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ABSTRACT 

 

 Presented in this dissertation are FT-ICR H/D exchange and fragmentation studies 

of protonated peptides for the purpose of better understanding gas phase conformation 

and protonation motifs, and their affect on fragmentation patterns.  In addition, a new ion 

activation method is developed to enhance the abundance of higher energy fragmentation 

pathways, thereby providing additional structural and/or mechanistic information.      

 Studies to probe the relay mechanism of H/D exchange in small, model peptides 

found that residue position, proline configuration, and availability of the termini have a 

measurable effect on the H/D exchange behavior reflective of different conformation / 

protonation motifs. 

 Charge remote cleavage C-terminal to aspartic acid was studied with the fixed 

charge derivative tris(2,4,6-trimethoxyphenyl) phosphonium (tTMP-P+).  Ab initio 

calculations demonstrate that tTMP-P+ cannot activate the proposed aspartic acid 

nucleophile, the acidic side chain hydrogen initiates cleavage.  Despite the absence of an 

ionizing proton, the derivatized peptide P+LDIFSDF (where P+ = tTMP-P+) exchanges 

three acidic hydrogens for deuterium.  This supports the proposed aspartic acid cleavage 

mechanism that occurs without the direct involvement of an ionizing proton because 

acidic protons are able to participate in H/D exchange in the absence of an added proton.  

In addition, H/D exchange of P+LDIFSDF analogues provides insight into the sites and 

mechanisms of H/D exchange.   
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 H/D exchange to separate distinct peptide populations with differing rates and 

their subsequent fragmentation demonstrate that conformation / protonation motif affects 

the fragmentation spectrum observed.  Studies of [P+LDIFSDF + H]2+, [RPPGFSPFR + 

2H]2+ (bradykinin), and [RVYIFPF + 2H]2+ show that at least two distinct structures exist 

with different rates of H/D exchange and different fragmentation patterns.  The overall 

MS/MS spectrum is a linear combination of all conformations and protonation motifs.  In 

addition, fragmentation of labeled populations suggests that complementary bn
+ / ym-n

+ 

ion pairs are being formed from doubly-charged precursor by the same mechanism.   

 SORI-RE CID is a new FT-ICR ion activation method based on the combination 

of sustained off-resonance irradiation (SORI) and on-resonant excitation (RE) with the 

purpose of enhancing higher energy fragmentation while maintaining low energy 

processes.  The experiments presented serve to illustrate the usefulness of SORI-RE in 

diverse cases.     
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CHAPTER ONE 

BACKGROUND AND SIGNIFICANCE 

 

1.1 Overview 

 

 Mass spectrometry emerged in the late 1980’s as an important tool for the 

analysis of biomolecules, following the discovery of ionization techniques to bring large 

biomolecules into the gas phase.  One key biological application of mass spectrometry is 

the identification of proteins.  Protein expression is directly linked to cellular processes 

and therefore protein identification will help scientists understand normal cellular 

function and identify biomarkers for disease.  Mass spectrometry is able to measure the 

mass-to-charge (m/z) ratio of whole proteins and the peptides resulting from the 

enzymatic digest of proteins.  In addition, sequence information can be gained by 

measuring the m/z of peptide fragment ions in a MS/MS, or tandem, mass spectrometry 

experiment. 

 In a typical “bottom-up” protein identification experiment (Scheme 1.1), a 

biological sample is first subjected to a protein separation method such as 2D-gel 

electrophoresis.  Next, a spot of interest, which may contain several proteins, is cut from 

the gel.  The protein mixture is then enzymatically digested into peptides and the peptides 

are separated using standard reverse-phase high-performance liquid chromatography 

(HPLC) techniques.  As the peptides elute from the HPLC column, they enter an on-line 

mass spectrometer where they are ionized and transferred into the gas phase.  The mass 
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spectrometer measures the m/z of each peptide.  In addition, individual peptides are 

isolated and fragmented by tandem mass spectrometry.  The m/z values and 

fragmentation spectra recorded by the mass spectrometer are analyzed by a computer 

sequencing algorithm, which attempts to identify the peptide sequences.  Once peptide 

sequences are determined, they are matched against a database of known protein 

sequences to identify the protein.  Variations of Scheme 1.1 are sometimes used, 

including direct digestion and LC-MS/MS or LC/LC-MS/MS of a large number of 

proteins (i.e., no 2D gel electrophoresis), accurate peptide mass measurement (i.e., “mass 

mapping”), and tandem mass spectrometry of whole proteins (i.e., “top-down” analysis).1   

In addition, other peptide separation methods sometimes used include strong cation 

exchange, size exclusion and metal affinity chromatographics, and capillary 

electrophoresis.  Multidimensional separation combining several of these separation 

techniques has also been successful.1   
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Scheme 1.1 Typical “bottom-up” protein identification experiment by mass 
spectrometry.  Adapted from Smith.2  
 

 The identification of all the proteins in a complex biological sample presents a 

major analytical challenge.  Human plasma, for example, contains thousands of proteins.  

However, just 22 proteins account for 99% of the overall protein content, translating to a 

nine order of magnitude difference in concentration.3  In the extreme case, there may only 

be one copy of a protein per cell.  Therefore, it is important to optimize all steps of the 

analytical method outlined in Scheme 1.1 in order to accurately identify as many proteins 

as possible. 

 Automated, high-throughput identification of proteins by MS/MS and database 

sequencing algorithms is successful for many samples,4-13 but this approach sometimes 

fails due to inaccurate algorithm identification of some peptide sequences.14  Statistical15-

23 and mechanistic24-31 analyses have led to a better understanding of peptide 
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fragmentation behavior.  Specifically, these studies have revealed residue-specific 

preferential cleavage N-terminal to proline (Pro), C-terminal to aspartic acid (Asp) and 

glutamic acid (Glu), and C-terminal to oxidized cysteine (e.g. cysteine sulfinic acid and 

cysteine sulfonic acid).18, 19, 32-42  The dominance of these preferential cleavages may lead 

to a loss of fragmentation information because other fragment peaks may be of very low 

intensity or not present.  Incorporation of statistical intensity information and 

fragmentation “rules” into sequencing algorithms for the generation of theoretical 

fragmentation spectra may improve identification when matched against the experimental 

spectra.  However, it is also important to understand mechanistically preferential 

cleavages so their occurrence can be more intelligently predicted.  Fragmentation 

mechanisms are investigated by a variety of methods including systematic alteration of 

model peptide systems (i.e., change amino acid identity, alter N- and C-termini, L- vs. D-

configuration), deuterium labeling, and chemical derivatization.  These studies have lead 

to many insights into peptide fragmentation phenomenon, but are traditionally time-

consuming and based on a limited number of model systems.   

 Ion mobility and hydrogen / deuterium (H/D) exchange studies have previously 

shown that distinct, multiple conformations / protonation motifs of biomolecules exist in 

the gas phase.43-48  A protonation motif is a specific spatial arrangement of atoms based 

on the location of the proton and hydrogen bonding.  Protonation schemes may include 

one or more globular structures in which the proton is heavily solvated by electronegative 

groups, “local” solvation structures, or a salt-bridge structure (Scheme 1.2).  In one 

generalized view of peptide fragmentation, an “energized” structure is formed upon 
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activation, and distinct populations no longer exist.  The energized structure fragments, 

producing the observed mass spectrum (Scheme 1.2). 

 

 

Scheme 1.2 Generalized view of peptide fragmentation in which an energized structure is 
formed upon ion activation. 
 
 
However, energy imparted to the ion during the activation step may not always convert 

distinct conformations / protonation motifs into one common structure.  Instead, several 

distinct non-interconverting energized structures, depending on the structures before 

activation, may be formed.  This new “heterogeneous” model of peptide fragmentation, 

proposed in this dissertation, is illustrated in Scheme 1.3.  Different energized structures 
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may lead to different abundances and types of fragment ions, and the observed mass 

spectrum is a linear combination of these.  Scheme 1.3 is a representative example of 

what may occur upon activation, although it is important to note that other protonation 

schemes may exist, and that the conversion of specific structures may be different than 

shown (i.e., “local” solvation and salt-bridge structures may not necessarily lead to the 

same energized structure). 

   

 

Scheme 1.3 Heterogeneous model of peptide fragmentation in which distinct energized 
structures are formed upon ion activation. 
 

 This dissertation aims to demonstrate the ability of gas phase H/D exchange in a 

Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer to selectively 
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probe biomolecular ion populations for the purpose of better understanding the 

relationship between conformation / protonation motif and fragmentation.  In addition, a 

new ion activation technique is introduced, termed SORI-RE.  SORI-RE is the 

combination of sustained-off resonance irradiation (SORI) and on-resonance excitation 

(RE).  SORI-RE can be effective in increasing the abundance of higher energy, 

structurally-meaningful fragment ions.  
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1.2   Ionization techniques to transfer large biomolecules into the gas phase 

 

 The first mass spectrometry ionization techniques relied on intrinsic volatility or  

thermal desorption to transfer molecules into the gas phase, followed by electron impact 

ionization (EI) or chemical ionization (CI).49  However, these techniques are limited to 

small organic molecules because large or thermally labile molecules decompose.  The 

advent of fast atom bombardment (FAB) ionization,50 electrospray ionization (ESI),51, 52 

and matrix assisted laser desorption ionization (MALDI)53, 54 in the 1980’s made it 

possible to ionize much larger molecules.  FAB is not in widespread use today due to a 

limited mass range (i.e., < 3000 Da) and the requirements for a Cs+ ion beam and a liquid 

matrix introduced through a vacuum lock.  However, ESI and MALDI are routinely used 

for the analysis of biomolecules and are considered further in Sections 1.2.1 and 1.2.2. 

 

1.2.1 Electrospray ionization 

 

 ESI is well-suited for the analysis of soluble biomolecules and as an interface to 

an HPLC due to its requirement for a constant flow of solution.51, 52, 55-58  A small amount 

of acid (1 - 4%, acetic or formic acid) is usually added to the solution to assist 

protonation of the molecules.  Typically, the sample solution is passed through a metal 

capillary, which is kept at approximately 4000 V (Scheme 1.4).  The sprayed droplets are 

drawn into the mass spectrometer by the potential difference the metal capillary and the 

instrument orifice.59  Also, heat and/or a drying gas are applied to the sprayed droplets, 
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causing them to evaporate into smaller droplets.  The “charge residue”60 and “ion 

evaporation”61, 62 models describe the formation of ions during ESI.  In the “charge 

residue” model, the ions are concentrated in the droplets during evaporation.  The surface 

charge density increases and eventually reaches the Rayleigh stability limit, at which 

charge repulsion exceeds the surface tension of the droplet.  The droplet then explodes 

into smaller and smaller droplets until the ions are completely desolvated.60, 63, 64  In the 

“ion evaporation” model, charged molecules are ejected to reduce charge density on the 

surface of the droplet.61, 62   

 ESI produces multiply charged ions, which allows a mass analyzer with a limited 

mass range to be used for large biomolecules.  For compact structures such as globular 

proteins, the number of protons correlates to the number of basic sites on the surface of 

the peptide.64  As the protein unfolds (i.e., by increasing temperature or changing solvent 

conditions), more protons can be added to the protein, decreasing the mass-to-charge 

ratio.  ESI is considered a “gentle” ionization process and can keep fragile non-covalent 

interactions intact.65-68 

 

 

Scheme 1.4 Diagram of a typical ESI source.  Adapted from Siuzdak.69    
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1.2.2   Matrix-assisted laser desorption ionization 

 

 During MALDI, a pulsed UV laser beam (typically 337 nm nitrogen laser) is used 

to desorb and ionize co-crystallized sample and matrix from a metal surface which is kept 

at a very high voltage, approximately 20,000 V (Scheme 1.5).53, 54  The matrix (typically 

2,5-dihydroxybenzoic acid, α-cyano-hydroxycinnamic acid, or 2,3-dimethoxy-4-

hydroxycinnamic acid) is in great excess of the sample and is designed to absorb energy 

from the incident laser beam, thereby preventing decomposition of the sample.  The laser 

energy deposition is thought to cause both photoionization of the matrix molecules and 

rapid heating of the crystals.  In one view of ion formation, the sample molecules are 

charged through proton-transfer reactions with photoionized matrix molecules in the 

expanding gas-phase plume.70  In a more recently proposed mechanism, clusters are 

involved in ion formation.71  Because MALDI results in sample and matrix ionization, 

ions from both are observed in the mass spectrum.  The time-of-flight (TOF) mass 

analyzer is well-suited to be used in conjunction with MALDI because TOF requires a 

pulsed source.72, 73  In addition, TOF has virtually no upper mass limit and MALDI 

produces only singly charged ions, which can have very high m/z values.   MALDI is an 

attractive technique for the analysis of complex mixtures of biomolecules because 

multiple-charging, which can complicate the spectrum for complex samples such as 

polydisperse polymers, does not occur.  
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Scheme 1.5 Diagram of a typical MALDI source.  Adapted from Siuzdak.69 
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1.3  Mass analyzers 
 

 There are a variety of mass analyzers available, each with its own advantages and 

disadvantages.  It is therefore important to choose a mass analyzer which is best-suited 

for each sample-type and ionization method.  Mass analyzers commonly used today for 

the analysis of biomolecules include the linear quadrupole,74 quadrupole ion trap  

(QIT),75, 76 linear ion trap (LIT),77, 78 and time-of-flight (TOF).72, 73  Sector79 and Fourier 

transform ion cyclotron resonance (FT-ICR)80-89 mass analyzers are much larger and 

more expensive, and therefore less common.  However, FT-ICR is gaining popularity due 

to its ability to produce accurate mass and ultra-high resolution spectra.  The QIT and FT-

ICR mass analyzers are used for experiments presented in this body of work, and are 

further considered in Sections 1.3.1 and 1.3.2. 

 

1.3.1 Quadrupole ion trap 

 

 The quadrupole ion trap (QIT)75, 76 is a robust, easy-to-use, and relatively 

inexpensive mass analyzer in widespread use today for the analysis of biomolecules.  The 

QIT consists of a hyperbolic ring electrode and two hyperbolic end cap electrodes 

(Scheme 1.6).  Ions are first focused into the ion trap with electrostatic lenses, and then 

injected into the trap with an electrostatic ion gate which pulses open and closed 

(negative and positive voltage, respectively, for positively charged ions).   
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Scheme 1.6 Diagram of a typical QIT mass spectrometer.  Adapted from Gates.90 

 

The time window over which the ions are allowed to enter the trap is optimized to 

maximize signal while minimizing space-charge effects.  Space-charge effects occur 

when too many ions are allowed into the trap and the electric fields becomes distorted, 

leading to a reduction in performance.  The ions collide with background helium 

molecules (typical pressure = 1 x 10-3 torr), which reduces the ions’ kinetic energy and 

causes them to maintain a trajectory near the center of the trap.75  An rf potential applied 

to the ring electrode, termed the fundamental frequency, focuses trapped ions toward the 

center of the trap.  Ions oscillate in the trap with a frequency known as the secular 

frequency.  The stability and secular frequency of the ion in the trap depends on the m/z 
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value, the size of the ion trap, the fundamental frequency, and the amplitude of the 

voltage applied to the ring electrode.  Ions are sequentially ejected from the trap from low 

m/z to high m/z by scanning the amplitude of the fundamental rf potential.91  Ejected ions 

pass through holes in the endcap electrode and are detected by an electron multiplier, 

thereby generating a mass spectrum.  The quadrupole ion trap is capable of only unit 

resolution, and has a typical mass range up to m/z 4,000.  In addition, the quadrupole ion 

trap is capable of multiple stages of mass spectrometry (MSn).  In this scheme, an ion is 

isolated by ejecting all other mass-to-charge values, and then a frequency matching the 

secular frequency of the isolated ion is applied, causing translational excitation.  The 

translationally excited ion collides into neutral background gas molecules and fragments.  

Fragment ions can be isolated and further fragmented for n number of stages of mass 

spectrometry (i.e., MSn).  

 

1.3.2 Fourier transform ion cyclotron resonance 

 

 Fourier Transform Ion Cyclotron Resonance (FT-ICR)80-89 is the most expensive 

and complex mass analyzer, but also has the highest resolution and mass accuracy.  A 

diagram of a typical FT-ICR instrument is shown in Scheme 1.7.   
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Scheme 1.7 Diagram of a typical FT-ICR mass spectrometer. 

 

FT-ICR has been successfully applied in single and multiple stage (MSn) modes to gain 

sequence and structural information about biomolecules such as proteins, peptides, and 

carbohydrates.43, 92-100  During normal FT-ICR operation, magnetic and electric fields 

confine the ions in the ICR cell, which is commonly cylindrical although several different 

geometries exist.101  The ICR cell, under vacuum, is located inside a bore at the center of 

a superconducting magnet with its axis aligned with the magnetic field, causing cyclotron 

motion, in which the ions travel in a circular path perpendicular to the magnetic field.  

This cyclotron motion, ωc, is described by: 

ωc = zeBo / m   (1.1) 

where z is the number of elementary charges, e is the elementary charge (1.60 x 10-19 C), 

Bo is the magnetic field strength, and m is the mass of the ion.   Motion parallel to the 

magnetic field is constrained by applying an electric field to the two end plates or 

cylinders of the cell, causing harmonic oscillation of the ions.  
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 FT-ICR is easily coupled to either MALDI or ESI for the analysis of 

biomolecules.  Once ions are generated externally from the ICR cell, the ions are 

transported along the magnetic field lines into the ICR cell with the assistance of focusing 

optics such as rf-quadrupoles, hexapoles, and octopoles.102-104 

 Detection in FT-ICR is accomplished by coherently exciting the ions to a 

cyclotron radius large enough to generate an image current when the ion packet passes by 

a pair of detection plates.  Ion excitation is accomplished by applying an rf voltage with a 

frequency equal to the cyclotron frequency of the desired ion.  A range of m/z values is 

commonly excited by applying a frequency sweep or “chirp,” which is a sinusoidal wave 

whose instantaneous frequency increases linearly with time.  The image current generated 

by all packets of orbiting ions as a function of time is recorded and converted into the 

frequency domain by Fourier transform.83  This frequency domain spectrum can then be 

converted to a m/z scale according to Equation 1.1.   
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1.4 Dissociation methods 

 

 The most commonly used dissociation method in biomolecular mass spectrometry 

is collision induced dissociation (CID), in which a translationally excited ion collides 

with an inert background gas such as helium or argon, thereby converting translational 

energy to vibrational energy and causing the ion to fragment.105  However, other 

dissociation techniques also exist, including post-source decay (PSD)106, 107 and surface-

induced dissociation (SID).108-110  SID is particularly useful for fundamental studies of 

ion dissociation because the internal energy distribution is narrower than in CID.  

Fragmentation spectra presented in this dissertation were acquired in an FT-ICR mass 

spectrometer.  Ion dissociation techniques for the fragmentation of biomolecules in FT-

ICR include infrared multiphoton dissociation (IRMPD),111-113 blackbody infrared 

radiative dissociation (BIRD),114, 115 sustained off-resonance irradiation collision-induced 

dissociation (SORI-CID),116, 117 on-resonance excitation CID (RE-CID),118-120 electron 

capture dissociation (ECD),121-123 surface-induced dissociation (SID),124, 125 electron 

detachment dissociation (EDD),126 and UV photodissociation.127-129   SORI-CID and RE-

CID dissociation methods, used to obtain the fragmentation spectra presented in this 

dissertation, are considered in more detail in Sections 1.4.1 and 1.4.2. 
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1.4.1 Sustained off-resonance irradiation collision-induced dissociation 

 

 Sustained off-resonance irradiation (SORI) collision induced dissociation (CID) is 

the most commonly used dissociation method in FT-ICR.  During SORI-CID, ions are 

excited by application of an rf electric field pulse with a frequency “off-resonance” with 

the ion’s natural cyclotron frequency, ωc.  This frequency pulse results in a maximum 

translational energy, Etr, given by: 

Etr = (E / √2)2 e2 / [2m(ω - ωc)2]  * sin2(ω - ωc)t / 2  (1.2) 

where E is the amplitude of the rf pulse, ω is the excitation frequency, and t is the 

duration of the rf pulse.117, 130  The “off-resonance” pulse results in the ion undergoing 

some number, n, of acceleration-deceleration cycles given by:117, 130 

n = t (ω - ωc)  (1.3) 

A result of these acceleration-deceleration cycles is that an ion will be confined in the cell 

for a sustained period of irradiation (> 500 ms).  In the presence of a low-mass gas target 

(e.g., He or Ar) at a pressure of approximately 10-6 torr, SORI results in many sequential, 

low energy inelastic collisions, which activates the molecules slowly.  This “slow-

heating” results in dissociation occurring mainly through the lowest energy fragmentation 

channels.117, 131    
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1.4.2   On-resonance collision-induced dissociation 

 

 Fragmentation in an FT-ICR cell can also be accomplished by applying a short (< 

500 μs) rf pulse whose frequency is on-resonance (termed “RE” for “on-resonance 

excitation”) with the cyclotron frequency of the ion (e.g., ω = ωc).  In this case, the 

maximum translational energy of the ion is given by117, 132:  

Etr = (E / √2)2 e2t2 / 8m  (1.4) 

Acceleration-deceleration cycles do not occur during RE.  Therefore, fragmentation in 

RE-CID may occur at a larger orbit radius of the precursor ion than in SORI-CID, leading 

to an off-axis formation of product ions.  The formation of ions off-axis is a disadvantage 

of RE-CID resulting in a radial, diffusional loss of product ions, limited subsequent 

stages of fragmentation, and reduced resolving power.97  RE is, in practice, more time 

consuming to optimize than SORI. These shortcomings have lead to SORI-CID as the 

preferred method of fragmentation, although RE-CID excitation is sometimes more 

efficient at producing ions resulting from higher-energy fragmentation pathways.  

Experiments described in Chapter 7 demonstrate the advantages of combining SORI with 

RE to enhance higher energy fragmentation pathways. 
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1.5 Peptide fragmentation 

 

 Studies of peptide fragmentation mechanisms have been ongoing since the 

1980’s.  Methods to understand fragmentation mechanisms have included the systematic 

alteration of model peptide systems (i.e., change amino acid identity, alter N- and C-

termini, L- vs. D-configuration), deuterium labeling, and chemical derivatization.25, 133-138  

These studies have provided insight into many aspects of peptide fragmentation, but are 

typically time-consuming and based only on a small number of model peptides.  More 

recently, the statistical evaluation of thousands of peptide spectra has revealed certain 

fragmentation “rules” based on amino acid identity and charge state.15-23  While the 

literature concerning peptide fragmentation is extensive, selected topics most relevant to 

the studies presented in this dissertation are discussed in this section. 

 

1.5.1 Peptide fragmentation nomenclature             

 

 The fragmentation ions observed and their relative abundances depend on the 

dissociation method used, the amount of energy imparted to the precursor ion during the 

activation event, and the time-frame of the instrument.  In general, protonated peptides 

tend to cleave at the amide bonds along the peptide backbone when a slow-heating ion 

activation method, such as low-energy CID, is used.139-141   Assuming a singly protonated 

peptide, if the charge remains on the N-terminal side of the peptide, the product ion is 

termed bn, where n refers to the number of amino acid residues counting from the N-
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terminus.  Likewise, if the charge remains on the C-terminal side of the peptide, the 

fragment is identified as a yn ion, where n is determined by counting amino acid residues 

from the C-terminus.140  Another ion type typically encountered in a slow-heating CID 

experiment is an, which corresponds to bn by a formal loss of CO.24, 137, 142, 143  In addition, 

immonium ions, which correspond to individual amino acid residues, internal fragment 

ions, and neutral losses of water and ammonia are frequently observed.  While other ion 

types (i.e., cn, dn, xn, vn, and wn) exist, they are not commonly produced from the 

activation methods used in this dissertation and will not be discussed further. 

 

1.5.2 Fragment ion structures 

 

 Representative b-, y-, a-, immonium, and internal fragment ion structures are 

shown in Scheme 1.8.  Several possible b-ion structures have been proposed (Scheme 

1.8a).  A protonated oxazolone, thought to be the most common bn ion structure, can 

undergo ring-opening to form the acylium ion structure.140, 142-145  Cleavage C-terminal to 

aspartic acid without the involvement of an ionizing proton results in an anhydride 

structure (cleavage C-terminal to glutamic acid forms the corresponding 6-membered 

anhydride ring).33  Mechanisms for the formation of these bn ion structures are discussed 

further in Sections 1.5.3 and 1.5.4.  Other bn ions include a b2 diketopiperazine 

structure,146 which occurs when the N-terminus attacks the carbonyl of the second amino 

acid residue, and a bn bicyclic structure,138 resulting from cleavage C-terminal to 

histidine.  The commonly accepted yn ion structure,147 which corresponds to a truncated 
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peptide, is shown in Scheme 1.8b, and the an ion structure148 is shown in Scheme 1.8c.  

Scheme 1.8d,e shows typical immonium and internal fragment ion structures.140, 149 

 

 

Scheme 1.8 Ion structures typically formed during low energy CID a) bn ions b) yn ions 
c) an ions d) immonium ions e) internal fragment ions           
 

1.5.3 Formation of bn, an, and yn ions in the presence of a “mobile” proton 

 

 The mobile proton model is a framework for understanding peptide fragmentation 

and has been developed by several research groups over the past two decades, including 

Biemann,150 Wysocki,29, 30, 151, 152 Harrison,153, 154 Gaskell,38, 41, 155, 156 and Boyd.157, 158  
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This model assumes that the ionizing proton(s) initially reside at the most basic site(s) in 

the peptide.159, 160  Upon activation, energy is deposited into the peptide which causes the 

added proton(s) to sample many sites in the peptide.38, 152  The idea of a “mobile” proton 

has been supported by deuterium scrambling experiments.153, 154, 161, 162  Fragmentation is 

thought to occur when an added proton resides at the amide bond.  The carbonyl N-

terminal to the cleavage site attacks the adjacent carbonyl oxygen, as shown in Scheme 

1.9 for a doubly-protonated tripeptide. 

   

 

Scheme 1.9 Representative example of charge-directed fragmentation showing formation 
of the y1, b2 oxazolone, b2 acylium, and a2 ions.  
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The amide bond breaks, forming an oxazolone bn ion and a yn ion.  Alternatively, both 

protons may be located on either of the newly formed fragments, producing a doubly-

charged bn ion and a neutral yn ion, or vice versa.  In the case of a singly charged peptide, 

either the bn ion or the yn ion will be lost as a neutral fragment, depending on the location 

of the proton after fragmentation.   

 It is not clear whether the proton is located at the carbonyl oxygen or the amide 

nitrogen (shown in Scheme 1.9 at the amide nitrogen).  Location at the carbonyl oxygen 

is more thermodynamically favored and causes the carbonyl carbon to be more 

electropositive and thereby favorable for nucleophilic attack.30, 139, 163  However, this 

mechanism requires that the proton is transferred the adjacent amide, which is a 

symmetry forbidden 1,3 proton transfer.  This transfer is known to occur in small, model 

molecules and it is also possible that neighboring heteroatoms assist in the transfer.164  

Location of the proton at the amide nitrogen is less thermodynamically favored, but 

reduces the bond order of the C(O)-N bond so that there is virtually no barrier to 

dissociation.165, 166 

 The protonated oxazolone bn ion structure can undergo ring opening, thereby 

forming an acylium bn ion structure (Scheme 1.9).  This acylium bn ion may then lose 

carbon monoxide to form the corresponding an ion.24, 137, 142, 143  It has been suggested in 

the literature that the presence of a bn / an ion pair is diagnostic of a protonated oxazolone 

bn ion structure.137  However, the formation of an a2 ion from a b2 diketopiperazine 

structure has recently been reported.167  
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1.5.4 Formation of bn and yn ions in the absence of a “mobile” proton 

 

 The mobile proton model also describes fragmentation in the presence of a 

strongly basic site, such as arginine and lysine, in the peptide.  If the number of ionizing 

protons does not exceed the number of basic sites, then the proton may remain 

sequestered during and after activation.  Since the proton is not “mobile,” it cannot 

initiate charge-directed cleavage.  This allows other, competitive fragmentation pathways 

not involving a “mobile proton” to readily occur.  The preference of aspartic acid to 

cleave on its C-terminal side is statistically more prominent when the number of ionizing 

protons does not exceed the number of basic residues (e.g. arginine, lysine) present in the 

peptide, and is especially prominent for arginine.29, 40, 168  This observation is significant 

because the enzyme trypsin is commonly used to digest proteins, leading to a 

considerable number of arginine- and lysine-containing peptides that are analyzed for 

identification by tandem MS.  Mechanistic studies of charge-remote fragmentation of 

peptides C-terminal to acidic residues have been reported.33, 34, 37-41     

 The phenomenon of selective cleavage C-terminal to aspartic acid in the absence 

of a mobile proton was investigated previously by attaching the fixed charge tris(2,4,6-

trimethoxyphenyl) phosphonium (tTMP-P+) group to the N-terminus of aspartic acid-

containing peptides.33  A tTMP-P+ derivatized peptide contains a positively charged 

tetrahedral phosphorus atom, eliminating the need for an ionizing proton to charge the 

peptide for mass spectrometric analysis.  Cleavages along the peptide backbone will 

therefore take place without the influence of an ionizing proton.  In addition, tTMP-P+ is 
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a bulky derivative, with charge anticipated to be centered at phosphorus, which is not 

expected to interact significantly with an aspartic acid residue on the attached peptide.  

Selective cleavage C-terminal to aspartic acid is observed when the fixed charge 

derivative is present without an ionizing proton.  However, when a proton is added 

making the overall charge-state of the derivatized peptides positive two (+2), additional 

non-selective cleavages along the peptide backbone are prominent.33  In addition, the 

fragmentation of a peptide derivatized with tTMP-P+ is experimentally similar to the 

fragmentation of the same peptide with the tTMP-P+ moiety replaced by an arginine and 

an ionizing proton33 (i.e. the proton is sequestered at the basic arginine residue).  

Therefore, it is presumably not necessary for the charged arginine to interact directly with 

the acidic residue to accomplish fragmentation.  Fragmentation C-terminal to acidic 

residues in the absence of a “mobile” proton can then be considered to occur without the 

direct influence of the ionizing charge. 

 In the previously proposed aspartic acid cleavage mechanism shown in Scheme 

1.10,33, 37 there is a hydrogen bond between the carboxylic acid hydrogen on the acidic 

side chain and the adjacent backbone carbonyl oxygen (or perhaps the backbone 

nitrogen) on the C-terminal side of the peptide. 
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Scheme 1.10 Mechanism for charge-remote cleavage C-terminal to aspartic acid in the 
absence of a “mobile” proton. 
 

