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ABSTRACT

Electron transfer dissociation (ETD) is an important tandem mass spectrometry technique

in peptide and protein sequencinig.the pastETD experiments have primarily inwed basic
peptides.A limitation of ETDis the requirement that analytes ditdeast doublgationizedby
electrospray ionization (ESI)n this research, a method has been developed for enhancing
protonation of acidic and neutral peptidéEhis has allowed doubly protonated ioftd+2H] ",
to be produced from peptides without basic residueiasenabled their study by ETD. This
dissertation includes the first extensive study of-hasic peptides by ETD.

The effects of a basic residoa ETD were investigated using a serief@btapeptides
withonel ysi ne, histidine, or argini naendioaezsNjdue.
which result from cleavage of-Bybonds along the backboneAlmost all of product ions
includethe basic residue Enhanced fragmentation occurs on thée@ninal side othebasic
residue. Also, c,injformationis enhancegdwhere n is the number of residues in the peptide.

Addition of Cr(lll) nitrateto a solution of the neutral peptide hepéame yields
abundant [M+2H]" formation by ESI Eleven metal ions were tested a@dlll) gave by far the
most intense supercharging of peptides. In contCaéil]) does noincrease protonation of
proteins. Experiments were performed to explore the scipegrging mechanism. dalition of
Cr(Il1) to thesamplesolution was used to produce [M+ZHjn the remainder of this research.

Neutral peptides with alkyl side chains were studied by Bm@® found to produce land

c 1ipns. Two mechanismare proposed for-ion formation which involves cleavage of



backbone amide (O=EN bonds The length of peptide chaaifects ETDfragmentationbut
the identity of the alkyl residue has minimal effect.

Acidic peptides with one or twaspartic or glutar acidresdues produce-bc "g¢ n ¢z N;j
ions. Themechanism of4ion formationis probably the same as that for neutral peptides, while
c 1@ n dions Mdsult from a radical mechanism involving oxygen atoms on the acidic side chains
For highly acidic h@ t a p e p tai nddéosg, &g tha@jmar products which supports a radical

mechanism.
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CHAPTER 1: AN OVERVIEW OF THE DISSERTATION

In September 2011, the Human Proteome Project was started with the aim of
characterizing protein products of the human genbrmeorder to understand protein structure
and function, the initial step is to obtain sequence information. Mass spectrometry is a standard
analytical tool in the Human Proteome Project to sequence peptides and profEamslem
mass spectrometry techniques (MS/MS) such as coHisidunced dissociation (CID)? electron
capture dissociation (ECDJ; and electron transfer dissociation (ETDjare widely used in
peptide sequencing of protonated molecular ionse afility to use MS/MS to provide peptide
and protein sequence information has been greatly benefited by fundamental studies of peptide
fragmentation mechanisr&?® A recent article ilNaturereported that tandem mass
spectrometry has identified around 84% of proteins from 20,687 annotateah lotein
codinggenes? In May 2014, a draft of a mass spectrometry based human proteomics database
called ProteomicsDB was establisied.

Today, CID is the main miedd used in peptide and protein sequence analysis.
Development of new dissociation methods is still greatly needed as many peptides are not
identified by CID*** In a study of yeast peptides, only 26,815 peptides out of 162,000
compounds were identified from their MS and MS/MS spetétiBhe recent development of
ECD and ETD could changhkd situation. ETD is reported as an important method for
increasing sequence coverage in the Human Prot€oBE€D and ETD provide peptide

sequence information that is complementary to €IECD and ETD produce @nd zions



while CID produces-and yions. (See Figure 1.1 for cleavage nomenclature, which will be
discussed in more detail in Chapter 2.) ECD and ETD presensraoslational modifications
(PTMs) by praiding little vibrational heating during cleavage. The ETD and ECD processes are

faster than CID processes and therefore result in more randeergodic cleavagé.

R R
| |

HN=—C=—C —+N—=4C—C —+N—+C—C —+N—C— COOH
- H

Figure 1.1. Peptide sequence nomenclatur

ETD and ECD are electremased methods that produce primardyand ztype fragment
ions by random backbone-®; bond cleavages. Although the method with which the precursor
ion obtains an electron differs for ECD and ETD, the fragmentation mechanisms and the
resulting mass spectra are very simifaETD and ECD are vergromising dissociation
technigues in peptide sequencing, but also have limitations. The biggest issue is thahETD c
only be used for basic peptides. Nuasic peptides generally do not produce a precursor ion

with a charge of +2 or higher. In ETD o€B, the addition of an electron to a singly positively



charged precursor ion makes the charge neutral and neutral species cannot be detected by mass
spectrometry.

Basic residues play important reka biological processes and fpreptide fragmentation.
In proteomics, trypsims an importanproteasdor cleaving protein chainsto smallerbasic
peptides that contain arginine or lysine residues at ftexr@inus®® These resulting tryptic
peptides arenostlysequencetty ETD, ECD or CID™****° Basic residueflysine, histidine
andarginine)can affectthe protonation of a peptidd the fragmentation pathways
observed?***’ The reason is thatiic residues have high gakase basicitie€GBs)and their
side chaingnore readilysequester protoras compared to amide groups on the peptide backbone.
Arginine is the mosbasicresidue and therefore is the most able to retain a proton and limit
fragmenatiorf®*° With arginine residues, additionahergy maye needetbb move the
hydrogen ion to the peptide backieand inducedissociatiorf?

Theanalysis of peptides without basic residuegeis/ important becausmanypeptides
with predominatelneutral or acidiside chains exish naturez>>® For example, numerous
peptides in biological processes such as neurcfsgy,blood coagulatiorit*® and HIV
infectior?’ are acidic. In addition, some acidic peptides have been studied to tréat’ldnd
malaria®® In proteomicsstaphylococcus aureiss proteasés widely usedo cleaveprotens
bonds to produce smaller peptides ttattain aspartic acid or glutamic acid residues at the C
terminus,while aspN-proteasealigests proteingito peptides with aspartic acid or glutamic acid
at the Nterminus®® Peptidescontaining acidic residuasadilydonate protons arare difficult
to multiply protonate in the pas/e ion mode by electrospray ionization (ESTherefore these
peptides areftenlimited to analysisby negativeion mode ESJ which is not compatible with

ETD because negativeris do not readily accept an electron due to charge repffi$ion.



In peptide and protein sequence analysis using mass spectrometry, it is very important to
protonate a molecule in E&I.ESI can produce multiply charged ions that have advantages in
the sequencing of peptides and proteins by MS?$lultiple charging can shift the mass-
charge ratio (m/z) of ions to a range of the spectrum where resolution is 6ptintatan
increase the ion intensity for mass spectrometers in which the signakedateproportional to
charge’*®® In addition, for peptides and proteins, higher charge state ions generally require less
energy to initiate dissociation and provide more sequetioemative product ions than lower
charge state ion§%®

Enhanced production of [M+2His greatly needed for peptide sequegdiy MS/MS.
First, ETD and ECD can only be performed for at least doubly protonated ions. Enhanced
protonation provides an opportunity to study +lm@sic peptides by ETD and ECD. Second, for
CID, [M+2H]*" precursor ions produce more structuratiformative product ions than singly
protonated ions, [M+H] This is why the majority of CID studies for peptide sequencing
involve [M+2H]?*.%7 Finally, enhanced [M+2H] precursor ion intesity would result in a
corresponding increase in the sigt@hoise ratio (S/N) of the MS/MS spectra. In a noisy mass
spectrum with low S/N, automated data processing routines have difficulty deciding if a peak
corresponds to a real peptide ion. Thifi@ilty in peak recognition becomes a limiting factor in
bioinformatics work and may result in a false positive identification for pepfides.

The studies presented in thesgigation are focused on use of the ETD to obtain
sequence information for peptides. This includes work on the mechanism of ETD for basic
peptides, the supercharging of Aoasic peptides, and extension of the applications of ETD for

nontbasic peptides.@., peptides without arginine, histidine, or lysine residues). The objective



of this research is to enhance the understanding of peptide fragmentation by ETD and expand the
applications of ETD to neutral and acidic peptides.

Chapter 2 describes the instrentation and experimental procedures employed in the
research project: (1) electrospray ionization (ESI)né2jospray ionizatiom@noES), (3)
guadrupole ion trap (QI) mass analyzer, (4) collisieinduced dissociation (CID), (5) electron
transfer désociation (ETD), (6) peptide sequencing nomenclature, (7) peptide synthesis, and (8)
structures of amino acids used in this work.

Chapter 3 discusses the effects of basic residue identity and position on the ETD spectra
of small peptidesETD on [M+2H?* producesalmost exclusivelgnjandzNpns Almost all the
ETD products ions contate basic residue, suggesting ttie side chains of lysa histidine,
and arginine contain a charge sit@pecificside chain cleavagdrom arginine residues magb
useful inidentifying arginine residues in peptided. characteristic of istidine residuess
formation of an electron transfer without dissociation product. In general, basic residues
promoteenhancedleavage at neighboring-Merminal or Gterminalresidues. Wheabasic
residue idocatedat the Nter mi nus, a whiand ieprosueead that may bdd verg nj
useful forpeptidesequencing.

Chapter 4 explores the addition of metal salts to solutions of small peptides undergoing
ESI. The purposwas to find the optimal conditions for increasing both charge and ion intensity
of protonated peptides; this procceEglyntra® known
to peptide solutions in ESI dramatically increases [M+£2ltikensity for neutral and acidic
peptides that normally produce only [M+H]For some basic peptides that produce [M+2ji

low abundance, Cr(lll) can greatly enhance the signal intensity of [M+2idtithe number of



ionsbeing protonated. The abylibf Cr(lIl) to supercharge small peptides by ESI may prove to
be highly useful in peptide analysis and sequencing.

Sequencing and analysis of neutral peptides is important because a large number of
peptides are neutral in natufeln proteomicschymotypsinproteasas widely usedo digest
protens into smaller peptides thebntain tryptophan, tyrosine or phenylalanine residues at the
C-terminus™® These resulting peptides are ramsic and difficult to sagence by electron
induced dissociation techniquek Chapter 5Cr(lIl) nitrate is applied to neutral peptide
solutions produced by ESI, which allows these peptides to be studied by ETD. Compared to
basic peptides, ETD of neutral peptides cleaves &tosexe CN amide bonds to produdeions.
Two explanations are used to discusgeibformation. In addition, peptide chain length can
change the fragmentation pathways, but the identity of the alkyl residue has minimal effect on
ETD. An understanding ahechanisms for ETD of neutral peptides could extend the use of
ETD and provide guidance in peptide sequencing.

In Chapter 6Cr(lll) nitrate is added to solutions of acidic peptides in order to produce
[M+2H]?* for study by ETD. These experiments représee first investigation of ETD on
acidic peptides without basic residues. Small peptides with one or two acidic residues were
analyzed in ETD and mainly produce b- and zseries ions. The-@nd zseries are produced
like basic peptides andibn seies are produced like neutral peptides. The identity and location
of the glutamic acid and aspartic acid residues has minimal effect on ETD. For highly acidic
peptides, ETD product ions changed to primarily members of thedczseries. These results
show that ETD provides abundant sequence information for acidic peptides.

Chapter 7 summarizes the most important aspects of this dissertation work and discusses

potential future work.
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CHAPTER 2: INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

All mass spectra in this dissertation were acquired by a Bruker (Billerica, MA, USA)
HCTultra PTMDiscovery System equipped with ESI. This chapter will discuss the general
principles of the mass spectrometry used in this work: ionization techniques, quadrupole ion trap,
and dissociation technigques. Then, solid phase peptide synthesis, structiieesnoiho acid

residues under study, and peptide sequencing nomenclature will be described.

2.1 Electrospray lonization/Nanoelectrospray lonization

Mass spectrometry analyses are based oiplgase ions, which is due to the fact that
massto-charge (m/zanalysis only works for charged particles. The movement of ions is easy to
control experimentally. Varying the electric and magnetic fields can control the energy and
velocity of ions, which in turn provides separation by m/z and detection. Thererye ma
different gasphase ionization techniques. Electrospray ionization (ESI) is a very important
ionization technique for characterization of large biomoleculESI was first used by Malcom
Dolée? in 1968, and later developed by John Péimthe 1980s. Fenn won the Nobel Prize in
Chemistry in 2002 for the development of ESI. ESI is a very soft ionization techr@qaede it
gives negligible fragmentation. The most important feature of ESI is the production of multiply
charged ions, [M+nHT or [M-nH]™, from large molecules. Positive multiply charged ions are

especially useful in electron transfer dissociation@E$tudies.
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Electrospray ionization (ESI) is a process involving a fine spray of charged droplets in
the presence of a strong electric field. The solvent is evaporated to allow the charged drops to
convert into gagphase ions. A sample is dissolved sodvent that usually consists of a mixture
of water, acetonitrile, or methanol. Depending on the desired ionization polari@yO(/v) of
additives such as acetic acid, formic acid, salts, or ammonium hydroxide may be added to assist
in ion formation. Acids and salts help to protonatecationizesamples, while bases deprotonate
samples. The concentration is varied depending upon the sample properties but the sensitivity of
ESI can be as low as the attomole (1 ¥°I/) range. The sample concettiva used in this
work is around 0.220 M.

