
 

 
 

 
 
 
 
 
 
 
 

ABSTRACT 
 
Structural Characterization of Peptides and Peptide Fragment Ions Using High Resolution 

Mass Spectrometry and Ion Mobility Spectrometry 
 

Mahsan Miladi, B.S., M.S. 
 

Mentor: Touradj Solouki, Ph.D. 
 
 

Modern mass spectrometers are among the most sensitive and suitable analytical 

tools for high-throughput protein characterization in proteomics. However, fragment ion 

rearrangements during gas-phase dissociation processes can limit the success of mass 

spectrometry (MS) based proteomics approaches. State-of-the-art MS and ion mobility 

(IM) spectrometry techniques were utilized to further our understanding of gas-phase 

peptide fragment ion rearrangements. 

Gas-phase hydrogen/deuterium exchange (HDX) and IM-MS were used to assess 

the influence of basic histidine residue position and fragment ion size on the observed 

structural rearrangements. A systematic study of  HDX patterns and reaction kinetics for 

fragments from seven isomeric (Histidine)(Alanine)6-NH2 heptapeptides suggested the 

presence of at least two ion population types for bn ions (fragment ions formed by peptide 

amide bond cleavings where charge is kept on the n-terminus side), regardless of the 

histidine position. Furthermore, IM-MS measurements confirmed the presence of more 

than one bn isomers for (Histidine)(Alanine)6-NH2 fragment ions. 



 

 
 

Tandem MS and isotope labelings were utilized to investigate possible pathways 

for generation of structural isomers of bn
+ fragments. Results from tandem MS of an 

isotopically labeled (Histidine)(Alanine)6-NH2 peptide revealed the first experimental 

evidence for generation of sequence-scrambled fragments from y-type ions (where charge 

remains on the c-terminus side fragment). Thorough analysis of thirty-two additional y-

type fragment ions with different charge states (+1 to +3) and sizes (3 to 12 amino acids) 

confirmed our initial observation of sequence-scrambling from y-type ions (16 out of 32 

or ~50 %). 

Although gas-phase HDX reactions provide valuable structural information, 

competing reaction channels such as HDX reagent adduct formation can complicate the 

interpretation of HDX data. We used ab initio calculations combined with HDX, IM-MS, 

and isotope labeling to identify potential peptide functional groups involved in gas-phase 

HDX adduct formation. We used benzyloxycarbonyl (Z)-capped dipeptide containing 

glycine (G) and proline (P) (Z-PG) as a model and studied the influence of protonation 

and metal ion (Na+, K+, and Cs+) complexation on gas-phase ND3 adduct formation. Both 

experimental and theoretical findings indicated that simultaneous availability of carbonyl 

groups from glycine, proline, and Z were necessary for ND3 adduct formation with Z-PG. 
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CHAPTER ONE 

 
Introduction 

 
 

1.1. Biological Mass Spectrometry 

A major portion of current efforts in biological sciences is focused on the 

understanding of “systems biology” of living organisms.1, 2 The term “systems biology” 

refers to comprehensive study of “x-omics” (i.e., genomics, metabolomics, proteomics, 

and transcriptomics) of living organisms.3 The ultimate goal in “systems biology” 

research is to understand the connections between complex networks of biological events 

that can result in either diseased or healthy states of living systems.4 Analyses of complex 

biological networks/samples requires the use of highly sensitive state-of-the-art 

instrument that can (i) resolve different components of a mixture, (ii) provide individual 

molecular identities, (iii) yield relative abundance or concentration information, and (iv) 

illustrate potential interactions among various sample constituents at a high level of 

confidence.5  

To address these challenging analytical requirements in emerging areas of science, 

performance characteristics of modern instruments are continuously improved.6, 7 

Because of the minimal sample requirements8, 9 and potential for rapid sample analyses10, 

11 mass spectrometry (MS) (and in particular MS-based proteomics) has played a 

significant role in systems biology research.12, 13 Recent developments in instrumentation 

and bioinformatics have made MS-based proteomics an essential analytical tool for 

characterization of living cells and organisms at the molecular level. In MS-based 
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proteomic measurements/studies, either digested or intact proteins are subjected to gas-

phase fragmentation and MS analyses. The resulting fragment ions are then utilized to 

determine sequences of peptides and/or proteins from which the digested peptides and/or 

fragment ions are originated. 

Results from structural mass spectrometry and gas-phase protein sequencing are 

most reliable when gas-phase ion rearrangements either do not occur or are very minor 

reaction channels. However, ion rearrangements impose tangible limitations for modern 

tandem and biological mass spectrometry. The focus of this dissertation is to investigate 

prevalence and mechanism(s) of gas-phase ion rearrangements and their importance in 

the application and use of MS and tandem MS techniques for structural characterization 

of peptides and peptide fragment ions. To streamline the description of dissertation 

objectives, this chapter provides an introduction to some important MS techniques, 

concepts, and terminologies but more detailed description of MS-based proteomics is 

given in Chapter two. 

 
1.2. Mass Spectrometers 

All mass spectrometers are consisted of three primary components: (i) an 

ionization source, (ii) a mass analyzer, (iii) and a detector. Depending on the mechanisms 

of ion detection and types of mass analyzers, all mass spectrometers operate under high 

(~10-7 Torr) or ultrahigh (~10-10 Torr) vacuum to avoid unwanted chemical reactions,14, 15 

ion-molecule collisions,16 neutralization of ions,17 and ion scattering.18 Following 

sections provide additional instrumental details about the specific mass spectrometers that 

were used in this research. 
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1.2.1. Ionization Sources 

The first step in MS analysis is to convert analyte of interest into gas-phase ions. 

Selection of the “hard” (e.g., electron impact (EI)19 and laser desorption (LD)20) or “soft” 

(e.g., chemical ionization (CI),21 electrospray ionization (ESI)22-24, matrix-assisted laser 

desorption ionization (MALDI)20, 25, 26) ionization types normally depends on the state 

(viz., gas-, liquid-, or solid-phase) and classes of compounds under the study. For 

example, biological samples have relatively high molecular weight (MW) compounds, 

such as proteins and peptides, with high polarities. High MWs and polarities of proteins 

and peptides limit their volatilities and subsequent ionizations by EI.  

Ionization of large labile molecules (polar non-volatile compounds) such as 

proteins was initially reported by using plasma desorption (PD).27 This invention was 

followed by introduction of various other ionization techniques (e.g., fast atom 

bombardment (FAB)28 and secondary ionization MS (SIMS)29), including two of the very 

important ionization techniques in biological MS, namely, MALDI20, 25, 26 and ESI22-24 

that changed the field of modern MS-based proteomics. Each of the latter ionization 

techniques resulted in recent Nobel Prizes devoted to MS-related topics. In the following 

section, a brief description of ESI method is presented.30 

 
1.2.1.1. Electrospray Ionization  

Ionization in ESI is achieved under atmospheric pressure and by applying a high 

electric field to a sample in liquid phase passing through a metal nano/micro capillary tip 

(Figure 1.1). A high electric field is established by setting a voltage difference (~+2 kV to 

~+5 kV for positive-ion mode ESI) between the metal nano/micro capillary and mass 

spectrometer inlet. Ion generation process in ESI includes three major steps31: (i) droplet 



 4

generation and charging at ES capillary tip, (ii) droplet shrinkage and evaporation, and 

(3) gaseous ion formation.32 The applied high electric filed on metal capillary tip 

generates ions inside the solution, and causes positive ions to be drawn near the surface 

of capillary and meniscus of the liquid. The liquid meniscus is then destabilized (when 

enriched with positive ions) and forms charged droplets. 

 
 

 

 

 

 

 

 

  
 

 
Figure 1.1.  Schematic representation of positive-ion mode ESI setup. 

 
 

To evaporate solvent molecules from the generated charged droplets, either a 

heated metal capillary or hot inert gas (e.g., heated N2) is used. Upon solvent evaporation, 

the sizes of charged droplet become smaller and the highly charged droplets start to 

shrink and break/divide into smaller droplets. This phenomenon occurs because the 

number of charge particles per unit volume of a droplet increases and reaches the 

Columbic repulsion or “Rayleigh stability limit”.33  

Two models, including “charge residue” and “ion evaporation”, have been 

proposed for generation of gas-phase ions from charged droplets.34 The charge residue 
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model suggests that large charged droplets shrink and form smaller droplets. The charged 

droplet shrinkage process is repeated until each droplet contains only one charged particle 

(molecular ion). The remaining single molecular ion in the droplet is then released into 

gas phase after solvent is completely evaporated.  

The ion evaporation model suggests that a large charged droplet shrinks upon 

solvent evaporation until droplet surface charge density is sufficiently high to eject the 

charged particles/molecular ions directly into the gas phase from the droplet.34 Once the 

analytes of interest are ionized they can be guided into a mass analyzer and then a 

detector for mass-to-charge ratio (m/z) measurements/analyses.35 

 
1.2.2. Mass Analyzers 

Mass analyzers in mass spectrometers are used to separate ions according to their 

mass-to-charge (m/z) ratios. Generally, it is the mass analyzer type that plays a key role in 

establishing achievable mass resolving power (m/Δm50%) for a mass spectrometer. All 

currently utilized mass analyzers separate or measure ions based on known ion physics or 

theories that relate charge of an ion (q = e.z) to its motion in magnetic (B) and/or electric 

(E) fields; each analyzer has its own merits and limitations.36  

Mass analyzers can be selected based on their applications, resolving powers, 

costs, and desired performances. Some commonly used mass analyzers include ion 

traps37 with different configurations (e.g., ion cyclotron resonance (ICR) cell,38 

Orbitrap,39 etc.), linear quadrupoles,40 and time-of-flight (TOF).41 Following sections 

contain additional detailed descriptions about principles of mass analysis with two 

Fourier transform (FT)-based, FT-ICR and Orbitrap, and TOF mass analyzers. 
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1.2.2.1. Fourier Transform-Ion Cyclotron Resonance (FT-ICR) Mass Analyzer 

Lawrence and Edlefsen, two nuclear physicists, introduced the ICR phenomenon 

in 1930 by invention of a circular particle accelerator.42 Lawrence et al. demonstrated 

that cyclotron radius of an ion can be increased by applying an alternating electric field of 

the same frequency as the ion’s natural cyclotron frequency.43 Introduction of cyclotron 

resonance phenomenon resulted in the invention of the first ICR-based mass spectrometer 

for measuring the Faraday constant and m/z of EI-generated hydrogen ions with a mass 

resolving power (MRP) of m/∆m50% ~3,500 (at a constant magnetic field of 4,700 

gauss).44 The first commercial ICR instrument, known as ICR-9, was introduced by 

Varian Associates and Stanford University (SU) in 1966.45, 46  

The Varian-SU ICR system was designed for gas-phase ion-molecule reaction 

studies. In 1970, McIver introduced an analyzer cell for ion trappings of up to 0.1 s.38 

McIver’s ICR cell had two end trapping plates for application of electrostatic trapping 

voltages and trapping ions in the direction of magnetic field. Later, in 1974, Marshall and 

Comisarow utilized FT techniques in ICR mass spectrometry and introduced the concept 

of FT-ICR MS in which multiple ions could be trapped and analyze simultaneously.47 

Among all currently available mass analyzers, FT-ICR offers the highest mass 

measurement accuracy (MMA)48 and mass resolving power (MRP)49, 50 for analysis of 

gas-phase ions.51 In addition to superb sensitivity advantage,52-54 FT-ICR MS is the 

technique of choice for conducting ion-molecule reactions and measuring accurate gas-

phase reaction rate constants.55 The basic principle of m/z analysis in ICR relies on 

physics of moving charged particles in uniform magnetic fields. Figure 1.2 shows an ion 

moving perpendicular to a constant magnetic field (B); this ion is subjected to two forces 
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that are known as Lorentz force (FL) and centrifugal force (FC) (bold letters indicate 

vector quantities)56, 57:  

FL = m (dʋ / dt) = q (ʋ × B)                                                                           (Equation 1.1) 

In equation (1.1), “m”, “ʋ”, and “q” denote the mass, velocity, and charge of an ion, 

respectively, and “t” denotes time. The ion’s velocity component(s), which is 

perpendicular to B, brings the ion into a cyclotron motion (Figure 1.2). Assuming that the 

direction of magnetic field lines is in the Z direction (in/out of page in Figure 1.2), ions 

rotate around the Z coordinate and in the X-Y plane. 

 
 
 
 

 

 

 

 

 
 
Figure 1.2.  An ion immersed in the magnetic field of “B” experiences both magnetic 
Lorentz and centrifugal forces. 
 

 

The magnitude of two forces (FL & FC) on the ion with cyclotron radius of “r” is: 

q × ʋxy × B = m × (ʋxy
2 / r )                                                                            (Equation 1.2) 

where “ʋxy” is ion’s velocity in X-Y plane and is calculated from: 

ʋxy = [(ʋx
2 + ʋy2)]0.5                                                                                                                          (Equation 1.3) 

Equation (1.2) can be simplified to yield the following equation: 

q × B / m = ʋxy / r                                                                                           (Equation 1.4) 
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Also, angular velocity (“ω” in rad/s) is defined as: 

ω = ʋxy / r = 2π × f                                                                                          (Equation 1.5) 

From equations (1.4) and (1.5), the natural ICR angular frequency of ions can be 

calculated: 

ω = 2π × f = q × (B / m)                                                                                 (Equation 1.6) 

In conventional FT-ICR MS, ions can be produced inside or outside of the ICR 

cell. In external ion source FT-ICR MS,58, 59 ions, after their generation in external 

ionization sources, are transferred into the ICR cell using a series of ion focusing lenses 

and radio frequency (RF)-only ion guides60 such as quadrupoles, hexapoles, or octapoles. 

Figure 1.3 shows the configuration of an IonSpec (former IonSpec Corp.-now a division 

of Agilent Technologies, Inc., Santa Clara, CA, USA) FT-ICR mass spectrometer 

equipped with an external ESI source, quadrupole ion guide, and a 9.4 T superconducting 

magnet (used for conducting experiments reported in this dissertation). Ultrahigh vacuum 

(pressure < 10-9 Torr) is maintained by using three turbo-pumps (denoted as TP in Figure 

1.3). The system is also equipped with a hexapole assembly for ion accumulation prior to 

FT-ICR MS detection and enhanced analytical sensitivity.61 

Major steps/events involved in FT-ICR MS signal detection and mass spectrum 

acquisition include: (a) ion quenching, (b) ion trapping, (c) reaction delay, (d) ion 

excitation, and (e) ion detection event. During ion quenching event, the ICR cell is 

cleaned from any existing ions that may have been left from a previous experiment. Ion 

quenching is achieved by applying a direct current (DC) positive (or negative) voltage to 

one ICR cell end trapping plate and a DC negative voltage (or opposite polarity with 

respect) to the opposite end trapping plate. In an “ion trapping” event, the transferred ions 
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from an external ionization source or internally generated ions (i.e., within the cell) are 

trapped inside the ICR cell. 

 
 

 

 

 

 

 

 

 
 
 
Figure 1.3. Illustration of the basic components of IonSpec ESI/FT-ICR mass 
spectrometer equipped with an open-ended cylindrical Penning trap and a 9.4 tesla 
superconducting magnet.  
 

 
Ion trapping is achieved by applying a symmetric DC voltage to the two ICR cell 

trapping plates to restrict the motion of ions in the Z direction (parallel to the magnetic 

field lines). The translational energy of trapped ions may be collisionally reduced or 

“cooled” via ion-neutral collisions.62 Generally, an inert neutral gas (e.g., N2) is used for 

“ion cooling” in the ICR cell. If desired, trapped ions can be reacted with a neutral 

reagent gas (e.g., hydrogen/deuterium (H/D) exchange and proton transfer reagents) to 

conduct gas-phase ion-molecule reactions.63 

After the introduction of ion cooling inert gas and/or ion-molecule reaction 

reagent(s), quite often, “reaction delay” events are used to reach to UHV conditions. 

Pressure reductions inside the ICR cell (or acceptable UHV conditions) are desirable for 
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subsequent FT-ICR MS excitation and successful ion detection. To detect signals from 

trapped ions in ICR cells, ions should form monopoles64 and their ICR radii should be 

sufficiently large to induce an image current on the detection plates. To achieve the 

aforementioned outcome (i.e., to generate detectable monopole ion packets), in the 

excitation event, a combination of alternating electrical fields with varied frequencies 

(known as “chirp” or frequency sweep excitation)65 is applied on excitation plates of the 

ICR cell. The ion detection event is represented pictorially in Figure 1.4. Immediately 

after the excitation event, induced ion current on detection plates of the ICR cell are 

recorded as a function of time (time-domain signal). The ICR frequencies (f) of the 

detected ions are subsequently extracted by performing Fourier transform (FT) on the 

detected ion image signal (i.e., FT of time domain transient signal to frequency domain).66 

The experimentally observed ions’ frequencies are then converted to m/z values by 

incorporating the magnetic field strength (B) and using equation (1.6) and a calibration 

file.67 Lastly, the ions’ intensities are plotted as a function m/z to obtain an FT-ICR mass 

spectrum. 

 
 
 

 

 

 

 
 
 

Figure 1.4.  Schematic representation of an ion detection event in FT-ICR MS. 
 

 

Detection

“Chirp”
Excitation

Time

A
m

p
lit

ud
e 

Time

A
m

p
lit

ud
e 

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

FT

m/z

A
m

p
lit

ud
e

m/z

A
m

p
lit

ud
e

m/z

A
m

p
lit

ud
e

Mass SpectrumDetection

“Chirp”
Excitation

Time

A
m

p
lit

ud
e 

Time

A
m

p
lit

ud
e 

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

-40

-20

0

20

40

0 0.5 1

Time

A
m

p
lit

u
te

Time (s)

A
m

p
lit

ud
e

FT

m/z

A
m

p
lit

ud
e

m/z

A
m

p
lit

ud
e

m/z

A
m

p
lit

ud
e

Mass Spectrum



 11

The mass resolving power (MRP) of mass spectral peaks in FT-ICR mass spectra 

depends on the number of data points and acquisition duration of time-domain signals.56 

Generally, the MRP of FT mass spectra increases with time-domain signals’ duration. 

Time-domain signals are multiplied by special “window” functions prior to Fourier 

transformation.68 This process is called “windowing” in time domain and “apodization” 

in frequency domain.68 Windowing and apodization reduce the spectral skirts (known as 

“leakage”68) and narrow the peak widths at the base. Two most commonly used window 

functions include Blackman-Harris and Hamming functions.68 

 
1.2.2.2. Orbitrap Mass Analyzer 

Another FT-based ion trap mass analyzer that has rapidly become a popular tool 

for “x-omics” analyses is the Orbitrap.66, 69 An Orbitrap consists of an electrostatic ion 

trap device, and its principle is based on an earlier ion storage device, the Kingdon trap.70 

The Orbitrap mass analyzer was originally introduced by Makarov71 in 2000 and it was 

commercialized in the form of a hybrid linear ion trap/Orbitrap mass spectrometer in 

2005.72 It should be noted that Orbitrap-like ion trajectories and detections were reported 

earlier in FT-ICR MS experiments.73, 74 Figure 1.5 shows a cross sectional view of a 

typical Orbitap cell. An Orbitrap cell consists of a spindle-like central electrode and a 

barrel-like outer electrode (Figure 1.5).  

Ions enter the Orbitrap cell through a narrow ion injection port tangentially to the 

outer electrode. Subsequently, ions are trapped by keeping the outer detection electrodes 

at ground potential and application of a high voltage (kV range) to the central electrode.69, 

75 The resulting quadrologarithmic electrostatic potential (combination of quadrupole 
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field of the ion trap and a logarithmic field of a cylindrical capacitor) brings the trapped 

ions into a spiral oscillation motion around the central electrode (Figure 1.5).71 

 
 

 

 

 

 

 

 

 

 
 
 
 
Figure 1.5. Pictorial representation of the cross sectional view of an Orbitrap mass 
analyzer. 

 
 

The oscillating ions in Orbitrap induce an image current (time-domain signal) on 

the outer electrodes. Ion signal detection is followed by FT of the recorded image current 

to convert the time-domain signal into the axial (along the Z axis in Figure 1.5) 

frequencies of the trapped ions.  

The axial frequency of an oscillating ion in Orbitrap is inversely proportional to 

the square root of the ion’s m/z value according to equation (1.7)71: 

ω = [(q / m) × k]0.5                                                                                         (Equation 1.7)               

where “q” and “m” denote the mass and charge of the ion. “k” is a constant that depends 

on the precise geometrical shape of the Orbitrap cell electrodes and applied potential. 
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1.2.2.3. Time of Flight (TOF) Mass Analyzer 

The concept of time-of-flight (TOF) mass analyzer was described by Stephens in 

1946.76 Later, Wiley and McLaren demonstrated the first design of a commercial TOF 

MS instrument in 1955.77 The principle of ion analysis in TOF mass analyzers is based on 

gas-phase separation of accelerated ions in a field-free region of a flight tube. TOF 

consists of an ion acceleration source and a long flight tube (generally ~1 m to 2 m in 

length) in which ions can fly under zero electric field condition. Flight times of ions (after 

departing the ion acceleration region) that have different m/z values will be different in a 

field-free flight tube. This m/z-dependent flight time is the basis of mass analysis in TOF 

MS instruments. 

In a typical TOF MS analysis, ion packets (from ion sources) are accelerated into 

the TOF drift tube. To maintain the same starting time (time zero) for all ions, 

acceleration event is pulsed either by pulsing the acceleration voltage or ionization event 

itself (for example, by using a short laser pulse).78 Once ions are accelerated in the same 

electric field (or acceleration field E), all departing ions that have same electrical charges 

will possess the same kinetic energy (i.e., KE = E.q = ½ mv2) when they enter a field-free 

tube. However, lighter ions (with small m) will have higher velocities (v) and thus reach 

the TOF detector first (while heavier ions will arrive at the detector at longer times). In a 

conventional linear TOF instrument, a detector is positioned at the end of the TOF 

analyzer to measure the arrival time of each ion. By knowing the flight time of each ion 

(t), the m/z of the ion can be determined according to equation (1.8)41: 

m/z = 2 × e × V × (t2 / L2)                                                                              (Equation 1.8) 
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where “m” denotes mass of an ion, “z” denotes the charge state of the ion, “e” denotes 

electron charge,  “V” denotes acceleration voltage, “t” denotes ion’s flight time, and “L” 

denotes the length of flight tube. 

 
 1.3. Gas-Phase Ion Fragmentation Techniques in Proteomics 

Development of various ion fragmentation techniques has increased the 

protein/peptide sequence coverage/information and revolutionized the field of 

proteomics.79 Several different types of ion dissociation techniques are utilized in MS-

based proteomics studies. These ion fragmentation techniques can be classified into two 

general categories: (a) activational and (b) non-activational dissociation techniques. 

Examples of activational dissociation techniques include collision induced dissociation 

(CID),80 sustained off-resonance irradiation collision induced dissociation (SORICID),81, 

82 multiphoton dissociation (MPD),83, 84 surface induced dissociation (SID),85, 86 and 

blackbody infrared radiative dissociation (BIRD).87 The two most important non-

activational fragmentation techniques are electron capture dissociation (ECD),88 electron 

transfer dissociation (ETD).89 

In activational techniques, vibrational or electronic energy of an ion is increased 

stepwise (e.g., by multiple collisions in CID or absorption of photons in MPD) until the 

accumulated vibronic energy surpasses the fragment ion “appearance energy”90, 91 and 

becomes sufficient to cleave the weakest bond.92 Also, acquired energy by the ion in 

activitional fragmentation methods can be randomized throughout different chemical 

bonds in the ion.93, 94 However, in non-activational, or ergotic techniques there is a low 

chance for an ion to distribute its acquired internal energy to different chemical bonds.95  

Among gas-phase activational dissociation techniques, CID is the most commonly used 
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fragmentation method in MS-based proteomics.96, 97 In CID experiments, precursor ions 

are accelerated and forced to collide with neutral gas molecules (e.g., nitrogen (N2) or 

argon (Ar)) in the source region or collision cell (e.g., ion trap cell) of mass spectrometers. 

In inelastic collision between a precursor ion and neutral gas molecule, a portion of 

kinetic energy of precursor ion is converted into internal energy and results in 

fragmentation of precursor ions.92 

Among non-activational techniques, ECD is widely used for identification of 

proteins’ post-translational modifications (PTMs) in proteomics.98, 99 There is a high 

probability for loss of labile PTMs on proteins/peptides backbones during dissociation 

when PTM-containing proteins/peptides are subjected to fragmentation using activational 

techniques. PTM loss can make it difficult, or impossible, to localize the site of 

modifications in proteins/peptides. In ECD a multiply charged ion (e.g., of a protein) is 

trapped inside the MS ion trap cell (e.g., ICR) and irradiated by low energy (< 1eV) 

electrons. Electron capture by proteins/peptides generates radical species that rapidly 

undergo chemical bond cleavage.99 Although implementation of CID is straightforward, 

ECD and CID can each provide unique operational advantages and used as a standalone 

or combined ion fragmentation technique.100, 101  

More details about various gas-phase fragmentation techniques can be found in 

references92, 102, 103. 

 
1.4. Gas-phase MS Techniques for Conformational Analysis of Proteins/Peptides 

The ability to analyze the tertiary structures of proteins remains as a driving force 

for development of analytical tools capable of providing detailed 

structural/conformational information. Predominantly utilized techniques for determining 
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atomic-resolution structures of biomolecules are X-ray crystallography104 and nuclear 

magnetic resonance (NMR) spectroscopy.105 However, there are challenges associated 

with using these spectroscopy techniques for structural analysis of proteins. For example, 

X-ray crystallography provides static snapshots of proteins/peptides. However, 

proteins/peptides are not static objects, and their behavior cannot be adequately described 

only based on the information derived from X-ray structure and without considering their 

dynamic character106. Structural studies by NMR technique suffer from challenges in data 

interpretation, sensitivity, and slow data acquisition/collection rate.107, 108  

Advances in modern MS techniques and instrumentation have increased the 

ability to study conformations of proteins/peptides in a solvent-free gas-phase 

environment. Hydrogen/deuterium exchange (HDX) reactions and ion mobility-mass 

spectrometry (IM-MS) are two powerful approaches for detailed conformational analysis 

of proteins/peptides. Principles of these two gas-phase conformational analysis probes are 

described in the following sections. 

 
1.4.1. Gas Phase Hydrogen/Deuterium Exchange (HDX) Reaction 

Gas-phase HDX reaction is a type of ion-molecule reaction that has been 

extensively used for studying proteins’ folding/unfolding.109-112 In HDX reactions, labile 

hydrogens (e.g., hydrogen atoms bound to N, O, and S atoms) of protein/peptide ions are 

replaced with deuterium (D) atoms of HDX neutral reagent. Generally, gas-phase 

accessibilities of labile hydrogens in analytes are reagent type, structure, and 

conformation dependent. Thus, the degree of deuterium incorporation, HDX pattern, and 

exchange reaction rate are a reflection of an ion’s willingness to exchange its hydrogens 

with a reagent molecule. The gas-phase HDX reaction rates are conveniently measured in 
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the ICR cells of FT-ICR mass spectrometers in which ions can be trapped for extended 

periods of time.113-118  Accurate HDX rate constant measurements require controlled 

introduction of neutral deuterating reagent into the FT-ICR vacuum chamber.  