This interaction makes the backbone carbonyl carbon more susceptible to nucleophilic 

attack.  However, it is unclear whether the hydroxy or carboxy oxygen on the acidic side 

chain acts as the nucleophile (shown in Scheme 1.10 as the hydroxyl oxygen), or whether 

proton transfer to the amide nitrogen might occur instead, perhaps with assistance from 

an adjacent carbonyl, as shown in a recent publication.164  Upon nucleophilic attack, a 5-

membered anhydride ring structure is formed which decomposes to the anhydride b-ion 

structure.   

+
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1.6   H/D exchange to study gas-phase structures 

 

 The “mobile” proton model provides a general framework for understanding 

peptide fragmentation mechanisms, and also considers contributions from heterogeneous 

conformations and/or protonation motifs because the proton can be located in different 

positions.  However, contributions from stable, non-intercoverting populations are not 

well-described.  As illustrated in Scheme 1.3, two different forms of a peptide could 

exist, one with a mobile proton and one with a non-mobile proton (i.e., more heavily 

solvated). Ion mobility and hydrogen / deuterium exchange are two of the most common 

methods for studying gas phase conformations / protonation motifs.  Ion mobility 

measures the time it takes for an ion to drift through a background gas in the influence of 

an electric field.  Ions with more compact structures will travel more quickly, while more 

open structures will undergo more collisions with the drift gas and therefore spend more 

time in the drift tube.  For example, ion mobility of the nonapeptide bradykinin has 

revealed the existence of several ion populations with different cross-sections.46, 169   

 H/D exchange is a method in which the ions are exposed to a gas-phase 

deuterated reagent such as DI, ND3, CD3OD, or D2O.  Mass spectrometry is well suited 

for the detection of deuterium uptake because the analyte peak shifts by one mass unit for 

each deuterium incorporated (for +1 charge state).  H/D exchange studies are presented in 

this dissertation.  Mechanisms of H/D exchange and correlation to gas phase structure is 

considered in further detail in Sections 1.6.1- 1.6.3. 
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1.6.1    Mechanisms of H/D exchange 

 

 The earliest literature reporting gas phase H/D exchange in mass spectrometry 

resulted in the observation that the extent of H/D exchange is dependent on protonation 

and functional groups present in the molecule.  Vincenti and co-workers were the first to 

report the H/D exchange of biomolecules using mass spectrometry, and concluded that 

the number of exchanges correlates to the number of “mobile” protons in macrocyclic 

antibiotics.170  Sethi and co-workers exchanged aromatic organic compounds with 

CH3OD and observed that the number of exchanges depends on the types of functional 

groups present.171  In addition, Cheng and Fenselau observed that H/D exchange was 

more extensive in singly-protonated peptides not containing a basic arginine residue.172 

 The first mechanisms of gas-phase H/D exchange of biomolecular ions in a mass 

spectrometer were proposed by Lebrilla and co-workers.173-175  They studied the H/D 

exchange of protonated amino acids, small peptides, and alcohols, and observed a 

correlation between gas phase bascity and H/D exchange.  They also noted that H/D 

exchange occurred even if the difference in gas phase bascity between the protonated 

molecule and the exchange reagent was greater than 20 kcal / mol.  They argued that the 

exchange mechanism must involve a hydrogen bonded intermediate in order to 

compensate for the difference in gas phase bascity.  This mechanism was later refined 

and termed the “relay mechanism” by Beauchamp and co-workers.176  In the relay 

mechanism (Scheme 1.11, shown with D2O), the exchange reagent forms a complex with 
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the peptide by bridging a protonated site and another site on the peptide.  A proton is 

transferred to the exchange reagent while a deuteron is transferred to the peptide. 

   

 

Scheme 1.11 Relay mechanism176 for gas phase H/D exchange with methanol or water, 
shown here for the H/D exchange of a tetrapeptide with deuterated water.  Adapted from 
Beauchamp and co-workers.176  
 

Molecular modeling studies by Beauchamp and co-workers demonstrated that the relay 

mechanism was energetically favorable for exchange of singly-protonated peptides with 

methanol or water.176  In addition, the relay mechanism is most efficient when the sites 

bridged by the exchange reagent have similar basicities.  The relay mechanism of 

exchange has been supported in the literature by a number of experimental and 

computational studies.177-182  Cassady and co-workers studied the H/D exchange of 

dodecapeptides containing four basic residues and determined that the peptides with 

fewer protons, and therefore more compact structures, exchanged more readily because 

stabilization of the methanol – peptide intermediate is facilitated by the more extensive 

hydrogen-bonding system.177, 178  Bowers and co-workers modeled the relay mechanism 

for doubly-charged protonated bradykinin and determined that H/D exchange is 

dependent on the surface and steric accessibility of the sites bridged by the exchange 

reagent.179 
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 Beauchamp and co-workers also proposed the onium ion and flip-flop 

mechanisms of exchange.176  In the onium ion mechanism, which is operative for 

peptides exchanging with ND3, a proton is transferred from the peptide to the ammonia, 

and the resultant ammonium ion is simultaneously solvated by the peptide, thereby 

providing the energy for the hydrogen transfer.   

 

 

Scheme 1.12 Onium ion mechanism176 for gas phase H/D exchange with ammonia, 
shown here for a tripeptide.  Adapted from Beauchamp and co-workers.176 
 

Exchange with CD3OD and D2O cannot proceed by the onium ion mechanism because of 

their relatively low basicities.  The flip-flop mechanism was proposed for H/D exchange 

at acidic residues with CD3OD or D2O as the exchange reagent (Scheme 1.13).  In this 

mechanism, the exchange reagent forms hydrogen bonds to the acidic group’s carbonyl 

oxygen and acidic hydrogen.  The acidic hydrogen is transferred to the exchange reagent, 

while a deuteron is transferred to the peptide.   
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Scheme 1.13 Flip-flop mechanism176 for gas phase H/D exchange with methanol or 
water, shown here for the H/D exchange of a tripeptide with deuterated water.  Adapted 
from Beauchamp and co-workers.176  
 

One notable difference between the relay and flip-flop mechanisms is that the flip-flop 

mechanism does not involve a protonated site, it involves the acidic hydrogen of a 

carboxylic acid. 

 

1.6.2 Correlating H/D exchange and ion structure     

 

 The first studies to demonstrate a clear correlation between H/D exchange and gas 

phase biomolecular structure involved the H/D exchange of different charge states of the 

protein cytochrome C.  These studies by the McLafferty and Clemmer research groups 

demonstrated that lower charge states of cytochrome C exchange fewer hydrogens for 

deuterium.44, 183  This was attributed to more compact structures at lower charge states, 

and therefore fewer hydrogens accessible on the protein surface.  More open structures 

occur at higher charge states due to Coulombic repulsion, and exchange more readily.  

Further studies on cytochrome C and ubiquitin also supported a greater extent of 

exchange as indicative of a more unfolded protein structure that occurs at a higher charge 

state and temperature.184-188   



 

54

 Attempts to correlate the gas phase and solution phase structures by H/D 

exchange have yielded conflicting results.  Sykes and coworkers demonstrated different 

H/D exchange profiles for the N-terminal domain of cardiac troponin C depending on 

whether the sample was electrosprayed from an organic or aqueous solvent.189  Russell 

and co-workers recently observed a shift in the relative abundances of bradykinin 

fragment 1-5 ion populations with different deuterium uptake rates depending on the 

solvent conditions.190  However, Douglas and co-workers detected no difference in H/D 

exchange between apo- and holo-myoglobin, despite different cross-sections measured by 

ion mobility.191  In addition, the same research group studied the H/D exchange of 

lysozyme electrosprayed from different solvent conditions in which the folded state of the 

protein in solution is known.192  Although the aqueous solvent (natured protein in 

solution) produced a different charge state distribution than the organic solution 

(denatured protein in solution), a comparison of the same charge states for different 

solvent conditions resulted in identical H/D exchange behavior.  In both studies it was 

proposed that unfolding and refolding may be occurring in the gas phase. 

 Attempts to better understand the location of H/D exchange sites, and thereby 

better understand the gas phase structure, have focused on deriving site-specific rate 

constants.  The first algorithm designed to derive site-specific rate constants was reported 

by Marshall and co-workers.193  The following year, the same research group reported the 

site-specific rate constants of protonated diglycine by site-specific substitution of 

hydrogens.194  The site-specific H/D exchange rate constants have since been determined 

for doubly protonated bradykinin,195, 196 singly protonated leucine enkephalin,197 the 
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singly protonated arginine dimer,198 the 10+ and 12+ charge states of cytochrome C,186 

and the protonated serine octamer cluster.199  

 Despite the effort to derive site-specific rate constants, recent studies have 

concluded that H/D exchange kinetics do not necessarily correlate with the lowest energy 

gas phase structure.187, 200  Specifically, H/D exchange may sometimes be occurring 

through a salt-bridge structure induced by the exchange reagent.200-202  This was first 

shown to occur in an eloquent set of experiments by Bowers, Wysocki, and coworkers.201  

The protonated peptide AARAA was observed to undergo H/D exchange with D2O, but 

when either termini was “blocked” by methyl ester (C-terminus) or acetyl (N-terminus) 

formation, the exchange shut down.  This indicated the involvement of both termini in a 

salt-bridge structure.  However, ion mobility measurements in conjunction with 

molecular modeling suggested a charge-solvation structure.  Careful ab initio modeling 

determined that a salt-bridge structure becomes energetically feasible upon the addition 

of one water molecule.  This study has important implications for earlier studies 

concluding a salt-bridge structure based on the H/D exchange behavior.48, 179, 198, 203  

Therefore, it is important that H/D exchange results are interpreted in conjunction with 

other methods, including molecular modeling, ion mobility, and fragmentation studies.   

 

1.6.3 H/D exchange and multiple ion populations 

 

 Some of the most intriguing H/D exchange results have demonstrated the 

existence of multiple gas phase ion populations.  Marshall and co-workers first 
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demonstrated H/D exchange of peptide ions in an FT-ICR for a long trapping times (1 

hour) and monoisotopic selection of the precursor ion, thereby simplifying interpretation 

of the H/D exchange spectrum.47  In addition, the existence of multiple ion populations 

with different rates of exchange were observed for the peptides angiotensin II and 

[sar(1)]-angiotensin II.  The existence of multiple ion populations has since been reported 

for other biomolecules, including oxidized insulin chain B,48 doubly- and triply- 

protonated bradykinin,180, 195, 204, 205 singly protonated des-Arg9 bradykinin,204 the singly-

protonated serine octamer,199, 206 ubiquitin,45, 188 the N-terminal domain of cardiac 

troponin C,189 and lysozyme.181  A recent study by Williams and co-workers compared 

data obtained for the 9+ and 12+ charge states of protonated ubiquitin by H/D exchange 

and high-field asymmetric waveform ion mobility spectrometry (i.e., FAIMS, a high-

resolution ion mobility technique).45  Two conformations / protonation motifs differing 

by 10% in collisional cross section were detected by FAIMS for the 9+ charge state of 

ubiquitin, but only one population was detected by H/D exchange.  By contrast, the 12+ 

charge state of ubiquitin consists of two populations differing by just 1% in collisional 

cross section, but two distinct conformations / protonation motifs with very different 

reaction rates are observed during H/D exchange.  Ion mobility and H/D exchange are 

therefore complementary techniques.  Ion populations detectable in ion mobility 

experiments are not necessarily distinguished by H/D exchange, and vice versa.     
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1.7 The need to study conformation / protonation motifs and fragmentation of 

biomolecules 

 

 As a structural investigation technique, gas phase H/D exchange cannot by itself 

reveal the entire 3-dimensional structure of a given biomolecule.  Although several 

examples of biomolecule ion populations with distinguishable rates of H/D exchange 

exist in the literature, few of these examples attempt to explain the chemical basis of the 

differing reactivity.  In addition, little is known about how these different populations 

might affect the fragment ions observed in a combined fragmentation spectrum.  FT-ICR 

mass spectrometry combined with H/D exchange can act as a selective tool for the 

investigation of multiple gas phase conformations / protonation motifs.  FT-ICR allows 

multiple monoisolation and fragmentation steps, and is capable of long trapping times.  

These characteristics allow FT-ICR H/D exchange to fill an important niche in the 

investigation of biomolecular structure and fragmentation.  This is a particularly 

important area of study since the identification of biomolecules increasingly relies on 

mass spectrometry, and it is the gas phase ion structure of these biomolecules that is 

ultimately analyzed. 

   Chapter 3 of this dissertation presents the H/D exchange of small model 

pentapeptides, and demonstrates how functional group accessibility and amino acid 

configuration effect H/D exchange behavior.  Specifically, H/D exchange of lysine-

containing alanine oligomers demonstrates that the relay mechanism of exchange is more 

efficient when the amino group of the lysine residue and the amino terminus are 
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conformationally available to bridge the exchange reagent.  In addition, studies of 

proline-containing pentapeptides demonstrate that the configuration of the proline residue 

has a measurable effect on the H/D exchange.  Chapter 4 introduces the H/D exchange of 

peptides modified with a fixed-charge derivative in order to study how H/D exchange 

occurs at acidic groups in the absence of a “mobile” proton, and how H/D exchange may 

be used to investigate the charge-remote cleavage mechanism.  Ab initio calculations of 

the fixed-charge derivative show that the positive charge is buried in the center of the 

bulky derivative, and therefore not directing fragmentation of an attached peptide.  H/D 

exchange at the acidic groups of the modified peptide P+LDIFSDF is observed in the 

absence of a mobile proton, supporting the proposed aspartic acid cleavage mechanism 

that occurs without the direct involvement of an ionizing proton.  Chapters 5 and 6 

introduce peptides with distinct H/D exchange ion populations which also show novel 

differences in the relative abundances of fragment ions or fragmentation efficiency.  

Studies of (H+)P+LDIFSDF show that at least two distinct structures exist with different 

H/D exchange behaviors and fragmentation patterns.  In the non-exchanging population, 

the added proton is more sequestered and the fragmentation is more selective than the 

exchanging population.  Studies of doubly-charged bradykinin [RPPGFSPFR + 2H]2+ 

and an angiotensin III analogue [RVYIFPF + 2H]2+ demonstrate different fragmentation 

efficiencies for distinct ion populations.  In addition, the partitioning of deuterium atoms 

in labeled [RPPGFSPFR + 2H]2+ and  [RVYIFPF + 2H]2+ upon SORI-CID fragmentation 

demonstrate that the complementary ions are forming through the same mechanism.  The 

origin of complementary ions in doubly protonated angiotensin II has been previously 
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studied by kinetic energy release distributions (KERDs) in a magnetic sector mass 

spectrometer.207  However, the labeling method presented in Chapter 6 is both more rapid 

and simple.  Finally, Chapter 7 introduces a new FT-ICR activation technique, termed 

SORI-RE, which aims to enhance the abundance of higher-energy fragmentation 

pathways, thereby increasing structurally-meaningful fragment information.  In addition, 

this technique may be used to gain mechanistic insights into energy requirements for 

competing fragmentation mechanisms.  SORI-RE is demonstrated for a peptide (leucine 

enkephalin), disaccharides (2α-mannobiose and 3α-mannobiose), an oligosaccharide 

(alditol XT), a protein (ubiquitin), and an inorganic ion (UO2
+).                                                  
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CHAPTER TWO 

EXPERIMENTAL METHODS AND INSTRUMENTATION 

 

 This chapter describes the general methods and instrumentation for the 

experiments discussed in this dissertation.  Presented here are peptide synthesis 

procedures and descriptions of the experimental conditions used on the Fourier transform 

ion cyclotron resonance (FT-ICR) and quadrupole ion trap (QIT) mass spectrometers.  In 

addition, parameters for the NWChem and MassKinetics computational methods are 

described. 

 

2.1 Materials 

 9-Fluoroenylmethoxy-carbonyl (Fmoc) derivatives of the amino acids were 

purchased from Advanced Chemtech (Louisville, KY).  The first residue (C-terminal 

residue of the finished peptide) was purchased bound to the Wang resin from 

Calbiochem/Novabiochem (San Diego, CA).  The Rink amide resin for producing C-

terminal amide peptides was also purchased from Calbiochem/Novabiochem (San Diego, 

CA).  N,N-dimethylformamide (DMF), anhydrous DMF, dichloromethane (DCM), 

piperdine, benzotriazolyl N-oxytrisdimethylamino-phosphonium hexafluorophosphate 

(BOP), 1-hydroxybenzotriazole (HOBt), N,N-di-isopropylethylamine (DIEA), 

trifluoroacetic acid (TFA), tri-isopropylsilane (TIS), diethyl ether, acetyl chloride, 

iodoacetic anhydride, tris(2,4,6-trimethoxyphenyl)phosphine, toluene, methanol, acetic 

anhydride, bradykinin, leucine enkephalin, 2α-mannobiose, 3α-mannobiose, and 
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ubiquitin were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification.  The sequence of all synthetic peptides was confirmed by tandem MS.  

Uranyl nitrate hexahydrate was purchased from Aldrich (St. Louis, MO) and 

recrystallized before use.  Alditol XT, an O-linked oligosaccharide isolated from frog egg 

jelly111 was provided by the Carlito Lebrilla research group at the University of 

California, Davis.  18 MΩ Milli-Q water was prepared (Millipore Corp., Bedford MA).  

D2O (99.9%) and CD3OD (99.9%) were purchased from Cambridge Isotope Laboratories 

(Andover, MA) and degassed through several freeze-thaw cycles before use.  When used 

as a gaseous exchange reagent, H2O and CH3OH were also degassed through several 

freeze-thaw cycles before use. 
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2.2 Peptide synthesis and modifications 

 

2.2.1 Amino acid abbreviations and structures 

 

 Three- and one-letter codes for amino acids are used throughout this dissertation.  

These codes, along with the structures, are shown in Figure 2.1 for the twenty common 

amino acids. 
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Figure 2.1 Structures and abbreviations for the twenty common amino acids 
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2.2.2 Solid phase synthesis 

  

 The peptides KAAAA, AAKAA, AAAAK, AV(D)PLG, AV(L)PLG, AA(D)PAA, 

AA(L)PAA, and RVYIFPF were prepared using solid-phase synthesis protocols.208-211  

The C-terminal residue of the peptide was purchased bound to the Wang resin.  Synthesis 

proceeded from the C-terminus residue to the N-terminus residue in the finished peptide.  

The resin with attached Fmoc-amino acid was first swelled in DMF:DCM (1:1; v:v) for 

30 minutes.  The solvent was bubbled with argon during all steps in the synthesis.  The 

solvent was then removed by suction filtration, which was also used for all steps in the 

synthesis.  An amino acid was added by first removing the Fmoc-protecting group from 

the residue attached to the resin with piperdine:DMF (2:8; v:v), followed by DMF and 

DCM washes.  The activated amino acid was then coupled with the Fmoc-amino acid 

with BOP, HOBt, and DIEA in DMF for 90 minutes, followed by DMF and DCM 

washes.  The deprotection and coupling steps were repeated until the final N-terminal 

Fmoc-amino acid was added.  The Fmoc-group was removed from this final residue 

(piperdine:DMF 2:8; v:v), followed by DMF and DCM washes.  To cleave the peptide 

from the resin, 5 mL of the cleavage mixture (TFA:TIS:H2O 95:2.5:2.5; v:v) was added 

and bubbled with argon for 90 minutes.  The cleaved peptide was filtered from the beads 

by washing with 1 mL TFA and collected by suction filtration.  The peptide product was 

precipitated with 50 mL cold ethyl ether, and centrifuged.  The supernatant was removed, 

and the solid product was dried in air and stored at 0º C until use. 
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2.2.3 Tris(2,4,6-trimethoxyphenyl)phosphonium-acetyl (tTMPP) fixed charge derivatives 

 

 Fmoc-LDIFSDF, Fmoc-LAIFSAF, Fmoc-LDIFSAF, and Fmoc-LAIFSDF were 

prepared as described in section 2.2.1, but were not cleaved from the resin.  The resin-

bound peptides were reacted with 0.05 mmol iodoacetic anhydride in anhydrous DMF for 

30 minutes, washed with DMF, reacted with 0.075 mmol tris(2,4,6-

trimethoxyphenyl)phosphine in toluene:DMF (1:1; v:v) for 90 minutes, and washed with 

toluene, DMF, and DCM.33  The derivatized peptides were then cleaved from the resin 

and product collected as described in section 2.2.2. 

 

2.2.4 C-terminus amide derivatized peptides 

 

 The derivatized amide peptides (tTMP-P+)LDIFSDF-NH2, (tTMP-P+)LAIFSDF-

NH2, (tTMP-P+)LDIFSAF-NH2, (tTMP-P+)LDIFAAF-NH2, and (tTMP-P+)LAIFADF-

NH2 were prepared as described in section 2.2.2, except that the Rink amide resin was 

used in place of the Wang resin.  In this case, the resin does not have a preloaded Fmoc 

amino acid, so the first amino acid residue (C-terminal residue in the finished peptide) 

must be coupled to the resin as described in Section 2.2.2. 
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2.2.5 C-terminus and acidic residue methyl ester derivatized peptides 

 

 The O-methyl esters of the peptide carboxy terminus and aspartic acid side chain 

were prepared by adding 30 μL of 1 M acetyl chloride in anhydrous methanol to 100 µg 

of the solid peptide (or derivatized peptide).  The reaction was allowed to proceed for five 

minutes before dilution by the appropriate electrospray solvent mixture.  In the case of 

multiple acidic groups (i.e., C-terminus and aspartic acid residues), a heterogeneous 

mixture of methyl ester modifications was formed.   

 

2.2.6 N-terminus acetyl derivatized peptides 

   

 N-acetyl peptides were prepared by adding 50 µL of 10% acetic anyhydride in 

methanol to 100 µg of the solid peptide.  The reaction was allowed to proceed for 5 

minutes before dilution by the appropriate electrospray solvent mixture.  In some cases, 

the methyl ester modification described in section 2.2.5 was also performed following the 

N-acetyl derivative reaction. 
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2.3  IonSpec FT-ICR mass analysis 

 

2.3.1 Single stage mass spectrometry 

 

 Ions were generated using an Analytica (Branford, CT) second generation 

electrospray (ESI) source.  An IonSpec (Lake Forest, CA) 4.7 Tesla Fourier transform ion 

cyclotron resonance (FT-ICR) instrument was used for mass spectral analysis.  The ions 

were introduced into the instrument by infusing 10-30 μM solutions in 50:50 

methanol:water with 1% acetic acid (typically) using a stainless steel microelectrospray 

needle (0.004" i.d.) at a flow rate of 2-3  μL/min.   Alditol XT was prepared in 50:50 

methanol:water, and 30 μM Li2CO3 was added to the 2α-mannobiose and 3α-mannobiose 

solutions.  The source temperature was kept at 180 - 200˚C, and 3.8 kV was applied to 

the electrospray needle.  The instrument has two regions of differential cryogenic 

pumping, referred to as the source and analyzer regions, with a typical analyzer base 

pressure of 7 x 10-11 Torr.   The electrosprayed ions pass through a skimmer, and are 

collected in an external rf-only hexapole, where they are allowed to accumulate for 400 

ms before being passed into the analyzer through a shutter.  An rf-only quadrupole guides 

the ions into the cylindrical ICR cell.  An RF sweep with a width of 2 ms and amplitude 

of 120 V was used to excite the ions before detection.  Broadband detection with an ADC 

rate of 2 MHz and 512 K samples was used.    
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2.3.2 Multiple stage mass spectrometry (MSn) 

 

 For fragmentation studies, ions were first injected into the ICR cell as described in 

Section 2.3.1.  Once the ions were trapped, some mass-to-charge values were ejected 

from the cell via a chirp frequency sweep isolating the desired ion.  In some cases, 

monoisotopic isolation was performed.  Most fragmentation studies were carried out via 

SORI-CID.  Typical SORI conditions include a 0.5 – 6 V amplitude applied for 500 – 

1000 ms, and a +1000 Hz offset.  Argon was used most often as the collision gas, 

although nitrogen was sometimes used.  The collision gas was controlled by a pulse valve 

held open for the same duration and at the same time as the SORI pulse.  Specific SORI 

conditions and collision gas identity for each experiment are indicated throughout this 

dissertation.  Pressure in the ICR cell during CID was approximately 2 x 10-6 Torr.  A 

time period of 3 – 5 seconds was allowed to pass before detection to allow the pressure 

inside the ICR cell to drop.  Pressure in the ICR cell at the time of detection was 

approximately 5 x 10-10 Torr.    

 

2.3.3 SORI-RE CID fragmentation studies 

 

 Ions were injected into the ICR cell as described in Section 2.3.1.  Monoisotopic 

isolation was used for SORI-RE experiments because RE tends to deplete the 

monoisotopic precursor ion peak (especially for singly charged precursor ions) while 

SORI may excite the 13C isotopic ion (with a +1000 Hz offset, for example).  The 
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absolute signal intensity of the precursor ion after isolation varied by less than +10% 

when electrospray conditions were kept constant.  After isolation, fragmentation was 

accomplished by SORI, RE, SORI-RE, or RE-SORI.  SORI pulses varied in time from 50 

ms to 3000 ms, and SORI voltages varied from 0.5 V to 6.0 V.  Likewise, RE pulses 

varied in time from 10 μs to 25 μs, and RE voltages varied from 50 V to 400 V.  Either 

nitrogen or argon gas was used as the collision gas at a pressure of approximately 2 x 10-6 

Torr in the ICR cell.  The gas pulse was controlled through a pulse valve held open for 

the desired amount of time.  For all SORI-CID experiments, the gas pulse started with the 

beginning of the SORI pulse and was applied for the same duration as the SORI pulse 

plus 50 ms.  The SORI offset frequency was +1000 Hz.  Changing the offset polarity had 

no observable effect on spectral appearance.  As expected, as absolute offset frequency 

was reduced, the spectrum became more similar to a RE spectrum.  For all RE-CID 

experiments, a RE pulse was applied 20 ms (minimum gap time required by hardware) 

after a 0 V “blank” SORI pulse.  In addition, the gas was pulsed into the cell at the same 

time and for 50 ms longer than the 0 V “blank” SORI pulse (i.e., 550 ms total gas pulse).  

For all SORI-RE experiments, the gas pulse started with the beginning of the SORI pulse 

and ended 50 ms after the end of the SORI pulse.  For all RE-SORI experiments, the gas 

pulse started 500ms before the RE pulse and ended with the end of the SORI pulse.  

During the SORI-RE experiments, the RE pulse was applied 20 ms after the end of the 

SORI pulse.  In a few additional experiments, the time gap between SORI and RE (and 

also between RE and SORI) was varied between 20 and 500 ms.   
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 Three spectra were collected for each data point during the systematic 

measurement of the effect of SORI and RE time and amplitude on the fragmentation of 

leucine enkephalin.  All spectra shown are the result of one acquisition; however, the 

acquisition was repeated at least three times to ensure reproducibility.  Variation in ion 

abundances was generally less than +10%. 
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2.4 H/D exchange experiments 

 

2.4.1  FT-ICR H/D exchange experiments 

 

 In order to accommodate H/D exchange in the IonSpec FT-ICR mass 

spectrometer,  a pulsed-leak configuration described by Freiser and co-workers212 was 

incorporated.  This configuration allows a constant reagent gas pressure in the analyzer 

region for the desired exchange time.  During a typical H/D exchange experiment, the 

ions are first injected into the ICR cell as described in Section 2.3.1.  Isolation of a 

specific ion or range of m/z values is sometimes performed.  The ions are then exposed to 

the deuterated reagent for the desired amount of time by holding a pulse valve open.  The 

pulse valve allows a stainless steel “tee,” which directly precedes the leak valve, to fill 

with gaseous reagent.  When the exchange time has past, the pulse valve is closed and 

any remaining reagent in the “tee,” as well as the ICR cell,  pumped away for 30 - 40 

seconds before detection.  D2O or CD3OD is used as the exchange reagent at a pressure 

of 10-8 – 10-6 Torr.  Pressure in the ICR cell at the time of detection is typically 1-5 x 10-9 

Torr.  Due to a software limitation, the maximum exchange time is 840 seconds.  

Isolation and fragmentation of ions following H/D exchange was sometimes performed 

(approximately 10-20 seconds after the end of exchange).  Back exchange experiments 

(i.e., solution phase deuterium labeling followed by gas phase D/H exchange with 

CH3OH or H2O) were carried out in a manner similar to the H/D exchange experiment 
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described in this section.  Excitation and detection was accomplished as described in 

Section 2.3.1. 

 The first apparent rate constant was calculated by assuming pseudo-first order 

kinetics because the exchange reagent is considered to be in great excess of the analyte.  

When applicable, spectra were isotopically corrected based upon natural isotopic 

abundances.  Although the instrument was not pre-conditioned with the deuterating 

agent, isotopic purity was measured with betaine, a compound with one exchangeable 

hydrogen and a known rate constant.176  The exchange of betaine with D2O and CD3OD 

was >90% complete, and so contamination and back-exchange was considered negligible.  

Subsequent apparent rate constants were estimated by the peaks in the exchange time 

plots where product formation and depletion rates are equivalent.176  Exchange reagent 

pressure was corrected for ion gauge sensitivity for the water reagent213 and the ion gauge 

(Granville-Phillips, Bayard-Alpert type) was calibrated using the H/D exchange reaction 

of betaine. 

 

2.4.2 QIT H/D exchange experiments 

 

 A ThermoFinnigan ESI-quadrupole ion trap (QIT) was also used for H/D 

exchange experiments.  H/D exchange in the QIT is complementary to FT-ICR exchange 

because the QIT exchange reagent pressure is about 4 orders of magnitude greater, 

although exchange time is practically limited to less than a minute.  The instrument was 

modified to accommodate H/D exchange reactions as described by Gronert.214  In this 
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system, D2O is mixed with the helium flow gas and introduced into the instrument.  