Sample solutions weliafusedinto a stainless steel needle at a flow rate e250<cL/h
using a syringe pumpA simplified diagram is illustrated in Figure 2.1. In the Bruker
instrument, the needle tip is Kegt ground voltage, while the capillary cap, endplate, and
capillary entrance are held at a high potential (3 to 4 kV). For some instruments from other
manufactures, the high voltage is applied to the needle tip while keep capillary cap region is at
ground voltage. No matter where the voltage is applied, there is a potential difference (around
3.5 kV) between the needle tip and capillary cap region. The high potential difference produces
an electrostatic field to disperse the sample solution intcessfimay of charged droplets. To
nebulize the sample, a flow of heated nitrogen is introduced in the same diesttiemeedle.

A drying gas of nitrogen flows in the opposite direction to evaporate the charged droplets. In
this dissertation workhe drying gasand nebulizer gas are both nitrogen. The drying gas has
a temperature of 25860e @nd aflow rateof 5-10 L/min. The pressure of the nebulizer gas

was optimized etween 5.6010.0 psi taobtain the best ESI signal.
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Figure 2.2. Schematic depiction of an ESI source operated in positivenode

Electrospray ionization (ESI) occurs in three steps: droplet formation, droplet shrinkage,
and desorption of gaseous ion&igure 2.2 is a schematic depiction of the
ESI process in positive modelnitially, the electrostatic force on the analyte solution causes a
partial separation of the charges. Catiowws/e to the tip of the spray needle and
anions move in the opposite direction. A Taylor cone forms at the tip of the needle, where the
movement of the cations is compensated by the surface tension of the analyte solution. If the

applied electric forces strong enough, a fine mist of droplets is emitted from the Taylor cone.
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The rapid solvent evaporation by heating leads to droplet shrinkage. As the size of droplets

decreases, the charge density on the surface of the droplets increases. Finallyevidrer of

the Coulomb repulsion is equal to the surface tension of the droplet (the Rayleigh limit), a

Coulombic explosion breaks the droplets into even smaller and highly charged droplets. This

droplet shrinkage and explosion process is repeatethe lend, quaginolecular ions, [M+nHT,

are produced. These ions are then transported through two stages of pumping from the

atmospheric pressure region into a high vacuum region containing the mass analyzer.
Nanoelectrospray ionization (nanoESI), ahivas introduced by Wilm and Manfis

designed to operate at low flow rates-&ID nL/min). NanoESI is a miniaturized version of

ESI but has some differences. First, the sprayer népdienanoESI is 145 pm in diameter,

while for standard ESI the sprayer needle tip diameter is around 100 um. Second, the nebulizing

gas in nanoESI is not needed because the initial droplets are very small. Third, after the needle is

installed on theanoESI device, the three dimensional (3D) position of the needle needs to be

adjusted correctly to obtain a good spectrum. The operation of the nanoESI is more complicated

than for sandard ESI. In this researctanoESI was occasionally used becaisetechnique

has a lower sample flow rate into the source and a greater tolerance for salt impurities than ESI.

Low flow rates have been reported to increase ion intehgnoESI was employed to test

whethe lower flow rates could increase the supercharging of peptides, which is discussed in

Chapter 4.

2.2 Quadrupole lon Trap

The quadrupole ion trap (QIT), with the original name Paul trap, is a 3D ion trap where

ions are held in a quadrupolar electric fielthe QIT was introduced by Wolfgang Paul in 1958.
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He won the 1989 Nobel Prize in Physics for its developrifefihe QIT is a trapping mass
analyzer that can store ions for milliseconds to seconds. One important feba QIT is that it
can trap positive and negative ions at the same time, which is especially useful for ETD
experiments. Multiple stages of MS (f)San be performed within a single QIT analyzer.

lons entering the QIT were produced in the ESI soanckintroduced into the trap by
electrostatic focusing using a combination of two octopole ion guides and electrostatic lenses, as
shown in Figure 2.3. The 3D gdrupole consists of a two dorakaped end cap electrodes and
a central ring electrode. Oonéthe end cap electrodes has a small aperture to allow the ion beam
to be gated periodically into the trap. The other end cap electrode has a small hole to allow ions
to be ejected to a detector (see Figure 2.4). The ions are trapped in the QIT mgapply
radiofrequency (RF) potential to the ring electrode while the end cap electrodes are kept at
ground potential. This results in an oscillating electric field to trap the idefum buffer gas,
at a pressure of ~Fmbar, is used to damp the moti®f trapped ions and concentrate ions in
the center of the trap.

lons in theQIT move in an oscillating motion aroutige center of the trap. The motion
of the ions anbedescribedy solutions othe Mathieu equation: The canonical form of the

Mathieuequationis:

Ao @y cAATcd u=0 2.1
A 0 '
whereu representshedirection of motion as radicax(y) oraxial ), i s a di mensi onl

parameteequal toq t/2 whereq is the frequency of the RF potentaidt is time,anda, andq,

are trapping parameters.
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After muchsubstitutionand rearrangement, tif@lowing trapping parametezxpressions

are obtained

A — 2.2

N 2.3
o]

A — 2.4

N 25

where U is the amplitude of the DC voltage, V is the amplitude of the AC voltage, r is the radius
of the ringelectrode, m is the mass of the ion, z is the charge of ion, and e is the charge of an
electron.

Thesolutionsto the Mathieu equation can be interpreted in terms of trajectory stability in
radical &, y) andaxial (z) directions. The Mathieu stabilitiagram in Figure 2.Showsstable
regionswhereions of a certain m/z range can be stored in the QIT. In most commercial
instrumentsthe mass selective instability mode is used.isthode, which is simple and the
most popular mode in mass analysisly applies afiRF voltage to the ring electrode and
maintainsthe end caglectrodeat ground potential (U and are 0). The ions in this mode are in
anoscillating electric field. At a given value of V, all ions above a certain m/z value are trapped

in the QIT. The relationship of the eoff m/z and V is given by:

2.6
q

where Ghax is maximum value of g usually at 0.908 The peakto-peak magnitudef V in these
experimers was30kV (15 kV zerato-peak)
The ions move in an oscillating mode in the trap and each m/z has a characteristic secular

frequency. When an exterior voltage with this same frequency is applied to the end cap
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Figure 2.5 Mathieu stability diagranused with permissioftom Reference 10)

electrodejonsarebought into resonancevhich increases their orbital radius and velacityhe
energyabsorbed by an ioin resonancenovesthe ionaway from the center of the trap. As the
RF voltage(V) is increased, ions of increasing m/z expand their range of motioaraep:cted
out of the trap and detected dyDaly detector system

TheDaly systent is currently the most common detector in mass spectrometry and has

the advantage of a long lifetime because ions and neutrals do not come into contact with the
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electron amplification dynodedfter the ions exit the ion trap, atectrostatidens is used to
focus the ion®naconversion dynode, which produces a photon beam. Photons pass through a
glass seal and hit another dynode, which produces an electron beam. The electron beam is
multiplied using an electron multiplier (EM), whids a horashaped assembly made of a funnel
of glass vinerethe inner surface is coated walcoppeiberyllium alloy that readily expels
electrons upon bombardment with partigie€luding electrons) The enitted electrons
continwouslystrike to the opposite surface until the egiteached and the resulting electrical
current is measured at an anodée electrons are multiplied with a gain of 1®10. The
HCTultra PTM Discovery System used in this reshaontains a high capacity spherical ion
trap(HCT)."®

The HCT is not bigger than a QIT beintains more ions becausedesignand the
method of applying voltagderces ionsto bunch together in the ceam of the trap in a spherical
shape. The main difference betwesrHCT anda conventiona@IT is thata RFpotentialis
applied to all three electrodes the HCTto mimic the electric field od hexapole This gives

the HCT Ietter control of ion motion and interactioasd greatly increases sensitivity

2.3 Dissociation Techniques
2.3.1 Collisiorrinduced Dissociation

Collisiorrinduced dissociation (CID) is also known as collisaivated dissociation
(CAD). CID was first introdced in 1968 and is now the most widely used method in tandem
mass spectrometry (MS/MS and MS*" The CID pocess occurs in two steps: collision
activation and unimolecular dissociation. The precursor ions, selected by resonance frequency

techniques, are accelerated and collide with an inert gas (helium in the QIT), which excites the
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ions excited to higher ergy states. In the collision process, part of the translational energy of
the precursor ion is converted into internal energy to cause the precursor ion to fragment by
unimolecular dissociation. For peptides, CID breakS Bimide backbone bonds to produc

primarily b- and yions. (b and ylons will be discussed in Section 2.4.) The processes involved

are:
Collision activation: i + N—> [m'] * + NNj
Unimolecular dissociation[m, J*— m* + m, 2.8
wheremgi s the precursor ion, N is the i'andrt gas

m, are fragments of the analyte ion.

There are two types of CIDhigh energy CID and low energy CID. High energy CID is
mainly used in magnetic sector and TOF mass analyzers and the ions have translational energies
between 3 and 10 keVThe collision results in higher energycited electronic states and
vibrational states. High energy CID has more fragmentation than low energy CID. Low energy
CID is primarily used in quadrupole and ion trap based tandem mass spectrometry. The ions are
given collision energies below 100 eV he low energy collisions excite ions only to upper
vibrational states. In this dissertation, low energy CID is performed within the QIT of the Bruker

HCTultra PTM Discovery System.

2.3.2 Electron Transfer Dissociation

Electron transfer dissociatiqETD) was developed by Hunt and coworkérs
in 2004 and is an important new technique for peptide sequetiéingjhe ETD process uses an
ion/ion reaction to transfer a low energy electron to a peptide ion and initiate dissociation as

shown in Figure 2.6. The generation of low energy electrons is astefitiprocess. First,
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higher ergy electrons are generated by an electron ionization (El) flament source, where the
electrons are accelerated with a potential of ~75 eV. In a negative chemical ionization (nCl)
process, these electrons collide with mathgas and the resulting plasgenerates very low
energy electronsThe low energy electrons are captured by an ETD reagent gas with a low
electron affinity. Fluoranthene, azobenzene and anthracene are common ETD reagents;
fluoranthene was used in this work. The fluoranthene reagmt is moved by electrostatic
focusing into the QIT. Inside the QIT, the reagent anion and &&lézted precursor ion
undergo an ion/ion reaction. The result is a reduced ion, [MDFHFﬁ that cleaves at the-Ny
backbone to produce and zions (¢ and zlons will be discussed in Section 2.4.) Peptides
should be at least doubly protonated in ESI to perform ETD experiments. Otherwise, the
addition of an electron to a singly charged precursor ion makes the charge neutral and
undetectable by nsa spectrometry. The ETD process is similar to the tandem mass
spectrometry technique of electron capture dissociation (E@k)ept that an electron is
captured by a multiply charged peptide ion in ECD. EC@rimarily used in Fourier transform
ion cyclotron resonance (HCR) mass spectrometry instruments.

All ETD experiments in this research were performed using a Bruker HCTultra PTM
Discovery Systenequipped with ESI The ETD source is shown in Figure 2The nCl
ionization source is located outside of the QIT. The fluoranthene anions produced by nCI and
multiply charged peptide ions produced by ESI are transported into the trap using the same
octopole. After the peptide cations are introduced intodherap, the ion transmission device is
switched in polarity to accumulate fluoranthene anions. The peptide cations and reagent anions

are then trapped together for a time in the range -df(iOms.
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Generation of reactant anion in the nCI source:

O 4 o
B attachrnent
(A e L

fluoranthene odd electron
Ci¢Hyp reaction anion

ETD process within the ion trap:

L ]
Electron- [ )
* ransfer n-1" -
[M"'llH]n e 0.0 t_fb_ [M +11H] - N Co', bond

odd-electron CleaVage

protonated
peptide

Figure 2.6. ETD reaction used to produce peptide fragmentation.
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/- Gate lens

Transfer
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[
Octopolel Octopole2 Lens 1/2
Partition
ion/ion
Skimmer reaction

Figure 2.7. ETD setup (used with permission from Reference 13).
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Although the method with which thaultiply charged peptiden obtains an electron
differs for ECD and ETD, the fragmentation rhaaisms and the resulting mass spectra are very
similar. ETD and ECD botlproduce primarily eand ztype fragment ions by random backbone
N-Cybond cleavages. The Cornel mechaiisand UtaRWashington mechanisfrare used to
explain the eand zion formation. These mechanisms will be discussed in detail in Chapter 3.

