 

 
2.1 Mass spectrometry techniques to study the gas-phase 

conformers 
 

Mass spectrometry based proteomics requires transfer of biomolecules 

from liquid or solid phase into the gas phase. The advent of MALDI and ESI 

enables the transfer of large intact biomolecules to the gas-phase. The gentle 

nature of these two techniques opened new ways to investigate protein folding and 

their binding reactions in the absence of a solvent. The relevance of studying the 

conformation (three-dimensional structure) of the biological molecules in gas-phase 

has been debated. Clearly, the natural mode of action of a protein occurs in a 

solution under certain physiological conditions. It is expected that under these 

conditions the interaction of peptides/proteins with water, the hydrogen bonding 

and electrostatic interaction play a significant role in determining the conformation 

of a peptide or protein. This conformation is pivotal for its biological activity. To 

assess to which extent the solvent contributes to protein structure, it is important to 

characterize the molecular conformation, either in an aqueous solution or in a 

solvent-free environment. In addition, the study of gas-phase peptides and proteins 

offers the possibility to investigate the effect of the intrinsic intramolecular forces on 

the molecular conformation. Protein conformation has been extensively studied in 

the condensed phase with techniques like X-ray crystallography 1, nuclear 

magnetic resonance (NMR) spectroscopy 2-4, circular dichroism 5 and hydrogen 

exchange 6,7. Compared with the large amount of knowledge of protein 

conformation in condensed phase, little is known about the conformation of 

proteins in gas phase. This is caused mainly by the lack of techniques to study the 

molecular architecture of the proteins in the gas-phase. Some mass spectrometric 
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techniques including hydrogen/deuterium exchange 8 and collision cross-section 9 

measurement have been used to study proteins conformation in gas-phase. 

However, the data obtained by using these methods provide limited structural 

details and sometime spectral data contains ambiguous information. Bowers 10,11, 

Jarrold 12 and co-workers developed a new technique called ion mobility mass 

spectrometry to facilitate conformational studies. Here, a mass spectrometer is 

used to select a peptide/protein based on their m/z value, which is then transferred 

to an ion mobility spectrometer. Ion mobility instruments can differentiate peptide 

and protein structural isomers in the gas phase and provide accurate 

measurements of their collision cross section. Selected ion conformers can be 

further subjected to structural studies in a second mass spectrometer. Even if ion 

mobility produces valuable information, the internal energy of the ions could be 

increased through successive collisions with the neutral gas from the drift cell. This 

influences their conformation and leads to an increase of the conformational 

heterogeneity. 

Based on differences in fragmentation pattern, Wu et al. showed for the 

first time that SORI-CID can be used to probe protein’s conformation 13. A 

shortcoming of this technique is that does not produce extensive fragmentation for 

disulfide-bridged peptides/proteins, thereby limiting the informational content to the 

molecular region that does not include the disulfide bond. However, as it will be 

shown in chapter 5 of this thesis, the disulfide bond containing peptides can be 

extensively sequenced with SORI-CID when they are complexed with divalent 

metal cations. 

A method which showed a remarkable potential for sequencing peptides 

and proteins that contain intramolecular disulfide linkages is electron capture 

dissociation (ECD) 14,15. The gentle nature of this technique made ECD an efficient 

tool to study proteins with labile modifications 16 and to probe secondary and 

tertiary structures of gaseous protein ions 17. Therefore, ECD is a useful technique 

to probe conformational heterogeneity of biomolecular ions in gas-phase (see 

chapter 3). The following paragraphs of this chapter will give an overview of the 

history of ECD and will highlight its features that make this dissociation technique a 

powerful tool for proteomics and conformational analysis. 
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2.2 A brief history of electron capture dissociation 
2.2.1 Dissociative recombination 
 

Dissociation of positive gas phase molecular ions following electron 

capture has been observed previous to ECD. In 1931, Kaplan 18 attributed the 

green line (557.7 nm) observed by Campbell 19 in the night sky to the formation of 

the excited O (1S) through the dissociation of O2
+• molecules following one electron 

capture. Bates and Massey confirmed this and even nowadays, this reaction is still 

under observation in heavy-ion storage rings. A part of the electron recombination 

energy is used for dissociation. This phenomenon was termed dissociative 

recombination (DR) and is supposed to be responsible for a wide range of 

phenomena in astrophysics and plasmas, such as formation of water and organic 

molecules in outer space and the conversion of electrical energy in chemical 

energy during the ignition of gasoline in the spark engines. Even if DR shows many 

similarities with ECD, there are two significant differences between them. A major 

dissimilarity is based on the charge difference involved in these two phenomena: 

ECD uses multiply charged ions while DR is usually performed on singly charged 

cations. Another difference is that, in ECD, the intermediate species are often 

radical cations while in DR the electron parity of the precursor ion rarely represents 

a concern. 

Another ECD related phenomenon was reported in 1986 by Beynon  

et al. 20 in a decomposition study of benzene C6H6
2+ using ion-neutral collision 

experiment in a magnetic sector mass spectrometer. The reaction led to unusual 

fragmentation pattern and was explained by electron capture from the neutral gas 

molecules, which actually produced the observed dissociation. The technique was 

called electron capture induced decomposition (ECID) and showed promising 

application to isomer-differentiating studies 21 but was soon abandoned due to 

difficulties to use in practice. 
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2.2.2 ECD discovery 
 

The pioneering years of ECD started with the work of Guan et al. 22 in 

photodissociation of multiply protonated melittin and ubiquitin cations using 

irradiation with a 193 nm ultraviolet (UV) laser. They observed not just charge 

reduction of the isolated precursor but also unusual c and z fragments that 

provided sequence information. This was quite unexpected because CID 23-25 and 

IRMPD 26,27 applied to peptides and proteins produces mainly b and y fragment 

ions. Charge reduction of the precursor ion was an indication that electrons reacted 

with the parent cation. The low-energy electrons in this case were thought to be 

produced by the UV laser heating the walls of the ICR cell. A further step was 

made by Zubarev et al. 14 by adding two extra electrodes outside the ion cell 

electrodes. When these outside electrodes were kept at positive potential, the UV 

laser irradiation of the trapped [M+11H]11+ ubiquitin ions produced just b and y ions 

not c and z. When the potential applied to these electrodes was negative (e.g. –1 

V), the spectra contained c and z ions along with the [M+11H]10+ molecular ions. 

Because the [M+11H]10+ ions are 1 Da heavier then the [M+10H]10+ this shows that 

the initial (11+) molecular cation captured one electron that reduced the charge 

from 11+ to 10+. Such an observation is consistent with the fact that secondary 

electrons produced by the UV laser hitting the edge of the electrode react with the 

ubiquitin ions causing charge reduction and/or amine bond cleavages that leads to 

the formation of c/z fragments. It was clear from this experiment that not the UV 

photons but the low energy electrons were the cause for the generation of the c 

and z fragments. When a directly heated filament, placed at the backside of the 

ICR cell, was used as a source of electrons, instead of the UV laser, the production 

of c and z ions and the number of cleavage sites (sequence coverage) significantly 

increased. Thus, a new dissociation technique called electron capture dissociation 

(ECD) was born. 

Several characteristic features of ECD kept peoples attention from the 

beginning. One of these is that the type of the fragment ions produced in ECD is 

fundamentally different from those obtained using other conventional dissociation 

techniques. Moreover, the cleavage sites in ECD are often complementary to those 
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produced in IRMPD making the combination of these two techniques a powerful 

tool for peptides and proteins studies. Another advantage of ECD is that exhibits 

less backbone cleavages selectivity compared to CID generating more extensive 

sequence coverage. 

 

 

2.3 ECD in protonated species – fundamental aspects 
 

 Extended sequence coverage from peptides/proteins that contain mono 

and/or disulfide–bridges is difficult to obtain due to the high activation energy 

necessary to cleave these bonds. With ECD it has been shown that not just 

disulfide-bridges but also thioether bonds are selectively cleaved 15,28. Even though 

the mechanism of ECD has been investigated both theoretically and 

experimentally, there are still many open questions. Cumulative knowledge from 

different experimental approaches proposed a cleavage mechanism based on the 

“hot hydrogen” model 14 that postulates electron capture at the solvated proton 

followed by transfer of the H• to the sites with high hydrogen radical affinity like 

carbonyl oxygens, sulfide bonds, or tryptophan residues to induce cleavage. A 

theoretical contribution to the study of the ECD mechanism suggests that electron 

capture leads to a high-n Rydberg state that could cross with dissociative  

states 29,30. 

 

 

2.3.1 The electron capture event 
  

The first condition to maximize the electron capture efficiency is to increase 

the electron capture cross section. For a given flux of electrons, the electron 

capture cross section is inversely proportional with the speed of the electron: 

 

ee

ie
ECD Vn .

−≈
νσ    (2.1) 
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where νe-i is the frequency of a single ion collision with electrons, ne is the 

concentration of electrons and Ve is the electron velocity. 

Increase of electron capture cross section can be achieved by using low-

energy electrons (i.e.: electron’s kinetic energy < 0.2 eV) which leads to an 

increase of fragment ion abundances (figure 2.1) 31,32. 

 

 

 

 
 

 

 
Figure 2.1 Fragment ion abundances versus electron energy Ee for 250 ms irradiation of molecular 

cations of the SRP peptide: 2+ ion, ■ N-C bond cleavages, □ peptide C-N cleavage, o z4
+• fragments, ● 

w4
+• fragments; 1+ ion, ▪ peptide C-N bond cleavage. Reproduced with permission from reference 32. 

 

On the other hand the electron capture cross section increases with the square of 

the charge 31. Another aspect is the landing site of the electron on the ion. Because 

electron – ion interaction is primarily Coulombic, the most likely case is that the 

electron will be captured by a proton. Electron capture could also occur at the 

adjacent NH group that has high gas-phase basicity and in this case, the electron 

capture event is followed by prompt dissociation. The third possibility is the electron 

capture by other positively charged groups. Thus, the electron could be captured 

far from the location of the proton with subsequent transfer of the electron to the 
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sites with the highest gas-phase basicity which leads to the formation of a 

hydrogen radical. Formation of the H• was observed experimentally by H• loss from 

charge-reduced species. The electron capture process proceeds through a series 

of Rydberg states together with a conversion of the recombination energy into 

vibrational energy or dissipation through photon emission. However, the Coulombic 

recombination energy is insufficient to cause any type of fragmentation if the 

energy is distributed into all vibrational modes of the molecule, suggesting that 

ECD proceeds via a non-ergodic mechanism 33,44. 

 

 

2.3.2 The recombination energy 
 

Electron capture results in release of a certain amount of recombination 

energy into the molecule. An estimation of the recombination energy (RE) depends 

on the ionization energy (IE) of the hydrogen atom, the proton affinity (PA) of the 

molecule with (n-1) protons and the hydrogen affinity (HA) of the molecule with (n-

1) protons: 

 

RE = 13.6 eV – PA [M+(n-1)H](n-1)+ + HA [M+(n-1)H](n-1)+  (2.2) 

 

The proton affinity has values between 8 and 10.6 eV while the hydrogen affinity of 

the even-electron species is typically less than 1 eV. Several estimations of the 

recombination energy between an electron and a solvated proton in a typical 

peptide have been reported in literature. These values lie in the range of 5–7 eV for 

a multiply protonated protein according to McLafferty et al. 34 or in the range of 4-7 

eV accordingly to Zubarev et al. 33. Theoretical calculations made by Turecek et al. 
35 using doubly charged peptide ions give a value for the ion-electron 

recombination energy of 4.1 eV to form an ammonium radical in ground state. If 

this recombination energy follows an internally vibrational redistribution, the energy 

per degree of freedom would not be enough to cleave the N-Cα bound. However, 

the fact that ECD leads to the cleavage of the N-Cα bond points to a very localized 

phenomenon. 
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This is consistent with the fact that the labile groups from modified peptides 

are preserved in ECD. The observation that labile groups like PTM`s are not lost in 

ECD and the fact that high sequence coverage is obtained for large polypeptides 

without cleavage selectivity lead to the idea that ECD is a non-ergodic process. 

Non-ergodicity means that the cleavage occurs before intramolecular vibration 

energy redistribution. In spite of many experimental evidence that supports this 

statement a theoretical study made by Turecek 36 indicates that N-Cα bond 

cleavages in peptide ketyl radicals and cation-radicals are extremely facile 

reactions. This makes it unnecessary to invoke non-ergodicity in order to explain 

the cleavage of strong N-Cα bonds while the weak ones are kept intact. 

 
 

2.3.3 N-Cα bond cleavage 
 

Comparative with other dissociation methods that use infrared or collisional 

activation to generate b and y fragments, in electron capture dissociation mainly c, 

and z• ions are formed due to the cleavage of the N-Cα bond (scheme 3.1). Mainly 

two reasons explain why ECD does not lead to the scission of the peptide bond. 

The first one is that the peptide-bond cleavage during vibrational excitation occurs 

through intermediates which require a long time (up to milliseconds) 37 to be 

formed. Therefore, in this case, peptide-bond fragmentation is an ergodic process. 

Compared with vibrational excitation, ECD is supposed to occur on a time scale 

less then 10-12 s, which implies instant backbone scission (a non-ergodic 

behaviour). A second reason is based on the mechanism of the ECD. While in 

vibrational excitation the ions are even-electron species, in ECD fragmentation 

occurs through intermediates that are hydrogen-abundant radical cations. 

Theoretical calculations shows that capture of the hydrogen radical by the carbonyl 

oxygen form transient species which have a low activation barrier 36,38.  
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Scheme 3.1: The formation of c and z• fragment ions in protonated species  

 

Alternatively, the hydrogen radical can be captured by the amide nitrogen 

to form hypervalent species which fragments without an energy barrier 39. 

Experimental evidence, which supports this mechanism, is the observation of ECD 

fragments with addition of a hydrogen atom.  

Theoretical attempts to elucidate the mechanism of ECD investigated the 

role of the positive charge in this mechanism. A computational study made by 

Simons at al. showed that Coulombic stabilization of the peptide amide π* orbitals 

by protons or other positive charges makes them favourable for exothermic 

electron attachment followed by cleavage of the nearby N-Cα bond 30. Syrstad and 

Turecek explored recently the effects of positive charge on the properties of 

ammonium and amide radicals in order to clarify the energetics of ECD. Based on 

computational results, they proposed the amide superbase mechanism in which 

the presence of the proton increases the electron affinity of the amide group and 

leads to exothermic electron capture to form a long-lived electronic state of a 

valence type. The captured electron increases the basicity of the amide carbonyl 

oxygen that can exothermically abstract a proton from an amino acid residue to 

form an aminoketyl radical that immediately dissociates through N-Cα cleavage. 

These authors also suggest that the amide superbase mechanism can act in 

conjunction with a hot hydrogen atom like mechanism. Even some experimental 

results can be explained with the proposed scenarios for N-Cα cleavage the 

mechanism of electron capture dissociation still remains a hotly debated  

subject 15,33,40. 



Chapter 2 

 54 

2.3.4 Disulfide bond cleavage 
 

A unique feature of ECD is that it extensively cleaves disulfide bonds in 

proteins. For many years, the presence of disulfide bonds represented a major 

obstacle in MSn to achieve high sequence coverage 41. Zubarev et al. showed that 

the most abundant fragments produced in ECD corresponds to the cleavage of the 

disulfide bonds with retention of the hydrogen atom on these fragments (scheme 

3.2) 15.  

 

 

 

 
 

 
Scheme 3.2: The mechanism of disulfide bond cleavage in ECD. 

 

Recently, it has been demonstrated that ECD of lantibiotics results in 

peptide backbone fragments and abundant dissociation products corresponding to 

the scission of the monosulfide bridge which allows their localization 28. Because 

the proton affinity of the monosulfide group is 1 eV lower than that of the carbonyl 

group, the efficient cleavage of the disulfide bond can be explained by its higher H• 

affinity. The presence of the radical site and the exothermicity of proton 

neutralization and H• capture leads to disulfide bond cleavage. Direct electron 

capture to the S-S link is unlikely and therefore the S-S cleavage seems to be due 

to high H• affinity 15. Another possible explanation for preferred disulfide bond 

cleavage in ECD was proposed by Brauman [ref 23 in 15]. The electron is captured 

on a high-n Rydberg state, which is expected to be long-lived. This intermediary 

state has a favourable intersystem crossing state with an S-S dissociative state. 

The proposal advanced by Brauman is still under further investigation. 
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2.3.5 Other cleavages observed in ECD 
 

Another possibility, which can result from electron capture of the 

protonated amide nitrogen, is the formation of y, fragments and unstable b• species 

that subsequently lose CO and forms a• ions (scheme 3.3). Abundant CO losses 

from doubly protonated b ions subjected to ECD have been reported by 

Haselmann et al. 42  

 

 

 
 

 
Scheme 3.3: The formation of a• and y fragment ions in protonated species. R and R, correspond to 

side chain group of a specific aminoacid. 

 

ECD spectra usually are dominated by c and z type fragments, however, in 

some cases quite abundant b ions could be found in these spectra. A recent 

investigation of the causes which determine the presence of b ions in ECD spectra 

concluded that both charge carrier and peptide structure are responsible for this 

unexpected fragmentation pathway 43.  

A particularity of ECD is that it does not lead to the formation of abundant 

internal fragmentation. This facilitates interpretation of ECD spectra because 

cleavage of the peptide/protein backbone release only fragments which contains 

one of the termini. On the other hand, generation of internal fragments would 

require secondary backbone scission. This has lower probability for occurence 

because the charge reduced species has an electron capture cross section that is 

considerably lower. However, secondary cleavages have been reported in ECD of 

linear 44 and cyclic peptides 45 under the form of side chain losses from the primary 

backbone fragments, c and z • ions from cleavage of the proline residue or loss of 
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backbone regions from cyclic peptides. Secondary cleavages in ECD are usually 

attributed to the formation of radical sites through electron capture. These odd-

electron species easily dissociate because they are much more unstable than 

even-electron species. 

The practical utility of producing secondary fragments resides in their 

diagnostic value. For instance, the group of professor Zubarev showed that that 

secondary fragmentation produced in ECD could lead to the formation of w-type 

ions in the fragmentation pattern which allows to distinguish isomeric residues such 

as Ile and Leu 32,44,46. Moreover, fine tuning of the experimental parameters like 

electron energy, flux and irradiation time can greatly enhance secondary 

fragmentation 47,48. 

Other types of dissociation products, currently observed in ECD, are the 

result of the cleavages in the side chains of amino acids and leads to neutral mass 

losses. These could be generated either from primary or secondary cleavages. 

Investigation of the identity of side chain losses associated neutral losses of 44 Da, 

59 Da and 101 Da to the presence of arginine in the amino acid composition of the 

protein while C3H6S and C4H11N are indicative for the presence of methionine and 

lysine, respectively. Other characteristic neutral losses are C4H6N2 for histidine and 

CH3NO for asparagine/glutamine 49. Their diagnostic value has been confirmed on 

several peptides having the aforementioned amino acids at different position in the 

peptide sequence. This non-negligible pathway following ECD can help the analyst 

to correctly assign the amino acid composition of an unknown peptide/protein. 

 

 

2.4 ECD applied to proteomics 
 

All the ECD features described above contribute to the increase of 

sequence coverage, a requirement highly demanded by proteomics. Application of 

ECD to the field of proteomics was then a straightforward step. Folding and 

unfolding studies have also been performed using ECD 50,51.  
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In addition to proteomics, ECD has been used to “sequence” polyethylene 

glycols 52, peptide nucleic acids 53, polyglycols 54, polyester amide oligomers55 and 

oligodeoxynucleotides 56.  

The ECD experimental work on different biomolecular species modified by 

the addition of labile groups revealed another remarkable feature of this 

dissociation technique. ECD has been shown to retain labile modifications and 

therefore is extremely useful in identifying and localizing post-translational 

modifications (PTM`s). Biomolecules that contain PTM`s are wide spread in nature 

and in some cases they have been associated with different diseases. Using 

conventional dissociation methods these labile modifications are preferentially lost 

when the internal energy of the ion population is increased to induce cleavages. 

This makes it difficult to determine their location. The fact that PTM`s are preserved 

during ECD lead to the assumption that ECD is a non-ergodic dissociation 

technique (i.e. the cleavage occurs before the recombination energy is completely 

randomized all over the molecule) 14. However, theoretical studies showed that it is 

not necessary to invoke non-ergodicity in ECD because N-Cα bond cleavage is 

extremely facile in peptide ketyl radicals and cation-radicals 36,38. There is still an 

ongoing debate on mechanistic and energetic aspects of ECD. 