Peptide solutions (approximately 50μM) in 50:50 methanol:water with 1% acetic acid 

were infused into the instrument at a flow rate of 8 μL/min.  The instrument was first 

conditioned with D2O for approximately one hour to remove any hydrogen 

contamination.  The desired ion was isolated and allowed to exchange for up to 40 

seconds at a D2O reagent pressure of approximately 10-3 Torr.  The 40-second exchange 

time was achieved with four sequential 10-second isolations of the exchanging 

compound. 
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2.5 Theoretical modeling 

 

2.5.1 NWChem Ab initio theoretical modeling  

 

 Ab initio computational modeling studies were undertaken by Kristin Herrmann 

with the guidance of Erich Vorpagel at the Molecular Science Computing Facility 

(MSCF) located at Pacific Northwest National Laboratories (PNNL) on a high 

performance Hewitt Packard Linux-based computer containing 980 nodes / 1,960 

Itanium-2 processors.  Calculations were undertaken with the NWChem215 program along 

with the Extensible Computational Chemistry Environment (ECCE)216 graphical 

interface, both developed at PNNL.  All geometry optimizations, vibrational analyses, 

and electrostatic potential calculations utilized the Dunning-Hay double-zeta basis set 

(DZP)217 with DHMS polarization functions added to all atoms218  In addition, all 

calculations except the geometry optimization for tTMP-P+-(CH2CO)-AlaAsp-(NHCH3) 

used Hartree-Fock self-consistent-field (SCF) theory.  tTMP-P+-(CH2CO)-AlaAsp-

(NHCH3) was optimized using density functional theory219, 220 and the hybrid B3LYP 

exchange-correlation function.221, 222   

 

2.5.2 MassKinetics theoretical modeling 

 

 Theoretical modeling was performed by collaborators Laszlo Drahos and Karoly 

Vekey using the MassKinetics 1.5 software program developed by Vekey and 
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coworkers.223  This is a reaction kinetic model based on RRKM rate theory.224 The 

program uses known experimental parameters (e.g., voltages, time-scales, gas pressure), 

calculated molecular parameters (e.g., vibrational frequencies as calculated by quantum 

chemistry at the B3LYP 6-31 G* level) and reaction parameters such as critical energy 

and preexponential factors.  To model fragmentation of leucine enkephalin, the well-

known fragmentation scheme of peptides was used.145  The preexponential factor and 

critical energy corresponding to leucine enkephalin b4 ion formation was used as 

measured experimentally.225  In order to avoid over-fitting, a simple fragmentation model 

with a minimum number of adjustable parameters was used.  All preexponential factors 

were 1011, which is close to the value for b4 formation.  Critical energies for the 

formation of a4, b3, y2 and Y (equal to F) and for the mean collisional energy transfer 

value were optimized, altogether five adjustable parameters.  The optimization criterion 

was to yield minimum root-mean-square error between calculated and experimentally 

determined SORI, RE, SORI-RE spectra.  Identical parameters were used to calculate 

energy distributions, and time- and energy- dependent SORI, RE and SORI-RE spectra.  

Using additional adjustable parameters, such as optimizing the preexponential factors, 

would yield better agreement between experimental and theoretical spectra, but this was 

not attempted.  
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CHAPTER THREE 

HYDROGEN-DEUTERIUM EXCHANGE OF SMALL MODEL PEPTIDE SYSTEMS 

TO EXPLORE GAS PHASE CONFORMATION / PROTONATION MOTIFS 

 

This chapter presents H/D exchange of singly-protonated model pentapeptide systems.  

Studies of lysine-containing alanine oligomers demonstrate that the availability of the 

lysine side chain and the amino terminus has an effect on the exchange behavior.  The 

H/D exchange of D- and L-proline containing peptides indicates the conformational / 

protonation differences imposed by the configuration of the proline residue and by the 

availability of the N- and C-termini are reflected by the H/D exchange behavior. 

 

3.1 Introduction 

 

 Making systematic changes to a series of small model peptides can provide 

insights into how H/D exchange behavior relates to peptide conformation and hydrogen-

bonding motifs.  For example, Beauchamp and co-workers examined the H/D exchange 

of glycine oligomers.  They found that Gly2(H+) and Gly3(H+) undergo very rapid 

exchange with D2O, while Gly4(H+) and Gly5(H+) are much less reactive.176  They 

concluded that the energy required to open the internally solvated structure must not 

exceed the energy gained by binding the exchange reagent.  Exchange is less facile for 

Gly4(H+) and Gly5(H+) because the structures are more globular and more energy is 

required to break the internal solvation.  In addition, forming the methyl ester of the C-
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terminus of Gly3(H+) (i.e., Gly3-OMe(H+)) results in all five labile hydrogens exchanging.  

Five of six exchanges were observed for Gly3(H+).  Therefore, Beauchamp and co-

workers concluded that the sixth, unreactive site of Gly3(H+) is the C-terminus.176        

 Systematic changes explored in this chapter include changing the position of a 

particular amino acid residue, blocking the C-terminus via methyl ester formation, 

blocking the N-terminus via acetyl formation, and changing the configuration of an 

amino acid residue (D- vs. L-).  Model peptide systems explored in this chapter include 

lysine-containing and proline-containing pentapeptides.  The amino acid lysine is of 

interest because the gas phase basicity of the side-chain is similar to that of the amino 

terminus.  Therefore, H/D exchange via the relay mechanism between the amino terminus 

and the amino group on the lysine side chain is expected to be facile if the two sites are 

conformationally available.  The amino acid proline is also of interest due to the 

conformational restriction induced on the peptide backbone.  This conformational 

restriction is due to the side-chain bonded to the adjacent nitrogen on the peptide 

backbone, forming a 5-membered ring (Figure 2.1).  Changing the configuration of this 

residue will alter the intramolecular hydrogen bonding of the peptide.  This chapter aims 

to show how conformation and protonation location / bonding motifs affect the H/D 

exchange behavior.   
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3.2    Lysine-containing alanine oligomers 

 

3.2.1   H/D exchange of KAAAA(H+), AAKAA(H+), and AAAAK(H+) 

 

 The pentapeptides shown in Figure 3.1 contain one lysine (K) and four alanine 

(A) residues.  Each of these three peptides contains ten H/D exchange labile hydrogens.  

These ten labile hydrogens consist of four backbone amide hydrogens, two amino 

terminal hydrogens, two lysine side chain amino hydrogens, and one carboxy terminal 

hydrogen, plus one ionizing proton.     
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Figure 3.1 Structures of lysine-containing alanine oligomers: a) KAAAA b) AAKAA c) 

AAAAK 
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Figure 3.2a shows the H/D exchange of KAAAA(H+) from 0-840s with CD3OD as the 

exchange reagent at a pressure of 1.2 x 10-7 Torr.  At the 840s time point, seven of ten 

labile hydrogens have been exchanged for deuterium.  The apparent rate constants for 

these seven H/D exchange events are shown in Table 3.1.   

 AAKAA(H+) displays similar H/D exchange behavior with CD3OD at a pressure 

of 1.4 x 10-7 Torr.  After 840s, seven of ten labile hydrogens have been exchanged for 

deuterium (Figure 3.2b).  The rate constants for these seven exchange events are reported 

in Table 3.1.  The apparent rates of H/D exchange are on average 17.5% faster for 

AAKAA(H+) than for KAAAA(H+).  For the H/D exchange of KAAAA(H+) and 

AAKAA(H+), the apparent rates for the first five exchanges are relatively similar, with 

the largest change from kn-1 to kn at 30%.  After the first five exchanges, the rate drops 

more steeply for k6 and k7.  The proton is most likely located at the basic amino terminus, 

the basic lysine side chain, or shared by both amino groups.  These H/D exchange results 

indicate the proton is likely solvated by the two amino groups; the H/D exchange rates 

for the first five protons are similar because the relay mechanism is taking place with the 

two amino groups and the ionizing proton (Scheme 3.1). 
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Figure 3.2 H/D exchange relative abundance curves as a function of time for: a) 
KAAAA(H+), CD3OD pressure = 1.2 x 10-7 Torr.  Seven of ten labile hydrogens 
exchanged after 840s.  b) AAKAA(H+), CD3OD pressure = 1.4 x 10-7 Torr.  Seven of ten 
labile hydrogens exchanged after 840s.  c) AAAAK(H+), CD3OD pressure = 5.1 x 10-7 
Torr, six of ten labile hydrogens exchanged after 840s.   
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Table 3.1 Apparent H/D exchange rates for modified and unmodified KAAAA(H+), 
AAKAA(H+), and AAAAK(H+) with CD3OD as the exchange reagent (rates x 1012 cm3 
molecule-1 sec-1, error estimated at 20% due to uncertainty in the ion gauge).  aCD3OD 
pressure = 1.2 x 10-7 Torr, exchange time = 0-840s; bCD3OD pressure = 1.4 x 10-7 Torr, 
exchange time = 0-840s; cCD3OD pressure = 5.1 x 10-7 Torr, exchange time = 0-480s; 
dthe nth exchange was not extensive enough to measure kn. 
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Scheme 3.1 Relay mechanism176 of H/D exchange for KAAAA(H+) and AAKAA(H+) 
with CD3OD, shown with the exchange reagent bridging the amino terminus and the 
amino group of the lysine side chain.  The ionizing proton in the reactants is shown on 
the amino terminus, although it may also be located on the lysine side chain, or shared by 
both sites a) KAAAA(H+) and b) AAKAA(H+).   
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 When the lysine is located at the C-terminus (i.e., AAAAK(H+)), the extent of 

H/D exchange is reduced, as shown in Figure 3.2c.  After 480s with a CD3OD pressure of 

5.1 x 10-7 Torr, AAAAK(H+) exchanges 6 hydrogens for deuterium.  The apparent rate 

constants for the first four exchange events (Table 3.1) are at least five times slower than 

the corresponding rate constants for KAAAA(H+) and AAKAA(H+).  The lysine is 

located further away from the amino terminus in AAAAK(H+) than in KAAAA(H+) and 

AAKAA(H+), presumably making it more conformationally difficult for these groups to 

participate in the relay mechanism.  Therefore, the apparent exchange rates in 

AAAAK(H+) are slower either because of a conformational effect between the two amino 

groups, or because exchange events are occurring between two sites which do not have 

bascities as similar as the two amino groups.  Another possibility is a change in the 

solvation motifs.  While KAAAA(H+) and AAKAA(H+) have very similar H/D exchange 

profiles and likely have similar protonation motifs, the H/D exchange of AAAAK(H+) 

indicates a different conformation / protonation motif.  For the majority of the ion 

population, the ionizing proton is likely located at the amino terminus or on the amino 

group of the lysine side chain.  Furthermore, the ionizing proton will be solvated by 

surrounding polar groups and the relay mechanism is likely to take place wherever the 

ionizing proton is.  In KAAAA(H+) and AAKAA(H+), the amino groups can interact and 

share the solvation of the ionizing proton, making H/D exchange via the relay mechanism 

more facile.  In AAAAK(H+), the amino groups are not likely to interact and H/D 

exchange is occurring between two partners of unequal bascity.   
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3.2.2   H/D exchange of Ac-KAAAA(H+), Ac-AAKAA(H+), and Ac-AAAAK(H+) 

 

 In order to investigate the role of the amino terminus in the solvation scheme and 

H/D exchange behavior of KAAAA(H+), AAKAA(H+), and AAAAK(H+), these peptides 

were modified by forming the N-acetylated peptides (Figure 3.3).  After 840s, The 

modified peptides Ac-KAAAA(H+) and Ac-AAKAA(H+) do not exchange any 

hydrogens for deuterium with CD3OD at a pressure of 1.2 x 10-7 Torr and 1.4 x 10-7 Torr, 

respectively.  This result indicates an involvement of the free amino terminus in the H/D 

exchange of the unmodified peptides.  In the absence of this amino group, the ionizing 

proton is solvated elsewhere in the peptide in a manner that prevents the transfer of that 

proton to the exchange reagent.  When the lysine residue is located at the most C-terminal 

position, the modified peptide (Ac-AAAAK(H+)) displays one exchange event with 

CD3OD at a pressure of 5.1 x 10-7 Torr (Figure 3.4).  Furthermore, the single exchange 

event observed for Ac-AAAAK(H+) nears 100% completion after 480s.  The rate 

constant for this exchange event is reported in Table 3.1.  Similar to the modified 

peptides Ac-KAAAA(H+) and Ac-AAKAA(H+), the modified peptide Ac-AAAAK(H+) 

displays much less exchange with the N-terminus blocked.  This fact indicates the amino 

terminus plays an important role in the H/D exchange mechanism.  However, unlike Ac-

KAAAA(H+) and Ac-AAKAA(H+), one exchange event is able to occur for Ac-

AAAAK(H+).  This is presumably due to a conformational difference imposed by the 

location of the lysine residue.  Jarrold and co-workers have shown by ion mobility that 

acetylated alanine oligomers with a lysine at the C-terminus (i.e., Ac-A(n)K(H+)) form a 
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helix in the gas phase when n is seven or greater.226  The protonated lysine residue at the 

C-terminus stabilizes the helix dipole.  Therefore, it is possible that a partial helix is 

formed in Ac-AAAAK(H+), with the backbone amide hydrogens and the lysine side-

chain hydrogens involved in helix-like hydrogen bonding.   Therefore, the single 

observed exchange event observed for Ac-AAAAK(H+) is likely due to the carboxy-

terminus.  If exchange occurs via the flip-flop mechanism, two partners for exchange are 

not required and it is possible to exchange a single labile acidic proton.   
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Figure 3.3 Structures of acetylated lysine-containing alanine oligomers: a) Ac-KAAAA 
b) Ac-AAKAA c) Ac-AAAAK 
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Figure 3.4 H/D exchange relative abundance curves as a function of time for Ac-
AAAAK(H+) with CD3OD, pressure = 5.1 x 10-7 Torr.  One of nine hydrogens exchanged 
for deuterium after 480s. 
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3.2.3 H/D exchange of KAAAA-OMe(H+), AAKAA-OMe(H+), and AAAAK-OMe(H+)   

 

 The methyl ester versions of the peptides KAAAA, AAKAA, and AAAAK 

(Figure 3.5) were investigated in order to explore the role of the C-terminus in the H/D 

exchange with CD3OD.  Similar to the unmodified and acetyl versions of the peptides, 

the methyl ester modified peptides KAAAA-OMe(H+) and AAKAA-OMe(H+) display 

similar H/D exchange behavior in both rate and number of hydrogens exchanged.  This 

similarity indicates a similar conformation and solvation of the ionizing proton.  Data for 

the H/D exchange of KAAAA-OMe(H+) and AAKAA-OMe(H+) are shown in Figure 3.6.  

The rate constants for the H/D exchange of KAAAA-OMe(H+) and AAKAA-OMe(H+) 

are shown in Table 3.1.   
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Figure 3.5 Structures of methyl ester lysine-containing alanine oligomers: a) KAAAA-
OMe b) AAKAA-OMe c) AAAAK-OMe 
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Figure 3.6 H/D exchange relative abundance curves as a function of time for: a) 
KAAAA-OMe(H+), CD3OD at a pressure = 1.2 x 10-7 Torr.  Four of nine hydrogens 
exchanged for deuterium after 840 s.  b) AAKAA-OMe(H+), CD3OD at a pressure = 1.4 
x 10-7 Torr.  Five of nine hydrogens exchanged for deuterium after 840s. 
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After 840s with a CD3OD pressure of 1.2 x 10-7 Torr, KAAAA-OMe(H+) has exchanged 

four hydrogens for deuterium.  Similar to the unmodified versions of the peptides, the 

H/D exchange of AAKAA-OMe(H+) is slightly faster than the H/D exchange of 

KAAAA-OMe(H+).  The apparent rates for the first three H/D exchange events are, on 

average, 36.7% faster for AAKAA-OMe(H+) than for KAAAA-OMe(H+).  After 840s 

with a CD3OD pressure of 1.4 x 10-7 Torr, KAAAA-OMe(H+) has exchanged a 

maximum of five hydrogens for deuterium.  Although H/D exchange is occurring in the 

methyl ester modified peptides KAAAA-OMe(H+) and AAKAA-OMe(H+), the apparent 

rates for the first three exchange events are on average 6.2 times slower as compared to 

the unmodified peptides.  Exchange is likely occurring with the two amino groups as 

partners for the relay mechanism, as in the case of the unmodified peptides.  However, 

the reduced rate of exchange when the C-terminus is “blocked” is an indication that this 

functional group plays an important role in stabilizing a conformation of the peptide that 

is able to readily undergo H/D exchange with CD3OD.  The modified peptide AAAAK-

OMe(H+) does not exchange any hydrogens for deuterium after 480s at a CD3OD 

pressure of 5.1 x 10-7 Torr.  This result indicates that the C-terminus functional group is 

more critical for the H/D exchange when the lysine residue is located at the C-terminus 

than when the lysine is at the amino terminus or in the third position.  In the modified 

peptide AAAAK-OMe(H+), the ionizing proton is solvated in a manner that prevents the 

relay mechanism from occurring. 
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3.2.4   Summary for the H/D exchange of lysine containing oligomers 

  

 Figure 3.7 compares the apparent rates of exchange for lysine-containing alanine 

oligomers with CD3OD as the exchange reagent.  When lysine is the first or third residue 

of the pentapeptide, the H/D exchange behavior is similar for both unmodified and 

modified versions of the peptides.  This result indicates a similarity in conformation and 

solvation of the ionizing proton.  In all cases, H/D exchange is slightly faster when the 

lysine is in the third position as compared to the first position.  This is likely due to some 

minor conformational differences and demonstrates the ability of gas phase H/D 

exchange with CD3OD to detect these differences.  When the amino terminus is 

“blocked,” H/D exchange does not occur for Ac-KAAAA(H+) or Ac-AAKAA(H+).  

These results indicate the first five exchange events for KAAAA(H+) and AAKAA(H+) 

are likely the result of the two amino groups acting as partners for the relay mechanism.  

When lysine is the fifth residue in the pentapeptide, no exchange is observed for the 

methyl ester modified peptide and one exchange is observed for the acetyl modified 

peptide.  A reduced amount of exchange is observed for the methyl ester modified 

peptides with lysine in the first and third positions, and no exchange is observed for the 

corresponding acetyl modified peptides.  These results indicate that both the C- and N-

termini play an important role in the H/D exchange mechanism.  Modifying the termini 

alters the conformation and solvation of the ionizing proton, leading to observable 

changes in the H/D exchange behavior and providing insight into the gas phase structure 

of the peptides. 
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Figure 3.7 Comparison of the apparent rates of H/D exchange for KAAAA(H+), 
AAKAA(H+), AAAAK(H+), Ac-KAAAA(H+), Ac-AAKAA(H+), Ac-AAAAK(H+), 
KAAAA-OMe(H+), AAKAA-OMe(H+), and AAAAK-OMe(H+) with CD3OD as the 
exchange reagent. 
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3.3 Effect of proline configuration on H/D exchange  

 

3.3.1   H/D exchange of D- and L-proline-containing alanine oligomers 

 

 In order to investigate the effect of proline configuration on H/D exchange and 

the overall peptide conformation / protonation motif, the model system based on the 

peptide AAPAA was subjected to H/D exchange.  Either or both termini can be blocked 

by forming the acetyl modification (Ac-, N-terminus) and/or the methyl ester 

modification (-OMe, C-terminus) (Figure 3.8).  Figure 3.9 shows the H/D exchange 

normalized relative abundance curves as a function of exchange time with D2O (pressure 

= 4.3 x 10-8 Torr) for AA(D)PAA(H+), AA(D)PAA-OMe(H+), Ac-AA(D)PAA(H+), and 

Ac-AA(D)PAA-OMe(H+).  Similarly, the H/D exchange of the same model system, 

except with the proline residue in the L-configuration, is shown in Figure 3.10 (D2O 

pressure =  6.4 x 10-8 Torr).  Rate constants for exchange are shown in Table 3.2.  
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Figure 3.8 Structures of modified and unmodified AA(D)PAA peptides: a) AA(D)PAA b) 
AA(D)PAA-OMe c) Ac-AA(D)PAA d) Ac-AA(D)PAA-OMe 
 



 

97

 

Figure 3.9 H/D exchange relative abundance curves as a function of time (D2O pressure 
= 4.3 x 10-8 Torr) for: a) AA(D)PAA(H+) b) AA(D)PAA-OMe(H+) c) Ac-AA(D)PAA(H+) 
d) Ac-AA(D)PAA-OMe(H+) 
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Figure 3.10 H/D exchange relative abundance curves as a function of time (D2O pressure 
= 6.4 x 10-8 Torr) for: a) AA(L)PAA(H+) b) AA(L)PAA-OMe(H+) c) Ac-AA(L)PAA(H+) 
d) Ac-AA(L)PAA-OMe(H+) 
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Table 3.2 Apparent H/D exchange rates for modified and unmodified AA(D)PAA(H+), 
AA(L)PAA(H+), AV(D)PLG(H+) and AV(L)PLG(H+) with D2O as the exchange reagent 
from 0-840 s (rates x 1012 cm3 molecule-1 sec-1, error estimated at 20% due to uncertainty 
in the ion gauge).  aD2O pressure = 4.3 x 10-8 Torr; bD2O pressure = 6.4 x 10-8 Torr; cD2O 
pressure = 2.7 x 10-8 Torr; dD2O pressure = 2.8 x 10-8 Torr; ethe nth exchange was not 
extensive enough to measure kn. 
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Several trends are evident based upon the H/D exchange of D- and L-proline-containing 

alanine oligomers.  First, the H/D exchange is much more facile for both configurations 

when the N-terminus is blocked by N-acetylation.  This indicates that the N-terminus, 

when unblocked (i.e., in AAPAA(H+) and AAPAA-OMe(H+)), may be involved in 

solvating the ionizing proton and rendering it unable to easily participate in the relay 

mechanism.  One possibility is that the ionizing proton is primarily located at the 

unblocked N-terminus, and the relay mechanism is not efficient since another site of 

similar bascity is unavailable.  Second, the H/D exchange of D-proline peptides with an 

unblocked N-terminus is an order of magnitude slower than the corresponding L-proline 

peptides.  However, L-proline peptides exchange somewhat slower than D-proline 

peptides when the N-terminus is blocked by acetyl formation.  Therefore, altering the 

configuration of the central residue changes the interaction of the heteroatoms on either 

side of the central residue, altering the solvation scheme and the rate at which H/D 

exchange takes place.  Thirdly, in all cases except the first two exchanges of Ac-

AA(L)PAA-OMe(H+), the H/D exchange of the peptides with the C-terminus blocked is 

1.6 – 8.7 times slower than the corresponding peptides with a free C-terminus.  This 

suggests the H/D exchange of the acidic proton at the C-terminus occurs relatively easily.  

Blocking this terminus lowers the overall apparent rate constants.  Another possibility is 

that the free C-terminus assists in the H/D exchange of some of the labile hydrogens by 

acting as a partner for the relay mechanism.  After initial exchange, deuteriums may be 

shuttled to alternate sites on the peptide.   
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3.3.2   H/D exchange of D- and L-proline AVPLG 

 

 While the model peptide system based on AAPAA can provide some insights into 

the effect of proline-configuration on conformation / protonation motifs, it is also of 

interest to replace the some of the alanine residues with more “realistic” residues which 

may be found in a naturally-occurring peptides.  The effect of more “bulky,” aliphatic 

residues adjacent to proline is explored by replacing the second and forth residues with 

valine and leucine.  In addition, the fifth residue is replaced with glycine.  The glycine 

side-chain consists only of a hydrogen atom, and glycine is therefore the most 

conformationally flexible residue.227  The structures of AVPLG with neither, either, or 

both termini “blocked” are shown in Figure 3.11.  Figure 3.12 shows the H/D exchange 

normalized relative abundance curves as a function of exchange time with D2O (pressure 

= 2.7 x 10-8 Torr) for AV(D)PLG(H+), AV(D)PLG-OMe(H+), Ac-AV(D)PLG(H+), and Ac-

AV(D)PLG-OMe(H+).  Similarly, the H/D exchange of the corresponding model system 

with the proline residue in the L-configuration, is shown in Figure 3.13 (D2O pressure = 

2.8 x 10-8 Torr).  Rate constants for exchange are shown in Table 3.2.  
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Figure 3.11 Structures of modified and unmodified AVPLG peptides: a) AV(D)PLG b) 
AV(D)PLG-OMe c) Ac-AV(D)PLG d) Ac-AV(D)PLG-OMe 
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Figure 3.12 H/D exchange relative abundance curves as a function of time (D2O pressure 
= 2.7 x 10-8 Torr) for: a) AV(D)PLG(H+) b) AV(D)PLG-OMe(H+) c) Ac-AV(D)PLG(H+) 
d) Ac-AV(D)PLG-OMe(H+) 
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Figure 3.13 H/D exchange relative abundance curves as a function of time (D2O pressure 
= 2.8 x 10-8 Torr) for: a) AV(L)PLG(H+) b) AV(L)PLG-OMe(H+) c) Ac-AV(L)PLG(H+) 
d) Ac-AV(L)PLG-OMe(H+) 
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The same general trends observed for the H/D exchange of D- and L-proline AAPAA are 

observed for D- and L-proline AVPLG.  First, the H/D exchange with a free N-terminus is 

much slower than the H/D exchange with a blocked N-terminus.  Second, D-proline 

peptides with an unblocked N-terminus exchange an order of magnitude slower than the 

corresponding L-proline peptides.  However, the trend is reversed when the N-terminus is 

blocked.  Third, for all cases except Ac-AV(L)PLG-OMe(H+), exchange is slower when 

the C-terminus is blocked than for the corresponding peptide with a free C-terminus.   

 An interesting feature is the reversal in trends for AAPAA and AVPLG when the 

N-terminus is unblocked and blocked.    When the N-terminus is not blocked, the 

AVPLG peptides, with more “bulky” residues adjacent to proline, exchange faster than 

the corresponding AAPAA peptides.  However, when the N-terminus is blocked, the 

AAPAA peptides generally exchange faster than the corresponding AVPLG peptides.  

When the N-terminus is blocked, the ionizing proton is likely located at a site along the 

peptide backbone.  Therefore, exchange is expected to be faster with less “bulky” 

residues to introduce steric restraint on the D2O-peptide collisional complex.  However, 

the N-terminus is unblocked, the ionizing proton likely resides at the N-terminus.  A 

hydrogen-bonded complex will therefore form between the exchange reagent, the 

protonated N-terminus, and another site in the peptide.  Exchange is faster for the peptide 

with more “bulky” residues in this case potentially due to greater solvation of the D2O-

peptide complex, although modeling studies are needed to confirm this conclusion.   
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3.4 Conclusions 

 

 The relay mechanism for exchange was probed with a series of singly-protonated 

lysine-containing alanine oligomers with neither, either, or both of the N- and C-termini 

blocked, and with CD3OD as the exchange reagent.  The results indicate that overall 

exchange trends are very similar when the lysine residue is the first (N-terminus) or third 

(middle) residue in the pentapeptide.  However, when lysine is the fifth residue in the 

pentapeptide (i.e., at the C-terminus), exchange is much slower, indicating that the relay 

mechanism for exchange is more efficient when the amino group of the lysine residue 

and the amino terminus are conformationally available to bridge the exchange reagent.  In 

addition, when the N-terminus is blocked, exchange completely shuts down (for lysine as 

the first or third residue), indicating that the interaction of the free N-terminus and the 

lysine side-chain is important for the H/D exchange mechanism.  One exchange, which 

goes to completion after 480 s, is observed for Ac-AAAAK(H+), suggesting the C-

terminus as the site of exchange.  Blocking the C-terminus shuts down the H/D exchange 

of AAAAK-OMe(H+), and slows the H/D exchange of KAAAA-OMe(H+) and AAKAA-

OMe(H+), indicating the C-terminus likely plays an important role in the H/D exchange 

and conformation / protonation motifs of these peptides.     

 The effect of proline configuration on H/D exchange trends was investigated with 

singly-protonated AAPAA and AVPLG with D- and L-proline, and with neither, either, or 

both termini blocked.  The results demonstrate that substitution of the alanine residues 

adjacent to proline with more “bulky” residues has an effect on general kinetic trends for 
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H/D exchange.  Specifically, exchange is faster for AVPLG peptides when the N-

terminus is unblocked and faster for AAPAA peptides when the N-terminus is blocked.  

The difference in exchange rates is likely reflective of steric and intramolecular solvation 

effects.  While the “bulkiness” of the residues has a general effect on rate of exchange, 

the configuration of the proline residue and the availability of the N- and C-termini have 

a greater effect on specific H/D exchange trends.  Exchange was generally fastest for 

peptides with a blocked N-terminus and a free carboxy terminus, with the availability of 

the N-terminus having a more profound decrease in exchange rate.  In addition, D-proline 

peptides exchanged faster than the corresponding L-proline peptides only when the N-

terminus is blocked.  The configuration of the proline residue and the availability of the 

N- and C-termini therefore have a measurable effect on the H/D exchange behavior 

reflective of the different conformation / protonation motifs for different peptides. 
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CHAPTER FOUR 

MOLECULAR MODELING, FRAGMENTATION, AND HYDROGEN-DEUTERIUM 

EXCHANGE OF ASPARTIC ACID CONTAINING FIXED CHARGE DERIVATIVE 

PEPTIDES: IMPLICATIONS FOR ASPARTIC ACID SELECTIVE CLEAVAGE 

 

This chapter presents ab initio modeling and H/D exchange of aspartic-acid containing 

fixed-charge derivative peptides without an added proton.  Computational studies are 

presented which show the fixed charge derivative is not likely to affect fragmentation of 

an attached peptide because the positive charge is buried near the center of the bulky 

derivative.  The H/D exchange of these modified peptides indicates the acidic groups are 

likely the primary sites of exchange and that solvation of the acidic protons depends on 

location and the identity of neighboring residues. 

 

4.1 Introduction 

   

 The preference of aspartic acid to cleave on its C-terminal side is statistically 

more prominent when the number of ionizing protons does not exceed the number of 

basic residues (e.g. arginine, lysine) present in the peptide, and is especially prominent 

for arginine.29, 40, 168  Selective cleavage data suggest fragmentation C-terminal to aspartic 

acid occurs without the involvement of the ionizing proton because when the number of 

ionizing protons does not exceed the number of basic residues (e.g. the proton is 
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sequestered at a basic side chain), cleavage at aspartic acid is preferentially observed.  

When a “mobile” proton is available, cleavage is non-selective with multiple cleavages 

observed along the peptide backbone.   

 The phenomenon of selective cleavage C-terminal to aspartic acid in the absence 

of a mobile proton was investigated previously by attaching the fixed charge tris(2,4,6-

trimethoxyphenyl) phosphonium (tTMP-P+) group to the N-terminus of aspartic acid-

containing peptides.33  A tTMP-P+ derivatized peptide contains a positively charged 

tetrahedral phosphorus atom, eliminating the need for an ionizing proton to charge the 

peptide for mass spectrometric analysis.  Cleavages along the peptide backbone will 

therefore take place without the influence of an ionizing proton.  In addition, tTMP-P+ is 

a bulky derivative, with charge anticipated to be centered at phosphorus, which is not 

expected to interact significantly with an aspartic acid residue on the attached peptide.  