ETD and ECD are widely used in peptide and protein sequetciig?>**°

2.4 PeptideSequencingNomenclature

The standard peptide fragmean nomenclaturg by Roepstorff and Fohlman is used
throughout this dissertation for describing ions in the CID and ETD spectra. Figure 1.1 in
Chapter 1 illstrates the nomenclature for peptide fragmentation. When a protonated or
deprotonated peptide ion cleavages, the charge is retained on one side of the peptide. If the
charge is retained near thet&rminus, a, b, and c are used to describe the iortke tharge
stays near the-@rminus, X, y, and z are used. The subscript number refers to the cleavage site,
which is numbered from the terminus that retains the charge. Prime symbols on the right mean
the addition of hydrogens. For examplghtandsfor [c,+H]" andcynjstands for [g+2H]".
Prime symbols on the left denote the subtraction of hydrogens. In 2002, Zubarev and coworkers
developed a modified nomenclatifr® denote for radical products in ETD in which the major
ETD product ions are referred to dafjod 2 The &\jf Zubarev nomenclature isjfor
Roepstorff and Fohlman nomenclature afid ZNj To better keep track of additional hydrogens,

Roepstorff ad Fohlman nomenclature is used throughout this dissertation.
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2.5 Peptide Synthesis

In order to meet specific research requirements in the projects of the dissertation, some
custom synthesized peptides were needed. Most of these peptidaeyntkesized using
standard Fmoc solid phase peptide synthesis (SPPS) protocol on an Advanced ChemTech Model
90 peptide synthesizer (Louisville, KY, USA) in our laboratory. In some cases, further
modification of peptides via methyl esterification was usedliminate the @erminal
carboxylic acid group.

Solid phase peptide synthesis was developed by Merfifiald 963 to help scientists
synthesize peptides in their laboratory. Peptides are synthesized frorteimiiiis to N
terminus on an insoluble support resin. An Fmetu®renylmethoxycarbonyl) group is
attached to an amino acid residue to protectehetive amino group, as shown in Figure 2.8.

The Fmoeamino acid residue used for thet€@minus is attached to a resin, which is
traditionally an insoluble polystyrene bead. The Faotno acid and Fmeamino acid residue
can be purchased commercially these experiments, the Fraamino acids and Fmeamino
acid Wang resins (a standard resin in peptide synthesis) were purchased from Advanced
ChemTech.

To synthesize a peptide, the desired resin was put into a reaction vial that was attached to
the pepide synthesizer. The resin was first washed with dimethylformamide (DMF), methanol
(MeOH) and then DMF again. A PIP solution of 20% piperidine)(in DMF solvent was
introduced into the reaction vial to remove the Fmoc group. The resulting aminesnidvas
washed again using the same wash stegldydtoxybenzotriazole hydrate (Hobt), which is a
coupling additive to reduce racemization, was dissolvedingthyt2-pyrrolidinone (NMP) to

prepare a 0.5 M Hobt solution. The Hobt solution was usethte a 0.5 M Fmoc amino acid
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residue solution. The prepared Fmoc amino acid residue solution along with 0.5 M solution of
1,3-diisopropylcarbodiimide (DIC) in NMP was added to the reaction vial to start coupling steps.
The DIC was used to activate therlooxyl group of the Fmoc amino acid. After the coupling

step was complete, another round of wash steps was performed. Theskeprasécicouple

wash steps were automated by writing a program for the peptide synthesizer. The cycles were
repeated to adother amino acid residues.

When all the residues were added, thee@ninal resin was cleaved from the resin to
generate the synthesizpdptide. A cleavage solution of 9.5 ml trifluoroacetic acid (TFA), 0.3
ml triisopropylsilane (TIPS), 0.5 ml deioniz€é0I) water was used to cleave the ester linkage
between peptide and resin. The mixture was filtered to remove the resin, and then diethyl ether
(which had been cooled t@8C ina bath of dryice) and acetone were added to precipitate the
peptide. Thesolution was centrifuged and the diethyl ether was decanted. The remaining gel
was the peptide of interest, which was put in a desiccator to dry.

After drying, the synthesized peptide can be directly used for magssnabometimes,
peptides neede be further modified. For example, in Chapter 4, some peptides were
converted to methyl esters to test if the carboxylic acid groups are involved in supercharging
with Cr(lll). Solutionphase chemistfywas used ére to make methyl esterified peptides.

Figure 2.9 illustrates the methyl esterification @s& In these experiments, 5 pEacetic
anhydride, L of 12 M hydrochloric acid, and §& of dry methanol were mixed for 5 minutes
and then 1.2 mg of solid peptide was added. The resulting solution contained the peptide methyl

ester.
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Figure 2.8. FmocL-amino acid residue.
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Figure 2.9. Peptide methyl esterification reaction.
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2.6 Amino Acid Structure
The basic, neutral, and acid peptides used in these experiments are composed of different
amino acid residues. Figure 2.10, 2.11, and 2.12 show the basic, neutral and acid amino acids,

respectively, that are involved in this work.

O 0 0
H,N——CH—C——OH H,N——CH—C——0H H,;N——CH—C——0OH
Hy

H,

C

|

C
CH, \ c|:|-|2
| L |

N

|

C

|

N

[ H
NH, —NH
H;
Lysine (Lys,K) Histidine (His, H) Arginine (Arg, R)

Figure 2.10. Basic amino acids.
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0
H,N—— CH—C——OH
CH,

OH

Serine (Ser, S)

Figure 2.11. Neutral amino acids and polar amino acids.
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Figure 2.12. Acidic amino acids.
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CHAPTER 3: ELECTRON TRANSFER DISSOCIATION OF BASIC PEPTIDES

3.1 Introduction

In proteomics, trypsin protease is widely used to digest proteins into smaller peptides that
contain arginine or lysine residues at thée@ninus: These resulting tryptic peptides are often
sequenced by tandem masscspmmetry”® The presence of basic residuwas affect both the
location of protons in precursor ions and the fragmentation pathways ob&&fvBasic
residues have high gghase basicitie€GBs)and their side chains may sequester protons and
limit fragmentation, especially for highly basic arginine resid&i&sExtra energy may be
required to move the hydrogen ion to the peptide backbone and facilitate dissdéidtion.
collision-induced dissociation (CID) cleavage is favored at either tteri@inal or Nterminal
sides of arginine residués.In CID, many peptides exhibit preferential cleavage at the C
terminal side of histidine residues, including both adjacent to the histidine residue and two
residuesemoved-**°

In electron transfer dissociation (ETD) and electron capture dissociation (EEL), N
bond cleavage dominates the spectra of basic pepfii€s® Protonated peptides with lysine,
histidine, or arginine participate in electron transfer to a similare@ed) Peptides with histidine
residues show the highest degree of electron transfer without dissociation (EF°’rno D) e | e k
and coworkers found that the ET no D products hadngode rearrangement and that proton
migrations from peptide terminitotheZNj posi t i o n -oifg stabiizedthee duc e d

undissociated radicald. Basic peptides often generate Eabd ECDproducts tht include side
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chain losses, with such processes being particularly prominent for arginine réitfiieldaag
et al. found that for thpentapeptides KXXXX, XKXXX, and XXKXX (X = A or G), the
product ions always contain lysine (Lys, K)Marshall and coworkers reported that basic
residues located at thetdrminus or Germinus enhance the formatiohas and yions in
ECD. In contrast, Cooper found that lysiaentaining peptides promote the formation of b
ions?® In addition, Liu and Hkansson observed in an ECD gttt when histidine was
adjacent to the Nerminal residue, {ibns were produced.

ETD® and ECD’ are electrorbased methods that mhace primarily € and ztype
fragment ions by random backbonedy bond cleavage$. Although the method with which the
precursor ion obtains an electron differs for ECD and ETD, the fragmentation mechanisms and
the resulting mass spectra are very sinfilaihe earliest mechanism proposed for EG®the
Cornell mechanism by McLafferty and coworkers where an electron locatizepasitively
charged functional group (e.g., ammonium or guanidinium) captures a hydrogen atom to form an
odd-electron ion that undergoes®bbond dissociations. O6 Connor and cowor ker
double resonace experiment to confirm the existence of a radical intermediate in*ECD.
Zubarev and coworkers named t heﬁors{cﬁan\lﬁ] l'ived r
complex®® The hydrogen atom is transferred to a carbonyl oxygen of an amide group; the result
is N-Cyy bond cleavage that produces exdectron and radical product iofisMost often, the
product ions are members of theand z series’ The norergodic NCybond dissociation
process is affected by intramolecular solvation of protons at the side chains of basic &sidues.
However, this mehanism cannot explain-Bybond dissociations that are remote to the basic

residues.
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Another mechanism to describe@j bond cleavage has been proposed by the Sithons
and T Ugraupsénétependently and is known as Wdashington (UW) mechanism. In
this mechanism, the electron in ECD or ETD i
orbital that converts the amide bond into a superbase. The amide superbasercabstitict a
proton from a nearby proton donor group, which triggers a backbone cleavage, or can undergo
N-Cybond dissociation to form an enafaidate anion, which then abstracts a proton to form c
and zproduct iong? The major difference between the UW and Cornell mechanisms is that the
UW mechanism does not require the side chains of basic residues to participate i proton
coupled electron transfer.

In the present study, ETD was performed on doubly prog¢ahians, [M+2HF*, from
fifteen model heptapeptides that contain one basic residue and six alanine residues. Because the
methyl group comprising the side chain of alanine should not affect fragmentation, this allows

determination of the effects of theeiatities and positions of basic residues on ETD.

3.2 Experimental
3.2.1 Peptides
The heptapeptides studied were XAAAAAA, AXAAAAA, AAAXAAA, AAAAAXA
and AAAAAAX, where X is arginine (R), lysine (K), or histidine (H) and A is alanine. The
peptides weraynthesized by standard Fmoc procediirgith an Advanced ChemTech
(Louisville, KY, USA) model 90 automated peptide synthesiasrdiscussed in Chapter 2
Peptides containintfC labeled alanine residues, K*AAAAAA and *AAAAAAR, were also
synthesized and analyzed to further identify the product ion types. The asterisk indicates that the

alanine residue, *A, hasSC substitution at its methyl side chain. In addition, the peptide
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AAAKAAAA was purchased from Synthetic Biomolecules (San Diego, CA, USA). All reagents
were used in without further purification and were purchased from Advanced ChemTech or
VWR (Radnor, PA, USA). Deionized and distilled water was produced with a Batristaae
system (Dubuque, IA, USA).
To dissolve the basic peptides, they were first added to a solvent of methanol:water at
50:50 volume:volume ratio using a concentration of 1 mg peptide per mL of solvent. From this
stock solution, solutions for analg byESlwer e di ssolved to 10 &M in

acid at a volume ratio of 49.5:49.5:1.

3.2.2 Mass Spectrometry

The peptides were analyzed on a Bruker (Billerica, MA, USA) HCTultra PTM Discovery
System high capacity quadrupole ion trap nsgesctrometer equipped with E&8 discussed in
Chapter 2 The ESI end plate and capillary voltages were kept atkMtdhd the capillary exit
voltage was +103 V. The ESI drying and nebul
wereinfused at dlow rate of 22 A&nin using a KD Scientific (Holliston, MA, USA) syringe
pump.

Single stage mass spectra (m/z/ADM) were acquired in standard enhanced positive ion
mode and followed by ETD fragmentation experiments. The precursor cation targetaalue
adjusted from 80,000 to 200,000 and a maximum accumulation time of 200 ms was used to
regulate the number of ions entering the trap. Selection of the doubly protonated precursor ion,
[M+2H]?*, was optimized within an isolation window of 100 m/z i order to maximize
precursor intensity while excluding nearby ions. Methane was used as the negative chemical

ionization (nCl) reagent gas. Fluoranthene anions were generated within the nCI source and
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were introduced into the trap, where they transteelectrons to the mygelected precursor ions
in the ETD process. ETD was perform8% using
which adjusted the anion/cation reaction timetenatically in order to maximize fragmentation
efficiency. Reaction times were in the range o280 ms. The smart decomposition routine
also applied a low energy resonance excitation pulse to theledulon protonated peptide ET

no D ions, [M+2H] A This essentially performeal very lowenergy collisioAinduced

dissociation (CIDeventon the ETD dissociation intermediate in order to break apart fragment
clusters held together by n@ovalent interactions, thus enhancing ETD fragmentation
efficiency®*° (Experiments weralso performed without this additional CID activation and it
was foundthat the pulse hadegligible effects on the spectra presented here.) For ETD, the ion
charge control (ICC) value was set to 50,400,000 to maximize dissociation efficiency. An
initial lower end m/z cubff of 140 m/z was used to acquire ETD spectra. However, in order to
observe lower m/z ETD product ions, @ffs in the range of 5040 m/z were also employed.
Reducing the lower m/z cuff results in a somewhat reduced ETD efficiency because the
corresponding ion trajectory changes lessen the overlap between the cationic and anionic ion
clouds involved in ETD. All the spectra showare were obtained from signal averaging of 200

scans.