Experimental work on fundamental aspects of ECD is presented in chapter 3. 

Fundamental research, both theoretical and experimental, tries to provide a better 

understanding of the phenomena involved in ECD in order to enable its application 

to structural studies.  

 

 

2.4.1 ECD of protonated (poly)peptides 
 

Understanding the structure and functions of peptides and proteins at 

cellular level is one of the main goals of proteomics. Such studies lead to a better 

understanding of the cell function and help researchers to better address different 

diseases of present day concern (Alzheimer, Parkinson, cancer, etc.). To learn 

more about the molecular background of diseases it is needed to characterize 

different levels of proteins in the cell including posttranslational modifications, 
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protein complexes, and proteins conformation. Posttranslational modifications are 

associated with many diseases. Accumulation of knowledge about the presence or 

location of the PTM can have diagnostic and therapeutic implications. Conventional 

methods currently applied in MS/MS produce fragmentation through collision with a 

target or by multiple photon absorptions. Slow heating techniques can identify the 

labile modifications through specific mass losses but hardly can establish PTM`s 

location. ECD has been proven to be a useful technique to study these modified 

peptides and proteins.  

ECD applied to peptides and proteins can produce abundant [M+nH](n-1)+• 

ions. These are precursor ions that capture one electron and do not dissociate. It 

could also be backbone fragments, linked together through non-covalent bonds 

(see paragraph 2.5.2). A dissociation channel frequently observed in ECD spectra 

corresponds to small neutral losses from these charged species. H• or NH3 losses 

from [M+nH](n-1)+• ions are quite abundant in ECD spectra and in some cases can 

be even the major product ions 57,58. In general, the most intense fragments in ECD 

correspond to the cleavage of the N-Cα bond which results in c and z type 

fragments 14. A minor fragmentation channel in ECD of peptides and proteins is the 

formation of a• and y, fragment ions. Even if ECD results in extensive sequence 

coverage, usually this does not include the cleavage of N-terminal site of proline 14. 

In one unusual case, c/z• fragments from the proline residue have been reported in 

literature 59. Unexpectedly, ECD of cyclic peptides and proteins produce backbone 

fragments upon a single electron capture 45,60. An explanation for this observation 

was given by O`Connor et al. based on a radical reaction cascade mechanism 45. 

They postulated that the primary cleavage generates α-carbon radical site which 

propagates along the protein backbone and initiates series of free radical 

rearrangements which cause backbone and side chain cleavages. Another 

particularity of ECD is the preferential cleavage of the C-terminus to tryptophan 

residues 59.  
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2.4.2 ECD on intact proteins and protein complexes 
 

These remarkable features mentioned above makes ECD an ideal 

technique for top-down proteomics. Using ECD, McLafferty et al. obtained 

extensive sequence coverage: 75 out of 103 interresidue bonds were cleaved for 

cytochrome c and 67 out of 75 for ubiquitin 31. Another structural study reported 

complete sequence coverage for two proteins of 1.3 and 2.2 kDa 61. Similar 

behaviour has been observed for smaller proteins with a less compact structure 62. 

For other bigger proteins, application of ECD only results in abundant charge 

reduced species without significant backbone fragments. McLafferty proposed that 

ECD in fact cleaves the peptide backbone but the backbone fragments are kept 

together by intramolecular non-covalent interactions. Nevertheless, a recent ECD 

study in our group on non-covalent gp31 co-chaperonin complex containing 21 

protons shows a preferential cleavage of the non-covalent bond. Such an 

observation is in contrast with the commonly known ECD behaviour (i.e: 

preservation of non-covalent bonds) and indicates that the conformation of the 

protein plays a crucial role in ECD 63. 

To circumvent non-covalent bonding of backbone fragments, the ions 

subjected to electron irradiation are heated before, during, or after ECD to destroy 

their higher order structure. This technique is known as activated ion – electron 

capture dissociation (AI-ECD) and include activation with a nitrogen gas pulse, 

infrared irradiation, and blackbody irradiation 64. Several studies made on 17, 29, 

30 and 42 kDa proteins showed that AI-ECD results in increased sequence 

coverage compared to ECD without ion activation. For instance, ECD of a 17 kDa 

protein resulted in the cleavage of the 33 interresidue bonds out of 153 while AI-

ECD increased this ratio at 99/153. Horn et al. reported a dramatic increase of 

reaction product abundance using AI-ECD on the 29 kDa protein carbonic 

anhydrase. ECD alone does not result in any backbone fragmentation of this 

protein while AI-ECD cleaves at 116 from 256 sites 64. McLafferty and co-workers 

developed a variant of this technique by colliding low energy electrons (0.15 – 15 

eV) with gas before ion introduction to the ICR cell. The resulting plasma conditions 

leads to a significant increase in fragmentation efficiency. Under these conditions a 
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single scan ECD spectra of carbonic anhydrase revealed peaks corresponding to 

cleavage at 183 from 258 possible sites 65, 66. 

ECD is also applicable to study protein folding because of its very fast 

fragmentation reactions. Hence, the fragments produced in ECD represent a 

snapshot of the conformational heterogeneity of the gas phase protein ions. The 

role of conformational heterogeneity on the fragments produced in ECD will be 

discussed in detail in chapter 3 of this thesis. Other techniques such as CID 

destroy non-covalent bonding and thereby disrupt gas phase protein structure. 

Thermal protein unfolding of the 9+ charge state ions of cytochrome c was 

analyzed by Horn et al. by ECD 50. Monitoring the kinetic intermediates, they 

showed that unfolding of these ions proceeds through unfolding of up to 13 

backbone regions with melting temperatures from <250 until 1400 C. Such a 

dynamic mixture of several conformers that fold through a variety of pathways to 

the most stable conformers is consistent with both the “folding funnel” model and 

with the unfolding mechanism via intermediates that partially retains their native 

structure. Folding and unfolding process was scrutinized by Breuker et al. with 

ECD for 5+ to 13+ charge states of gaseous bovine ubiquitin ions (Figure 2.2) 51. 

Their results confirmed the ion mobility studies that suggest that the unfolding is a 

three-state process in the gas phase.  

 

 

 
 

 
Figure 2.2 Unfolding of the 13+ ubiquitin ions in gas phase. Reproduced with permission from reference 

51. 
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In another study, McLafferty and co-workers, using ECD and photofragment 

spectroscopy, investigated the influence of the charge state on the protein 

structure 67. Those results on ubiquitin gas phase ions indicate that helical structure 

is predominant in high charge state (10+ to 13+) ions while lower charge states (6+ 

to 9+) have terminal helical regions arranged antiparallel and non-covalently 

bounded to a central helix.  

 

 

2.4.3 Posttranslational modifications studied with ECD 
 

The first application of ECD to the study of labile posttranslational 

modifications was made by Kelleher et al. on 28-residue peptides containing γ-

carboxylated glutamic acid residues 68. IRMPD or CID of these peptides results in 

ejection of γ-CO2 moieties before cleavage of the peptide backbone. When ECD 

was employed, the generated c fragments preserved the CO2 group allowing direct 

localization of this labile modification. Based on these findings, Niiranen et al. 

succeeded to localize γ-carboxyglumatic acid residues in osteocalcin subforms 69. 

ECD can also be used to localize sulfonation in peptides. A 21-mer peptide 

containing a sulfated cysteine residue showed loss of the sulfate group when 

subjected to slow heating techniques in MS/MS. In contrast, ECD of the peptide 

produces some H2O and H2SO3 from the precursor but none from the backbone 

fragments 16. 

ECD was used to study glycosylation that is one of the most prevalent 

posttranslational modifications. Mirgorodskaya et al. investigated several O-

glycopeptides using ECD 70. For each peptide, ECD produced abundant c 

fragments that retained the N-acetylgalactosamine (GalNac) group. The z• 

fragments in general retained the modification and together with the c fragments 

showed that the modification could be mapped by ECD. Later it has been shown 

by Haselmann et al. that ECD applied to a 60 and a 25-residue peptide that contain 

six GalNAc monosaccharides allowed determine of their location 71. A less 

common modification, namely O-linked fucosylation was also investigated by ECD. 

Quite recently, Macek et al. demonstrated that ECD is the most suitable technique 
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for rapid and unambiguous identification of the sites of O-fucosylation in modified 

peptides 72.  

Another type of modification is N-linked glycosylation that occurs at 

asparagines residues and is widely present in nature being involved in many 

biological functions such as cellular recognition. Häkansson et al. obtained 

complementary structural information of an N-glycosylated peptide through IRMPD 

and ECD. IRMPD proved to be of diagnostic value by defining the glycan 

components and the branching pattern while ECD revealed the peptide sequence 

and sites of modifications 73,74. 

Phosphorylation and dephosphorylation of proteins play a pivotal role in 

biological systems. Tandem mass spectrometry, including ECD of phosphorylated 

peptides, allowed facile and unambiguous determination and localization of the 

phosphorylated amino acids 68,75. Moreover, AI-ECD provided the first direct 

characterization of the heterogeneously phosphorylated protein ß-casein (~24 kDa) 

without the need of enzymatic digestion and subsequent chromatographic 

separation 76. 

 

 

2.4.4 ECD applied to peptides complexed with divalent metal 
cations 

 

Primarily, mass spectrometric studies reported in the literature have been 

made on protonated species. On the other hand, many biomolecules became 

biologically active when they form complexes with different metal ions. The ECD 

literature includes only a few studies on these types of complexes. It is unclear 

what the ECD mechanism is in these cases. Cerda et al. applied for the first time 

ECD to polyethyleneglycol (PEG) complexed with sodium ions 52. They showed 

that ECD of [PEG24+2Na+] produce backbone fragments but less fragmentation 

than for doubly protonated PEG24. This indicates that the ECD mechanism in 

metalated polyethers is similar to that for doubly protonated species. Moreover, the 

fact that ECD of [PEG24+2Na+] produces a smaller number of fragments compared 

to [PEG24+2H+] is consistent with the fact that sodiated species have a much lower 
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recombination energy compared with protonated species. Interestingly, ECD 

spectra of [PEG24+2Na+] contain also dissociation products that do not incorporate 

the neutralized Na atom. Zubarev et al. in ECD of angiotensin II complexed with 

Zn2+ have observed similar behaviour. Even if far less backbone fragments are 

produced from this complex compared with ECD of doubly protonated analogue, 

they are typical ECD fragments, namely c, z, a and y 33. This means that the metal 

cation serves as original landing site for electron with subsequently transfer of the 

electron to other parts of the molecule. However, a very different ECD behaviour is 

observed for cytochrome c 15+ ions that contain a heme group with Fe3+. The 

region around the heme group containing Fe3+ remains immune to ECD and the 

most intense peak in the spectrum corresponds to [M+15H]14+•. CID of the 

[M+15H]14+• ions yields 13+ ions without the heme group which are more abundant 

than in the CID spectrum of the [M+14H]14+ ions. Another particularity of these 

spectra is that CID of [M+15H]14+• gave singly charged [heme+H+] (m=617 Da) 

while CID of [M+14H]14+ gave heme+ (m=616 Da) 31. These results are consistent 

with the transfer of the H• to the heme group followed by fragmentation or can 

suggest possible electron capture to the Fe3+ without further dissociation. 

Another aspect, which derives from these results, is related to the location 

of the metal ion. As will be shown in chapter 3, for protonated species, the ECD 

cleavages reflect the location of the proton. For metalated species, there are just a 

few studies that pay attention to the possibility of localizing the metal ion in 

complexes with ECD. A correlation of the ECD products from [PEG24+2Na+] ions 

with the structures proposed by Bowers and coworkers 77, suggest that the ECD 

products could reflect the original gas phase structure of the ions 52. 

For nonapeptide oxytocin complexed with different transition metal cations, 

there are strikingly different ECD fragmentation patterns compared with that 

corresponding to ECD of the doubly protonated ions 78. However, for oxytocin 

complexes containing Ni2+, Co2+ and Zn2+ the ECD spectra result in abundant c/z,• 

and a,•/y backbone cleavages and ECD characteristic S-S and S-C bond 

cleavages. A strikingly different situation is observed for [oxytocin+Cu2+] whose 

ECD spectra display fragments similar with those observed in low-energy ECD. 
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Therefore, it was proposed that the captured electron is involved in Cu2+ reduction 

to Cu+. The redistribution of the recombination energy would explain the observed 

low-energy CID-type fragmentation. 

In a recent ECD study made on substance P containing a proton and a 

divalent metal cation (Mg2+, Ca2+, Sr2+, Ba2+ and Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+), 

Håkansson et al. observed a larger number of product ions than in previous ECD 

on doubly charged metal-containing peptides. ECD of Mg-Ba, Mn, Fe and Zn-

containing complexes produced c and z• fragments with and without the metal ion. 

ECD of Co- and Ni-containing complexes produced abundant backbone fragments 

corresponding to cleavage of the C-terminal methionine residue (probably the 

metal ion binding site). In a stark contrast with these results, Cu-containing 

complexes displayed an atypical ECD behaviour through formation of b and y 

fragments. They concluded that some of the ECD fragments produced in this type 

of complexes could be explained both within the hot hydrogen atom mechanism 

and mechanisms involving electron capture into excited states. They explain the 

drastically different fragmentation patterns observed for Co, Ni and Cu-complexes 

based on their higher propensity for nitrogen (as opposed to oxygen) binding. In 

addition, these results seem to indicate that at least part of the ECD behaviour is 

correlated with the second ionization energy 40. 

 

 

2.5 ECD instrumental setups 
 

ECD remains a technique used almost exclusively in FTICR-MS even if 

attempts exist to implement this technique to other types of mass spectrometres, 

like radio-frequency (RF) 3D quadrupole ion trap (QIT) 79 or RF linear 2D 

quadrupole ion trap (QIT) 80. The main hindrance in ECD implementation to other 

type of mass spectrometers, as those mentioned above, comes from the fact that 

for ion traps radio frequency (RF) electrostatic fields are used, instead of static 

magnetic or electric fields. With this RF fields the thermal energy of the electrons is 

maintained constant, with respect to the ions, just for a very short period of time 

(less then a microsecond) and they are not trapped. Therefore, creating ECD 
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conditions as in FTICR-MS is technically challenging. Experimental evidence has 

been recently reported with ECD in RF ion trap 79, 80 but the fragmentation 

efficiency is small compared with ECD performed in FTICR-MS.  

Even in FTICR-MS, ECD efficiency, in terms of fragmentation rate, is low 

compared to the efficiency of other dissociation techniques, like (SORI)-CID, 

IRMPD or BIRD. The enhancement of ECD efficiency and shortening of the 

irradiation time still remains the main objectives in instrumental development 

dedicated to this dissociation technique. In the early years, ECD was performed 

using a directly heated filament as source of electrons 14. The electron beam cross-

section supplied by this filament is not jus small in diameter (<< 1 mm2) but also 

the energy of the electrons has more broad distribution due to the variation of the 

electrical potential along the heated filament. Moreover, with a thin electron beam 

is hard to obtain a good overlap with the ion cloud. As a consequence obtaining 

satisfactory ECD spectra in this case requires irradiation times in the range of 

seconds which makes ECD a rate-limiting step in tandem MS and severely restricts 

on-line coupling of ECD with chromatographic separation techniques for high 

throughput proteomics. 

A much bigger electron beam is obtained by replacing the directly heated 

filament with an indirectly heated electron gun (dispenser cathode) 81. This device 

has much larger emitting area (> 1 mm2), which realizes a better overlap between 

the electron beam and the ion cloud. The energy distribution of the electrons is 

much narrower as the surface temperature of the cathode is much lower. With this 

type of electron gun, the ECD efficiency was increased and the irradiation time was 

brought in the milliseconds time scale 81. Recently, it has been shown that 

reflecting electrons through the ICR cell, efficient ECD could be obtained with just 

500μs irradiation times and the technique is known as multipass ECD 82. A further 

study highlighted the fact that ECD efficiency varies periodically with the magnetron 

motion of the ion cloud 83. 

A factor limiting ECD efficiency is the possibility that the c and z fragments 

can be kept together through non-covalent bonding. Pre-excitation of the parent ion 

through collision activation (CA) or infrared irradiation in order to break these non-

covalent bonds reduces the possibilities that the backbone fragments to remain 
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linked together after the irradiation event. This ion heating before or during ECD 

also increases the conformation heterogeneity of the ion cloud by denaturing the 

protein. The technique is known as activated ion ECD (AI-ECD) and has been 

shown to provide extensive sequence information on both backbone termini 64. 

Short irradiation times used in IRMPD and the absence of the collision gas makes 

the combination between ECD and IRMPD to be the desired option in proteomics 

because assure high-throughput and extensive sequence coverage. Chapter 4 

presents a brief overview of the successful attempts to combine these two 

dissociation techniques in ICR cell and propose a novel configuration that allows 

simultaneous introduction of the electron and the infrared beam in the ICR cell 

using an unmodified indirectly heated electron gun. The high-resolution offered by 

FTICR-MS instrumentation together with facilities for combined ECD and IRMPD 

and proteomics dedicated software make such a setup a powerful tool for protein 

identification and localization of post-translational modifications.  

 

 

2.6 ECD related processes 
 

So far, ECD is applicable for polycations only because a singly charged 

cation would neutralize after a single electron capture and therefore could not be 

detected. Under experimental conditions that use electrons with energies higher 

then 10 eV, similar to Tandem Ionization Mass Spectrometry (TIMS) 84,85, it has 

been shown that is possible to induce cleavage of the molecular backbone 86. In 

TIMS a second ionization event is accomplished by electron impact of polypeptide 

cations or dianions that results in [M+nH](n+1)● radical cations or [M-2H]-● radical 

anions, respectively. Positively charged radical cations produced by TIMS could 

subsequently capture low-energy electrons and forms electronically excited 

[M+nH]n+● ions which rapidly dissociate. This process was termed electron 

excitation dissociation (EED) and allows the detection of dissociation products from 

singly protonated precursor ions as such it is applicable to polypeptide ions 

generated by MALDI. EED produce mainly a and c ions with the backbone 
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cleavage sites complementary to those from ECD or CID. A major drawback of 

EED is its low efficiency due tot the limited production rate of radical dications. 

In the case of anionic species, capture of low energy electrons has low probability 

to occur due to Coulombic repulsion. However, ECD with 10-30 eV electrons 

applied to the sulphide peptide caerulin dications produced by TIMS resulted in 

abundant CO2 and SO3 losses from the parent ion together with backbone a, c and 

z fragments that give nearly complete sequence coverage. Most of the fragments 

retained the sulfate group that allows the determination of their location. It has 

been shown that production of backbone fragments is more efficient when the 

energy of the electrons exceeds 20 eV. These energetic electrons induce electron 

detachment that leads to the creation of holes. Recombination of a hole with one 

negative charge produces electronic excitation followed by dissociation. The 

technique was termed electron detachment dissociation (EDD). As in ECD, the 

fragments produced by EDD retain posttranslational modifications. In addition to a, 

c and z fragments produced with EDD, also internal fragments are formed 

indicating the deposition of a significant amount of internal energy. Although EDD 

is a promising technique for structural studies of labile species, the fragmentation 

efficiency is low. 

Electronic excitation of multiply charged cations could also be initiated in 

ECD when the energy of the electrons is higher then 1 eV. Hence, ECD exhibits a 

local maximum for electron kinetic energies of ≈10eV. Because electron capture 

causes rapid dissociation, some of the fragments could still be in an electronically 

excited state, which later relaxes radiatively or via secondary fragmentation. The 

process is known as hot electron capture dissociation (HECD) and has the ability to 

distinguish the isomeric leucine and isoleucine residues due to the formation of w 

ions from primary z• ions. Also, the fragments produced by HECD, yield high 

sequence coverage and retains posttranslational modifications 87,88. These features 

are of great utility for protein de novo sequencing and protein identification. 