Here, those studies are continued by computational investigation of the fixed charge 

derivative to ensure that it is not influencing the fragmentation site.  In addition, H/D 

exchange studies are carried out in order to investigate how the acidic protons in the 

derivatized peptides may be involved in solvation and in “charge-remote” cleavage.     
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4.2 Computational studies of the fixed charge derivative 

 

4.2.1 Fixed charge derivative electrostatic potential 

 

 To determine if the tTMP-P+ derivative is electrostatically influencing the 

fragmentation site (e.g. interacting with the acidic side chain or the adjacent backbone 

carbonyl), an ab initio calculation of the tTMP-P+ derivative electrostatic potential was 

performed.  Presumably, if the majority of the positive charge on the tTMP-P+ fixed 

charge derivative is localized, then this positive charge will not directly influence the 

fragmentation site.   
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Figure 4.1 Structures of fixed charge derivative molecules, and modified Asp and Glu: a) 
tTMP-P+H3 b) tTMP-P+-CH3 c) tTMP-Si-CH3 d) CH3CO-(Asp)-NHCH3 e) CH3CO-
(Glu)-NHCH3  f) tTMP-P+-(CH2CO)-AlaAsp-(NHCH3)  
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A geometry optimization and vibrational analysis was first performed for TMP-P+H3 

(Figure 4.1a), which represents the simplest unit of the tTMP-P+ derivative.  The 

geometry optimization is shown in Figure 4.2.  The results show the three methoxy 

groups in the plane of the phenyl ring in the lowest energy conformation.  The 

conformation with the methoxy group para to the phosphorus atom perpendicular to the 

phenyl ring is 5 kcal/mol higher in energy.   
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Figure 4.2 Geometry optimization results for TMP-P+H3: a) top-down view b) side view 
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The starting structure of tTMP-P+-CH3 (Figure 4.1b) was constructed from the results of 

the geometry optimization for TMP-P+H3.  Terminating tTMP-P+ with CH3 simplifies the 

ab initio geometry optimization of this large molecule because the molecule possesses C3 

symmetry.  A geometry optimization and vibrational analysis was calculated for tTMP-

P+-CH3, and the isoelectric neutral molecule tTMP-Si-CH3 (Figure 4.1c).  The 

electrostatic potential (ESP) for tTMP-P+-CH3 is shown in Figure 4.3, with the largest 

positive charge, 1.55, shaded the darkest and the largest negative charge, -0.93, shaded 

the lightest.   Table 4.1 shows the numerical results of the electrostatic potential for each 

atom.  
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Figure 4.3 Electrostatic potential results for tTMP-P+-CH3.  Darker shades of grey 
indicate larger positive charge.  The largest positive charge is 1.55 while the largest 
negative charge is –0.93. 
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Atom tTMP-P+-CH3 tTMP-Si-CH3 
Phosphorous +1.55 --- 

Silicon --- +1.35 
Phosphorous/silicon methyl carbon -0.51 -0.57 

Phosphorous/silicon methyl hydrogens +0.04, +0.13, +0.14 +0.09, +0.09, +0.09 
Ring A: carbon 1 -0.92 -0.88 
Ring A: carbon 2 +0.79 +0.76 

Ring A: oxygen 1 (carbon 2) -0.43 -0.39 
Ring A: methyl carbon 1 (carbon 2) +0.14 +0.16 

Ring A: methyl hydogens 1 (carbon 2) +0.04, +0.04, +0.05 +0.02, +0.02, +0.03 
Ring A: carbon 3 -0.73 -0.73 

Ring A: hydrogen 1 (carbon 3) +0.24 +0.23 
Ring A: carbon 4 +0.66 +0.60 

Ring A: oxygen 2 (carbon 4) -0.42 -0.45 
Ring A: methyl carbon 2 (carbon 4) +0.22 +0.25 

Ring A: methyl hydogens 2 (carbon 4) 0.00, +0.01, +0.05 -0.01, 0.00, +0.02 
Ring A: carbon 5 -0.63 -0.58 

Ring A: hydrogen 1 (carbon 5) +0.23 +0.21 
Ring A: carbon 6 +0.64 +0.53 

Ring A: oxygen 3 (carbon 6) -0.30 -0.29 
Ring A: methyl carbon 3 (carbon 6) +0.01 +0.09 

Ring A: methyl hydogens 3 (carbon 6) +0.04, +0.04, +0.05 +0.02, +0.02, +0.04 
Ring B: carbon 1 -0.94 -0.85 
Ring B: carbon 2 +0.79 +0.73 

Ring B: oxygen 1 (carbon 2) -0.43 -0.38 
Ring B: methyl carbon 1 (carbon 2) +0.14 +0.18 

Ring B: methyl hydogens 1 (carbon 2) +0.03, +0.03, +0.03 +0.01, +0.02, +0.02 
Ring B: carbon 3 -0.73 -0.71 

Ring B: hydrogen 1 (carbon 3) +0.24 +0.23 
Ring B: carbon 4 +0.67 +0.61 

Ring B: oxygen 2 (carbon 4) -0.43 -0.44 
Ring B: methyl carbon 2 (carbon 4) +0.21 +0.25 

Ring B: methyl hydogens 2 (carbon 4) +0.02, +0.03, +0.06 -0.01, -0.01, +0.02 
Ring B: carbon 5 -0.63 -0.60 

Ring B: hydrogen 1 (carbon 5) +0.22 +0.21 
Ring B: carbon 6 +0.64 +0.55 

Ring B: oxygen 3 (carbon 6) -0.31 -0.28 
Ring B: methyl carbon 3 (carbon 6) +0.08 +0.05 

Ring B: methyl hydogens 3 (carbon 6) +0.04, +0.04, +0.06 +0.02, +0.02, +0.04 
Ring C: carbon 1 -0.93 -0.86 
Ring C: carbon 2 +0.79 +0.74 

Ring C: oxygen 1 (carbon 2) -0.44 -0.39 
Ring C: methyl carbon 1 (carbon 2) +0.17 +0.15 

Ring C: methyl hydogens 1 (carbon 2) +0.03, +0.04, +0.05 +0.01, +0.01, +0.02 
Ring C: carbon 3 -0.75 -0.74 

Ring C: hydrogen 1 (carbon 3) +0.24 +0.22 
Ring C: carbon 4 +0.68 +0.62 

Ring C: oxygen 2 (carbon 4) -0.42 -0.45 
Ring C: methyl carbon 2 (carbon 4) +0.17 +0.24 

Ring C: methyl hydogens 2 (carbon 4) 0.00, +0.01, +0.04 -0.02, -0.01, +0.02 
Ring C: carbon 5 -0.62 -0.60 

Ring C: hydrogen 1 (carbon 5) +0.22 +0.22 
Ring C: carbon 6 +0.64 +0.55 

Ring C: oxygen 3 (carbon 6) -0.31 -0.28 
Ring C: methyl carbon 3 (carbon 6) +0.07 +0.07 

Ring C: methyl hydogens 3 (carbon 6) +0.06, +0.06, +0.07 +0.03, +0.03, +0.05 

 
Table 4.1 Calculated electostatic potential (ESP) for each atom in tTMP-P+-CH3 and 
tTMP-Si-CH3.  Atom positions are as indicated in Figure 4.3.  
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The phosphonium atom carries the largest positive charge, 1.55.  The largest negative 

charge, -0.93, is carried by one of the methoxy oxygens.  This result verifies that the 

positive charge is distributed within the t-TMP+P derivative near the formally charged 

phosphorus atom and alternating carbon atoms in the phenyl rings.  Therefore, this 

positive charge can only influence the cleavage of an aspartic acid on an attached peptide 

by a through-space electrostatic field effect, i.e., a non-local manner.  It is interesting to 

compare the partial atomic charges for tTMP-P+-CH3 with tTMP-Si-CH3.  When 

phosphorus is replaced with silicon in the fixed charge derivative, the isoelectronic 

structure is neutral but shows very similar partial atomic charge distribution.  The charge 

carried by each atom for the electrostatic potential calculation of tTMP-Si-CH3 is 

reported in Table 4.1.  The largest difference in the charge between the phosphonuim and 

silane is only two tenths of the unit charge. 

 

4.2.2 Interaction of the fixed charge derivative with a proximal aspartic acid residue on 

an attached dipeptide Ala-Asp 

 

 To provide further evidence that the tTMP-P+ fixed charge derivative is not likely 

to directly interact with an Asp residue on an attached peptide chain, a small dipeptide, 

alanine-aspartic acid (Ala-Asp), attached to the fixed charge derivative (Figure 4.1f) was 

subjected to a geometry optimization.  The peptide Ala-Asp was chosen because Asp is 

two residues away from the fixed charge derivative, the closest separation in previously 

investigated systems in which selective cleavage was observed C-terminal to Asp in the 
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absence of an ionizing proton (e.g. P+LDIFSDF ).33  Alanine was chosen as the first 

residue because its structural simplicity decreases the computational time required.  

Terminating the N- and C-termini with acetyl and N-methyl groups, respectively (i.e. 

CH3CO-(Asp)-NHCH3 and tTMP-P+-(CH2CO)-AlaAsp-(NHCH3)) simulates a 

continuing peptide chain because through-bond inductive effects become less significant 

as a function of the number of bonds of separation.  A geometry optimization and 

vibrational analysis was first carried out for CH3CO-(Asp)-NHCH3 (Figure 4.1d).  The 

lowest energy conformer (Figure 4.4) has an internal hydrogen bond between the side 

chain carbonyl oxygen and hydroxyl hydrogen.  Geometry was optimized for the 

molecule tTMP-P+-(CH2CO)-AlaAsp-(NHCH3) with the starting structure constructed 

from the lowest energy structures calculated for tTMP-P+-CH3 (Figure 4.3) and CH3CO-

(Asp)-NHCH3 (Figure 4.4a).  The result of this calculation is shown in Figure 4.5.   
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Figure 4.4 Geometry optimized structures for CH3CO-(Asp)-NHCH3 conformers, shown 
along with hydrogen bonding distances: a) Lowest energy conformer with relative energy 
0 kcal/mol b) “Activated” conformer with relative energy +2.8 kcal/mol c) tautomer 
structure with relative energy +36 kcal/mol, arrows indicate protons which have migrated 
relative to the lowest energy and “activated” conformers. 
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Figure 4.5 Results of the geometry optimization for tTMP-P+-(CH2CO)-AlaAsp-
(NHCH3) a) Space-filling representation showing the positions of the fixed charge 
derivative and the modified aspartic acid residue b) Ball and spoke representation 
showing the relative distance between the fixed charge derivative and the modified 
aspartic acid residue. 
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As shown in Figure 4.5, the fixed charge does not interact structurally with the attached 

Asp residue.  The closest interaction is between one of the methoxy oxygen atoms and 

the aspartic acid side chain.  However, these groups are separated by 4.89 Å and since the 

methoxy oxygen carries a negative charge (Table 4.1), this is not expected to influence 

the charge remote cleavage C-terminal to aspartic acid. 

 

4.2.3 Charge remote cleavage: aspartic acid conformers 

 

 Ab initio structures of aspartic acid residues were explored to determine the 

feasibility, both conformationally and energetically, of nucleophilic attack by the aspartic 

acid carboxy or hydroxy group on the adjacent backbone carbonyl oxygen.  As noted in 

the previous section, the lowest energy structure of aspartic acid has an internal hydrogen 

bond between the side chain carbonyl oxygen and side chain hydroxyl hydrogen (Figure 

4.4a).  The structure in which the side-chain hydroxyl hydrogen forms a hydrogen bond 

with the adjacent carbonyl oxygen on the peptide backbone was also explored (Figure 

4.4b).  This “activated” structure (because its conformation contains the hydrogen bond 

required for the proposed cleavage mechanism) was found to lie only 2.8 kcal/mol 

(corrected for zero-point energy) above the “inactivated” structure.  Therefore, this 

“activated” structure is potentially accessible during the activation event to fragment the 

molecule (i.e. collision-induced dissociation), although the exploration of the transition 

state is necessary to be absolutely sure the energy barrier is within the energy regime of a 

typical MS experiment.  An aspartic acid tautomer was explored as an alternative 
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structure and is shown in Figure 4.4c with the arrows indicating protons that have 

migrated relative to the lowest energy and “activated” conformers. This structure was 

found to lie 36 kcal/mol in energy above the lowest energy conformer and 33 kcal/mol 

above the “activated” conformer.  Although the exploration of the transition states 

between these conformers is necessary to determine an activation barrier, these energy 

differences represent a lower limit for the energy barrier. 

 

4.2.4 Aspartic acid and glutamic acid structures: aspartic acid is more efficient at 

selective cleavage   

  

 It is important to note that glutamic acid, which differs from aspartic acid by an 

additional methylene making the side chain longer, also tends to preferentially cleave on 

its C-terminal side when the number of ionizing protons does not exceed the number of 

basic residues.  This is likely due to the structural similarity of aspartic and glutamic acid.  

However, the preferential cleavage is less pronounced for glutamic acid.  In consideration 

of the proposed cleavage mechanism shown in Scheme 4.2, a hydrogen bond must form 

between the acidic hydrogen on the Glu or Asp side chain and the adjacent backbone 

carbonyl oxygen or amide nitrogen.  The distance between the acidic hydrogen and the 

backbone carbonyl oxygen was compared for aspartic and glutamic acid to test the 

hypothesis that glutamic acid is less efficient at charge-remote cleavage, in part, because 

of the larger separation of these groups before hydrogen bond formation. 
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 The zero-point energy distance between the side chain acidic hydrogen and the 

adjacent backbone carbonyl oxygen was determined for modified aspartic and glutamic 

acid structures (Figures 4.1d and 4.1e, respectively).   These distances are 3.87 D for the 

lowest energy CH3CO-(Asp)-NHCH3 structure (Figure 4.6a), and 7.10 D for the lowest 

energy CH3CO-(Glu)-NHCH3 structure (Figure 4.6b).  The corresponding distance in the 

“activated” CH3CO-(Asp)-NHCH3 structure is 1.87 D.  Therefore, the longer glutamic 

acid side-chain presumably makes the formation of the hydrogen bond required for the 

selective cleavage mechanism less favorable for glutamic acid. 
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Figure 4.6 Results of the geometry optimization for CH3CO-(Asp)-NHCH3 and CH3CO-
(Glu)-NHCH3.  The zero-point energy distance between the side chain acidic hydrogen 
and the adjacent backbone carbonyl oxygen is shown by the dotted line for: a) CH3CO-
(Asp)-NHCH3: 3.87 D b) CH3CO-(Glu)-NHCH3: 7.10 D 
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4.3 H/D exchange and fragmentation studies of P+LDIFSDF(OMe)n, n = 0-3 

 

 This section discusses experimental H/D exchange and fragmentation of aspartic-

acid containing derivatized peptides.  For simplicity, the symbolism P+ represents the 

fixed charge derivative tTMP-P+ plus the -CH2CO- group used to attach the central 

phosphorus to a peptide chain. 

 

4.3.1 Fragmentation of P+LDIFSDF and P+LDIFSDF(OMe)3: selective vs. non-selective 

cleavage 

  

 Figure 4.7 shows the SORI-CID fragmentation of the derivatized peptides with 

free acidic groups (P+LDIFSDF) and with all acid groups converted to the methyl ester 

(P+LDIFSDF(OMe)3).   In these figures, the notations *bn and *an indicate standard bn and 

an ions modified with the fixed charge derivative at the N-terminus.  In addition, methyl 

ester formation formally adds CH2 (+14) to each acidic group, as indicated in Figure 

4.7b.    
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Figure 4.7 SORI-CID spectra (SORI amplitude = 5 V, SORI time = 1000ms, argon 
collision gas): a) P+LDIFSDF b) P+LDIFSDF(OMe)3 
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As expected, the major *bn ions formed via fragmentation of P+LDIFSDF result from 

cleavage C-terminal to the aspartic acid residues (i.e. *b2 and *b6).  By contrast, when all 

acidic groups are converted to methyl esters, cleavage results in [*b2 + 14], [*b3 + 14], [*b4 

+ 14], [*b5 + 14], and [*b6 + 28] ions (i.e., +14 for fragment ions with one aspartic acid 

residue and one methyl ester modification, and +28 for the *b6 ion with two aspartic acid 

residues and two methyl ester modifications).  Furthermore, the relative abundance of 

these five [*bn + 14 / 28] ions is roughly equal.  The differential formation of the *bn ions 

in the spectra indicates that backbone cleavage is more selective (i.e. fragmentation C-

terminal to aspartic acid) in P+LDIFSDF with the three acidic groups intact and more 

“random” in P+LDIFSDF(OMe)3 with the acidic groups “blocked.”  

 Another interesting feature of the spectra in Figure 4.7 is the formation of [*an + 

14 / 28] ions when the acidic groups have been converted to their methyl ester form.  It is 

commonly accepted that an ions form when bn ions lose CO.  The “typical” bn ion 

structure produced when a charge induces cleavage is an oxazalone.  This protonated 

oxazalone forms when a backbone carbonyl oxygen attacks an electropositive backbone 

carbonyl carbon144, 228-232 (Scheme 4.1).  It is not clear what structure the bn ions have in 

the absence of an added proton.  The lack of *an ions observed in Figure 4.7 indicates the 

*bn ions observed by selective cleavage do not have the same bn structure as formed from 

P+LDIFSDF(OMe)3, and suggests the ions are forming in a mechanistically different 

manner.  
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4.3.2 Fragmentation of protonated and non-protonated P+LDIFSDF(OMe)1 and 

P+LDIFSDF(OMe)2: location of methyl ester formation 

 
 When the acidic groups, including the aspartic acid residues and the C-terminus, 

are converted to methyl esters, the location of the modification is non-specific in 

P+LDIFSDF(OMe)1 and P+LDIFSDF(OMe)2.   In order to investigate the actual sites of 

methyl ester formation, the doubly charged fixed charge derivative peptides 

(H+)P+LDIFSDF(OMe)1 and (H+)P+LDIFSDF(OMe)2 were fragmented via SORI-CID.  

Competition between “charge-directed” and “charge-remote” mechanisms may be 

occurring during fragmentation of (H+)P+LDIFSDF(OMe)1 and (H+)P+LDIFSDF(OMe)2, 

and so only an estimate of heterogeneity is possible.  Based on the fragmentation of 

(H+)P+LDIFSDF(OMe)1 (Figure 4.8a), the preferred site of methyl ester formation is the 

C-terminus because the *b6, *b5, *b4, *b3, and *b2 ions have only minor corresponding +14 

peaks.  The ratio of the *b6 and [*b6 + 14] ions is approximately 85:15, suggesting the 

methyl ester is formed at the C-terminus in 85% of the ion population.  The +14 ions 

corresponding to the *b2, *b3, *b4, *b5 ions are less abundant than the [*b6 + 14] ion, 

suggesting methyl ester formation at the aspartic acid residue closer to the C-terminus is 

preferred over methyl ester formation at the aspartic acid residue closer to the fixed 

charge derivative.   
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Figure 4.8 SORI-CID spectra (SORI amplitude = 2 V, SORI time = 1000ms, argon 
collision gas) of: a) (H+)P+LDIFSDF(OMe)1 b) (H+)P+LDIFSDF(OMe)2.     
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 Fragmentation of (H+)P+LDIFSDF(OMe)2 (Figure 4.8b) results in a [*b6 + 14] and 

[*b6 + 28] ion ratio of approximately 88:12.  This suggests a population in which 

approximately 88% of the ions have the methyl ester formed at the C-terminus and one of 

the aspartic acid residues, and 12% of the ions have both aspartic acid groups converted 

to the methyl ester.  This agrees with the fragmentation of P+LDIFSDF(OMe)1 in which 

methyl ester formation occurred at the C-terminus in approximately 85% of the ion 

population.  The observance of the *b6 ion with no mass shift is surprising since the 

isolated precursor ion has two acidic groups converted to the methyl ester, and one of 

those acidic groups must be located at one of the aspartic acid residues.  One possibility 

is that the observed *b6 ion is the result of a loss of CO from the [*b6 + 28] ion to form the 

[*a6 + 28] ion.  The loss of CO from the *b6 ion was previously observed in the 

fragmentation of P+LDIFSDF(OMe)3 (Figure 4.7).  The +14 ions associated with the *b2, 

*b3, *b4, and *b5 ions are less abundant than the [*b6 + 14] ion, suggesting a preference for 

methyl ester formation at the aspartic acid residue closer to the C-terminus over the 

aspartic acid residue closer to the fixed charge derivative.  This preference for the second 

aspartic acid to form the methyl ester over the first aspartic acid residue agrees with the 

fragmentation of (H+)P+LDIFSDF(OMe)1, discussed above.  The formation of yn ions 

was not significant for either (H+)P+LDIFSDF(OMe)1 or (H+)P+LDIFSDF(OMe)2.    

 Fragmentation of the modified peptides without an added proton (i.e. 

P+LDIFSDF(OMe)1 and P+LDIFSDF(OMe)2) was also performed to investigate the 

heterogeneity of methyl ester formation.  However, because there is no “mobile proton,” 

the most likely site of fragmentation is C-terminal to aspartic acid when the acidic side 
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chain is not blocked by methyl ester formation.  The fragmentation spectra of singly 

charged P+LDIFSDF(OMe)1 is shown in Figure 4.9a.  The only +14 peak observed is [*b6 

+ 14].  This represents the ion population with methyl ester formation at the first aspartic 

acid residue since methyl ester formation at the second residue will block cleavage at that 

site, and methyl ester formation at the C-terminus will not produce a mass shift because 

the modification will be lost with the neutral fragment.  Therefore, methyl ester formation 

at the C-terminus is preferred over formation at the first aspartic acid residue.   

 The fragmentation spectra of singly charged P+LDIFSDF(OMe)2 is shown in 

Figure 4.9b.  The *b2 ion represents the ion population in which methyl ester formation 

has occurred at the second aspartic acid residue and the C-terminus.  There is a minor 

[*b6 + 28] ion observed, in which both aspartic acid residues have been converted to the 

methyl ester.  The formation of this ion is likely not occurring through the charge-remote 

fragmentation mechanism, but through the mechanism which produced the *b6 ion in the 

fragmentation of P+LDIFSDF(OMe)3 (Figure 4.7).  The *b6 ion observed in Figure 4.9b is 

likely the result of a loss of CO from the [*b6 + 28] ion to form the [*a6 + 28] ion, as 

discussed above for the fragmentation of (H+)P+LDIFSDF(OMe)2.                  
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Figure 4.9 SORI-CID spectra (SORI amplitude = 6 V, SORI time = 1000ms, argon 
collision gas) of: a) P+LDIFSDF(OMe)1 b) P+LDIFSDF(OMe)2.  
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4.3.3 H/D Exchange P+LDIFSDF(OMe)n, n=0-3, with D2O in the absence of an ionizing 
proton. 
 

 Hydrogen/deuterium (H/D) exchange with D2O in the gas phase can be used to 

gauge the “mobility” of a proton and is one method of investigating Asp-containing fixed 

charge derivative peptides.  The fixed charge derivative peptides with no additional 

proton might be expected to not be able to participate in the H/D exchange relay 

mechanism because there is not an ionizing proton to shuttle to/from the D2O exchange 

reagent.  However, it is possible for the acidic groups to participate in the flip-flop 

mechanism without the involvement of an added proton.176  The derivatized peptide 

P+LDIFSDF in its free acid form exchanges three of 11 exchangeable hydrogens for 

deuterium in ten minutes in the FT-ICR with D2O as the exchange reagent at a pressure 

of 6 x 10-7 Torr (Figure 4.10).  Apparent rate constants are reported in Table 4.2.    
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Figure 4.10 H/D exchange relative abundance curves as a function of time for 
P+LDIFSDF, D2O pressure = 6 x 10-7 Torr, three deuteriums incorporated after 600s 
exchange 
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Peptide # Exchanges 
Observed 

k1 k2 k3 

P+LDIFSDF 4* 0.097 0.063 ---† 

P+LDIFSDF(OMe)1 3 0.13 0.046 ---† 

P+LDIFSDF(OMe)2 2 0.061 / 0.015‡ ---† --- 
P+LDIFSDF(OMe)3 0 --- --- --- 

(H+)GG176 5 310 520 360 
 
Table 4.2 Apparent H/D exchange rates for modified LDIFSDF peptides with D2O as the 
exchange reagent (rates x 1012 cm3 molecule-1 sec-1, error estimated at 20% due to 
uncertainty in the ion gauge).  Exchange rates for the model peptide diglycine are shown 
for comparison.176  *A fourth exchange was observed in a QIT instrument at a higher 
reagent pressure.  †The nth exchange was not extensive enough to calculate kn.  ‡Two 
populations with different rate constants were observed.   
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This peptide was also subjected to H/D exchange in a quadrupole ion trap (QIT) 

instrument, which has a higher reagent pressure (four orders of magnitude) but shorter 

exchange times (less than one minute).  After 40s of exchange, one additional exchange, 

for a total of four, was observed (due to the higher reagent pressure).  When all three acid 

groups are converted to the methyl ester, P+LDIFSDF(OMe)3, no exchange is observed 

on the timescale of the FT-ICR experiment or in the QIT.  Presumably, the acidic 

hydrogens account for the H/D exchange with “unblocked” acidic groups because 

forming the methyl esters stops the H/D exchange reaction.  The fourth exchange 

probably occurs at the serine side-chain.  However, these experiments do not 

unequivocally rule-out exchange by the backbone amide groups.  These experiments also 

do not indicate whether the exchange reactions are mediated relay mechanism, the flip-

flop mechanism, or a combination of both.  However, since a maximum of four 

exchanges are occurring in P+LDIFSDF and there are only three acidic groups present in 

the sequence, it is likely that the relay mechanism is responsible for some of the 

exchange.   In addition, the “unblocked” serine side chain in P+LDIFSDF(OMe)3 cannot 

participate in H/D exchange because the acidic groups are “blocked” and cannot act as a 

partner for the H/D exchange reaction.  The lack of H/D exchange of P+LDIFSDF(OMe)3 

is consistent with the relay mechanism requirement for two partners bridging a proton for 

exchange.  

  P+LDIFSDF(OMe)1, with one of three acid groups converted to the methyl ester 

(non-specifically), displays three exchanges in the FT-ICR (Figure 4.11) with apparent 

rate constants shown in Table 4.2.  Since the C-terminus is the preferred site of methyl 
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ester formation (as discussed in section 4.3.2), most of the H/D exchange in this case 

likely involves the two aspartic acid residues with the third exchange at serine.  

P+LDIFSDF(OMe)2 displays much slower exchange with a maximum of two exchanges 

detected after 360s (Figure 4.11c).  Two distinct populations are observed for the first 

exchange (apparent first rate constants shown in Table 4.2), which is consistent with the 

heterogeneity of the methyl ester formation.  The fact that no exchange occurs when all 

three acid groups are “blocked” and that two exchanges occur when only one acid group 

is “unblocked” suggests that the exchange mechanism, when no added proton is present, 

requires interaction between two sites.  Together, these results demonstrate the acidic 

hydrogens are participating in H/D exchange in the absence of a “mobile” ionizing 

proton.  The H/D exchange at these acidic hydrogens is consistent with the idea that these 

protons are able to initiate fragmentation in the charge-remote fragmentation mechanism.     
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Figure 4.11 H/D exchange relative abundance curves as a function of time for 
P+LDIFSDF(OMe)n, n = 0-3.  Non-isotopically corrected spectra with isotopically 
corrected line spectra shown as insets.  The four precursor ions were selected as a group 
and exchanged with D2O simultaneously at a reagent pressure of 6 x10-7 Torr.  For clarity 
and due to differences in intensity, each envelope of peaks is normalized to the most 
abundant peak in that envelope.  a) zero second exchange b) 60 second exchange c) 360 
second exchange  
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4.4 H/D exchange of P+LDIFSDF analogues: solvation effects 

 

 In order to further investigate the H/D exchange of P+LDIFSDF, analogues were 

synthesized in which the aspartic acid residues and/or the serine residue were replaced 

with an alanine residue.  In addition, the C-terminus was sometimes “blocked” by 

synthesizing the amide form of the modified peptide (i.e. C-terminus amide group). 

 

4.4.1 H/D exchange of P+LDIFSDF-NH2, P+LDIFSAF, and P+LAIFSDF 

 

 This section discusses the H/D exchange of the modified peptides in which one of 

the acidic groups is specifically “blocked” while the remaining acidic groups and the 

serine residue are left intact.  When the C-terminus is modified via amide formation (i.e., 

P+LDIFSDF-NH2), three exchanges are observed after 840 s (Figure 4.12a) with rates 

constants shown in Table 4.3.  Likewise, the H/D exchange of the modified peptide with 

the aspartic acid residue closer to the C-terminus replaced by alanine (i.e., P+LDIFSDF-

NH2) shows a similar trend.  After 840 s exchange, a maximum of three exchanges are 

observed (Figure 4.12b) with rate constants reported in Table 4.3.  While the location of 

these three exchanges is not certain, it is likely they are at the two free acidic groups and 

the serine side chain, as discussed in Section 4.3.3.   
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Figure 4.12 H/D exchange relative abundance curves as a function of time for: a) 
P+LDIFSDF-NH2, D2O pressure = 4.6 x 10-7 Torr, maximum of 3 deuteriums 
incorporated after 840s exchange b) P+LDIFSAF, D2O pressure = 4.2 x 10-7 Torr, 
maximum of three deuteriums incorporated after 840s exchange.  Relative abundance 
curves are labeled as Dn, where n indicates the number of hydrogens replaced by 
deuterium. 
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Peptide # Exchanges 
Observed 

k1 k2 k3 

P+LDIFSDF 3† 0.097 0.063 * 

P+LDIFSDF-NH2 3 0.081 0.043 * 

P+LDIFSAF 3 0.17 0.10 * 

P+LAIFSDF 0 --- --- --- 

P+LDIFSAF-NH2 3 0.12 0.053 * 

P+LAIFSDF-NH2 1 0.013 --- --- 

P+LAIFSAF 0 --- --- --- 

P+LAIFSAF-NH2 0 --- --- --- 

P+LDIFAAF-NH2 1 0.021 --- --- 

P+LAIFADF-NH2 1 0.011 --- --- 

(H+)GG176 5 310 520 360 

 
Table 4.3 Apparent H/D exchange rates for P+LDIFSDF analogues with D2O as the 
exchange reagent.  Rates x 1012 cm3 sec-1 molecule-1, error estimated at 20% due to 
uncertainty in the ion gauge.  * The third exchange was not extensive enough to calculate 
k3.  The exchange rates for the model peptide diglycine are shown for comparison.  † A 
fourth exchange was observed in QIT H/D exchange at a higher D2O pressure.  
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However, when the aspartic acid residue closest to the fixed charge derivative is replaced 

with alanine, H/D exchange is much slower.  Although the abundance of this peptide 

following synthesis was low and H/D exchange for 840 s was not possible, after 180 s of 

exchange at a D2O pressure of 3.9 x 10-7 Torr, no appreciable amount of exchange was 

observed.  Therefore, replacing the acidic residue closest to the fixed charge derivative 

with alanine effects the conformation in a way that stops or significantly slows the H/D 

exchange mechanism.  One possibility is that removing the acidic group interrupts a 

hydrogen-bond system between the three acidic groups and the serine residue.  This may 

cause the second acidic group, the serine residue, and the C-terminus to associate very 

closely with one another, preventing the exchange reagent from inserting.  Another 

possibility is that exchange is occurring primarily between the first aspartic acid residue 

and another group, or at the first aspartic acid residue via the flip-flop mechanism, and 

then the deuterium is shuttled to another location in the peptide.  Replacing the first 

acidic group shuts down these mechanisms of exchange. 