3.3 Results and Discussion
Doubly protonated heptapeptides XAAAAAA, AXAAAAA, AAAXAAA, AAAAAXA
and AAAAAAX, where A is alanine and X is arginine (R), lysine (K), or histidine (H) residues,

were dissocaited by ETD. The standard peptide fragment nomenclahy&oepstorff and
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Fohlmann is used here for the ETD specifhe nomenclature employed is discussed in Chapter

2.

3.3.1 Effect ofBasic ResiduePosition on ETD
Figure 3.1 shows the ETD spectra of [M+2Hfom RAAAAAA, ARAAAAA,
AAARAAA, AAAAARA, and *AAAAAAR. These peptides produce mainly @and zseries
ions with a few side chain losses. All of the ETD product ions contain an arginine residue.
Figure3.1(a) gives the spectrum for arginine at thteNminus where a complete series @ij¢  n
= 1-6 is produced. When arginine is located at the second position of the heptapeptide in Figure
3.1(b),enj, +6,anrdz®, ar e pr oduc edinneaRhedourthposithn,1 ( c) has
where gnj, 6, and ZM¥j, 46, form. Arginine at the sixth position in Figure 3.1(d) yielgly c
and zNj, 6. When2arginine is located at the€@minus in Figure 3.1(e);@and zNj, #6, = 2
are produced. Thedtopically labeled peptide *AAAAAAR, with &C on the methyl group of
the Niterminal residue, was used to distinguishtti® z f ronp maejd f z.;Njm decause t h
ion series have the same nominal m/z. When the position of arginine residue drangés
N-terminus to the €erminus, the fragment ions change fromacomplgtecs er i es t o a ¢
zNj seri es.
Figure 3.2 contains the ETD spectra of [M+2Htom K*AAAAAA, AKAAAAA,
AAAKAAA, AAAAAKA and AAAAAAK. The product ions are a@in primarilymembers of
t h ea rcdgered)jalong with some ammonia loss species. The majority of the ETD product
ions contain a lysine residue. When lysine is at therkhinus in Figure 3.2(a), a complete
series of gnj, B, isproduced. Lysine at the sedgosition, in Figure 3.2(b), yieldsrg , n

=2-6,&Nj] aeNjd zWhen | ysine is | ocatedmnpt fhdre 4 our t
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Figure 3.1. ETD mass spectra of [M+2H]from (a) RAAAAAA, (b) ARAAAAA, (c)
AAARAAA, (d) AAAAARA, and (e) *AAAAAAR. The asterisk indicates that the-términal
alanine residue hd&C substitution at its methyl side chain
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z.Nj, 46, form. 4ysine is the sixth residue in Figure 3.2(d), wheng,enj caNjgd #®, = 2
form. When lysine is located at thet€minus in Figure 3.2(edsnj ,eNj cadNjd 6, are 2
produced. When the lysine residue is changed from ttexrNinus to the €erminus, the ETD
product ions again change fromthejc ser i es t o aJNj ak'iGdabeted compl et e
K*AAAAAA was used to confirm the identity gbroduct ions due to m/averlap ofgnj wi t h
Znsnj, - =1
Figure 3.3 shows the ETD spectra of [M+2Hfom HAAAAAA, AHAAAAA,
AAAHAAA, AAAAAHA jand AAAAAAH. The product i1ons are
some ammonia loss is also observed. HistidirieealN-terminus, in Figure 3.3(a), produces a
seriesof gnj,  ¥b6 ard al@o Nj. Hi stidine at the second posi:t
3.3(b), yields gnj, 6, and 2l4j. When histidine is |located at
3.3(c), gnjn =46, and ZNj, 6, are prdduced. Histidine is the sixth residue, in Figure 3.3(d),
generatessoj ,gnj ,6Nj,z 6. Ir=Figdre 3.3(e), when histidine is at theée@minus, enj,snj ca n d
z.Nj, 46, are pr@duced. With of the histidine residtiehanged from the f&erminus to €
terminus, the ETD product ions are also changed frminct o p vNj. ma rTihley nzaj or i t y
product ions contain the histidine residue; the only products without a histidine residsig are ¢
from AAAAAHA [Figure 3.3(d]andegnj agmd fc om AAAAAAH [ Figure 3.3
Heptapeptides with the basic residue in the second position were investigated because Liu
and H&ansson suggested that a histidine in this position might enhaooegdrmation?
These researchers found that the hexapeptide WHWLQL produced abuolasirbECD.
They suggested that Coulombic repulsion would result in one proton being located near the N

terminus in the precursor ion (at either W or H) and that the second pesidad along the
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Figure 3.3. ETD mass spectra of [M+2#]from (a) HAAAAAA, (b) AHAAAAA, (c)
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peptide backbone and facilitated the production-afria yions** However, h Figure 3.3(b), all
the backbone cleavage products arand zions. Therefore, the histidine residue does not

promote bion production in the peptide AHAAAAA.

For all of the basic model peptides, ETD p

res dueds posit i otermimgs o thes Gefmmus,nrewer ktoas alé produced and
more zions are formed. The presence of some high intensity,aand yions in the ECD

spectra of basic peptides has been repditéd. In our present ETD study, ne and yions

were observed and there was only one low intensity ion that might be a member-sétles a

[aeNj from AKAAAAA s hown uggest§thagtoerfoemation & &-,kandly
ions in ETD and ECD may not only relate to

the overall composition of amino acid residues in the peptide.

3.3.2Effect of the Identity of the BasicResidueon ETD

When a peptide contains a highly basic arginine residue, all of the ETD product ions
include the arginine residue. For peptides with lysine and histidine residues, most (but not all)
product ions contain the basic residue. IfEEQD study, Cedergst and coworkeréalso found
that for model pentapeptides containing alanine, glycine, and lysine residues, each product ion
contains a lysine residue. The reason is undoubtedly that lysine residueshigher GB than
alanine and glycine residues. Peptides with lysine and histidine residues show very similar
fragmentation by ETD, which may be due to the nearly idenB&asfor these amino acids. The
GB for arginine is 240.58 kcal/mol, histidine is 227.1 kcaVamad lysine is 227.3 kcal/mét?’
The ETD spectra of our model heptapeptides wittethinal basic residues contain the entire

c1-6nj product ion distribution, which isspecially useful for sequencing.
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In our experiments, arginingontaining peptides produce onlyand zions and all ETD
backbone cleavage products contain the arginine residue. Cooper and coworkers pointed out that
peptides containing only one basisickie and no nitrotyrosimesiduewill follow the Cornelf?
or UW**"mechanisms for electreinduced fragmentatioi. Accor di ng t o the cal
Tur el ek an the guanidimumlgreup of arginine more readily abstracts a hydrogen
atom as opposed to serving as a hydrogen atom doiidwere is a large energy barrier for
hydrogen atom transfer from the guanidinium group of arginine to a backbone carbonyl oxygen
to form an aminoketyl intermediate. The initial step of the Cornell mechanism is this hydrogen
atom transfer, which cannot@a for arginine because of the large energy barrier. Therefore,
the Cornell mechanism does not apply to peptides with arginine residues and such peptides most
likely obey the UW mechanism. In the UW mechanism, an electron is captured in a Coulomb
stabii zed amide ~* orbital and a mgpbsitibneftiey dr ogen
peptide backbone to the guanidyl group of arginine océuf$e radical intermediate formed
will initiate hydrogen abstractin  f o r-carbdri*aed a Bee radical reaction cascade will
occur®® Under the UW mechanism, arginine residues are charge carriers (i.e., protonated) and
this could eplain why all of the ETD product ions contain arginine.

For peptides with lysine and histidine residues, backbone cleavage may be under the
Cornelf? or UW®*" mechanisms. In our experiments, almost all of the product ions contain a
basic residue. Inthe UW mechanism, basic amino residues are protonated and, consequently,
ETD backbone cleavage ions should preferentially contain basic residuke. Gornell
mechanism, an electron is captured by the amide side chain of lysine. The resulting hydrogen
atom is transferred to backbone carbonyl oxygen to initiate backbone cleavage. A similar

process occurs with histidine (but not arginine). In then€lbmechanism, the lysine and
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histidine side chains do not need to be protonated. Therefore, the Cornell mechanism may result

in the formation of a few product ions that do not contain lysine or histidine. In our spectra, the
following product ions thiado not contain the basic residue are observedl: cf r om AAAAAHA,
AAAAAAH, AAAAAKA, and AAAAAAK;c snj from AAAAAAH and AAAAAAK

All of our spectra show elimination of ammonia, Nf@7 Da). From our data, it cannot
be determined if the ammonia originafesm the Nterminal amino group or the side chains of
the basic residues. Liu and H&ansson found that the ECD spectra of peptides without basic
residues exhibit products with ammonia I&5$or the peptide SDKPDMAEIKFDK, Coon and
coworkers found that ammonia elimation occurs when the-derminusis unprotected but not
when the Nterminus is acetylated. This provides evidence that the ammonia molecule can
originate from tle N-terminal amino group.

Arginine residues exhibit prominent neutral molecule loss from the side chain, with the
elimination of CHN3; (59 Da)and CkN A (43 Da) occurring from the
precursor ions. No characteristic side chain loss wasreed for histidine and lysine residues.
McLuckey and coworkers observed similar results for peptides containing the three basic
residues? In an ECD study, two different grogpMarshall and coworkefsas well asChan and
coworkers' found that arginine residues had side chain lossestfi8; (101.093Da), CkNs
(59.045 Da), ChN, (44.033 Da), and C#,A (4 3 . Gstddeéresidyesinberwent a side
chain loss of gHgN, (82.053), while lysine residues had a side chain lossldf:®8 (7 D 8)9.

T u r eahdecéworkers calculated the energy for hydrogen transfer from the side chains of
arginine, lysine, and histidine to the backbonedengiarbonyl group’*®°* Their calculations
show that arginine has an inverse migration for a hydrogen atom from the peptide backbone to

the side chan; this process increases the likelihood of side chain cleavage. Their calculations
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also indicate that hydrogen atom transfer for the lysine side chain to the backbone is very facile,
which decreases the possibility of lysine undergoing a side chairagieaWistidine has a stable
imidazole group on the side chain that is difficult to cleave. The side chain losses of arginine
that are present in the ETD spectra are useful in determining if arginine residues are present in a
peptide sequence.

For peptids containing histidine residues, an electron transfer without dissociation (ET
no D) product forms, [M+2H+é].A This process was not observed for peptides with lysine or
arginine residues. McLuckey and coworkers have suggested that the ET no D product of
histidine may due to stability of the methylimidazolium side chain, which could delocalize the
nearby radical® T u r eahdecéworkers have further pointed out that thelative intensity of

[M+2H+e]" depends on the peptide sequence and the number of histidine residues.

3.3.3 PreferentialCleavages

Most of the peptides studied here have previously been studied in our laboratory by low energy
CID using a Fourier transforion cyclotron resonance mass spectrometerl R MS)® While the
vast majority of the ETD product ions contain the basic residues, this is not the case in CID. For these
peptides, CID produces a mixture ef i, andy-ions both with and without the basic residue. In
addition, for CID cleavage is favored adjacent to the basic residue at eithetethmi@al or Nterminal
side, with this effect being most pronounced for the highly basic arginine residues. Whie not
prominent, the ETD spectra show an increased intensity of cleavage adjacent to basic residues; for
example, the enhanced abundancemf cf r o m ?'[of MAARKAA [Figure 3.1(c)], AAAKAAA
[Figure 3.2(c)], and AAAHAAA [Figure 3.3(c)]. This enhancemertyrbe explained by the inhibition

of the mobile proton by the side chain of the basic resittie’
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For several of the peptides, a relatively intengg c 0 ¢ ctherESD spectra that is
independent of the position and identity of the basic residue. For example, entyansed
produced from RAAAAAA, ARAAAAA, AAAAARA, HAAAAAA, AHAAAAA, AAAAAHA,
AAAAAAH, AKAAAAA and AAAAAKA. This is not an order of magnitude interity
enhancement as observed in the CID spgttrat the intensity ofgnjis generally about 5000 %
greater than expected based on other ion intensities in the ETD spectra. In order to determine if
the size of the neutral ETD product influenceggc f or mat i on, the | ength of
increased. Figure 3.4 shows the E3jizctrum of [M+2H]" for the octapeptide AAAKAAAA;
the most intense peak isg. $nh ufso,r ntat i on i s not specificall
an increased production of@j, where n is the number of resid
stablity of radical species generally increases as the size of the molecule incfétises
unlikely that enhancedhgnj i s a result of an increased stabi
this case is ¢Hs0.A Instead, the preferential formation@finjmay be due to a slightly greater
ability of a Gterminal residue to coordinate to the basic site and initi&da trmation. Figure
3.5shows the mechanism foti@n formation first proposed by McLafferty @wo-workers®
An electron is captured on the side chain of a basic residue and, via interaction with a carbonyl
oxygen, a hydrogen atom is transferred to the oxygen. A greater conformational flexibility of the

