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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

27



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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