 
 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1.6. Schematic representation of a home-built pulsed-leak valve setup for 
controlled release of deuterium reagent into the ICR cell. Sample pulse valve is used to 
introduce the reagent gas into the “T-section” assembly behind a leak valve. Then, the 
neutral reagent molecules are leaked into the vacuum chamber under a precise control 
and using the leak valve. The exhaust pulse valve is connected to a mechanical pump and 
used to pump the residual gas in T-section space at the end of the ion-molecule reaction 
event. 

 
 
Different designs have been used in MS trapping instruments for release of 

deuterating reagent into trap cells. For example, pulsed119 and leak120 valve setups are 

available in commercial trapping MS instruments for HDX reagent introduction. In our 

laboratory, we use a home-built pulsed-leak valve setup,116-118, 121 which was originally 

introduced by Freiser et al..122 For all FT-ICR MS gas-phase kinetic data reported here, 
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the pulsed-leak valve setup was used for deuterium reagent introductions into the ICR 

cell.116, 118, 123-125 

Figure 1.6 shows the configuration of a home-built pulsed-leak valve setup 

installed on our ESI/FT-ICR mass spectrometers. This pulsed-leak valve system 

consisted of a sample gas reservoir, an expansion gas reservoir, T-section assembly 

(internal volume of ~10 µL), two pulse valves (“Sample” and “Exhaust” pulse valves in 

Figure 1.6), and one leak valve for controlled release of neutral reagents into the vacuum 

chamber. Popular deuterium reagents that are used for gas-phase HDX reaction include 

(in the order of increasing gas-phase proton affinity [PA]) D2O, CD3OD, and ND3. 

Factors such as vapor pressure and corrosivity of deuterating reagents may influence the 

choice of deuterating reagents for a particular HDX reaction. However, generally the 

decision for the selection of a deuterating reagent is based on gas-phase PA/or basicity of 

a reagent relative to the analyte ion of interest.126 The success of a gas-phase HDX 

reaction depends on closeness of gas-phase basicity (GB) of deuterating reagent to the GB 

of analyte ion of interest.127 Generally, as the GB difference between deuterating reagent 

and analyte ion of interest decreases the HDX reaction rate constant increases. 

The mechanisms of HDX reactions with different deuterating reagents have been 

extensively studied.127 For the studies presented here, ND3 was used as the HDX reagent. 

In the following section, details of HDX mechanism in the gas phase and for ND3 reagent 

are provided. Beauchamp and coworkers reported that HDX reaction of glycine oligomer 

ions ([Glyn + H]+, n = 1-5) with ND3 proceeds via an “onium” ion mechanism.127 Figure 

1.7 shows the onium ion mechanism for HDX reaction of a protonated peptide with ND3. 
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In onium ion mechanism, first, ND3 captures a proton from a protonated peptide ion to 

form an ammonium ion. 

 
 

 
 

 

 

 
Figure 1.7.  Onium ion mechanism for gas-phase HDX reactions of peptides. 
 

 
The ammonium ion is then solvated by the peptide to form a stable gas-phase 

complex. Here, hydrogen-bonding to the carboxyl and amine groups of analyte ion 

anchor the ammonium ion and provide additional internal energy for the intermediate 

complex ion to overcome the energy barrier for deuterium transfer from ND3H
+ to the 

peptide.128, 129  A research paper by Beauchamp and coworkers provides additional details 

about the HDX mechanisms involving various deuterating reagent.127 

 
 1.4.2. Ion Mobility-Mass Spectrometry (IM-MS) 

Ion mobility spectrometry (IMS) is a gas-phase separation technique that allows 

for separation of analytes based on their sizes and shapes/conformations.130 By coupling 

IM devices to fast scanning MS instruments (e.g., TOF), IM-MS systems have become 

important and powerful tools for analysis of complex sample mixtures and structural 

characterizations of biomolecules.130, 131 

A typical IM-MS instrument consists of an ionization source, a drift chamber 

filled with a buffer gas for mobility separation, a mass analyzer, and a detector. Different 
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types of IM devices including conventional linear drift tube (DT), traveling wave (TW), 

and field asymmetric waveform ion mobility spectrometry (FAIMS) can be coupled to 

MS instruments.130 Each one of these devices provides different level of IM resolving 

power (arrival time (AT)/ΔAT50%) and sensitivity for IM-MS measurements. 

Linear DT IM devices are composed of a set of closely stacked ring electrodes, 

which are connected in series through a resistor chain to produce a linear field gradient 

across the drift tube. In linear drift tubes, ions are separated based on their differences in 

their drift velocities (υd) in the presence of a drift gas (e.g., N2, H2, and Ar) and under the 

influence of an electric field gradient (E).132 Ions with smaller collision cross sections 

(CCSs or Ω) or larger mobility experience smaller number of ion-molecule/atom 

collisions with buffer gas as compared to larger size (i.e., larger CCS) ions.133 Therefore, 

ions with smaller CCSs transverse the IM drift tube with larger velocities and reach to the 

detector faster than the larger CCS ions. 

Drift velocity of an ion in the IM drift tube is calculated from equation (1.9)132: 

υd = d / tD = K × E                                                                                          (Equation 1.9) 

where “d” and “E” denotes the drift tube length and electric filed respectively. “tD” and 

“K” denote the ion’s drift time and the ion’s mobility constant respectively. 

In DT IM experiments, the CCS (Ω) of an analyte ion is related to its drift time 

according to the equation (1.10)132: 

Ω = 3 × (q / [16 × N]) × (1 / K0) × (2π /[μ × kB × T])1/2                               (Equation 1.10) 

where “K0” denotes ion’s reduced mobility (K0)
132 and it is defined by equation (1.11): 

K0 = (d / [tD × E]) × (273 / T) × (P / 760)                                                    (Equation 1.11) 
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Equation (1.10) is only valid for calculating ions’ CCSs in DT IM devices where 

a constant uniform electric field is applied across the drift tube. A novel IM technique 

that has recently been developed and introduced commercially is ‘traveling wave’ IMS 

(TWIMS.)134, 135 Figure 1.8 shows the schematic representation of commercially 

available Waters (Waters Corp., Manchester, UK) Synapt G2 HDMS system that uses 

TWIMS for mobility separation and TOF as detector. The design of IM cell in TWIMS 

devices is similar to IM cell design in conventional DT IM devices. However, unlike DT 

IMS, in which a constant electrical field is applied continuously to the cell, a pulsed 

electric field is applied to one segment of the TWIM cell and swept sequentially through 

the cell one segment at a time and in the direction of ion migration to TOF MS detector. 

 

 

  

 

 

 
 

 

 
 
 

 
Figure 1.8.  Schematic representation of Waters Synpat G2 TWIMS system. 
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the analytical solution that relates an ion drift time to its CCS in TWIMS is not known. 

Therefore, obtaining CCS information from TWIMS experiments requires and relies on 

experimental calibration of IM drift times.136, 137 The CCSs of unknown analyte ions in 

TWIMS is determined by calibrating the experimentally measured drift times against 

those measured for standard ions of known Ω values. 

 
 

 
 

 

 

 

 

 

 

 

 
 
Figure 1.9. Traveling wave voltage pulse propels ions along the stacked ring ion guide 
(SRIG) and in the presence of background gas. 
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CHAPTER TWO 
 

Protein and Peptide Amino Acid Sequencing Using Mass Spectrometry  
 
 

2.1. Mass Spectrometry-based Proteomics Strategies 

Proteomics is a comprehensive study of specific proteome, related to biological 

cell processes, involving proteins’ and peptides’ abundances, post-translational 

modifications (PTM), and potential molecular or partner interactions.138, 139 Amino acid 

sequencing of proteins and peptides plays a vital role in proteomics to establish structure-

function relationships, which in turn aids in identifying novel proteins and cascades of 

cellular processes.140 Better understanding of cellular processes allows judicious 

synthesis of novel drugs that can target specific metabolic pathways in biological cells.141 

Currently, mass spectrometry (MS) is the most commonly used technique for 

high-throughput protein and peptide amino acid sequence identification.142 Two of the 

most commonly used MS-based and tandem-MS (MSn)54 proteomics approaches include 

“bottom-up” and “top-down” MS (Figure 2.1).143  

In “bottom-up” proteomics, a mixture of proteins is separated by one- or two-

dimensional electrophoresis and individual protein spots or gel slices are subjected to 

proteolysis (Figure 2.1).144, 145 Each separated protein is then digested using enzymes 

such as pepsin or trypsin to produce a pool of peptide fragments.144, 145 The mixture of 

peptide fragments is then separated by liquid chromatography (LC) prior to MS analyses. 

Digested peptides, after separation by LC, are introduced into MS instrument using soft 

ionization techniques (e.g., ESI22-24 and MALDI20, 26, 146). These digested peptide ions are 
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identified and their sequences are established by using various gas-phase dissociation or 

MS fragmentation techniques.147  

 
 

 
 

 

 

 

 

 

 

 
 
Figure 2.1. Schematic representation of “bottom-up” and “top-down” MS-based 
protein/peptide amino acid sequence identification. 

 
 

In “top-down” proteomics a mixture of intact proteins is separated by LC and then 

MS dissociation methods are used to fragment the ionized intact proteins in the gas phase 

(Figure 2.1).148, 149 The most commonly used MS fragmentation techniques in “bottom-

up” and “top-down” proteomic approaches are collision-induced dissociation (CID),150 

electron capture dissociation (ECD),151 electron transfer dissociation (ETD),89 and 

infrared multiphoton dissociation (IRMPD).152 Each one of these gas-phase dissociation 

techniques has its own pros and cons and, depending on the application type, one may 

choose one or a combination of two or more fragmentation techniques to increase the 

sequence coverage.103, 148, 153, 154  
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Moreover, depending on the fragmentation technique employed, different protein 

and/or peptide backbone bond types can be broken to yield different types of fragment 

ions. The generated gas-phase fragment ions in “bottom-up” and “top-down” proteomics 

approaches are then searched against various data bases (e.g., global proteome machine 

database (GPMDB)155 and peptide atlas156) using bioinformatics software and search 

engines (e.g., Mascot,157 OMSSA,158 SEQUEST,159 and X!Tandem160) to identify amino 

acid sequences of all peptide and proteins in proteome samples.161 

 
2.2. Nomenclature for Protein and Peptide Fragments in Mass Spectrometry 

Gas-phase fragmentations of proteins and peptides generate different types of 

product ions and allow for determination of amino acid compositions at a high level of 

confidence. Fragment ion types from gas-phase dissociation of proteins and peptides are 

named based on a nomenclature system that was introduced by Roepstorff (Figure 2.2).162 

Roepstorff’s nomenclature system describes the dissociation of the proteins and peptides 

backbone bonds in a generic manner without relying on adjacent amino acid side-chains. 

Generally, protein and peptide backbone cleavages can occur at three different 

positions depending on the dissociation technique used: (i) between alpha (α)-carbon and 

carbonyl carbon (Cα-C), (ii) at amide bond (C-N), and (iii) between α-carbon and amine 

nitrogen (N-Cα). When the peptide’s charge is retained on the N-terminal side of a 

cleaved backbone bond, the observed fragment ions are called “an”, “bn”, and “cn” type 

fragments, where subscript “n” denotes the number of amino acid(s) in a fragment ion 

(Figure 2.2). However, when the peptide’s charge is kept by C-terminus of a peptide, the 

observed fragment ions are called “xn”, “y n”, and “zn” type fragment ions (Figure 2.2).  



 26

Generally, dissociations of protein and peptide ions using CID and IRMPD techniques 

generate an, bn, and yn as predominant fragment ions.163 

 
 
 

 

 

 

 

 
Figure 2.2. Roepstorff’ nomenclature system for product ions produced from backbone 
cleavage of proteins/peptides during gas-phase fragmentation. Red circles indicate 
positions of all alpha carbons (Cα with respect to carbonyl groups) in the amino acid 
sequence. 

 
 
Dissociations of proteins and peptides using ECD and ETD generate cn, xn, and zn 

as major fragment ions.89, 153 In addition to the protein and peptide fragment ions 

generated from the backbone bond cleavages, fragments resulting from loss of part or all 

of the side chain of an amino acid at the point of cleavage may also be observed. 

Fragment ions resulting from loss of amino acid side chains are named based on 

Johnson’s nomenclature system as dn, vn, and wn type ions.164 
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commonly used search engines/algorithms for peptide and protein sequence matching 

purposes are “sequence search engines” (e.g., SEQUEST, based on the presence or 

absence of fragment ions)159 and “spectral search engines” (e.g., SpectraST, based on the 

global match between the library and query spectra).167, 168 

Despite successful implementation of the available search engines for protein 

identification, these searching strategies should be utilized with caution to avoid potential 

protein misidentifications and false positives (i.e., high matching scores).169 False 

positives in proteins’ amino acid sequence identifications generally arise from MS/MS 

spectral misinterpretations because of: (a) enzymatic digestion at abnormal positions, (b) 

inaccurate assignment of charge state or mass of the precursor peptide ions, (c) not 

considering the presence of chemical or post-translational modifications in search engines, 

(d) absence of the peptide(s) under examination (or interpretation) in the databases being 

queried, and (e) presence of misleading ions that are attributed to electronic noise, 

contaminations, and gas-phase rearrangement reactions.170, 171 

Among the above-mentioned reasons for false positive protein identification (or 

protein misidentification), the presence of misleading ions due to gas-phase fragment ion 

rearmaments or “sequence scramblings”172 (more details in section 2.4) are arguably the 

least straight forward to address.173-175 Identities of sequence-scrambled fragment ions 

cannot be assigned to “normal” peptide backbone bond cleavage (i.e., commonly 

observed fragments of the type a/x, b/y, or c/z, Figure 2.2). For example, our preliminary 

survey of the national institute of standards and technology (NIST) peptide MS/MS 

library176 reveals the presence of high abundant fragment ions assigned as “unknown” in 

the CID mass spectra of digested peptides. Although the NIST peptide MS/MS library 
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does not provide the origin of “unknown” fragments, we believe that these (“unknown”) 

fragments are produced as a result of potential sequence scramblings during the CID 

processes. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.3.  Percentages of known (identified) and unknown fragment ions from CID of 
different charge states (i.e., +1, +2, and +3) of tryptic digested peptides (52 peptides) 
from bovine serum albumin (BSA). Plots were generated by calculating the percentage of 
unknown ions from CID MS data taken from NIST peptide tandem MS library.  

 
 
As an example, we examined the CID mass spectra of 52 tryptic digest peptides 

from bovine serum albumin (BSA)176 and noticed that identities of a significant number 

of fragment ions are unassigned. Figure 2.3 present the summary of our NIST CID survey 

for tryptic digest peptides of BSA.  
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are “unknown” ions. The available bioinformatics software and search engines use 

established gas-phase fragmentation rules and do not account for rearranged or sequence-

scrambled fragment ions. Exclusion of the potential sequence scrambling mechanisms 

within the implemented rules in bioinformatics approaches may result in invalid 

protein/peptide sequence identifications.177 Hence, it is important to identify, understand 

the mechanism(s) of, and (if possible) prevent, the observed sequence scrambling during 

gas-phase proteins/peptides fragmentation processes. 

 
2.4. Peptides’ Amino Acid Sequence Rearrangement during Gas-phase Fragmentation    

The first experimental evidence for gas-phase rearrangement of peptide fragment 

ions was provided by Tang et al. in 1993.178 Tang et al. noticed the presence of high 

abundant rearranged fragment ions in CID mass spectra of doubly-charged peptide ions. 

The amino acid sequences of these rearranged fragment ions did match any portion of the 

original intact amino acid peptide sequence.178 Subsequent reports also showed further 

evidences for occurrence of peptide ion gas-phase rearrangement during CID process.179-

181 In 2006, Harrison et al. proposed that the gas-phase rearrangements of protonated 

peptides during CID result in cyclization of b-type ions and subsequent amide bond 

reopening at different positions in macrocyclic b ions generates sequence-scrambled 

(non-direct) fragment ions.172 Based on the hydrogen/deuterium exchange (HDX) 

reaction results of molecular and fragment ions, potential cyclization of b fragments ions 

was originally reported by our group in 2001.117 Harrison’s proposed mechanism for 

peptide sequence scrambling during CID process172 was later confirmed by various 

research groups.182-184 Processes of macrocyclization and generation of sequence-
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scrambled fragment ions during a gas-phase ion activation process (e.g., CID) are 

depicted schematically in Figure 2.4.  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.4. Schematic representation of amino acid sequence scrambling during gas-
phase fragmentation process of a peptide ion. Each circle denotes an amino acid and each 
number inside a circle denotes the amino acid residue position in peptide sequence.  

 
 
During a gas-phase ion activation process (e.g., CID), the linear fragment ions 

(e.g., b-type ions) can form cyclic structures via nucleophilic attack of C-terminus 

charged group (charged carbonyl group) by the free N-terminus (amine group).172 Such 

head-to-tail type macrocyclic-structure fragment ions can reopen at different positions 

than its originally formed bond and generates sequence-rearranged linear fragment ion(s). 
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Subsequent losses of amino acid residues from sequence-rearranged linear fragment 

ion(s) generate sequence-scrambled product ions.172 Identities of sequence-scrambled 

fragment ions cannot be assigned to “normal” peptide backbone bond cleavage, and their 

presence in MS/MS spectra can be misleading. For example, Figure 2.5 shows a CID 

mass spectrum of a singly-charged peptide ion population with amino acid sequence of 

GVYVHPV.  

A Thermo LTQ/Orbitrap (Thermo Scientific, Waltham, MA) mass spectrometer 

equipped with an ESI source for ion generation and a quadrupole for ion isolation and 

collisional activation was used to generate the CID mass spectrum in Figure 2.5. Ion 

population at m/z 770.4 corresponding to ESI-generated [GVYVHPV + H]+ were m/z-

isolated in LTQ/Orbitrap MS instrument. Subsequently, m/z-isolated ions were subjected 

to CID in the qudrupole in the presence of helium (He) collision gas. The generated 

fragment ions were then transferred into an Orbitrap cell for high mass-accuracy 

measurements.  

In Figure 2.5, the CID product ions that could be assigned as “normal” fragment 

ions are labeled in black color with their corresponding identities. However, those 

fragment ions that could not be assigned according to the peptide’s original amino acid 

sequence (i.e., GVYVHPV) are labeled with red color. For instance, the fragment ion at 

m/z 294 in Figure 2.5 is a sequence-scrambled b-type ion with amino acid sequence of 

GVH. Although we identified three sequence-scrambled fragment ions in CID mass 

spectrum of [GVYVHPV + H]+, there are two “Unknown” fragment ions (m/z 374 and 

688) (Figure 2.5) that could not be assigned as products of amide bond cleavages of a 

linear or a macrocyclic type structure. These “unknown” fragment ions could be 
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generated through more complex gas-phase rearrangement reactions, which can add to 

the complexity of CID mass spectra and their interpretations. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 2.5. CID mass spectrum of a singly-charged protonated peptide (amino acid 
sequence: GVYVHPV). Observed b- and y-type fragment ions are labeled. Peaks with 
red labels denote sequence-scrambled fragment ions. 
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gas-phase chemistry involved in peptide fragmentation will have a major impact on 

future improvements to bioinformatics software and algorithms used for peptide 

sequencing and identification of proteins’ primary structures. In the following section, we 

introduce commonly used gas-phase probes for studying fragment ion 

structures/conformations. 

 
2.5. Gas-phase Structural Analysis of Peptide Fragment Ions 

The occurrence of sequence scrambling could imply the presence of different gas-

phase structural isomers for peptides’ fragment ions. However, no experimental reports 

had suggested the possibility for presence of isomeric structures for peptides’ fragment 

ions until the initial observations reported by Solouki et al.117 The original gas-phase 

HDX report on b4
+ and b5

+ fragment ions from WHWLQL peptide by Solouki et al. 

demonstrated the presence of at least two different structural isomers for b-type ions 

based on both HDX mass spectral patterns and reaction kinetics.117, 123 

Subsequently, results from various gas-phase structural analysis probes including: 

(i) gas-phase ion-molecule reactions,123, 125, 185-188 (ii) molecular modeling,189, 190 (iii) ion 

mobility-mass spectrometry (IM-MS),191-193 and (iv) infrared multiphoton dissociation 

(IRMPD)186-188 194, 195 also suggested that b-type fragment ions exist as a mixture of at 

least two structure types (i.e., “oxazolone”196 and “macrocyclic”172 (see section 2.6 for 

details)). 

In gas-phase ion-molecule reactions, the presence (or absence) of the 

structurally/conformationally different b fragment ions can be probed by (a) using the 

appearance of HDX product ion isotopic patterns (e.g., bimodal profiles),117, 123, 125, 185-188 
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(b) measuring the gas-phase HDX reaction rate constants,117, 123, 125, 185, 186, 188 and (c) 

measuring the gas-phase proton transfer (PT) reaction rate constants.121 

In IRMPD studies, the presence (or absence) of oxazolone and macrocyclic b 

fragment ion structures is probed by comparing the experimentally obtained IRMPD 

spectra with the theoretically calculated IR spectra.186-188, 194, 195 For example, presence of 

the two theoretically calculated IR peaks (i.e., ~1825 cm-1 for C-O stretching of nitrogen-

protonated oxazolone and ~1430 cm-1 for CO-H+ stretching of macrocyclic structures) in 

the IRMPD spectra of b fragment ions suggest the presence of a mixture of oxazolone 

and macrocyclic isomers.186-188, 194, 195 

IM-MS studies offer the possibility of separating the different conformers or 

isomers of b fragment ions based on their collision cross section variations.191-193 

Mobility separation followed by collision-induced dissociation (CID), or post-IM/CID, 

can be used to confirm the presence of different b fragment ion structures.124, 191, 192, 197 

 
2.6. Structures of b-type Fragment Ions 

Acylium-type structure (Figure 2.6) was the first proposed structure for b 

fragment ions reported by Yalcin et al.198 However, further studies suggested that the 

acylium ion structure is not a stable structure for b fragments and is expected to 

spontaneously lose carbon monoxide (CO) neutral from its C-terminus (Figure 2.6).196, 199  

Later, a more stable five-membered ring oxazolone structure was suggested for b 

fragment ions.196, 200-202 A five-membered ring oxazolone structure is formed by 

nucleophilic attack of a backbone carbonyl oxygen atom to C-terminal carbonyl carbon 

(Figure 2.7).202, 203 A direct experimental evidence for the existence of oxazolone 

structure for b-type ions was obtained by IRMPD spectroscopy.194, 204 
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Figure 2.6. Reaction mechanism for the formation of a b2

+ with acylium -type structure 
followed by immonium ion formation. 

 
 
Furthermore, an earlier study by Cordero el al. also showed that b fragment ions 

may adapt a six-membered ring diketopiperazine-type structure (Figure 2.8).205 

Diketopiperazine structures are formed by nucleophilic attack of N-terminal amine 

nitrogen to the carbonyl carbon of an adjacent amino acid residue (Figure 2.8).  

Further studies on b fragment ions using IRMPD spectroscopy and molecular 

modeling suggested that fragmentation pathways that produce diketopiperazine ions is 

both energetically and entropically less favorable than oxazolone formation pathway 

(Figure 2.7).189, 193, 206  

However, for small size b ions (e.g., b2
+) the presence of a mixture of oxazolone- 

and diketopiperazine-type structures has been suggested (Figure 2.8).187, 207, 208 
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Figure 2.7.  Reaction mechanism for the formation of a b2

+ with oxazolone-type structure. 

 
 

Harrison and coworkers suggested a macrocyclic-type structure (Figure 2.9) for b 

fragment ions in order to rationalize the presence of sequence scrambled or non-direct 

product ions in MS/MS spectra of a model peptide.172 To test their hypothesis, Harrison 

and coworkers examined CID fragmentation patterns of b5
+ from CID of YAGFL-NH2 

and protonated cyclic-(YAGFL) peptide.172 The CID mass spectra of b5
+ fragment ion 

and cyclic-(YAGFL) peptide were similar, suggesting that b5
+ fragment ion could exist as 

a macrocylic structure.172 Direct experimental evidences for the presence of macrocylic 

structure for b ions came from IRMPD spectroscopy195, 209-211 and IM-MS.124, 191, 192, 197  
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Figure 2.8. Reaction mechanism for the formation of a b2

+ with diketopiperazine-type 
structure.  

 
 
Original IM-MS analysis suggested the presence of smaller collision cross section 

for macrocylic b ions as compared to their linear oxazolone structure counterparts.191, 192 

Additionally, our laboratory recently reported on the combined use of post-IM/CID and 

chemometrics for analysis of structural isomers212 including b fragments and observed 

two structurally distinct isomers for selected b fragment ions.124, 197 

It should be noted that macrocyclization is not limited to b fragment ions and it 

can also occur in other peptide fragment ion types such as a-type ions.183, 209, 213 These a-

type ions can be formed from direct fragmentation of protonated peptides214-216 as well as 

subsequent fragmentation of b-type ions via elimination of a neutral CO.196, 198, 216, 217 
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Figure 2.9. Reaction mechanism for the formation of a macrocyclic-type structure for a 
b5

+ fragment. 
 

 
Gas-phase structures of a-type ions have also been studied using IRMPD193, 209, 213, 

218, 219, IM-MS,191, 192 and theoretical calculations.213, 219-221 For example, previous studies 

on a4
+ fragment from leu-enkephalin by IRMPD and ab initio calculations suggested the 

presence of both linear immonium (iminium) and macrocyclic structures for a-type ions 

(Figure 2.10).209 Furthermore, results from isotope labeling and IM-MS analysis of a4
+ 

and a5
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location of an isotopically labeled A residue), revealed the presence of two structures (i.e., 

linear and macrocyclic) for a-type ions.191, 192 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
Figure 2.10.  Reaction mechanism for the formation of a macrocyclic-type structure for 
a5

+ fragment. 
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2.7. Justification for the Research Presented in this Dissertation 

Previous studies have shown that several parameters such as peptide fragment ion 

size,186, 222 nature of amino acid residue,181, 223 position of acid/basic amino acid in 

peptides190, 224 can play significant roles on directing peptides’ fragmentation pathways. 

For instance, gas-phase dissociation of peptide ions containing acidic (e.g., aspartic acid) 

and basic (e.g., arginine and histidine) amino acid residues showed that the side chains of 

these amino acid residues can direct fragmentation pattern and enhance amide bond 

cleavage near to these residues.225-227 However, question remains whether the 

presence/absence of basic or acidic amino acid residues in peptides can influence 

cyclization of peptide fragment ions. 

In Chapter Three of this dissertation, we show the results from combined use of 

gas-phase HDX and IM-MS to systematically study the structures of histidine (His)-

containing bn (n = 4 to 7) ions generated from seven isomeric model heptapeptides 

including: (His)AAAAAA-NH2, A(His)AAAAA-NH 2, AA(His)AAAANH 2, 

AAA(His)AAA-NH 2, AAAA(His)AA-NH 2, AAAAA(His)A-NH 2, and AAAAAA(His)-

NH2. Data presented in Chapter Three reveals the influence of (i) basic histidine amino 

acid position and (ii) fragment ion size on the structures of b ions.  