C-terminal residue may result in a slight preferencec@mrdination to the terminal carbonyl

group.
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3.4 Conclusions

I n ETD, heptapeptides with one basic resid
all the ETD products ions contain the basic residue, suggesting that the side chains of arginine,
histidine, and lysine contain a charge site. In addition, side clegdage from arginine
residues occurs and may be useful in detecting the presence of arginine residues in peptides.
Histidine residues promote the formation of an electron transfer without dissociation product. In
general, the presence of basic residessilts in preferential cleavagersighboring Gterminal
or N- terminal residues. As was confirmed by ETD on an octapeptide, formatiganpf i s al s o
enhanced slightly When the basic residue isatthe b r mi nus, a compl et e seil

produced that may be very useful for sequencing.
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CHAPTER 4: THE USE OF CHROMIUM(III) TO SUPERCHARGE PEPTIDES BY
PROTONATIO N AT THE PEPTIDE BACKBONE
4.1 Introduction
The ability to protonate a molecule using electrospray ionization {ESt)atrixassisted
laser desorption ionization (MALD)s an important step in the structural analysis of peptides
and other biomolecules by mass spectrometry. While MALDI produces almost exclusively
singly charged ions from smaller biomolecules, ESI has the ability to produce multiply charged
ions. In thesequencing of peptides and proteins by tandem mass spectrometry (M3/MS),
multiple charging can have several advantages. These include shiftingztbeiom's to a range
of the spectrum where resolution is optifraid increasing the ion intensity for mass
spectrometers in which the signal detected is proportional to chalgeaddition, higher charge
state ions from peptides and proteins generally require less energy to initiate dissociation and
often provide more sequenagormative fragmentation than lower charge state fdfs.
The ability to multiply charge a peptide is particularly important for the MS/MS
technique=lectron capture dissociation (EE#° andelectron transfer dissociation (EJH'.
In ECD andETD, an electron is transferred to the precursor ion, resulting in a radical species
that dissociates to yield structurallyformative product ions. ETD and ECD generally require
that the precursor ion be multiply positively charged because additameléctron to a singly
charged ion forms a neutral species whose dissociation products are also neutrals and are not
detected by mass spectrometry. An issue that has somewhat limited the utility of ECD and ETD

in proteomics research is that acidic ortnapeptides may not doubly (or sometimes even
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singly) protonate by ESP. However, the analysis of natural and ptanslational peptides
containing acidic groups is important. For example, acidic peptidess®an in biological
processes related to neurold§, blood coagulatio®**and HIV infection® In addition, acidic
peptides have been studied as potential vaccines for masandhHIV.?" 8

Williams and cowdkerg® have developed a method for increasing the protonation of
bi omol ecules by the addition of #Asuperchargin
The supercharging reagent is usually a sor@anic molecule and its presence causes the
number of protons added to the analyte to increase, leading to more highly charged ions.
Compounds found to promote supercharging incluggtrobenzyl alcohol (’RNBA),**3?
glycerol® tetramethylene sulfone (sulfolan€§? dimethyl sulfoxide (DMSO¥?
dimethylformamide (DMFJ; and several benzyl alcohol and nitrobenzeéeevatives These
organic reagents enrich in concentration as the more volatile solvent evaporates duridgéSI.
mechanism proposed for supercharging is émaichment affectthe physical properties the
ESI droplet, which in turn ressltn changes to the conformation of the molecule under
study.***%3 A consegence of a more open (unfolded) conformation for a peptide or protein is
that a greater number of basic sites are accessible to protons and the charge state distribution
produced by ESI increaseén alternative mechanism, involving interaction of the
supecharging reagent with the biomolecule, has been proposed by several fbtipslick
and Williams have also reported that lanthanum(lil) chlociae supercharge proteifisin
addition, an electrothermal supercharging method has been developed that involves ESI from
agueous ammonium or sodium salt solutions, with the extent of protonation being dependent o
solution conditions and on the ESI capillary temperature and spray pot&fitialunique

feature of electrothermal supercharging is thantimaber of protons added to the protein is
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often greater than the number of highly basic sites; in contrast, organic supercharging reagents
normally do not protonate beyond the number of highly basic sites on the protein or peptide.

The majority of supaharging studies have involved proteins. Ohlgéstudies'*>*°
have includedmallerpeptides.Madsen and Brodbéttused mNBA to increase the charge on
ions produced for a peptide with twelve residues; however, the number of protons added did not
exceed the number of basic residugdsnsen and cowork@tincorporated 0.1% ANBA into the
solvent system during a liquid chromatography (LC) analysis of 33 peptides from a tryptic digest.
Theyfound that the average charge state for the peptide ions increased by approxithaely
Consequently, many peptidesuld be dissociated from the 3+ charge state rather thamtieh
caugdan increase in ETD fragmentation efficiency and a better success rate in identifying the
peptide sequences. (With the exception of-aebtdue peptide, these peptides did notqate
in excess of the number bighly basicsitesin their sequences.) Tysbin and coworkers
demonstrated a duaprayer procesor supercharging usinggveral large proteins and also
substance Pan 11residue peptide that has three highly basic .sifds intensity of the 3+
charge state for substance P was tripled, but additional protonation along the backbone to form
morehighly chargel ions did not occur.

During a recent study of the collisiomduced dissociation (CID) of peptides cationized
by the addition of metal salts to the electrosprayed solution, we notedr{H#t nitrate,
Cr(NGs)s, causes the neutral peptide heptaalanine (A7) to doubly profSriateontrast, when
Cr(Ill) is not present in the solution, A7 produces exclusively singly charge peptide, [M+H]
This formation of [M+2H}" was unexpected because A7 has only one highly basic site; the N
terminal amino group. In general, ESbfwnates peptides at only the most basic sites, which are

the Niterminal amino group and the side chains of arginine, lysine, and histidine ré$idues.
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(Although this generalization does not always hold true, theptions are usually proteins and
not small peptide€:*9 Because the side chain of alanine is a methyl group that will not
protonate, the second proton must be located at an amide groeppeiutide backbone.
In the present study, the use of Cr(lll) as a supercharging reagent for small peptides is
explored. Several other metal ions are also evaluated as supercharging reagents, although none

proved to be as effective as Cr(lll).

4.2 Experimental
4.2.1 Peptides and Reagents

The peptide®\7, AAAAAGA , and EEEEGDDwere purchased fromiomatik
(Cambridge, Ontario, CA)Cytochromec from bovine heart (12.3 kDa) was purchased from
SigmaAldrich (St. Louis, MO, USA). All other peptidegere synthesizeth our laboratory
with an Advanced ChemTech (Louisville, KY, USKjodel 90 automated peptide synthesizer
using standard Fmoc procedures he peptides were used as synthesized, without further
purification (which accounts for impurity peaks in the mass spectra shown). All peptide
synthesis reagents were purchased from Advanced ChemTech or VWR (Radnor, PA, USA).
Peptide methyl esters wereoduced by acigtatalyzedesterification with methanpés discussed
in Chapter 2!

All metal salts were purchased from VWR or Thermo Fisher Scientific (Waltham, MA,
USA). The organic superchang reagentsPMSO andm-NBA, and the ESI solvent§]PLC
grade acetonitrile and methanakerealsopurchased from VWRDeionized and distilled water

was produced with a Barnsteaeplre system (Dubuque, 1A, USA).
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Peptidesand proteinsvere disolved b 1 mg/ml in a solvent of methanol:water at a
50:50 volume ratio. From these stock solutions, the solutions studied by ESI were generated at a
concentrati on o fwatkrtaegoMme ratio 58 tPraonto ESK, metaksalts
or acidswere added to these peptide solutions at the concentrations discussedTedguid of

the solutions being electrosprayed was measured Witleemo Scientific Orion pH meter

4.2.2 Mass Spectrometry

All studies were performed usingBauker (Billerica, MA, USA) HCTultra PTM
Discovery System high capacity quadolgion trapmass spectrometer. The ESI source has a
grounded needle, and a high voltage3 kV was placed on the capillary entrance and endplate.
Thecapillary exit voltage was 103 V. h&drying gasvas nitrogen with a temperature3{ite C
and aflow rateof 5-10 L/min. The nebulizer gas was also nitrogen and the pressure was
optimized ketween 510 psi toobtain the best ESI signaBamplesvere infused at a flow rate of
2.5¢ Imin with a KD Scientific (Holliston, MA, USA)syringe pump.Single stage mass spectra
were acquired in the positive ion modgll the spectra shown here were obtained from signal
averaging of 200 scang.he ETD experiment for EEEEGDD was also performed on this
instrument using conditions reported elsewlére

For nanospray (nanoESI) experiments, sample was introduced ssirigge pump
connected to fused silica transfer tubing (36
em) . NanoESI emitters were purchadéeathpld rom Ne
flow rate of 52 0 /rewlas employed There was nmebulizer gas Nitrogen was the drying gas,

used at a temperature i20-150€C and a flow rateof 3-10 L/min.
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4.3 Resultsand Discussion
4.3.1 Effects of Selected Metal lons on Supercharging of A7

Heptaalanine, A7, was employed as the test peptide to study biheathiarious metal
ions to promote supercharging. Trivalent salts of aluminum (Al), chromium (Cr), iron (Fe),
rhodium (Rh), lanthanum (La), and europium (Eu) were studied, as well as a tetravalent salt of
cerium (Ce) and divalent salts of manganese)(lan (Fe), copper (Cu), and zinc (Zn). Table
4.1 lists the metal salts studied and provides absolute signal intensity of [Mf@Heveral
replicate trials using solutions with a peptide concentration of 10 M and a metal ion
concentration of 100 pMmetal:peptide molar ratio of 10:1). Table 4.1 also includes the
measured pH for all solutions, information on the intensities of metal adduct ions found in the
mass spectra, and reference values for pertinent physical properties of the metal ions.

Figure 4.1 shows typical mass spectra obtained for several mixtures of A7 with metal
salts. For comparison, Figure 4.1(a) provides the ESI mass spectrum of a 10 M solution of A7
in a solvent system of 50:50 acetonitrile:water with no added metal iohe bBbsence of metal
ion, [M+2H]*" is not produced. As seen in Figure 4.1(b), the presence of Cr(Ill) causes
[M+2H]?* to form in an intensity roughly equal to that of [M+H]Addition of the other metal
ions generally produces [M+2#] but in anintensity too low to be analytically useful; see, for
example, the spectra of Figure 4.3(e). Mn(ll), Zn(Il), and Rh(lll) are the only metal ions
investigated that do not generate [M+2H]Although not included in the current study, Co(ll),
Ni(ll), and Cu(l) did not significantly supercharge A7 in our previous study of CID of Agtal

adductg'®
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Table 4.1. Absolute signal intensity for [M+2H] from heptaalanineA7), pH of the solutions,and properties ahe metalions

M+2H]**

Metal Salt Atomic  lonic Coordination Metal ,[Absolu]te pH of pK;°© E°, V! Residence lonic Hydrated

Number Charge Numberof Adducts in  Intensity Solution, Time, 15° Radius, lonic

of Metal MetaP ESI MS (x10°), xNs pnl Radius,

Spectrd xNs pn?

Al(NO2)-A 9.6 13 3+ 4,56 n 1.54.4 4.30.1 497 17" 6.3x16 675 450
CrCIA 6,8 24 3+ 6 m 7.9+0.6  5.3#6.3 4.0 -0.407 2.0x13* 755 450
Cr(NOy):A 9.8 24 3+ 6 m 173+39  5.2#0.1 4.0 -0.407 2.0x10*> 755 450
MnCLA 4,8 25 2+ 45,6 m 0 7.1€0.1 1059 1 0.0316 97 300
FeCLA 6,68 26 3+ 4,5,6,8 n 3.782.2 3.74.6 3.05 +0.771 316 785 450
Fe(NO):AH,O0 26 3+ 4,5,6,8 n 5.1#4.5 3.54.2 3.05 +0.771 316 785 450
FeSQA 7.6 26 2+ 4.6,8 m 20#0.4 56€.2 9.5 T 0.32 75 300
CuCl, 29 2+ 4,5,6 m 1.5#1.1 5.640.2 8.0 +0.153 5.0x1d 87 300
Zn(NOy)A 6,8 30 2+ 4,5,6,8 w 0 6.640.1 896 1 0.032 88 300
RhCk 45 3+ 6 n 0 6.840.3 34 1 3.2x10® 80.5 450
La(NOy)-A 6.8 57 3+ 6,7,8,9,10,12 s 1.8+1.4 5.94.6 8.5 T 0.050 117.2 450
(NH,).Ce(NOy)s 58 4+ 6,8,10,12 w 1.44.1 3.6€0.2 -1.1 +1.72 1 101 550
Eu(NOy):A 6,8 63 3+ 6,7,8,9 w 1.6+1.4 5.940.4 7.8 -0.36 1T 108.7 450

&Coordinatiomumbers are fromeferences3.