 

4.4.2 H/D exchange of P+LDIFSAF-NH2, P+LAIFSDF-NH2, and P+LAIFSAF 

 

 As discussed in the previous section, the acidic side chain of the first aspartic acid 

residue (i.e., aspartic acid residue closer to the fixed charge derivative) is critical for the 

H/D exchange mechanism for the series of modified peptides in which one acidic group 

is systematically “blocked,” either by replacement of the aspartic acid residue with serine 
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or by formation the C-terminus amide.  The same trend is true for the series of modified 

peptides in which two of the acidic groups are systematically “blocked” (i.e., 

P+LDIFSAF-NH2, P+LAIFSDF-NH2, and P+LAIFSAF).  The modified peptide 

P+LDIFSAF-NH2 shows similar H/D exchange behavior to P+LDIFSDF-NH2 and 

P+LDISFAF (Figure 4.12) with 3 exchanges observed after 840 s of exchange with D2O 

(Figure 4.13a).  The rate constants for the H/D exchange of P+LDIFSAF-NH2 are shown 

in Table 4.3.  Two of these three exchanges are likely occurring at the free acidic group 

and the serine side chain.  The location of the third exchange is unknown, although it is 

possible that deuterium is shuttled from the original site of exchange to a different 

location on the peptide.  When the first acidic group and the C-terminus are “blocked,” 

(i.e., P+LAIFSDF-NH2), exchange is almost completely shut down with only one very 

slow exchange observed.  As shown in Figure 4.13b, this exchange levels off at 

approximately 8% of the total ion population after 120 s.  Therefore, the H/D exchange is 

slow enough in this case that the effects of back-exchange are observed.  When both 

acidic groups are replaced with alanine and the C-terminus is unmodified (i.e., 

P+LAIFSAF), no H/D exchange is observed after 840 s at a D2O pressure of 4.9 x 10-7 

Torr.  Therefore, the first aspartic acid residue plays a critical role in facilitating the H/D 

exchange mechanism for these modified peptides.  
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Figure 4.13 H/D exchange relative abundance curves as a function of time for: a) 
P+LDIFSAF-NH2, D2O pressure = 3.5 x 10-7 Torr, maximum of 3 deuteriums 
incorporated after 840s exchange b) P+LAIFSDF-NH2, D2O pressure = 4.9 x 10-7 Torr, 
maximum of one deuterium incorporated after 840s exchange.  Relative abundance 
curves are labeled as Dn, where n indicates the number of hydrogens replaced by 
deuterium. 
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4.4.3 H/D exchange of P+LDIFAAF-NH2 and P+LAIFADF-NH2 

 

 To further explore the role of the serine residue in the conformation and H/D 

exchange of P+LDIFSDF analogues, the serine residue was replaced with alanine in 

P+LDIFSAF-NH2 and P+LAIFSDF-NH2.  The peptide P+LDIFSAF-NH2 exchanges 3 

hydrogens for deuterium (Figure 4.12a).  However, when the serine residue is replaced 

with alanine (i.e., P+LDIFAAF-NH2), only one slow exchange is observed (Figure 4.14a).  

Therefore, the serine residue is playing an important role in the H/D exchange of 

P+LDIFSAF-NH2.  It is possible that exchange is occurring via the relay mechanism 

between the first aspartic acid and serine residues via the relay mechanism.  When serine 

is blocked by replacement with alanine, H/D exchange can only occur at the first aspartic 

acid residue via the flip-flop mechanism.     

 Only one very slow exchange was observed for the modified peptide 

P+LAIFSDF-NH2.   The H/D exchange of the peptide with the serine residue replaced by 

alanine (i.e., P+LAIFADF-NH2) is similar with only one minor exchange observed 

(Figure 4.14b).  The exchange levels off at approximately 6% of the total ion population 

after 120 s due to back-exchange.  Therefore, the second aspartic acid residue is likely 

solvated by backbone carbonyl groups which prevent it from participating in the relay or 

flip-flop mechanisms. 
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Figure 4.14 H/D exchange relative abundance curves as a function of time for: a) 
P+LDIFAAF-NH2, D2O pressure = 5.7 x 10-7 Torr, maximum of 1 deuterium 
incorporated after 840s exchange b) P+LAIFADF-NH2, D2O pressure = 5.7 x 10-7 Torr, 
maximum of one deuterium incorporated after 840s exchange.  Relative abundance 
curves are labeled as Dn, where n indicates the number of hydrogens replaced by 
deuterium. 
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4.5 Conclusions 

 

 Ab initio calculations of the fixed charge derivative tTMP-P+ support its use to 

investigate the selective cleavage of aspartic acid containing peptides in the absence of a 

“mobile” proton.  Calculating partial atomic charges from the electrostatic potential of 

the tTMP-P+ derivative shows that the positive charge is buried in the center of the bulky 

derivative.   Therefore, tTMP-P+ cannot activate the proposed aspartic acid nucleophile.  

The possibility of interactions between the tTMP-P+ derivative and an attached peptide 

was further investigated by modeling the structure of tTMP-P+-(CH2CO)-AlaAsp-

(NHCH3).  The lowest energy structure had no apparent interactions between the fixed 

charge derivative and the attached dipeptide, providing further evidence that the fixed 

charge derivative acts as an autonomous unit. 

 Structural calculations of CH3CO-(Asp)-NHCH3 provide insight into the cleavage 

mechanism in the absence of a “mobile” proton.  The calculations of CH3CO-(Asp)-

NHCH3 show that the conformer with a hydrogen bond between the side chain hydroxyl 

and the backbone carbonyl is 2.8 kcal/mol higher in energy than the lowest energy 

conformer, although a transition state structure is necessary to be absolutely certain the 

kinetic barrier is accessible.  The possibility of a tautomer structure was also explored.  

The tautomer structure was found to lie 36 kcal/mol above the lowest energy conformer, 

an energy difference which represents the lower limit for the activation barrier.   
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 Despite the absence of an ionizing proton, the derivatized peptide P+LDIFSDF in 

its free acid form exchanges three hydrogens for deuterium in an FT-ICR mass 

spectrometer with D2O as the exchange reagent.  However, when all acidic groups are 

converted to the methyl ester form (e.g. P+LDIFSDF(OMe)3), no exchange is observed.  

This evidence supports the proposed aspartic acid cleavage mechanism that occurs 

without the direct involvement of an ionizing proton because acidic protons are able to 

participate in H/D exchange with D2O in the absence of an added proton. 

 H/D exchange of P+LDIFSDF analogues in which acidic groups and the serine 

residue are systematically “blocked” by replacement with alanine (for aspartic acid 

residues and serine) or by amide formation (C-terminus) provide insight into the sites and 

mechanisms of H/D exchange.  The aspartic acid residue closest to the fixed charge 

derivative plays an important role in the H/D exchange mechanism, as its removal either 

slows or shuts down H/D exchange.  The relay mechanism, which requires two sites for 

exchange, is likely when the number of exchanges observed exceeds the number of acidic 

residues in the peptide.  However, the flip-flop mechanism is also a likely active 

mechanism of H/D exchange in these aspartic-acid containing fixed charge derivative 

peptides.  For example, the flip-flop mechanism is suggested by the single, relatively 

slow exchange observed for P+LDIFAAF-NH2, whereas the three exchanges observed 

when the serine residue is present (i.e., P+LDIFSAF-NH2) are likely mediated by the 

relay mechanism. 
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CHAPTER FIVE 

HYDROGEN-DETERIUM EXCHANGE AND FRAGMENTATION TO EXPLORE 

GAS PHASE CONFORMATIONS / PROTONATION MOTIFS OF A PROTONATED 

ASPARTIC ACID-CONTAINING FIXED CHARGE DERIVATIZED PEPTIDE 

 

This chapter presents the H/D exchange of a protonated, aspartic acid-containing fixed 

charge derivative peptide.  The H/D exchange of this peptide results in the observation of 

distinct ion populations with differing rates of exchange.  Furthermore, SORI-CID of the 

ion populations reveals differences in the relative abundances of fragment ions, 

supporting the “heterogeneous” model of peptide fragmentation proposed in Chapter 1.  

The effect of solvation / protonation motif on fragmentation is described.   

 

5.1       Introduction 

 

 The investigation of the gas phase conformation of biologically-relevant 

molecules such as proteins and peptides has been an area of recent interest because of the 

relationship between solution and anhydrous (i.e., gas phase) structure.189, 233  One 

possibility is that investigating gas phase structure will aid in the understanding of the 

role solvation plays in solution phase protein and peptide structures.234  However, the 

three-dimensional gas phase conformation of proteins and peptides is also important 

because unimolecular dissociation may be affected by the conformation and/or 

protonation motifs of the molecule.152, 235, 236  Presumably, during an H/D exchange 
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experiment, hydrogen atoms accessible on the surface of the peptide and those not 

involved in strong hydrogen bonding will exchange most readily.  A difference in 

deuterium uptake for the same molecule (i.e. multiple distributions and/or a non-Gaussian 

distribution) indicates the existence of multiple conformations / protonation motifs.  

 During the activation step of an MS/MS experiment, these conformations / 

protonation motifs may interconvert.  However, conformations / protonation motifs may 

also have activation barriers which exceed the energy imparted to the ion during the 

activation step.   Furthermore, different non-interconverting conformations / protonation 

motifs may sometimes have different fragmentation patterns.  The overall MS/MS 

spectrum is therefore a linear combination of the fragmentation of all the existing, non-

interconverting conformations / protonation motifs.  The purpose of this chapter is to 

demonstrate the ability of H/D exchange in an FT-ICR to explore gas phase 

conformations / protonation motifs and act as a sensitive probe for identifying different 

populations.  Also, the trapping capabilities of FT-ICR allow conformations / protonation 

motifs distinguished by different rates of H/D exchange to be isolated and fragmented, 

thereby revealing any differences in fragmentation behavior that are the result of 

conformational / protonation differences. 
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5.2 H/D exchange and fragmentation studies of (H+)P+LDIFSDF populations 

 

5.2.1    H/D Exchange of (H+)P+LDIFSDF  

 

 The mass spectrum obtained prior to H/D exchange of (H+)P+LDIFSDF is shown 

in Figure 5.1a.  The monoisotopic peak at m/z 714.8 is present along with the naturally 

occurring 13C and 18O isotopic distribution.  In order to simplify the H/D exchange 

results, the naturally occurring isotopic peaks can be removed by monoisotopic isolation, 

shown in Figure 5.1b.  Although monoisotopic isolation is favorable for simplified 

interpretation of H/D exchange results, it is not always possible due to multiple isolation, 

H/D exchange, and fragmentation steps which significantly reduce the signal intensity.  

The H/D exchange of monoisotopically isolated (H+)P+LDIFSDF with D2O at a pressure 

of 7 x 10-8 Torr is shown in Figure 5.2.  After 30 s of exchange, two distinct ion 

populations with different rates of exchange are evident (Figure 5.2a).  The population at 

m/z 714.8, representing D0, accounts for approximately 10% of the total ion population.  

This population does not exchange any hydrogen for deuterium, even after 600s of 

exposure to D2O (Figure 5.2b), and is referred to as the “non-exchanging” population.    

The slowest observable rate on the timescale and pressure parameters of the FT-ICR 

instrument used in this study is on the order of 10-14 cm3 molecule-1 sec-1, which 

represents an upper limit for the H/D exchange rate of the “non-exchanging” 

(H+)P+LDIFSDF population.    
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Figure 5.1 FT-ICR mass spectra of: a) (H+)P+LDIFSDF b) (H+)P+LDIFSDF, 
monoisotopic isolation. 
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Figure 5.2  H/D exchange spectra of (H+)P+LDIFSDF with D2O pressure of 7 x 10-8 Torr 
following monoisotopic selection of the precursor ion (precursor ion m/z = 714.8): a) 30s 
exchange b) 600s exchange 
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 A second (H+)P+LDIFSDF population, referred to as the “exchanging 

population,” reacts relatively quickly with the D2O exchange reagent and accounts for 

approximately 90% of the overall ion population.  (H+)P+LDIFSDF has 12 labile 

hydrogens, including one carboxy terminus, one serine, two aspartic acid, and seven 

backbone amide hydrogens, plus one ionizing proton.  After 30s of exchange, the most 

abundant peak of the exchanging population, D9, corresponds to nine hydrogens replaced 

by deuterium (Figure 5.2a).  After 600s of exchange, the most abundant peak is D12, 

which corresponds to all twelve labile hydrogens replaced by deuterium.  The D12 peak 

represents 68% of the exchanging population, indicating the H/D exchange reaction has 

almost reached completion after 600s.  Figure 5.3 shows the normalized abundance 

curves for deuterium incorporation into the exchanging population of (H+)P+LDIFSDF as 

a function of time with D2O as the exchange reagent at a pressure of 7 x 10-8 Torr.  The 

doubly-charged phosphonium derivatized peptide exhibits facile exchange with rate 

constants shown in Table 5.1.  For comparison, the rate constants previously reported176 

for the D2O H/D exchange of digycine (GG), a small, rapidly-exchanging model peptide, 

are also shown in Table 5.1.   
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Figure 5.3  H/D exchange relative abundance curves as a function of time for 
(H+)P+LDIFSDF.  Dn indicates the number of deuteriums incorporated for each curve,  
D2O pressure = 7 x 10-8 Torr.  Relative abundance curves have been corrected for a non-
exchanging population accounting for 10% of the total ion abundance.  After 20s (inset), 
a maximum of 10 hydrogens have been exchanged for deuterium.  After 600s, 68% of the 
ions have exchanged all 12 exchangeable hydrogens for deuterium.  
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Peptide (H+)P+LDIFSDF (H+)GG176 
# Hydrogens Exchanged 12 5 

k1 78 310 
k2 76 520 
k3 46 360 
k4 39 47 
k5 36 7 
k6 29 --- 
k7 23 --- 
k8 19 --- 
k9 14 --- 
k10 7.6 --- 
k11 5.9 --- 
k12 2.8 --- 

 

Table 5.1  Apparent H/D exchange rates for (H+)P+LDIFSDF with the rates for 
deuterium incorporation into (H+)GG176 shown for comparison.  Rates are x1012 cm3 
molecule-1 sec-1, error is estimated at 20% due to uncertainty in the ion gauge.  H/D 
exchange rates for (H+)P+LDIFSDF are corrected for a non-exchanging population 
accounting for 10% of the total ion abundance. 
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5.2.2 Fragmentation of (H+)P+LDIFSDF exchanging and non-exchanging populations 

 

 The two distinct (H+)P+LDIFSDF ion populations formed upon H/D exchange 

were fragmented via SORI-CID.  In this case, the precursor ion was not monoisotopically 

selected to obtain enough signal for the subsequent H/D exchange, isolation, and 

fragmentation steps.  The precursor ion was subjected to H/D exchange for 30s with a 

D2O pressure of 7 x 10-8 Torr.  After 30s of H/D exchange, the two ion populations that 

emerged were separated by three mass-to-charge units, and so monoisotopic selection of 

each ion population was not performed to preserve signal intensity.  The non-exchanging 

population was isolated along with its three most abundant 13C / 18O isotope peaks.  The 

exchanging population, corresponding to 6 through 11 deuteriums incorporated plus 

corresponding 13C / 18O isotope peaks, was isolated as a group.  The non-exchanging and 

exchanging ion populations were each isolated and fragmented by SORI-CID (SORI time 

= 500ms, SORI amplitude = 3.5V) with argon as the collision gas (Figure 5.4, where *an 

and *bn denote standard an and bn ions with the fixed charge derivative located at the N-

terminus). 
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Figure 5.4 Isolation and SORI-CID of (H+)P+LDIFSDF ion populations (SORI amplitude 
= 3.5 V, SORI time = 500 ms) following H/D exchange of (H+)P+LDIFSDF for 30s with 
D2O (pressure = 7 x 10-8 Torr):  a)  non-exchanging population b) exchanging 
population. 
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 The non-exchanging population displays selective cleavage with fragmentation 

occurring most prominently C-terminal to the aspartic acidic residues forming the *b2 and 

*b6 ions (Figure 5.4a).  Fragmentation of the exchanging population results in regularly 

spread, fairly uniform cleavage along the entire peptide backbone (Figure 5.4b).  

Although the *b6 ion remains the most abundant fragmentation ion, the *a1, *a3, *b3, *a4, 

*b4, [*b5-H2O], and *b5 ions are present at a significant abundance.  The only yn ion 

formed at a significant abundance in the fragmentation of either population is y1.  In 

addition, the y1 ion is more abundant in the fragmentation of the non-exchanging 

population.  Another notable feature of the fragmentation spectra for the two 

(H+)P+LDIFSDF populations is the lack of doubly charged *bn ions.  Only a low 

abundance [*b6 – H2O]2+ ion is observed in the fragmentation of the non-exchanging 

population.  In addition, the non-exchanging population loses H2O more readily from the 

precursor ion than does the exchanging population.  The opposite is observed for H2O 

loss from the *b6 ion: the exchanging population loses H2O more readily from the *b6 ion 

than does the non-exchanging population.     

 No significant isotope effect is expected for cleavage of the deuterated and non-

deuterated fixed charge derivative peptides; this was confirmed by taking a linear 

combination of the fragmentation spectra for the exchanging and non-exchanging 

populations, and taking into account the percentage of the total ion population (i.e. the 

fragmentation spectra of the non-exchanging and exchanging populations were multiplied 

by 0.9 and 0.1, respectively).  The linear combination of these spectra is in good 
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agreement with the fragmentation spectrum obtained for the combined populations with 

no H/D exchange (Figure 5.5).   

 Together, these results indicate that in the exchanging population, the added 

proton is more “mobile” and able to initiate charge-directed fragmentation along the 

peptide backbone.  In the non-exchanging population, the added proton is more 

sequestered, and cannot initiate charge-directed cleavage.  Therefore, charge-remote 

fragmentation pathways become dominant and *b2 and *b6 are the main *bn ions 

observed.  The site at which the proton is sequestered is not obvious, but only the singly 

charged *b2 and *b6 ions are formed, suggesting the proton is not located at the fixed 

charge derivative.  A minor peak corresponding to the doubly charged [*b6 – H2O] ion is 

present.  Also, the y1 ion is more dominant in the fragmentation of the non-exchanging 

population.  One possibility is that, in the non-exchanging population, the added proton is 

solvated by several or all of the oxygen-containing functional groups including the 

aspartic acid side chains, the C-terminus, and the serine side chain.   
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Figure 5.5 SORI-CID of combined (H+)P+LDIFSDF ion populations a) Linear 
combination of spectra shown in Figure 5.4, weighted for abundance (non-exchanging 
population x 0.1 + exchanging population x 0.9) b) Isolation and SORI-CID (SORI 
amplitude = 3.5V, SORI time = 500ms) of precursor ion with no H/D exchange. 
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5.2.3 Non-interconversion of (H+)P+LDIFSDF populations 

 

 In order to determine if the two distinct (H+)P+LDIFSDF populations are stable 

when additional energy is deposited into the ions, SORI-RE CID was used to fragment 

the conformers.  SORI-RE is the application of a lower-energy, 500 ms – 1000ms SORI 

pulse followed 20-50 ms later by a higher energy, relatively short (10 – 15 μs) on-

resonance (RE) pulse.  The SORI pulse increases the internal energy of the ions so that 

some portion of them fragment, mainly through the lowest energy channels, while the 

remaining precursors maintain an internal energy slightly below the fragmentation 

threshold.  The subsequent application of a short, higher-energy RE pulse then raises the 

internal energy of the remaining precursor ions to a level which is higher than is 

accessible by SORI alone.  SORI-RE CID and its applications are discussed in detail in 

Chapter 7 of this dissertation.  The SORI-RE CID fragmentation spectra of 

(H+)P+LDIFSDF populations (SORI amplitude = 2 V, SORI time = 500 ms, 20 ms gap, 

RE amplitude = 200 V, time = 10 μs) are shown in Figure 5.6.  These SORI-RE spectra 

are similar to the SORI spectra shown in Figure 5.4, indicating that the additional energy 

deposited (i.e., 1-4 eV, estimated, see Figure 7.3) during the activation event did not 

interconvert the ion populations.   
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Figure 5.6  Isolation and SORI-RE CID of (H+)P+LDIFSDF ion populations (SORI 
amplitude = 2 V, SORI time = 500 ms, 20 ms gap, RE amplitude = 200 V, RE time = 10 
μs) resulting from H/D exchange of (H+)P+LDIFSDF for 60s with D2O (pressure = 4 x 
10-8 Torr).  a)  non-exchanging population b) exchanging population. 
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5.3   Solution phase H/D exchange of P+LDIFSDF and gas phase D/H Exchange of 

labeled (D+)P+LDIFSDF with H2O 

 

 Figure 5.7a shows the distribution of peaks for labeled (D+)P+LDIFSDF after 

reacting for one hour in a D2O:CD3OD:AcOH (50:50:1) solution.  The most abundant 

peak corresponds to peak to 12 deuteriums incorporated, the maximum number possible.  

Peaks appearing above m/z 720.8 are isotope peaks of the deuterium-labeled peptide.  

The envelope of peaks shown in Figure 5.5a was subjected to deuterium/hydrogen (D/H) 

exchange using H2O as the exchange reagent.  After 30s D/H exchange at an H20 

pressure of 8 x 10-8 Torr, one population, corresponding to approximately 93% of the 

total ion population, has rapidly reacted with H2O with the maximum peak corresponding 

to four deuteriums remaining, m/z 716.8 (Figure 5.7b).  The second population, 

corresponding to approximately 7% of the total ion population, displays much slower 

D/H exchange with H2O.  These two exchanging and non-exchanging populations 

correspond to the populations discussed in section 5.2.1 for H/D exchange with D2O.  

After 120s D/H exchange (Figure 5.7c), the exchanging population has undergone further 

reaction with H2O and the most abundant peak at m/z 715.8 corresponds to two 

deuteriums remaining.  In addition, a portion of the ions have exchanged all deuteriums 

for hydrogen (m/z 714.8).  The peak distribution for the non-exchanging population is 

similar for both 30s and 120s exchange. 
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Figure 5.7  D/H exchange of labeled (D+)P+LDIFSDF with H2O (pressure = 8.0 x 10-8 
Torr) following solution phase H/D exchange of (H+)P+LDIFSDF for one hour in 
D2O:CD3OD:AcOH, 50:50:1 for: a) 0s b) 30s c) 120s 



 

166

 In order to further confirm that these two populations are identical to the ones formed 

when the unlabeled peptide is reacted with D2O, the two populations formed from 30s 

reaction with H2O in Figure 5.7b were each isolated and fragmented via SORI-CID 

(SORI amplitude = 3V, SORI time = 500ms).  Figure 5.8a shows the fragmentation 

spectrum of the non-exchanging population after 30s D/H exchange with H2O (pressure = 

8 x 10-8 Torr).  This fragmentation spectrum is similar to the one shown in Figure 5.4a for 

fragmentation of the non-exchanging population following H/D exchange with D2O.  The 

fragmentation is more selective than for the exchanging population, with the *b2 and *b6 

the main *bn ions observed.  Figure 5.8b shows the fragmentation spectrum of the 

exchanging population following 30s D/H exchange with H2O (pressure = 8.0 x 10-8 

Torr).  This spectrum is similar to the corresponding spectrum for fragmentation of the 

exchanging population following H/D exchange with D2O shown in Figure 5.4b.  

Cleavage is relatively uniform along the peptide backbone with the *a1, *a3, *b3, *a4, *b4, 

[*b5-H2O], and *b5 ions present at a significant abundance, although the *b6 ion is the 

most abundant.  Also, the y1 ion is less abundant for the fragmentation of the exchanging 

population.  These results reiterate that the added proton is likely more sequestered in the 

non-exchanging population, and that this added proton is likely solvated near the C-

terminus.  In addition, the fragmentation effects are not the result of a deuterium isotope 

effect since similar spectra are obtained for gas phase D2O and H2O exchange. 
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Figure 5.8 Isolation and SORI-CID of back-exchanged (H+)P+LDIFSDF ion populations 
(SORI amplitude = 3V, SORI time = 500ms) following D/H exchange of labeled  
(H+)P+LDIFSDF for 30s with H2O (pressure = 8 x 10-8 Torr).  a) non-exchanging 
population b) exchanging population. 
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5.4   MS/MS/MS of the *b6 ion for Exchanging and Non-Exchanging Populations of 

(H+)P+LDIFSDF 

 

 The *b6 ion is the most abundant fragment ion formed from SORI-CID of 

(H+)P+LDIFSDF for both the non-exchanging and exchanging populations (Figures 5.4 

and 5.6).  MS/MS/MS of the *b6 ion formed from both the non-exchanging and 

exchanging populations was performed.  Presumably, if the fragmentation pattern of the 

*b6 ion is the same for both populations, the ion has a similar structure and is being 

formed in a mechanistically similar manner.  Figure 5.9 shows the MS/MS/MS of the *b6 

ion after D/H exchange of labeled (D+)P+LDIFSDF with H2O (pressure = 8 x 10-8 Torr) 

and isolation and SORI-CID (SORI amplitude = 3V, SORI time = 500ms) of the non-

exchanging and exchanging populations.  The spectra shown in Figure 5.9 are similar 

with respect to fragments present and their relative abundances.  Therefore, the *b6 ion 

has the same structure for both populations and is likely forming in a mechanistically 

similar manner.   
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Figure 5.9 MS/MS/MS of *b6 ion from (H+)P+LDIFSDF ion populations: isolation and 
SORI-CID (SORI amplitude = 7V, SORI time = 500ms) of the *b6 fragment ion resulting 
from the isolation and SORI-CID (SORI amplitude = 3V, SORI time = 500ms) of the two 
ion populations after D/H exchange of labeled  (H+)P+LDIFSDF for 30s with H2O 
(pressure = 8 x 10-8 Torr).  a)  non-exchanging population b) exchanging population. 
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5.5 Conclusions 
 
  

 Studies of (H+)P+LDIFSDF show that at least two distinct structures exist with 

different H/D exchange behaviors and fragmentation patterns.  One population does not 

exchange any hydrogen for deuterium on the timescale and pressure of the experiment.  

This population also exhibits selective cleavage C-terminal to the aspartic acid residues, 

suggesting that the added proton is unavailable to initiate cleavage (i.e., not “mobile”).  In 

addition, the lack of doubly charged ions suggests the location of the sequestered proton 

is not at the fixed charge derivative.  A second population rapidly exchanges hydrogen 

for deuterium with D2O.  Fragmentation of this exchanging population occurs along the 

entire peptide backbone indicating a proton that is “mobile” and able to initiate charge-

directed fragmentation. 

 Differences in fragmentation among (H+)P+LDIFSDF populations are not due to a 

deuterium isotope effect, as demonstrated by taking the linear combination of the 

fragmentation spectra (weighted for abundance) and by D/H exchange with H2O.  

Furthermore, deposition of additional energy via SORI-RE activation was not effective in 

inter-conversion of the ion populations.  Fragmentation of the *b6 ion (MS/MS/MS: 

MH+/*b6) for both populations suggests the same structure, indicating the ions are formed 

mechanistically in the same manner. 

 Together, these results effectively demonstrate that conformation / protonation 

motif may have a significant effect on the fragmentation spectrum observed, and supports 

the “heterogeneous” model of peptide fragmentation proposed in Chapter 1.  In the case 
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of non-interconverting populations, the overall MS/MS spectrum is a linear combination 

of all conformations and protonation motifs.  Furthermore, H/D exchange can be a 

sensitive probe for different populations provided there is a difference in reactivity with 

the exchange reagent.  FT-ICR is particularly well-suited for this type of analysis given 

the ability to perform multiple experimental stages, including monoisotopic selection, 

H/D exchange (seconds to minutes), and fragmentation. 
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CHAPTER SIX 

FRAGMENTATION OF DOUBLY CHARGED PEPTIDE ION POPULATIONS 

LABELED BY HYDROGEN / DEUTERIUM EXCHANGE WITH CD3OD 

 

This chapter presents the H/D exchange of the doubly-protonated peptides bradykinin 

and RVYIFPF, an angiotensin III analogue.  The H/D exchange of these peptides results 

in the observation of distinct ion populations with differing rates of exchange.  

Fragmentation of the ion populations is described with respect to fragmentation 

efficiency and the partitioning of deuterium atoms into fragment ions. 

Observed differences in fragmentation efficiency support the “heterogeneous” model of 

peptide fragmentation.     

 

6.1 Introduction 

 

 The ion mobility and H/D exchange of the nonapeptide bradykinin and related 

analogues have been extensively studied.46, 47, 169, 179, 180, 190, 195, 196, 198, 203-205, 237-240  Ion 

mobility measurements have shown that the singly- and doubly- charged ions of 

bradykinin have a similar cross-section, while the triply-charged ion has a cross-section 

that is approximately 15% larger, providing evidence for a much less compact 

structure.169, 238, 239  H/D exchange studies with D2O, CD3OD, ND3, and DI have detected 

two non-interconverting ion populations for doubly- and triply-charged bradykinin.180, 195, 

196, 203-205  These ion populations were not detected by traditional ion mobility 
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experiments,169, 238, 239 suggesting the conformers have a similar collisional cross-section.  