Although previous studies have established the occurrence of sequence 

scrambling in a- and b-type fragment ions,172, 209 the propensity of y-type fragment ions 

from protonated peptides to generate sequence-scrambled product ions has not been 

studied. In Chapter Four of this dissertation, we present the first experimental evidence 

for the generation of sequence-scrambled fragment ions from CID of y-type ions on the 
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different sizes (4 to 12 amino acids) and charge states (+1 to +3) using tandem MS 

technique.  

Previous studies show that gas-phase HDX is an important chemical probe for 

conformational analysis of proteins/peptides and their fragment ions.109, 110, 123, 209, 228, 229 

Both HDX patterns and extent of deuterium uptake by protonated proteins/peptides and 

fragment ions in the gas phase are used for structural elucidation purposes.123, 186 

However, other reaction channels such as gas-phase reagent adduct formation can 

compete with the intended “normal” HDX reaction and complicate the interpretation of 

HDX data.230 Deciphering the mechanisms of these competing reactions will fill an 

important knowledge gap in gas-phase chemistry and enhance our ability to explore 

structure-function relationships by avoiding erroneous HDX data interpretations. In 

Chapter Five of this dissertation, we present the results from the first systematic study by 

combining ab initio calculations, HDX, IM-MS, and isotope labeling to better understand 

the fundamental chemistry involved in gas-phase reagent adduct formation. Using a 

simple model peptide, i.e., a benzyloxycarbonyl (Z)-capped dipeptide containing glycine 

(G) and proline (P) (i.e., Z-PG), we present results that address the influence of 

protonation and alkali metal ion (Na+, K+, and Cs+) complexation on gas-phase ND3 

adduct formation. 
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CHAPTER THREE 
 

A Systematic Study on the Effect of Histidine Position and Fragment Ion Size in the 
Formation of bn Ions 

 
This chapter published as: Miladi, M.; Zekavat, B.; Munisamy, S. M.; Solouki, T.  

A Systematic Study on the Effect of Histidine Position and Fragment Ion Size in the 
Formation of bn Ions. Int. J. Mass Spectrom. 2012, 316-318, 164– 173. 

 
 

Abstract 
 
 

In this study, we utilized gas-phase hydrogen/deuterium (H/D) exchange reactions 

and ion mobility-mass spectrometry (IM-MS) to examine the effect of: (i) histidine (His) 

amino acid position and (ii) fragment ion size on the structures of bn (n = 4-7) ions 

generated from nozzle-skimmer fragmentation. Both H/D exchange patterns and semi-log 

temporal plots of histidine-containing bn fragment ions generated from seven isobaric 

model heptapeptides {i.e., (His)AAAAAA-NH 2, A(His)AAAAA-NH 2, AA(His)AAAA-

NH2, AAA(His)AAA-NH 2, AAAA(His)AA-NH 2, AAAAA(His)A-NH 2, and 

AAAAAA(His)-NH 2} suggested the presence of at least two structures for all b fragment 

ions: “fast” and “slow” H/D-exchanging ion populations. The observed H/D exchange 

rate constants (for disappearance of isolated 12Call or D0) for b4
+ and b5

+ fragments were 

higher than those observed for b7
+ fragment ions, suggesting more compact and/or stable 

structures for b7
+ fragment ions. Among the studied histidine-containing bn

+ fragments, 

b4
+ and b5

+ showed the most variation in H/D exchange reactivity as a function of 

histidine position in the original peptide sequence. Ion mobility arrival time distributions 

(ATDs) for histidine-containing b5
+ fragments from AA(His)AAAA-NH2, 
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AAA(His)AAA-NH 2, and AAAA(His)AA-NH2 showed two ion populations. H/D 

exchange and ion mobility results both imply the potential presence of a mixture of 

compact and open structures for b5
+. ATDs for b4

+ fragments generated from 

A(His)AAAAA-NH 2 and AA(His)AAAA-NH2 (compared to ATDs of the other model 

heptapeptides) suggest the appearance or increase in the percentage of a more compact 

ion population. ATDs of histidine-containing b6
+ and b7

+ fragments varied significantly 

as a function of histidine position in the original heptapeptides. 

 
3.1. Introduction 

Bottom-up and top-down proteomic methodologies are two widely used tandem 

mass spectrometry (MSn)-based approaches for protein and peptide identification. In 

these two proteomic approaches, either digested (in bottom-up) or intact (in top-down) 

proteins are fragmented using activational (e.g., collision-induced dissociation (CID),150 

infrared multiphoton dissociation (IRMPD)152) and/or non-activational (e.g., electron 

capture dissociation (ECD)88 and electron transfer dissociation (ETD)89) dissociation 

techniques. The product fragment ions are searched against databases or theoretical 

MS/MS spectra using computer algorithms for protein/peptide sequence identification.231 

Reliability of protein/peptide identification using computer algorithms depends, in part, 

on the extent and types of protein/peptide dissociation products. Computer-based 

protein/peptide identification is usually performed without (or with little) insight into the 

rules that govern peptide dissociation and fragmentation. However, for accurate 

bioinformatics-based MSn sequencing of proteins/peptides, basic knowledge of the 

chemistry and mechanisms of gas-phase peptide fragmentation is crucial.  
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There have been many studies addressing mechanism(s) of peptide fragmentation 

and interested readers are referred to reviews by Paizs189 and Harrison.184 Recently, the 

structures and reactivities of b fragment ions have received special attention, due to the 

existence of different structures/conformers for b fragment ions. Structural changes 

during the ion fragmentation may yield “rearranged” b fragment ions.178, 179 The first 

experimental evidence for “sequence scrambling”172 of b fragment ions was reported by 

Tang et al. using tandem MS.178, 179 Later, gas-phase hydrogen/deuterium (H/D) 

exchange studies confirmed the presence of  different isobaric b fragment ion 

conformers/structures.117 

 In the original H/D exchange report, using b4
+ (WHWL) and b5

+ (WHWLQ) 

fragment ions from WHWLQL peptide (both in-source and SORI-CID generated b 

fragments), we proposed that both H/D exchange isotopic patterns and H/D exchange 

reaction rate constants could be used as tools to explore b fragment ion structural 

variations.117 Similar approaches have been used successfully to extend the use of gas-

phase H/D exchange reactions to probe conformations/structures of isobaric b fragment 

ions from several different peptides.123, 185-188, 229 Follow-up theoretical and experimental 

studies have shown that the most probable structures for b fragment ions are (i) linear 

with five-member oxazolone ring(s) at the C-terminal side of the fragment ion196, 198, 232-

235 and (ii) head-to-tail macrocyclic structures.181, 183, 184, 190, 191, 193, 195, 236  

In the case of macrocyclic structures, b fragment ions can open at different amide 

bonds to form linear oxazolone structures. Such rearrangements can cause sequence 

scrambling and loss of the initial amino acid sequence in MS protein sequencing.172, 182, 

183 Therefore, identification and understanding of the parameters that can affect the 
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sequence scrambling in gas-phase protein/peptide fragmentation will improve MS/MS 

database search engine/software outcomes. There has been evidence that amino acid type 

in the peptide sequence190, 223, 224 and b fragment size186, 222, 237 can affect the structures of 

resulting b fragment ions. For instance, we showed that the energetics of fragmentation 

processes (e.g., in nozzle-skimmer fragmentation) influence the observed relative 

population of “fast”-to-“slow” H/D-exchanging b fragment ion conformers/isomers.121 

Recent studies have demonstrated that both acidic223 and basic190, 224 amino acid 

residues in model peptides can influence the extent of b fragment ion sequence 

scrambling in collision-induced dissociation processes. Bythell et al. studied the effect of 

histidine (His) position on cyclization of b fragment ions {generated from isomeric 

hexapeptides (His)A5} using experimental and theoretical approaches.190  

CID spectra of histidine-containing b4
+ and b5

+ fragment ions from (His)A5 

isomers showed experimental evidence for scrambled ion formation when histidine was 

near the C-terminus.190 Molesworth et al. studied the effect of arginine (R) amino acid 

position on the propensity of formation of macrocyclic b fragment ions.224 In the study by 

Molesworth et al., the CID spectrum of b5
+ from YARFLG showed only non-scrambled 

fragment ions.224  

It was proposed that the formation of macrocyclic structures was inhibited by the 

presence of arginine (R) in permuted YARFLG model peptides.224 Moreover, it has been 

shown that the size of b fragment ions can affect the tendency of b ions to cyclize and 

form scrambled ions. For example, recent studies have shown that smaller bn (n ≤ 3) ions 

have a lower tendency for cyclization than larger bn (n = 5-10) ions.222, 237 Evidence for 

formation of cyclic b fragment structures has also been observed for b4
+-b8

+ of an 
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octaglycine (i.e.,G8) peptide.186 Unlike arginine or lysine (basic amino acid residues) 

histidine is not found in the C-terminus of resultant digested peptides in bottom-up 

proteomics. It is helpful to understand the role of these basic histidine residues (which are 

located in N-termini or internal positions of digested peptide fragments) in directing 

peptide ion fragmentation pathways.  

Recent CID studies have yielded contradictory conclusions about the role of 

histidine position on b fragment ion macrocyclization and subsequence scrambled ion 

formation.190, 238 The theoretical (molecular modeling) and experimental (CID) results by 

Bythell at al. suggested the presence of scrambled fragment ions when histidine is near 

the C-terminus.190 On the other hand, in the work reported by Yalçin and Tasoglu 

sequence scrambling was observed independent of histidine position in peptide 

sequence.238    

In this work, we used a combination of H/D exchange reactions and ion mobility-

mass spectrometry (IM-MS) for gas-phase structural investigation of histidine-containing 

b4
+-b7

+ fragment ions generated from seven C-terminal amidated heptapeptides: 

(His)AAAAAA-NH 2, A(His)AAAAA-NH 2, AA(His)AAAA-NH 2, and AAA(His)AAA-

NH2, AAAA(His)AA-NH 2, AAAAA(His)A-NH 2, and AAAAAA(His)-NH2. 

 
3.2. Experimental 

 
3.2.1. Sample Preparation 

All C-terminal amidated isobaric heptapeptides (with one histidine (His) and six 

alanine (A) residues) {i.e., (His)AAAAAA-NH 2, A(His)AAAAA-NH 2, AA(His)AAAA-

NH2, and AAA(His)AAA-NH2, AAAA(His)AA-NH 2, AAAAA(His)A-NH 2, and 
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AAAAAA(His)-NH 2} were kindly provided by Talat Yalçin from the İzmir Institute of 

Technology, Turkey. The isotopically labeled AAAA(His)(A*)A-NH2 heptapeptide 

(where “A*” denotes the carbon thirteen (13C) isotope on alanine side chain) was 

synthesized in house, using standard solid phase peptide synthesis (SPPS) procedure.239 

The deuterating reagent gas (i.e., ND3), all electrospray ionization (ESI) solvents, and 

pentaalanine (A5) were purchased from commercial sources (Sigma-Aldrich, St. Louis, 

MO) and used without further purification, except for applying conventional freeze-dry 

cycles as deemed necessary (e.g., for the ND3 used in gas-phase H/D exchange reactions). 

Micromolar concentrations of model heptapeptide solutions in methanol: water: acetic 

acid (49.5: 49.5: 1) were used for ESI/MS experiments. 

 
3.2.2. Mass Spectrometry 

Mass spectra for the ion-molecule reactions and sustained off resonance 

irradiation (SORI) CID (data included in the appendix material) were acquired using an 

FT-ICR mass spectrometer equipped with an open-ended cylindrical Penning trap 

(former Ion- Spec Corp.- now a division of Agilent Technologies Inc., Santa Clara, CA) 

and a 9.4 T superconducting magnet (Cryomagnetics Inc., Oak Ridge, TN). 

Ions were generated externally using an Analytica electrospray ion source 

(Analytica of Branford Inc., Branford, CT) equipped with an in-house built spraying 

setup. The spraying tip was made from fused silica capillary (with polyamide outer 

coating) {Western Analytical, Wildomar, CA}. The spraying tip was attached to a Teflon 

tube by a 1/16-inch Swagelok union {Maine/Atlantic Valve & Fitting Co., Hermon, ME}. 

Electrospray was generated by applying ~4 kV (with respect to ground) on the syringe 

needle {SGE Inc., Austin, TX}. The flow rate was set at 0.5 µL/min using a Harvard 
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PHD 2000 syringe pump {Harvard Apparatus, Holliston, MA}. For H/D exchange 

experiments reported in this study, all 12C isotopic peaks  (abbreviated as “12Call”) of bn 

fragment and molecular ions were isolated using stored waveform inverse Fourier 

transform (SWIFT) technique.240 For gas-phase H/D exchange reactions, peptide 

fragment ions (i.e., histidine-containing b4
+-b7

+) were generated via nozzle-skimmer 

fragmentation technique.152 The use of ~1.1 MHz radiofrequency (RF) in the quadrupole 

ion guide of our IonSpec ESI/FT-ICR MS imposes a m/z cut-off of ~300 limiting the 

transfer of low m/z ions from the external ESI source to the ICR cell.241  

Therefore, nozzle-skimmer-generated b1
+-b3

+ fragments from the studied model 

heptapeptides could not be transferred into the ICR cell to study their H/D exchange 

reactions. For the systematic study of H/D exchange ion-molecule reactions, neutral ND3 

molecules were introduced into the ICR cell using a pulsed-leak valve setup.122 

Supplementary data for qualitative H/D exchange reactions of A5 with CD3OD were 

conducted in a Bruker 9.4 T FT-ICR MS. The CID mass spectrum of the isotopically 

labeled AAAA(His)(A*)A-NH2 was acquired using a Thermo LTQ/Orbitrap (Thermo 

Fisher Scientific, Waltham, MA) instrument operated in positive ion mode. CID was 

performed in the LTQ by setting the normalized collision energy and activation time at 

35 % and 30 ms, respectively. Helium (He) gas was used as collision gas for CID. 

 
3.2.3. Ion Mobility-Mass Spectrometry  

Ion mobility experiments were performed using a Synapt HDMS ion mobility-

time-of-flight mass spectrometer (IM-TOF MS) (Waters, Manchester, UK) equipped with 

an electrospray ionization source operated in positive ion mode. The IM-MS separations 

were performed using a traveling wave height of 8.0 V and applied voltages of 6.0 V and 
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4.0 V, to the trap and transfer cells, respectively.135 During IM separations, a nitrogen 

bath gas was introduced into the drift cell at a flow rate of 40 mL/min providing a typical 

operating pressure of ~0.9 mbar. All arrival time distributions (ATDs) were obtained by 

integrating the monoisotopic peak of a given analyte in the two-dimensional IM-MS 

spectra using MassLynx V4.1 SCN714 software (Waters, Manchester, UK). For 

comparisons, the intensities of the ATD profiles for b fragment and molecular ions were 

normalized to the highest value in the mobility profile. 

 
3.2.4. Data Analysis 

To construct H/D exchange semi-log temporal plots, the natural logarithms of 

normalized ion intensities were plotted as a function of H/D exchange reaction time 

(Figures 3.3 and 3.4). Normalized ion intensities (ID0 / ∑IDm) were obtained by dividing 

the 12Call (i.e., ID0) peak intensity of each ion {i.e., molecular ion or bn (n = 4-7) fragment 

ions} by the total peak intensity of all ions (∑IDm) after H/D exchange events (i.e., ID0 + 

ID1 + ID2 + … + IDm where “m” denotes the number of incorporated deuteriums in the b 

fragment or peptide ion after H/D exchange reaction).  

H/D exchange rate constants were calculated using exponential decay time 

constants (τ) after curve fittings {using Origin software, Origin 7.0 (OriginLab 

Corporation, MA)} of the temporal plots. Reaction rate constants (k) (cm3 molecule-1 s-1) 

were calculated using  equation 3.1123: 

k = 1 / (τ × [N])                                                                                               (Equation 3.1)  

where “τ” is the “combined” time constant {obtained from exponential curve fittings of 

each reaction temporal plot, assuming a single decay curve rather than double 

exponential decays} and “N” is the number density (in the ICR cell as molecules cm-3) of 
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the neutral reagent (i.e., ND3) used for the H/D exchange reactions. We chose to use 

Origin exponential curve fittings (instead of Microsoft Excel calculated linear fittings in 

semi-log plots) for rate constant calculations because of the higher precision of fitting 

parameters obtained through iterative computations (i.e., 200 iterations). 

Ultrahigh mass measurement accuracy (MMA) and mass resolving power (MRP) 

of FT-ICR MS allow unambiguous characterization of chemical interferences. For 

instance, two chemical noise peaks at m/z 564.23749 and 351.09942 were distinguished 

from 12Call peaks of b7
+ (at m/z 564.28892 with assigned MMA ~ 0.09 ppm and observed 

MRP ~ 42,000) and b4
+ (at m/z 351.17772 with assigned MMA ~ 0.54 ppm and observed 

MRP ~ 85,000) fragment ions. We were able to resolve/distinguish the m/z of b fragment 

ions from chemical noise by maintaining the ICR cell pressure (after ND3
 introduction 

and H/D exchange reaction) at <~2.0 × 10-9 Torr  during the ion signal detection event. 

 
3.3. Results and Discussions 

In all subsequent sections and for brevity based on the position of histidine amino 

acid (His)  in the peptide sequence, we designate our seven heptapeptides as P1 to P7 

(where numbers designate the position of histidine viz., (His)AAAAAA-NH 2 ≡ P1; 

A(His)AAAAA-NH 2 ≡ P2; AA(His)AAAA-NH 2 ≡ P3; AAA(His)AAA-NH2 ≡ P4; 

AAAA(His)AA-NH 2 ≡ P5; AAAAA(His)A-NH3 ≡ P6; AAAAAA(His)-NH2 ≡ P7). The 

fragmentation patterns of P1-P7 have been studied by Yalçin et al.238 and in here, we do 

not report on CID of the seven model heptapeptides. Interested readers are referred to the 

three representative SORI-CID spectra of protonated P2, P4, and P7 (acquired under 

identical experimental conditions) included in the appendix materials (Figures A.1 to A.3 

and Tables A.1 to A.3). 
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3.3.1. Gas-Phase H/D Exchange Reactions 

Rates and patterns of H/D exchange reactions can provide valuable information 

about three dimensional structures of ions.111, 118, 242 For examples, generally “tight” 

structures are associated with lower H/D exchange reaction rates;111 such comparisons 

have been used to study b fragment ion structures.123, 185-188 We used similar approaches 

to investigate b fragment structures from heptapeptides in our study. The nozzle-skimmer 

fragmentation of all seven model heptapeptides generated only histidine-containing b 

fragments ions (b4
+-b7

+) and no b fragment ions without histidine (i.e., alanine-only b 

fragment ions of the type (A)n, n = 4-6) were observed.  

We studied H/D exchange reactivities of histidine-containing b4
+ (m/z 351), b5

+ 

(m/z 422), b6
+ (m/z 493), and b7

+ (m/z 564) from P1 to P7 heptapeptides. The b4
+, b5

+, and 

b6
+ ions are assigned based on exact MMA (~1 ppm) and are formed by the cleavage of 

amide bonds; however, the ion at m/z corresponding to b7
+ can be a results of NH3 loss 

from any portion of the peptide and hence may not be assigned strictly as a conventional 

b fragment ion.  In other words, the observed fragment ion at m/z 564.28892 can be 

generated from the amidated heptapeptides through (at least) two pathways: loss of an 

amino group from either the N-terminus or C-terminus. A recent labeling study on the 

15N-FAGFL-NH2 peptide suggests that the source of NH3 loss (for an amidated peptide) 

is  most likely from the C-terminal amine group.183 

 
3.3.2. Fragment Ion Scrambling in P1-P7 Peptides  

One of the problems associated with b fragment ion rearrangement or cyclization 

is that subsequent ion fragmentations can lead to formation of new sequence scrambled 

secondary fragment ions.172, 179, 183, 222, 243 These rearranged fragment ions which may 
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include a- or b-type ions, can generally be identified based on accurate mass 

measurements. However, when the product ions are isobaric, their differentiations based 

only on the mass differences of fragment ions are not possible.  

For example, the histidine-containing bn ions from the selected seven P1-P7 

peptides can be generated via at least two possible fragmentation pathways: (i) molecular 

ion ([M + H]+) � bn � scrambled or non-scrambled b fragment ions and/or (ii) [M + H]+ 

� yn � scrambled or non-scrambled b fragments ions. Without isotopic labeling, it is 

not feasible to identify fragment ion scrambling or pathways leading to b fragment ion 

scrambling for P1-P7 peptides that contain a single histidine with six neighboring alanine 

residues. To identify possible sources of ion scrambling, we synthesized and used an 

isotopically labeled heptapeptide {AAAA(His)(A*)A-NH2, where “A*” denotes the 

carbon thirteen (13C) isotope on alanine side chain}.   

 Our preliminary CID results on isotopically labeled P5 {AAAA(His)(A*)A-NH2} 

suggest that scrambled and non-scrambled b fragment ions can originate from the 

molecular ions (pathway (i)) and/or y fragment ions (pathway (ii)). For example, CID 

fragmentation patterns of mass isolated [M + H]+ and y5
+ from AAAA(His)(A *)A-NH2 

show the presence of histidine-containing b4
+ at m/z 351 (i.e., A3(His)) and 352 (i.e., 

A2(A
*)(His)). The b4

+ at m/z 351 (i.e., A3(His)) from CID of y5 (AA(His)(A *)A-NH2) can 

exclusively be assigned as a scrambled fragment ion. However, due to the presence of 

multiple (potential) pathways that can generate b4
+ (i.e., both A3(His) and A2 (A

*)(His)) 

from CID process of [M + H]+, identities (i.e., scrambled or non-scrambled) of  b4
+ 

fragments (from [M + H]+) can not be assigned unambiguously. 
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Therefore, each of the reported histidine-containing bn fragment ion populations 

(i.e., b4
+-b7

+ from P1-P7) in this study can be a mixture of scrambled and non-scrambled 

fragments. We are currently examining various pathways that can lead to bn fragment ion 

(scrambled and non-scrambled) generation and plan to report our findings in future 

communications. 

 
3.3.3. H/D Exchange Reaction Patterns 

To minimize the effect of potential experimental variabilities {on the observed 

H/D exchange patterns and rate constants}, we isolated the 12Call
 peaks of all b fragment 

and molecular ions for each peptide and followed their H/D exchange reactions 

simultaneously (a set of five H/D exchange reactions for each model heptapeptide). 

Figures 3.1a and 3.1b show ESI/FT-ICR mass spectra of the SWIFT-isolated 12Call peaks 

for [A(His)AAAAA-NH 2 + H]+ and its b7
+ fragment ion, respectively, after 0 s (top 

panel), 100 s (middle panel), and 500 s (bottom panel) H/D exchange reaction time with 

ND3 (PND3 ≈ 4.2 × 10-8 Torr).  

As shown in Figure 3.1a (bottom panel), after ~1500 ion-molecule collisions with 

ND3 { i.e., after 500 s reaction time with ND3 (PND3 ≈ 4.2 × 10-8 Torr)}, [M + H]+ of P2 

has exchanged nine out of its twelve (75 %) labile hydrogens  and D0, D1, and D2 for [M 

+ H]+ have reacted away. However, after the same number of ion-molecule collisions 

with ND3 (i.e., ~1500 collisions), the b7
+ fragment ion of P2 exchanged only two out of 

its nine (22.2 %) labile hydrogens (Figure 3.1b, bottom panel). Figures 3.2a to 3.2c show 

the H/D exchange patterns of SWIFT-isolated 12Call peaks of b4
+-b6

+ ions of 

A(His)AAAAA-NH 2 (i.e., bn
+ fragment ions from the same P2 peptide) under the same 

experimental conditions (i.e., reactions times and ND3 pressure) as in Figure 3.1. 
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Figure 3.1. ESI/FT-ICR mass spectra of SWIFT-isolated 12Call peak at 0 s (top panel), 
100 s (middle panel), and 500 s (bottom panel) reaction times with ND3 (at PND3 ≈ 4.2 × 
10−8 Torr) for (a) molecular ion (i.e., [M + H]+) and (b) b7

+ fragment of A(His)AAAAA-
NH2 (P2 peptide). 
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+ (Figure 

3.2c) exchange three, four, and five labile hydrogens, respectively. Similar to b7
+ (i.e., 

Figure 3.1b), the D0 ion populations of b4
+-b6

+ fragment ions do not disappear after 

~1500 ion-molecule collisions with ND3 neutral reagent. 
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Based on the number of labile hydrogens in bn
+ fragment ions, one would expect 

to observe higher number of H/D exchanges for larger b fragment ions. However, 

experimental results indicated an inverse relationship between the numbers of observed 

H/D exchanges and b fragment ion size. For example, the H/D exchange reaction patterns 

in Figures 3.1b and 3.2a to 3.2c show that as bn fragment ion size decreases, the 

percentage of exchanged labile hydrogens increases in the following order: b7
+ (22.2 %) 

<b6
+ (37.5 %) <b5

+ (57.1 %) < b4
+ (83.3 %). The H/D exchange reaction patterns for the 

molecular ion and bn (n = 4-7) of other heptapeptides (i.e., P1 and P3-P7) were similar to 

the patterns observed for the molecular ion and bn
+ (n = 4-7) fragment ions of P2 (as in 

Figures 3.1 and 3.2. 

The H/D exchange reaction patterns (i.e., extent of H/D exchange and existence 

or disappearance of D0 ion population) for [M + H]+ and b4
+-b7

+ suggest a drastic 

structural/conformational change among histidine-containing bn
+ fragments as compared 

to their respective molecular ions. The potential bn
+ structural/conformational changes 

(compared to [M + H]+) are more pronounced for larger b fragment ions (e.g., b7
+) than 

smaller b fragment ions (e.g., b4
+). For instance, as shown in Figure 3.1, the H/D 

exchange mass spectral patterns for [M + H]+ after ~300 and ~1500 ion-molecule 

collisions (with ND3) show disappearance of D0 and D1 (Figure 3.1a, middle panel)  and 

D0, D1, and D2 (Figure 3.1a, bottom panel) ion populations, respectively. For the b7
+ 

fragment ion, the H/D exchange isotopic pattern does not change significantly between 

~300 (Figure 3.1b, middle panel) and ~1500 (Figure 3.1b, bottom panel) ion-molecule 

collisions. The gas-phase structural/conformational factors (e.g., hydrogen bonding, salt 

bridge formation, etc.) may play a major role in the observed differences in the extent of 
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H/D exchange (or multiple H/D exchanges). In addition, proton affinity (PA) variations 

(between available exchange sites in b fragment or molecular ions) may also influence 

H/D exchange reaction outcomes. Moreover, occurrence of single versus multiple 

deuterium uptake during H/D exchange reactions can alter the observed mass spectral 

patterns. For instance, Gard et al. studied the feasibility of exchanging multiple labile 

hydrogens (by amino acid and peptide ions) during gas-phase H/D exchange reactions129 

and reported that the feasibility of multiple H/D exchanges increases as the ∆PA between 

the two possible exchangeable sites (i.e., most basic sites) on a peptide or amino acid 

decreases.129 

  Our H/D exchange results suggest that the structural/conformational changes of 

bn fragment ions do not significantly depend on the position of histidine in the original 

heptapeptide sequence; the extent of H/D exchange (or available hydrogen atoms for 

deuterium exchange) is the same for each histidine-containing bn
+ (n = 4-7) fragment ion 

from P1 to P7 and similar to the reported patterns in Figure 3.1. The lower H/D exchange 

reaction rates (see section below) and a fewer number of deuterium uptake for b7 ions 

(among b4-b7 fragments) suggest that b7 ions have more compact 

structures/conformations than the smaller b fragment ions. Previously, our group117, 123 

and Polfer and co-workers186 have demonstrated the presence of bimodal H/D exchange 

patterns for the b4
+ and b5

+ fragment ions of WHWLQL and b4
+-b7

+ of GGGGGGGG 

model peptides, respectively. The bimodal H/D exchange patterns are indicative of two 

(“fast” and “slow”) structurally/conformationally different isobaric b fragment ions.  