® The metal dductformed with Cr(lll) and La(lll)is [M+Met-H]*". The metal adduatith Mn(1l), Fe(ll), Cu(ll) and Zn(ll) is§M+Met]?*. The

metal adducts witEu(lll) are [M+Met]*" and [M+MetH]**. Adduct ion intensity is compared to the intensity of [M¥k]th n = no adduct
formed, w = weak intensity a30%, m= medium intensity a80-65%, and s strong intensity at65%.

¢ pK; valuesfor dissociation of the first pton from the aguanetal complex arat 298.15Kandfrom reference’54,55

4 Standard reduction potentiaEsO, for the removal of one electroh208.15K and latrarefrom refereice56.

°Resident timefor water exchangffom the aquemetal compleat 25 € arefrom referencéA4.

" lonic radiiof the metals in a crystalline solid &rem referenc&7. The metal ions where low and high spin forms are known, the radii listed is

for the spin that is most common for the agqaonplex.
9 Estimated hydrated ion radii are from referefée
"7 indicates that the value is not available in the literature, usually because the value cannot be measured.
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Figure 4.1. ESImassspectraof solutionscontaining a 10:1 molar ratio afetalA7 for: (a) no
metal, (b) Cr(lll) (c) Zn(ll), (d) La(lll), and (e) Eu(lll). For Figure 4.1(c), the low intensity peak
below the arrow“dabel hed fKe Filglpchidedinpudtyer est |
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4.3.2 Optimal Conditions for Supercharging A7 Using Cr(llI)

Several molaratios of Cr(lll) to A7 were tested to determine the best conditions for
supercharging. With metal:peptide molar ratio &1 or less a slight increase [M+H] "
intensity is observed, although very little formation of [M+2Hjccurs. The maximum
intensity of [M+2HF" is found at a 10:1 metal:peptide ratiGreater concentrations of Cr(lll)
generally @ not increase the [M+2H] intensity further buinstead lead to a gradual decline in
intensities for botl2+ and 1+species. Also, addition of Cr(lll) to the solution caiseptide
adduct ions containing sodium or potassiunsimngreatly decrease in intensity, although Cr(lIl)
adduct ions forninstead The most commonly observed Cr(lll) adduct ion is [M +E&f*".

Using Cr(lll) and A7 in a 10:1 molar ratio, two organic solvent systems were tested,
50:50 acetonitrile:water and 50:50 methanol:water. With acetonitrile:water, the absolute
intensity for both doubly and singly charged ions was approximately double that found for
methanol:water. Therefore, acetonitrile:water was used for all other experiments.

The identity of the negative counter ion was considered because anions affect ptotonate
ion generation by ESI in ways that relate to their structure and their acid/base projférikss
the intensity data in Tablel show the nitrate salts a®r(lll) and iron(Ill) produce arMi+2H]**
signal for A7 that is almost twice as intense assigral produced with the corresponding
chloride sals. An attempt was made study the acetate salt for Cr(l1l), ©@Ac)sA bD.
Because of the volatility of the resulting neutratgtatesalts areoftenemployed inLC-MS
experiments andcatate bufferareused to minimize saihduced signal suppression in &%
However, the solubility o€r(OAc):A BO in aqueous solutions is I§hand we were unable to
dissolve this salt to an adequate extent for the present study. Also, a low solubility salt is not

desirable as an ESI solution additive because solid cgrtludoneedle.

67



lon production by nanoESIwas studied because this technique has a lower sample flow
rate into the source and a greater tolerance for salt impurities than ESI. Low flow rates have
been reported to incase ion intensity? The flow rate in our ESI experiments was ~2.5 |L/min,
while the nanoESI flow rate was ~0.2 |[L/min. Addition of Cr(lll) to the A7 solution increased
the [M+2HF" intensity to the same extefarr both ESI and nanoESI. No advantage was seen in

using nanoESI. Therefore, all other experiments in this study employed ESI.

4.3.3 Supercharging Other Peptides with Cr(lIl)

In addition to A7 the ability of Cr(lll) to supercharge peptides was studied using
variety of neutral, basic, and acidic peptides. These experiments employed the nitrate salt,
Cr(NOs)3A 9,8, with a 10:1 molar ratio of Cr(l1) to peptide. In all cases for peptides efsev
residues or more, the addition of Cr(lll) was found to greatly enhance the production of
[M+2H]%*.

Peptides with five residues or less were not observed to form [M+2fhe small
peptides studied were the tripeptides GAA and SSS and the pentap&B@&GG (G5) and
AAAAA (A5). For example, the spectrum of A5 with Cr(lll), that yields no [M+2H$ shown
in Figure 4.2(b). The short chain lengths of these peptides may inhibit their ability to accept two
protons due to Coulomb repulsion of neighbgnorotons.

The ability of hexapeptides to undergo backbone protonation depends on the sequence of
the peptides. Theeptides GGGGG@EG6), AAAAAA (A6), and ASSAAAdo not supercharge.
Several other hexapeptides (as discussed below) produce [Fi+aktlough usually in lower

intensities than are seen for similar hegtad larger peptides.
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Figure 4.2. ESI mass spectra of the following peptides with Cr(lll) added at a 10:1 molar ratio
of metal ion to peptide: (a) AGGAAAA, (b) AAAAA (A5), and (BAAEAAA.
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A variety of neutral peptides with exclusively alkyl side chains were studied. These
included the #esidue peptides AGAAAAA, AAAAAGA, AGGAAAA, AAIAAAA,

AALAAAA, AAVAAAA, and GGAVAAA; the 8 -residue peptide AGGAAAAA, the-Besidue
peptideAGGAAAAAA; the 13-residue peptide A13; and the-igsidue peptide A14. All

neutral peptides produced only [M+Hh the absence of Cr(lll), and abundant [M+2Hyhen

Cr(lll) was added to the solution. (As an example, the spectrum for AGGAAAA can be found in
Figure 4.2(a).) The-Besidue peptide AVGIGA also generated [M+2Hh the presence of

Cr(l11), but in low abundance. While addition of Cr(lll) to theptepeptides generally produced
[M+2H]?" in an abundance nearly equal to that of [M*%Hdr the hexapeptide AVGIGA the
intensity of the 2+ ion was only about 10% of the intensity of the 1+ ion upon Cr(lIl) addition.

In addition, two hexapeptides with neaitside chains containing heteroatoms, TAAAAA and
AAAAA N, undergo a limited amount of supercharging.

The analysis of peptides containing basic residues can also benefit from the addition of
Cr(lll). Figure 4.3 shows mass spectra for the heptapeptide A&R where H is the basic
histidine residue. As seen in Figure 4.3(a), a low intensity of [M¥2idims even without
Cr(l11), which is consistent with the fact that the sequence includes highly basic sites at the N
terminal amino group (residue 1) andfa side chain of histidine (residue 2). However, the
absolute intensity of [M+2H[ increased from 0.2 x £n the absence of Cr(lll) to 5.8 x A
the presence of Cr(lll). This is a nearly-80d increase in [M+2H]" intensity due to the use of
Cr(lll) as a supercharging reagent. A similar affect was observed for the heptapeptide,
GVAKAAAA, which has a basic lysine residue (K). For both peptides, not only did Cr(lll) shift
the predominant charge produced from 1+ to 2+, but the number of pepiigleuras being

protonated doubled or tripled. This is illustrated in Figure 4.3, where the combined 1+ and 2+
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Figure 4.3. ESI massspectra of AHAAAA with (a) noCr(lll) and (b) C(lll) at a 10:1 molar
ratio of CrrAHAAAAA.
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absolute intensitynithe absence of Cr(lll) is 2.4 x4 ®ut is 6.6 x 1®when Cr(lll) is added.

For neutral and acidic peptides, Cr(lll) shifts the charge state (causing 2+ to form in place of 1+),

but a dramatic increase in the overall intensity of protonated ions does not always occur.
Peptides containing acidic residueside difficult to analyze by MS/MS in the positive

ion mode because they may form protonated ions in low abundance. However, our studies show

that acidic peptides can be readily supercharged in the presence of Cr(lll). Again, these peptides

produce litte or no [M+2HF*in the absence of Cr(lll), but form [M+2&]upon addition of

Cr(lll). Our studies included-residue peptides of the types XAAAAAA, AAAXAAA, and

AAAAAAX, where X = aspartic acid (D) and glutamic acid (E). (As an example, Figure 4.2(c)

includes the ESI mass spectrum for AAAEAAA with addition of Cr(ll1).) In addition, with

Cr(l1) the following 6-residue peptides supercharged: DAAADA, EAAAEA, EAAAAE, and

AAEEAA. For the hexapeptides, glutamic acid residues facilitate more superchidn@ing

aspartic acid residues. In general, with glutamic acid, the intensity of [M*2H]0-100 % of

the intensity of [M+H], while this value is only 280 % for the aspartic acid. The side chain of

glutamic acid has one more methylene group thasitieechain of aspartic acid. The longer

glutamic acid side chain may better interact with Cr(lll) and facilitate supercharging.

Several highly acidic peptides were found to produce sufficient [M&Zbi] further study by

MS/MS techniques upon additiof Cr(lll). These peptides include heptaaspartic acid (D7),

heptaglutamic acid (E7), and the biological peptide hirudi@®y which is involved in blood

clotting and has the sequence GDFEEIPEEYLQ. In addition, the highly acidic peptide

EEEEGDD readj supercharges, as is shown in Figure 4.4. The intensity of [M+#idfeases

by about 25old when Cr(l1l) is added to the solution and the number of peptide molecules
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Figure 4.4. ESI mass spectiaf EEEEGDD with (a) no Cr(lll), (b) Cr(lll) at 40:1 molar ratio
of Cr:EEEEGDD, and (c) ETD on [M+2Ef] produced by addition of Cr()l!
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being protonated doubles [Figure 4.4(a) versus Figure 4.4(b)]. With added Cr(Ill), [R1-4@H]
sufficiently intense to be studied by MS/MS techniques and, as an example, the ETD spectrum of
this ion is shown in Figure 4.4(c). The sighanoise ratio (S/N) is excellent, and cleavage

occurs at every residue, allowing the peptide to be reagtjyenced from this spectrum.

EEEEGDD is a fragment of losmolecular weight chromiurbinding substance (LMWCr, also
known as chromodulin), a biological peptide found in humans and animals that is involved in
metabolisrf®®® and may have utility in diabetes treatm&nOur research group has recently
sequenced a biological form of this peptide, pPEEEEGDDhis was a challenge because the

high acidity of the peptide resulted in only deprotonation by ESI and MALDI. The negative ion
mode CID and possource decay (PSD) spectra contain an inconsistent mixture of backbone
cleavage ions #t often include intense water loss. We interpreted these spectra and sequenced
the peptide conclusively only after synthesizing two candidate peptides and comparing their
negative ion MS/MS spectra to those of the biological peptide. The project veaddben

much simpler if Cr(lll) had been used to protonate the peptide, followed by either CID or ETD in

the positive ion mode.

4.3.4 Comparison of Cr(lll) to Organic Supercharging Reagents

The ability of Cr(lll) to supercharge cytochrome c (bovine t)eaas explored.
Cytochrome c is a 18&sidue protein with 24 highly basic residues (including tiernshinus).
This protein was selected for study because it has been the subject of several reports using
organic supercharging reagefit.***""* Addition of Cr(Ill) was found to have no effect on the

protonation of cytochrome c.oF comparison, we added two organic supercharging reagents, m
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NBAZ?**? and DMSO¥ to a cytochrome ¢ solution and observed extensive supercharging
consistent with literature reports’' 3

In the converse expianent, the organic supercharging reagenfBA and DMSO were
separately added swlutiors of our test peptide A7. The result was an extremely minor
formation of [M+2HF*, which was not of sufficient intensity to be useful in MS or MS/MS
experiments.This greatly contrasts the ability of Cr(Ill) to produce [M+2Hh high abundance
for A7.

These results suggest that organic supercharging reagents {8B8A and DMSO)
work best for protonation of larger molecules such as proteins, while Cr(llIlseatcadding
protons to smaller molecules such as peptides. Thus, organic supercharging agents and Cr(lll)

probablyaffect protonation by different mechanisms.

4.3.5 Factors that May Contribute to the Ability of Cr(lll) to Supercharge

The metal ions stlied were selected to test the effects of specific properties on
supercharging ability. These properties are discussed below, with pertinent reference values
being given in Table 4.1.

One factor to consider in [M+2E]formation is the acidity of the adion. In aqueous
solutiors, metal ions promote acidity by undergoing hydrolysis:

M™ + mHO 2z [M(H20)m™ 2 [M(H20)m1(OH)]™* + H' 4.1
Cr(Il1) forms the hexaagachromium(lil)ion, [Cr(H:0)e]**, which has amydrolysisdissociation
constant (pK) in the range of 3:8.2**°this is the acid dissociation constant {pKf the aque
metal complex. This low pKvalue is consistent witbur observation that the addition of Cr(lll)

to an A7 solution lowers the pH to 5.3#.3; in contrast, the pH of the A7 solution without metal
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ion is 7.84).3. As the values in Table 4.1 indicate, amedal complexes of divalent metal ions
have higher pKvalues than complexes of trivalent metal ions. Thus, divalent metal ions
produce less acidic solutions than trivalent metal ions, which is consistent with our experimental
pH measurements. The divalent metal ions that were studied provide only a wieak to

existent enhancement of [M+2H]intensity for A7, which may indicate that these ions do not
provide an adequately acidic environment for supercharging. However, acidity is not the only
factor affecting protonation. The most acidic metal ion in dwdlysis Ce(lV), which has a pK

of -1.1 for its aquecomplex® and a solution pH of 3.6#.2 when mixed with A7; however,

Ce(IV) produced only a low intensity of [M+2H]for A7.