Techniques like ECD, HECD, EED and EDD, all use an electron gun as a source of 

electrons to perform ion-electron reactions. Recently, a new dissociation technique 

to sequence peptides was developed wherein the electrons are supplied by gas-

phase anions in ion-ion reaction with multiply protonated cations. The technique is 
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known as Electron Transfer Dissociation (ETD) 87,89,90 and use fragmentation 

pathways similar as in ECD to cleave the molecular backbone. ETD has utility for 

sequence analysis of peptides from complex mixtures and is particularly useful for 

characterization of peptides that contains PTM`s allows to identify and localize 

them. In addition, ETD technique is implemented in quadrupole ion trap 

instruments that are much affordable in price and maintenance costs than FTICR-

mass spectrometers. 
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Abstract 
 

Electron capture dissociation at 86 K of the linear peptide substance P produced 

just two backbone fragments, whereas at room temperature eight backbone 

fragments were formed. Similarly, with the cyclic peptide gramicidin S, just one 

backbone fragment was formed at 86 K but five at room temperature. The 

observation that some backbone scissions are active and others inactive, when all 

involve N-Cα cleavages and have a high rate constant, indicates that the more 

specific fragments at low temperatures reflects the reduced conformation 

heterogeneity at low temperatures. This is supported by reduced or inactive 

hydrogen loss, a channel that has previously been shown to be affected by 

conformation. The conclusion that the ECD fragments are a snapshot of the 

conformational (intramolecular solvation shell) heterogeneity helps explain how the 

relative intensities of ECD fragments can be different on different instrument and 

highlights the common theme in methodologies used to increase sequence 

coverage, namely an increase in the conformational heterogeneity of the precursor 

ion population.   

 

 

3.1 Introduction 
 

 Electron capture dissociation (ECD)1-4 employs reactions of 

multiprotonated peptides/proteins with low energy electrons to generate peptide 

fragments. The high sequence coverage and the ability to retain labile groups after 

ECD have allowed posttranslational modifications (PTMs) and point mutations 

(PMs) in peptides and proteins to be both identified and localised. Such 

performance is of great value for the analysis of the proteome, particularly that of 

diseased organisms. PTMs and PMs are widespread and are frequently associated 

with disease,5-7 for example over 80 different point mutations have been found in 

transthyretin (most of which lead to autosomal disorders)8. 
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To be able to fully characterize such modified proteins, 100 % sequence 

coverage is required (so-called top-down proteomics). Several methods have been 

developed to increase the sequence coverage of ECD, which can be grouped into 

either infrared illumination9-11 or collisional activation12. These methods increase 

the average internal energy of the ions, which also affects the conformation of 

these gas-phase ions13.  

There is experimental and theoretical evidence that ECD is directed by the 

internal solvation of the (neutralized) proton.9,14-18  If the reaction progresses faster 

than the electron-proton recombination energy is randomised and thermal 

fluctuations are small, specific fragments would be expected from a single (frozen) 

conformer, reflecting the solvation shell, specific for that conformation, surrounding 

the neutralised proton. Thermal fluctuations that result in a dynamic solvation shell 

but not conformational change (local fluctuations rather than a global change), 

would produce a greater number of fragments. Finally, multiple conformations as 

well as thermal fluctuations would produce yet more fragments. Because the 

methods used to increase the sequence coverage of ECD all increase the internal 

energy of the ions, and so affect the conformation of the gas-phase ions, the 

greater sequence coverage could simply reflect the greater conformational 

heterogeneity (and “thermal” motion) of the activated ion population. To investigate 

the importance of conformational heterogeneity on the fragments produced by 

ECD, we have performed ECD at 86 K. If the extent of fragmentation is governed 

by the conformational heterogeneity, less but more specific fragments will be 

obtained at 86 K. 

Here we report significant changes in ECD spectra at low temperatures 

compared with those at near room temperature performed on a linear and a cyclic 

peptide under otherwise identical conditions. 
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3.2 Experimental 
 

Gas phase ions of the linear peptide Substance P (RPKPQQFFGLM) and the 

cyclic peptide Gramicidin S (VOLFPVOLFP) were generated using electrospray 

ionisation (20 μM in 1:1 H2O:acetonitrile + 1 % formic acid) and injected into a 

Fourier transform ion cyclotron resonance mass spectrometer (FTMS) equipped 

with an electron gun and a temperature-controlled cell.19 Following isolation of the 

[M + 2H]2+ ions using a stored waveform inverse Fourier transform pulse20 the 

precursor ions were left to equilibrate at the requested temperature for 50 s before 

undergoing a 400 ms ECD event. To investigate the temperature dependence of 

ECD, experiments were performed on ion-populations thermalized near room 

temperature and at 86 K. These represent the two temperatures under which most 

ECD experiments are performed and an extremely low temperature (the lowest 

temperature amenable to out experimental set-up) that would detect any 

temperature dependence.  

 

 

3.3 Results and discussion 
 

Substance P was chosen because it is a linear peptide that under normal 

conditions (room temperature) produces many backbone fragments. ECD of 

substance P at 308 K produced seven c fragments (c4-10) and a weak z9
● fragment, 

in agreement with previous studies21. Under otherwise identical conditions, except 

performing the experiment at 86 K, the c4, c5, c6, c8, c9 and z9
● fragments were not 

detected. Only the c7 and c10 fragments were observed at 86 K. Figure 3.1 shows a 

comparison of these two spectra, the disappearance of six of the eight fragments is 

readily apparent. 

Figure 3.2 shows three representative examples in more detail, the c5 and 

c9 fragments that both disappeared at 86 K and the c10 fragments that remained. 

The top row shows the fragment spectra at 308 K and the bottom the analogous 
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spectra at 86 K. It is clear that a smaller number of fragments were detected at 86 

K.  

ECD is thought to occur close to the charge-reduced protonation sites 

through internal solvation of the proton and H transfer after electron capture.2,16-18 

(Note: it was recently suggested that electron capture could occur prior to proton 

transfer22, the results shown here cannot distinguish between these two 

possibilities). The fragments formed by these fast mechanisms would be expected 

to be sensitive to the conformational heterogeneity of the molecule and, 

extrapolating, the fragments formed by an ion population would be sensitive to the 

conformational heterogeneity of the ion packet.  

 

 

 
 

 
Figure 3.1 Comparison of the ECD spectra of the [M+2H]2+ ion of substance P at 308 K (a) and 86 K 

(b). Both spectra are the average of 50 scans. 
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Figure 3.2 c5 fragment of substance P after ECD at (a) 308 and (b) 86 K; c9 fragment of substance P 

after ECD at (c) 308 and (d) 86 K; c10 fragment of substance P after ECD at (e) 308 and (f) 86 K; [M+H]+ 

and [M+2H]+• cluster at (g) 308 and (h) 86 K.  

 

At higher temperatures (or after collisional / radiative activation) the number of 

conformations and the thermal fluctuations are larger. Consequently, more 

fragments are expected at higher temperatures (internal energies). Figure 3.1 

shows that the fragments obtained after ECD of substance P at 86 K and 308 K fit 

this scenario, namely more fragments are obtained at higher temperatures 

because of the larger conformational space occupied by the molecule. The 

sensitivity of the fragments formed by ECD to the conformation population also 

explains why the relative abundances of the c fragments have differed on different 

instruments. The following relative intensities have all been reported c5 > c4 > c6 > 

c7 > c8 > c9 > c10 
23, c5 > c6 > c7 > c4 > c9 > c10 > c8 

11
  and c10 > c7 > c9 > c8 > c6 > c5 

>> c4 
24. The different fragment intensities could reflect the different conformation 

populations present. The conformation population is influenced by the final internal 
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energy distribution of the ions, which can be altered during ionisation, ion transport 

through the mass spectrometer and ion trapping in the ICR cell (where ECD 

occurs). These parameters are almost certainly different for experiments performed 

on different instruments operated by different people.  

A common reaction pathway found in ECD experiments is loss of a 

hydrogen atom (the reduced proton). Different degrees of hydrogen loss have been 

attributed to conformational change25. In support of the above conformation 

explanation for the different fragments detected at 308 and 86 K, it was found that 

the hydrogen loss channel was active at the higher temperature but not at the 

lower temperature (Figure 3.2). All of the above observations are consistent with 

the premise that the reaction pathways followed after electron capture, and thus 

the fragments obtained, reflect the conformational heterogeneity of the trapped 

ions. It is encouraging that the fragments obtained at 86 K appear to correlate with 

the structure calculated by Bowers and workers for the gas-phase [M+2H]2+ ion of 

substance P, in which the part of the peptide backbone involved in internal 

solvation includes the amino acids whose scission leads to the c7 and c10 

fragments26. Intramolecular solvation of the protonated lysine is ≈ 40 kJ mol-1 more 

stable (enthalpically) than solvation of the other protonation site (arginine) and the 

enthalpic contribution increasingly dominates the conformer population at lower 

temperatures (and thus the intramolecular solvation shells that determine which 

fragments are obtained).  

The ability to cleave N-Cα bonds but retain labile groups after ECD and the 

time-scales of other recombination-dissociation reactions lead to the postulate that 

ECD is a non-ergodic process, that dissociation occurs prior to energy 

randomisation2. However, more recent studies have concluded that, for these 

radical reactions, non-ergodicity does not need to be invoked because of the low 

activation barriers of the backbone cleavages27. For substance P the total internal 

energy after ECD is 3.9 (4.6) and 6.2 (6.9) eV, for neutralization of the lysine 

(arginine) protonation site at 86 and 308 K, respectively. These internal energies 

are sufficient for unimolecular rate constants > 105 s-1 when distributed throughout 

the molecule27. The question as to whether the smaller number of fragments at 86 

K reflects the lower conformational heterogeneity before energy randomisation or 
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after requires further study to determine the energies associated with the 

conformational changes that lead to different fragments. Future plans include 

performing temperature resolved ion mobility studies to determine the internal 

energies associated with these conformational changes. 

ECD of Gramicidin S (VOLFPVOLFP) at 86 K also showed differences 

from that performed near room temperature. At 313 K three types of fragments 

were detected: small molecule losses, five backbone cleavages (labeled B1-5 in 

Figure 3) and side chain losses, in agreement with previous studies28. At 86 K a 

smaller number of each type of fragment was detected, for example just one 

backbone fragment (labeled B1 in Figure 3.3). Because Gramicidin S is cyclic, 

these backbone fragments require two cleavages from a single electron-capture 

event and are thought to arise from a free-radical cascade28. While it is pertinent to 

contemplate whether the reduced number of fragments is atributable to the radical 

cascade terminating earlier at the lower internal energies at 86 K, considering the 

low activation barriers of these gas-phase radical reactions18,27 it is not sufficient 

without invoking a conformational argument. As with the substance P results, the 

smaller number of fragments is consistent with a smaller conformer population and 

reduced thermal fluctuations. This is also supported by the observation that the 

hydrogen loss channel was significantly attenuated at 86 K (Figure 3.3). 

Recently Iavarone et al reported that the number of c fragments obtained 

from ECD of the synthetic peptide AcHN-(AKAAK)3A-NH2 was insensitive to 

temperature from room temperature up to 150 °C. This was interpreted as 

indicating that the products are “…not due to effects of tertiary structure.”29  

This behavior is in stark contrast to the cold temperature results reported here and 

several previous studies. Breuker et al. have reported increased sequence 

coverage of ubiquitin by heating throughout the same temperature range9, 

Håkansson et al. and Tsybin et al. have increased the number of fragments by 

heating the ion cloud with an infrared laser10,11, Horn et al. have increased the 

sequence coverage by using collisional activation to heat the ion cloud30, and in 

addition to temperature dependent ECD, Adams et al. found that a single D-amino 

acid substitution, which is known to affect solution-phase secondary and tertiary 

structure, significantly affected the ECD fragments obtained16.  
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Figure 3.3 A comparison of gramicidin S ECD fragments at 313 K and 86 K. The B fragments 

correspond to backbone fragments. Both spectra are the average of 25 scans. 

 

The different behavior seen by Iavarone reflects the unusual nature of the peptide 

used in their study. This peptide has previously been shown to exhibit an unusually 

stable helix, especially in non-polar solvents (high vacuum is also non-polar)31. 

Increased helix formation has been associated with a smaller number of ECD 

fragments because the carbonyl groups that would otherwise solvate the 

(neutralized) proton and lead to N-Cα scission are involved in the hydrogen-bond 

network that stabilizes the helix. Consequently it is the unusual stability of the helix 

in this peptide that is probably responsible for the limited number of ECD 

fragments, throughout the temperature range investigated. In this regard the 

results of Iavarone et al. would provide further support for the crucial role of 

conformation in ECD.   
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All of the results discussed above demonstrate that the fragments 

produced by ECD of multiprotonated peptides / proteins are significantly influenced 

by the conformations of the gas phase ions because this determines which groups 

are involved in the intramolecular solvation of the (neutralized) proton. The results 

presented here show that, at 86 K, ECD generates much fewer fragments than at 

room temperature, for both substance P and gramicidin S. This reflects the 

reduced conformational heterogeneity at lower temperatures, not least because the 

low activation barriers associated with gas-phase radical reactions makes any 

argument based on reaction rates problematic. Such conformational arguments are 

consistent with observations of increased sequence coverage using techniques 

that heat the ion population and provide an explanation why the relative intensities 

of ECD fragments can be different on different instruments. For increased 

sequence coverage these results indicate that it is advisable to heat (energize) the 

ion population in order to obtain a heterogeneous conformation population. When 

analyzing biomolecules that contain labile post-translational modifications this 

should be performed with due care in order to ensure that these labile groups are 

retained. Such modifications are associated with many diseases and ECD provides 

an exceptional methodology for identifying and localizing these modifications. With 

sufficient care a balance can be reached in which the ion-population is energized 

enough for extensive sequence information but the labile modifications are 

retained10,12,32.  

 

3.4 Conclusions 
 

Electron capture dissociation at 86 K of the linear peptide substance P and 

the cyclic peptide gramicidin S generated significantly fewer fragments than at 

room temperature. It is inferred that these more specific fragments reflect the 

conformational heterogeneity of the ion population because the reactions are still 

fast at 86 K (> 105 s-1 for the common ECD channels) and directed by 

intramolecular hydrogen bonds, and the similarity of the channels for fragments 

that were active and inactive make any alternative explanation implausible. At 
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higher temperatures a greater number of conformations as well as larger thermal 

fluctuations leads to more fragments. Changes to the degree of hydrogen loss, a 

reaction pathway previously shown to be influenced by conformation, support this 

assertion. Moreover the specific substance P fragments at 86 K are consistent with 

preferential intramolecular solvation of the lysine.  

The results presented here indicate how the conformation (solvation shell) 

population of the ion packet affect the relative intensities of the fragments and 

sequence coverage. This last aspect is important because the most attractive 

feature of ECD is its ability to identify and localize post-translational modifications 

to proteins, which are associated with many of the diseases of present day concern 

(Alzheimer’s, Parkinson’s and cancer). 
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Addendum 
 

In a personal communication in 2004, Turecek, F. writes as follows: “B3-PMP2/6-

311++G(2d,p) calculations of ionization energies give IEa = 3.00 eV for the ε-

ammonium radical from Nα-acetyl-lysine amide and IEa = 3.53 eV for the 

guanidinium radical from Nα-acetyl-arginine amide. The vertical recombination 

energies are somewhat lower, REv = 2.84 and 2.44 eV for the lysine and arginine 

cations, respectively. The coulomb contribution to recombination energy in doubly 

charged RPKPKQQFFGLM has been calculated from fully optimized structures (by 

PM3) of RPK-NH2 motifs combined with Mulliken and NPA charge distributions 
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with the B3LYP/6-31G* wave function. The more stable conformer with internally 

solvated Lys side chain has Ecoulomb = 0.60-0.73 eV (NPA and Mulliken populations, 

respectively). The less stable conformer (DE = +24 kJ mol-1) with internally 

solvated Arg side chain has Ecoulomb = 0.85 eV. Thus, the total recombination 

energy in a Lys-solvated [RPKPKQQFFGLM + 2H]2+ conformer should be close to 

3.00 + 0.7 = 3.7 eV for electron capture at the Lys residue and 3.53 + 0.7 = 4.23 

eV for electron capture at the Arg residue.  

Using previous data for peptide heat capacities, [RPKPKQQFFGLM + 2H]2+ is 

estimated to have 0.2 and 2.5 eV internal energy (HT) at 86 and 308 K, 

respectively. Upon adding the electron recombination energy, the "cold" Lys-

reduced ion will have a total of 0.2 + 3.7 = 3.9 eV internal energy, corresponding to 

an effective temperature of 385 K. The "ambient" ion will have 2.5 + 3.7 = 6.2 eV, 

corresponding to 495 K. The Arg-reduced ions will be slightly more energetic, 4.6 

and 6.9 eV for the "cold" and "ambient" systems, corresponding to 415 and 520 K, 

respectively.” 
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Abstract 
 

A novel set-up for Fourier transform ion cyclotron resonance mass spectrometry 

(FT-ICRMS) is reported for simultaneous infrared multiphoton dissociation (IRMPD) 

and electron-capture dissociation (ECD). An unmodified electron gun ensures 

complete, on-axis overlap between the electron and the photon beams. The 

instrumentation, design, and implementation of this novel approach are described. 

In this configuration, the IR beam is directed into the ICR cell using a pneumatically 

actuated mirror inserted into the ion-optical path. Concept validation was made 

using different combinations of IRMPD and ECD irradiation events on two standard 

peptides. The ability to perform efficient IRMPD, ECD, and especially simultaneous 

IRMPD and ECD using lower irradiation times is demonstrated. The increase in 

primary sequence coverage, with the combined IRMPD and ECD set-up, also 

increases the confidence in peptide and protein assignments.  

 

 

4.1. Introduction 
 

Proteomics is an indispensable technology in the molecular description of 

life’s organization. As proteins carry out most biological activities in a cell or 

organism1, it is essential to characterize their structure, expression distribution and 

interactions. Over the past decade, mass spectrometry (MS) has become the 

method of choice for the systematic analysis of a proteome. It has enabled protein 

identification and quantification, protein profiling and the characterization of protein 

interactions and modifications. Nevertheless, MS-based proteomics still faces 

significant challenges1,2, such as the improvement of tandem mass (MS/MS) 

spectra in order to decrease the amount of false positives in peptide and protein 

assignments. Here we describe an instrumental development to improve the quality 

and information content of MS/MS spectra. 

A common method of protein identification uses partial sequence 

information of one or more proteolytic peptides1,3,4. This sequence-tag strategy 
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involves proteolysis of the protein mixture, followed by chromatographic separation 

of peptides and MS/MS. The peak lists from such MS/MS spectra are then 

submited to a database for protein identification.  

The confidence of the assignment increases with the amount of sequence 

information and the mass accuracy of the measurement. The high mass accuracy 

provided by Fourier transform ion cyclotron resonance mass spectrometry (FTICR-

MS) is the principal reason for it currently being the method of choice for 

proteomics investigations4. With suitable control, FTICRMS can provide mass 

accuracies consistently under 2 ppm, and the majority under 1 ppm5-7. While the 

new Orbitrap can also provide accurate mass capabilities8, the process of 

FTICRMS permits the analyst to use a wide variety of tandem mass spectrometry 

techniques. Collision-activated dissociation (CAD)9 10, infrared-multiphoton 

dissociation (IRMPD)11 12, ultra-violet photo-dissociation (UV-PD)13 14, and electron-

capture dissociation (ECD)15 16-19 can all be used to obtain sequence information. 

The identity and relative intensities of the product ions are dependent on which 

technique is used and how it is applied. This flexibility has been exploited to the 

extent that entire proteins have been sequenced using a combination of these 

MS/MS techniques, even including the position of post-translational modifications 

(PTMs)20.  

For the typical sequence-tag proteomics experiments, involving a 

separation step, MS/MS must be performed on a time scale compatible with the 

separation. A scan duration of less than 2 s would allow the MS/MS spectra to be 

obtained from several co-eluting peptides (assuming liquid chromatography (LC) 

peak duration of 10 - 30 s). IRMPD and ECD are both well-established, easy to 

implement and have time-scales compatible with LC/MS proteomics. 

 1) IRMPD –Irradiation heating times are usually 102 to 103 ms. Peptide and 

protein ions undergo fragmentation typical of slow vibrational activation21. Labile 

PTMs are generally lost prior to backbone cleavage and efficient backbone 

cleavage forms intense b and y ions. The mass losses due to the loss of a labile 

group, such as a glycan or phosphate, can be used to indicate the presence of that 

group19. Occasionally, the position of the modification can be determined from 

established biochemical rules. In comparison with ECD, IRMPD allows 
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fragmentation of singly charged ions and provides N-terminal cleavages of the 

proline residue. 

2) ECD – involves the capture of low-energy electrons by multiply charged 

molecular-related ions of peptides and proteins, e.g. [M+nH]n+. ECD can provide 

extensive sequence information and is the only technique to retain labile side 

groups such as PTMs22.  Consequently it is the only MS technique able to identify 

and locate PTMs. This ability led to early reports speculating that ECD might be a 

non-ergodic process15. The gentle nature of ECD  has been further demonstrated 

by the observation that non-covalent interactions can limit the degree of 

fragmentation observed with ECD. More abundant product ions and more 

extensive sequence information are obtained by gently heating the ions during 

ECD using collisional23 or IR24 activation. 