Although the H/D exchange patterns for b fragment ions in Figures 3.1b and 3.2a to 3.2c 

do not show two resolved ion populations for histidine-containing b fragment ions, the 
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semi-log plots for H/D exchange reactions of bn
+ fragment ions (shown in Figure 3.3b 

inset and Figure 3.4 for P2 or A(His)AAAAA-NH2) suggest the presence of at least two 

ion populations with different reactivities with ND3 (D0 � Dm). 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.2. ESI/FT-ICR mass spectra of SWIFT-isolated 12Call peak at 0 s (top panel), 
100 s (middle panel), and 500 s (bottom panel) reaction times with ND3 (at PND3 ≈ 4.2 
×10-8 Torr) for (a) b4

+, (b) b5
+, and (c) b6

+ fragments of A(His)AAAAA-NH2 (P2 
peptide). 
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the presence of at least two ion populations for each b fragment ion, regardless of the 

position of histidine in the original heptapeptide sequence. 

 
3.3.4. Kinetics of the H/D Exchange Reactions 

To further investigate the effect of histidine position on the 

structure/conformation of the histidine-containing bn (n = 4-7) fragment ions, the H/D 

exchange reaction rates of singly-charged b fragment ions of all seven model 

heptapeptides were studied. To minimize the effect of ion formation and fragmentation 

energetics in the ESI source on the structure/conformation of generated b fragment ions, 

the temperature and voltages on the heated metal capillary and skimmer were kept 

constant at ~120 ± 3 °C, ~+70 V, and ~+1.0 V, respectively, for all the H/D exchange 

reactions reported in this study. 

To obtain H/D exchange temporal plots for bn
+ (n = 4-7) fragment ions, the 

normalized ion intensity (I) for depletion/disappearance of the SWIFT-isolated D0 peak 

(i.e., ID0 / ∑ IDm) was plotted as a function of H/D exchange reaction time. As an example, 

the temporal plots for [M + H]+ and b7
+ of P2 are shown in Figures 3.3a and 3.3b, 

respectively. The semi-log plots for H/D exchange reaction of [M + H]+ and b7
+ are also 

shown as insets in Figures 3.3a and 3.3b.  

For simplicity, only H/D exchange semi-log plots for b4
+, b5

+, and b6
+ fragments 

ions (from P2) are shown in Figures 3.4a to 3.4c, respectively. The semi-log plots for b 

fragment ions (Figure 3.3b inset and Figures 3.4a-c) show two linear segments, indicative 

of the presence of two H/D-exchanging ion populations.121, 123, 186 However, the best fits 

{using Origin 7.0 (OriginLab Corporation, MA)} of the data in the temporal plots of the 

b fragment ions correspond to single exponential decay equations {i.e., Y = A × Exp (-t / 
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τ), where “Y” is normalized ion intensity, “A” is pre-exponential constant, “t” is the 

reaction time, and “τ” is the time constant for the H/D exchange reaction decay curve}. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3.3. Temporal plots of normalized ion abundance versus H/D exchange reaction 
time for disappearance of the 12Call peak (or D0) for (a) [M + H]+ and (b) b7

+ fragment of 
A(His)AAAAA-NH 2. The fitted single exponential decay equations for each fragment 
ions are shown in the corresponding plots. The insets show semi-log plots of ln(ID0 / IDm) 
vs. H/D exchange reaction time of each b fragment ion. The empty circles (○) and 
triangles (Δ) in the semilog plots show the segments corresponding to “fast” + “slow” 
and “slow” H/D-exchanging populations, respectively. The fitted linear equations for 
each segment are shown in the plots. The filled squares (■) in the semi-log plots 
correspond to H/D exchange data which were not used for linear fitting. 
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Attempts to fit the H/D exchange reaction kinetic data for b fragment ions to bi-

exponential decay equations {i.e., Y = A1 × Exp (-t / τ1) + A2 × Exp (-t / τ2)} failed due to 

high fitting errors. Failure in fitting the data to a bi-exponential equation may be due to 

the long H/D exchange time constants (i.e., >~100 s) for the “slow” H/D-exchanging b 

ion populations; for instance, the D0 normalized intensities for “slow” H/D-exchanging 

populations of bn
+ fragment ions of P2 decrease by only ~3-10 % when the number of 

ion-molecule collisions is increased from ~300 collisions to ~1500 collisions (i.e., 

compare Figures 3.1b and 3.2a to 3.2c, middle and bottom panels). 

The reported average H/D exchange rate constants for bn
+ fragment ions in Table 

3.1 were obtained from single exponential curve fittings. These rate constants (from 

single exponential curve fittings) have major contributions from the “fast” reacting b 

fragment ions and only minor contributions from the “slow” reacting b fragment ion 

populations. Accurate H/D rate constants for “slow” reacting b ion populations can be 

obtained by acquiring mass spectra at longer reaction times (i.e., >500 s) and/or higher 

ND3 pressures. 

The current version of our Omega software (Omega 8.0.294, former IonSpec 

Corp. - now a division of Agilent Technologies, Inc., Santa Clara, CA) does not allow 

running a sequence of events longer than ~17 min.  This software-imposed restriction and 

the additional time required to achieve ultrahigh vacuum during ion signal detection 

limited the dynamic range for ion-molecule reactions (i.e., <500 s). Table 3.1 shows the 

H/D exchange rate constants (for disappearance of D0) for histidine-containing bn
+ (n = 4-

7) fragment and molecular ions of P1 to P7 heptapeptides.  

 



 61

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
Figure 3.4. Semi-log plots of ln(ID0 / IDm) vs. H/D exchange reaction time for (a) b4

+, (b) 
b5

+, and (c) b6
+ fragment ions of A(His)AAAAA-NH2. The empty circles (○) and 

triangles (Δ) in the semi-log plots show the segments corresponding to “fast” + “slow” 
and “slow” H/D-exchanging populations, respectively. The fitted linear equations for 
each segment are shown in the plots. The filled squares (■) in the semi-log plots 
correspond to H/D exchange data which were not used for linear fitting. 
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The largest b fragment ion (i.e., b7
+) of all seven peptides, except for P7, showed 

the lowest H/D exchange rate constant of all the histidine-containing bn
+ (n = 4-7) 

fragments. The H/D exchange rate constants for b6
+ and b7

+ fragment ions of all seven 

heptapeptides remained approximately constant (i.e., ~5.0-7.0 × 10-11 cm3 molecule-1 s-1) 

and did not show dependency on the position of histidine in the original heptapeptide. In 

other words, the position of histidine in the b6
+ and b7

+ fragment ion sequences may not 

have a significant effect on their gas-phase structures. On the other hand, the b4
+ and b5

+ 

fragment ions showed more H/D exchange reactivity dependence on histidine position (in 

the original heptapeptide sequence) than b6
+ and b7

+. The observed H/D exchange rate 

constants decrease as a function of increasing fragment ion size for P1, P2, and P5. In 

other words, the highest and lowest H/D exchange rate constants correspond to b4
+ and 

b7
+ fragment ions, respectively, of P1, P2, and P5. Alternatively, for P3, P4, and P6 the 

highest H/D exchange rate constant corresponds to b5
+.  

On the other hand, the H/D exchange rate constants for b4
+-b7

+ fragments of P7 do 

not show statistically significant (at 95 % confidence interval) dependence on fragment 

ion size. As we mentioned earlier, without isotope labeling, it is not possible to know if 

scrambling has occurred for the b4
+, b5

+, and b6
+ fragment ions generated from P1-P7 

(due to the presence of isobaric alanine residues in all peptide sequences). The 

statistically similar (at 95 % confidence interval) H/D exchange rate constants of b6
+ 

fragment ions of P7 to the H/D exchange rate constants of b6
+ from P1-P3 and P5-P6 may 

imply that these model heptapeptides generate structurally similar b6
+, regardless of 

histidine position in the original peptide sequence. Moreover, the statistically similar (at 

95 % confidence interval) H/D exchange rate constants for b7
+ of all seven heptapeptides 
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may also suggest similar fragment type for b7
+ fragment ions, independent of histidine 

position.  

 
 

 
 

 
 

 
 
Previously, two types of structures have been suggested/confirmed for b fragment 

ions using both experimental (i.e., infrared multiphoton dissociation (IRMPD) 

spectroscopy186, 187) and theoretical (i.e., molecular dynamic simulations190) approaches: 

macrocyclic and oxazolone. Molecular dynamic simulations by Bythell et al. suggested a  

macrocyclic structure (protonated at the histidine side-chain) for histidine-containing b4
+ 

{A 3(His)} and b5
+ {A 4(His)} fragments as more energetically stable than an oxazolone 

structure.190 

In another study, IRMPD spectroscopy results by Chen et al.186 suggested 

oxazolone and macrocyclic structures for the “fast” and “slow” H/D-exchanging ion 

Peptides 
Fragment Type 

b4
+  

(m/z 351) 
b5

+  
(m/z 422) 

b6
+  

(m/z 493) 
b7

+  
(m/z 564) 

[M + H]+  
(m/z 581) 

P1 11.30(± 1.37) 09.80(± 1.14) 06.06(± 0.90) 04.57(± 0.71) 02.77(± 0.57) 
 

P2 10.58(± 2.65) 07.37(± 1.88) 05.79(± 0.43) 04.32(± 0.46) 07.42(± 0.99) 
 

P3 06.47(± 0.32) 07.86(± 1.01) 05.77(± 0.55) 04.84(± 0.40) 03.29(± 1.01) 
 

P4 09.78(± 0.55) 12.42(± 2.31) 07.61(± 0.68) 05.00(± 1.71) 03.08(±0.83) 
 

P5 08.48(± 0.10) 07.96(± 1.12) 04.94(± 1.11) 04.89(± 0.50) 02.26(± 0.50) 
 

P6 06.62(± 0.06) 08.96(± 0.00) 05.50(± 0.63) 05.26(± 0.61) 03.83(± 1.11) 
 

P7 06.58(± 1.43) 05.29(± 0.81) 03.90(± 1.00) 05.85(± 0.52) 05.86(± 0.23) 

Table 3.1. Experimental rate constants for b4
+-b7

+ fragment ions of all seven 
 (His)(A)6-NH2 type model heptapeptides. Rate constants are in × 10-11 cm3 molecule-1 

s-1 and an average of three experimental trials, with standard deviations (n = 3) 
included within parentheses. 
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populations of b4
+-b7

+ fragments of the GGGGGGGG peptide, respectively. Our H/D 

exchange reaction kinetics observations (i.e., presence of two linear segments in the 

semi-log plots in Figure 3.3b inset, and Figure 3.4) are consistent with Bythell’s190 and 

Chen’s data,186 suggesting the existence of two structures for histidine-containing b4
+-b7

+ 

fragment ions. 

As shown in Table 3.1, the H/D exchange rate constants of bn
+ (n = 4-7) fragment 

ions of P1-P7 were similar to or higher than the H/D exchange rate constants of their 

corresponding molecular ions (i.e., [M + H]+), except for b6
+ and b7

+ of P2 and b6
+ of P7. 

In other words, the calculated kbn+ / k[M + H]+
  ratios for all the studied model heptapeptides 

are between ~1.0 and ~4.0 with the exception of b6
+ (kb6+

 / k[M + H]+ ≈ 0.8) and b7
+ (kb7+

 / 

k[M + H]+ ≈ 0.6) of P2 and b6
+ (kb6+

 / k[M + H]+ ≈ 0.7) of P7. The higher H/D exchange rate 

constants for b fragment ions of P1 and P3-P6 (as compared to their corresponding 

molecular ions) may be due to lower gas-phase basicities and/or less compact 

structures/conformations for bn
+ fragment ions (compared to [M + H]+).   

It is interesting to note that H/D exchange reactions of b4
+ and b5

+ fragment ions 

from Ala5 (i.e., a pentapeptide with no histidine) also yield bimodal temporal (and 

semilog) plots and divergent H/D exchange patterns (for b5
+) (data included in the 

appendix materials, Figure A.4). The observation of the two bn (n = 4 and 5) fragment ion 

populations from Ala5 is similar to previously reported results for bn fragment ions (n = 4 

to 7) from Glyn species.186 For similar size bn fragment ions (e.g., n = 4 and 5) from Ala5 

or HisAla6 (P1 to P7) peptides, both “fast” and “slow” H/D exchanging fragment ion 

populations are formed. 
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3.3.5. Ion Mobility (IM) Profiles 

The focus of our ion mobility experiments was to study the structural variations of 

histidine-containing bn
+ (n = 4-7) fragment ions as a function of histidine position in the 

original heptapeptide sequence(s). We only compare the mobility profiles in terms of 

arrival times and peak shapes of the P1-P7 fragment ions. To minimize possible structural 

variations of fragment ion as a result of experimental disparities, we used similar 

experimental parameters (e.g., electrospray and ion generation conditions) for the 

ESI/IM-MS and ESI/FT-ICR MS studies. 

Figures A5a to A5c show the mobility arrival time distributions (ATDs) acquired 

for molecular ions (i.e., [M + H]+) and nozzle-skimmer generated histidine-containing 

b4
+-b7

+ fragment ions of P3, P4, and P7. The ion intensities (i.e., Y-axes) in Figures A.5a 

to A.5c were normalized for easier comparison of the mobility profiles of fragment ions 

with different intensities. The observed ATDs for molecular ions and b4
+, b6

+, and b7
+ 

fragment ions of P1-P7 show “Gaussian-like” peak shapes. However, the ATDs 

corresponding to b5
+ fragments from P3 (Figures A.5a), P4 (Figure A5b), and P5 (not 

shown) show two ion populations (i.e., mobility profiles can be fitted to bi-Gaussian 

distributions).  

In contrast, ATDs for b5
+ fragment ions generated from P1 to P2 (not shown), P6 

(not shown), and P7 (Figure A.5c) reveal “Gaussian-like” distributions (similar to 

molecular ions and b4
+ and b6

+-b7
+ fragments). The b5

+ fragment ion populations with 

shorter peak arrival times (or smaller collision cross sections) are indicative of more 

compact structures than the longer arrival time (or larger collision cross section) b5
+ ion 

populations. Our preliminary post-IM/CID results (data not shown) on histidine-
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containing b5
+ suggests a more stable structure (i.e., highly resistant to fragmentation) for 

the shorter arrival time ion population compared to the ion population with a longer 

arrival time. 

To further investigate the effect of histidine position on the structure of bn
+ 

fragment ions, we systematically compared the IM peak arrival times and full-width half-

heights (FWHHs) of the acquired ATDs (e.g., ATDs shown in Figure A.5). To obtain the 

mobility peak centroids and FWHHs, we utilized Gaussian curve fitting using Origin 

software {Origin 7.0 (OriginLab Corporation, MA)}. The mobility arrival time 

distributions were fitted to Y = {Y0 + A / (w × sqrt(π /2))} × Exp{-2 ((t – tA) / w)2}. The 

included parameters for the Gaussian curve fitting are as follow: “Y” is the normalized 

intensity in the mobility profile, “Y0” is the offset in Y value, “A” is a constant, “w” is 

related to FWHH {using FWHH = w × sqrt(ln(4))}, “t” is the arrival time, and “tA” is the 

peak arrival time (i.e., central time value in the fitted Gaussian equation). 

The ion mobility data (i.e., peak arrival times and FWHHs obtained from 

Gaussian curve fittings) for all P1-P7 heptapeptides, including molecular ions and their 

histidine-containing b4
+-b7

+ fragment ions, are summarized in Table 3.2. In Table 3.2, 

columns 1 and 2 indicate identities of the studied ions and their corresponding 

heptapeptides (P1-P7); columns 3-5 contain ion mobility peak arrival times, FWHH of 

the mobility profiles, and R2 values obtained from the Gaussian curve fitting for each 

fragment ion of each model heptapeptide.  

The R2 values listed in column 5 of Table 3.2 indicate good fits to a Gaussian 

equation for the fragment and molecular ions of the studied model heptapeptides {except 

for b7
+ (R2 = 0.84) and molecular ion (R2 = 0.78) of P1 due to poor signal-to-noise ratio}.  
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Table 3.2. Ion mobility peak arrival time, full width at half height (FWHH), and R2 
obtained from Gaussian curve fitting for [M + H]+  and histidine- containing b4

+-b7
+ 

fragment ions of seven (P1-P7) studied heptapeptides. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fragment  
(m/z) 

Peptide # 
Peak  

Arrival Time 
(ms) 

FWHH* 

(ms) 
R2

 

b4
+ 

(m/z 351) 

P1 7.23 1.07 0.99 
P2 7.48 1.60 0.99 
P3 7.61 1.66 0.99 
P4 7.30 1.08 0.99 
P5 7.31 1.24 0.99 
P6 7.35 1.28 0.98 
P7 7.25 1.09 0.99 

Average (± STD)  7.36 (± 0.14) 1.29 (± 0.25)  
 

b5
+ 

(m/z 422) 

P1 8.64 1.47 0.99 
P2 8.70 2.00 0.98 
P3 9.25 2.37 0.98 
P4 9.21 2.24 0.98 
P5 9.27 2.26 0.98 
P6 9.09 1.95 0.94 
P7 8.99 1.78 0.99 

Average (± STD)  9.02 (± 0.26) 2.01 (± 0.31)  
 

b6
+ 

(m/z 493) 

P1 10.65 1.68 0.97 
P2 10.54 2.32 0.99 
P3 11.04 2.30 0.99 
P4 11.06 2.35 0.99 
P5 11.10 2.12 0.99 
P6 10.69 2.03 0.99 
P7 10.79 1.92 0.99 

Average (± STD)  10.84 (± 0.23) 2.10 (± 0.25)  
 

b7
+ 

(m/z 564) 

P1 12.16 2.54    0.84** 

P2 12.43 2.18 0.99 
P3 12.85 2.19 0.99 
P4 12.63 2.23 0.99 
P5 11.68 2.04 0.99 
P6 12.98 2.76 0.99 
P7 12.99 2.35 0.99 

Average (± STD)  12.53 (± 0.48) 2.33 (± 0.25)  
 

[M + H]+ 

(m/z 581) 

P1 12.61 1.77    0.78** 

P2 13.33 2.51 0.99 
P3 13.00 2.19 0.99 
P4 13.16 1.98 0.99 
P5 14.12 2.44 0.99 
P6 14.10 2.40 0.99 
P7 13.89 2.61 0.99 

Average (± STD)  13.46 (± 0.59) 2.27 (± 0.31)  
* Experimentally estimated standard deviation (three trials) for FWHH is <±0.02 ms. 
** The fitting errors for b7

+and [M + H]+ of P1 were high due to poor S/N. 
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Also, notice that R2 values for all b5
+ ions are lower than the values listed for 

other fragment ions, consistent with the visual inspection of b5
+ ATD in Figure A.5 

suggesting the presence of different b5
+ conformers or structures. The peak arrival time 

values increase linearly as a function of m/z for studied b fragment and molecular ions. 

For instance, the best fit to the average peak arrival time-m/z data (shown in Table 3.2) is 

a linear equation {i.e., peak arrival time (ms) = 0.03 (± 0.00) × m/z -1.77 (± 0.55), R2 = 

0.99}. In general (as it is shown in Table 3.2), the b fragment ions generated from the 

heptapeptides with histidine at either N- or C-terminus (i.e., positions 1 and 7, 

respectively) show narrower FWHHs than b fragments from heptapeptides with internal 

histidine positions. {The FWHH for the b7
+ fragment ion of P1 is not conclusive due to 

poor S/N}. This may suggest that the b fragment ions generated from P1 and P7 have less 

structural variability compared to the b fragment ions from other studied heptapeptides 

(P2-P6). 

In traveling wave ion mobility, peak widths for single-component analytes (i.e., 

one analyte having one structure) broaden with increasing arrival time.135 To assess the 

structural variability based on mobility peak widths (PWs), analyte PWs should ideally 

be compared to the PWs of compounds with a single structure/component at similar 

arrival times. We compared the FWHH values of the mobility peaks for a series of 

standard sodium adduct polypropylene glycol (PPG) ions with the FWHH values of the 

mobility peaks for b4
+-b7

+ from P3. Mobility peaks for sodium adduct PPG ions are 

expected to reflect only single component (for each species or □ symbols in Figure 3.5). 

Figure 3.5 shows the plot of peak width at half height (FWHH) as a function of 

the arrival time (AT) values for the sodium adduct PPG species (at m/z 389, 477, 505, 
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563, and 621) and bn
+ (n = 4-7) and [M + H]+ of P3. The error bars in Figure 3.5 were 

calculated using six experimental values for each data point (please note that the error 

bars for ion arrival times are negligible). As expected,135 the data for sodium adduct PPG 

ions (empty squares (□) in Figure 3.5) indicate a linear relationship between the FWHH 

values and corresponding arrival times (dash-line with R2 value of ~0.98).  

 
 
 

 

 

 

 

 

 

 

 

 
Figure 3.5. Plot of ion mobility peak widths (FWHH) versus arrival time values for 
standard sodium adduct polypropylene glycol (PPG) ions {empty squares (□)} and bn

+ (n 
= 4-7) and [M + H]+ of P3 {empty circles (○)}. The m/zs of the sodium adduct PPG 
species and the number of propylene glycol units (i.e., “m”) in [PPG (m) + Na]+ (m = 6-
10) are labeled. The equation obtained from the linear fitting (dash-line) to the sodium 
adduct PPG ions data is also shown in the top portion of plot. Each data point is the 
average of six experimental trials performed in two different days and errors (95 % 
confidence level) for both arrival time (<0.7 %) and FWHH (<2 %) values are shown as 
error bars. 

 
 
The comparisons of the FWHHs for PPG mobility profiles (shown as □ symbols 

in Figure 3.5) and b fragment ions (empty circles (○) in Figure 3.5) suggest that b4
+, b5

+, 

b6
+, and b7

+ fragment ions have significantly higher FWHHs than the sodium adduct PPG 
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ions at similar arrival times. The expected FWHH values for b fragment ions can be 

calculated by substituting b fragment ions’ arrival times in the linear fit equation of 

Figure 3.5 (FWHH = 0.134 × AT + 0.390). For example, the experimentally obtained 

FWHH values for IM profiles of b4
+-b7

+ from P3 are all higher than their calculated 

FWHH values (viz., ~18 %, ~44 %, ~27 %, and 6 %, respectively). Deviation of the 

experimentally observed FWHH values for b fragment ions of P3 from the expected 

linear relationship (as shown in Figure 3.5) is consistent with the presence of more than a 

single histidine-containing b fragment ion structures.  

Also note that b5
+ from P3 exhibits the highest FWHH value (or 44 % above the 

expected value obtained from the linear equation in Figure 3.5); these results are in 

harmony with the H/D exchange (e.g., Figure A.6) and IM profiles (e.g., Figure A.5a) 

results for b5
+ of P3 that indicate the presences of at least two populations. Conversely, 

the experimentally observed (narrower than the predicted value) FWHH for [M + H]+ of 

P3 suggests that this molecular ion has less structural variability (as compared to other 

species such as the b fragments). 

Although the presence of two (or more) ion mobility resolved populations and the 

two “fast” and “slow” H/D exchanging populations could have different chemical reasons, 

it is interesting to note that relative percentages of the two populations from HDX and 

IM-MS experiments for b5 fragments ions are in qualitative agreement. For instance, both 

HDX semi-log plots and IM-MS results suggest that the majority of b5
+ fragment ions for 

P3-P6 have “open” structures (i.e., “fast” H/D exchanging ion populations have higher 

relative percentages which qualitatively agree with the observed higher abundances of the 

b fragment ion populations with larger collision cross sections in IM-MS). Again, it 
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should be noted that HDX and IM-MS comparisons may or may not correlate as each of 

the bn
+ fragment populations could contain several sub-populations or multiple structures 

with unique H/D exchange properties and varying collision cross sections. 

 
3.4. Conclusions 

Both H/D exchange reaction kinetics (i.e., temporal semi-log plots) and the degree 

of deuterium incorporation suggest the presence of at least two structures for all histidine-

containing bn
+ (n = 4-7) fragment ions, regardless of histidine position in the original P1-

P7 heptapeptides. These results are consistent with the previously reported theoretical 

calculations on the cyclization of b fragment ions from histidine containing hexapeptides 

by Bythell et al..190 Among the histidine-containing bn
+ (n = 4-7) investigated in our 

study, the b4
+ and b5

+ fragment ions showed higher H/D exchange reactivity dependence 

on histidine position. Under our low resolving power ion mobility conditions (i.e., peak 

arrival time/FWHH ≈ 4-8), the ATDs of histidine-containing b4
+, b6

+, and b7
+ fragments 

from none of the seven model heptapeptides show mobility resolved ion populations. 

However, the observed ATDs for b5
+ fragments show the existence of different b5

+ 

isomers or conformers for P3–P5. 

Our FWHH comparisons between standard sodium adduct PPG ions with 

histidine containing b4
+-b7

+ of P3 show that these b fragment ions have significantly 

wider ion mobility peak widths than the standard PPG ions with similar arrival times. The 

ion mobility results suggest that b4
+-b7

+ fragments may exist as several different isomers 

or conformers. For example, the deviation of the experimental FWHH value for b5
+ 

fragment of P3 from the expected linear relationship (Figure 3.5) is consistent with the 

H/D exchange and IM profiles (for b5
+ of P3) that indicate the presence of at least two ion 
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populations. A higher number of ion–molecule collisions (and the use of different 

deuterium reagents) may provide additional insight to probe various components of the 

“slow” H/D-exchanging isomers or conformers. We plan to explore the combined use of 

ion mobility and H/D exchange reactions with post ion mobility CID to resolve different 

b fragment isomers or conformers. 
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CHAPTER FOUR 
 

Evidence for Sequence Scrambling in Collision-Induced Dissociation of y-Type 
Fragment Ions 

 
This chapter published as: Miladi, M.; Harper, B.; Solouki, T., Evidence for sequence 

scrambling in collision-induced dissociation of y-type fragment ions. J. Am. Soc. Mass. 
Spectrom. 2013, 24, 1755-1766. 

 
 

Abstract 
 

Sequence scrambling from y-type fragment ions has not been previously reported. 

In a study designed to probe structural variations among b type fragment ions, it was 

noted that y fragment ions might also yield sequence-scrambled ions. In this study, we 

examined the possibility and extent of sequence-scrambled fragment ion generation from 

collision-induced dissociation (CID) of y-type ions from four peptides (all containing 

basic residues near the C-terminus) including: AAAAHAA-NH2 (where “A” denotes 

carbon thirteen (13C1) isotope on the alanine carbonyl group), des-acetylated-α-

melanocyte (SYSMEHFRWGKPV-NH2), angiotensin II antipeptide (EGVYVHPV), and 

glu-fibrinopeptide b (EGVNDNEEGFFSAR). 

We investigated fragmentation patterns of 32 y-type fragment ions, including y 

fragment ions with different charge states (+1 to +3) and sizes (3 to 12 amino acids). 