Calculation of site-specific rate constants by Lifshitz and co-workers revealed the first 

three exchanges of doubly-charged bradykinin with CD3OD and ND3 have equivalent 

rate constants.196  They attribute these first three exchanges to the hydrogens at the 

protonated amino terminus.  Later studies by Guevremont and coworkers using high-field 

asymmetric waveform ion mobility spectrometry (FAIMS) combined with H/D exchange 

detected four separate bradykinin populations, including one of very low abundance, for 

the doubly charged ion.46  In general, ion mobility and H/D exchange results support a 

compact, folded conformation for both singly- and doubly- charged bradykinin in which 

the basic and acidic sites interact.47, 169, 241  The existence of a salt-bridge, in which the 

carboxy terminus is deprotonated and both arginine residues are protonated, has been 

proposed for singly- and doubly-charged bradykinin.179, 203  In doubly-charged 

bradykinin, the amino terminus, which is the third most basic site on the peptide, is likely 

protonated in the unactivated salt-bridge structure.   

 Fragmentation studies of bradykinin have also been reported.  In slow-heating ion 

activation methods, peptides tend to fragment at the amide bond, resulting in the 

formation of bn and yn ions, where n is the number of amino acid residues counting from 

the N- or C- terminus, respectively.242  The fragmentation of doubly charged peptides 

often results in the formation of bn/ym-n ion pairs, in which each ion is singly charged and 

m is the total number of amino acid residues in the peptide.  Presumably, these ion pairs 

can be formed simultaneously by the same mechanism if, when the amide bond cleaves, 

one ionizing proton is located on each of the newly-formed bn and ym-n ions.  Williams 
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and co-workers have shown by blackbody infrared dissociation (BIRD) that the lowest 

energy fragmentation pathway for doubly-charged bradykinin results in the formation of 

the b2 / y7 ion pair.241  This is supported by molecular dynamics simulations which 

demonstrate the charged N-terminal arginine is partially solvated by the backbone 

carbonyl oxygen of the proline residue in the second position, which likely contributes to 

formation of the b2 and y7 ions.241      

 Attempts to combine ion-molecule reactions with fragmentation studies of 

bradykinin have been reported.  McLuckey and co-workers observed two ion populations 

for doubly-charged bradykinin with different rates of hydroiodic acid attachment in an 

approximate ratio of 55:45 (for slow- and fast- reacting populations).204  Upon isolation 

and fragmentation of the slow-reacting ion population, they observed a mass spectrum 

identical to the mixture of populations, indicating interconversion of the ion populations.  

Also, the slower-reacting population could be converted back to the mixture of 

conformations through gentle activation.204  Lifshitz and co-workers attempted to 

fragment doubly-charged bradykinin labeled via H/D exchange with ND3.196  They 

observed a shift of three mass units for the y6 and y7 ions, and two mass units for the b6 

ion.  Also, they report the neutral loss of water from the precursor ion does not contain 

any deuterium.196  However, they also report any conclusions based on these data are 

tentative because the proton at the positively-charged amino terminus is expected to be 

mobile (assuming a salt-bridge structure), thereby causing deuterium scrambling upon 

ion activation.196  In fact, scrambling of “mobile” protons and deuteriums in peptides is 

well-documented in the literature.153, 154, 161, 162 Mao and Douglas performed H/D 
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exchange of bradykinin fragment ions y6, y7, y8, y8
2+, b5, a6, b6, and a8 and observed that 

the y-ions exchange more readily.205  They conclude this is consistent with the higher 

exchange level observed for singly charged des-arg1-bradykinin over singly charged des-

arg9-bradykinin.205  

 This Chapter aims to explore the fragmentation behavior of different bradykinin 

conformations / protonation motifs separated by H/D exchange.  In addition to the studies 

presented here for doubly-charged bradykinin, the fragmentation of ion populations 

labeled by H/D exchange for the doubly-charged peptide RVYIFPF is also reported.  

RVYIFPF is an analogue of angiotensin III in which the histidine residue in the fifth 

position has been replaced with phenylalanine. 

 



 

176

6.2 Hydrogen / deuterium exchange and fragmentation of doubly-charged bradykinin 

populations 

 

6.2.1 H/D exchange of doubly-charged bradykinin 

 

 The doubly-charged, nine amino acid residue peptide bradykinin [RPPGFSPFR + 

2H]2+ contains 19 labile hydrogens, including one carboxy terminus, one serine, two 

amino terminal, five backbone amide, and eight arginine hydrogens, plus two ionizing 

protons.  The monoisotopic isolation and H/D exchange of doubly-charged bradykinin 

with CD3OD at a pressure of 4 x 10-7 torr for 90 s is shown in Figure 6.1.  The difference 

between these populations is likely due to a difference in the spatial distribution of the 

atoms (i.e., conformation) or in the location of the protons and hydrogen-bonding 

scheme.  The presence of two distinct populations with different rates of exchange is 

observed.  The most abundant ions for the slower and faster exchanging populations are 

D1 and D8, respectively.  The maximum number of exchanges observed at this timescale 

and reagent pressure is 14.  Although the H/D exchange of bradykinin with deuterated 

methanol has been previously reported,195, 196, 205, 237 the data are shown here to 

demonstrate the distribution of the labeled ion populations used in the fragmentation 

studies discussed in this Chapter. 
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Figure 6.1 Monoisotopic isolation and H/D exchange of [RPPGFSPFR + 2H]2+ with 
CD3OD at 4 x 10-7 Torr for 90 s.  Peaks are labeled as Dn, where n indicated the number 
of hydrogens which have been exchanged for deuterium. 
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6.2.2 Fragmentation of bradykinin ion populations labeled by H/D exchange 

 

 Following monoisotopic isolation and H/D exchange of doubly-charged 

bradykinin for 90 s at a CD3OD pressure of 4 x 10-7 Torr, ion populations D5, D6, D7, D8, 

D9, D10, and D11 were monoisotopically selected and fragmented via SORI-CID with 

argon as the collision gas.  The same experiment was also performed for the D0, D1, and 

D2 ion populations, except because of lower relative abundance, the precursor ion before 

H/D exchange was not monoisotopically selected.  The SORI-CID spectra of the D1 (m/z 

531.3) and D8 (m/z 534.8) ion populations are compared in Figure 6.2.  The amplitudes 

of the SORI pulses used to generate the spectra in Figure 6.2 were chosen to deplete the 

abundance of the precursor ion to a similar value.  SORI amplitudes of 2.75 V and 3 V 

SORI resulted in 11% and 14% survival yields of the isolated D1 and D8 precursor ions, 

respectively. 
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Figure 6.2 SORI-CID spectra of [RPPGFSPFR + 2H]2+ D1 and D8 populations:                  
a) monoisotopically selected D1 population (precursor ion not monoisotopically selected 
before H/D exchange with CD3OD at 4 x 10-7 Torr for 90 s), SORI time = 500 ms, 
amplitude = 2.75 V b) monoisotopically selected D8 population (precursor ion 
monoisotopically selected before H/D exchange with CD3OD at 4 x 10-7 Torr for 90 s), 
SORI time = 500 ms, SORI amplitude = 3.0 V. 
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 As shown in Figure 6.2, fragmentation of the doubly charged precursor ion results 

in the formation of the ion pairs b1 / y8 and b2 / y7.  An a8 ion, which is presumably 

formed from the b8 ion,24, 137, 142, 143, 243 is also observed.  Because the y8 ion and the [b8 + 

H20] ion coincidentally have the same elemental formula, the identity of the y8 ion (m/z = 

904.5 in unlabeled peptide) was confirmed via MSn experiments.  The two main fragment 

ions observed upon MS3 SORI-CID fragmentation of the m/z 904.5 ion are water loss 

and y6, with no evidence of any b-type ions (Figure 6.3a).  MS4 of the [904.5 – H2O] ion 

supports the identity of 904.5 as y8, with no b-type ions observed (Figure 6.3b).   

Similarly, the b8 and [y8 – H2O] ions have the same elemental formula (m/z = 886.5 in 

unlabeled peptide).  The most abundant peak observed in the MS3 fragmentation 

spectrum of m/z 886.5 is a8 (Figure 6.3c).  However, y-type ions are also observed.  

Overall, b- and a- type ions are approximately three times as abundant as y-type ions 

when complete fragmentation of the m/z 886.5 ion is performed.  Therefore, the ion 

observed at m/z 886.5 (unlabeled peptide) in the MS/MS fragmentation of doubly-

charged bradykinin is labeled as a mixture of b8 and [y8 – H2O], but b8 is the major 

component.  Also observed in the fragmentation of doubly-charged bradykinin is a large 

y6 ion without the formation of the corresponding b3 ion (Figure 6.2).  However, an ion 

observed at m/z = 333.2 was found to have a measured exact mass of 333.2042, which 

agrees with the theoretical exact mass of 333.2039 for [b3 – H2O].  In addition, 

fragmentation of [MH2
2+ - H2O] resulted in the formation of y6 and m/z 333.2 (Figure 

6.3d).  Although water cannot be lost from the side-chains of the first three amino acid 
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residues (RPP), Ballard and Gaskell have shown that water loss can involve a backbone 

carbonyl.244  
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Figure 6.3 MSn SORI-CID fragmentation spectra of [RPPGFSPFR + 2H]2+: a) MS3: 
MH2

2+ / 904.5 (SORI amplitude = 2.5, SORI time = 500 ms / SORI amplitude = 5 V, 
SORI time = 1000ms) b) MS4: MH2

2+ / 904.5 / 886.5 (SORI amplitude = 2.5, SORI time 
= 500 ms / SORI amplitude = 4 V, SORI time = 500ms / SORI amplitude = 4.5 V, SORI 
time = 500ms) c) MS3: MH2

2+ / 886.5 (SORI amplitude = 2.5, SORI time = 500 ms / 
SORI amplitude = 5 V, SORI time = 500ms) d) MS3: MH2

2+ / [MH2
2+ - H2O] (SORI 

amplitude = 2.5, SORI time = 500 ms / SORI amplitude = 5 V, SORI time = 500ms). 
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 The fragmentation of the “slow” and “fast” exchanging populations was studied 

as a function of SORI amplitude.  The two populations were each selected as groups of 

ions, rather than monoisotopic isolation of individual peaks.  Figure 6.4 shows the 

precursor survival yield over a range of SORI amplitudes (2 – 4 V) for each population.  

The faster exchanging population consistently requires larger amplitude (approximately 

0.25 V) to achieve similar precursor survival yields (within 5%) as the slower exchanging 

population.  The conformational / protonation difference which attributes to the 

difference in fragmentation efficiency can not be determined from these H/D exchange 

studies, but presumably the conformation, and its protonation / hydrogen bonding motif, 

is more favorable for fragmentation at lower energy in the “slower” exchanging 

population.  Also, conversion of ion populations into other conformations / protonation 

motifs may occur during the activation event and thereby affect the observed spectrum. 
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Figure 6.4 Precursor survival yield for slower- and faster-exchanging [RPPGFSPFR + 
2H]2+ ion populations (H/D exchange with CD3OD at 4 x 10-7 Torr for 90 s) as a function 
of SORI amplitude (SORI time = 500 ms). 
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 In order to determine if the difference in fragmentation efficiency of the “slow” 

(i.e., D0 – D2) and “fast” (i.e., D5 – D11) exchanging ion populations is due to a deuterium 

isotope effect, the peptide was subjected to solution phase H/D exchange.  The labeled 

peptide was then reacted with CH3OH in the gas phase (i.e., D/H exchange).  Figure 6.5a 

shows the mass spectrum of the labeled peptide.  Because the H/D exchange was carried 

out in solution, monoisotopic isolation was not possible.  The peptide contains 19 labile 

hydrogens and, as shown in Figure 6.5a, the majority of the ion population has exchanged 

the maximum number of hydrogens.  The labeled peptide was back-exchanged in the gas 

phase with CH3OH at a pressure of 6 x 10-7 Torr for 90 s, and the results are shown in 

Figure 6.5b.  As expected, two ion populations are observed, with the “faster” 

exchanging population more abundant.  The envelope of peaks labeled in Figure 6.5b as 

the “slow” exchanging population were isolated and fragmented via SORI-CID (SORI 

time = 500 ms, amplitude = 2.75 V), as shown in Figure 6.5c.  Similarly, the SORI-CID 

(SORI time = 500 ms, amplitude = 3 V) spectrum of the “fast” exchanging population is 

shown in Figure 6.5d.  The spectra shown in Figure 6.5c-d are very similar to those in 

Figure 6.2.  Consistent with the H/D exchange experiment, the “slow” exchanging 

population, with a larger number of deuteriums, requires lower SORI amplitude than the 

“fast” exchanging population, with a smaller number of deuteriums, to achieve a similar 

precursor survival yield (percentages).  Therefore, the difference in fragmentation 

efficiency between the two populations is observed regardless of which population 

contains more deuterium, and cannot be attributed to a deuterium isotope effect.   
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Figure 6.5 D/H exchange of labeled [RPPGFSPFR + 2D]2+ and SORI-CID of ion 
populations a) Mass spectrum of doubly-charged bradykinin following incubation for one 
hour in D2O:CD3OD:AcOH (50:50:2) solution, inset shows isotopically corrected 
spectrum b) D/H exchange of doubly-charged bradykinin for 90 s (with CH3OH at a 
pressure of 6 x 10-7 Torr) following incubation for one hour in D2O:CD3OD:AcOH 
(50:50:2) solution, two populations are evident and labeled as “slow” and “fast” c) SORI-
CID of “slow” exchanging doubly-charged bradykinin population (SORI time = 500 ms, 
amplitude = 2.75 V) d) SORI-CID of “fast” exchanging doubly-charged bradykinin 
population (SORI time = 500 ms, amplitude = 2.75 V).  Compare with Figures 6.1 and 
6.2. 
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 6.2.3 Partitioning of deuterium atoms after SORI-CID of the D8 bradykinin ion 

population 

 

 As a representative example, the distribution of deuterium atoms in traditional- 

and pseudo-ion pairs following 500ms, 3 V SORI-CID of the D8 ion population is shown 

in Figure 6.6.  Figure 6.6a-b shows the distribution of the deuterium atoms in the b1 / y8 

and b2 / y7 ion pairs.  The average number of deuteriums incorporated into the b1 and y8 

ions is 2.5 and 5.5, respectively (Figure 6.6a).  The sum of the deuterium incorporation 

into the b1 and y8 ions from the D8 precursor is 8.0, which matches the value of 8 

expected if the deuteriums are partitioned between the two fragments.  The b2 / y7 ion 

pair (fragmentation between the two adjacent proline residues) is expected to partition the 

deuterium atoms identically to the b1 / y8 ion pair (fragmentation between arginine and 

proline) since the amino acid residue proline contains no labile hydrogens.  Indeed, the 

average number of deuteriums incorporated into the b2 and y7 ions is 2.5 and 5.5, 

respectively (Figure 6.6b).  The sum of the average deuterium incorporation is 8.0, again 

matching the total number of deuteriums of the selected precursor ion.  If the fragment 

ions were formed by independent pathways and H/D scrambling occurred, the b and y 

fragments might contain unrelated numbers of deuterium that do not add up to the total 

amount of deuterium in the precursor.  The close match to the theoretical values for b1 / 

y8 and b2 / y7 suggests these ion pairs truly are complementary, i.e., the ion pairs are 

likely formed simultaneously from the same fragmentation mechanism.  If the b2 and y7 

ions were formed by different mechanisms, there would be no expectation that the total 
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number of deuteriums in the two mechanistically unrelated fragments would equal 8.  If 

scrambling occurs either before or during the fragmentation event, it is not manifested in 

the partitioning of the deuterium atoms in a complementary pathway because both ions 

are formed at the same time. 
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Figure 6.6 Ion pairs and pseudo-ion pairs for the SORI-CID of the monoisotopically 
selected [RPPGFSPFR + 2H]2+ D8 population (SORI time = 500 ms, amplitude = 3 V, 
precursor ion monoisotopically selected before H/D exchange with CD3OD at 4 x 10-7 
Torr for 90 s) a) b1 and y8 b) b2 and y7 c) y1 and b8 / [y8 – H2O] (MS3 shows b8 is major 
ion, see Section 6.2.2) d) [b3 – H2O] and y6. 
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 Figure 6.6c shows the partitioning of the deuterium atoms in the y1 / b8 ion pair 

(with some contribution to b8 from [y8 – H2O], as discussed above) after SORI-CID of 

the D8 ion population.  The average deuterium incorporation into the y1 ion is 3.1.  This 

value is 0.6 deuteriums higher than the average deuterium incorporation into the b1 and b2 

ions (Figure 6.6a-b), which agrees with earlier evidence that the y-type ions contain more 

deuterium after fragmentation of labeled bradykinin.196, 205  Average deuterium 

incorporation into the b8 ion (with some contribution from the [y8 – H2O] ion) is 4.6 

(Figure 6.6b).  Therefore, the sum of the deuterium incorporation into y1 and b8 (with [y8 

– H2O] contribution) is 7.7, slightly lower than the theoretical value of 8.  This value may 

deviate from ideal due a mixed contribution from the b8 and [y8 – H2O] ion.  The b8 ion is 

presumably related to the a8 ion through the loss of CO,24, 137, 142, 143, 243 a mechanism 

which does not involve loss of hydrogen.  Therefore, the sum of the average deuterium 

incorporation into the pseudo-ion pair y1 / a8 is expected to match theoretical value.  

However, the average deuterium incorporation into the a8 ion is 4.6, and the sum of the 

average deuterium incorporation into the pseudo-ion pair y1 / a8 is 7.7, lower than the 

theoretical value of 8.   

 Finally, following fragmentation of the D8 ion population, the pseudo-ion pair [b3 

– H2O] / y6 has 2.4 and 5.2 deuteriums incorporated into the [b3 – H2O] and y6 ions, 

respectively (Figure 6.6d).  Of all the ion pairs considered here, the sum of the average 

deuterium corporation, 7.6, is the poorest match to the theoretical value of 8.  However, 

this is not unexpected since the loss of water from the b3 ion could include loss of 

deuterium. 
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6.2.4 Partitioning of deuterium atoms after SORI-CID of the D0 – D2 and D5 – D11 

bradykinin ion populations 

 

 The average number of deuterium atoms incorporated into each of the fragment 

ions observed is shown in Figure 6.7a.  As expected, the largest fragment ion, [MH2
2+ - 

H2O], retains the most deuterium.  Upon fragmentation of the D11 ion population, an 

average of 10 deuteriums are retained with the [MH2
2+ - H2O] fragment ion, and one is 

lost with the neutral water.  Some amount of deuterium is lost with the neutral water for 

all populations studied.  This disagrees with studies by Lifshitz and co-workers which 

reported no loss of deuterium with the neutral loss of water.196  However, their H/D 

exchange step was carried out with ND3, and, despite deuterium scrambling, the sites of 

H/D exchange at the time of fragmentation may not be identical to exchange with 

CD3OD because different exchange mechanism are involved.  The y7 and y8 ions are 

almost identical in the amount of deuterium retention.  This is expected since the 

difference between the y7 and y8 ions is one proline residue, which has no labile 

hydrogens.  On average, the y6 ion retains 0.2 fewer deuteriums than the y7 and y8 ions 

over all populations studied.  This is likely due to transfer of the exchanged hydrogen of 

the glycine amide to the newly-formed b3 ion.  The b1 and b2 ions show an almost 

identical amount of retention of deuterium, as expected and discussed above for the y7 

and y8 ions.  Also, the [b3 – H2O] ion retains the least amount of deuterium, indicating 

that some deuterium is lost with the neutral loss of water.   
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Figure 6.7 Deuterium incorporation into fragment ions for the SORI-CID of the D1 and 
D5 – D11 [RPPGFSPFR + 2H]2+ populations after H/D exchange for 90 s with CD3OD at 
a pressure = 4 x 10-7 Torr a) Individual fragment ions with linear fit of data points b) 
Sum of average deuterium incorporation for ion pairs and pseudo-ion pairs. 
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 The y6, y7, and y8 ions show greater retention of deuterium than the a8 and b8 

(with some contribution from [y8 – H2O]) ions.  Similarly, the y1 ion retains more 

deuterium than the b1 and b2 ions.  As noted in the previous section, this agrees with an 

earlier study which showed that y-type ions generally have more deuterium incorporated 

than b-type ions.196  However, this does not agree with conclusions made in the same 

study that the first three exchanges are equivalent and occur at the protonated N-terminus, 

but the exchange reagent used in that study was ND3 which may exchange directly with 

the terminal amino group.196  As shown in Figure 6.7a, fragmentation of the D5 

population results in average retention of less than two deuteriums by the b1 and b2 ions.  

Although scrambling could be occurring, the consistency with which the y-ions, 

including y1, contain more deuterium than the corresponding b-ions, including b1, 

suggests more facile exchange at the C-terminal arginine residue.       

 Figure 6.7b shows the sum of the average number of deuteriums incorporated into 

the ion pairs b1 / y8, b2 / y7, and y1 / b8 (with some [y8 – H2O] contribution to b8), and the 

pseudo-ion pairs y1 / a8 and [b3 – H2O] / y6.  Excellent matches to theoretical for all ion 

populations are obtained for the ion pairs b1 / y8 and b2 / y7.  This indicates these ions of a 

given complementary pair are likely being formed simultaneously through the same 

mechanism.  The ion pair y1 / b8 (with some [y8 – H2O] contribution to b8) also closely 

matches the theoretical for most ion populations despite having a mixed composition.  It 

is likely that, although y8 is expected to retain more deuterium, the excess deuterium is 

lost with the neutral water loss, causing b8 and [y8 – H2O] to retain very similar amounts 

of deuterium.  A much poorer match to theoretical is found for the pseudo-ion pair y1 / a8, 
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with the sum of the deuterium incorporations consistently slightly lower than the 

theoretical for most ion populations.  One of the mechanisms thought to occur for the 

formation of an an ion is loss of CO from the bn ion.24, 137, 142, 143, 243  However, this 

mechanism does not involve hydrogen.  If this is the only mechanism occurring to form 

the a8 ion, then the sum of the deuterium incorporation into the y1 / a8 pseudo-ion pair is 

expected to match the theoretical value for each ion population (assuming y1 and b8 are 

formed by the same mechanism).  Therefore, it is possible that the a8 ion is being formed, 

at least some of the time, by another mechanism.  Deuterium incorporation into the 

pseudo-ion pair [b3 – H2O] / y6 is also lower than the theoretical value for all ion 

populations studied.  However, this deviation may be due to some amount of deuterium 

being lost with the neutral water loss. 
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6.3 Hydrogen / deuterium exchange and fragmentation of doubly-charged RVYIFPF 

populations 

 

6.3.1 H/D exchange of doubly-charged RVYIFPF 

 

 The seven amino acid residue peptide RVYIFPF is an analogue of angiotensin III 

(RVYIHPF) with the fifth residue replaced with phenylalanine.  The doubly-charged 

peptide, [RVYIFPF + 2H]2+ has 15 labile hydrogens, including one carboxy terminus, 

one tyrosine, two amino terminal, four arginine and five backbone amide hydrogens, plus 

two ionizing protons.  The FT-ICR monoisotopic isolation and H/D exchange with 

CD3OD of doubly-protonated RVYIFPF after 60s, 360s, and 600s is shown in Figure 6.8.  

After 60s of exchange (Figure 6.8a), two distinct ion populations with different rates of 

H/D exchange are evident.  One population exchanges more slowly with the D0 as most 

abundant ion, while the second population exchanges more quickly with D7 as the most 

abundant ion.  The slower exchanging population accounts for approximately 90% of the 

overall ion abundance, in contrast to data shown in Chapter 5 of this dissertation for the 

modified peptide (H+)P+LDIFSDF.  The maximum number of deuteriums incorporated 

into the precursor ion is ten.  After 360s of exposure to the CD3OD reagent at 1 x 10-7 

Torr (Figure 6.8b), two additional exchanges are observed.  Two distinct ion populations 

are still evident with D2 and D8 as the most abundant ions for the slower and faster 

exchanging populations, respectively.  After 600s of exchange, three distinct ion 

populations emerge, as indicated in Figure 6.8c.  These three ion populations have 
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maximum abundance ions at D3, D8, and D10.  The populations likely have different H/D 

exchange rates due to the spatial distribution of the atoms (i.e., conformation) or the 

location of the protons and hydrogen-bonding scheme.  It is important to note that the 

distribution of deuterium in each population may become wider as a function of time.  

For example, D3 in Figure 6.8c (600s exchange) likely corresponds to D0 or D1 in Figure 

6.8a (60s exchange). 
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Figure 6.8 Monoisotopic isolation and H/D exchange of [RVYIFPF + 2H2+] with 
CD3OD at 1 x 10-7 Torr for: a) 60 s b) 360 s c) 600 s, three distinct ion populations are 
indicated.  Peaks are labeled as Dn, where n indicated the number of hydrogens which 
have been exchanged for deuterium. 
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 The normalized relative abundance curves for the incorporation of deuterium into 

[RVYIFPF + 2H]2+ as a function of time for FT-ICR H/D exchange is shown in Figure 

6.9.  The normalized relative abundance curves for D0 - D5 account for the majority of the 

overall ion abundance over the exchange time studied.  Furthermore, the slowest 

exchanging ion population is the main contributor to these curves (see Figure 6.8).  

Apparent rate constants for the first four exchanges (k1 – k4) are 8.0 x 10-13, 5.7 x 10-13, 

4.9 x 10-13, and 3.9 x 10-13 molecule / (sec*cm3).  The normalized relative abundance 

curves for D6 – D12 (Figure 6.9, inset) show complicated kinetics due to contributions 

from at least three conformations / protonation motifs.   

 It is important to note that preliminary results for [RVYIFPF + 2H]2+ H/D 

exchange with D2O for 10 s in a quadrupole ion trap (QIT) indicated the existence of at 

least two distinct ion populations.  FT-ICR H/D exchange has clear advantages over QIT 

including monoisotopic selection and the ability to track H/D exchange over a longer 

time period, which may lead to the observation of exchange behavior too subtle to detect 

in a QIT (i.e., three populations shown in Figure 6.8c).  However, QIT H/D exchange is 

less expensive and more rapid, advantages which make it an attractive method to 

“screen” peptides for interesting H/D exchange behavior.   
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Figure 6.9 H/D exchange relative abundance curves as a function of time for [RVYIFPF 
+ 2H]2+ after exposure to CD3OD at 1 x 10-7 Torr from 0 – 600s.  Curves are labeled Dn, 
where Dn indicates the number of hydrogens exchanged for deuterium.  Inset shows the 
normalized relative abundance curves for D6 - D12. 
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6.3.2 Partitioning of deuterium atoms after SORI-CID of the D0 – D7 RVYIFPF ion 

populations 

 

 Following monoisotopic isolation and H/D exchange of the [RVYIFPF + 2H]2+ 

precursor ion for 60s at a CD3OD pressure of 1 x 10-7 Torr, ion populations D1 - D7 were 

monoisotopically selected and fragmented via SORI-CID over a range of SORI 

amplitudes.  Figure 6.10 shows representative data obtained for monoisotopic isolation 

and SORI-CID of the precursor ion with 2 and 7 deuteriums incorporated (D2 and D7, 

respectively).  Figures 6.10a and 6.10b show the result of applying 1.0 V and 1.5 V SORI 

pulses, respectively (SORI time = 500 ms, 500 ms argon pulse), to fragment the D2 

population.  The insets in Figure 6.10a-b show the isotopic distribution of the y2 and b5 

fragment ions, where 0D, 1D, and 2D indicate zero, one, and two deuteriums, 

respectively.  The singly-charged y2 and b5 ions result from cleavage of the peptide bond 

between the fifth (phenylalanine) and sixth (proline) amino acid residues.  The isotopic 

distribution of the y2 and b5 ions is similar in Figure 6.10a and Figure 6.10b, indicating 

the SORI amplitude over the range studied does not have an effect on the partitioning of 

the deuteriums.  For the fragmentation of the D2 ion population and over all SORI 

amplitudes studied, including the ones shown in Figure 6.10a-b, the y2 fragment ion 

contains zero or one deuterium, an average of 0.49, while the b5 fragment ion contains 

two or one deuteriums, an average of 1.47.  The sum of these average amounts of 

deuterium incorporation is 1.96, which agrees well with the theoretical value of two (two 

deuteriums incorporated in the ion before SORI-CID).  Similarly, Figures 6.10c and 
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6.10d show the result of applying 1.0 V and 1.5 V SORI pulses, respectively (SORI time 

= 500 ms, 500 ms argon pulse), to fragment the D7 population.  The partitioning of the 

deuterium atoms is not effected by SORI amplitude.  For the fragmentation of the D7 ion 

population and over all SORI amplitudes studied, including the ones shown in Figure 

6.10c-d, the y2 fragment ion contains zero, one, two, or three deuteriums, an average of 

1.93, while the b5 fragment ion contains four, five, six, or seven deuteriums, an average 

of 5.16.  The sum of the average deuterium incorporation is 7.09, which agrees well with 

the theoretical value of 7.0.    
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Figure 6.10 Ion pairs for the SORI-CID of the monoisotopically selected [RVYIFPF + 
2H]2+ D2 and D7 populations: monoisotopic isolation and H/D exchange of [RVYIFPF + 
2H]2+ with CD3OD at 1 x 10-7 Torr, followed by monoisotopic isolation of ion with 2 or 7 
deuteriums incorporated (D2, m/z 472.3 or D7, m/z 474.5) and SORI-CID with argon as 
the collision gas (500 ms pulse), SORI time = 500 ms a) D2, SORI amplitude = 1.0 V b) 
D2, SORI amplitude = 1.5 V c) D7, SORI amplitude = 1.0 V d) D7, SORI amplitude = 1.5 
V.  Insets show isotopic distribution of fragmentation ions with nD indicating n number 
of deuteriums incorporated. 
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 Figure 6.11 shows the partitioning of the deuterium atoms in the y2 and b5 

fragment ions for monoisotopic isolation and SORI-CID of D1 – D7 [RVYIFPF + 2H2+] 

populations.  Each data point represents the average amount of deuterium incorporated 

into the fragment ions averaged over a range of SORI amplitudes (i.e., 0 V, 0.5 V, 0.75 

V, 1.0 V, 1.25 V, and 1.5 V SORI).  SORI amplitude did not have any observable effect 

on the deuterium partitioning, as reflected in the error bars (standard deviation) in Figure 

6.11.  The y2 fragment ion can have a maximum of 3 deuteriums (i.e., one backbone 

amide, one carboxy terminus, and one ionizing deuterium).  As illustrated in Figure 6.11, 

the y2 fragment ion has an average of two deuteriums incorporated when the precursor 

ion is labeled with seven deuteriums.  The corresponding b5 fragment ion can have a 

maximum of 12 deuteriums incorporated (i.e., one tyrosine, two amino terminus, four 

backbone amide, and four arginine deuteriums, plus one ionizing deuteron).  When the 

precursor ion is labeled with seven deuteriums, the b5 fragment ion has an average of five 

deuteriums incorporated (Figure 6.11).  The sum of the average number of deuterium 

atoms incorporated into the y2 and b5 ions matches very closely with the theoretical, as 

shown in Figure 6.11.  This indicates that the y2 / b5 ion pair is complementary, consistent 

with conclusions for the y2 / b5 ions of doubly-protonated angiotensin II (DRVYIHPF).207  

While scrambling of the deuterium atoms before or during the fragmentation event 

cannot be ruled-out, the partitioning of the deuterium atoms demonstrates that both 

fragment ions are being formed by the same mechanism. 
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Figure 6.11 Deuterium incorporation into fragment ions for the monoisotopic isolation 
and SORI-CID of D1 – D7 [RVYIFPF + 2H]2+ populations (SORI time = 500ms, argon 
pulse = 500ms).  Data points represent the average amount of deuterium incorporated into 
the indicated fragment ion for SORI amplitude = 0V, 0.5 V, 0.75 V, 1.0 V, 1.25 V, and 
1.5 V.  Error bars represent the standard deviation. 
 