It is desirable to have simultaneous access to ECD and IRMPD. However, 

both techniques are optimised when the electron/IR beam has complete overlap 

with the ion cloud in the ICR cell. Figure 4.1(a) shows a schematic of a typical 

FTICR instrument, including the distribution of an ion cloud. As can be seen, the 

ions are transferred from an external ion source by ion-optical elements to the ICR 

cell, which is situated in the center of a strong magnet. Here, ions form an ellipsoid 

along the axis of the ICR cell. Co-axial irradiation of this ion packet by the electron 

beam and the IR beam is complicated by the ion optics on the front side of the ICR, 

consequently previous attempts have concentrated on introducing both beams 

from the rear. Figures 4.1(b) – 4.1(e) show the solutions to date, but which all 

compromise the degree of overlap with the ion cloud for at least one of the beams.  

The first attempts to apply the complementary capabilities of ECD and 

IRMPD were made by Håkansson et al.19 for the structural characterization of 

several posttranslational modified peptides. A directly heated filament placed off-

axis with simultaneous use of an on-axis IR laser beam (Figure 4.1(b)). This 

configuration allowed efficient IRMPD but satisfactory ECD spectra required long 

irradiation times, up to 30 s, because of poor overlap between the ion cloud and 

the small electron beam produced by the filament cathode.   
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Figure 4.1 A schematic diagram (not to scale) of the FOM`s 7T FTICR-MS set-up for performing 

simultaneous on-axis IRMPD and ECD in the ICR cell (a). The inset highlights the pneumatic probe 

used to reflect the IR beam through the ion optics in to the ICR cell. Bottom (b-f) shows different 

reported configurations used to combine ECD and IRMPD in FTICR-MS.  

 

The broader electron beam produced by an indirectly heated dispenser cathode, 

provides more overlap and thus increased ECD efficiency; however, performance 

is still sensitive to position, decreasing rapidly when the electron gun is moved 

more then a few millimeters off-axis.  

Alternative designs have positioned the electron gun on-axis and the IR 

beam slightly off-axis (Figs. 4.1(c) and 4.1(d))24. Using this configuration more 

abundant product ions have been reported. Nevertheless, overlap of the IR beam 

with ion cloud is incomplete. Recently Tsybin et al. implemented a ring cathode in 

which the IR laser passes through the center of the ring (Fig 4.1 (e))25. Short 

irradiation times for combined IRMPD and ECD provided more than 60% sequence 

coverage of the peptide HNP-1. In the strong magnetic field, the electron beam 
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maintains the ring cross section of the cathode throughout the ICR cell. ECD 

efficiency could be increased by increasing the effective interaction volume. This 

can be achieved by using sidekick tapping or ion-excitation with an off-resonance 

excitation. However, such excitation would reduce IR overlap. 

All the instrumental configurations mentioned above compromise the 

degree of overlap between the ion cloud and either the IR or electron beam. The 

common cause is the combined introduction of the IR and electron beam from the 

rear end of the ICR cell.   

Here we report a novel FT-ICRMS set-up for combined on-axis ECD and 

IRMPD in the ICR cell, in which both beams have complete overlap with the ion 

cloud (Figs 4.1(a) and (f)), using a standard dispenser cathode. An IR mirror, 

attached to a guided pneumatic probe, is inserted between ion-optical elements to 

reflect the IR beam along the axis of the instrument and into the ICR cell. 

Geometrical design ensures good overlap between the electron beam, IR beam 

and ion cloud. A detailed description of this new device is presented followed by 

validation of the approach.  

 

 

4.2. Design and experimental 
4.2.1 Experimental set-up 
 

All the experiments were performed using a heavily modified Bruker APEX 

7.0eT FTICR mass spectrometer equipped with an infinity cell, a 7 T super-

conducting magnet and an electron source located behind the ICR cell. Figure 1(a) 

shows a schematic of the instrument. The ions generated by an electrospray 

ionization (ESI) source are accumulated in an octopole ion trap prior to being 

transferred to the ICR cell via two quadrupole ion guides. As can be seen, there is 

a clear optical path through the quadrupole ion guides and into the ICR cell. It is 

evident from this figure that once an IR beam is aligned through the cell and 

quadrupole ion guides, and the electron source has been positioned for maximum 

current (using the movable ‘flag electrode’ on the opposite side of the cell), the 
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geometry dictates that the beams are co-axial and will overlap with the ions 

contained in the center of the ICR cell. 

The key to this approach is the ability to direct the IR beam through the 

quadrupole ion guides after the ions have been transferred to the ICR cell, 

specifically, the ability to align the IR laser beam along the axis, and the 

reproducibility of this optimum alignment. With these concerns in mind, a 

pneumatic probe has been designed that inserts an IR first-surface mirror in front of 

the quadrupole ion guides, includes a mechanical auto-alignment mechanism and 

allows the user to fine-tune the position and angle of the IR mirror.  

 

 

4.2.2 Pneumatic probe 
 

After ion transfer to the ICR cell an IR mirror, attached to the pneumatic 

probe, is inserted between ion optical elements to redirect the IR beam into the 

center of the ICR cell. The schematic of the instrument (Figure 4.1(a)) indicates the 

paths of the IR beam and electron beam. Behind the IR mirror, an electrically 

isolated metallic plate is also attached to the probe. While the probe is inserted, it is 

used to monitor the current emitted from the octopole.  

Figure 4.2 details the principal elements of the probe. The probe is a stainless steel 

rod, to which the IR first-surface mirror and the electrically isolated electrode are 

attached. The mirror has been designed to redirect an incident laser beam through 

49.8° azimuthal onto the ion-optical axis (this angle was defined by the available 

vacuum flanges).  

A first surface mirror reflects light from its front surface. The use of a first-

surface mirror avoids the secondary reflections of a standard mirror (reflection 

occurs from the front surface and rear coating) and the beam displacement due to 

refraction through the glass of the mirror.  

Accurate positioning of the ‘in’ position of the IR mirror and the high 

reproducibility of this final position are based on a mechanical auto-alignment 

mechanism. Figure 4.2 also illustrates this mode of action. The probe is rigidly 

attached to a mounting that sits upon 3 lockable micrometer screws. Retraction of 
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the probe by the pneumatic actuator lifts this entire assembly: the probe, the 

mounting and the 3 micrometer screws. The bottoms of these screws consist of 

small metallic spheres, or engaging balls.  

When the probe is released, the three engaging balls enter three 

corresponding v-shaped grooves (Figure 4.2(b)). A small rod ensures that the 

engaging balls enter the grooves and atmospheric pressure ensures that these 

spheres sit at the base of these grooves. Consequently, the lateral position of the 

probe is defined and reproducible.  

Variation of the three micrometer screws provides up to 10 mm axial 

translation freedom and up to 2.5° freedom in the two elevation angle of the probe, 

Θand Φ (Figure 4.2). A fourth micrometer screw can be used to rotate the plate 

containing the three v-shaped grooves by up to ± 5 ° azimuthal (Ψ in Figure 4.2). 

Accordingly, these four micrometer screws allow all three angles and the axial 

position of the probe to be fine-tuned.  

When the probe is retracted, the mirror and mount with the three 

micrometer screws are lifted by a pneumatic actuator, thereby not affecting the 

inserted position of the probe. A guide ensures the smooth motion of the probe 

through the duration of its insertion and extraction. Prior to the probe being 

mounted, the stability of the positioning system was tested using a HeNe alignment 

laser over a 4 m working distance. The position of the laser spot was found to be 

identical after hundreds of shots. Further use has confirmed the stability of the 

probe for extended periods of time. Similar devices have been reported to provide 

a mean angular error of 3μR26.  
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Figure 4.2 Detailed view of the pneumatic probe (a). The four parts could be distinguished: pneumatic 

actuator, positioning system, guiding part and the probe itself. The positioning system and the mode of 

action of the pneumatic probe is illustrated: the retracted position (b) and the inserted position (c). It is 

also included a diagrammatic presentation of the angular freedom of the probe (c). 
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4.2.3 Infrared irradiation 
 

IRMPD and the simultaneous IRMPD and ECD experiments were 

performed using a 10.6 μm CO2 laser (model J48-2, Synrad, Mukiteo, WA, USA). 

The continuous laser pulses were activated with a TTL trigger generated by the in-

house software AWE 1.5.22. Laser powers of 2 – 2.5 W (measured after the ICR 

cell) and pulse durations of 50 – 1500 ms have provided efficient IR activation. For 

improved transmission, a telescope was used to reduce the diameter of the IR 

beam to approximately 1.2 mm prior to it entering the mass spectrometer through a 

ZnSe window (see Figure 4.1 (a)).  

 

 

4.2.4 Electron irradiation  
 

An indirectly heated cathode (HeatWave, Watsonville, CA, USA) was used 

for the production of 320 nA of 0.45 eV electrons. When not in use, electron 

irradiation was prevented by positively biasing the dispenser cathode and applying 

a retarding potential to a grid located 5 mm in front of the cathode (for efficient 

electron extraction during ECD this grid was switched to +10 V).   

 

4.2.5 Mass spectrometry  
 

Substance P and melittin were purchased from Sigma Aldrich and used 

without further purification. Solutions of 20 μM in 69:29:2 methanol:water:acetic 

acid were electrosprayed using New Objective Picotips™ at 20 µLh-1. Figure 4.3 

shows a (not-to-scale) schematic of the experimental sequence. 

Ions produced by the ESI source were accumulated for 30 ms in the 

accumulation octopole27 and subsequently ejected into the ICR cell. Multiply 

charged cations were trapped in the infinity ICR cell using Ar as trapping gas Side-

kick trapping was avoided to ensure the ions remained on-axis but this lengthened 

the experimental sequence to ≈5 s (without trapping gas, experiments can be 
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performed in 1-2 s). The ions of substance P, [M+2H]2+ at m/z = 674.372, and 

melittin, [M+4H]4+ at m/z = 712.196, were isolated using a stored waveform inverse 

Fourier transformed (SWIFT) excitation pulse28.  

 

 

 

 
 

 
Figure 4.3 Schematic of the experimental sequence 

 

4.3. Results and discussion 
 

Two well-characterized peptides, substance P and melittin, were used to 

determine the performance of our set-up. After isolation of the precursor ions, 

[M+2H]2+ for substance P and [M+4H]4+ for melittin, MS/MS-experiments were 

carried out with varying electron- and photon-irradiation times. All other 

experimental parameters were kept constant to enable the comparison of 

independent experiments with simultaneous electron and photon irradiation.  
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4.3.1 Independent and simultaneous ECD and IRMPD of 
Substance P 

 

In the independent ECD-experiment of substance P the optimum electron-

irradiation time with respect to the number of fragments and their signal intensities 

was experimentally determined at 1.5s (±0.1s). In agreement with previous results, 

seven c fragments, (c4-c10), and one weak z fragment, z9, were observed (Figure 

4.4)18 29,30.  

As expected, due to the presence of two prolines, c1 and c3 were not 

observed. Thus, sequence coverage of 80% corresponds to the maximum that is 

achievable from typical ECD fragmentation of substance P. In the independent 

IRMPD experiment of substance P the optimal photon irradiation time was 

determined at 0.5s (±0.1s) based on sequence coverage (data not shown). 

Generally, the fragment signal intensities in IRMPD spectra were higher than in the 

ECD spectra. Following IRMPD, six b ions (b2, b5-b8, b10) and two y ions (y8, y9) of 

substance P were seen. In addition, several ions due to secondary cleavages, i.e. 

small neutral mass losses and internal fragments, were detected. Without including 

these lower abundance ions the sequence coverage from the independent IRMPD 

experiment was 70%. As can be seen in Figure 4.4, simultaneous IRMPD and ECD 

of doubly protonated substance P yielded all fragments that were produced in 

independent ECD and IRMPD experiments. The combination of all typical ECD 

fragments with the y fragments results in a sequence coverage of 90% of 

substance P. The c and z ions in the simultaneous experiment were slightly less 

abundant than in independent ECD spectrum. 
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Figure 4.4 MS/MS spectra of the [M+2H]2+ of substance P subjected to: ECD (top), IRMPD (middle) and 

simultaneous on-axis IRMPD and ECD (bottom). Asterisk denotes noise. Each spectrum results from 

the accumulation of 50 scans. 

 

 

4.3.2 Independent and simultaneous ECD and IRMPD of 
melittin 

 

In the ECD experiment of quadruply protonated melittin, lower electron-

irradiation times, 0.5 s, were necessary because electron-capture efficiency 

increases with the square of the charge16. A typical ECD-spectrum of melittin is 

shown in Figure 4.5.  
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Figure 4.5 MS/MS spectra of the [M+4H]4+ ions of  bee venom melittin subjected to: ECD (top), IRMPD 

(middle) and simultaneous on-axis IRMPD and ECD (bottom). Asterisk denotes noise. Increased 

sequence coverage is obtained in simultaneous on-axis IRMPD and ECD (88%) compared with 

independent ECD (52%) or IRMPD (60%). Each spectrum results from the accumulation of 25 individual 

scans. 

 

Here, six c (c9, c10, c12, c23-c25), eight z (z3, z8, z12, z14, z16, z19, z20, z23) and five y 

ions (y14, y15, y17, y19, y24) were detected after 0.5s of electron irradiation, as well as 

two triply protonated reduced species ([M+4H]3+• and [M+4H]3+•–NH3). Most of 

these c, z and y fragments are consistent with previous results31. In total, these 19 

ECD ions result in 52% sequence coverage. When melittin is subjected to IRMPD 

for 0.5s, four b ions (b9, b10, b12, b23) and 19 y ions (y3, y5, y8, y10, y11, y13-y21, y24) 

are observed. The resulting sequence coverage from these ions is 60%. In 

addition, multiple ions that result from neutral losses from b and y ions are present. 

As was the case for substance P, the IRMPD fragments of melittin are more 

abundant than the ECD fragments. In all experiments product ion abundances 

were calculated relative to the precursor ion. After simultaneous IRMPD and ECD 

of melittin for 0.5s three c ions (c10, c22, c25), four z ions(z24, z23, z16, z14), 11 b ions 
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(b5, b6, b8 - b13, b19, b22, b23) and 22 y ions (y3, y4, y5, y8-y21, y24) are observed 

(Figure 4.5). This results in 88% sequence coverage, which is significantly higher 

than in the independent experiments at similar irradiation times (52% for ECD and 

60% for IRMPD). However, compared with the independent experiments, some c 

and z ions disappeared and new b and y ions are generated. Additionally, ions that 

result from neutral losses from b and y fragments are significantly higher. To a 

lesser extent this change in fragmentation pathways was also seen in the 

simultaneous experiment of substance P. Possibly the ion cloud in the ICR cell is 

focused by the electron beam, resulting in a larger fraction of the precursor ions 

overlapping with the IR beam and thus more abundant b and y ions. IR dissociation 

of c and z ions would lower their abundances, as observed in the simultaneous 

IRMPD and ECD experiments. An alternative explanation for the increase of the 

relative abundance of b and y ions in the simultaneous experiments is capture of 

one or two electrons of the [M+4H]4+ precursor, followed by typical b/y 

fragmentation upon IR irradiation32. This pre-activation of the IRMPD reaction 

pathways is in agreement with the observed decrease in the abundance of the 

reduced triply charged ion [M+4H]3+• upon constant ECD irradiation and increasing 

IR irradiation times. 

 

 

4.3.3 Irradiation times versus sequence coverage 
 

The effects of the electron- and photon-irradiation times on the number of 

fragments and the resulting sequence coverage of melittin are plotted in Figure 4.6. 

The maximum sequence coverage of melittin using ECD was 56%, using IRMPD 

76% and in the simultaneous IRMPD and ECD experiment 88%. Using 

simultaneous irradiation this maximum was reached at 0.5s, which was faster than 

IRMPD (0.55s) or ECD (0.8s). Furthermore, it is clear that simultaneous irradiation 

results in a higher number of fragments than in the independent experiments. Note 

that at 0.8s the increase in the number of fragments in the simultaneous 

experiment does not result in higher sequence coverage. It is the number of 

primary sequence fragments that is important, as they provide the specific 
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sequence information. The number of primary sequence fragments even begins to 

decrease at 0.9s due to secondary fragmentation, thus defining an optimal 

irradiation time in a simultaneous experiment. 

 

 

 

 
 

 
Figure 4.6 Plot of the number of fragments (left) and sequence coverage (right) vs. irradiation time for 

ECD, IRMPD and simultaneous on-axis IRMPD and ECD of melittin. 

 

Simultaneous electron and photon irradiation of mellitin (and substance P) 

increases the sequence coverage in one MS/MS spectrum. In the set-up reported 

here it is possible to perform on-axis ECD and IRMPD of isolated ions in both 

independent experiments as well as in the simultaneous ones using irradiation 

times that are compatible with the time-scales of eluting LC peptides. This flexibility 

increases the information content of peptide tandem mass spectra for the two 

standard peptides used in this study. 
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4.4 Conclusions 
 

We have presented an FTICR-MS set-up that allows simultaneous on-axis 

IRMPD and ECD in the ICR cell. In this instrumental configuration a pneumatic 

probe was inserted in the ion-optical path that enables on-axis IR irradiation of the 

ion cloud from the front of the ICR cell simultaneously with electron irradiation, 

provided by a standard dispenser cathode from the rear of the ICR cell. This set-up 

results in a better overlap between the IR beam, electron beam and the ion cloud.  

Simultaneous ECD and IRMPD resulted in a significant increase in product 

ions and thus sequence coverage of substance P and melittin. The increased 

abundance of the b and y ions, and the dependence of this abundance on the 

order of IR and electron irradiation, is interpreted as ion cloud focusing by the 

electron beam concentrating the ion cloud on-axis and within the IR beam. This 

increased overlap allows shorter irradiation times. The flexibility to carry out both 

independent and combined ECD and IRMPD experiments, and the shorter time-

scales of the combined experiments, are highly desirable for proteomics 

investigations because they increase the information content of the MS/MS 

spectra. 
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Abstract 
 

Tandem MS sequencing of peptides that contain a disulfide bond is often 

hampered when using a slow heating technique. We show that complexation of a 

transition metal ion with a disulfide bridge containing nonapeptide yields very rich 

tandem mass spectra, including fragments that involve the cleavage of the disulfide 

bond up to 56% of the total product ion intensity. On the contrary, MS/MS of the 

corresponding protonated nonapeptides results predominantly in fragments from 

the region that is not involved in the disulfide bond. Eleven different combinations 

of three nonapeptides and three metal ions were measured using Fourier transform 

ion cyclotron resonance mass spectrometry (FTICR-MS) using sustained off-

resonance irradiation collision induced dissociation (SORI-CID). All observed 

fragments are discussed with respect to four different types of product ions: neutral 

losses, b/y-fragmentation with and without disulfide bond cleavage, and losses of 

internal amino acids without rupture of the disulfide bridge. Furthermore, it is shown 

that observed complementary fragment pairs obtained from peptide-metal 

complexes can be used to determine the region of the binding site of the metal ion. 

This approach offers an efficient way to cleave disulfide-bridged structures using 

low energy MS/MS, which leads to increased sequence coverage and more 

confidence in peptide- or protein assignments. 

 

 

5.1 Introduction 
  

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) 

offers a collection of techniques for identification and structural investigation of a 

large variety of biomolecules in the gas phase 1. Such studies require both 

information obtained from high mass accuracy measurements and tandem mass 

spectrometry (MSn) strategies 2. The high mass accuracy and sensitivity of FTICR-

MS enable peptide identifications with high confidence in the analysis of complex 

peptide mixtures in a typical proteomics set-up. Moreover, most tandem MS 
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techniques currently used for peptide fragmentation are compatible with FTICR 

mass spectrometers. The amount and quality of information obtained from these 

MSn spectra is strongly related to the identity, relative abundance, and the number 

of product ions. In this paper we report on unexpected fragmentation pathways of 

three similar nonapeptides using a so-called slow heating fragmentation  

technique 3. The most unexpected fragments observed in these rich tandem mass 

spectra result from different cleavages of a disulfide bridge between the two 

cysteines. It will be shown that complexation of these peptides with transition metal 

ions results in enhancement of this effect. 

 

 

5.1.1 Slow heating techniques for tandem MS 
 

Tandem mass spectrometry (MSn) is an indispensable tool to structurally 

characterize a selected precursor ion by analyzing its dissociation products. The 

most common method for ion fragmentation is collision-induced dissociation (CID), 

often used for sequencing tryptic peptides obtained in a proteomics experiment. 