Acidifying the peptidesolution in the absence of a metal ion also does not doubly
protonate A7. Experiments were performed in which the A7 solutiorawidgied with 0.52.0
volume % of acetic acid, trifluoroacetic acid, hydrochloric anittic acid, and an acidic buffer.

A pH of 5.0 in the absence of the metal ions does not cause A7 to supercharge. Even when the
pH was lowered to a highly acidic value of pH 2.0 using nitric acid, only a very low abundance
of [M+2H]** forms. Also, addition of acetic acid to the solutimmiining A7 and Cr(lll) does

not result in a greater increase in protonation relative to the use of Cr(lIl) without added acid.

A noteworthy feature of Cr(lll) is that it does not readéguce The standard reduction
potential, &, for Cr(Ill) reductdn toCr(ll) is -0.407 V/*® In contrast, Fe(lll) much more readily
reduces to Fe(l]with E° of +0.771 V*® This suggests that more chromium ions can serttie
ESI process in a 3+ charge state than iron idyssthe data in Table 4.1 indicate, Fe(lll) was
found to doubly charge A7 in an intensity roughly hied that of Cr(lll). Of the metal ions
studied, Fe(lll) is second only to Cr(Ill) in the ahjilio supercharge A7. However, Fe(lll) salts

are not promising as supercharging reagents because the [f+&elhsity that they generate is
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unstable. There is a pronounced ion intensity fluctuation and the [M#8&ighal sometimes
goes away entirelyThis is illustrated by the meanstandard deviation ion intensity values of
Table 4.1, which are 3.72.2 (x I0for iron(Ill) chloride and 5.1#4.5 (x 13) for iron(lll) nitrate.
Electrochemical processes are known to occur during B&d it is possible that reduction of
Fe(lll) during ESI is causing instability of the [M+2Hsignal. Similarly, Ce(IV) readily
reduces to Ce(lll) with an®f +1.72° and reduction of Ce(IV) during ESI may limit the ability
of this ion to supercharge peptides. Like Cr(lll), the trivalent ions of Al, La, Eu, and Rh do not
readily reduce. However, unlike Cr(l1l) and Fe(lll), they do not promote supercharging for A7.
Our conclusion is that the ability of a metal ion to resist reduction does not cause a metal ion to
be a supercharging agent, but may allow the metal to remain in a form that is optimal for
supercharging.

A distinguishing property of Cr(lll) is thienetic inertness oits complexes in agueous
solution”" The residence time of a water ligaincthe first hydration sheliround Cr(lll) is 2.0
x 10" 15 (23 day3$.>* In comparison, the residence time of a water ligandrdFe(lll) is only
316 15.>* Residence time for water ligands might corretatéhe interactions of theetal ions
with oxygens at the peptide backborio test this hypothesis, our study also inclugdédliil),
which like Cr(ll1), is known for itkinetic inertness to water excha§ The residence time of a
water ligand at Rh(Il1) is 3.2 x 1&us®* Al(I11), which hasa residence time of 6.3 x 3j3s,**
was also investigatedHowever, neither Rh(lll) nor Al(lll) were found to be good supercharging
reagents. Thus, the residence time of water and other oxygeaining functional groups
around the metal ion does not significantly affect supercharging.

Metal ion size is ano#r consideration in characterizing supercharging ability. There

might be an optimal metal ion size to facilitate interactions of the ion with the peptide backbone
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and promote protonation. In support of this theory, the two trivalent metal ions thatreause
greatest supercharging, Cr(Ill) and Fe(lll), have similar sizes. The ionic radius in solid crystals
of Cr(lll) is 75.5 pm, while the ionic radius of Fe(lll) is 78.5 pimAt 67.5 pm, the ionic radius

of Al(Ill) is only slightly smaller than that of Cr(lll) and Fe(lll). All three metal ions also have
the same estimated hydrated ionic radius in water, 458 pmaddition, at 80.5 pm, the ionic
radius of Rh(ll) is similar to that of Cr(lll). However, Rh(Ill) and Al(lll) are poor

supercharging reagents. Therefore, while metal ion size may influence supercharging, it is not
the major factor that causes Cr(lll) and Fe(lll) to supercharge.

In comparing the physal properties listed in Table 4.1 for the metal ions studied, the
species most similar to Cr(lIll) is Rh(lIl). Yet, Cr(lll) induces abundant supercharging, while
Rh(11) induces none. This suggests that the primary reason that Cr(lll) causes supggdbargi
not related to a physical property, but a chemical property. Chromium is a first row transition
metal, while rhodium is a second row transition metal. Although their physical properties may
be similar, the first and second transition series oftae lvery different chemical properties. In
general, first row metals are more reactive and form a greater number and diversity -of metal
ligand complexes than second row metalénother factor supporting ¢hpremise that the
ability of Cr(lll) to supercharge relates to a chemical property is the fact Fe(lll) also induces
facile supercharging (although in an erratic manner). Like chromium, iron is a first row
transition metal and their trivalent ions freqtlgmave similar chemical properties; for example,
both Cr(ll1) and Fe(lll) are members of the
analysig® and both are transported in the human body by the gigteip transferriri?

Our experiments suggest that Cr(lll) and organic supercharging agents enhance

protonation by different mechanisms. Williams and coworkers have proposed that organic
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supercharging agensst by causing the peptide to undergo conformational changes during
droplet evaporation by ESI, which makes highly basic sites more acceéssiffié®>***°This is
probably not the mechanism with Cr(lll) because the peptides studied here are sufficiently small
that backbone folding is unlikely to make basic s@esrely inaccessible. More important, these
neutral and acidic peptides do not have a second highly basic site to protonate, but instead are
undergoing protonation of a backbone amide group to form [M&2HZhanges in surface
tension of the ESI dropie due to the addition of the organic reagents has also been proposed to
play a role in protein superchargificalthough other studies suggest that surface tension may be
of limited importancé’®* Surface tension is unlikely to be a factor in Cr(lll) supercharging
because the ability of a metal ion to affect aqueous surface tension primarily relates to ionic
charge and not identig.g., C&" and Md" salts have almost the same effect on surface
tension)®

Supercharging with Cr(lll) resembles electrothermal superchdfdtrg that both
methods can add a greater number of protons than there are highly basic sites on the biomolecule.
Electrothermal supercharging is believed to result from conformational changes and denaturation
when a biomolecule is exposed to factors that include temperature, voltage, and ionic strength.
However , prioe ofm@atemgo of proteins by electroth
involve the peptide backbone but instead results from protonafitess basicesidueqi.e.,
proline, tryptophan, and glutamin®) The alkyl side chain peptides studied here, including A7,

have no residues with side chains that will protonate.
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4.3.6 The Role ofCr(lll) -Peptide Interactions in Supercharging

A proposed supercharging mechanism that is likely to be a factor for Cr(lll) is interaction
of the supercharging reagent with the biomolecule. Douglass and Venter suggested that the
formation of adducts of @yochrome ¢ and sulfolane are responsible for superchargBased
on data from thermal studies, Chingin et al. proposed that the supercharging mechanism involves
direct interactiorf’ Flick and Williams suggested that La(lll) adduction to the protein led to
increased Coulomb repulsion and caused protein unfotdifgr supercharging with Cr(lll),
metal ionpeptideinteraction goes along with the premise that a chemical factor is at work rather
than a physical property.

Cr(Ill) coordinates in solution to ligands with oxyd&fi®® or nitroger’®*® although this
is not unique among transition metal ior@x (1) is a hard Lewis acid that prefers to bind to
oxygen rather than nitrogéh.(The other hard metal ions in this study are Feéihd Al(111).)
The binding of Cr(lll) to oxygen ligands is usually strong and often involves coordinate covalent
bonds!’ Little is known of the ability of Cr(ll1) to bind to peptides, with the exceptibwork
on the chromiunbinding peptide found in animals, LMWCr. LMWCr is a small highly acidic
peptide of 1012 residues that tightly binds four Cr(1PA%" in fact, the EEEEGDD fragment of
LMWCr (whose mass spectra are shown in Figure 4.4) binds four Cr(Ill) in softitibime
carboxylic acid groups on the side chains of the acidic residues and atdtmidus ae
involved in Cr(lll) binding. Also, both Cr(lll) and Fe(lll) are transported in animals by
transferrin, and the two metal ions have very similar binding affinities to this glycopfotein.

An hypothesis tht carboxylic acid groups are involved in the Cr(lll) supercharging
mechanism is supported by the solutrase data on Cr(lll) binding to LMWCr and by our

experimental observations that hexapeptides with acidic residues supercharge readily with the
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identty of the acidic residue (glutamic acid versus aspartic acid) affecting protonation. To test
this hypothesis, we removed thet€minal carboxylic acid groups of A7, AAVAAAA, and
AAIAAAA by converting these peptides to methyl esters. ESI on these papsthyl esters
showed no increased [M+2H]signal when Cr(Ill) was added. In contrast, the acid forms of all
three peptides supercharge in abundance upon addition of Cr(lll) to produce [aprBar
equal intensity to [M+H].

Although no protonatio enhancement occurs upon addition of Cr(lll), even without
Cr(ll1) the three methyl esters form [M+2H]at ~30% the intensity of [M+H] This result is
interesting because the acid forms of these peptides produce almost no fiM@kdut Cr(Il).
This is likely to be a conformational effect, with the methyl esters having more open structures
due to less participation of thet€rminus in hydrogen bondird.If so, this suggests that
conformaion has at least some effect on the protonation of even small peptides.

Interaction of Cr(lIl) with peptide @erminal or side chain carboxylic acid groups
appears to be an important step in the supercharging mechadigith) formsalmost
exclusivey hexacoordinate complexe$ octahedral geometr’” Therefore, it is possible that
several carbonyl oxygens along the peptide backbone coordinate at multiple sites of the Cr(llI)
octahedron in solutioar during drying in ESI as coordinating water is stripped from the droplet.
Using scale models Figure 4.5 we found that at least four carbonyl oxygens on the A7
backbone can coordinate at octahedral sites of Cr(lll) without severe distortion of the backbone.
Such interaction might assist in transfer of a proton from d2nfdl) complexes to the peptide

backbone.
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Figure 4.5. The baltandstick model of Cr(lll) and A7
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Conclusions

The addition ofCr(Ill) nitrate to solutions being electrosprayed is shown to dramatically
increase [M+2H]" intensity for neutral and acidic peptides that normally produce only [M+H]
In addition, for slightly basic peptides that produce [M+Zli] low abundance, addition of
Cr(I11) both shifts the charge state distribution to predominantly 2+ and causes the number of
ions being protonated to double or triple. This greatly enhanced production of [i+@id]
several advantages for peptide seqiremby MS/MS. First, production of abundant [M+3H]
allows ECD and ETD experiments to be performed on peptides that normally could not be
studied because of the need for these elediase techniques to have multiply charged
precursor cations. (Suckpmeriments are discussed in Chapters 5 and 6.) Second, for CID,
which is the most common dissociation technique in peptide sequencing, the amount of
structurallyinformative fragmentation is generally greater for [M+2Hhan for [M+H]". This
is why bidogical peptide sequencing by CID in proteomics research usually involves 2+
precursor ion&€>*® Finally, the large increase in signal intensity for [M+2Hjrecursor ion
results in a arresponding increase in S/N of the MS/MS spectra. A limiting factor in the ability
of bioinformatics techniques to correctly identify peptides is mass spectra with 0P S/N.
This makes selecting analyte peaks from noise difficult and results in false positive
identifications for peptides. The ability of Cr(lll) to increase both charge and ion intensity in the

ESI mass spectra could prove to be very useful in peptide anatygssequencing.
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CHAPTER 5: ELECTRON TRANSFER DISSOCIATION OF NEUTRAL PEPTIDES
WITH ALKYL SIDE CHAINS

5.1 Introduction

Electron transfer dissociation (ETDnd electron capture dissociation (EEB)e two
important tandem mass spectrometry techniques (MS/MS) in peptide and protein seqiiéncing
In posttranslational modifications (PTMs), the modified side chains reméact during ETD
and ECD, which makes the two techniques especially useful in protein sequencing. ETD and
ECD are reported as new methods for increasing sequence coverage in the Human Proteome
Project:? The twotechniques are complementary to collisinduced dissociation (CID). ETD
and ECDproduce eand zions by random backbone-G; bond cleavagesvhile CID cleaves at
C-N bonds to make-tand yions*** Although the methods by which a multiply protonated
peptide obtains an electron are differenED and ECDthe fragments produced and
mechanisms involved are simildr

Two major mechanisms haween proposed to explain fragmentation in ETD and ECD.
In the Cornell mechanisfproposed by McLafferty and emorkers, an electron localized at
postively charged functional group (e.gunmonium or guanidinm) captures a hydrogen atom
(H Rto form an odekelectron iorandinitiate N-Cybond dissociatioft Backbone dissociation
produces €and zfragment ions. The neergodic NCybond dissociation procéss affected
by intramolecular solvation of protons frahe side chains of basic residues. However, this

mechanism does not explain®} bond dissociations that are remote from the basic residues.
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The other mechanisproposed by the Simofis n d T ¥ graups éntependently is
known aghe UtahrWashington (UW) mechanism. The electron in ECD or ETD is captured in a
Coulomb stabilizeda mi de "~ * orbital that turns the amide
superbase can eithaccepta proton from a close proton donor growhich triggers backbone
cleavageor undergo NCyybond dissociation to form an endfaidate anion, which then
abgracts a proton to form-@nd zproduct ions’ The most important difference between the
two mechanisms is that the UW mechanism does not need the side chains of basictebielues
involved in protorcoupledelectron transfer.