Sequence-scrambled fragment ions were observed from ~50 % (16 out of 32) of the 

studied y-type ions. However, observed sequence-scrambled ions had low relative 

intensities from ~0.1 % to a maximum of ~12 %. We present and discuss potential 

mechanisms for generation of sequence-scrambled fragment ions. To the best of our 
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knowledge, results on y fragment dissociation presented here provide the first 

experimental evidence for generation of sequence-scrambled fragments from CID of y 

ions through intermediate cyclic “b-type” ions. 

  
4.1. Introduction 

Amino acid sequence determination of peptides and proteins is generally 

performed by sequencing digested peptides and/or intact proteins using tandem mass 

spectrometry (MSn) and gas-phase ion fragmentation techniques (e.g., collision-induced 

dissociation (CID),150 infrared multiphoton dissociation (IRMPD),152 electron capture 

dissociation (ECD),88 and electron transfer dissociation (ETD)89). Subsequently, product 

fragment ions (e.g., a-, b-, c-, x-, y-, and z-type, Roepstorff and Fohlman’s 

nomenclature162) can be searched against protein libraries/databases using search 

engines245-247 to identify matching peptide/protein sequences. 

Observed degree of match between the experimentally obtained MSn 

protein/peptide mass spectra and available mass spectra from a library or database is 

expressed as a “matching score”.170, 181 Matching scores for protein/peptide sequencing 

can be influenced by the presence of background contaminations248 and/or unusual 

fragment ions.171 Previous studies have suggested that a potential source for generation of 

unusual fragment ions in MSn experiments is fragment ion “rearrangement”178, 179, 243 or 

“sequence scrambling”.172 Unlike “normal” or direct fragment ions (i.e., fragment ions 

originating from the sequential loss of C- or N-terminus amino acids189), scrambled (or 

non-direct) fragment ions are not sequence-informative and can result in protein/peptide 

sequence misidentification.249 The extent of non-direct ion fragmentations’ impact on 

protein/peptide sequencing has been debated,250, 251 but clearly, incorporation of ion 
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fragmentation rules into available search engines should improve protein sequence 

identification. 

The first evidence for generation of rearranged fragment ions from CID of b-type 

fragment ions was reported by Tang et al..178, 179, 243 Subsequently, evidences from 

different gas-phase structural probes (e.g., hydrogen/deuterium exchange (HDX),117, 123, 

185, 186, 188 molecular modeling,189, 190, 229, 252 ion mobility-mass spectrometry (IM-MS),191-

193 IRMPD,186-188, 194, 195 and gas-phase proton transfer (PT) reactions121) suggested the 

presence of two isobaric structures (i.e., “oxazolone” and “macrocyclic” type) for b 

fragment ions. Tandem MS results from a number of b fragment ions suggested that 

scrambled fragment ions were generate via fragmentation of macrocyclic type b ions at 

different amide bond positions.188, 194, 196, 198, 204, 232, 235, 253, 254 

There are a growing number of experimental and theoretical evidences confirming 

the existence of structurally different b fragments ions; however, possibility for the 

presence of rearranged structures from other types of peptide fragment ions (e.g., a-, c-, 

x-, y-, and z-type162) should not be ignored. For instance, results from an IM-MS study by 

Badman et al. revealed the presence of multiple structures/conformations for y44
4+ and 

yn
5+ (n = 58-64) fragments of ubiquitin.255 The study by Riba Garcia et al. showed the 

presence of different structures for an
+ (n = 4 and 5) fragment ions generated from 

YAGFL-NH2 peptide.191 Thus, other types of fragment ions may also yield sequence 

scrambling. In this study, we examine the possibility of sequence scrambling in CID of y-

type fragment ions. 

Recently, we reported on HDX reactions of histidine-containing b4
+ to b7

+ from 

seven model heptapeptides (i.e., containing six alanine (A) residues and one histidine (H) 
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residue, with varied His positions).125 The HDX reaction kinetics indicated that two ion 

populations may be present for each of b4
+ to b7

+ type fragments from seven model 

heptapeptides.125 Due to the presence of isobaric alanine residues in b fragments from 

these seven heptapeptides, identification of potential b fragment ion scrambling was not 

possible.125 To investigate possible pathways for generation of histidine containing b 

fragments, we conducted CID on an isotopically labeled peptide with an amino acid 

sequence of AAAAHAA-NH2 (where “A” denotes the presence of a labeled carbon 

thirteen (13C1) isotope on the alanine carbonyl group. Our aim was to distinguish between 

the following two (i and ii) possible reaction pathways that could yield histidine-

containing b fragment ions: namely, (i) [M + H]+ � bn � scrambled or non-scrambled b-

type fragments and/or (ii)  [M + H]+ � yn � scrambled or non-scrambled isobaric b-type 

fragments. Our multistage (MSn) CID results indicated that sequence scrambling could 

occur from both b- and y- type fragment ions (pathways i and ii). 

In addition to CID results from the isotopically labeled AAAAHAA-NH2 

hexapeptide, here we report MSn CID results from angiotensin II antipeptide 

(EGVYVHPV), des-acetylated-α-melanocyte (SYSMEHFRWGKPV-NH2), and glu-

fibrinopeptide (EGVNDNEEGFFSAR) to evaluate the propensity of y-type fragment 

ions to generate sequence-scrambled species.  

Our criterion for selection of the examined peptides was the presence of basic 

amino acid residues near the C-terminal side of the peptide (which is a favorable 

condition for the generation of abundant y-type fragment ions). We demonstrate that 

scrambled fragment ions can form from different size (i.e., 3 to 12 amino acid residues) 

and charge state (i.e., +1 to +3) y fragment ions. 
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4.2. Experimental 

 
4.2.1. Sample Preparation 

Des-acetylated-α-melanocyte, glu-fibrinopeptide b, electrospray ionization (ESI) 

solvents, and pentaalanine (or A5 used as internal calibrant) were purchased from Sigma 

(Sigma–Aldrich, St. Louis, MO, USA). Angiotensin II antipeptide was purchased from 

AnaSpec Inc. (AnaSpec Inc., Fremont, CA, USA) and the isotopically labeled (13C1) 

peptide AAAAHAA-NH2 was purchased from CPC Scientific (CPC Scientific Inc., 

Sunnyvale, CA).  

Because we used a gas-phase ion isolation technique72 to carryout all of our CID 

experiments, minor contaminations were tolerable and no additional sample purification 

was necessary. The use of internal mass calibration allowed us to utilize high mass 

measurement accuracy to confirm analyte identities. Micromolar concentration of each 

peptide solution was prepared in a methanol: water: acetic acid (~49.5 %: ~49.5 %: 

~1 %) mixture and used for ESI/MS experiments. 

 
4.2.2. Instrumentation 

The MSn mass spectra were acquired using a linear trap quadrupole (LTQ)-

Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) operated in 

the positive-ion mode ESI. Mass resolving power (M/ΔM50%) of the Orbitrap was set at 

30,000. The ESI source voltage was set at +3 kV. The metal capillary temperature and 

voltage were set at 260 °C and +50 V, respectively. The tube lens voltage was set at +105 

V. For y fragment ions generated from angiotensin II antipeptide, des-acetylated-α-

melanocyte, and glu-fibrinopeptide b, LTQ isolation parameters were optimized to 
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maximize the number of isolated ions within the isotopic envelopes of singly-, doubly-, 

and triply-charged ions. For y fragment ions generated from AAAAHAA-NH2, LTQ 

isolation parameters were optimized for a narrower window and isolation of the first 

isotope (13C1 labeled mono isotope) peak. 

Collision-induced dissociation of each mass isolated y ion was performed in the 

LTQ with an optimized collision energy value (corresponding to the “normalized” 

collision energy) in the range of 15 % to 30 %. For all of the CID experiments, helium 

(He) was used as the collision gas (at He partial pressure ~ 1 x 10-5 Torr) and the 

activation “q” parameter of the LTQ was set at 0.25. The protonated pentaalanine (m/z 

374) was used as the “lock mass” for acquisition of all mass spectra reported here. The 

maximum error between experimentally acquired and theoretically calculated m/z values 

was <4.5 ppm. In Figures 4.1-4.3, CID product ions with relative abundance >5 % are 

labeled. 

 
4.2.3. Nomenclature for Labeling CID Products from y-Type Ions 

Gas-phase fragment ion products from protonated peptides are labeled using 

Roepstorff and Fohlman nomenclature.162 The y-type ions are assumed to be truncated 

protonated peptides and, hence, CID products of y-type ions can be isobaric to a, b, or 

other types of normal CID fragments. To eliminate confusion with CID fragments from 

protonated molecular ions of peptides (i.e., [M + nH]n+), CID products of y fragment ions 

were assigned based on neutral losses from the isolated “parent” y ion (i.e., loss of NH3, 

H2O, CO, and/or amino acid(s)). For example, the loss of a neutral water from the C-

terminus of [y7]
+ fragment ion from EGVYVHPV peptide (i.e., EGVYVHPV [M + H]+, 

m/z 899 � GVYVHPV ([y7]
+, m/z 770) � GVYVHPV – H2O ([y7 – (H2O)]+, m/z (752)) 
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yields a fragment which is isobaric to a b7 fragment ion at m/z 752 generated from a 

protonated GVYVHPV peptide. To indicate specific origins of different CID products, all 

of the observed CID fragment ions from isolated y fragments were labeled based on 

neutral losses from the originally isolated y fragments (i.e., [yn – (NH3, H2O, and/or 

amino acid(s))]m+ where n = 3 to 12, and m = 1 to 3). 

 
4.3. Results and Discussion 

In the following section, we provide conclusive experimental evidence for 

generation of sequence-scrambled fragment ions from y-type ions. First, we present 

results from CID of [y6]
+ from an isotopically labeled AAAAHAA-NH2 heptapeptide. 

Second, we provide additional evidence for sequence-scrambling of singly-, doubly-, and 

triply-charged y fragment ions from angiotensin II antipeptide (EGVYVHPV), des-

acetylated-α-melanocyte (SYSMEHFRWGKPV-NH2), and glu-fibrinopeptide b 

(EGVNDNEEGFFSAR). 

 
4.3.1. CID of y6

+ from AAAAHAA 

Figure 4.1a shows CID pattern of the mono-isotopically isolated [y6]
+ fragment, 

generated from in-source fragmentation of an isotopically labeled C-terminus amidated 

heptapeptide AAAAHAA-NH2. Please note that the underlined amino acid, in position 6 

from the N-terminus (or second amino acid from the c-terminus, identified as A), denotes 

the alanine with isotopically labeled 13C1 on the carbonyl group. Under our experimental 

conditions, the two most abundant fragment ions in CID of [y6]
+ (Figure 4.1a) correspond 

to [y6 – (NH3)]
+ (m/z 494) and [y6 – (NH3 + A)]+ (m/z 423) (Figure 4.1a inset). 
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Figure 4.1. Collision-induced dissociation (CID) mass spectra of m/z-isolated (a) [y6]

+ 

(m/z 511) (generated from in-source fragmentation of AAAAHAA-NH2) and (b) [y6 – 
(NH3)]

+ (m/z 494) (generated from CID of [y6]
+) at 20 %  normalized collision energy. 

Insets in panels (a) and (b) show the expanded views of m/z range of 421 to 424 
corresponding to [y6 – (NH3 + A)]+ and [y6 – (NH3 + A)]+ fragment ions. 
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The two peaks at m/z values of 422 and 423 (Figure 4.1a inset) can be assigned as 

[y6 – (NH3 + A)]+ and [y6 – (NH3 + A)]+, with mass measurement error of 0.12 ppm and 

0.14 ppm, respectively. The fragment ion at m/z 422 (i.e., [y6 – (NH3 + A)]+) corresponds 

to a loss of an isotopically labeled (13C1) alanine from internal portion of the peptide and 

thus can exclusively be assigned as a sequence-scrambled CID product ion from [y6]
+. 

However, the fragment ion at m/z 423 (i.e., [y6 – (NH3 + A)]+) could not be assigned as a 

“sequence-scrambled” fragment ion, due to the presence of multiple isobaric alanine 

residues in the original amino acid sequence.  

Presence of the scrambled fragment ion at m/z 422 (i.e., [y6
 – (NH3 + A)]+) 

suggests that macrocyclic fragment ions can also be generated in subsequent CID of y-

type ions (e.g., [y6]
+). Scheme 4.1 shows possible pathways for formation of sequence-

scrambled fragment ions in CID of [y6]
+. For example, an ion at m/z 422 could form via 

the following sequence of events: [y6]
+ � cyclic ([y6 - (NH3)]

+ or [A3HAA] + at m/z 494) 

� scrambled fragment ion ([y6 - (NH3 + A)]+, m/z 422) indicated as [y6]
+
� cyclic 

pathway �VI(β) route in scheme 4.1. 

To further investigate pathways involved in formation of re-arranged species from 

CID of y fragment ions, we conducted several MSn experiments on the isotopically 

labeled AAAAHAA-NH2 peptide. For example, to examine the validity of scheme 4.1 

type hypothesis for formation of a sequence scrambled ion at m/z 422, fragment ions at 

m/z 494 (i.e., [y6
 – (NH3)]

+ or [A3HAA] +) were mass isolated and subjected to CID. 

Figure 4.1b shows the MS4 CID mass spectrum of m/z-isolated [y6 – (NH3)]
+ (m/z 494), 

generated from subsequent fragmentation of CID product from [y6]
+ (m/z 511 or 

AAAHAA-NH 2) (i.e., isolate [y6]
+ (m/z 511) from wide mass range ESI mass spectrum 
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� perform CID on [y6]
+ (m/z 511)� isolate [y6 - (NH3)]

+ (m/z 494) � perform CID to 

yield mass spectrum in Figure 4.1b). The expanded mass spectral view for m/z range of 

421 to 424 is shown in Figure 4.1b inset; when the observed two fragment ions were 

assigned as [y6 – (NH3 + A)]+ and [y6 – (NH3 + A)]+, resulting mass measurement errors 

were 0.14 ppm and 0.33 ppm, respectively. Observation of the scrambled fragment ion at 

m/z 422 ([y6
 – (NH3 + A)]+) in CID mass spectrum of [y6 – (NH3)]

+ (Figure 4.1b) is 

consistent with the generation of scrambled [y6
 – (NH3 + A)]+ through subsequent 

fragmentation of [y6 – (NH3)]
+ in CID of [y6]

+ (Figure 4.1a). 

 Possible pathways for generation of fragment ions at m/z 422 and m/z 423 in CID 

of [y6]
+ (m/z 511) and [y6 – (NH3)]

+  (m/z 494) are shown in Scheme 4.1. Positions of the 

amino acids in peptide fragments are indicated above each species (1 to 6). The loss of 

ammonia from [y6]
+, upon CID, could lead to the formation of both linear and 

macrocyclic [y6 – (NH3)]
+ species (Scheme 4.1). Subsequent fragmentation of the linear 

[y6 – (NH3)]
+ (m/z 494) through pathway I (Scheme 4.1) produces the non-scrambled 

fragment ions at m/z 423 (i.e., cleavage at amide bond position denoted as “α” or “β” in 

pathway I, Scheme 4.1). However, subsequent dissociation of cyclic [y6 – (NH3)]
+ (m/z 

494) can generate scrambled fragment ions through pathways II, III, IV, V, and VI in 

Scheme 4.1. 

As shown in Scheme 4.1, the fragment ion at m/z 423 could also be produced as a 

scrambled fragment ion in pathways II to IV and VI; however, the exclusive assignment 

of the fragment ion at m/z 423 as a scrambled ion is not possible due to the presence of 

multiple alanine (A) residues in the fragment ion sequence.  
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Scheme 4.1. Possible pathways for formation of fragment ions at m/z 422 and 423 
generated from CID of [y6]

+ from AAAAHAANH 2. 
 

 
The scrambled fragment ion at m/z 422 can be generated through pathways V 

(cleavage at amide bond denoted as “α” in Scheme 4.1) and VI (cleavage at amide bond 

denoted as “β” in Scheme 4.1). Please note that because of potential differences in ion 

fragmentation energetics and dissociation pathways, relative intensities of the scrambled 

fragment ion at m/z 422 ([y6
 – (NH3 +A)]+)  and the fragment ion at m/z 423 are different 

in CID mass spectra of [y6]
+ (Figure 4.1a inset) and [y6 – (NH3)]

+ (Figure 4.1b inset). For 

example, fragment ions at m/z 422 and 423 in Figure 4.1a were generated from CID of 

isolated [y6]
+ that could potentially be formed via [y6]

+ � [y6 – (NH3)]
+ 
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Figure 4.1b) were generated from the direct fragmentation of m/z-isolated linear and/or 

cyclic [y6 – (NH3)]
+ (in the LTQ). 

In summary, using complementary CID experiments performed on [y6]
+ and [y6 – 

(NH3)]
+ fragment ions of AAAAHAA-NH2, we show that sequence-scrambling can 

occur in CID of y ions (similar to reported rearrangements observed for CID of b ions). 

Additionally, we performed CID on m/z-isolated [y4]
+, [y5]

+, and [y6]
+ generated from 

CID of m/z-isolated doubly charged AAAAHAA-NH2 (i.e., isolate [M + 2H]2+ from wide 

mass range ESI mass spectrum � perform CID on [M + 2H]2+ � isolate y fragment ion 

� perform CID on y fragment ion, Supplementary Figures B.1 to B.3). These additional 

CID data also showed the presence of scrambled fragment ions (similar to CID of [y6]
+) 

generated from in-source fragmentation of AAAAHAA-NH2 (Figure 4.1 and Scheme 4.1). 

In the following sections, we show additional CID results and demonstrate that sequence-

scrambling can occur in different size and charge-state y fragment ions. 

 
4.3.2. CID of y Fragment Ions from Des-Acetylated-α-Melanocyte 

Most abundant observed ions in ESI mass spectrum of des-acetylated-α-

melanocyte were [M + 3H]3+ and [M + 4H]4+. In separate experiments, we established 

that CID of triply-charged molecular ions of des-acetylated-α-melanocyte ([M + 3H]3+) 

yielded [yn]
2+ (n = 6 to 11) whereas [M + 4H]4+ species yielded [yn]

3+ (n = 8 and 10 to 12) 

and [yn]
+ (n = 4 to 7). We utilized all fourteen observed y fragment ions and performed 

MSn on each y-type ion in fourteen separate experiments. 

For brevity, we only present/discuss CID mass spectral pattern of [y7]
2+ generated 

from des-acetylated-α-melanocyte. A summary of the total number of observed y 

fragment ions and total number of scrambled product ions from CID of various y ions 
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(with different sizes and charge states) from des-acetylated-α-melanocyte is included in 

Table 4.1. In Table 4.1, columns #1 to #6 correspond to observed/isolated y fragment 

ions (sorted in ascending order for y fragment ion sizes), charge states, total numbers of 

observed secondary fragment ions (yn � fragments), numbers of observed scrambled 

secondary fragment ions, percentages of scrambling for each y ion (column four divided 

by column three), and identities of observed sequence scrambled fragments.  

For example, under our experimental conditions, results from CID mass spectra of 

m/z-isolated [yn]
+ (n = 4 to 7) (generated from CID of [M + 4H]4+) and [y9]

2+ and [y10]
2+ 

(generated from CID of [M + 3H]3+) did not reveal generation of any sequence-scrambled 

fragment ions. However, CID mass spectra of [yn]
2+ (n = 6 to 8 and 11) and [yn]

3+ (n = 8 

and 10 to 12) produced sequence-scrambled fragment ions that corresponded to ~1 % to 

~18 % of the total number of observed fragment ions (from CID of its parent y fragment).  

Figure 4.2a shows a CID mass spectrum of m/z-isolated [y7]
2+ (m/z 444) generated 

from CID of [M + 3H]3+ of des-acetylated-α-melanocyte. Fragment ions at m/z 774 ([y7 – 

(NH3 + P)]+) and m/z 387 ([y7 - (NH3 + P)]2+) could exclusively be assigned as scrambled 

fragment ions (with mass measurement errors of 0.52 ppm and 1.81 ppm, respectively). 

Presence of sequence-scrambled fragment ions in CID mass spectrum shown in Figure 

4.2a suggests that CID of [y7]
2+ ions produces macrocyclic fragment ion intermediate(s). 

For example, intermediate macrocyclic fragment ion(s) subsequently can re-open 

to generate the observed scrambled ions through the following suggested pathway: [y7]
2+ 

� cyclic [y7 – (NH3)]
2+ � scrambled fragment ions ([y7 – (NH3 + P)]+ and [y7 – (NH3 + 

P)]2+).  
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Figure 4.2. Collision induced dissociation (CID) mass spectra of m/z-isolated (a) [y7]

2+ 
(m/z 444) (generated from CID of [M + 3H]3+ of des-acetylated-α-melanocyte 
[SYSMEHFRWGKPV-NH2]) and (b) [y7 – (NH3)]

2+ (m/z 436) (generated from CID of 
[y7]

2+) at 15 % normalized collision energy. A list of assigned fragments is included in 
the appendix materials (Tables B.1 and B.2). Peaks corresponding to electronic noise are 
marked with asterisk (*) symbols. 
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To further investigate the possibility of scrambled fragment ion generation via 

NH3 loss from [y7]
2+ (generated from des-acetylated-α-melanocyte), we performed CID 

on [y7 – (NH3)]
2+ fragment ion (m/z 436). Figure 4.2b shows the CID mass spectrum of 

m/z-isolated [y7 – (NH3)]
2+ species (i.e., isolate  [M + 3H]3+ from wide mass range ESI 

mass spectrum � perform CID on [M + 3H]3+ � isolate [y7]
2+ (m/z 444) � perform CID 

on [y7]
2+ � isolate [y7 - (NH3)]

2+ (m/z ~436) � perform CID on [y7 - (NH3)]
2+ to yield 

the mass spectrum in Figure 4.2b). In CID mass spectrum of [y7 – (NH3)]
2+, signals at 

774.4404 and 387.7242 can be assigned to amino acid scrambled [y7 – (NH3 + P)]+ and 

[y7 – (NH3 + P)]2+ species (with mass measurement errors of 0.77 ppm and 0.36 ppm, 

respectively). 

Observation of similar scrambled fragments ions in CID mass spectra of [y7 – 

(NH3)]
2+ and [y7]

2+ is consistent with the suggested pathway for production of sequence-

scrambled fragment ions (i.e., [y7]
2+ �  cyclic [y7 – (NH3)]

2+ � scrambled fragment ions 

([y7 – (NH3 + P)]+ and [y7 – (NH3 + P)]2+)). CID of [y7]
2+ and [y7 – (NH3)]

2+ from des-

acetylated-α-melanocyte show similar fragmentation patterns and list of CID products 

form these two precursors are included in Tables B.1 and B.2, respectively. 

Scheme 4.2 shows the proposed mechanism for generation of sequence-scrambled 

fragment ions in CID of [y7]
2+, generated from des-acetylated-α-melanocyte. Observed 

loss of ammonia from (C-terminus) [y7]
2+ (upon CID) could be initiated by the formation 

of an oxazolone structure at the C-terminus side of [y7]
2+ (Scheme 4.2).  The [y7 – 

(NH3)]
2+ oxazolone structure fragment ion might then undergo macrocyclization and 

form a cyclic structure (isobaric to a cyclic “b-type” ion).172, 182, 186 The subsequent 
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fragmentation and re-opening of the cyclic [y7 – (NH3)]
2+ may result in losses of internal 

amino acid residues. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Scheme 4.2. Proposed mechanism for generation of sequence-scrambled fragment ions 
from CID of [y7]

2+ from des-acetylated-α-melanocyte. 
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proline (P) residue and generate the sequence-scrambled fragment ions at m/z 774 ([y7 – 

(NH3 + P)]+) or m/z 387 ([y7 – (NH3 + P)]2+), respectively. 

The proposed K-P amide bond cleavage in Scheme 4.2 is consistent with the 

results reported by Breci et al.256 and Kish and Wesdemiotis257 on the observed enhanced 

cleavage of amide bonds adjacent to lysine. Furthermore, Breci et al.256 and Kish and 

Wesdemiotis257 observed selective amide bond cleavages on the N-terminus side of 

proline residue in the presence of basic amino acid residues (e.g., K and H) adjacent to 

proline. Thus the reported enhanced amide bond cleavage adjacent to lysine and the 

“proline effect”256, 257 are consistent with our observations. 

 
4.3.3. CID of y Fragment Ions from Angiotensin II Antipeptide 

The [yn]
+ (n = 3 to 5) and [yn]

2+ (n = 5 and 6) fragment ions of angiotensin II 

antipeptide (EGVYVHPV) were generated by CID of m/z-isolated [M + 2H]2+ species. 