However, for sequencing peptides and proteins with a higher molecular mass (>2 

kDa) CID is not an ideal method. For these purposes, slow heating techniques can 

be advantageous. With these techniques the internal energy of a molecule is slowly 

increased to initiate molecular fragmentation. FTICR mass spectrometers are 

extremely suitable for the application of slow heating techniques such as infrared 

multiphoton dissociation (IRMPD) 4, blackbody infrared dissociation (BIRD) 5,6, 

ultraviolet photon dissociation (UVPD) 7-10, surface induced dissociation (SID) 11-14, 

on-resonance collision induced dissociation (CID) 15 or sustained off-resonance 

induced dissociation (SORI-CID) 16-18. These techniques are referred to as “slow 

heating” because the trapped gas-phase ions are collided with relatively low kinetic 

energies to induce ion activation and fragmentation. In SID the internal energy is 

increased through collision of the ion of interest with a static target 12-14,19,20, 

whereas in on-resonance CID and SORI-CID the collision target is mobile i.e. 

neutral atoms of an inert gas like Ar or He are pulsed into the ICR cell. In SORI-

CID the selected precursor is periodically excited and de-excited by applying, in the 
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presence of a collision gas, a low-amplitude radio-frequency pulse slightly off-

resonance (-1500Hz) compared to the cyclotron frequency of the selected ion 21. 

During this process the ions undergo multiple collisions with the neutral atoms of 

the collision gas. In each collision event a part of the kinetic energy of the ion is 

converted into internal energy. In this way the internal energy of the excited ions 

can be modulated, thus enabling the study of the lowest energy fragmentation 

pathways. Compared with on-resonance excitation, the collision energy in SORI-

CID is much lower because of the lower kinetic energy of the ions. Another 

advantage over CID is that in SORI-CID the fragments are produced close to the 

axis of the cell allowing a more efficient detection of the dissociation products. With 

IRMPD, BIRD, and UVPD the trapped ions are dissociated by irradiation with an 

infrared (IRMPD) or an ultraviolet (UVPD) laser beam or they are activated through 

absorption of infrared photons (BIRD) from a heated ICR cell. Similar to the SORI 

experiment, the energy after multiple photon absorption is redistributed through 

intramolecular vibrations. The dissociation essentially follows the same type of 

fragmentation pathways as using collisionally-based dissociation techniques.  

 

 

5.1.2 Disulfide bond cleavages in mass spectrometry 
 

It is well known that disulfide bonds play an important role in defining and 

stabilizing the secondary and tertiary structure of folded proteins 22. Many 

biologically relevant peptides contain one or more intramolecular disulfide bonds 

between different cysteine residues. Tandem MS sequencing of peptides that 

contain disulfide bonds is often hampered when using slow heating techniques. For 

example, CID of multiply protonated insulin with two intramolecular linkages results 

in incomplete sequence coverage 23. In general, sequencing of multiply protonated 

peptides with intramolecular disulfide bonds is limited to backbone fragments that 

do not contain the disulfide linkage. This reduces the amount of information which 

can be extracted using such MSn techniques. A common approach to overcome 

this problem is to reduce and alkylate the disulfide bonds prior to MSn analysis. 

This preparation step is time consuming and, therefore, not desirable for high-
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throughput proteomics applications. Moreover, the site-specific information on the 

exact location of the S-S bond linkages is lost following reduction. Another 

approach of analyzing cysteine-bridged peptides is using high-energy CID 24,25, 

MALDI in-source decay 26,27 or post-source decay 26-29, or MALDI combined with 

ion trap mass spectrometry 30. In addition, ion trap mass spectrometry has been 

used both in positive 23 and negative 31 mode to study peptides/proteins that 

contain disulfide linkages. A powerful method for dissociation of multiply charged 

proteins that contain disulfide bridges is electron capture induced dissociation 

(ECD) introduced by McLafferty and co-workers 32,33. It has been shown that ECD 

has the potential for cleaving and mapping disulfide bonds present in peptides and 

proteins 34, 35.  Currently, ECD is implemented only on FTICR instruments, whereas 

compatibility with three-dimensional quadrupole ion traps would make it a more 

accessible fragmentation technique 36,37.  ECD of peptides requires multiple 

protonation which can be difficult to be achieve. To overcome this hurdle, metal 

ions can be used as charge carriers in peptides. Moreover, the presence of a 

certain metal ion may be pivotal for the biologic activity of the peptide. Often the 

secondary and/or tertiary structure of a peptide (or protein) is changed by a co-

factor such as a metal ion or a small nucleotide. A well-known example is the 

hormone oxytocin, for which the presence of a transition metal cation like Cu or Zn 

is essential for binding to its cellular receptor. ECD efficiency does not increase 

using a metal ion, however it has been shown that metalated peptides provide 

complementary ECD fragments compared to protonated species 38,39. In line with 

this is a recent study on substance P in which complexation with divalent metals 

resulted in very rich ECD spectra of triply charged species 38,39. Structural 

investigation of oxytocin complexed with different divalent transition metal ions 

showed remarkable differences in the ECD spectra 40. Here, the observed specific 

fragmentation pathways for different charge carriers possibly result from structural 

differences between the oxytocin-metal ion complexes. For oxytocin complexed 

with Ni2+, Co2+, or Zn2+ the most abundant ECD fragments included the cleavage of 

the disulfide bond. However, the [oxytocin+Cu2+] complex showed mainly b' type 

ions that did not result from cleavage of the disulfide bond. In the latter case 15% 

of the fragments included a disulfide bond cleavage whereas for other oxytocin-
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metal ion complexes 60-70% of the fragments included one cysteine residue only. 

This atypical ECD behaviour of the [oxytocin+Cu2+] complex inspired us to 

investigate this compound with a slow heating technique such as SORI-CID in 

more detail. 

 

 

5.1.3 Rationale of this work 
 

In this work the SORI-CID fragmentation pathways of three different 

nonapeptides containing one disulfide bond are studied. The effect of complexation 

with different divalent transition metal cations compared with protonated peptide 

will be discussed in terms of cleavage efficiency of the disulfide bond. Further, it 

will be investigated whether the differences between the measured tandem mass 

spectra can be correlated to possible conformational changes in the peptide due to 

the presence of a metal ion. Oxytocin (OT, CysTyrIleGlnAsnCysProLeuGly) was 

chosen as a model compound for these studies based on the remarkable results 

from earlier work 40.  

Two peptide analogs were chosen to explore possible structural 

correlations or differences, namely vasopressin (VS, 

CysTyrPheGlnAsnCysProArgGly) and Thr4-Gly7-oxytocin (TGOT, 

CysTyrIleThrAsnCysGlyLeuGly). All three peptides contain a disulfide bridge 

between the cysteines at positions 1 and 6 and are amidated at the C-terminus. 

Usually, for OT the peptide region that is closed by the disulfide bond is called the 

tocin ring and the remaining part is referred to as the tail. The tocin ring is a rather 

rigid structure, whereas the tail is flexible. In this paper, the terms “tocin ring” and 

“tail” will also be used for describing regions of the other two nonapeptides due to 

the structural similarities with oxytocin. Both oxytocin and vasopressin exert various 

hormonal effects. Oxytocin is responsible for elicit contraction of uterus smooth 

muscle at term and of myoepithelial cells that surround the alveoli of the mammary 

gland during lactation 41. Oxytocin also plays a decisive role in the affiliation 

process in mammals like maternal behaviour and infant separation distress 42. 

Vasopressin facilitates water re-absorption by the kidney and the contraction of 
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smooth muscle cells in arteries 41, 43. Moreover, more recent studies showed that 

these peptides are involved in numerous cognitive processes such as memory and 

learning 41. Oxytocin and vasopressin are biologically activated by essential 

elements like metal ions (Zn2+, Ni2+, or Co2+). The presence of the divalent metal 

ion could drastically change the peptide conformation with implications in the 

binding process of these peptides to their receptors. The role of these metal ions 

for the interaction process of oxytocin with its receptor was highlighted earlier 44, 45. 

It has been shown that binding of oxytocin to its receptor is enhanced in the 

increasing order of Zn2+, Ni2+, and Co2+ but is negligible is the presence of Cu2+ 43. 

However, it has not been elucidated whether the metal ion interacts first with the 

peptide, the receptor, or with both. 

 

 

5.2 Experimental 
5.2.1. Mass Spectrometry 
 

All the experiments were performed using a heavily modified Bruker APEX 

7.0eT FTICR mass spectrometer equipped with a 7 T superconducting magnet and 

an infinity cell. The ions generated by an electrospray ion source are accumulated 

(300-500 ms) in an octopole ion trap 46 prior to being transferred to the ICR cell via 

two quadrupole ion guides. Argon was used for gas assisted dynamic trapping of 

the ions. High resolution mass spectra revealed that all of the nonapeptides 

complexed with divalent metal cations resulted in parent ions of the type 

[peptide+metal]2+. The full isotopic cluster of a doubly charged parent ion was 

isolated using a stored waveform inverse Fourier transformed (SWIFT) excitation 

pulse 47. In some cases, an additional SWIFT isolation was applied to avoid noise 

signals at the lower mass range. Fragmentation of protonated and divalent metal 

containing peptides was carried out using SORI-CID 16. The isolated ion clusters 

were excited kinetically using a SORI pulse with 250 cycles at a frequency -1500 

Hz away from the cyclotron frequency of the isolated ion. For fragmentation, argon 

collision gas was pulsed into the cell at a pressure range of 10-7 mbar. During 
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detection the pressure in the ICR cell was less than 10-9 mbar. All experimental 

parameters were controlled using software and hardware developed in-house as 

part of the continual evolution of this proteomics / fundamental studies  

instrument 48, 49. Data analysis was carried out both manually and automatically 

using in-house developed processing tools 50. 

 

 

5.2.2 Sample preparation  
 

All three nonapeptides, namely oxytocin (OT), Thr4Gly7oxytocin (TGOT), 

and Arg8vasopressin (VS), were purchased from Sigma Aldrich and used without 

further purification. All three peptides contain a disulfide bond between Cys-1 and 

Cys-6 and are amidated at the C-terminus. Sample solutions of 49:49:2 

water:methanol:acetic acid at a concentration of 20 μM were prepared. Freshly 

prepared complexes of the peptides with Ni2+, Zn2+ and Cu2+ were obtained using 

the corresponding acetate salt of the metal ion in 25 times excess in the absence 

of acetic acid. Electrospray ionisation was carried out using New Objective 

Picotips™ at 500 nl/min and an electric potential difference of approximately  

2100 V. 

 

 

5.3 Results and discussion 
5.3.1 Nomenclature 
 

The assignment and designation of peptide fragments is based on 

Roepstorff-Fohlman-Biemann nomenclature 51-53. All observed backbone cleavages 

in the three studied nonapeptides are typical b or y, in which the charge is retained 

at the N- or the C-terminus, respectively. For calculation of the exact masses of the 

fragments for each cysteine residue, one hydrogen atom is subtracted because of 

the disulfide bridge. Backbone fragments that result from cleavage between 

residues 1 up to 6 (“tocin ring”) require additional cleavage of the disulfide bridge. 
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Basically, this disulfide bridge can be cleaved at three different positions. The 

“regular” fragment ion results from S-S cleavage. Two other types are referred to 

as “+S or –S” when the backbone bond is cleaved in combination with an S-C 

bond. These fragment ions thus contain either two or zero sulphur atoms. In 

principle, the fragment ions observed in the tandem mass spectra of nonapeptides 

complexed with Zn2+, Ni2+, or Cu2+ retained the metal ion. It will be mentioned 

explicitly when this is not the case (see Table 2). Finally, the internal fragments 

resulting from multipoint cleavages in the backbone of the parent ion 54, 55 or the 

dissociation products are denoted with the three-letter code of the amino acid that 

is lost. 

 

 

5.3.2. Four different types of product ions in SORI-CID spectra 
 

For each of the three nonapeptides, three different tandem MS spectra 

(SORI-CID after SWIFT-isolation of the doubly charged parent ion) were obtained 

after complexation with Zn2+, Ni2+, or Cu2+ ions. Similarly, MS/MS was carried out 

on doubly protonated oxytocin (OT) and vasopressin (VS). In the case of 

Thr4GlyOxytocin (TGOT) the doubly protonated species was not observed in the 

mass spectrum, probably due to the absence of basic amino acids. Thus eleven 

SORI-CID spectra were obtained. These will be discussed according to the 

different types of product ions as depicted in Figure 5.1. Each product ion results 

either, from a neutral loss or a typical b/y-fragmentation, or a combination thereof. 

In addition, certain product ions require the cleavage of the disulfide bridge, which 

occurs either at S-S or at C-S. Basically, four main types of product ions are 

observed in the spectra. The first results from single or multiple neutral loss of NH3, 

H2O, or CO from the parent ion (I). The second follows “regular” b/y-fragmentation 

of the peptide backbone tail (II), resulting in observed product ions b6, b7, b8, y3, 

and y2. The third type results from b/y-fragmentation in the tocin ring, including a 

cleavage of the disulfide bridge (III). As was explained earlier (section 5.3.1), this 

fragmentation pathway results in observed fragments such as b4, b4+S, y7, or y4-

H2S. These product ions are rather unexpected, since disulfide bonds usually are 
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not affected by slow heating techniques. The fourth and last type of product ions 

here considered also requires multipoint cleavages (IV), as is the case for 

fragmentation of type III. Here, one or more internal amino acids are lost from the 

parent through typical b/y-cleavages, whereas the disulfide bridge remains intact. 

Such losses are observed from both the tocin ring and the tail. Complementary, in 

most cases of multiple residue loss these internal amino acids are observed in the 

spectrum (e.g. [Tyr+Ile]+ or [Tyr+Ile+Thr]+). The sequence of events to result at 

type I, II, III, or IV ions is chosen arbitrarily in Figure 5.1. The results from all eleven 

SORI-CID spectra are summarized in Figure 5.2. In Table 5.1, all the identified 

product ions are categorized according to the four types of fragmentation 

pathways. The intensity of each product ion was determined from all corresponding 

peak intensities in the isotope cluster. In the case of a Ni2+- or Cu2+-complexed 

peptide at least three isotopes were observed in one cluster, whereas in the case 

of Zn2+ at least four peaks were taken into account. Thus, the obtained intensities 

are shown relative to the total intensity of all assigned product ions. The total 

number of assigned fragments in each MS/MS spectrum varied between 16 and 

55. In most of the assignments the mass accuracy was below 5 ppm. Mass 

accuracies between 5 and 15 ppm were usually due to significant intensity 

differences (more than 100-fold) between the fragments used for calibration and 

the ion of interest. Also shown in Table 1 are the assigned fragments as a 

percentage of the total product ion intensity (%PII). For most species more than 

75% of PII is assigned. For VS+Cu2+, OT+Zn2+ and TGOT+ Zn2+ a significant 

amount of PII was not assigned (48%, 40% and 42%, respectively), mostly 

because of overlap with other isotope clusters in the mass spectrum (an example is 

shown in Figure 5.3, see section 5.3.3.). Moreover, it is evident that the typical 

isotope profiles of the transition metals add complexity to the spectrum. In the 

following sections the SORI-CID results will be discussed with respect to the four 

types of product ions depicted in Figure 5.1. 
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Figure 5.1 Overview of different types of product ions observed in SORI-CID spectra of protonated or 

metal-complexed nonapeptides. As an example, a few of the product ions observed upon SORI-CID of 

oxytocin complexed with Ni2+ are shown. Note that the sequence of events is chosen arbitrarily, e.g. “b8-

CO” may also result from the loss of CO followed by b/y-fragmentation. The ion “OT-Tyr” may fragment 

further to “b8-Tyr” via b/y-fragmentation. 

 

 

 
 

 
Figure 5.2 Summary of all fragments observed in eleven different SORI-CID spectra 
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(i) Small neutral losses from the parent ion (I) 

 

Single or multiple losses of small neutral species (NH3, H2O, and CO) from 

the parent ion are observed in all eleven spectra, however with significant variation 

in relative abundances (see type I product ions in Table 5.1). For OT and TGOT 

the highest total peak intensity of neutral losses is observed in the Ni2+-complexed 

peptide and a low total peak intensity in the Cu2+-complex, whereas for VS the 

opposite is true. As is clear from Figure 5.1, small neutral losses are also observed 

from product ions of type II, III, or IV. In total, this additional loss accounts for 10-

50% of thus resulting ions, which remain categorized as b/y-fragments (type II, III, 

or IV). Notably, in the MS/MS spectrum of VS+Cu2+ the loss of H2S is observed in 

different product ions (i.e. M-H2S, M-(H2S+NH3) and M-(H2S+NH3+H2O)). This 

results from a rather unexpected cleavage of the disulfide bond, which will be 

discussed in more detail in section 3.2.3. 

 

 

(ii) “Regular” b/y-product ions from the peptide backbone tail (II) 

 

Fragmentation of the backbone tail through b/y-cleavages accounts for 

20% (OT+Cu2+) to 64% (OT+2H2+) of PII (see type II product ions in Table 5.1). 

The two protonated species (OT and VS) show the highest relative amount of tail 

fragments due to the absence of type III ions (see also section 5.3.2. iv.). The 

observed fragments in the peptide backbone tail are b6, b7, b8, y3, and y2. Note that 

in none of the eleven different spectra did all of these ions occur at once. Complete 

series of b-ions from the tail are observed in all spectra from TGOT that is 

complexed with a metal ion. Due to the presence of proline in OT and VS it is 

expected that b6 and y3 ions dominate the type II product ions. This effect is 

illustrated in Table 5.2, where the intensities of b6 and y3, and the sum of all 

remaining type II ions are depicted as the percentage of the total product ion 

intensity.  
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Peptide 
assigned 

fragments 

(no.) 

assigned 

fragments 

(%PII) 

I 
(neutral 

loss) 

II 
(tail 

b/y) 

III 
(ring 

b/y) 

IV 
(internal 

loss) 

[OT+2H+] 41 99 23 64 1 12 

[OT+Zn2+] 25 60 10 45 37 8 

[OT+Ni2+] 20 86 44 45 8 3 

[OT+Cu2+] 55 87 16 20 50 14 

[TGOT+Zn2+] 36 58 19 24 56 1 

[TGOT+Ni2+] 26 75 51 34 14 1 

[TGOT+Cu2+] 34 76 7 30 51 12 

[VS+2H2+] 40 93 16 61 1 22 

[VS+Zn2+] 16 80 12 47 40 1 

[VS+Ni2+] 17 79 9 48 43 0 

[VS+Cu2+] 28 52 26 21 53 0 

 

 
Table 5.1  Product ion intensities in SORI-CID spectra of three different nonapeptides. 
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Peptide b6 y3 
all other type II ions 

(tail b/y) 

[OT+2H+] 13 4 47 

[OT+Zn2+] 26 16 3 

[OT+Ni2+] 29 12 4 

[OT+Cu2+] 4 3 13 

[TGOT+Zn2+] 4 2 18 

[TGOT+Ni2+] 12 5 17 

[TGOT+Cu2+] 3 1 26 

[VS+2H2+] 36 18 7 

[VS+Zn2+] 14 15 18 

[VS+Ni2+] 19 27 2 

[VS+Cu2+] 16 5 0 

 
Table 5.2  Product ion intensities of b6 and y3 compared to other type II fragments. The   numbers in this    

table indicate the percentage of PII. 

 

As is clear from Table 5.2, this effect of proline is observed in OT+Zn2+ and 

OT+Ni2+. Remarkably, in both OT+2H2+ and OT+Cu2+ fragment ions b7 and b8 

dominate or at least contribute significantly to the tail fragments. These findings 

can be explained as a result of different structural conformations of OT upon 

complexation with different metal cations. In contrast to OT, for all species of VS 

the ions b6 and y3 dominate the tail fragments. In the case of VS+Zn2+ also intense 

b8-ions are observed. In all species of TGOT the ions b6 and y3 appear in the 

SORI-CID spectra. These ions are not dominating the tail fragments, which is 

expected due to the change of proline in glycine at position 7. For all metal-
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complexed nonapeptides the y3-fragment appears in the SORI-CID spectrum as a 

singly protonated ion. The only exception is OT+Cu2+, where both protonated and 

metal-containing y3 are observed in the spectrum in a ratio of 7:1. From this 

observation of protonated y3-ions it is concluded that the metal cation is complexed 

with amino acids between 1 and 6. This is in agreement with the fact that in all 

spectra of metal-complexed nonapeptides the b6-ion contains the doubly charged 

metal cation. The location of the metal cation in the peptide complex will be 

discussed in more detail in section 5.3.3. Finally, in some spectra internal amino 

acid loss from a b8-ion is observed (OT+Cu2+, OT+Ni2+, OT+2H+). One example is 

described in Figure 1, i.e. b8-Tyr. It cannot be determined whether this product ion 

results from first b8-formation and then loss of Tyr, or the reverse order, or a 

combination of these two possibilities. 