 

205

 6.3.3 Fragmentation efficiency of RVYIFPF ion populations 

 

 While the partitioning of the deuterium atoms is not affected by SORI amplitude 

over the range studied (i.e., 0.5 V – 1.5 V SORI, as discussed in Section 6.3.2), SORI 

amplitude does effect extent of fragmentation for the different ion populations.  Figure 

6.12 shows the precursor ion survival yield as a function of SORI amplitude for the 

“slower” and “faster” exchanging [RVYIFPF + 2H]2+ ion populations.  In this 

experiment, the exchange was carried out for 60 s, but at a CD3OD pressure an order of 

magnitude greater (1 x 10-6 Torr) than was used to generate the data in Figure 6.8.  

Therefore, the distribution of deuterium atoms after 60 s of exchange at 1 x 10-6 Torr was 

similar to that shown in Figure 6.8b (H/D exchange for 360 s at 1 x 10-7 Torr).  Following 

H/D exchange, the envelopes of peaks corresponding to D0 – D5 and D6 – D12, and 

therefore the “slower” and “faster” exchanging populations, respectively, were isolated 

and fragmented over a range of SORI amplitudes (0 – 3V).  As shown in Figure 6.12, the 

“fast” exchanging population displays a higher extent of fragmentation at lower SORI 

amplitudes than does the “slow” exchanging population.  Presumably, the different ion 

populations have different H/D exchange behaviors due to different conformations / 

protonation motifs, and the different conformations / protonation motifs are also affecting 

the SORI amplitude required to observe the same level of fragmentation.  Upon 

activation, the ion populations may convert into distinct, non-interconverting “energized” 

structures, as illustrated in Scheme 1.3, and these distinct “energized” structures have 

different fragmentation efficiencies.  The observed differences in activation energy 
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requirements cannot be contributed to a deuterium isotope effect, which would cause ion 

populations labeled with more deuterium ions to have lesser levels of fragmentation at 

greater SORI amplitudes. 
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Figure 6.12 Precursor survival yield for slower- and faster-exchanging [RVYIFPF + 
2H]2+ populations (H/D exchange with CD3OD at 1 x 10-6 Torr for 60 s) as a function of 
SORI amplitude (SORI time = 500 ms).  
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 The result shown in Figure 6.12 is confirmed by plotting the relative abundance of 

unfragmented precursor ion as a function of SORI amplitude for the SORI-CID of D0 – 

D7 [RVYIFPF + 2H]2+ ion populations, and for the combined populations (i.e., no H/D 

exchange of the precursor ion).  The abundance of the unfragmented precursor ion is 

shown relative to the y2 and b5 ions, which is the most dominant fragmentation pathway.  

The H/D exchange was carried out for 60s at a CD3OD pressure of 1 x 10-7 Torr (see 

Figure 6.6a).  As shown in Figure 6.13, the D0 and D1 ion populations (open symbols), 

which exchange more slowly with CD3OD (as discussed in Section 6.3.1), require higher 

SORI amplitudes to reach the same level of fragmentation as the D2 - D7 ion populations 

(closed symbols).  The curve for the precursor ion with no H/D exchange (i.e., combined 

ion populations) is falls in between the D0 – D1 and D2 – D7 groups (Figure 6.12, x 

symbol).  As expected, the non-exchanged precursor ion fragmentation behavior 

represents an average of the ion populations. 
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Figure 6.13 Fragmentation efficiency curves for [RVYIFPF + 2H]2+ D0 – D7 
populations: abundance of (MH2

2+) / (y2 + b5) fragment ions * 100 as a function of SORI 
amplitude for the SORI-CID (collision gas = argon) of [RVYIFPF + 2H]2+ ion 
populations (i.e., D0 – D7) labeled by 60 s H/D exchange with CD3OD at a pressure of 1 x 
10-7 torr  and for the combined populations (i.e., no H/D exchange of precursor ion).   
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6.4 Conclusions 

 

 Gas phase H/D exchange can be a selective technique to separate different non-

interconverting isomers, even when these conformations, likely with different hydrogen 

bonding motifs, are not distinguishable by standard ion mobility techniques.  

Furthermore, these different ion populations may have different fragmentation 

efficiencies, as demonstrated for the doubly-charged peptides bradykinin and RVYIFPF, 

an angiotensin III analogue.  These results clearly demonstrate that conformation / 

protonation motif plays an important role in the unimolecular dissociation of peptide 

ions, and supports the “heterogeneous” model of peptide fragmentation.  The overall 

fragmentation characteristics observed for a protonated peptide are therefore an average 

of the fragmentation characteristics of individual ion populations with different 

conformation / protonation motifs.   

 Deuterium incorporation in bn / ym-n ion pairs can provide evidence that the ions 

are being formed during the same fragmentation event if the sum of the average 

deuterium incorporation into the bn and ym-n ions matches the overall amount of 

deuterium in the precursor ion.  This partitioning of deuterium atoms will match the 

theoretical value regardless of whether deuterium scrambling is occurring before or 

during the fragmentation event because the complementary ions are formed via one 

mechanism.  The origin of complementary ions in doubly protonated angiotensin II has 

been previously studied by kinetic energy release distributions (KERDs) in a magnetic 

sector mass spectrometer.207  However, the labeling method presented in this Chapter is 
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both more rapid and simple.  An FT-ICR is appropriate for this type of study because of 

multiple analysis steps including monoisotopic selection of the precursor ion, H/D 

exchange with excellent time and pressure control, and monoisotopic selection and 

SORI-CID of individual ion populations.  The overall deuterium incorporation into the b1 

/ y8 and b2 / y7 bradykinin ion pairs and the y2 / b5 RVYIFPF ion pair suggests these 

complementary ions are being formed by the same mechanism for the doubly-protonated 

precursor ions.  Results for deuterium incorporation into the y1 / a8 bradykinin pseudo-ion 

pair are consistently less than the theoretical values, suggesting some other mechanism 

for the a8 ion formation may be involved, or that the y1 / b8 ions form by multiple 

mechanisms.              



 

212

CHAPTER SEVEN 

COMBINATION OF SUSTAINED-OFF RESONANCE IRRADIATION AND ON-

RESONANCE EXCITATION IN FT-ICR 

 

This chapter describes a new FT-ICR activation technique, termed SORI-RE CID, which 

enhances the abundance of higher-energy, structurally-meaningful fragment ions over 

standard SORI-CID.  In addition, this technique may be used to gain mechanistic insights 

into energy requirements for competing fragmentation mechanisms.  This technique is 

easy and inexpensive to incorporate in existing FT-ICR instruments, as hardware and 

software modifications are not required. 

    

7.1 Introduction 

 

 The product ions observed in a tandem mass spectrometry experiment depend, in 

part, on the amount of energy deposited into the precursor ion, and the manner in which 

that energy is deposited.  In certain instances, it is advantageous from structural and 

analytical points of view to obtain fragment ions resulting from both low and high-energy 

fragmentation pathways.  However, certain fragmentation pathways may be particularly 

facile when a low energy, slow-heating collisional activation technique such as SORI-

CID is used, causing higher energy pathways to be suppressed.117  This is especially true 

in the fragmentation of carbohydrates in which the cleavage of the glycosidic linkages 

occurs generally at lower fragmentation thresholds and cross-ring cleavages occur at 
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higher fragmentation thresholds.  Another example is the fragmentation of protonated 

peptides.  Statistical analyses and mechanistic studies of peptide fragmentation have 

revealed residue-specific preferential cleavage N-terminal to proline (Pro) in the presence 

of a mobile proton, and C-terminal to aspartic acid (Asp) and glutamic acid (Glu) in the 

absence of a mobile proton.18, 19, 32-37, 40  Under certain conditions, the dominance of these 

preferential cleavages may lead to a loss of fragmentation information because other 

fragment peaks may be of very low abundance or not present.   

 The combination of SORI-CID and RE-CID, termed SORI-RE can sometimes 

enhance the observation of higher-energy fragmentation product ions. In SORI-RE, a 

SORI pulse is followed by a comparatively short and high amplitude RE pulse.  The 

application of the SORI pulse increases the internal energy of the ions so that some 

portion of the ions has enough internal energy to dissociate, mainly through the lowest 

energy dissociation pathways.  The undissociated but activated ions remain below the 

fragmentation threshold. The subsequent application of a RE pulse causes the internal 

energy of the remaining precursor ions to rise significantly above the fragmentation 

threshold.  This results in an enhancement of higher energy fragment ions, which appear 

along with the lower energy fragment ions produced in the SORI step.   In certain 

instances, the ion population is not homogeneous, but exists as a heterogeneous mixture 

with several subpopulations containing different protonated forms and/or conformations, 

as demonstrated by ion mobility and gas phase H/D exchange.44, 245, 246  The increased 

internal energy produced in SORI-RE does not simply initiate higher energy 

fragmentation, but may also alter these heterogeneous populations. The experiment 



 

214

described here is related to a so-called “pump-probe” experiment, described before.247  In 

the previous experiment, BIRD was used to raise the internal energy of the precursor ion 

to a well-defined value.  Next, RE-CID was used to probe the amount of additional 

energy needed to reach a particular, final internal energy distribution.  In the SORI-RE 

experiment, SORI is used to pump energy into the precursor ion so that some portion of 

the precursor ions fragment through low energy pathways and RE is used to induce 

higher energy fragmentation of the remaining activated ion population.  The internal 

energy is more well-defined in BIRD than in SORI, and so BIRD-RE is therefore more 

appropriate for fundamental energy deposition studies.   However, the SORI-RE 

experiment represents a practical method for the enhancement of fragment ions resulting 

from higher energy pathways.  This technique is both rapid and easy to apply in existing 

FT-ICR instruments equipped to perform SORI-CID because no hardware or software 

modification is required and the acquisition time is increased by only 20-40 ms. The 

information SORI-RE provides is complementary to SORI alone and can also provide 

additional structural/mechanistic information. 



 

215

7.2 SORI, RE and SORI-RE studies of leucine enkephalin 

 

7.2.1 Leucine Enkephalin: Relative energy of fragment ion formation 

 

 Leucine enkephalin contains five amino acids with the sequence tyrosine-glycine-

glycine-phenylalanine-leucine (YGGFL).  The lowest energy fragmentation process for 

luecine enkephalin is formation of b4; this is typically the most abundant fragment in the 

case of SORI-CID and BIRD studies225 (m/z = 425.2, Figure 7.1a). Medium energy 

fragments include the a4 ion (m/z = 397.2, Figure 7.1a), which can be formed by the loss 

of CO from b4. The a4/b4 ratio is sometimes used to characterize the degree of 

excitation.248, 249  Other medium energy fragments are the b3 (m/z = 278.1) and y2 (m/z = 

279.2) ions. Alexander and Boyd250 first suggested the use of the b3/y2 ratio as a sensitive 

measure for internal energy deposition into the precursor ions, and this ratio has been 

used elsewhere.249  The b3 ion results from a higher energy fragmentation pathway, 

therefore an increasing b3/y2 ratio indicates increasing energy content in the molecule. 
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Figure 7.1 Experimental and calculated SORI, RE, and SORI-RE CID spectra of 
YGGFL(H+) (Ar collision gas, 550 ms pulse) following monoisotopic selection              
a) Experimental SORI: time = 500 ms, amplitude = 2.0 V b) Experimental RE: time = 10 
μs, amplitude = 120 V c) Experimental SORI-RE: SORI time = 500 ms, amplitude = 2.0 
V, 20 ms time gap, RE time = 10 μs, amplitude = 120 V d) Theoretical SORI: time = 500 
ms, amplitude = 2.0 V e) Theoretical RE: time = 10 μs, amplitude = 120 V f) Theoretical 
SORI-RE: SORI time = 500 ms, amplitude = 2.0 V, 20 ms time gap, RE time = 10 μs, 
amplitude = 120V. 
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 Formation of immonium ions is characteristic of high energy processes (i.e., 

greater energy requirements than any of the ions, b4, a4, b3, y2, considered here), and these 

immonium ions are only rarely observed with high abundance in FT-ICR CID.150, 251-256  

In the case of leucine enkephalin, immonium ions derived from phenylalanine (F) (m/z = 

120.1) and tyrosine (Y) (m/z = 136.1) are expected.  These immonium ions are indeed 

observed in SORI-RE (Figure 7.1c), while they are of very low abundance in the SORI-

CID spectrum (Figure 7.1a). The abundance of a4 + b4 ions compared to that of the Y + F 

ions is an excellent measure of the degree of excitation in leucine enkephalin, e.g. SID 

and keV CID spectra contain abundant immonium ions.257 

 

7.2.2 Leucine Enkephalin: Comparison of SORI-CID, RE-CID, and SORI-RE-CID, and 

RE-SORI-CID spectra 

 

 Figure 7.1a-c shows the spectra obtained experimentally by SORI, RE, and SORI-

RE CID fragmentation of the monoisotopically selected YGGFL(H+) ion using argon as 

the collision gas.  When the YGGFL(H+) ion is fragmented via a 2.0 V, 500 ms SORI 

pulse (Figure 7.1a), the a4 and b4 ions are the most abundant fragment ions and these ions 

are present at an a4/b4 ratio of approximately 0.3.  By contrast, when a 120 V, 10 μs RE 

pulse is applied (Figure 7.1b), the a4 ion becomes more abundant than the b4 ion.  Also, 

the F and Y immonium ions, which result from higher energy fragmentation processes, 

are barely detectable in the SORI spectrum but are observable as ions of low abundance 

in RE. The b3 and y2 ions are present at a similar ratio in both the SORI and RE spectra. 
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 The enhancement of higher energy fragmentation processes occurs when the 120 

V, 10 μs RE pulse is applied 20 ms after the completion of the 2.0 V, 500 ms SORI pulse 

(Figure 7.1c).   First, the a4 and b4 ions, while still very abundant, are not the only main 

fragment ions present.  The F and Y immonium ions are much more abundant in the 

SORI-RE spectrum than in either the SORI or the RE spectra.  The b3 and y2 ions are also 

enhanced as compared to SORI and RE alone.  In contrast to the SORI and RE spectra, 

the SORI-RE spectrum has a y2 ion less intense than the b3 ion, also indicating a change 

in energy deposition.  In addition, the singly charged ion at m/z 323 is enhanced 

compared to either SORI or RE.  In the previously reported multistep mechanism for the 

formation of the m/z 323 ion, the a4 ion loses NH3 and undergoes a cyclic rearrangement.  

The rearranged ion has a previous internal residue (glycine) at the new N-terminus, and 

this glycine residue is readily lost, forming the ion at m/z 323.258  Therefore, it appears 

that combining SORI with RE has a synergistic effect, i.e., SORI-RE is not a simple 

linear combination of SORI and RE.  Fragment ions resulting from higher energy 

channels are enhanced as compared to RE alone. In addition, the abundance of low 

energy fragment ions common in SORI spectra is maintained.  A further advantage of 

SORI-RE is that it is easy to optimize and to perform. 

 Changing the sequence of ion activation and performing RE first followed by a 

SORI cycle is also possible, but in such a case the results depend significantly on the time 

gap between the RE and SORI pulses. Figure 7.2c-d shows the RE-SORI spectra when 

the gap between RE and SORI pulses is 20 ms and 50 ms, respectively, along with the 

corresponding SORI and RE spectra for comparison (Figure 7.2a-b).   
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Figure 7.2 Experimental RE, SORI, and RE-SORI CID spectra of YGGFL(H+) (Ar 
collision gas, 1050 ms pulse) following monoisotopic selection a) SORI: time = 500 ms, 
amplitude = 2.0 V b) RE: time = 10 μs, amplitude = 120 V c) RE-SORI: RE time = 10 
μs, amplitude = 120 V, 20 ms time gap, SORI time = 500 ms, amplitude = 2.0 V d) RE-
SORI: RE time = 10 μs, amplitude = 120 V, 50 ms time gap, SORI time = 500 ms, 
amplitude = 2.0 V. 
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The collision gas valve was opened 500 ms before the RE pulse and closed at the end of 

the SORI pulse, resulting in an overall pulse time of 1020 ms – 1050 ms, depending on 

the time gap (compared to 550 ms for SORI-RE).  This is necessary during RE-SORI due 

to the short duration of the RE pulse.  Therefore, the precursor ion is depleted to a greater 

extent in the SORI and RE spectra shown in Figure 7.2a-b than in Figure 7.1a-b due to 

the higher collision gas pressure in the ICR cell.  As expected, the highest abundance 

SORI fragment ions observed (i.e., a4, b4) with a 2.0 V, 500 ms pulse are those resulting 

from lower energy fragmentation processes (Figure 7.2a).  In addition, the b3/y2 and a4/b4 

ion ratios are both approximately 0.2.   Figure 7.2b shows the result of a 10 μs, 120 V RE 

pulse.  In this spectrum, a4 and b4 remain the highest abundance fragment ions.  However, 

the F immonium, b3, and y2 ions are present at a higher abundance than in the SORI 

spectrum.  The Y immonium ion, barely detected in the SORI spectrum, is of higher 

abundance in the RE spectrum.  In addition, the b3/y2 and a4/b4 ion ratios have increased 

to 0.4 and 2.3.  Figure 7.2c-d shows the result of combining the SORI and RE pulses 

from Figure 7.2a-b, with RE preceeding SORI.  In Figure 7.2c, there is a 20 ms gap 

between the activation pulses, the shortest time gap allowed by the hardware.   In this 

spectrum, the F immonium, Y immonium, m/z 323, b3, and y2 ions are enhanced as 

compared to SORI or RE alone.  The b3/y2 and a4/b4 ion ratios are 1.1 and 2.7, 

respectively, indicating a higher level of energy deposition   By contrast, the RE-SORI 

spectrum shown in Figure 7.2d with a 50 ms gap between activation pulses looks more 

similar to Figure 7.2b.  First, the F immonium, Y immonium, m/z 323, b3, and y2 ion 

abundances are very similar to the RE spectrum in Figure 7.2b and less than the RE-
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SORI spectrum in Figure 7.2c (20 ms gap).  Second, the b3/y2 and a4/b4 ion ratios are 0.7 

and 2.4.  While these ratios are somewhat higher than the ion ratios for RE alone, they are 

significantly smaller than the RE-SORI spectrum with a 20 ms gap between activation 

pulses.  The spectral differences shown in Figures 2c and 2d illustrate that the precursor 

ions undergo collisional cooling when the gap between the RE and SORI pulses is 50 ms 

or greater.  Also, when the gap between the RE and SORI pulses is short (i.e, 20 ms), 

more precursor ions may remain off-axis than with a longer time gap.  It is important to 

note that the timing between the SORI and RE pulses when SORI is performed first is 

also important, although not as critical.  If RE is performed 200 ms or less after SORI, the 

spectrum is similar to that shown in Figure 7.1c.  One advantage to performing SORI 

before RE is the lesser amount of collision gas that needs to be pumped away before 

detection.  If RE is performed before SORI, the gas must be pulsed in several hundred 

milliseconds before the RE pulse.  Also, when RE is performed first, off-axis ions lead to 

a radial loss of product ions, as well as precursor ions for the subsequent SORI stage.        

 SORI, RE and SORI-RE spectra of YGGFL(H+) were also studied by theoretical 

modeling using MassKinetics.224 The three spectra were calculated as described in the 

Experimental section using only 5 adjustable parameters, most of these to account for the 

unknown activation energies of several fragmentation processes. The main spectral 

features of the calculated spectra (Figure 7.1d-f) correspond closely to those 

experimentally observed (Figure 7.1a-c): the a4/b4 ratio characterizes the medium-high 

excitation energy range, showing increasing excitation in the order of SORI, RE and 

SORI-RE. The a4 and b4 ion abundances follow the same trend in the experimental and 
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theoretical spectra. The abundance of Y and F ions is characteristic of a high degree of 

excitation by SORI-RE, and the experimental and theoretical spectra show reasonable 

agreement. The medium energy y3 and b2 ions are of low abundance in both the observed 

and calculated spectra.  The modeling results are quite promising, showing that the 

experimental and theoretical spectra follow the same trend, and the observed results are 

in reasonable agreement with theoretical expectations, even using only a few adjustable 

parameters. The theoretical results confirm that differences among SORI, RE and SORI-

RE spectra are due to internal energy variations using the three different excitation 

methods.   

 Differences in the spectra of SORI, RE and SORI-RE are relatively easily to 

explain using internal energy distributions.  The average internal energy distribution 

changes with time.  This time dependence is due to an increase in the average internal 

energy during excitation and a decrease when excitation stops because of fragmentation, 

and collisional and radiative cooling.  Figure 7.3 shows the internal energy distributions 

at the time when the average internal energy is at its maximum value (i.e., immediately 

following the excitation period).   
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Figure 7.3 Calculated internal energy distributions for SORI, RE, and SORI-RE CID of 
YGGFL(H+) using experimental conditions as specified in Figure 7.1 for SORI 
(corresponding to 90% parent ion decomposition), RE (at maximum average internal 
energy, see text), and SORI-RE (at maximum average internal energy, see text). 
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These internal energy distributions were calculated using experimental conditions as 

specified for Figure 7.1. The collisions in RE are higher in kinetic energy as compared to 

SORI.  However, the number of collisions is much smaller in RE. This results in a 

slightly higher mean internal energy in SORI than in RE, although RE is capable of 

producing high internal energy ions (but in low abundance only).  This explains the 

higher abundance of the a4 ion (note especially the a4/b4 ratio, as discussed in detail 

below) and the increased abundance of the medium (b3, y2), and the high-energy ions (Y 

and F). Note also that the internal energy distribution increases only slightly if SORI is 

performed for a long time (as may be expected from a ‘slow heating’ technique, data not 

shown).  Figure 7.3 illustrates why SORI-RE is capable of producing abundant high-

energy fragments: the tail of the internal energy distribution extends far higher than 

would be obtainable by SORI only, and the average internal energy deposited by SORI-

RE is also higher. 

 

7.2.3 Leucine Enkephalin: Effect of SORI and RE time and amplitude on the relative 

abundances of the a4, b4, F, Y, and MH+ ions 

 

 Systematic measurements have been performed to study the effect of SORI and 

RE excitation time and voltages. Figure 7.4 shows the experimental and theoretical 

relative ion abundances of the precursor ion, two lower energy fragment ions (a4 + b4), 

and two higher energy fragment ions (F + Y) when SORI is used in conjunction with 
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argon as the collision gas to fragment the monoisotopically selected YGGFL(H+) 

precursor ion.   
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Figure 7.4 Experimental and theoretical relative fragment ion abundances for SORI CID 
of YGGFL(H+): relative ion abundances of the (a4 + b4), (F + Y) immonium, and MH+ 
ions resulting from the monoisotopic selection and fragmentation of YGGFL(H+) using 
argon as the collision gas a) Experimental, SORI amplitude = 2.0 V, vary time b) 
Experimental, SORI time = 500 ms, vary amplitude c) Theoretical, SORI amplitude = 2.0 
V, vary time d) Theoretical, SORI time = 500 ms, vary amplitude. 
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When SORI amplitude is held constant at 2.0 V and time is varied from 50 - 2000 ms 

(Figure 7.4a), the precursor ion is almost completely depleted after 700 ms.  The (a4 + b4) 

abundance levels off at approximately 75% of the total ion abundance after 700 ms.  The 

(F + Y) abundance is insignificant and never rises above 1.3% of the total ion abundance.  

These results indicate that even though MH+ fragments completely, most of the 

fragmentation of the parent ion is occurring through low energy channels leading to the 

formation of the a4 and b4 ions. In Figure 7.4b, SORI time is held constant at 500 ms 

while SORI amplitude is varied from 0 - 4.0 V.  Similar to the case in which SORI 

voltage is kept constant, the a4 and b4 ions are the most significant.  However, increasing 

the SORI amplitude beyond 2.5 V results in a decline of the (a4 + b4) relative abundance 

as other fragment ions (i.e., b4 – NH3, b3, y2) gain in prominence.  Also, the (F + Y) 

relative ion abundance is not insignificant in this case, but rather begins to increase after 

3.0 V and reaches approximately 7% of the total ion abundance by 4.0 V.  Therefore, as 

SORI amplitude is increased, more energy is deposited into the precursor ion leading to 

higher energy fragment ions.  However, this is not extremely useful for the detection of 

higher energy fragment ions in this case because signal is rapidly lost as amplitude is 

increased beyond 4.0 V, presumably due to excitation of the precursor ion beyond the 

dimensions of the ICR cell. 

 The dependence of SORI spectra on excitation time and on excitation amplitude 

has also been studied by theoretical (MassKinetics) modeling. Using the same parameters 

used to calculate the spectra shown in Figure 7.1d-e, time and excitation amplitude 

dependent ion ratios were also calculated, and the results are shown in Figure 7.4c-d.  
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The survival yield of the precursor ion and the relative abundances of the a4 and b4 ions 

are good indications for increasing internal energy content, and these are in satisfactory 

agreement with the curves obtained experimentally (Figure 7.4a-b). The abundance of the 

high energy Y and F ions is somewhat higher in the calculated spectra than that observed 

experimentally, but the trend with increasing SORI time and increasing SORI amplitude 

is similar.  This suggests that there is a general agreement of trends but not in absolute 

values of ion abundances between experimental and theoretical spectra.  The “saturation-

type” curve suggests that SORI itself is not capable of producing high energy ions in 

large abundance even if done for a long time or at a higher amplitude.  

 Systematic measurements have also been performed to examine the effect of RE 

amplitude and time.  Figure 7.5a shows the relative abundances of the parent, (a4 + b4), 

and (F + Y) ions when RE amplitude is kept constant at 85 V and RE excitation time is 

varied from 10 – 15 μs.   
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Figure 7.5 Experimental relative fragment ion abundances for RE CID of YGGFL(H+): 
relative ion abundances of the (a4 + b4), (F + Y) immonium, and MH+ ions resulting from 
the monoisotopic selection and fragmentation of YGGFL(H+) using argon as the collision 
gas a) RE amplitude = 85 V, vary time b) RE time = 10 μs, vary amplitude. 
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The precursor ion’s signal steadily decreases and is <7% of the total ion abundance by 15 

μs.  The relative abundance of the (a4 + b4) ions reaches a maximum of approximately 

40% around 12 μs and is less dominant than in the SORI spectra.  By 15 μs, the 

abundance of the (F + Y) ions has risen to approximately 5% of the total ion abundance, 

but is not much more significant than in the SORI ion abundance curves (Figure 7.4a-b).   

 In Figure 7.5b, RE time is held constant at 10 μs while RE amplitude is increased 

from 50-150 V.  Spectral appearance is quite similar to the case in which RE amplitude is 

held constant and time varied.  The precursor ion signal steadily decreases and is <3% of 

the total ion abundance at 150 V.  The (F + Y) immonium ions reach a relative abundance 

of approximately 9% at 150 V.  Also, the abundance of the (a4 + b4) ions first increases, 

reaches a maximum of approximately 40% at 115 V, and then declines to <16% by 150 

V.  It is likely that 10 μs RE pulses below 115 V are not energetic enough to allow the 

parent ion to extensively access higher energy fragmentation pathways, and so activation 

results mainly in the a4 and b4 ions.  At 100 V, the parent ion relative abundance is still 

50%. Beyond 115 V, higher fragmentation channels are accessible and the a4 and b4 ions 

decline in relative abundance as higher energy fragment ions become more dominant. 
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7.2.4 Leucine Enkephalin: Effect of SORI and RE time and amplitude on the ratios of the 

a4/b4 and b3/y2 ions 

 

 Figure 7.6 shows the ratios of a4/b4 and b3/y2 ions for SORI and RE activation.  

As mentioned earlier, a4 and b3 ions are considered as resulting from higher energy 

fragmentation channels than b4 and y2 ions, respectively.  A ratio greater than one is 

therefore an indication of the fragment ion resulting from the higher energy channel 

occurring more frequently than the corresponding lower energy fragment ion.   
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Figure 7.6 Experimental fragment ion ratios for SORI and RE CID of YGGFL(H+): 
ratios of a4/b4 and b3/y2 ions resulting from the monoisotopic selection and fragmentation 
of YGGFL(H+) using argon as the collision gas a) SORI amplitude = 2.0 V, vary time b) 
SORI time = 500 ms, vary amplitude c) RE amplitude = 85 V, vary time d) RE time = 10 
μs, vary amplitude. 
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One notable feature of these plots is that for the case in which SORI voltage is held 

constant at 2.0 V and SORI time varied (Figure 7.6a), both a4/b4 and b3/y2 ratios are 

small, indicating low excitation.  Therefore, increasing SORI time does not deposit 

greater amounts of internal energy but rather leads to the lower energy fragment ions 

because energy deposition occurs in small, sequential steps.  In a similar manner to 

holding SORI amplitude constant, when SORI duration is held constant at 500 ms and 

amplitude varied from 0 - 4.0 V (Figure 7.6b), both ratios initially remain below one and 

increase as a function of amplitude.  By 4.0 V, the a4/b4 ratio reaches 3.2 and the b3/y2 

ratio reaches 0.5.  Increasing SORI amplitude can clearly allow access to higher energy 

fragmentation channels as larger packets of energy are deposited into the parent ion.  

However, as discussed previously, increasing SORI amplitude high enough to observe 

intense fragment ions resulting from higher energy pathways leads to the rapid loss of 

signal due to excitation of the precursor ion beyond the dimensions of the ICR cell. 