The [y6]
+ and [y7]

+ fragments of angiotensin II antipeptide were generated by in-source 

CID. A summary of the total number of y fragment ions and total number of sequence-

scrambled fragments, generated from the CID of the selected y fragment ions from 

angiotensin II antipeptide, is included in Table 4.1. As indicated in Table 4.1 (middle 

section), we did not observe sequence-scrambled fragment ions from CID of [yn]
+ (n = 3 

to 5) and [y5]
2+. However, sequence-scrambled fragment ions were observed in CID mass 

spectra of m/z-isolated [y6]
+ (4 %), [y7]

+ (16 %), and [y6]
2+ (17 %). For brevity, we only 

present the results from CID of [y7]
+ and suggest a potential mechanism for generation of 

its respective sequence-scrambled product ions. Figure 4.3a shows a CID mass spectrum 

of the m/z-isolated [y7]
+ of angiotensin II antipeptide at m/z 770. 
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Identity of y fragment 
Charge 
state 

Total # of 
fragments 

# of 
Scrambled 
fragments 

% of 
Scrambling 

Identity of scrambled ions 

Des- acetylated-α -melanocyte (SYSMEHFRWGKPV-amidated) 
y4 (GKPV) 1 4 0 0 NA 
y5 (WGKPV) 1 7 0 0 NA 
y6 (RWGKPV) 1 6 0 0 NA 
y7 (FRWGKPV) 1 2 0 0 NA 

y6 (RWGKPV) 2 11 2 18 [y6 – (NH3 + P)]+ 
[y6 – (NH3 + P)]+2 

y7 (FRWGKPV) 2 18 2 11 [y7 – (NH3 + P)]+2  
[y7 – (NH3 + P)]+  

y8 (HFRWGKPV) 2 27 1 4 [y8 – (NH3 + P)]+2 

y9 (EHFRWGKPV) 2 31 0 0 NA 
y10 (MEHFRWGKPV) 2 52 0 0 NA 
y11 (SMEHFRWGKPV) 2 85 1 1 [y11 – (NH3 + E)]+2 

y8 (HFRWGKPV) 3 8 1 13 [y8 – (NH3 + P)]+2 

y10 (MEHFRWGKPV) 3 17 1 6 [y10 – (NH3 + P)]+2 

y11 (SMEHFRWGKPV) 3 70 3 4 
[y11 – (NH3 + SMEHP)]+ 
[y11 – (NH3 + P)]+2  
[y11 – (NH3 + P)]+3 

y12 (YSMEHFRWGKPV) 3 36 1 3 [y12 – (NH3 + P)]+2 

Angiotensin II (EGVYVHPV) 
y3 (HPV) 1 4 0 0 NA 
y4 (VHPV) 1 4 0 0 NA 
y5 (YVHPV) 1 11 0 0 NA 
y6 (VYVHPV) 1 23 1 4 [y6 – (H2O + PVY)]+  

y7 (GVYVHPV) 1 43 7 16 

[y7 – (H2O + NH3 + CO  + VYPV)]+ 
[y7 – (2H2O  + VYPV)]+  
[y7 – (H2O + VYPV)]+  
[y7 – (H2O + CO  + YPV)]+ 
[y7 – (H2O + YPV)]+  
[y7 – (H2O + NH3 + CO  + VPV)]+  
[y7 – (H2O + VPV)]+  

y5 (YVHPV) 2 22 0 0 NA 
y6 (VYVHPV) 2 6 1 17 [y6 – (H2O + NH3 + P)]+  

Glu-Fibrinopeptide b (EGVNDNEEGFFSAR) 

y4 (FSAR) 1 32 2 6 [y4 – (NH3 + SA)]+  
[y4 – (2NH3 + A)]+  

y5 (FFSAR) 1 30 1 3 [y5 – (NH3 + FSA)]+  

y6 (GFFSAR) 1 57 10 18 

[y6 – (NH3 + FFSA)]+  
[y6 – (NH3 + FFS)]+  
[y6 – (NH3 + GFSA)]+ 
[y6 – (H2O + 2NH3 + FF)]+ 
[y6 – (2NH3 + FSA)]+  
[y6 – (H2O + NH3 + FF)]+ 
[y6 – (NH3 + FF)]+ 
[y6 – (H2O + NH3 + F)]+ 
[y6 – (2NH3 + F)]+ 
[y6 – (NH3 + F)]+  

y7 (EGFFSAR) 1 27 1 4 [y7 – (2NH3 + FSA)]+  

y8 (EEGFFSAR) 1 12 0 0 NA 
y9 (NEEGFFSAR) 1 14 0 0 NA 
y10 (DNEEGFFSAR) 1 12 0 0 NA 
y11 (NDNEEGFFSAR) 1 35 0 0 NA 
y10 (DNEEGFFSAR) 2 14 0 0 NA 
y11 (NDNEEGFFSAR) 2 32 0 0 NA 

Table 4.1. Summary of the total number of observed fragments, number of scrambled 
fragments, and the identities of the scrambled fragment ions generated from cid of y 

fragment ions from des-acetylated-α-melanocyte, angiotensin ii anti-peptide, and glu-
fibrinopeptide b. 
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The list of all assigned fragment ions from CID of [y7]
+ (generated from 

angiotensin II antipeptide) is included in Supplementary Table B.3. The most intense 

signal in CID mass spectrum of angiotensin II antipeptide [y7]
+ (Figure 4.3a) corresponds 

to a fragment ion at m/z 556 assigned as [y7 – (H2O + PV)]+. Observation of an abundant 

[y7 – (H2O + PV)]+ fragment (in Figure 4.3a) is consistent with previously reported 

enhanced selective cleavage of an amide bond located on C-terminus side of a histidine 

adjacent to proline.258 

The observed scrambled fragment ions in CID of [y7]
+ from angiotensin II 

antipeptide included  [y7 – (H2O + NH3 + CO + VYPV)]+  (m/z 249), [y7 – (2H2O + 

VYPV)] + (m/z 276), [y7 – (H2O + VYPV)]+ (m/z 294), [y7 – (H2O + CO + YPV)]+ (m/z 

365), [y7 – (H2O + YPV)]+ (m/z 393), [y7 – (H2O + NH3 + CO + VPV)]+ (m/z 412), and 

[y7 – (H2O + VPV)]+ (m/z 457). Similar to the y ions from AAAAHAA-NH2 and des-

acetylated-α-melanocyte, the generation of the sequence-scrambled fragment ions from y 

ions of angiotensin II antipeptide can be explained by re-opening of a macrocyclic 

structure intermediate (Scheme 4.3). 

As depicted in Scheme 4.3, presence of a basic histidine residue, N-terminus to 

proline, can direct fragmentation (in CID of [y7]
+ from angiotensin II antipeptide), to 

generate [y7 - (H2O + PV)]+ with a bicyclic structure at the C-terminus (consistent with 

the proposed fragmentation mechanism of histidine-containing peptides reported by 

Tsaprailis258). Following the loss of PV from the C-terminus of [y7]
+ (in scheme 4.3), the 

intermediate [y7 - (H2O + PV)]+ can form a cyclic structure similar to head to tail 

macrocylization in b fragment ions. The cyclic [y7 – (H2O + PV)]+ (m/z 556) can re-open 

at different amide bonds and generate subsequent fragments. 
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Figure 4.3. Collision induced dissociation (CID) mass spectra of m/z-isolated (a) [y7

]+ 
(m/z 770) (generated from in-source fragmentation of angiotensin II antipeptide  
(EGVYVHPV)) and (b) [y7 – (H2O + PV)]+ (m/z 556) (generated from CID of [y7]

+) at 
30 % normalized collision energy. A list of the assigned fragments is included in the 
appendix materials (Tables B.3 and B.4). 
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  For example, in Scheme 4.3 two possible pathways for re-opening of the cyclic 

[y7 – (H2O + PV)]+ are shown (i.e., pathways I and II, Scheme 4.3). Subsequent 

fragmentation of the re-opened cyclic [y7 – (H2O + PV)]+ (pathway I) can generate the 

observed scrambled fragment ions at  m/z 457 ([y7 – (H2O + VPV)]+) and m/z 412 ([y7 – 

(H2O + NH3 + CO + VPV)]+ ). Likewise, subsequent fragmentation through pathway II 

can produce the scrambled fragment ions [y7 – (H2O + YPV)]+ (m/z 393), [y7 – (H2O + 

CO + YPV)]+ (m/z 365),  [y7 – (H2O + VYPV)]+ (m/z 294), [y7 – (2H2O + VYPV)]+ (m/z 

276), and [y7 – (H2O + NH3 + CO + VYPV)]+ (m/z 249). 

To check the plausibility of the suggested pathways in Scheme 4.3 for the 

generation of scrambled fragments from CID of [y7]
+, we performed CID on m/z-isolated 

[y7 – (H2O + PV)]+ (m/z 556) generated from CID of [y7]
+ from angiotensin II antipeptide 

(Figure 4.3b). The CID mass spectrum of [y7 – (H2O + PV)]+ showed the presence of 

similar scrambled fragment ions (Figure 4.3b, Table B.4) as observed in the CID mass 

spectrum of [y7]
+ generated from angiotensin II antipeptide (Figure 4.3a, Supplementary 

Table B.3).  

The observation of similar sequence-scrambled fragment ions in the CID of [y7]
+ 

and [y7 – (H2O + PV)]+ supports our suggested pathway in Scheme 4.3 for production of 

sequence scrambling from CID of [y7]
+ in angiotensin II antipeptide (i.e., through a 

macrocyclized fragment ion intermediate). 
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Scheme 4.3. Proposed mechanism for generation of sequence-scrambled fragment ions 
from CID of [y7]

+ from angiotensin II antipeptide. 

[y7 – (H2O + PV)]+ or (GVYVH)  
m/z 556 
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4.3.4. CID of y Fragment Ions from Glu-fibrinopeptide b 

The CID mass spectra of 10 y fragment ions from glu-fibrinopeptide b 

(EGVNDNEEGFFSAR) were investigated for the presence or absence of sequence-

scrambled fragment ion(s). The [yn]
+ (n = 7 to 9) fragments of glu-fibrinopeptide b were 

generated by CID of [M + 2H]2+ species. The [yn]
+ (n = 4 to 6, 10, and 11), and [yn]

2+ (n 

= 10 and 11) fragments were generated by in-source CID of protonated glu-fibrinopeptide 

b. Among the studied y fragment ions from glu-fibrinopeptide b, only the CID mass 

spectra of [yn]
+ (n = 4 to 7) fragments showed the presence of sequence-scrambled 

fragment ions (Table 4.1). 

Similar to CID of y fragment ion discussed in previous sections, generation of 

sequence scrambled fragment ions in CID of [yn]
+ (n = 4 to 7) from glu-fibrinopeptide b 

can be explained by considering subsequent dissociation of intermediate macrocyclic 

structure fragment ion(s). For instance, one of the possible pathways for generation of 

scrambled ions in CID of [y6]
+ ([GFFSAR]+, m/z 684) is through the following pathway: 

[y6]
+ � cyclic [y6 - (NH3)]

+ � sequence scrambled fragment ions.  

Possibility for the generation of sequence-scrambled fragment ions through a 

macrocyclic structure fragment ion intermediate in CID of [y6]
+ (from glu-fibrinopeptide 

b) was further examined by conducting CID experiments on m/z-isolated [y6 - (NH3)]
+ 

(m/z 667) from CID of [y6]
+ (data not shown). The CID mass spectrum of m/z-isolated [y6 

- (NH3)]
+ showed the presence of similar scrambled fragment ions that are observed in 

the CID of m/z-isolated [y6]
+. The observation of similar scrambled fragment ions in CID 

of [y6]
+ and [y6 - (NH3)]

+ (from glu-fibrinopeptide b) supports the suggested “macro ring-

opening” pathway for scrambled fragment ion generation in CID of [y6]
+. 
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Our data from a limited number of peptides suggest that sequence scrambling 

occurs in CID of both free acid-terminated peptides and their amide-terminated 

counterparts. Future studies, focused on systematic and quantitative evaluation of 

fragmentation branching ratios for amide- and acid-terminated peptides, should provide 

additional clues about exact mechanism(s) involved in sequence scramblings.  

 
4.4. Conclusions 

We aimed to investigate the possibility of sequence scrambling in CID of y-type 

fragment ions. We examined ion fragmentation results from CID mass spectra of thirty 

two y fragment ions, generated from four selected peptides (i.e., AAAAHAA-NH 2, des-

acetylated-α-melanocyte, angiotensin II antipeptide, and glu-fibrinopeptide b) that 

contained basic amino acid residues near their C-termini. To the best our knowledge, 

results presented here provide the first experimental evidence for generation of sequence-

scrambled fragment ions in CID of y-type ions.  

Reported occurrence of “y” fragment sequence scrambling in this work is in line 

with previous observations on sequence scrambling in b- and a-type fragment ions172, 213 

since neutral loss fragments from y ions may exhibit b-type ion fragmentation chemistry. 

Complementary CID experiments on [y – (NH3/or H2O)]m+ (m = 1 to 3) species 

(generated from CID of selected y ions) suggest that sequence scrambling in y ions may 

occur via subsequent fragmentation of intermediate macrocyclic ion(s) (isobaric to “b-

type” ions). With a limited number of y fragment ions examined in this report, it is not 

possible to report on potential or specific trends for sequence scrambling as a function of 

the fragment ion size, charge state, and/or amino acid composition. However, preliminary 

results suggest optimal size preference and we plan to conduct additional systematic 
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studies on the effect of different experimental parameters on generation of sequence-

scrambled ions from y fragments. We anticipate that in the near future protein sequencing 

programs will be improved by full characterization of all potential sequence-scrambling 

mechanisms including y-fragment ion rearrangements.  
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CHAPTER FIVE 
 

Structural Dependent Competition between Gas-Phase H/D Ex-change and Adduct 
Formation Reactions 

 
 

Abstract 

Competition between forming “normal” gas-phase hydrogen/deuterium exchange 

(HDX) reaction products and “unusual” reagent adducts is a poorly understood 

phenomenon. Here, we present a systematic study by combining ab initio calculations, 

HDX studies, ion mobility-mass spectrometry, and isotope labeling to better understand 

the fundamental chemistry involved in gas-phase adduct formation. We studied the 

influence of protonation and alkali metal ion (Na+, K+, and Cs+) complexation on gas-

phase ND3 adduct formation of a benzyloxycarbonyl (Z)-capped dipeptide containing 

glycine (G) and proline (P) (i.e., Z-PG). Gas-phase HDX mass spectra of m/z-isolated Z-

PG species showed the presence of ND3 adduct; however, adduct formation was absent 

when ND3 reacted with [Z-PG + metal]+ and [Z-PG + H - CO2]
+ species.  

To identify the structural features responsible for divergent reactions of Z-PG 

species with ND3, we used isotope labeling mass spectrometry (MS) and ab initio 

calculations. Furthermore, the experimental collision cross sections of Z-PG species were 

correlated with candidate structures from ab initio calculations. Isotope labeling MS 

revealed that CO2 is lost from the Z carboxylic group of [Z-PG + H]+ to form [Z-PG + H 

- CO2]
+. Comparisons of optimized geometries for protonated and metal-complexed Z-

PG species revealed drastically altered structures for [Z-PG + metal]+ as compared to [Z-

PG + H]+. Both experimental observations and theoretical calculations indicate that 
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simultaneous availability/accessibility of carbonyl groups from glycine, proline, and Z 

group are necessary for formation of ND3 adducts with Z-PG species. Supporting 

evidence from HDX reactions between protonated and metal-complexed species of Z-

PG-OCH3 (a Z-PG analogue containing C-terminal methoxy instead of hydroxyl group) 

and ND3 are also presented. 

 
5.1. Introduction 

There is an immense interest in understanding the effects of non-covalent 

interactions such as hydrogen bonding and metal ion complexation on the 

structures/conformations of proteins and peptides.259-263 Gas-phase hydrogen/deuterium 

exchange (HDX) mass spectrometry (MS) has been used extensively for 

structural/conformational studies of proteins/peptides113, 127, 264, 265 and their metal-

complexed counterparts.118, 228  

Both HDX patterns and extent of deuterium uptake by protonated and metal-

complexed proteins/peptides in the gas phase are used for structural elucidation 

purposes.117, 118, 123, 125 However, other reaction channels such as gas-phase reagent adduct 

formation230 can compete with the intended “normal” HDX reaction and complicate the 

interpretation of HDX data. Despite the extensive studies and reports on HDX 

mechanism113, 127, 266-268, mechanism of gas-phase reagent adduct formation during HDX 

has not been explored. For instance, it is not clear when and how the formation of a 

reagent adduct (e.g., [peptide + nH + ND3]
n+, where “nˮ  is the number of protons) 

competes with the intended HDX reactions.  

Deciphering the mechanisms of these competing reactions will fill an important 

knowledge gap in gas-phase chemistry, uncover a new area of study, and enhance our 
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ability to explore structure-function relationships by avoiding erroneous HDX data 

interpretations. The present study was inspired by our previous unpublished and puzzling 

results on ND3 adduct formation (of a Ca2+-complexed tripeptide) and  a recent HDX 

report hypothesizing that a “guest-host” type of interaction can yield stable ammonia 

adducts with “macrocyclic” peptide fragment ions.230 Thorough inspection of the reported 

mass spectra from several other HDX reaction studies123-125, 185, 229 reveal that (a) not all 

“macrocyclic”-type structures may form adducts with deuterated neutral ammonia (ND3), 

and (b) non-cyclic structures can also lead to adduct formation.  

Our initial observation of ND3 adduct formation with a Ca2+-complexed tripeptide 

suggested that metal ions may play an important role in altering available HDX reaction 

channels. Hence, to uncover the important structural parameters responsible for gas-phase 

HDX adduct formation in peptides, we chose to study HDX reactions of protonated and 

alkali metal (Na+, K+, and Cs+)-complexed species with a model dipeptide. Our model 

dipeptide contained a glycine (G) and a proline (P) with N-terminal benzyloxycarbonyl 

(Z) group (i.e., Z-PG, Scheme 5.1). 

 

 

 

 

 

 

 

 

Scheme 5.1. Benzyloxycarbonyl (Z)-proline (P) glycine (G). 

 
 
We selected Z-PG because: (a) its G residue lacks a side chain and is 

conformationally least restricted;269 hence, its flexibility can allow formation of different 

P Z G 
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metal complexes118 and (b) it is small enough to perform high-level ab initio calculations 

and accurately estimate experimental and theoretical collision cross sections (CCSs) of 

[Z-PG + H]+ and [Z-PG + metal]+, (c) we have observed formation of ND3 adducts and 

HDX reaction products for Z-PG species. Additionally, the Z group in Z-PG serves two 

purposes, namely the Z group (i) protects the N-terminus of Z-PG peptide for “cyclic”-

type structure formation, and (ii) increases the molecular weight of PG to 306 Da which 

is above the low mass cut-off limit of our 9.4 tesla electrospray ionization/Fourier 

transform-ion cyclotron resonance (ESI/FT-ICR) mass spectrometer.270  

Detailed experimental results from gas-phase HDX reactions and ion mobility-

mass spectrometry (IM-MS) measurements of [Z-PG + H]+, [Z-PG + metal]+, and [Z-PG 

+ H - CO2]
+ are presented to support proposed mechanism for ND3 adduct formation. We 

also discuss complementary supporting evidence from molecular modeling of protonated 

and metal-complexed counterparts of Z-PG. The theoretical observations are correlated 

with the experimentally observed gas-phase HDX adduct formation behavior of Z-PG 

species. We show MS results from collision-induced dissociation (CID) of isotopically 

labeled [Z-PG (13C2,
15N) + H]+ (where “G” denotes an isotopically labeled glycine 

residue with two 13C and one 15N) pointing to the importance of N-terminal Z carboxylic 

group in [Z-PG + H]+ for ND3 adduct formation. We use experimental and theoretical 

findings to predict which peptide structures can support stable ND3 adduct formation. 

 
5.2. Experimental and Theoretical 

 
5.2.1. Sample Preparation 

 
Benzyloxycarbonyl-proline glycine (Z-PG), cesium chloride (CsCl), HDX 

reagent (ND3), polypropylene glycol (PPG), and potassium chloride (KCl), were 
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purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). Z-PG-OCH3 was 

synthesized by Peptide 2.0 (Peptide 2.0 Inc., Chantilly, VA, USA). Isotopically labeled 

Z-PG (where "G" denotes the glycine residue with two 13C and one 15N) was synthesized 

by Pierce Biotechnology (part of Thermo Fisher Scientific Inc., Waltham, MA, USA). 

Optima grade acetic acid, methanol, and water were purchased from Fisher Scientific 

(part of Thermo Fisher Scientific Inc., Waltham, MA, USA).  

All chemical reagents were used without further purification. Micromolar 

concentrations of peptide samples in electrospray solvent (methanol:water:acetic acid 

{49.95:49.95:0.1}) were used for ESI-MS experiments. The original peptide sample 

contained sodium (Na+) and calcium (Ca2+) ions and there was no need for addition of 

NaCl to Z-PG solutions to form sodium-complexed species of the dipeptides. However, 

micromolar concentrations of CsCl and KCl solutions were added to micromolar 

solutions of Z-PG to form potassium- and cesium-complexed species. Appropriate 

sample volumes were used to keep the final molar ratio of Z-PG to salt at 1:10. 

[Z-PG + K]+ (m/z 345.084) and [Z-PG + Ca - H]+ (m/z 345.075) were 

differentiated based on mass measurement accuracy values better than 2 ppm (which was 

possible in both FT-ICR MS and IM-MS experiments presented here). Additionally, 

potassium- and calcium-complexed species of Z-PG could be differentiated based on 

their varied CCSs in IM-MS experiments (Figure C.1). 

 
5.2.2. FT-ICR MS 

All gas-phase HDX mass spectral data were acquired using an IonSpec (former 

IonSpec Corp. - now a division of Agilent Technologies, Inc., Santa Clara, CA, USA) 

Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer equipped with an 
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open-ended cylindrical Penning trap and a 9.4 tesla superconducting magnet 

(Cryomagnetics Inc., Oak Ridge, TN, USA). An Analytica electrospray ion source 

(Analytica of Branford Inc., Branford, CT, USA) equipped with an in-house built 

spraying setup was used for ESI experiments.118 A Harvard PHD 2000 syringe pump 

(Harvard Apparatus, Holliston, MA, USA) was used for direct infusion ESI. ESI flow 

rate was set to 0.3 μL/min. ESI voltage was set to +3 kV. Sustained off-resonance 

irradiation-collision induced dissociation (SORI-CID)81 was used for ion fragmentation 

in the ICR cell. Nitrogen gas was used as the collision gas in SORI-CID experiments. 

Prior to gas-phase HDX reactions, first isotopic peaks (abbreviated as “D0”) of 

protonated and metal-complexed Z-PG species were isolated in ICR cell using a stored 

waveform inverse Fourier transform (SWIFT) technique.240 In order to keep all the 

experimental conditions (e.g., ND3 pressure and ICR cell temperature) identical, we 

simultaneously isolated the protonated and metal-complexed species of Z-PG and 

conducted HDX reactions. A pulsed-leak valve setup was used for ND3 introduction.122 

ND3 pressure was measured by direct readout of a Granville-Phillips (Helix Technology 

Corp., Longmont, CO, USA) dual ion gauge controller and series 274 Bayard-Alpert type 

ionization gauge tube outputs. All reported pressures were corrected for (a) geometry 

factor,271 (b) magnetic field effect,124 and, (c) sensitivity factor272 according to a 

previously reported procedure.124 

 
5.2.3. IM-MS 

Ion mobility (IM)-MS experiments were conducted using a Waters Synapt G2-S 

HDMS (Waters Corp. Manchester, UK) system equipped with an orthogonal acceleration 

time-of-flight (oa-TOF) mass spectrometer operated in “high resolution” mode 



 104

(MassLynx 4.0, Waters Corp. Manchester, UK). For experiments presented here, it was 

important to use “high resolution” (m/Δm50% ≈ 40,000 at m/z 300) mode of Synapt G2-S 

to differentiate between [Z-PG + K]+ and [Z-PG + Ca - H]+. The ESI flow rate and 

voltage were set to 0.3 μL/min and +3 kV, respectively. Both sampling cone and source 

offset voltages were set to +25 V. N2 (~2.84 Torr) and argon (Ar) (~1.36 × 10-2 Torr) 

gases were used as buffer and collision gases, respectively. Helium (He) cell pressure was 

~1.0 × 103 Torr. For experiments involving CID, ion populations of interest were isolated 

in the quadrupole mass filter prior to IM separation. Subsequently m/z-isolated species 

were fragmented in either trap (pre-IM/CID) or transfer (post-IM/CID) cells. 

We used a previously reported procedure by Ruotolo137 to obtain the experimental 

CCS values of protonated and metal-complexed species of Z-PG. Sodium adduct species 

of PPG273 were used as calibrants for CCS calculations. To obtain the CCS values of 

protonated and metal-complex Z-PG species, the peak arrival times of both calibrants and 

unknown species (i.e., [Z-PG + H]+ and [Z-PG + metal]+) were recorded at a constant 

wave height of +35 V and a wide range of wave velocities (i.e., 800 m/s, 900 m/s, 1000 

m/s, 1100 m/s, 1200 m/s). All IM measurements were repeated in triplicate and the 

reported CCSs are averages of 15 trials (3 trials for each wave velocity) included at the 

95 % confidence interval. 

 
5.2.4. Molecular Modeling 

Molecular mechanics MMX force field in PCModel 9.3 package (Serena 

Software, Bloomington, IN, USA) was used to search the conformational spaces of the 

protonated Z-PG dipeptide. The 105 most stable structures (within 3 kcal/mol of the 

lowest energy structure) were selected for further optimization using MMX force field 
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and stimulated annealing at 298 K. The resulting low energy conformer was further 

optimized using B3LYP density functional theory (DFT) method.274 [Z-PG + H]+ 

structure was subsequently optimized at B3LYP/3-21G level and then at B3LYP/6-

31+G(d,p) level using Gaussian 09 software (Gaussian Inc., Wallingford, CT, USA).275 

All DFT calculations were scaled by a scaling factor of 0.98.276  

Previous studies have suggested that B3LYP/3-21G and B3LYP/6-31+G(d,p) 

levels of theory provide excellent predictions for geometry optimizations and single-point 

energy calculations of peptides.252, 262, 277, 278 To optimize the geometries of metal (Na+, 

K+, and Cs+)-complexed Z-PG species, the proton in the PCModel optimized geometry of 

protonated Z-PG was first replaced with metal cations.118 Subsequently, the structures of 

[Z-PG + Na]+ and [Z-PG + K]+ were first optimized at B3LYP/3-21G level and then at 

the B3LYP/6-31+G(d,p) level. The geometry of [Z-PG + Cs]+ was optimized using SDD 

pseudo potential basis set.279 No imaginary frequencies were found for the optimized 

structures indicating that the optimized structures are not at their transition states (i.e., 

absence of a saddle point in the energy diagram). 

 
5.2.5. Theoretical CCS Calculations 

CCSs of the optimized geometries of protonated and metal-complexed species of 

Z-PG (obtained from ab initio calculations) were calculated using Sigma package.280, 281 

Ion-size scaled Lennard-Jones (LJ) model implemented in Sigma was used for CCS 

calculations.280, 281 Temperature and CCS calculation accuracy in Sigma were set to 298 

K and 2 % percent, respectively. 
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5.3. Results and Discussion 
 

 
5.3.1. HDX of [Z-PG + H]+ and [Z-PG + metal]+ 

In this section, we present the results from HDX reactions of protonated Z-PG 

and its alkali metal ion (Na+, K+, and Cs+)-complexed counterparts with ND3. Figure 5.1, 

top panel shows the ESI/FT-ICR mass spectrum of a Z-PG sample containing Na+, K+, 

and Cs+ after SWIFT isolation of D0 ion populations corresponding to [Z-PG + H]+ (m/z 

307), [Z-PG + Na]+ (m/z 329), [Z-PG + K]+ (m/z 345), and [Z-PG + Cs]+ (m/z 439). 

Expanded mass spectral views corresponding to m/z ranges of 304 to 334 (a), 328.5 to 

331 (b), 343 to 368 (c), and 436 to 464 (d) from ESI/FT-ICR mass spectra of SWIFT-

isolated Z-PG species after 5 s and 600 s HDX reaction times with ND3 (pressure ~4.4 × 

10−8 Torr) are shown in Figure 5.1 middle and bottom panels, respectively.  

Expanded mass spectral views in Figure 5.1 middle and bottom panels correspond 

to expected deuterium uptake (a to d) and ND3 adducts (a, c, and d) of [Z-PG + H]+, [Z-

PG + Na]+, [Z-PG + K]+, and [Z-PG + Cs]+. After 5 s HDX reaction time with ND3, the 

ESI/FT-ICR mass spectrum of [Z-PG + H]+ (Figure 5.1a, middle) shows the presence of 

both deuterium uptake and stable ND3 adduct (peak cluster labeled with roman numbers 

in Figure 5.1a). Surprisingly, under an identical number of gas-phase ion-molecule 

collisions, metal-complexed (Na+, K+, or Cs+) species of Z-PG did not form ND3 adduct 

(Figures 5.1c and 5.1d) and only showed deuterium uptake (Figures 5.1b to 5.1d). For 

instance, as shown in Figure 5.1a (middle), the peak cluster at m/z range of 327 to 330 

contains signals for ND3 adduct of [Z-PG + H]+ as well as [Z-PG + H + ND3]
+ with up to 

three deuterium atom (D) uptakes (out of three available labile hydrogens in [Z-PG + 

H]+) (peak “V” at m/z 330 and labeled as [D3 + ND2H]+ in Figure 5.1a). 