 

 

(iii) Cleavage of the disulfide bridge (III) 

 

As is indicated in Figure 5.1, product ions of type III require a two-step 

process. Both a b/y-fragmentation in the tocin ring and cleavage of the disulfide 

bridge is necessary for the formation of b2, b3, b4, b5, y8, y7, y6, y5, and y4, and 

derivatives thereof (such as b4+S). From Table 5.1 it can be seen that SORI-CID 

fragmentation of the two protonated species hardly yields any ion of type III. This is 

in agreement with earlier studies, in which it was found that disulfide bridges 

hamper peptide sequencing using MS/MS methods (see also section 5.1.2). 

Surprisingly, when complexed with Cu2+ or Zn2+ all three nonapeptides yield 

significant amounts of product ions of type III (varying from 37% to 56% of PII). As 

a result these SORI-CID spectra are richer than those of doubly protonated 

precursor ions and thus show greater peptide sequence coverage. In addition, the 

location of the disulfide bridge is reflected in the product ions. In the case of 

complexes with Ni2+ type III ions are less abundant for OT and TGOT (8% and 14% 

respectively), whereas for VS+Ni2+ 43% of PII results from cleavages of the 

disulfide bridge. This increase in cleavage efficiency of the disulfide bond is likely 

the result of conformational differences between the different metal-complexed 
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peptides. Earlier, we also observed remarkable differences in ECD spectra of 

metal-complexed OT dependent on the type of metal ion used 40. Furthermore, it is 

known that the conformation of oxytocin changes upon complexation with different 

metal cations 45. Also, the biological activity of oxytocin depends strongly on the 

type of transition metal cation 44, which relates intuitively to the conformation of the 

metal-complexed peptide. Finally, the loss of H2S is observed in metal-complexed 

peptides, both from the parent ion (VS+Cu2+, see also 5.3.2. i) and from b- or y-

ions from the tocin ring (b3, b4, b5, b6, y5, y4). 

 

 

(iv) Loss of internal amino acids via b/y-fragmentation (IV) 

 

Product ions of type IV result from sequential b- and y-ion formation. When 

this two-step process occurs in the tocin ring both the “lost” internal amino acid(s) 

and the remaining M-(internal loss) can be expected in the MS/MS spectrum, 

provided that the disulfide bridge remains intact. Such ions are actually observed in 

five of the SORI-CID spectra here discussed and account for 8% to 14% of PII. In 

the case of protonated VS the intensity is even 22%, mainly due to an abundant 

fragment ion pair [M-(Phe+Gln+H+)]+ / [Phe+Gln+H+]+. Both single and multiple 

amino acid losses from the parent are seen, where the latter process results in 

complementary product ions such as [Tyr-Ile]+ or [Tyr-Ile-Thr]+. These 

complementary fragments are detected as protonated species and never contain a 

metal cation. This fragmentation pathway is discussed in more detail in section 

5.3.3. Furthermore, from Table 5.1 it can be seen that VS complexed with metal 

ions hardly yields any type IV ions upon SORI-CID. This fragmentation pathway 

also holds for Ni2+–complexed OT and TGOT and TGOT+Zn2+.  
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5.3.3 Localization of the transition metal ion in the peptide 
complex 

 

In all of the discussed SORI-CID spectra of the nine metal-complexed 

species, multiple product ions are present that do not contain the metal cation. 

Only in a few cases, the absence of the metal ion is clear from the isotopic 

distribution of the fragment ion. When the absence of the metal ion cannot be 

determined unambiguously due to overlap between different clusters and low 

intensities of isotopes at lower masses, the assignments are based on mass 

accuracy. As an example, the SORI-CID spectrum of OT+Cu2+ is shown in Figure 

5.3.  

 

 
 

 
Figure 5.3 SORI-CID spectrum of OT+Cu2+ obtained after SWIFT-isolation of the doubly charged Cu2+–

complexed nonapeptide. Note that all ions contain a Cu2+–ion, except for [Cys+Tyr-CO]+ and y3. 

 

The isotope profile of the ion at m/z 237 is in good agreement with a distribution 

lacking Cu2+, whereas at m/z 439 a clear Cu2+–like isotope profile is observed. The 

magnification in Figure 5.3 at m/z 784 shows an example of overlapping clusters in 



Chapter 5 

 124 

a SORI-CID spectrum (mentioned in section 5.3.2.). We hypothesize that 

fragments that lack the metal ion have a significant role in determining the location 

of the metal in the peptide complex in the gas phase. Moreover, corresponding 

fragments that contain the metal ion corroborate these data. To test this idea, the 

OT+Zn2+ species is chosen because earlier work was carried out on the 

localization of the metal ion in this peptide complex 44, 45. Using molecular 

modelling it was found that the metal ion coordinates to amino acids in the tocin 

ring (Tyr-2, Ile-3, Gln-4, and Cys-6), and also may have interaction with amino 

acids from the tail (Pro-7 and Leu-8) 45. In Figure 5.4 two strong fragment ion pairs 

can be seen, namely b2/y7 and b6/y3.  

 
Figure 5.4  Overview of fragment ions obtained from SORI-CID of OT+ Zn2+. The length of the bars 

correlates linearly with the ion intensity. 

 

In the first pair the Zn2+ remains on the y-ion, whereas in the second Zn2+ is present 

in the b-ion cluster. From these pairs it follows that is preferably interacts with Ile-3, 

Gln-4, Asn-5 and/or Cys-6 in the tocin ring. Additional y-fragments in this part of the 

peptide (y4-y6) are of low intensity, therefore unambiguous localization of Zn2+ is not 
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possible from these ions. Internal losses of amino acids are observed from 

fragment ions in the mass spectrum that do not contain Zn2+. This suggests that 

these amino acids are not, or at least not preferentially, involved in the Zn2+–

complexation in the tocin ring. This would leave Asn-5 and Cys-6 for interaction 

with Zn2+, however an intense b4–ion containing the metal is observed. This b4–ion 

actually is a “b4+S” fragment, implying that Zn2+ remains on the b4–part when the 

two sulphurs from the disulfide bridge are also included. Hence, all data points 

towards the presence of Zn2+ in the tocin ring. Additional fragments that result from 

this part of the peptide indicate interaction of the metal ion with Ile-3, Gln-4, Asn-5 

and/or Cys-6. In all other metal-complexed nonapeptides the typical fragment ion 

pair b6/y3 is highly abundant in the SORI-CID spectra, implying the presence of the 

metal ion in the tocin ring. The b2/y7 pair is present in all species of OT and TGOT, 

however the b2–ion is not present in the spectra of VS. In the case of OT+Cu2+ 

both protonated and metal-containing y3 are observed in the spectrum (ratio 7 to 1, 

see also 5.3.2. ii). In addition, the b6–ion is present both with and without the Cu2+-

ion (ratio 11 to 1). This strongly indicates a mixture of two different species, i.e. one 

species with Cu2+ attached to the tail and one with Cu2+ coordinating in the tocin 

ring. 

 

 

5.4 Conclusions 
 

It was shown that SORI-CID of a disulfide bridge containing nonapeptide 

(OT, TGOT or VS) complexed with a divalent transition metal ion (Ni2+, Cu2+ or 

Zn2+) resulted in four types of dissociation products. First, small neutral mass 

losses from the parent accounted for 7% up to 51% of the product ion intensity. 

Surprisingly, VS+Cu2+ showed the loss of H2S as a neutral. Second, for all species 

high intensities of backbone fragments resulting from cleavage of the tail region 

were observed (20% - 64% PII). For all metalated peptides the b6/y3 ion pair 

suggested the presence of the metal ion in the tocin ring. Thirdly, SORI-CID 

spectra of Zn2+ or Cu2+–complexed peptides showed abundant cleavages of the 

disulfide bond (37% - 56%). In the Ni2+–complexed peptides of OT and TGOT 
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these ions are of lower intensities, whereas in the protonated species rupture of the 

disulfide bridge was observed only in trace amounts. This observed cleavage of the 

disulfide bridge upon complexation of a divalent transition metal ion to a peptide is 

likely a result of induced conformational changes. Finally, in five out of eleven 

different species single or multiple internal residue losses were observed (8% - 

22% PII). It was shown that these internal losses in combination with fragment ion 

pairs can be used to localize of the complexation of the metal ion. The results 

presented here highlight the advantages of using transition metal-cationized 

complexes for sequencing disulfide bridged structures of peptides (and proteins) 

using slow heating techniques such as SORI-CID. This aspect is important 

because numerous biologically relevant peptides and proteins contain one or more 

disulfide bonds that often hamper MS/MS sequencing of amino acids in the bridged 

region. 
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Abstract 
 

Three nonapeptides (oxytocin, vasopressin and Thr4Gly7oxytocin) containing a 

disulfide bridge were subjected to electron capture dissociation (ECD) in 

protonated form or complexed with divalent transition metal ions to probe their 

structural features. ECD leads to facile cleavage of the disulfide bond in doubly 

protonated nonapeptides oxytocin and vasopressin and generates high sequence 

coverage. Complementary fragments are observed in ECD spectra of these two 

nonapeptides when they are complexed with divalent transition metal ions (e.g. 

Zn2+, Ni2+ or Cu2+). Metal ion addition is especially useful for peptides like 

Thr4Glyoxytocin that hardly form protonated species in gas-phase. We show that 

for these three nonapeptides the types of the observed ECD fragments are strongly 

related with the identity of the metal ion. The ECD behaviour of these species 

shows differences and similaritites. Ni2+ -complexes dissociates in ECD mainly 

through ring cleavage while enhanced scission of the tail region is noticed for Cu2+-

complexes. The difference of two amino acids in the primary structure of these 

nonapeptides is expected to result in significantly different ECD spectra. However, 

common features like production of c/z-ions for Zn2+-complexes and b-ions for 

Cu2+-complexes were remarked. Such behaviour can be indicative for structural 

similarities between different species. 

 

 

6.1 Introduction 
   

In a relatively short period, electron capture dissociation (ECD) has proven 

its great value in the mass spectrometric (MS) analysis of biomolecules such as 

peptides and proteins 1-4. With both the development of FTICR instrumentation and 

the introduction of electron-transfer dissociation (ETD) 5, 6 it is expected that 

electron capture events will play an important role in future proteomics 

experiments. The fact that ECD does not necessarily result in cleavage of the 

weakest peptide bonds has made this fragmentation technique a powerful 
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alternative to the widely-used collision induced dissociation (CID) methods. ECD 

data of peptides is often complementary to spectra obtained from traditional 

MS/MS methods 7, and results in specific amino acid side chain losses 8, 9. ECD 

has enabled the analysis of post-translational modifications (PTM’s) such as 

phosphorylation and glycosylation, both in terms of identification and localization. 

Another important difference with CID is the preference of ECD to cleave disulfide 

and monosulfide bonds in peptides or proteins 10-13. This allows for a higher 

sequence coverage compared to slow heating techniques like CID. Furthermore, 

ECD is well-known for its examples on top-down sequencing of intact proteins and 

it has become the preferred tandem mass spectrometric technique for structural 

investigations of gas phase polypeptides in the study of protein folding or non-

covalent interactions in protein complexes 1, 8, 14-17. The gentle nature of this 

technique has made ECD an efficient tool to study proteins with labile modifications 
4 and to characterize secondary and tertiary structures of gas-phase proteins 16. 

Despite its remarkable applications, the mechanism of ECD is still not well 

understood. Usually ECD leads to the formation of c and z-type ions, and a 

significantly lower abundance of a and y-type ions are formed 2,18. The proposed 

models to explain the preferential cleavage of the N-Cα bond (i.e. c and z-type 

fragments) in ECD are based on configuration of the charge solvation shell or the 

effect of the positive charge on ammonium and amide radicals formed by electron 

capture. There is experimental evidence that ECD is directed by charge solvation 

of the (neutralized) proton 16,19-22. In agreement with this, it has been shown 

recently that the formation of a and y-type ions resulting from ECD applied to 

protonated species strongly depends on the location of the charge 23. Finally, 

conformational heterogeneity of the multiply charged ions has been proved to be a 

key factor in ECD in determining the sites of backbone cleavage and the 

abundance of the dissociation products 24. 

In most cases, dissociation studies reported in the literature are carried out 

on protonated species. A practical reason to use a metal as a cationizing agent is 

that it can be advantageous to generate ions from peptides that lack basic amino 

acid residues. Moreover, it is known that complementary primary sequence 

information can be obtained by changing the cationizing agent. A more 
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fundamental consideration is that biomolecules are biologically active upon 

complexation with different metal ions. For example, oxytocin (OT) and 

vasopressin (VS) are biologically active only after complexation with metal ions like 

Zn2+, Ni2+ or Co2+ 25, 26. Although the ionization process of peptides and proteins is 

usually carried out under denaturing conditions, the actual interactions between a 

metal ion and a biomolecule can still be studied in the gas-phase complex. Several 

experimental MS approaches have been reported concerning complexes of metal 

ions with amino acids, peptides and proteins. Complexes are either formed in 

solution 25-28 or through gas-phase ion/ion reactions 25-28. From these studies it was 

concluded that the presence of a metal ion can change the secondary and/or the 

tertiary structure of the peptide. 

Only a few ECD studies have been carried out on peptide-metal 

complexes. Iavarone et al. found that ECD on synthetic peptides complexed with 

alkali metal ions (Li+ and Cs+) resulted exclusively in c- and z-type fragments 

containing the metal 29. Zubarev et al. observed metal-containing c- and z-type 

fragments in the ECD spectrum of angiotensinII+Zn2+ and in addition metal-lacking  

a- and y-type ions 30. Fung et al. reported that glycine-rich linear peptides 

complexed with different alkaline-earth metal ions generate very similar ECD 

spectra that predominantly show metal-containing c and z-type ions. A recent ECD 

study on triply charged metal-complexed substance P ([substance P+H++M2+]3+ 

where M2+ is a group II metal ion Mg2+, Ca2+, Sr2+, or Ba2+, or M2+is a transition 

metal ion Mn2+, Fe2+, Zn2+, Co2+, Ni2+, or Cu2+) showed both metal-containing and 

metal-lacking c and z-type fragments 31. The formation of these ions can be 

rationalized both with the hot hydrogen mechanism and the amide superbase 

mechanism with initial electron capture occurring at the metal. However, the 

observed fragmentation patterns for Co2+, Ni2+, and Cu2+-containing complexes 

differed drastically from the other metals. These differences in ECD behavior 

seemed to correlate with the second ionization energy of the metal. Moreover, the 

observation of b and y-type ions for Cu2+-complexed substance P is in agreement 

with our ECD results on [OT+Cu2+] 13. Here, it was proposed that the captured 

electron is involved in reduction of Cu2+ to Cu+. The redistribution of the 

recombination energy explains the observed low-energy CID-type fragmentation.    
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The observed dissimilarities in ECD spectra of oxytocin complexed with 

different metal cations suggest that ECD reflects the coordination of the metal ion 

in a complex 13. Molecular modeling has shown that complexation of OT with a 

divalent metal ion leads to structural changes compared to protonated analogues 
32. In other words, the ECD behavior can be directed (“tuned”) by using a divalent 

metal cation for energy deposition due to the change in peptide conformation 31. To 

study this aspect in more detail three similar nonapeptides were chosen, namely 

OT (CysTyrIleGlnAsnCysProLeuGly), VS (CysTyrPheGlnAsnCysProArgGly) and 

Thr4-Gly7-oxytocin (TGOT, CysTyrIleThrAsnCysGlyLeuGly). These three 

nonapeptides share an important common structural feature namely the disulfide 

bridge between the cysteines at positions 1 and 6, also referred to as the tocin ring. 

This intramolecular linkage defines and stabilizes the secondary and tertiary 

structure of the peptide. All three nonapeptides are amidated at the C-terminus. 

The ECD behavior of protonated peptides and complexes with transition metal 

cations (Zn2+, Ni2+ or Cu2+) will be discussed. Both the effect of complexation 

compared to the protonated species will be evaluated, as well as the ECD behavior 

of each metal ion in different peptides. 

 

 

6.2 Experimental 
6.2.1 Sample preparation 
 

All three nonapeptides, oxytocin (OT), Thr4Gly7oxytocin (TGOT) and 

Arg8Vasopressin (VS) were purchased from Sigma Aldrich and were used without 

further purification. All these peptides are amidated at C-terminus and contain a 

disulfide bridge between Cys-1 and Cys-6. Fresh sample solutions of 49:49:2 

water:methanol:acetic acid at a concentration of 20 μM were prepared. 

Complexation of these peptides with Ni2+, Zn2+ and Cu2+ was carried out by adding 

the metal acetate salt 25 times in excess in the absence of acetic acid. All ECD 

settings were optimized for maximum fragmentation of quadruply protonated 

melittin (Sigma, from honey bee venom). 
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6.2.2 Mass spectrometry and electron capture dissociation 
 

All ECD experiments were performed using a heavily modified Bruker 

APEX 7.0eT FTICR mass spectrometer equipped with a 7 T superconducting 

magnet and an infinityTM ICR cell. The experimental parameters were controlled 

using in-house developed software and hardware 33, 34. Data analysis was 

performed both manually and automatically using in-house developed processing 

tools 35. Peptide ions were generated using an electrospray ion source at a flow 

rate of approximately 500 nl/min (NewObjective PicoTip at 2.1 kV). Subsequently 

the ions were accumulated for 300-500 ms in an octopole ion trap followed by 

ejection of the ion packet to the ICR via two quadrupole ion guides. There, the ions 

were trapped using a 200 ms gas pulse (Ar) at 10-6 mbar. The full isotopic cluster 

of a doubly charged precursor ion ([peptide+metal]2+) was isolated using a stored 

waveform inverse Fourier transformed (SWIFT) excitation pulse 36 to be further 

subjected to irradiation with low energy electrons. In some cases, an additional 

SWIFT isolation was applied to avoid noise signals at the lower mass range. The 

low energy electron beam was produced with an indirectly heated barium-tungsten 

dispenser cathode (TB-198, HeatWave Labs, Inc.) mounted inside the magnet at 

approximately 30 cm behind the ICR cell. The cathode was heated with a current of 

1.3 A and a potential of 5.8 V, yielding a power of 7.5 W. To increase electron 

extraction efficiency, a copper grid was placed at 5 mm in front of the cathode. 

During irradiation period (200 ms) the grid was pulsed from –100 V to +100 V and 

the cathode surface potential from +25 V to –0.18 V.  

 

 

6.3 Results and discussion 

6.3.1 Nomenclature 
 

For OT the peptide region that is closed by the disulfide bond is called the 

tocin ring and the remaining part is referred to as the tail. The tocin ring is a rather 

rigid structure, whereas the tail is flexible. In this paper, the terms “tocin ring” and 
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“tail” will also be used for describing regions of the other two nonapeptides due to 

the structural similarities with oxytocin. For the calculation of the exact mass of the 

metal-containing complexes (peptide with Zn2+, Ni2+ or Cu2+) two hydrogen atoms 

were subtracted from the neutral nonapeptide. All ECD fragments from metal-

containing complexes retained the metal cation, which is not explicitly annotated. 

The fragments observed in ECD spectra of all three peptides (OT, TGOT and VS) 

originate both from the tocin ring and from the tail region.  For calculation of the 

exact masses of the fragments for each cysteine one hydrogen atom was 

subtracted because of the disulfide bridge between Cys1 and Cys6. Backbone 

fragments from the tocin ring require an additional cleavage of the disulfide bridge. 