In order to perform ETD or ECD experiments, a peptide should be at least doubly
positive charged under electrospray ionization (ESI) conditions. Peptides without basic residues,
such as neutral peptides, often do not readily multiphyg#f and therefore cannot be studied
by ETD or ECD. However, it has been reported that in onetbaseutral peptides
DYMGWMDF-NH,, pEVNFSPGWGTNH, and pEQWFWWMNH, were studied by ECE.
H&ansson and coworket$found that abndant bions were produced by ECD timeseamide
peptideghat do not contairesidueswith basic side chainsThere are a few repoft®
regarding bionsproducedrom basic peptidesy ECD. Coopeand coworkersound that
lysine-containing peptides easily producéolns in ECD?*?® Oh and coworkers observeedns
in ECD of peptides containing a lysine homologusgeciesvith an npropylamine side chia
as opposed to thebutylamine side chain of lysin&) Two different groups, Haselmafiand
Uggerud® andtheir coworkersobserved Hons in ECD of amide peptideschamotRookeand
coworker$’ found bions in ECD of basic peptides containing five residues and proposeatehat
peptide size changes the redistributiomérgy after electron capture and affects fragmentation

pathways.Although bions have been observed in ECD, ETD studies have not shown the
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formation of bions from [M+nH]"; however, this may be because most fundamental studies of
electroninduced dissaation techniques have involved ECD rather than ETD.

Two independent groups, Julfdand Hes® and their coworketseporteds-ionsin the
ECD spectra of ydrogendeficient peptide radical cations. However, special metfitidsere
needed to produce hydrogdeficient radical cations in the gas phase, sucbiBf metat
peptide complexes. In addition, the precursor ion and fragmentation mechahtsydrogen
deficient peptides ardifferent fromthose of thenultiply protonated peptides in ECD. For
hydrogendeficient peptides, the radical ion undergoing dissociation is [M‘FP\H]ldn"d’sthe
dissociation is a competition between charge driven and radical driven @s&és¥ In
traditional ETD, the ion under dissociation is [M+{H]’ afd dissociation is only a radical
driven process.

Sequencing and analysis of peptides without basidues is important because
numerouspeptideswith predominatelyeutral or acidiside chains exish nature3**? For
example, in proteomiagsarch chymotrypsin protease is widely used to digest proteins into
smaller peptides that contain tyrosine, tryptophan, or phenylalanine residues dethends?
The resulting peptides sometinlask basic residues and may not be reaskiguenced by
positiveion mode electroinduced dissociatiotechniques?

As discussed in Chapter 4, addition@{lIl) nitrate to the solutionsf peptides with
neutralside chaingan greatly increase the formation of doubly protonates [M+2H]?*, by
ESI. Thisallows theseeptidego be studied by ETDThis chapter discusses ETD experiments
that were performed diM+2H]?* from neutral peptides composed of alaniglycine, valine,

leucine, and isoleucine residues. Because alanine, glycine, valine, leucine, and isoleucine are
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amino acidwith alkyl side chains, this allows investigation of ETD on neutral peptides with

simple structures that do not contain addaibimeteroatoms.

5.2 Experimental
5.2.1Peptides

Neutral peptides with an alkyl side chaynthesized werBAAAAAAAAAAAA (Al3),
AAAAAAAAAAAAAA (Al4), AAIAAAA, AALAAAA, AAVAAAA, AGGAAAA, and
GGAVAAA, where A is alanine, G is glycine, | is isoleucine, L is leucine, andvalise. The
structures of these amino acids are given in Section 2.6. These pemides/nthesized with
an Advanced Chem Tech (Louisville, KY, USA) model 90 automasgdigle synthesizer by
standard Fmoc synthetic procedutesn addition, the pptides AAAAAAA, AAAAAGA,
AGGAAAAA, AGGAAAAAA were purchased from Biomatik Co (Cambridge, Ontario, CA).
Chromium (I1l) nitrate Cr(NOs)sAH,0, andHPLC grade acetonitrile and methanol were
purchased from VWR (Radnor, PA, USA). Deionized and distilled water was produced with a
Barnstead Epure system (Dubuque, IA, USA).

The neutral peptides were first dissolved in a solvent dhamol:wate at 50:50
volumeyvolume ratio or water using a concentration of 1 mg peptide per mL of solvent. From
this stock solution, solutions for analysisbBglwe r e di s s o | aenitrilevatetdd e M i n
a volume ratio of 50:50. Aolution containing aolar ratio of C(lll) to peptide at 10:1 was

used togenerateloubly protonated ions
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5.2.2Mass Spectrometry
All experiments were performed using a Bruker (Billerica, MA, USA) HCTultra PTM
Discovery System high capacity quadrupole ion trap spsstrometeras discussed in Chapter

2. Additional experimental details are also provided in Chapter 3.

5.3Results

ETD experimerg were performed on the doubly protonated peptides, [M¥2Mjith
seven to fourteen residues. A comparisoRDD spectra foneutral and basic peptidessshown
in Figure5.1 Neutral peptidé\7, in Figure5.1(@), produces b n=3-6, [b+H-17]", n=4-6, y»
andc,nj, = 3rb. Thebasic peptide AAARAAA in Figur®.1(b) produces @¢j, b6, z&lj, 4 n
6,andsi de chain | eNgs ets3 D@%A D aIHI D Fiese bl peptides
were dissociated under the same ETD conditions. ETD of the péatidedominated by-band
c-ions, which is very different frorthe spectrum ocAAARAAA that contains mainlyc- and z
ions.

Other neutral peptides containing seven or eight resalsegprimarily produce the-b
and cion series and a few and zions by ETD. A summary of the ETD product ions for the
peptides studied is given in Table 5.1. Exammplahe pectra for various alkyl side chain
residues are shown Figure5.2, which displays the products of the peptides AAIAAAA,

AALAAAA , andAAVAAAA after undergoing the ETD reaction.
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Figure 5.1. The ETD spectra of [M+2H] from (a) AAAAAAA (A7) and(b) AAARAAA .
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Table 1. Product ions produced by ETD on [M+ZHbf peptides with alkyl side chaifis.

Peptides n= b, [b+H-17] ¢ Yn Z,Q
AAARAAA 4-6 4-6
A7 3-6 4-6 3-5 2

AAIAAAA 3-6 4-6 3-6 3

AALAAAA 3-6 4-6 3-6 3

AAVAAAA 3-6 3-6 2-6 3 4
AAAAAGA 3-6 4-6 3-6 3

AGGAAAA 4-6 5-6 3-6 2 4
AGGAAAAA 4-7 5-7 3-7 5
GGAVAAA 4-6 4-6 3-6 2-3 4-5
AGGAAAAAA 6-8 6-8 4-8 5 5
Al3 7,12 7-12

Al4 12-13 8-13 10

#Numerical values in the table indicate the range of n values (posftideavage sites)
observed in the ETD spectra.
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Figure 5.2. The ETD spectra of [M+2H] from (a) AAIAAAA, (b) AALAAAA, and (c)
AAVAAAA.
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Whenthe chain lengtincreases, the ETD fragmetibn patterrof the neutral peptides
begirsto change. In Figurd.3(a) ofthenine residue peptide AGGAAAAAA, Hn=6-8,
[by+H-17T", n=6-8, s, zsNj,nj s@-8, and [M+2H17]" wereproduced The dominant peaks
are onlyfrom thec-ion series and ndaheb-ion series. In Figur&.3(b), Al4 produces p n= 12-
13, zoNjndcqnj, = 8rl3. The same trend can also observed in Figure 5.4 for GGAVAAA and
Figure 5.5 for A13.Whenthe peptide size increases, the product ions of neutral peptides

gradually changefrom members of th&- and cion seies toprimarily thec-ion series.

5.4 Discussion
5.4.1Effect of the Identity of the Neutral Residue withAlkyl Side Chain on ETD

The identity of the neutral residues has no effect on ETD. Alanine (A), isoleucine (1),
leucine (L), and valine (V) are the four residues with alkyl side chains. ETD of the peptides
AAAAAAA, AAIAAAA, AALAAAA, AAVAAAA in Figure  5.1(a) and Figue 5.2 havesimilar
product ions.As discussed in Chapter 3, foasic peptides, arginine, lysine, and histidine
residueshave different effeston ETD, which is due to the structwsend basicitiesf their side
chains'* Thealkyl side chais of the neutral residues canmbtonateand hae minimal

effecton dissociation as compared to the peptide backbone, which can protonate.

5.4.2 Mechanism of blon Formation in ETD of Neutral Peptides

In ETD or ECDstudies the major product iorisave been-cand zions which are
produced by cleavage of backboneCbonds'? There ardew reports about-ibnsproduced
in ETD or ECD*** In the ETD experiments discussed here nfeutral heptapeptes orthe

octapeptide AGGAAAAA, the band cion series are thdominantproduct ions. In CIDb- and
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Figure 5.3. The ETD spectra of [M+2H] from (a) AGGAAAAAA, and (b) Al4.
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Figure 5.4. The ETD spectrm of [M+2H]?* from GGAVAAA .
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Figure 5.5. The ETD spectrm of [M+2H]?* from A13.
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y-ionsarethe major product ionsnd are produced by cleavage of amidd Bondsalong the
backbong®*

In order to know if the lons produced in ETD are also present in CID, singly protonated
ions, [M+H]", weresubjecedto CID. Figure5.6shows ClDon [M+H]" from the peptide &.
The mass spectrum containg n= 3-6, that were also produced in ETD. To confirm if thkese
ions produced in ETD and CID have the same structure, MS/M8#d&iments were
performed. Figur®.7(a) and (b¥lisplays the aD of bs from the peptide A7 The bs precursor
ion in Figure 5.7(ajvas generated from [M+Hpy CID; therefore, this is a MS/MS/MS
experiment involving CID/CID.The Iy precursor ion in Figur8.7(b)was produced by
[M+2H]?" in ETD; the spectrum is fromn ETD/CID experiment The two MS/MS/MSspectra
are virtually identical. Additional MS/MS experiments show thattother bions produced from
A7 in Figures 5.8 and 5.9 also have the same struct@téer peptidesuch as AAAAAGA,
AGGAAAA and AGGAAAAA, whosespectra are shown in Figures 5.10 through 5gR@ the
same resultas A7 Thus, bionsgeneratedy ETD have the same structses bionsfrom CID.

Coopef! hasperformedexperiments to confirrthatthe bionsfound in ECD are not
from a CID process but instead result direéttyn ECD of the precursor ion. Theibns are
also not from loss cdmmoniaNHz, from cions. Coopef* usedresonant singlérequency
dipolar excitation taontinuously eject-ions producedby ECD, and the multing spectrum did
not have eions but still containedo-ions®* In addition, f b-ions observed in ET@nd CID of
neutral peptides hawbe same mechanism of formatitdhe basic peptide AAARAAAhould
also have Blonsupon ETD fragmentatiaonFigure 5.1(b) showso brion production Therefore,
b-ionsformedin ETD of neutral peptidesinlike the bions originating from ClDarenot formed

by collisions of the precursor ion witin inertgas. In addition, our spectfe.g.,Figure5.1(b)),
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Figure 5.6. The CID spectrunof [M+H]" from A7.
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Figure 5.8. The CID spectra (MS/MS/MS) ofilproduced bya) ETD on [M+2HF* on A7 and
by (b) CID on [M+H]" on A7.
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Figure 5.9. The CID spectra (MS/MS/MS) ofproduced bya) ETD on [M+2HF* on A7 and
by (b) CID on [M+H]" on A7.
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Figure 5.10. (a) ETD spectrum of [M+2H]" from AAAAAGA and (b) CID spectrum of
[M+H]" from AAAAAGA .
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