 107

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.1. (Top) ESI/FT-ICR mass spectrum of a Z-PG sample containing Na+, K+, and 
Cs+ after SWIFT-isolation (D0) of [Z-PG + H]+,  [Z-PG + Na]+, [Z-PG + K]+, and [Z-PG 
+ Cs]+. Expanded view ESI/FT-ICR mass spectra of m/z-isolated Z-PG species after 
(middle) 5 s and (bottom) 600 s HDX reaction time with ND3 (at P(ND3) ≈ 4.4 × 10−8 
Torr). Dn (n = 0 to 3) denotes the number of deuterium atom(s) incorporated in each of 
the Z-PG species. Roman numbers on top of the peaks in panel a designate the identities 
of ND3 adduct species of [Z-PG + H]+: I ≡ [D0 + ND2H]+ (m/z 326); II ≡ [D0 + ND3]

+ 
(m/z 327); III ≡ [D1 + ND3]

+ (m/z 328); IV ≡ [D2 + ND3]
+ (m/z 329); V ≡ [D3 + ND3]

+ 
(m/z 330). Arrow heads pointing down in (c) and (d) point to the expected m/z values of 
ND3 adducts of [Z-PG + Na]+ (panel c), [Z-PG + K]+ (panel c), and [Z-PG + Cs]+ (panel 
d). 
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In contrast, each one of the [Z-PG + Na]+, [Z-PG + K]+, and [Z-PG + Cs]+ 

species show one deuterium uptake out of two available labile hydrogens. Formation of 

ND3 adduct in [Z-PG + H]+ does not depend on the reaction time and we have observed 

[Z-PG + H + ND3]
+ species at shorter (e.g., ~1 s at P(ND3) ≈ 4.4 × 10−8 Torr) (data not 

shown) and longer (e.g., 600 s at P(ND3) ≈ 4.4 × 10−8 Torr, Figure 5.1, bottom) reaction 

times, suggesting that “collisional cooling” is not responsible for stable ND3 adduct 

formation with [Z-PG + H]+. 

ND3 adduct of [Z-PG + H]+ ion population in Figure 5.1a shows the presence of 

one deuterium “back exchange” (i.e., peak “I” at m/z 326 and labeled as [D0 + ND2H]+ in 

Figure 5.1a). Under similar experimental conditions, no evidence of deuterium back 

exchange was noticed for [Z-PG + H]+ or [Z-PG + metal]+. The absence of deuterium 

back exchange in protonated and metal-complexed Z-PG species suggests that ion at m/z 

326 in Figure 5.1a is an ND2H adduct (present as impurity in ND3 neutral regent).  

Previously, Green-Church et al. observed stable gas-phase adduct formation 

during HDX reaction of protonated thymidine-5′-monophosphate (dpT) with ND3.
282 

Green-Church et al. noted that the formation of reagent adduct could indicate similar gas-

phase basicity (GB) for ND3 and dpT.282 Similar explanation may hold for the formation 

of gas-phase reagent adduct between Z-PG and ND3. However, previous reports on the 

observation of ND3 adduct formation with b fragment ions with varied GB and sizes (bn, 

n ≥5)230 suggest that GB similarity is not the key determining factor for reagent adduct 

formation. Observation of neural reagent adduct formation in HDX reaction of [Z-PG + 

H]+ with ND3 suggests that gas-phase adduct formation is not a suitable chemical probe 

to differentiate between “linear”- and “macro-cyclic” (compact)-type fragment ion 
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structures.230 In fact, smaller number of deuterium uptake for [Z-PG + metal]+ (Figure 5.1 

middle, panels b to d) as compared to [Z-PG + H]+ (Figure 5.1 middle, panel a) suggests 

the presence of more compact structures for metal-complexed species of Z-PG as 

compared to its protonated counterpart. These observations are consistent with 

experimentally measured CCS values from IM-MS measurements and molecular 

modeling (following sections). Therefore, structural compactness is not the determining 

factor for gas-phase reagent adduct formation and undoubtedly other important structural 

parameters (e.g., functional group orientation) must be involved. 

Formation of gas-phase ND3 adduct with the protonated form of the studied Z-

capped dipepetide does not depend on its amino acid sequence. For instance, HDX 

reaction of protonated Z-GP (i.e., [Z-GP + H]+, Z-capped peptide with reverse amino 

acid sequence as compared to Z-PG) with ND3 produced ND3 adduct and no ND3 adduct 

was observed for [Z-GP + alkali metal]+ (data not shown). Experimental data and 

theoretical calculations presented in the following sections are designed to identify the 

important functional groups and their potential geometrical orientations for adduct 

formation in the gas phase. 

 
5.3.2. Theoretically Optimized Geometries of [Z-PG + H]+ and [Z-PG + metal]+ 

To better infer the mechanism of neutral reagent adduct formation with [Z-PG + 

H]+ upon HDX reaction, and to interpret the HDX mass spectral patterns in Figure 5.1, 

we used ab initio calculations and optimized the three dimensional (3D) geometries of 

protonated Z-PG and its metal-complexed and ND3 adduct counterparts. Figure 5.2 

shows the lowest energy 3D geometries of [Z-PG + H]+ (panel a), [Z-PG + Na]+ (panel 

b), [Z-PG + K]+ (panel c), and [Z-PG + Cs]+ (panel d). Total energies for optimized 
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structures are given at the bottom of each panel in Figure 5.2. For all of the Z-PG species 

in Figure 5.2, charge-solvated structure283 was the most stable (lowest energy) geometry. 

Figure 5.3 shows the 3D geometry of the most stable candidate structure for [Z-PG + H + 

ND3]
+ in which three carbonyl oxygen atoms are involved in hydrogen bonding with 

deuterium atoms from ND3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Optimized geometries of (a) [Z-PG + H]+,  (b) [Z-PG + Na]+, and  (c) [Z-PG 
+ K]+, and (d) [Z-PG + Cs]+. Carbon and hydrogen atoms are shown in dark gray and 
light gray colors, respectively. Nitrogen and oxygen atoms are labeled as “N” and “O”, 
respectively. Total energy (Etot) (in Hartree (h)) for each structure is given. 
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Theoretically optimized geometries in Figure 5.2 show a significantly different 

conformation for protonated Z-PG and its alkali metal-complexed species. For instance, 

as shown in Figure 5.2a, [Z-PG + H]+ adopts an open conformation and its C-terminus is 

not involved in hydrogen bonding. In contrast, metal-complexed species of Z-PG adopt 

compact conformations and carbonyl oxygen (O) atoms of glycine and proline residues 

and Z group ester-type O atom are involved in metal complexation (Figures 5.2b to 5.2d). 

These observations are consistent with previous reports suggesting the presence of a 

multi-dentate interaction118 between alkali metal ions and peptides.118, 283-285  

Optimized geometries in Figure 5.2 show the presence of a tighter complexation 

for [Z-PG + Na]+ than [Z-PG + K]+ and [Z-PG + Cs]+ as it is evident from shorter 

coordination bond distances between Z-PG carbonyl oxygen atoms and Na+ in [Z-PG + 

Na]+ (Figure 5.2b). At the first glance, it seems that the free C-terminal glycine 

carboxylic group and proline carbonyl oxygen might be responsible for stabilizing [Z-PG 

+ H + ND3]
+ as these functional groups are involved in metal complexation in [Z-PG + 

metal]+. However, as we discuss later, our experimental results suggest that simultaneous 

availability of all three carbonyl groups (i.e., carbonyls from Z group, proline, and 

glycine) are important for formation of stable gas-phase adducts in Z-PG. As shown in 

Figure 5.3, availability of these three carbonyl oxygen atoms maximizes the number of 

hydrogen bonds with ND3. We used IM-MS to measure CCSs of protonated and metal-

complexed species of Z-PG. The experimental CCSs were correlated with the optimized 

3D geometries from molecular modeling (Figure 5.2). Figure 5.4 shows the IM profiles 

for [Z-PG + H]+ (panel a), [Z-PG + Na]+ (panel b), [Z-PG + K]+ (panel c), and [Z-PG + 

Cs]+ (panel d) acquired using a Synapt G2-S HDMS system. IM profiles of all four Z-PG 
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species show a Gaussian-like arrival time distribution suggesting the presence of one 

conformation for each species. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Optimized geometry for [Z-PG + H + ND3]
+ (at B3LYP/6-31+G(d,p) level of 

theory). Carbon and hydrogen atoms are shown in dark gray and light gray colors, 
respectively. Nitrogen and oxygen atoms are labeled as “O” and “N”, respectively. Total 
energy (Etot) (in Hartree (h)) is given. 
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Figure 5.4. IM profiles of (a) [Z-PG + H]+,  (b) [Z-PG + Na]+, (c) [Z-PG + K]+, and (d) 
[Z-PG + Cs]+. 
 
 

Based on the ion mobility data, the following increasing order was observed for 

CCSs of Z-PG species: [Z-PG + Na]+< [Z-PG + K]+< [Z-PG + Cs]+ ≈ [Z-PG + H]+. 

These IM-MS results for CCS measurements are consistent with the observed HDX mass 

spectral patterns in Figure 5.1 and suggest the presence of more compact structures for 

metal-complexed species of Z-PG than its protonated counterpart. Experimentally 

measured CCSs in Table 5.1 suggest that smaller size alkali metal ions bind tighter to Z-

PG than larger size alkali metal ions. For instance, addition of Na+ (rion = 0.97 Å286) to Z-

PG reduces CCS of [Z-PG + Na]+ by 6 % as compared to [Z-PG + H]+. In contrast, 

addition of Cs+ (rion = 1.67 Å286) to Z-PG does not change CCS of [Z-PG + Cs]+ 

significantly (at the 95 % confidence level and using case II t-test for n1 = n2 = 15) as 

compared to [Z-PG + H]+. 
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We also compared the CCS values of protonated and metal-complexed Z-PG 

species obtained from IM-MS measurements with those calculated from theoretically 

optimized candidate structures using ab initio calculations. Table 5.1, third column, 

contains the theoretically calculated CCS values for Z-PG species. Average values from 

forty lowest energy optimized structures for each Z-PG species were used to calculate the 

theoretical CCS values in Table 5.1 (column 3) (i.e., average of 40 CCS values for each 

Z-PG species). 

The theoretical (Table 5.1, column 3) and experimental (Table 5.1, column 2) 

CCSs of Z-PG species qualitatively agree with relative difference of <4 %, consistent 

with the previously reported criterion for assigning structural geometries using IM.280 

Theoretical calculations suggest similar (at the 95 % confidence level) CCSs for [Z-PG + 

H]+ and [Z-PG + Cs]+. Experimental measurements and theoretical calculations of CCS 

are consistent and support the view that the addition of alkali metal introduces multi-

dentate type biddings between alkali metals (viz., Na+, K+, and Cs+) and the Z-PG 

peptide. 

 

Z-PG Species 
Experimental  

ΩHe (Å
2) 

Theoretical  
ΩHe (Å

2) 
[Z-PG + H]+ 120.84 (±0.73) 116.99 (±0.26) 
[Z-PG + Na]+ 113.23 (±0.48) 110.06 (±0.20) 
[Z-PG + K]+ 117.18 (±0.81) 112.92 (±0.17) 
[Z-PG + Cs]+ 120.72 (±0.48) 116.48 (±0.31) 

Table 5.1. Experimental and theoretical collision cross sections (Ω) of Z-PG and 
Z-GP species. Errors at 95 % confidence level (n = 15 for experimental and n = 40 

for theoretical) are included in parentheses. 
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5.3.4. HDX and IM-MS of [Z-PG + H - CO2]
+ 

Detailed inspection of the optimized structures in Figure 5.2 suggests that stable 

gas-phase ND3 adduct formation with Z-PG species depends on the availability of 

backbone carbonyl groups from proline and glycine amino acids and/or ester oxygen (O) 

atom from the Z group. To test this hypothesis, we conducted HDX reaction on [Z-PG + 

H - CO2]
+ (m/z 263) generated from SORI-CID of m/z-isolated (D0) [Z-PG + H]+ (m/z 

307) in the ICR cell. 

Figure 5.5a shows the ESI/FT-ICR mass spectrum of [Z-PG + H - CO2]
+ after 

~600 s HDX reaction time with ND3 (pressure ~4.4 × 10−8 Torr). Under an identical 

number of ion-molecule collisions as in Figure 5.1 bottom, ND3 adduct was not observed 

for [Z-PG + H - CO2]
+ (Figure 5.5a). HDX mass spectrum of [Z-PG + H - CO2]

+ ion 

population showed the presence of two deuterium uptakes (out of three available labile 

hydrogens). 

 

 

 

 

 

 

 

 

Figure 5.5. (a) ESI/FT-ICR mass spectrum of [Z-PG + H - CO2]
+ after 600 s HDX 

reaction time with ND3 (at P(ND3) ≈ 4.4 × 10−8 Torr). Dn (n = 1 and 2) denotes the 
number of deuterium atom(s) incorporated in [Z-PG + H - CO2]

+. (b) IM profile of [Z-PG 
+ H - CO2]

+. The two vertical dash lines in panel b are guides showing the position of 
peak ATs of the two [Z-PG + H - CO2]

+ conformers. 
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Comparison of the HDX mass spectral results in Figures 5.1 bottom (panel a) and 

5.5a suggest that loss of carboxylic group from [Z-PG + H]+ makes the formation of ND3 

adduct with [Z-PG + H]+ unfavorable. However, there are two sources for loss of CO2 

from [Z-PG + H]+: (i) carboxylic group from C-terminal glycine and/or (ii) N-terminal 

benzyloxycarbonyl (Z) group. The CO2 loss products from pathways i and ii have 

identical exact m/z (263.139) and cannot be distinguished by MS. We used ion mobility 

and isotope labeling to differentiate between the two CO2 loss products of [Z-PG + H]+. 

Figure 5.5b shows the IM profile of m/z-isolated [Z-PG + H - CO2]
+ generated 

from CID of [Z-PG + H]+ in the Synapt G2-S Z-Spray source. The bi-Gaussian IM 

profile peak shape in Figure 5.5b may suggest that neutral CO2 is lost from both glycine 

and the Z group in [Z-PG + H]+. However, it is also possible that [Z-PG + H - CO2]
+ is 

the product of CO2 loss from either glycine or Z group but adapts two different 

conformations/structures, which can be separated in IM cell. To test this hypothesis, we 

performed post-IM/CID MS experiments and stable isotope labeling. 

Figure 5.6a shows the CID mass spectra of isotopically labeled [Z-PG + H]+  (m/z 

310). Underline in “G” is used to depict that the C-terminal glycine contains two 13C and 

one 15N. To acquire the CID mass spectrum in Figure 5.6a, ion population at m/z 310, 

corresponding to [Z-PG + H]+, was mass-isolated in a Synapt G2-S quadrupole assembly 

and subjected to CID in the trap cell by setting the potential difference between trap cell 

exit and IM cell entrance to 14 V. If carbon dioxide is lost from both C-terminal glycine 

and N-terminal Z group of [Z-PG + H]+, one would expect to observe two peaks at m/z 

265 ([Z-PG + H – 13CO2]
+) and 266 ([Z-PG + H – 12CO2]

+) in the CID mass spectrum of 

[Z-PG + H]+. However, as depicted in Figure 5.6a, CID mass spectrum of [Z-PG + H]+ 
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showed the presence of only one peak; only a single peak at (m/z 266), corresponding to 

loss of 12CO2,  was observed and no fragment ion was observed at m/z 265 ([Z-PG + H – 

13CO2]
+). Figure 5.6b shows the IM profile of [Z-PG + H – CO2]

+. Two ion populations 

were observed for [Z-PG + H – CO2]
+, consistent with the results presented in Figure 

5.5b for [Z-PG + H – CO2]
+ and confirming that the observed CO2 loss in Z-PG is from 

the internal carboxylic group of benzyloxycarbonyl (Z) and not the carboxylic end of 

glycine. 

 

 

 

 

 

 

 

 

 

Figure 5.6. (a) CID mass spectrum of m/z-isolated [Z-PG + H]+ (m/z 310) and (b) profile 
of [Z-PG + H - CO2]

+. “G” in Z-PG contains two labeled carbon thirteen (13C2) isotopes 
and one labeled nitrogen fifteen (15N1) isotope. Inset in panel a shows the expanded view 
of m/z range between 262 to 268 corresponding to loss of carbon dioxide from [Z-PG + 
H]+. 
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subjected to CID with an identical collision energy (Figure C.2). Therefore, the absence 

of stable ND3 adduct with [Z-PG + H - CO2]
+ is explained by lack of interaction between 

ND3 and carbonyl functional group of the benzyloxycarbonyl (Z) group, consistent with 

the observations from molecular modeling (Figures 5.2 and 5.3). 

 

5.3.5. HDX of [Z-PG-OCH3 + H] + 

C-terminal glycine amino acid in Z-PG contains both carbonyl and hydroxyl 

oxygen atoms, which may be involved in ND3 adduct formation. To determine whether 

the presence of glycine hydroxyl group is important for Z-PG gas-phase adduct formation 

or not, we conducted HDX reactions on m/z-isolated species of [Z-PG-OCH3 + H]+ (m/z 

321).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. ESI/FT-ICR mass spectra of m/z-isolated (D0) (left) [Z-PG-OMe + H]+, 
(middle) [Z-PG-OMe + Na]+, (middle) [Z-PG-OMe + K]+, and (right) [Z-PG-OMe + 
Cs]+  after 600 s reaction time with ND3 (at P(ND3) ≈ 4.4 × 10−8 Torr). I ≡ [D0 + ND2H]+ 
(m/z 340); II ≡ [D0 + ND3]

+ (m/z 341); III ≡ [D1 + ND3]
+ (m/z 342); IV ≡ [D2 + ND3]

+ 
(m/z 343). 
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replaced with a CH3 group, which could interrupt the hydrogen bonding between ND3 

and glycine hydroxyl group in Z-PG. 

Figure 5.7 shows the ESI/FT-ICR mass spectrum of [Z-PG-OCH3 + H]+ (left 

panel), [Z-PG-OCH3 + Na]+ (middle panel), [Z-PG-OCH3 + K]+ (middle panel), and [Z-

PG-OCH3 + Cs]+ (right panel) after 600 s HDX reaction time with ND3 (pressure ~3.0 × 

10−8 Torr). Similar to [Z-PG + H]+ (Figure 5.1 bottom, panel a), HDX mass spectral 

pattern of [Z-PG-OCH3 + H]+ showed the presence of both deuterium uptake and ND3 

adduct. The mass spectrum in Figure 5.7 shows the presence of one deuterium uptake in 

[Z-PG-OCH3 + H]+ (peak labeled as D1 in Figure 5.7) and up to two deuterium uptakes in 

[Z-PG-OCH3 + H + ND3]
+ (peak labeled as “IV” in Figure 5.7). No ND3 adduct was 

observed for metal (Na+, K+, and Cs+)-complexed species of Z-PG-OCH3 (Figure 5.7 

middle and right panels). 

Results in Figure 5.7 suggest that C-terminal glycine hydroxyl group is not 

involved in ND3 adduct formation in Z-PG. HDX results in Figure 5.6 are consistent with 

the molecular modeling data in Figure 5.3, suggesting that the O atom from glycine’s 

carbonyl group is engaged in hydrogen bonding with ND3. 

 
5.4. Conclusion 

We reported on the observation of selective reagent adduct formation in HDX 

reaction of protonated Z-PG with ND3. The formation of gas-phase reagent adduct with 

protonated Z-PG was insensitive to model dipeptide amino acid sequence (i.e., Z-PG 

versus Z-GP).  
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To the best of our knowledge, this is the first comprehensive study to examine 

gas-phase HDX reagent adduct formation by combining experimental MS, IM-MS, and 

IM-MS/MS and theoretical approaches. 

Results presented in here point to the importance of considering all competing 

gas-phase reaction channels during HDX of peptides, i.e., reagent adduct formation. 

Although the formation of gas-phase reagent adducts can complicate the interpretation of 

“normal” HDX uptake and reaction kinetics, it may also reveal important structural 

information such as orientation of peptides backbone carbonyl groups. 
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CHAPTER SIX 
 

Conclusions and Future Directions 
 
 

Protein identification and characterization using mass spectrometry (MS) 

techniques relies heavily on bioinformatics algorithms, search engines, and software 

controlled processes. The available computer software and search engines are generally 

based on bioinformatics models that relate the experimental tandem MS data to databases 

and do not account for gas-phase fragment ion rearrangements. Presence of unforeseen 

post-ionization structural rearrangements and amino acid sequence scrambling can reduce 

protein/peptide identification reliability and yield “low scores” or even result in 

misidentification. Therefore, research is needed to better understand the gas-phase 

chemistry involved in formation of different fragment ion structures during collision 

induced dissociation (CID) and improve peptide sequencing using MS. 

To investigate chemical reactions involved in ion dissociation and address current 

limitations in gas-phase protein sequencing, we studied structures of model peptides and 

their fragment ions. In particular, we wanted to: (i) characterize the influence of structural 

parameters that favored gas-phase fragment ion rearrangements and (ii) identify potential 

chemical pathways involved in generation of sequence-scrambled product ions. We 

utilized a variety of analytical techniques such as state-of-the-art MS and ion mobility 

(IM) devices combined with ab initio and theoretical calculations to enhance our 

fundamental understanding of gas-phase ion physics and ion dissociation processes. In 
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the following sections, we briefly discuss specific outcomes and future directions of the 

research presented in each chapter of this dissertation. 

 
Dissertation Overview and Future Directions 

 
CHAPTER ONE: Chapter one provided a general overview of the principles of 

mass spectrometry (MS) and frequently used MS dissociation techniques in protein 

sequencing. In addition, two analytical techniques (viz., gas-phase hydrogen/deuterium 

exchange (HDX) reaction and ion mobility (IM) spectrometry) that are commonly used 

for gas-phase structural characterization of peptides and peptide fragments were 

introduced in chapter one. 

CHAPTER TWO: In chapter two, details of commonly used MS-based protein 

identification approaches and gas-phase peptide fragment ion rearrangements were 

discussed. Furthermore, a survey of the National Institute of Standards and Technology 

(NIST) peptide MS/MS library and experimental CID data was presented; the NIST 

survey and data from a model peptide demonstrated the importance of gas-phase 

fragment ion rearrangements for peptide sequencing. 

 Moreover, data presented in chapter two highlighted the essence of (i) 

understanding of the gas-phase chemistry governing rearrangement reactions in MS 

fragmentation processes and (ii) characterization of fragment ion structures and pathways 

leading to fragment ion scrambling for improving the accuracy of bioinformatics 

software and algorithms used in protein identification. 

CHAPTER THREE: MS data in chapter three allowed for comprehensive 

comparisons in a systematic study and ultimate understanding of the effects of basic 

histidine amino acid positions and fragment ion sizes on structures of b-type fragment 
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ions (generated during CID). Gas-phase HDX reactions (conducted using a 9.4 teals 

Fourier transform-ion cyclotron resonance (FT-ICR) MS) and IM-MS were utilized to 

probe gas-phase structures of 28 histidine (His)-containing bn (n = 4 to 7) ions from seven 

isomeric heptapeptides of A6(His)-NH2 type. Results from both HDX mass spectral 

patterns and reaction kinetics were consistent with the presence of at least two structural 

isomers for the studied histidine-containing bn ions, regardless of the histidine position in 

the original heptapeptide amino acid sequence. The presence of structural isomers in 

histidine-containing bn (n = 4 to 7) ions was further supported by the experimental data 

from IM-MS measurements.  

IM profiles acquired for b5
+ from each of AA(His)AAAANH2, AAA(His)AAA-

NH2, and AAAA(His)AA-NH2 peptides showed the presence two mobility-overlapped 

ion populations (i.e., “compact” and “linear” isomers). For IM profiles with un-resolved 

single-Gaussian peak shapes, we also compared peak profiles for b ions with standard 

sodium adduct polypropylene glycol (PPG) ions (peaks’ full widths at half height 

(FWHH)) that had similar arrival times (ATs). For example, FWHH analyses for bn
+ (n = 

4 to 7) from AA(His)AAAANH2 (P3) showed the presence of significantly wider IM 

peak widths for these fragments than standard sodium adduct PPG counter part ions with 

similar ATs. Results from FWHH analyses suggested the presence of multiple structural 

isomers for bn
+ (n = 4 to 7) of P3, consistent with HDX data. 

Future studies might include the use of post-IM/CID MS as a tool to resolve 

different b fragment isomers or conformers and obtain the percentages of “compact” and 

“linear” structural isomers of the histidine-containing b ions as a function of (i) histidine 

position in the original heptapeptide amino acid sequence and (ii) experimental 
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parameters (e.g., ESI capillary voltage and ion transfer kinetic energy). Furthermore, 

chemical modifications (e.g., peptide N-terminal acetylation) might be used to decrease 

or even eliminate the possible chances of b fragment ion cyclization and/or confirm the 

presence or absence of various structural isomers for b ions. 

CHAPTER FOUR: MS results in chapter four provided the first experimental 

evidence for occurrence of sequence scrambling in y-type fragment ions.  We presented 

results from CID MS of y fragment ions generated from four model peptides (all 

containing basic residues near the C-terminus) including: AAAAHAA-NH2 (where “A” 

denotes an alanine (A) residue with one carbon thirteen (13C) isotope on the alanine 

carbonyl group), des-acetylated-α-melanocyte (SYSMEHFRWGKPV-NH2), angiotensin 

II antipeptide (EGVYVHPV), and glufibrinopeptide b (EGVNDNEEGFFSAR). A total 

of thirty two y fragment ions, including fragments of different charge states (+1 to +3) 

and sizes (4 to 12 amino acids), were investigated.  

The presence of sequence-scrambled fragment ions in CID mass spectra of ~50 % 

of the studied y ions were confirmed. Moreover, results from MSn CID MS experiments 

suggested that sequence scrambling in y ions could occur through subsequent 

fragmentation of intermediate macrocylic structure ion(s) (i.e., [y - (NH3/orH2O)]m+, 

where m = 1 to 3). Based on the MSn CID results, potential mechanisms for the 

occurrence of sequence scrambling in CID of examined y-type ions were proposed. 

Future studies in this area could be focused on investigating the effect of (i) 

peptides’ amino acid compositions (i.e., amino acids with different side chains such as 

polar, non-polar, acidic, and basic) and (ii) peptides’ C-terminal amidation (versus acid 

terminated) on the generation of sequence-scrambled fragment ions during CID of y ions. 
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CHAPTER FIVE: Gas-phase HDX is a powerful chemical probe for structural 

elucidation of proteins/peptides and their fragment ions and metal-complexed 

counterparts; however, other reaction channels (e.g., gas-phase reagent adduct formation) 

can compete with intended “normal” HDX reaction and complicate the interpretation of 

HDX data. Data in chapter five provided the first comprehensive study on fundamental 

chemistry involved in gas-phase adduct formation by combining ab initio calculations, 

HDX reactions, IM-MS, isotope labeling, and post-IM/CID MS. 

Effects of protonation and alkali metal ion (Na+, K+, and Cs+) complexation on 

gas-phase ND3 adduct formation of a benzyloxycarbonyl (Z)-capped dipeptide containing 

glycine (G) and proline (P) (i.e., Z-PG) were studied. We reported on selective reagent 

adduct formation in HDX reaction of protonated Z-PG with ND3. We showed that 

formation of the gas-phase reagent adduct with protonated Z-PG was insensitive to the 

order of the amino acid sequence of model dipeptide (i.e., Z-PG versus Z-GP). By 

combining the results from experimental observations and theoretical calculations we 

demonstrated that the presence of three carbonyl oxygens from G, P, and Z group are 

critical for ND3 adduct formation in Z-PG. Results presented in chapter five point to the 

importance of considering all competing gas-phase reaction channels (e.g., reagent 

adduct formation) in HDX studies. 