This bridge can be cleaved at three different positions, namely at the middle or at 

one of the cysteine side chains. The “regular” fragments correspond to the 

cleavage of the S-S bond. When the S-C bond is cleaved in combination with the 

backbone bond the corresponding fragment will be referred as “+S or –S”. Thus, 

these backbone fragments contain two or zero sulphur atoms. The assignment of 

the peptide backbone fragments is based on Roepstorff-Fohlman-Biemann 

nomenclature 37-39. Backbone Cα-C, C-N, and N-Cα bond cleavages produce a/x, 

b/y and c/z fragments, respectively. In principle, in ECD homolytic cleavage of all 

bonds is assumed, yielding two radical species 18. Here, we have chosen not to 

indicate the dots for the radicals, i.e. in our nomenclature the homolytic cleavage of 

the N-Cα bond results in c and z fragments. The loss of hydrogen radical from the 

precursor ion is indicated as “[M-H]”. Similarly, the loss neutral HS- and CH2S 

radical species from the precursor ion or from a product ion is designated as “-HS” 

and “-CH2S”, respectively. The presence of a hydrogen-atom transfer in a product 

ion is explicitly indicated using a prime (e.g. c’ after hydrogen-atom transfer to the 

N-terminal fragment). Hydrogen rearrangements are abundant in radical species 

and also lead to fragments that lack a hydrogen atom (e.g. ‘c or ‘z) 7. Also for a/x 

and b/y fragments the prime is used to indicate a hydrogen transfer. The intensity 

of each product ion was determined from all corresponding peak intensities in the 

isotope cluster. In the case of a Ni2+- or Cu2+-complexed peptide at least three 

isotopes were observed in one cluster, whereas in the case of Zn2+ at least four 

peaks were taken into account. 
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6.3.2 ECD spectra of protonated and metal-complexed  
nonapeptides 

 

Tandem FTICR mass spectra of [OT+2H+] and [VS+2H+] were obtained 

after SWIFT-isolation followed by ECD. For TGOT, no doubly protonated precursor 

ion was observed, probably due to the absence of basic amino acids. Additionally, 

all three nonapeptides were complexed with Zn2+, Ni2+ or Cu2+ ions. For [VS+Zn2+] 

the precursor ion was of too low intensity for MS/MS, thus eight ECD spectra of 

metal-complexed species were obtained. As an example, the ECD spectra of the 

Cu2+– and Ni2+–complexes of OT and TGOT are shown in Figures 6.1a and 6.1b. A 

detailed discussion on the different types of fragments will be given in the next 

paragraph. 

In Figures 6.1a and 6.1b, the typical isotope profiles of the transition metals 

are reflected in most clusters. In all cases the assigned fragment ions contain the 

metal ion. Most assignments were done with a mass accuracy well below 5 ppm. 

Mass accuracies between 5 and 10 ppm were usually a result of significant 

intensity differences (more than 100-fold) between the fragments used for 

calibration and the ion of interest 40. For all ten ECD spectra, the total number of 

assigned fragments is given in Table 6.1. This number varied between 10 and 36. 

Also, the assigned fragments are given as a percentage of the total product ion 

intensity (PII). This percentage varied from 52% for [TGOT+Cu2+] to 91% for 

[OT+Ni2+]. All observed backbone cleavages in the ten ECD spectra are 

summarized in Figure 6.2. 
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Figure 6.1a. ECD spectra of [OT+Cu2+] and [TGOT+Cu2+]. 
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Figure 6.1b. ECD spectra of [OT+Ni2+] and [TGOT+Ni2+]. 
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Peptide Total number of 
assigned 
fragments 

Assigned product 
ion intensity 

(%PII) 

[OT+2H+] 36 87 

[OT+Zn2+] 19 79 

[OT+Ni2+] 25 91 

[OT+Cu2+] 18 86 

[TGOT+Zn2+] 35 74 

[TGOT+Ni2+] 26 77 

[TGOT+Cu2+] 15 52 

[VS+2H2+] 18 79 

[VS+Ni2+] 10 63 

[VS+Cu2+] 15 86 

 

 
Table 6.1 Fragment ion assignments in ECD spectra of three different nonapeptides. 

 

 

 

 
 

 
Figure 6.2 Summary of all backbone cleavages observed in ten different ECD spectra. 
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The sequence coverage obtained from the ECD spectra of [OT+2H+] and [VS+2H+] 

is remarkably high. As is known from other ECD studies, abundant cleavage of the 

disulfide bridge is observed. Despite this high content of ECD information from 

protonated species, the use of a transition metal as a cationizing agent is still 

advantageous. In the case of TGOT the usefulness of metal-complexation is 

evident due to the absence of the doubly protonated species. For OT and VS the 

practical advantage is less obvious, because the number of fragments decreases 

upon complexation. However, in terms of primary peptide sequence information it 

is clear from Figure 6.2 that metal-complexation results in complementary 

cleavages. For example, Zn2+- or Ni2+-complexation of OT results in a cleavage at 

Cys1-Tyr2 compared to the protonated analogue, and Cu2+–complexation of VS 

results in Cys6-Pro7 cleavage. In the next section it will be shown that in addition 

the types of fragments change dramatically upon complexation. 

 

 

6.3.3 Different types of fragments in the ECD spectra 
 

The fragment ions from OT, TGOT, and VS either result from neutral 

losses from the precursor or from peptide backbone cleavages, or a combination 

thereof. The neutral losses often involve cleavage of the disulfide bridge, which can 

occur at S-S or at C-S. Because ECD is well known for the cleavage of mono- and 

disulfide bridges in peptides and proteins, these ions are considered as typical 

ECD fragments. The backbone cleavages occur either at the tail or in the ring of 

the nonapeptide. Here, the typical ECD backbone fragments result from c/z- and to 

a lesser extend a/y pathways 2,18. However, also b-ions are observed in the 

spectra, which result from “ECD-atypical” b/y-fragmentation. Another indication for 

the occurrence of b/y-fragmentation is the relatively high abundance of y-ions in 

some of the spectra. All fragments can be summarized in four different types of 

product ions. As an example, the fragment ions observed in the ECD spectrum of 

[TGOT+Zn2+] are shown in Figure 6.3. 
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Figure 6.3 Different types of fragment ions observed in the ECD spectrum of [TGOT+Zn2+]. 

 

Each fragment of [TGOT+Zn2+] contains the metal ion. Type I ions result from a 

single or multiple neutral loss such as NH3, H2O, or CO and ECD-specific loss of 

an H radical. Type II ions are neutral losses that require cleavage of the disulfide 

bridge (e.g. H2S, or radical species HS and CH2S). Type III ions result from “ECD-

regular” c/z- or a/y-fragmentation, or from “ECD-atypical” b/y-fragmentation of the 

tocin ring. Note that also this type of fragments requires the cleavage of the 

disulfide bridge. Finally, type IV ions result from backbone cleavages of the tail. 

The intensities of the different types of fragments are plotted in Figure 6.4. The 

total height of the bar indicates the percentage of fragment ions that is assigned 

(see Table 6.1). Thus, the considered fragments of [OT+Ni2+] describe 91% of all 

ions whereas in [TGOT+Cu2+] only 52% is covered. It is clear from Figure 6.4 that 

when looking at one nonapeptide the type of fragments varies significantly upon 

using a different metal ion for complexation. For example, [OT+Cu2+] predominantly 

shows tail fragments in the ECD spectrum, whereas ECD of [OT+Ni2+] results in 

mainly ring fragmentation. 
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Figure 6.4 Relative intensities of different types of fragment ions in ECD spectra of ten different 

species. On the y-axis the percentage of assigned fragments is indicated (%PII, see Table 1). The 

colors in the bars represent the four different types of fragments as shown in Figure 3 (grey = neutral 

loss (I), white = neutral loss including cleavage of disulfide bridge (II), black = ring fragmentation (III), 

grid = tail fragmentation (IV)). 

 

These observations are in agreement with our previous ECD study on oxytocin 13. 

To a lesser extend TGOT shows similar behavior upon Ni2+– or Cu2+–

complexation. ECD of [VS+2H]2+ results mainly in loss of neutral sulfur-containing 

species, whereas after complexation with Cu2+ the disulfide bridge of VS remains 

intact upon ECD. In Figure 6.5, the three different nonapeptides are compared. It is 

obvious that subtle amino acid changes can result in significantly different ECD 

spectra 41-43. However, here are examples that show common ECD features. In 

Zn2+–complexed OT and TGOT mostly c/z-ions are observed (in both ring- and tail 

fragments) and in Cu2+–complexed OT, TGOT, and VS the tail fragments mainly 

consist of b-ions. On the other hand, the ring fragments of both the Ni2+– and Cu2+–

complexes are different for each species. 

In a previous SORI-CID study on OT it was found that coordination of Zn2+ or Cu2+ 

in the corresponding complexes differed significantly 44. Also, we hypothesized that 
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the differences in backbone cleavage sites of OT complexes upon ECD point at 

structural differences 13. In this work the ECD behavior of three similar 

nonapeptides has been evaluated. Obviously, the small differences in amino acid 

sequences result in different ECD spectra. However, also common features were 

observed which suggest structural similarities between the various species. 
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Figure 6.5 The relative composition of the product ion intensity (PII) of ring- and tail fragment ions (grid 

= total of c- and z-ions, black = a-ions, white = y-ions, grey = b-ions). On the y-axis the percentage of 

assigned fragments is indicated (%PII, see Table 1). For VS+Cu2+, also an x7-ion was observed. 
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6.4 Conclusions 
 

ECD spectra of doubly protonated nonapeptides OT and VS contain 

multiple fragments that involve the cleavage of the disulfide bridge. As a result, the 

sequence coverage is higher than obtained from CID experiments. The use of a 

transition metal ion (in this work Zn2+, Ni2+ and Cu2+) as a cationizing agent showed 

complementary cleavages in the backbone of OT and VS. For TGOT, no doubly 

protonated precursor could be obtained whereas the metal-peptide complexes 

resulted in rich ECD spectra. It was found that for all three nonapeptides the 

different types of metal ions resulted in different types of fragments. In all three 

cases, fragmentation of the tail after Cu2+–complexation increased. For OT and 

TGOT, Ni2+–complexation predominantly resulted in ring fragments. When 

comparing the three different peptides complexed with the same metal cation both 

differences and similarities were seen. The ring fragments of the Ni2+– and Cu2+–

complexes are different for each species. Examples of common ECD features are 

the occurrence of mostly c/z-ions after Zn2+–complexation and mainly b-ions using 

Cu2+ as the cationizing agent. Such common features suggest structural similarities 

between the various species. 
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Chapter 7 
 
 
Future outlook 
 

 
The structural analysis of biomolecules has always been a challenge for 

organic and analytical chemists. The results from the work on carbohydrates and 

proteins at the beginning of the 20th century now seem trivial and are basic 

knowledge for all scientists. However, taking into account instrumentation and 

technology from those early days one can still appreciate the complexity and 

genius of this research. No mass spectrometer was available, or any other device 

that was capable of analyzing compounds at a molecular level. Still analytical and 

instrumental challenges remain in the field of mass spectrometry, specifically for 

electron transfer processes. Electron capture dissociation (ECD)1 and electron-

transfer dissociation (ETD) 2,3 exhibit a great potential to generate extended 

information about polypeptide structure in the gas-phase. These two fragmentation 

processes retain labile post-translational modifications (PTM’s) while a large variety 

of backbone cleavages occur in the peptide or protein. In addition, ECD is 

applicable to larger proteins which contain intramolecular non-covalent bonds using 

the so-called activated ion – ECD (AI-ECD) 4. The fact that ECD does not affect 

non-covalent interactions makes this technique very suitable for the study of large 

non-covalently bounded protein complexes or protein-ligand systems. 

The complementarity of ECD in molecular sequencing has been recently 

demonstrated by Savitsky et al. 5. The fact that ECD and CID produce 

complementary fragments supports the non-local ECD mechanism, decoupling 

thereby the proton location from the position where the N-Cα bond is cleaved. This 

ECD feature is extremely important for proteomics because it produces valuable 

information that combined with those obtained from CID or IRMPD facilitates rapid 

and unambiguous sequence determination of peptides and proteins. Together with 

the ability to retain PTM`s and to preferentially cleave sulfide bonds, ECD is an 
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important tool for structural investigation of different classes of peptides and 

proteins. Part of these polypeptides can be indicative for a particular state of an 

organism or the evolution of a disease. These biomolecules can be biomarkers and 

their study reveals information about biochemical and pathogenic processes or 

about pharmacologic responses to a therapeutic intervention. Because structural 

studies with mass spectrometry rely in general on molecular sequencing, a trend in 

proteomics is to combine “top-down” and “bottom-up” mass spectrometric 

approaches using ECD and IRMPD/CID to discover, identify and characterize 

biomarkers for different diseases 6,7. For example, a recent study based on this 

combined approach resulted in identification of a phosphorylation site in 

Drosophilia stem-loop-binding proteins that play a role in high-affinity RNA  

binding 8. 

A complete understanding of the ECD mechanism and the role of the 

experimental parameters in ECD is essential in the effort to improve performances 

of this mass spectrometric technique. Knowing the factors which play a key role in 

ECD helps us to further development in order to achieve high rate ECD for on-line 

tandem mass spectrometry coupled with chromatographic separation techniques. 

From a technical point of view, a challenge in ECD instrumentation development is 

the improvement of electron injection systems using cold, bright, and large emitting 

area, source of low-energy electrons. Other developments are expected on making 

ECD accessible for the mass spectrometry community as a “plug-and-play” 

technique compatible with different commercial mass spectrometers such as ion 

trap MS. 

ECD will play a future role in the structural analysis of synthetic polymers. 

The difficulty in studying polymers using MS resides in the fact that oligomers with 

different sequences, but identical masses, are present in the same sample. This is 

translated into a large structural diversity for a certain molecular ion. In the last 

years some articles were published with ECD on different types of polymers 

ranging from PEG`s to hyper-branched polyesteramides. These studies reveal 

ECD behaviours that have not been previously observed and show that ECD of 

branched polymers yields more complex spectra than CID. Some product ions 

require multiple cleavages to be generated. Hence, in order to explain this 
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complexity, further investigation is needed to elucidate the free radical chemistry 

involved in ECD. 

As has been shown in chapter 2, ECD has major advantages compared 

with other mass spectrometric techniques that make it very attractive for structural 

studies. Unfortunately, ECD is still a technique that is currently implemented on 

FTICR mass spectrometers. Stimulated by the analytical potential of the reactions 

between multiply charged molecular cations and low energy electrons, in 2004 

Hunt and co-workers introduced ETD 2,3. A major advantage of ETD is that it can 

be used on widely accessible quadrupole ion trap instruments that are financially 

more attractive than FTICR mass spectrometers. In ETD, the anions (e.g. 

anthracene anion radicals) are used to carry low-energy electrons that react with 

multiply charged polypeptide cations. After electron transfer, the dissociation of the 

charged reduced molecular ion is believed to follow the same fragmentation 

mechanisms as in ECD. Therefore, the dissociation products generated in ETD are 

mainly c and z type fragment ions. Similar to ECD, the reaction times to produce 

backbone fragments are short (5- to 100-ms) and typically result in extensive 

backbone cleavage. Another remarkable feature of ETD is that it seems 

independent of the peptide sequence and the presence of labile PTM’s. The first 

reported ETD spectra performed on phosphorylated peptides resulted in almost 

complete sequence coverage with retention of the PTM on the backbone 

fragments. Moreover, ETD was used on a chromatographic time scale for a mixture 

containing 10 protonated synthetic peptides at the 1- to 100-fmol level by 

nanoHPLC-μESI-MS/MS. Ion/ion reactions between multiply protonated peptides 

and singly charged anions in a quadrupole linear ion trap (QLT) yielded products 

associated with both proton and electron transfer. It was observed that some 

anions function as strong bases and react exclusively with the protonated peptide 

through proton abstraction. Interestingly, other anions display a dual behaviour: 

both proton and electron transfer. Another observation was that the observed 

product ions ratio depends on the anion structure. Moreover, it has been noticed 

that some fragments produced in ETD remain non-covalently bound, similar to 

ECD. Collisional activation of the charged reduced species releases the already 

formed c and z fragments ions. The obtained fragments can undergo further ion/ion 
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reactions resulting in either formation of secondary fragments or charge 

neutralization. Therefore, new techniques are investigated to prevent these 

unwanted reactions in ETD. A remarkable example of ETD is the possibility to 

differentiate isomeric species. For instance, aspartic and isoaspartic acidic 

residues can be differentiated with ETD using the same c+57 and z-57 peaks that 

were observed with ECD 9,10. Observation of these pairs of backbone fragments 

assesses the presence and the position of the isoaspartic acid residues. With this 

unique feature ETD is a very attractive addition to the arsenal of MS techniques for 

proteomics investigation. However, up-to-date ETD studies have been reported in 

the literature only on protonated species. The strategies described in this thesis 

have the potential to be applied in ETD and deliver enhanced structural insights. 

A good part of our understanding about the high order (secondary, tertiary 

and quaternary) structure of peptides and proteins in gas-phase comes from ion 

mobility spectrometry. The results of some of these studies have been 

contradictory and resulted in a growing interest in alternative methods to explore 

the gas-phase structure of (bio)molecular species. The last few years show an 

increase in the application of infrared spectroscopy to yield conformational 

information on amino acids and di- and tripeptides in the gas-phase. Application of 

infrared spectroscopy for gas-phase studies, however, requires production of 

sufficiently high concentrations of gas-phase protein ions and intense source of 

irradiation that operates with wavelengths suitable for studying protein structure. 

Soft ionization techniques like MALDI and ESI can transfer intact biomolecules 

from liquid to gas-phase in multiple charge states. Coupling these ion sources to 

MS instrumentation with ion trapping facilities (e.g.: FTICR-MS) creates the 

possibility to expose the ion cloud to intense, tunable wavelength, sources of 

infrared irradiation. Free electron lasers have recently been shown to be very 

suitable for this purpose. In the gas-phase wavelength resolved IRMPD is used to 

induce ion fragmentation and changes in the mass spectra of the irradiated 

species. Infrared irradiation of cytochrome c ions, for instance, with FELIX laser 

reveals amide I (C=O stretching modes) and amide II (N-H bending modes) 

absorption bands, commonly observed for proteins in solution. Moreover, the same 

spectrum shows a third band at a lower wavenumber (1483 cm-1) that is not 
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observed in solution.  This is more prominent for higher charge states and was 

interpreted as an evidence for unfolding of cytochrome c in the gas-phase. The 

band positions suggest mostly an α-helical structure of this protein with a similar 

conformational distribution compared to solution 11.  

Many peptides and proteins in their biologically active form are complexed 

with different metal cations. There is evidence that metal ion binding to peptides 

and proteins induces structural changes. Metal cations can be solvated by 

electronegative atoms such as N or O at different sites in biomolecule or by an 

aromatic ring therefore defining several possible gas-phase structures. Hence, the 

role of mass spectrometry to establish which structure is favoured can be 

sometimes quite challenging. Using IR irradiation in the 1400 – 1800 cm-1 spectral 

range where the amide I and amide II bands are located, can provide detailed 

structural information about the groups involved in metal ion solvation. Despite the 

fact that IR spectroscopy can produce valuable structural and dynamical 

information the open literature is quite poor in IR studies of gas-phase metalated 

complexes. In many cases these species consists of metal ion and aromatic 

molecules. These organometallic complexes are used as model systems in order 

to understand the metal ion-ligand interaction or metal ion solvation in gas-phase. 

Examples of such studies include IR spectroscopic studies performed at FELIX 

facility at the FOM Institute on Cr+ coordinated complexes with aromatic ligands 

(acetophenone, anisole, aniline and dimethyl aniline) 12, 13 or at the FEL facility in 

Orsay on Fe+ complexes of unsaturated hydrocarbons 14. These fundamental 

studies can elucidate the binding site of the metal providing valuable information 

about the gas-phase structure or the mechanism involved in fragmentation. 

Recently, Polfer et al. performed IR studies on metal tagged amino acids and small 

peptides in the gas phase and the results were compared with the data obtained 

from simulations based on density functional theory. For K+ tagged tyrosine and 

phenylalanine they showed that the charge solvation (CS) is favoured instead of a 

salt bridge (SB) structure and the preferred binding of K+ determines a tridentate 

N/O/ring structure. Contrary to this finding, the results obtained from bradykinin 

fragment 1-5 tagged with K+ suggest that the SB structure is predominant 

indicating a head-to-tail looped structure 15. Tridentate charge solvation N/O/ring 
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structures was also reported for phenylalanine Ag(I) and Zn(II) complexes in the 

gas phase 16. 

In an attempt to determine the preferred binding sites of metals in peptides 

and to probe structural differences we performed infrared multiple-photon 

dissociation (IR-MPD) spectroscopy on doubly protonated oxytocin and on oxytocin 

complexed with Zn2+. Preliminary results indicate a clear band near 1580 cm-1 for 

doubly protonated oxytocin. For Zn2+-oxytocin complex, compared with doubly 

protonated oxytocin, this band is shifted to 1560 cm-1 (see fig. 7.1). 