Figure 7.6c-d shows the effect of on-resonant excitation of YGGFL(H+) on the  a4/b4 and 

b3/y2 ratios.  Whereas both ratios were, in general, below one for SORI activation, they 

are more often above one for RE.  When RE amplitude is held constant at 85 V and time 

varied from 10 – 15 μs (Figure 7.6c), the a4/b4 and b3/y2 ratios are greater than one by 12 

μs and 15 μs, respectively.  When RE duration is held constant at 10 μs and amplitude 

increased from 50 – 150 V (Figure 7.6d), the a4/b4 ratio initially decreases slightly, but 

then steadily increases and reaches 3.6 at 150 V.  The b3/y2 ratio reaches 1.8 at 150 V.  

This data demonstrates that, if excitation time and amplitude are large enough, RE alone 

is able to deposit larger amounts of energy at once than SORI alone, causing higher 
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abundances of fragment ions that result from higher energy fragmentation channels.  

However, attempts to increase the abundance of higher energy fragment ions by 

increasing the RE amplitude and time also leads to a rapid loss of signal intensity. 
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7.3 2α-Mannobiose and 3α-Mannobiose:  Comparison of SORI, RE and SORI-RE CID 

spectra 

 

 Common fragment ions resulting from the CID of oligosaccharides include 

cleavage at the glycosidic linkage and cross-ring cleavages.  Cleavage at glycosidic 

linkages, in general, results from lower energy fragmentation pathways.  The SORI, RE, 

and SORI-RE CID spectra for two simple lithium-cationized disaccharides differing only 

in the position of the glycosidic linkage, 2α-mannobiose and 3α-mannobiose, are shown 

in Figure 7.7.  The surface-induced dissociation (SID) spectra of these disaccharides, 

along with 4α- and 6α-mannobiose,  have been previously reported.259  In this study, 

Dongre et al. used the presence of specific cross-ring product ions to characterize the 

position of the glycosidic linkage. 
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Figure 7.7 Experimental SORI, RE, and SORI-RE CID spectra of lithium cationized 2α-
mannobiose and 3α-mannobiose (Ar collision gas, 550 ms pulse) following monoisotopic 
selection a) 2α-mannobiose, SORI: time = 500 ms, amplitude = 1.8 V b) 2α-mannobiose, 
RE: time = 10 μs, amplitude = 105 V c) 2α-mannobiose, SORI-RE: SORI time = 500 ms, 
amplitude = 1.8 V, 20 ms time gap, RE time = 10 μs, amplitude = 105 V d) 3α-
mannobiose, SORI: time = 500 ms, amplitude = 1.5 V e) 3α-mannobiose, RE: time = 10 
μs, amplitude = 105 V f) 3α-mannobiose, SORI-RE: SORI time = 500 ms, amplitude = 
1.5 V, 20 ms time gap, RE time = 10 μs, amplitude = 105 V. 
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 As shown in Figure 7.7, two fragment ions result from the cleavage of the 

glycosidic linkage, labeled Z1
+ (m/z 169.1) and Y1

+ (187.1).  The Y1
+ ion contains one of 

the hexose rings with the glycosidic linkage oxygen plus a hydrogen, while the Z1
+ ion 

corresponds to the Y1
+ ion by a formal loss of H2O.   The 500 ms, 1.8 V SORI-CID 

spectrum of 2α-mannobiose is shown in Figure 7.7a.  The most abundant fragment ions 

are Y1
+, Z1

+, and m/z 229.1.  The ion at m/z 229.1 is the result of a cross-ring cleavage 

and corresponds to a loss of C4H8O4 from the precursor ion.  This ion was used 

previously in the SID spectrum to characterize the position of the glycosidic linkage.259  

Three additional ions at m/z 97.0 (LiC3H6O3
+), m/z 127.1 (LiC4H8O4

+), and m/z 259.1 

(loss of C3H6O3 from precursor ion) also result from cross-ring cleavages and are present 

at low abundances.  In Figure 7.7b, 2α-mannobiose is fragmented via a 10 μs, 105 V RE 

pulse.  The Y1
+ and Z1

+ ions remain the most abundant.   The cross-ring cleavage ion at 

m/z 127.1, which was of very low abundance in the SORI spectrum, is now more 

abundant than the cross-ring cleavage ion at m/z 229.1.  A cross-ring cleavage ion at m/z 

91.0 (LiC4H4O2
+), absent in the SORI spectrum, is observed in the RE spectrum.  Also, 

the abundance of the cross-ring cleavage ion at m/z 259.1 in the RE spectrum is very low 

and similar to the SORI spectrum.  Figure 7.7c shows the result of applying the 10 μs, 

105 V RE pulse 20 ms after the 500 ms, 1.8 V SORI pulse.  In this spectrum, the cross-

ring cleavage ion at m/z 127.1 is now almost as abundant as the Z1
+ ion.  Cross-ring 

cleavage ions at m/z 91.0 and m/z 97.0 are also enhanced.  As in the SORI and RE 

spectra, the cross-ring cleavage ion at m/z 259.1 remains of low abundance relative to the 

other fragment ions discussed.   
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 The SORI, RE, and SORI-RE CID for 3α-mannobiose results in the observation 

of the same fragment ions as for 2α-mannobiose, but in different relative abundances.  In 

Figure 7.7d, the 500 ms, 1.5 V SORI spectrum is shown for 3α-mannobiose with argon as 

the collision gas.  As expected, the glycosidic linkage cleavage ions, Y1
+ and Z1

+, are two 

of the most abundant fragment ions.  However, unlike the SORI spectrum for 2α-

mannbiose, the loss of H2O from the precursor ion is the most abundant fragment ion in 

the spectrum.  Also, the Z1
+ ion is more abundant than the Y1

+ ion.  The cross-ring 

cleavage ions at m/z 91.0 and m/z 259.1 are present at very low abundances, while the 

cross-ring cleavage ions at m/z 97.0, m/z 127.1, and m/z 229.1 are absent.  Figure 7.7e 

shows the 10 μs, 105 V RE spectrum of 3α-mannobiose.  While the Z1
+ ion remains the 

most abundant fragment ion, the cross-ring cleavage ion at m/z 91.0 is more abundant 

than the Y1
+ ion.  The cross-ring cleavage ions at m/z 97.0, m/z 127.0, and m/z 229.1, 

absent in the SORI spectrum, are clearly observed.  The 500 ms, 1.5V / 10μs, 105V 

SORI-RE CID spectrum of 3α-mannobiose is shown in Figure 7.7f.  The cross-ring 

cleavage ion at m/z 91.0 is now almost as abundant as the Z1
+ ion, and significantly more 

abundant than the Y1
+ ion.  The relative abundances of the cross-ring cleavage ions at m/z 

91.0, m/z 97.0 and m/z 127.1 follow the trend: m/z 91.0 > m/z 97.0 > m/z 127.1.  

However, in the 2α-mannobiose SORI-RE spectrum, this trend is reversed with the 

relative abundances in the order: m/z 127.1 > m/z 97.0 > m/z 91.0.  Also, the relative 

abundance of the cross-ring cleavage ions at m/z 229.1 and m/z 259.1 is low and shows 

no significant change in Figure 7.7f as compared to the RE spectrum in Figure 7.7e.   
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 The comparison of the SORI, RE, and SORI-RE spectra for 2α-mannobiose and 

3α-mannobiose demonstrates that the relative abundances of the glycosidic linkage and 

cross-ring cleavage ions change as the internal energy of the precursor ion is increased.  

In particular, some cross-ring cleavage ions become enhanced as compared to cleavage at 

the glycosidic linkage.  However, the abundances of other cross-ring cleavage ions 

remain relatively unchanged.  As also demonstrated for 2α-mannobiose and 3α-

mannobiose, the location of the glycosidic linkage effects the relative abundances of 

different fragment ions observed, and these ion abundances show different amounts of 

enhancement as the internal energy of the precursor ion is increased.  These differences 

may lead to insights into fragmentation mechanisms and relative energy requirements for 

fragmentation pathways. 
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7.4 Alditol XT:  Comparison of SORI, RE and SORI-RE CID spectra 

 

 SORI, RE, and SORI-RE CID are demonstrated in Figure 7.8 for the sodiated ions 

of an oligosaccharide, alditol XT.  The SORI-CID (MS2 and MS5, m/z 1415 / 1268.5 / 

1122.4 / 976.3) and IRMPD spectra of this sodiated oligosaccharide have been previously 

reported by Lebrilla and co-workers.111  In their study, IRMPD was capable of producing 

low relative abundance lower mass fragment ions (i.e., m/z 228.1, 388.1, 408.1, 449.1, 

identified in Figure 7.8) that were observed with a slightly higher relative abundance but 

with a lower overall signal intensity during MS5.  The authors also report that these 

fragment ions are observed using energetic SORI conditions during MS2, but that signal 

intensity and the abundance of the higher mass fragment ions are depleted.  The loss of 

one, two, and three fucose units from the sodiated alditol XT (MNa+) ion results in 

fragment masses of m/z 1268.5, m/z 1122.4, and m/z 976.3, respectively.  These are the 

most abundant fragment ions observed in the SORI, RE, and SORI-RE spectra shown in 

Figure 7.8.  Other fragment ions resulting from the cleavage of multiple glycosidic 

linkages are identified in Figure 7.8.     
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Figure 7.8 Experimental SORI, RE, and SORI-RE CID spectra of sodium cationized 
alditol XT (N2 collision gas, 550 ms pulse) following monoisotopic selection a) SORI: 
time = 1000 ms, amplitude = 4.0 V b) RE: time = 16 μs, amplitude = 225 V c) SORI-RE: 
SORI time = 1000 ms, amplitude = 4.0 V, 20 ms time gap, RE time = 16 μs, amplitude = 
225 V. 
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 Figure 7.8a shows the 1000 ms, 4.0 V SORI spectrum with nitrogen as the 

collision gas.  In this spectrum, the fragment ions resulting from the loss of one to three 

fucose rings are present at less than 30% relative abundance, while all other fragment 

ions are 20% relative abundance or less.  In the 16 μs, 225 V RE spectrum shown in 

Figure 7.8b, the ions corresponding to the loss of one to three fucose rings are less than 

50% relative abundance while all other fragment ions are less than 30% relative 

abundance.  However, when the SORI and RE pulses are combined, as shown in Figure 

7.8c, many fragment ions are present at a relative abundance of greater than 50% and the 

overall extent of fragmentation is much greater as compared to Figure 7.8a-b.  It is 

important to note that the extent of fragmentation observed in the SORI-RE spectrum 

shown in Figure 7.8c is not achieved, due to a loss of signal, when SORI or RE alone is 

used even with a longer and/or higher amplitude pulse.  In addition, the extent of 

fragmentation observed with the SORI-RE technique is much greater than that reported 

by Lebrilla and co-workers for either SORI-CID (MS2 and MS5) or IRMPD.111   In this 

alditol XT example, SORI-RE provides an improvement in fragmentation efficiency and 

signal-to-noise ratio over SORI and RE alone, as well as the reported SORI-CID MS2 and 

MS5, and IRMPD spectra.111 
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7.5 [Ubiquitin + 10H+]10+: Comparison of SORI, RE and SORI-RE CID spectra 

 

  Figure 7.9a-c shows the SORI, RE and SORI-RE CID fragmentation spectra of 

ubiquitin with ten protons (ubiquitin sequence: MQIFVKTLTG KTITLEVEPS DTIENVKAKI 

QDKEGIPPDQ QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGG). Argon was used as the 

collision gas in these experiments.   These spectra show some similarities to those 

obtained by BIRD by Williams and coworkers.260  By comparison of the SORI and 

SORI-RE spectra in Figure 7.9a,c it is seen that the y18
3+, y18

2+, and y12
2+ ions are more 

abundant in the SORI-RE spectrum than in the SORI spectrum.  This indicates that the 

amide bond cleavage between the amino acids Asp58-Tyr59 (y18
n+) and Glu64-Ser65 (y12

2+) 

is more efficient when a RE pulse is applied after the SORI excitation.  Furthermore, the 

ratio of y18
3+ / y24

4+ ions is greater than one in the SORI-RE spectrum, but less than one in 

the SORI and RE spectra.  This result indicates that the amide bond cleavage at Asp58-

Tyr59 (y18
n+) increases relative to Asp52-Gly53 (y24

4+) at higher internal energies.  Insight 

into the fragmentation mechanism is gained by examination of the NMR crystal structure 

(PDB 1D3Z).261  The Asp52 side chain is involved in a weak hydrogen bond with Lys27 

(3.5 Å, Figure 7.10b), but no other hydrogen bonding interactions are apparent.  Asp58, 

however, is involved in a strong hydrogen bond with Thr55 (2.2 Å, Figure 7.10b).  

Therefore, the formation of y18 likely requires more energy than for the formation of y24 

because of a more tightly bond aspartic side chain.   
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Figure 7.9 Experimental SORI, RE, and SORI-RE CID spectra of [Ubiquitin+10H+]10+ 
(Ar collision gas, 550 ms pulse), non-monoisotopic selection a) SORI: time = 500 ms, 
amplitude = 3.0 V b) RE: time = 10 μs, amplitude = 150 V c) SORI-RE: SORI time = 
500 ms, amplitude = 3.0 V, 20 ms time gap, RE time = 10 μs, amplitude = 150 V. 
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Figure 7.10 Solution NMR structure of ubiquitin showing the hydrogen bonding 
interactions of the aspartic acid side chains for formation of: a) y24 b) y18. 
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7.6 Singly charged uranyl cation (UO2
+): Comparison of SORI, RE and SORI-RE CID 

spectra 

 

 SORI-RE can also be effective at altering the relative abundances of product ions 

for the fragmentation of inorganic cations.  Figure 7.11a-c shows the SORI, RE and 

SORI-RE CID (Ar) fragmentation of the singly charged uranyl cation (UO2
+, m/z 270.0).  

This is a stable cation that requires relatively high SORI amplitude to fragment.  A 5.0 V 

SORI excitation amplitude was needed in order to observe the fragments UO+ (m/z 

254.0) and U+ (m/z 238.1) with the abundances shown in Figure 7.11a.  Note that the 

abundance of UO+ was always larger than that of U+ even at a higher SORI voltage (7 V) 

at which the parent ion was completely depleted.  The application of a 10 μs, 300 V RE 

pulse resulted in the same fragments but with different relative abundances (Figure 

7.11b).  This suggests that higher internal energy was deposited by the RE pulse than by 

the SORI pulse.  This energy deposition can be further increased when the SORI pulse is 

followed by the RE pulse (Figure 7.11c) as indicated by the reverse U+/UO+ (> 1) 

abundance ratio. 
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Figure 7.11 Experimental SORI, RE, and SORI-RE CID spectra of UO2
+ (Ar collision 

gas, 550 ms pulse) a) SORI: time = 500 ms, amplitude = 5.0 V b) RE: time = 10 μs, 
amplitude = 300 V c) SORI-RE: SORI time = 500 ms, amplitude = 5.0 V, 20 ms time 
gap, RE time = 10 μs, amplitude = 300 V.  
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7.7 Conclusions 

 

 SORI-RE CID is a new excitation method for FT-ICR based on a combination of 

SORI and resonant excitation (RE). The purpose is to enhance higher energy 

fragmentation while maintaining low energy processes.  In addition, relative energy 

requirements of fragmentation mechanisms may be studied with this method.  This 

concept is similar to the pump-probe experiments used to study fundamentals of collision 

energy transfer in FT-ICR.247  SORI is applied initially to pump energy in small steps into 

the molecule until a portion of the precursor ions dissociate while the remaining 

precursor ions maintain an internal energy below the fragmentation threshold.  Shortly 

following the SORI pulse (20 ms gap), a RE pulse is applied which increases the internal 

energy of the remaining activated but undissociated precursor ions significantly above the 

fragmentation threshold by also pumping energy into the activated molecules, but in a 

larger step. As demonstrated in Figure 7.3, this makes it possible to raise the internal 

energy much higher than would be possible by SORI alone. Utilizing RE only, especially 

for large molecules, would not be efficient because all or most of the large energy step 

would be ‘wasted’ to heat up the molecule from thermal energy to the fragmentation 

threshold. These theoretical expectations are supported by the experimental results, as 

described above.  Illustrative SORI-RE CID fragmentation examples include the 

observation of high energy immonium ions in large quantities for leucine enkephalin 

(Figure 7.1c) and the enhancement of cross-ring cleavages for 2α-mannobiose and 3α-

mannobiose (Figure 7.7c,f).  It is important to note that different fragment ions observed 
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may be due to higher energy fragmentation as well as the conversion of heterogeneous 

populations to different protonated forms and/or conformations.  The inter-conversion of 

heterogeneous forms as it relates to the relative abundance of different fragment ions may 

also be mechanistically interesting. 

 One of the most important advantages of SORI-RE is its simplicity. It does not 

require hardware or software modification on existing FT-ICR instruments, and method 

optimization is not difficult.  The best results are obtained with a SORI precursor ion 

survival yield of approximately 40-90%, and can be adjusted by varying either SORI 

excitation amplitude or excitation time. The RE pulse is applied shortly following SORI 

(i.e., 20 ms gap as required by the hardware) with the collision gas still in the cell.  The 

amplitude and duration of the RE pulse should be chosen so that a significant amount of 

fragmentation is observed without signal extinction. It is most efficient to determine the 

RE pulse amplitude at which the signal begins to be depleted, and then use approximately 

80% of that amplitude for the resonant excitation step of SORI-RE.   

 The results discussed in this chapter serve to illustrate the usefulness of SORI-RE 

in diverse cases: peptides (leucine enkephalin, an extensively studied model peptide), 

disaccharides with differing glycosidic linkages (2α-mannobiose and 3α-mannobiose), 

oligosaccharides (Alditol XT), proteins (ubiquitin), and inorganic ions (UO2
+).  In each 

studied case SORI-RE, compared to simple SORI, has been shown produce more 

efficient fragmentation and to enhance higher energy fragmentation processes.  
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CHAPTER EIGHT 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The work described in this dissertation focuses primarily on the effect of peptide 

conformation / protonation motif on rate and extent of H/D exchange and fragmentation 

patterns.  Through these investigations, insights regarding mechanisms of H/D exchange, 

the behavior of heterogeneous gas phase ion populations, and the solvation of charge in 

gas phase peptides have been gained.  In addition, SORI-RE, a new ion activation 

technique for enhancing higher energy fragmentation mechanisms, was characterized.  

This chapter presents the major conclusions from the studies presented in this 

dissertation, and proposes directions for the future. 

 

8.1 H/D exchange of model pentapeptide peptide systems 

 

 The relay mechanism for H/D exchange was probed with a series of singly-

protonated lysine-containing alanine oligomers with neither, either, or both of the N- and 

C-termini blocked.  The results indicate that overall exchange trends are very similar 

when the lysine residue is located at the first (N-terminus) or third (middle) position.  

However, when lysine is located at the C-terminus, exchange is much slower, indicating 

that the relay mechanism for exchange is more efficient when the amino group of the 

lysine residue and the amino terminus are conformationally available to bridge the 

exchange reagent.  In addition, when the N-terminus is blocked, exchange completely 
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shuts down (for lysine as the first or third residue in the pentapeptide), indicating that the 

interaction of the free N-terminus and the lysine side-chain is important for the H/D 

exchange mechanism.    

 The effect of proline configuration on H/D exchange trends was investigated with 

singly-protonated AAPAA and AVPLG with D- and L-proline, and with neither, either, 

or both termini blocked.  The results demonstrate that substitution of the alanine residues 

adjacent to proline with more “bulky” residues has an effect on general kinetic trends for 

H/D exchange.  The difference in exchange is likely reflective of steric and solvation 

effects.  However, while residue identity has a general effect on rate of exchange, the 

configuration of the proline residue and the availability of the N- and C-termini have a 

greater effect on specific H/D exchange trends.  Exchange was generally fastest for 

peptides with a blocked N-terminus and a free terminus, with the availability of the N-

terminus having a more profound effect on exchange rate.  In addition, D-proline 

peptides exchanged faster than the corresponding L-proline peptides only when the N-

terminus was blocked.  The configuration of the proline residue and the availability of the 

N- and C-termini therefore have a measurable effect on the H/D exchange behavior 

reflective of the different conformation / protonation motifs for different peptides. 

 Future directions for this work include molecular modeling of the peptides with 

free and blocked termini.  In addition, the modeling should be undertaken both with and 

without an inserted exchange reagent molecule.  Also, the H/D exchange of Ac-

AAAAAAAAK(H+), which forms a helix in the gas phase, should be measured.  If Ac-

AAAAAAAAK(H+) exchanges only one hydrogen for deuterium (matching the results 
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for Ac-AAAAK(H+)), then it is likely that the gas phase structure of Ac-AAAAK(H+) is a 

partially-formed helix, as suggested in Section 3.2.2.  Overall, these suggested studies 

will aid in a more comprehensive interpretation of the H/D exchange results discussed in 

this dissertation, and lead to a more thorough understanding of how H/D exchange relates 

to gas phase structure. 
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8.2 H/D exchange and fragmentation of singly charged tTMP-P+ derivatized peptides 

 

 Ab initio calculations of the fixed charge derivative tTMP-P+ support its use to 

investigate the selective cleavage of aspartic acid containing peptides in the absence of a 

“mobile” proton.  The lowest energy structure of tTMP-P+-(CH2CO)-AlaAsp-(NHCH3) 

had no apparent interactions between the fixed charge derivative and the attached 

dipeptide, providing further evidence that the fixed charge derivative acts as an 

autonomous unit.  In addition, structural calculations of CH3CO-(Asp)-NHCH3 suggest a 

thermodynamically feasible conformer which may lead to the charge-remote cleavage 

mechanism.  However, the kinetic barrier for the transition state was not calculated.  A 

tautomer structure was also investigated and found to lie 36 kcal/mol above the lowest 

energy conformer, an energy difference which represents the lower limit for the 

activation barrier.   

 Despite the absence of an ionizing proton, the derivatized peptide P+LDIFSDF in 

its free acid form exchanges three hydrogens for deuterium in an FT-ICR mass 

spectrometer with D2O as the exchange reagent.  However, when all acidic groups are 

converted to the methyl ester form (e.g. P+LDIFSDF(OMe)3), no exchange is observed.  

This evidence supports the proposed aspartic acid cleavage mechanism that occurs 

without the direct involvement of an ionizing proton because acidic protons are able to 

participate in H/D exchange with D2O in the absence of an added proton. 
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 H/D exchange of P+LDIFSDF analogues in which acidic groups and the serine 

residue are systematically “blocked” by replacement with alanine (for aspartic acid and 

serine residues) or by amide formation (C-terminus) provide additional insight into the 

sites and mechanisms of H/D exchange in the absence of an ionizing proton.  The aspartic 

acid residue closest to the fixed charge derivative plays an important role in the H/D 

exchange mechanism, as its removal either slows or shuts down H/D exchange.  The 

relay mechanism, which requires two sites of similar basicity that can bridge the 

exchange reagent, is likely when the number of exchanges observed exceeds the number 

of acidic residues in the peptide.  However, the flip-flop mechanism is also a likely active 

mechanism of H/D exchange in these aspartic-acid containing fixed charge derivative 

peptides.  For example, the flip-flop mechanism is suggested by the single, relatively 

slow exchange observed for P+LDIFAAF-NH2, whereas the three exchanges observed 

when the serine residue is present (i.e., P+LDIFSAF-NH2) are likely mediated by the 

relay mechanism. 

 In future work, the transition state for charge-remote cleavage C-terminal to 

aspartic acid should be investigated.  This will provide an activation barrier for the 

proposed fragmentation mechanism.  If the mechanism is correct, then the activation 

barrier should be surmountable in a typical slow-heating CID experiment.  The 

mechanism of H/D exchange in the absence of a “mobile” proton could be further 

investigated with the model peptides tTMP-P+-AAAAADA, tTMP-P+-AADAAAA, 

tTMP-P+-AADAADAA, tTMP-P+-AAAAADA-NH2, tTMP-P+-AAAAADA-NH2, and 

tTMP-P+-AADAADA-NH2.  This simplified system will help determine if the relay 
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mechanism, the flip-flop mechanism, or a combination of both is operative.  These 

modified peptides should not form a helix in the gas phase due to the positively charged 

fixed charge derivative at the N-terminus. 
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8.3 Conformational / protonation effects of peptide fragmentation 

 

 Studies of (H+)P+LDIFSDF show that at least two distinct structures exist with 

different H/D exchange behaviors and fragmentation patterns.  The non-exchanging 

population exhibits selective cleavage C-terminal to the aspartic acid residues, while 

fragmentation is more even along the peptide backbone in the exchanging population.  

This suggests a difference in protonation motif.  In the non-exchanging population, the 

added proton is likely sequestered and unavailable to initiate charge-directed cleavage 

(i.e., not “mobile”). 

   The doubly-charged peptides bradykinin (RPPGFSPFR) and an angiotensin III 

analogue (RVYIFPF) demonstrate that different populations have different fragmentation 

efficiencies.  This difference is likely due to conformational / protonation effects because 

a particular structure may require more energy to break intramolecular hydrogen bonding.   

In addition, fragmentation of labeled populations and investigation of deuterium 

incorporation into bn / ym-n ion pairs can provide evidence that the ions are being formed 

during the same fragmentation event (i.e., ion pairs are formed during the same 

fragmentation event if the sum of the average deuterium incorporation into the bn and   

ym-n ions matches the overall amount of deuterium in the precursor ion).  This method for 

determining if complementary ions are formed by the same mechanism is more rapid and 

facile than the KERD technique.207    
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 Together, these results indicate that gas phase H/D exchange can be a selective 

technique to separate different non-interconverting isomers, even when these populations, 

likely with different hydrogen bonding motifs, are not distinguishable by standard ion 

mobility techniques.  Furthermore, the studies presented in this dissertation effectively 

demonstrate that conformation / protonation motif may have a significant effect on the 

fragmentation spectrum observed, and supports the “heterogeneous” model of peptide 

fragmentation proposed in Chapter 1.   The overall fragmentation characteristics observed 

for a protonated peptide is therefore an average of the fragmentation characteristics of 

individual ion populations with different conformation / protonation motifs.  FT-ICR is 

the preferred mass spectrometer for this type of analysis because of the requirement for 

multiple experimental stages, including monoisotopic selection, H/D exchange (seconds 

to minutes), and fragmentation. 

 Future work should focus on a better understanding of the different 

conformational / protonation motifs.  The modified peptide (H+)P+LDIFSDF should be 

modeled with the ionizing proton in a variety of locations to deduce the structures of the 

stable, distinct populations observed in experiments presented in this dissertation.  In 

addition, H/D exchange of (H+)P+LDIFSDF followed by isolation of the ion populations 

and fragmentation by SID will determine a threshold for inter-conversion of the 

populations.  SID results in internal energies higher than those achievable by SORI-RE.  

Also, biomolecules reported in the literature to have multiple gas phase populations 

should be investigated to further characterize the differences in fragmentation among 

distinct conformations / protonation motifs.  These molecules include angiotensin II and 
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[sar(1)]-angiotensin II,47  oxidized insulin chain B,48 singly protonated des-Arg9 

bradykinin,204 the singly-protonated serine octamer,199, 206 ubiquitin,45, 188 the N-terminal 

domain of cardiac troponin C,189 and lysozyme.181  Finally, the partitioning of deuterium 

atoms into fragment ions could be further investigated using a singly-charged labeled 

precursor ion.  It is expected that uneven partitioning of the deuterium atoms will occur 

due to scrambling.  This will confirm the results for the doubly-protonated peptides 

bradykinin and RVYIFPF which display even partitioning due to complementary ions 

being formed by the same mechanism.       
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8.4 Combination of SORI and RE to enhance higher energy fragmentation pathways 

 

 SORI-RE CID is a new excitation method for FT-ICR based on a combination of 

SORI and resonant excitation (RE) for the purpose of enhancing higher energy 

fragmentation pathways.  In this technique, SORI is applied initially to pump energy in 

small steps into the molecule until a portion of the precursor ions dissociate while the 

remaining precursor ions maintain an internal energy below the fragmentation threshold.  

Shortly following the SORI pulse (20 ms gap), a RE pulse is applied which increases the 

internal energy of the remaining activated but undissociated precursor ions significantly 

above the fragmentation threshold by also pumping energy into the activated molecules, 

but in a larger step. This makes it possible to raise the internal energy much higher than 

would be possible by SORI alone.  Illustrative SORI-RE CID fragmentation examples 

include the observation of high energy immonium ions in large quantities for leucine 

enkephalin, and the enhancement of cross-ring cleavages for 2α-mannobiose and 3α-

mannobiose.  SORI-RE was also demonstrated for an oligosaccharides (Alditol XT), a 

protein (ubiquitin), and an inorganic ion (UO2
+), and found to enhance higher energy 

fragmentation processes over SORI alone.  It is important to note that different fragment 

ions observed may be due to higher energy fragmentation as well as the conversion of 

heterogeneous populations to different conformations / protonation motifs.  The inter-

conversion of heterogeneous forms as it relates to the relative abundance of different 

fragment ions may be mechanistically interesting.  One of the most important advantages 
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of SORI-RE is its simplicity.  Hardware or software modification of existing FT-ICR 

instruments is not required, analysis time is not significantly increased, and method 

optimization is not difficult. 

 The SORI-RE technique has been characterized in this dissertation, and should be 

applied in all future work in which the enhancement of higher energy fragmentation 

pathways is structurally or mechanistically useful for the researcher.  Also, future studies 

of SORI-RE should focus on determining if heterogeneous populations can be 

interconverted.  For example, two populations which display different fragmentation 

characteristics may become indistinguishable at higher internal energies deposited by 

SORI-RE.  This work will help further understand the behavior of heterogeneous gas 

phase populations during the ion activation event.   
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8.5 Summary 

 

 Peptide fragmentation is important for the identification of proteins.  It is the 

peptide fragmentation spectrum which is analyzed by the sequencing algorithm, and it is 

the gas phase structure of the peptide which is fragmented.  Therefore, a fundamental 

understanding of how structure affects fragmentation is important for improving the 

sequencing of peptides, and ultimately the identification of proteins.  Prior to the work 

presented in this dissertation, very little was known about how non-interconverting 

heterogeneous gas phase structures may contribute to the fragmentation spectrum.  Gas 

phase H/D exchange in an FT-ICR is the preferred instrument for this type of analysis 

because of its capability to sequentially perform multiple analytical steps including 

monoisotopic isolations, H/D exchange for several minutes, and fragmentation.  An 

alternative method of activating gas phase ions in an FT-ICR was also presented.  This 

SORI-RE technique can enhance higher-energy fragmentation, providing more structural 

and mechanistic information.  This technique is therefore also useful in investigating the 

fundamental questions associated with biomolecular fragmentation.     
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