Future studies could explore the influence of (i) alkali (group 1), alkaline earth 

(group 2), and transition metal ion complexations, (ii) increasing the distance between P 

and G residues in Z-PG peptide (e.g., using synthetic model peptides of Z-P(CH2)mG 

type), and (iii) replacing L-glycine and L-proline residues with their corresponding D 
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stereoisomers on the extent of ND3 adduct formation with Z-PG and other model 

peptides. 
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A Systematic Study on the Effect of Histidine Position and Fragment Ion Size in the 

Formation of bn Ions 
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Figure A.1. Sustained off-resonance irradiation-collision induced dissociation (SORI-
CID) FT-ICR mass spectrum of protonated AHAAAAA-NH2. SORI-CID parameters: ∆f 
= ~- 500 Hz, RF Amplitude = 12 Vbase-to-peak, duration = 262 ms (N2 was used as collision 
gas). 
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Table A.1. Amino acid composition of the observed SORI-CID fragment ions, their 
theoretical m/z, experimental m/z, and MMA errors for protonated A(His)AAAAA-NH2 
(signal-to-noise threshold for the assigned fragments is higher than ~4). The fragment ion 

that could exclusively be assigned as scramble ion is shown in italic font. 
 

 
 
 

 
 

Fragment Theoretical m/z Experimental m/z Error (ppm) 
[M + H]+ - NH3 564.2889 564.2887 0.35 

[M + H]+ - NH3 - H2O 546.2783 546.2781 0.37 
[M + H]+ - NH3 -CO 536.2940 536.2970 -5.59 

[M + H]+ - NH3 - NH3 - H2O 529.2518 529.2518 0.00 
[M + H]+ - NH3 - NH3 - CO 519.2674 519.2669 0.96 

[M + H]+ - NH3 - NH3 - H2O -C2H2 503.2361 503.2355 1.19 
[M + H]+ - NH3 - NH3 - H2O - CO 501.2568 501.2562 1.20 

[A5H]+ 493.2518 493.2516 0.41 
[A5H]+ -  H2O 475.2412 475.2410 0.42 

[A5H]+ - H2O - NH3 458.2146 458.2145 0.22 
[A5H]+ - NH3 - CO 448.2303 448.2302 0.22 

[A5H]+ - NH3 - H2O - C2H2 432.1990 432.1989 0.23 
[AAAAAA]+ 427.2300 427.2319 -4.45 

[A4H]+ 422.2146 422.2145 0.24 
[A4H]+ - H2O - NH3 387.1775 387.1773 0.52 
[A4H]+ - NH3 - CO 377.1932 377.1934 -0.53 

[A4H]+ - H2O - NH3 - C2H2 361.1619 361.1617 0.55 
[A4H]+ - NH3 - H2O - CO 359.1826 359.1828 -0.56 

[AAAAA] + 356.1929 356.1928 0.28 
[A3H]+ 351.1775 351.1776 -0.28 

[A3H]+ - NH3 - H2O 316.1404 316.1402 0.63 
[AAAAA] - NH 3 -CO 311.1714 311.1713 0.32 
[A3H]+ - H2O - HCN 306.1561 306.1559 0.65 

[A3H]+ - NH3 - H2O - C2H2 290.1248 290.1246 0.69 
[A3H]+ - H2O - NH3 - CO 288.1455 288.1454 0.35 

[AAAA] + 285.1557 285.1557 0.00 
[A2H]+ 280.1404 280.1403 0.36 

[A2H]+ - H2O 262.1304 262.1297 2.67 
[A2H]+ - H2O -  NH3 245.1039 245.1032 2.86 
[AAAA] + - NH3 - CO 240.1343 240.1342 0.42 

[A2H]+ - NH3 - CO 235.1190 235.1189 0.43 
[A2H]+ - NH3 - H2O - C2H2 219.0877 219.0876 0.46 
[A2H]+ - NH3 - H2O - CO 217.1084 217.1083 0.46 

[AH] + 209.1033 209.1032 0.48 
[AH] + - NH3 192.0773 192.0766 3.64 
[AH] + - H2O 191.0927 191.0926 0.52 

[AAA] + - CO -  NH3 169.0972 169.0971 0.59 
[AH] + -  NH3 – CO 164.0818 164.0818 0.00 

[AAA] + - H2O - CO - HCN 141.1022 141.1033 -7.80 
[AH] + -  H2O - CO - HCN 136.0869 136.0869 0.00 

[AH] + - NH3 - H2O - CO - HCN 119.0604 119.0604 0.00 
[H] +  - CO 110.0713 110.0713 0.00 
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Figure A.2. Sustained off-resonance irradiation-collision induced dissociation 
(SORI-CID) FT-ICR mass spectrum of protonated AAA(His)AAA-NH2. SORI-
CID parameters: ∆f = ~- 500 Hz, RF Amplitude = 12 Vbase-to-peak, duration = 262 
ms (N2 was used as collision gas). 
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Table A.2. Amino acid composition of the observed SORI-CID fragment ions, their 
theoretical m/z, experimental m/z, and MMA errors for protonated AAA(His)AAA-NH2 

(signal-to-noise threshold for the assigned fragments is higher than ~4). The two 
fragment ions that could exclusively be assigned as scramble ions are shown in italic font. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fragment Theoretical  m/z Experimental m/z Error (ppm) 
[M + H]+ - NH3 564.2889 564.2892 -0.53 

[M + H]+ - NH3 - H2O 546.2783 546.2787 -0.73 
[M + H]+ - NH3 - NH3 - H2O 529.2518 529.2525 -1.32 
[M + H]+ - NH3 - NH3 - CO 519.2674 519.2634 7.70 

[M + H]+ - NH3 - NH3 - H2O - C2H2 503.2361 503.2363 -0.40 
[A5H]+ 493.2518 493.2518 0.00 

[A5H]+ - H2O 475.2412 475.2422 -2.10 
[A5H]+ - NH3 - H2O 458.2146 458.2147 -0.22 
[A5H]+ - NH3 - CO 448.2303 448.2302 0.22 

[A5H]+ - NH3 - H2O - C2H2 432.1990 432.1993 -0.69 
[A4H]+ 422.2146 422.2149 -0.71 

[A4H]+ - H2O 404.2041 404.2036 1.24 
[A4H]+ - H2O - NH3 387.1775 387.1776 -0.26 
[A4H]+ - NH3 - CO 377.1932 377.1932 0.00 

[A4H]+ - H2O - NH3 - C2H2 361.1619 361.1616 0.83 
[A4H]+ - NH3 - H2O - CO 359.1826 359.1829 -0.84 

[A3H]+ 351.1775 351.1778 -0.85 
[A3H]+ - NH3 - H2O 316.1404 316.1403 0.32 

[AAAAA]+ - NH3 - CO 311.1714 311.1711 0.96 
[A3H]+ - H2O - HCN 306.1561 306.1558 0.98 

[A3H]+ - NH3 - H2O - C2H2 290.1248 290.1246 0.69 
[A3H]+ - H2O - NH3 - CO 288.1455 288.1453 0.69 

[AAH] + - H2O 262.1304 262.1297 2.67 
[AAH] + - NH3 - H2O 245.1039 245.1033 2.45 
[AAAA]+ - CO - NH3 240.1343 240.1343 0.00 
[AAH] + -NH3 - CO 235.1190 235.1186 1.70 

[AAH] + - NH3 - H2O - C2H2 219.0877 219.0876 0.46 
[AAH] + - NH3 - H2O - CO 217.1084 217.1083 0.46 

[AH] + 209.1033 209.1034 -0.48 
[AH] + - NH3 - CO 164.0818 164.0818 0.00 

[AAA] + - H2O - HCN - CO 141.1022 141.1022 0.00 
[AH] + - H2O -HCN - CO 136.0869 136.0869 0.00 

[AH] + - NH3 - H2O - CO - HCN 119.0604 119.0604 0.00 
[H] +  - CO 110.0713 110.0713 0.00 
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Figure A.3. Sustained off-resonance irradiation-collision induced dissociation 
(SORI-CID) FT-ICR mass spectrum of protonated AAAAAA(His)-NH2. SORI-CID 
parameters: ∆f = ~- 500 Hz, RF Amplitude = 12 Vbase-to-peak, duration = 262 ms (N2 
was used as collision gas). 
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Table A.3. Amino acid composition of the observed SORI-CID fragment ions, their 
theoretical m/z, experimental m/z, and MMA errors for protonated AAAAAA(His)-NH2 

(signal-to-noise threshold for the assigned fragments is higher than ~4). 
 

Fragment Theoretical m/z Experimental m/z Error (ppm) 
[M + H]+ - NH3 564.2889 564.2889 0.00 
[M + H]+ - H2O 563.3049 563.3043 1.07 

[M + H]+ - NH3 - H2O 546.2783 546.2784 -0.18 
[M + H]+ - NH3 - CO 536.2940 536.2935 0.93 

[M + H]+ - NH3 - NH3 - H2O 529.2518 529.2523 -0.94 
[M + H]+ - NH3 - NH3 - CO 519.2674 519.2677 -0.58 

[M + H]+ - NH3 - NH3 - H2O - C2H2 503.2361 503.2356 0.99 
[A5H]+ 493.2518 493.2515 0.61 

[A5H]+ - NH3 - H2O 458.2146 458.2146 0.00 
[A5H]+ - NH3 - CO 448.2303 448.2304 -0.22 

[A5H]+ - NH3 - H2O - C2H 432.1990 432.1986 0.93 
[AAAAAA] + 427.2300 427.2299 0.23 

[A4H]+ 422.2146 422.2137 2.13 
[AAAAAA] + - H2O 409.2194 409.2196 -0.49 
[A4H]+ - H2O - NH3 387.1775 387.1772 0.77 

[AAAAAA] + - NH3 - CO 382.2085 382.2084 0.26 
[A4H]+ -NH3 - CO 377.1932 377.1932 0.00 

[A4H]+ - H2O - NH3 - C2H2 361.1619 361.1614 1.38 
[AAAAA] + 356.1929 356.1929 0.00 

[A3H]+ 351.1775 351.1776 -0.28 
[A3H]+- NH3 - H2O 316.1404 316.1402 0.63 

[AAAAA] - NH 3 - CO 311.1714 311.1713 0.32 
[A3H]+- H2O - HCN 306.1561 306.1560 0.33 

[A3H]+- H2O - NH3 - CO 288.1455 288.1453 0.69 
[AAAA] + 285.1557 285.1556 0.35 

[AAAAA] + - CO - H2O - HCN 283.1765 283.1764 0.35 
[A3H]+ - H2O 262.1304 262.1299 1.91 

[AAAA] + - CO 257.1608 257.161 -0.78 
y3[A2H]+ - H2O - C2H5 250.1173 250.1187 -5.60 

[A2H]+- NH3 - H2O 245.1039 245.1033 2.45 
[AAAA] + - CO - NH3 240.1343 240.1342 0.42 

[A2H]+ - NH3 - CO 235.1190 235.1188 0.85 
y2[AH] + 226.1299 226.1298 0.44 

[A2H]+  - NH3 - H2O - C2H2 219.0877 219.0877 0.00 
[A2H]+ - NH3 - H2O – CO 217.1084 217.1082 0.92 

[AAA] + 214.1186 214.1186 0.00 
[AH] + 209.1033 209.1032 0.48 

[AH] + - NH3 192.0773 192.0768 2.60 
[AH] + - H2O 191.0927 191.0927 0.00 

[AAA] +- CO - NH3 169.0972 169.0971 0.59 
[AH] +- NH3 – CO 164.0818 164.0818 0.00 

y1[His]+ 155.0927 155.0927 0.00 
[AA] + - H2O - NH3 - C2H2 153.0659 153.0659 0.00 
[AAA] + - H2O - HCN - CO 141.1022 141.1023 -0.71 

[His]+ 138.0662 138.0661 0.72 
[AH] + - H2O - HCN – CO 136.0869 136.0869 0.00 

[AH] + - NH3 - H2O - CO - HCN 119.0604 119.0603 0.84 
[AA] + - CO 115.0866 115.0866 0.00 
[His]+ - CO 110.0713 110.0713 0.00 
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Figure A.4. Semi-log plots of ln(D0/Dm) vs. H/D exchange reaction time for (a) b4

+, (b) 
b5

+ fragment ions of pentaalanine (A5). The empty circles (○) and triangles (Δ) in the 
semi-log plots show the segments corresponding to “fast” + “slow” and “slow” H/D-
exchanging populations, respectively. The fitted linear equations for each segment are 
shown in the plots. The filled square (■) in the semi-log plot in panel (a) corresponds to 
H/D exchange data which were not used for linear fitting. The mass spectra in panels (c) 
and (d) are the H/D exchange isotopic patterns (after 100 ms reaction time) of mass 
isolated 12C12 ion populations of b4

+ and b5
+, respectively. CH3OD (at pressure of 3.5 × 

10-5 Torr) was used as deuterating reagent. 
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Figure A.5. Ion mobility arrival time distributions (ATDs) acquired for molecular ions 
(i.e., [M + H]+) and the histidine-containing bn

+ (n = 4-7) fragment ions of (a) 
AA(His)AAAA-NH 2 (P3), (b) AAA(His)AAA-NH2 (P4), and (c) AAAAAA(His)-NH2 
(P7). 
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Figure A.6. Semi-log plots of ln(D0/Dm) vs. H/D exchange reaction time for b5

+ fragment 
ions of AA(His)AAAA-NH2. The empty circles (○) and triangles (Δ) in the semi-log 
plots show the segments corresponding to “fast” + “slow” and “slow” H/D-exchanging 
populations, respectively. The fitted linear equations for each segment are shown in the 
plots. The filled squares (■) in the semi-log plots correspond to H/D exchange data which 
were not used for linear fitting. ND3 (at pressure of ~4.0 × 10-8 Torr) was used as 
deuterating reagent. 
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APPENDIX B 

 
Evidence for Sequence Scrambling in Collision-Induced Dissociation of y-Type 

Fragment Ions 
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Figure B.1. Collision-induced dissociation (CID) mass spectra of the m/z-isolated (a) 
[y6]

+ (m/z 511) (generated from CID of doubly charged AAAAHAA-NH2) and (b) [y6 – 
(NH3)]

+ (m/z 494) (generated from CID of [y6]
+) at 20 % normalized collision energy. 

Insets in panels (a) and (b) show the expanded views of m/z range of 422.1 to 422.3 
corresponding to identified sequence scrambled fragment ion (i.e., [y6 – (NH3 + A)]+) 
with mass measurement errors of 4.2 and 0.5 ppm, respectively.  
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Figure B.2. Collision-induced dissociation (CID) mass spectra of the m/z-isolated (a) 
[y5]

+ (m/z 440) (generated from CID of doubly charged AAAAHAA-NH2) and (b) [y5 – 
(NH3)]

+ (m/z 423) (generated from CID of [y6]
+) at 20 % normalized collision energy. 

Insets in panels (a) and (b) show the expanded views of m/z range of 351.0 to 351.3 
corresponding to identified sequence scrambled fragment ion (i.e., [y5 – (NH3 + A)]+) 
with mass measurement errors ~ 3.3 and 0.1 ppm respectively. 
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Figure B.3. Collision-induced dissociation (CID) mass spectra of the m/z-isolated (a) 
[y4]

+ (m/z 440) (generated from CID of doubly charged AAAAHAA-NH2) and (b) [y4 – 
(NH3)]

+ (m/z 423) (generated from CID of [y4]
+) at 20 % normalized collision energy. 

Insets in panels (a) and (b) show the expanded views of m/z range of 351.0 to 351.3 
corresponding to identified sequence scrambled fragment ion (i.e., [y4 – (NH3 + A)]+) 
with mass measurement accuracy of 0.5 and 0.4 ppm respectively. 
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Table B.1. Fragment ion identity, theoretically calculated m/z values, experimentally 
observed m/z values, and error (ppm) of the assigned fragment ions observed in CID 
mass spectrum of [y7]

+2 (FRWGKPV-NH2) from des-acetylated-α-melanocyte. The 
sequence-scrambled fragment ions are shown in italic font. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Identity of fragment ion Theoretical m/z Experimental m/z Error (ppm) 

[y7 - (NH3 + CO + FRWGK)]+  169.1335 169.1335 0.00 
[y7 - (NH3 + FRWGK)]+  197.1285 197.1284 0.51 

[y2]
+  214.1550 214.1550 0.00 

[y7 - (2NH3 + WGKPV)]+  287.1503 287.1503 0.00 
[y7 - (NH3 + WGKPV)]+  304.1768 304.1769 0.33 
[y7

 - (NH3 + FRWG)]+  325.2234 325.2235 0.31 
[y7 - (NH3 + PV)]+2 338.1899 338.1897 0.59 

[y7 - (NH3 + H2O + V)]+2 377.7110 377.7110 0.00 
[y7 - (NH3 + FRW)]+  382.2449 382.2453 1.05 
[y7 - (NH3 + V)]+2 386.7163 386.7163 0.00 
[y7

 - (NH3 + P)] +2 387.7241 387.7248 1.81 
[y7 - (NH3 + CO)]+2 422.2530 422.2530 0.00 
[y7 - (NH3 + H2O)]+2 427.2452 427.2449 0.70 

[y7 – (NH3)]
+2 436.2505 436.2505 0.00 

[y7 - (NH3 + GKPV)]+  490.2561 490.2563 0.41 
[y7 - (NH3 + KPV)]+  547.2776 547.2775 0.18 

[y7 - (KPV)]+  564.3041 564.3038 0.53 
[y7 - (NH3 + FR)]+  568.3242 568.3240 0.35 

[y5]
+  585.3507 585.3503 0.68 

[y7 - (NH3 + PV)]+  675.3725 675.3721 0.59 
[y7 - (NH3 + F)]+  724.4253 724.4274 2.90 
[y7 - (NH3 + P)] +  774.4410 774.4406 0.52 
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Table B.2. Fragment ion identity, theoretically calculated m/z values, experimentally 
observed m/z values, and error (ppm) of the assigned fragment ions observed in CID 
mass spectrum of [y7 – (NH3)]

+2 from des-acetylated-α-melanocyte. The sequence-
scrambled fragment ion is shown in italic font. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Identity of fragment ion Theoretical m/z 
Experimental 

m/z 
Error (ppm) 

[y7 - (NH3 + CO + 
FRWGK)]+  

169.1335 169.1335 0.00 

[y7 - (NH3 + FRWGK)]+  197.1285 197.1286 0.51 
[y7 - (2NH3 + WGKPV)]+  287.1503 287.1505 0.70 
[y7 - (NH3 + WGKPV)]+  304.1768 304.1768 0.00 
[y7

 - (NH3 + FRWG)]+  325.2234 325.2231 0.92 
[y7 - (NH3 + V)]+2 386.7163 386.7164 0.26 
[y7 - (NH3 + P)] +2 387.7241 387.7242 0.36 

[y7 - (NH3 + CO)]+2 422.2530 422.2529 0.24 
[y7 - (NH3 + H2O)]+2 427.2452 427.2453 0.23 

[y7 – (2NH3)]
+2 427.7372 427.7380 1.87 

[y7 - (NH3 + GKPV)]+  490.2561 490.2561 0.00 
[y7 - (NH3 + KPV)]+  547.2776 547.2770 1.10 

[y7 - (KPV)]+  564.3041 564.3041 0.00 
[y7

 - (NH3 + FR)]+  568.3242 568.3235 1.23 
[y7 - (NH3 + PV)]+  675.3725 675.3721 0.59 
[y7 - (NH3 + P)] +  774.4410 774.4404 0.77 
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Table B.3. Fragment ion identity, theoretically calculated m/z values, experimentally 
observed m/z values, and error (ppm) of the assigned fragment ions observed in CID 
mass spectrum of [y7]

+ [GVYVHPV]  from angiotensin II antipeptide. The sequence-
scrambled fragment ions are shown in italic font. 

 
 

 
 

Identity of fragment ion Theoretical m/z Experimental m/z Error (ppm) 
[y7 - (H2O + GVYVV)]+  235.1190 235.1190 0.13 

[y7 - (H2O + CO + GVHPV)]+  235.1441 235.1441 0.00 
[y7

 - (H2O + GVYPV)]+  237.1346 237.1346 0.00 
[y7

 - (H2O + NH3 + CO + VYPV)]+  249.1346 249.1346 0.04 
[y7 - (H2O + GVHPV)]+  263.1390 263.1391 0.11 
[y7 - (2H2O + YVPV)]+  276.1455 276.1455 0.07 

[y7 - (2H2O + CO + GVYV)]+  288.1819 288.1819 0.10 
[y7 - (H2O + YVPV)]+  294.1561 294.1561 0.20 
[y7 - (3H2O + GVYV)]+  298.1662 298.1663 0.27 
[y7 - (2H2O + GVYV)]+  316.1768 316.1768 0.13 

[y7 - (H2O + NH3 + CO + GHPV)]+  317.1860 317.1864 1.20 
[y7 - (H2O + VHPV)]+  320.1605 320.1606 0.28 
[y7

 - (H2O + GVYV)]+  334.1874 334.1875 0.36 
[y3]

+  352.1979 352.1981 0.37 
[y7

 - (H2O +  GHPV)]+ 362.2074 362.2075 0.30 
[y7

 - (H2O + CO + YPV)]+  365.2296 365.2295 0.16 
[y7  - (H2O + C2H2N2 + GVY)]+ 

 379.2340 379.2341 0.18 
[y7 - (2H2O + GVPV)]+  382.1874 382.1876 0.58 

[y7  - (H2O + CO + HPV)]+  391.2340 391.2341 0.23 
[y7 - (H2O + YPV)]+  393.2245 393.2245 0.03  
[y7 - (H2O + GVPV)]+  400.1979 400.1979 0.05 

[y7 - (H2O + NH3 + CO + VPV)]+ 
 412.1979 412.1980 0.12 

[y7 - (H2O + HPV)]+  419.2289 419.2289 0.07 
[y7 - (H2O + C8H9NO + PV)]+ 421.2194 421.2193 0.31 

[y4]
+  451.2663 451.2663 0.02 

[y7 - (H2O + VPV)]+  457.2194 457.2194 0.11 
[y7 - (2H2O +  NH3 + CO + PV)]+  493.2558 493.2558 0.12 

[y7 - (2H2O + CO + PV)]+  510.2823 510.2822 0.27 
[y7 - (H2O +  NH3 + CO + PV)]+  511.2663 511.2662 0.23 

[y7 - (2H2O  +  NH3 + PV)]+  521.2507 521.2505 0.35 
[y7 - (H2O + CH2NH + PV)]+ 527.2613 527.2613 0.15 

[y7 - (H2O + CO + PV)]+  528.2929 528.2927 0.42 
[y7 - (2H2O + PV)]+  538.2772 538.2772 0.11 

[y7 - (H2O + NH3 + PV)]+  539.2613 539.2612 0.20 
[y7 - (H2O + PV)]+  556.2878 556.2876 0.45 

[y5]
+  614.3297 614.3295 0.33 

[y7 - (H2O + CO + V)]+  625.3457 625.3453 0.51 
[y7 - (2H2O + V)]+  635.3300 635.3298 0.31 
[y7 - (H2O + V)]+  653.3406 653.3404 0.29 

[y7 - (V)]+  671.3511 671.3509 0.34 
[y7 - (H2O + CO)]+  724.4141 724.4137 0.52 

[y7 - (2H2O)]+  734.3984 734.3979 0.76 
[y7 - (H2O + NH3)]

+  735.3824 735.3820 0.60 
[y7 - (H2O)]+  752.4090 752.4086 0.56 
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Table B.4. Fragment identity, theoretically calculated m/z values, experimentally 
observed m/z values, and error (ppm) of assigned fragment ions observed in CID 

spectrum of [y7 – (H2O + PV)]+ from angiotensin II anti-peptide. The fragment ions that 
could be assigned as scrambled ions are shown in italic font. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Identity of Fragment ion Theoretical m/z Experimental m/z Error (ppm) 

[y7 - (H2O + CO + GVHPV)]+  235.1441 235.1441 0.00 
[y7

 - (H2O + GVYPV)]+  237.1346 237.1347 0.42 
[y7 - (H2O +  NH3 + CO + YVPV)]+   249.1346 249.1347 0.40 

[y7 - (H2O + GVHPV)]+  263.1390 263.1391 0.38 
[y7 - (2H2O + YVPV)]+  276.1455 276.1456 0.36 
[y7 - (H2O + YVPV)]+  294.1561 294.1561 0.00 
[y7 - (H2O + VHPV)]+  320.1605 320.1606 0.31 
[y7

 - (H2O +  GHPV)]+  362.2074 362.2077 0.83 
[y7 - (H2O + CO + YVP)]+   365.2296 365.2297 0.27 

[y7 - (2H2O + GVPV)]+  382.1874 382.1875 0.26 
[y7  - (H2O + CO + HPV)]+  391.2340 391.2340 0.00 

[y7 - (H2O + YPV)]+  393.2245 393.2246 0.25 
[y7 - (H2O + GVPV)]+  400.1979 400.1981 0.50 

[y7 - (H2O + NH3 + CO + VPV)]+  412.1979 412.1981 0.49 
[y7 - (H2O + HPV)]+  419.2289 419.2291 0.48 

[y7 - (H2O + C8H9NO + PV)]+  421.2194 421.2197 0.71 
[y7 - (H2O + VPV)]+  457.2194 457.2195 0.22 

[y7 - (2H2O +  NH3 + CO + PV)]+  493.2558 493.2559 0.20 
[y7 - (2H2O + CO + PV)]+  510.2823 510.2824 0.20 

[y7 - (H2O +  NH3 + CO + PV)]+  511.2663 511.2666 0.59 
[y7 - (2H2O  +  NH3 + PV)]+  521.2507 521.2508 0.19 
[y7 - (H2O + CH2NH + PV)]+  527.2613 527.2614 0.19 

[y7 - (H2O + CO + PV)]+  528.2929 528.2930 0.19 
[y7 - (2H2O + PV)]+  538.2772 538.2774 0.37 

[y7 - (H2O + NH3 + PV)]+  539.2613 539.2615 0.37 
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APPENDIX C 

 
Structural Dependent Competition between Gas-Phase H/D Ex-change and Adduct 

Formation Reactions 
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Figure C.1. Overlaid IM profiles of [Z-PG + Ca - H]+ (dash curve) and [Z-PG + K]+ 
(solid curve). 
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Figure C.2. (a) Post-IM/CID MS profile of m/z-isolated [Z-PG + H - CO2]
+. (b) 

Deconvoluted IM profiles of “Compact” (solid curve) and “Elongated” (dash curve) 
conformers of [Z-PG + H - CO2]

+. Insets show the deconvoluted CID mass spectra of 
“Compact” (left) and “Elongated” (right) conformers of [Z-PG + H - CO2]

+. A 
previously reported IM deconvolution technique (J. Am. Soc. Mass Spectrom. 2012, 23, 
1873-1884) was used to extract pure IM and CID mass spectra of the two [Z-PG + H - 
CO2]

+ conformers. Post-IM/CID MS experiment was performed by setting the potential 
difference between IM cell exit and transfer cell entrance to 28 V. All other parameters 
are given in experimental section. 
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