 

 

 

 
 

 
Figure 7.1 Infrared photodissociation spectra for doubly protonated oxytocin and oxytocin complexed 

with Zn2+. 

 

This observed band shift suggest structural changes in nonapeptide 

oxytocin induced by the metal ion. This is in agreement with our previously 

reported results obtained with ECD and SORI-CID. It would be very interesting to 

observe IR spectra on oxytocin complexed with Cu2+ as it is experimental evidence 
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that the presence of Cu2+ leads to dramatic structural changes which are quite 

unexpected for such a small, seemingly rigid, peptide.  

The quality of information obtained from gas-phase IR spectroscopy is 

unique as it offers the possibility to selectively probe a large number of vibrations. 

This versatile technique can be extended to larger (bio)molecules and provide 

structural information complementary to that obtained with other dissociation 

techniques in gas phase. 
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Summary 
 
 

 

Mass spectrometry (MS) is an indispensable tool for proteomic research. 

Nowadays, most life scientists are familiar with structural analysis of gas-phase 

biomolecules using MS-based methods. Soft ionization techniques like matrix 

assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) 

assure a gentle transfer of peptides and proteins from solid or liquid phase into gas 

phase with minimal fragmentation. An arsenal of mass spectrometric techniques 

and methods can then be used to identify, quantify and characterize such 

molecular species at different structural levels. Within the field of mass 

spectrometry, Fourier transform ion cyclotron resonance mass spectrometry 

(FTICR-MS) plays a distinguished role as it enables measurements at an extremely 

high mass resolution and mass accuracy. 

 

Chapter 1 of this thesis describes the fundamentals of FTICR-MS and 

summarizes the frequently used dissociation techniques in FTICR-MS. The 

description of the experimental setup is structured according to the experimental 

sequence. First, the ionization part is discussed followed by the ion optics used to 

transport the gas-phase ions into the ion cyclotron resonance (ICR) cell. Two types 

of ICR cells, the infinity and the capacitively coupled open ended cell are used in 

this thesis to trap and detect the ions. Different methods are presented to 

manipulate the trapped ions in order to fragment them and to detect the 

dissociation products. In this work the dissociation techniques based on ion-neutral 

collisions and photon- or electron irradiation are emphasized. A set of data analysis 

software and data mining tools which are used to process the mass spectra are 

shortly pointed in the last part of this chapter. 
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One fragmentation technique, namely electron capture dissociation (ECD), 

plays a central role in this thesis. Therefore, Chapter 2 is fully dedicated to ECD 

and ECD related techniques.  A brief history of ECD is presented here continued 

with fundamental aspects of ECD in protonated species with the goal to familiarize 

the reader with the mechanistic and energetic aspects of this technique. ECD has 

some remarkable features that are of great advantage in proteomics: short 

irradiation time, high sequence coverage, facile cleavage of mono- and disulfide 

bonds and preservation of labile groups. Therefore, the impact of ECD in the field 

of proteomics is nowadays well acknowledged: post-translational modifications can 

be identified and localized with ECD; mono- and disulfide bridged peptides and 

proteins are extensively sequenced with ECD; investigation of protein folding and 

suitability for top-down proteomics of intact proteins and protein complexes. 

Moreover, ECD can also be applied to (bio)molecular species complexed with 

charge carriers other than protons. Previous ECD studies on polypeptides 

containing metal cations revealed interesting dissociation behaviours. In order to 

improve ECD fragmentation efficiency various groups worked on method- and 

instrumental development. This has resulted in ECD spectra that are obtained with 

irradiation times less than 1 millisecond. An ECD like technique called electron 

transfer dissociation (ETD) was recently developed and implemented on 

quadrupolar ion traps attracting. This fragmentation technique is extremely suitable 

and promising for future proteomics. 

 

Chapter 3 reports on a fundamental study of ECD, namely the role of 

molecular conformation in this ion-electron reaction. We showed that at 85 K, ECD 

of the linear peptide substance P results in just two backbone fragments whereas 

at room temperature, under identical conditions (except temperature) eight 

backbone fragments are formed. Same ECD behaviour is observed for the cyclic 

peptide gramicidin S: one backbone fragment at 85 K compared with five backbone 

fragments at room temperature. In both cases, all observed backbone cleavages 

are typical N-Cα scissions which have a high rate constant and involve radical 

intermediates. The observation that less number of backbone fragments are 
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produced in ECD at low temperatures is rationalized by the fact that the ion cloud is 

populated with a smaller number of ion conformations compared with elevated 

temperatures. This statement is supported by the reduced or inactive hydrogen 

loss at low temperatures, a fragmentation channel which has previously shown to 

be affected by conformation. It is concluded that ECD fragments represent a 

snapshot of conformational (intramolecular solvation shell) heterogeneity. As a 

result, a high sequence coverage in ECD can be obtained by increasing the 

conformational heterogeneity of the precursor ion population. 

 

A way to increase the conformational heterogeneity of the ion cloud is 

heating of the ions using photon irradiation. Based on a novel approach we 

developed an experimental set-up that allows simultaneous or sequential infrared 

multiphoton dissociation (IRMPD) and electron irradiation to be performed on-axis 

in the ICR cell. Chapter 4 describes the instrumental design and the 

implementation of this approach in our FTICR-MS system. The infrared beam is 

directed through the ion optics into the ICR cell using a pneumatically actuated 

probe (mirror), which is mechanically auto-aligned. The dispenser cathode is 

placed at the rear of the magnet. The advantage of this set-up is a better overlap 

between the electron beam, laser beam and the ion cloud. We hypothesize the 

electron beam induces focusing of the ion cloud, resulting in a better overlap of the 

ion cloud with the infrared beam. The concept was validated using independent 

and simultaneous irradiation scenarios on two standard peptides: substance P and 

melittin. An increased number of primary backbone fragments and thus a higher 

sequence coverage of these two peptides was obtained in simultaneous IRMPD 

and ECD compared to IRMPD or ECD experiments only. Such higher coverage 

increases the confidence level in peptide and protein assignments.  

 

High sequence coverage is difficult to obtain when slow heating methods 

are applied to peptides or proteins containing monosulfide- or disulfide 

intramolecular linkages. In Chapter 5 we show that complexation of oxytocin with 

transition metal dications results in very rich SORI-CID mass spectra including 

backbone fragments that require the cleavage of the disulfide bond up to 50% of 
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the total product ion intensity. This behaviour was not observed for SORI-CID of 

the doubly protonated analogues. Our disulfide bond containing nonapeptides 

(Oxytocin, Thr4Gly7Oxytocin and Vasopressin) complexed with a metal dication 

(Ni2+, Zn2+ or Cu2+) dissociate under SORI-CID conditions forming four types of 

dissociation products: 1) small neutral losses, 2/3) backbone fragments with and 

without scission of the disulfide bond and 4) internal amino acid losses without 

rupture of the disulfide bridge. The most abundant disulfide bond cleavage (37% - 

56%) was observed in SORI-CID spectra of Zn2+ and Cu2+-complexed peptides 

while for peptides containing Ni2+ this type of cleavage is significantly lower. We 

suggest that the observed disulfide bond cleavage for peptide-metal complexes is 

likely to reflect conformational changes induced by the presence of the metal ion. 

Moreover, we show here that the region of the binding site of the metal can be 

estimated based on complementary fragments from peptide-metal complexes. 

 

The complexes of transition metal cations with three nonapeptides 

(Oxytocin, Thr4Gly7Oxytocin and Vasopressin) were also studied using ECD, as 

described in Chapter 6. We found that ECD fragmentation behaviour of these 

three peptide complexes depends on the type of metal cation. ECD spectra of 

doubly protonated oxytocin and vasopressin contain many fragments that involve 

cleavage of the disulfide bond bridge. ECD of the corresponding metal-peptide 

complexes results also in fragments that involve the scission of the disulfide bridge. 

In addition, the backbone cleavage sites are complementary to those observed at 

doubly protonated analogues. Differences in ECD spectra are expected from these 

three peptides because they differ in their amino acid composition by two amino 

acids. We show in this chapter that, for the same metal, ECD behaviour of these 

peptide-metal ion complexes displays not just differences but also similarities. For 

all three peptides, complexation with Cu2+ leads to an increase of the tail 

fragments. In contrast with this behaviour, complexation of Oxytocin and 

Thr4GlyOxytocin with Ni2+ results mainly in ring fragments. Also we noticed 

common behaviours such as formation of mainly c/z fragments for Zn2+ complexes 

while b/y fragments dominates ECD spectra when Cu2+ is used as cationizing 
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agent. We suggest that these common features are indicative for structural 

similarities between different species. 

 

Chapter 7 gives a perspective for structural studies of gas-phase ions 

employing fragmentation techniques based on ion-electron and ion-photon 

interactions. Some challenges in ECD are presented not just from a technical point 

of view but also in the applications of for example biomarker research and 

structural analysis of synthetic polymers. Electron transfer dissociation (ETD) and 

its attractiveness for the proteomics community are briefly discussed. It is 

presented that infrared spectroscopy using tunable infrared wavelengths offers 

unique possibilities for structural investigation of biomolecules in the gas phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

 160 

 

 

 

 



161 

 
 
 

Samenvatting 
 

 

Massaspectrometrie (MS) is noodzakelijk voor het uitvoeren van 

proteomics onderzoek. Tegenwoordig zijn de meeste onderzoekers in de life 

sciences bekend met de massaspectrometrische structuuranalyse van 

biomoleculen in de gasfase. Zachte ionisatietechnieken zoals matrix-geassisteerde 

laser desorptie ionisatie (MALDI) en electrospray ionisatie (ESI) zorgen ervoor dat 

peptiden en eiwitten uit een vaste of vloeibare fase zonder noemenswaardige 

fragmentatie in de gasfase kunnen worden gebracht. Vele verschillende MS 

technieken worden gebruikt voor het identificeren, kwantificeren en karakteriseren 

van zulke moleculen op verschillende structuurniveaus. Fourier transformatie ion 

cyclotron resonantie (FTICR) speelt een belangrijke rol binnen het veld van MS, 

omdat het metingen mogelijk maakt met een zeer hoge massaresolutie en 

massanauwkeurigheid. 

 

In Hoofdstuk 1 van dit proefschrift wordt de theoretische achtergrond van 

FTICR-MS beschreven en een overzicht gegeven van de meest gebruikte 

dissociatietechnieken. Verschillende aspecten van een FTICR-MS experiment 

worden beschreven in volgorde van de experimentele sequentie. Allereerst komt 

het ionisatieproces aan bod, gevolgd door een beschrijving van de ionenoptica die 

gebruikt wordt voor het transport van ionen naar de ion cyclotron resonantie (ICR) 

cel. Daarna worden de twee typen ICR cellen die in dit proefschrift worden gebruikt 

voor het vangen en detecteren van ionen genoemd, namelijk de infinity en de 

capacitief-gekoppelde open cel. Verschillende methoden voor het manipuleren en 

fragmenteren van gevangen ionen worden beschreven. De nadruk in dit werk ligt 

bij dissociatietechnieken die gebaseerd zijn op botsingen tussen ionen en neutrale 

deeltjes, en processen van electronen- of fotonenbestraling. Tenslotte wordt kort 
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aandacht gegeven aan software voor data analyse en processing (uitwerking) van 

de massaspectra. 

 

Bij het in dit proefschrift beschreven onderzoek speelt electronenvangst 

dissociatie (electron capture dissociation, ECD) een cruciale rol als 

massaspectrometrische fragmentatietechniek. Hoofdstuk 2 is daarom volledig 

gewijd aan ECD en ECD-gerelateerde technieken. Een korte beschrijving van de 

geschiedenis van ECD wordt gevolgd door energetische en mechanistische 

aspecten uit eerder fundamenteel onderzoek aan geprotoneerde moleculen. ECD 

heeft een aantal opvallende voordelen voor proteomics, namelijk een korte 

fragmentatietijd, veel sequentie informatie, verbreking van mono- en disulfide 

bruggen en behoud van labiele ketens. Hierdoor is ECD niet meer weg te denken 

in het veld: post-translationele modificaties kunnen worden geïdentificeerd en 

gelokaliseerd, en zwavelbrug-houdende peptiden en eiwitten worden uitvoerig 

gesequenced met ECD. Tevens speelt ECD een belangrijke rol bij de bestudering 

van eiwitvouwing en eiwitcomplexen. ECD wordt ook gebruikt bij (bio)moleculaire 

verbindingen die gecomplexeerd zijn met ladingsdragers anders dan protonen. 

Eerder ECD onderzoek aan polypeptiden gecomplexeerd met een metaal cation 

liet interessant fragmentatiegedrag zien. Voor het verbeteren van ECD 

fragmentatie efficiëntie hebben verschillende groepen aan methode- en 

instrumentontwikkeling gewerkt. ECD spectra kunnen nu verkregen worden met 

stralingstijden korter dan 1 milliseconde. Recentelijk heeft electron overdracht 

dissociatie (electron transfer dissociation, ETD) zijn intrede gedaan op een 

quadrupool ion trap instrument. Deze ECD-gerelateerde techniek is veelbelovend 

voor proteomics. 

 

In Hoofdstuk 3 wordt een fundamenteel ECD onderzoek beschreven. De 

rol van de molecuulconformatie tijdens electronenoverdracht wordt bestudeerd 

door ECD fragmentatie van het lineaire peptide substance P bij 85 K te vergelijken 

met experimenten bij kamertemperatuur. Hierbij werden respectievelijk twee en 

acht peptide backbone fragmenten waargenomen. Voor het cyclische peptide 

gramicidin S werd slechts één fragment bij lage temperatuur waargenomen, in 
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vergelijking met vijf bij hogere temperatuur. Alle fragmenten zijn typische backbone 

brekingen van N-Cα–bindingen, die relatief snel verlopen via radicaal 

intermediairen  Deze verschillen worden verklaard door aan te nemen dat bij lagere 

temperatuur de ionenwolk is opgebouwd uit minder verschillende conformaties. 

Deze aanname wordt ondersteund door het feit dat bij lagere temperatuur minder 

of geen waterstofverlies wordt waargenomen, een fragmentatiekanaal waarvan 

bekend is dat het afhankelijk is van de conformatie. Geconcludeerd wordt dat ECD 

fragmenten een snapshot weergeven van conformationele heterogeniteit. Als 

gevolg hiervan neemt ECD sequentie informatie toe wanneer deze heterogeniteit 

van de precursor conformatie toeneemt. 

 

Een manier om de conformationele heterogeniteit toe te laten nemen is 

door de ionenwolk te verwarmen met behulp van infrarood bestraling. Gebaseerd 

op een vernieuwende aanpak ontwikkelden wij een experimentele opzet waarin 

zowel simultaan als sequentiëel infrarood multifoton dissociatie (IRMPD) en ECD 

kunnen worden toegepast in de ICR cel. In Hoofdstuk 4 wordt het instrumenteel 

ontwerp en de implementatie hiervan beschreven. De infraroodbundel komt via een 

pneumatisch gestuurde spiegel (die zichzelf mechanisch uitlijnt) de ionenoptiek en 

vervolgens de ICR cel binnen. De cathode bevindt zich aan de achterzijde van de 

magneet, zodat electronen en fotonen in één lijn (co-axiaal) bewegen met de 

ionenwolk. Een betere overlap is mogelijk het gevolg van een focusserend effect 

van de electronenbundel. Dit concept werd gevalideerd in een studie van twee 

peptiden, namelijk substance P en melittine. Simultane IRMPD en ECD resulteerde 

in meer backbone brekingen dan in het geval van enkelvoudige fragmentatie 

scenario’s, waardoor in het simultane experiment meer sequentie informatie werd 

verkregen. Dit laatste aspect verhoogt de scoringskans in database searches voor 

eiwitidentificaties. 

 

Een manier om de conformationele heterogeniteit toe te laten nemen is 

door de ionenwolk te verwarmen met behulp van infrarood bestraling. Gebaseerd 

op een vernieuwende aanpak ontwikkelden wij een experimentele opzet waarin 

zowel simultaan als sequentiëel infrarood multifoton dissociatie (IRMPD) en ECD 
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kunnen worden toegepast in de ICR cel. In Hoofdstuk 4 wordt het instrumenteel 

ontwerp en de implementatie hiervan beschreven. De infraroodbundel komt via een 

pneumatisch gestuurde spiegel (die zichzelf mechanisch uitlijnt) de ionenoptiek en 

vervolgens de ICR cel binnen. De cathode bevindt zich aan de achterzijde van de 

magneet, zodat electronen en fotonen in één lijn (co-axiaal) bewegen met de 

ionenwolk. Een betere overlap is mogelijk het gevolg van een focusserend effect 

van de electronenbundel. Dit concept werd gevalideerd in een studie van twee 

peptiden, namelijk substance P en melittine. Simultane IRMPD en ECD resulteerde 

in meer backbone brekingen dan in het geval van enkelvoudige fragmentatie 

scenario’s, waardoor in het simultane experiment meer sequentie informatie werd 

verkregen. Dit laatste aspect verhoogt de scoringskans in database searches voor 

eiwitidentificaties. 

  

Vaak is het moeilijk sequentie informatie te verkrijgen van zwavelbrug-

houdende peptiden of eiwitten gebruikmakend van conventionele 

fragmentatiemethoden. In Hoofdstuk 5 laten wij zien dat complexering van 

oxytocine met tweevoudig geladen transitie metaal cationen resulteert in zeer rijke 

SORI-CID massaspectra. Tot wel 50% van de totale productionen intensiteit is 

hierbij afkomstig van fragmenten die ontstaan door breking van de intramoleculaire 

zwavelbrug. Eenzelfde resultaat werd verkregen voor vergelijkbare nonapeptiden 

Thr4-Gly7-oxytocine and vasopressine. De SORI-CID spectra van de verschillende 

complexen worden in vier catogorieën besproken: 1)  verlies van neutrale 

moleculen, 2/3) backbone fragmenten met en zonder breking van de zwavelbrug 

en 4) verlies van interne aminozuren. In de SORI-CID spectra van Zn2+- en Cu2+-

gecomplexeerde peptiden zijn aanzienlijk meer fragmenten afkomstig van breking 

van de zwavelbrug dan in het geval van de Ni2+-complexen. Wij denken dat de 

verschillen in het breken van de disulfide binding conformationele veranderingen 

van het peptide weergeven, die geïnduceerd zijn door het metaal cation. 

Daarnaast laten we zien dat de resultaten gebruikt kunnen worden voor het 

lokaliseren van het metaal cation in het peptide complex door gebruik te maken 

van corresponderende fragmentparen. 
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De complexen van deze drie nonapeptiden met verschillende transitie 

metaal cationen zijn bestudeerd met ECD, zoals beschreven in Hoofdstuk 6. Het 

fragmentatiegedrag van deze complexen is afhankelijk van het soort metaal. De 

ECD spectra van dubbel-geprotoneerd oxytocine en vasopressine bevatten 

voornamelijk fragmenten die gevormd worden na breking van de zwavelbrug. 

Tevens wordt deze zwavelbrug verbroken tijdens ECD van de metaal-

gecomplexeerde peptiden, echter daarbij worden complementaire backbone 

fragmenten verkregen. Op grond van de verschillende aminozuurvolgorden van 

deze drie nonapeptiden worden verschillende ECD spectra verwacht. Wij laten zien 

dat er ook overeenkomsten zijn, bijvoorbeeld Cu2+-complexering verhoogt de 

bijdrage aan tail (staart) fragmenten. Ni2+-complexering daarentegen resulteert in 

met name ring fragmenten. In het algemeen leveren Zn2+-complexen c/z 

fragmenten op, terwijl Cu2+-complexen met name b/y fragmenten in de ECD 

spectra laten zien. Deze overeenkomsten in ECD gedrag zijn indicatief voor 

structuurovereenkomsten in de verschillende verbindingen. 

 

In Hoofdstuk 7 wordt kort een toekomstvisie uiteengezet voor 

structuuranalyse aan ionen in de gasfase. Voor deze studies zijn 

fragmentatietechnieken gebaseerd op ion-electron en ion-foton interacties zeer 

geschikt. Uitdagingen in het ECD veld worden beschreven, zowel op technologisch 

gebied als in de toepassingen. Ook wordt gekeken naar de mogelijkheden van 

electron overdracht dissociatie (ETD). Tenslotte laten wij zien dat infrarood 

spectroscopie met een flexibel instelbare golflengte unieke mogelijkheden biedt 

voor de studie aan biomoleculen in de gasfase. 
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