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Abstract

Collisioninduced dissociation spectiaf protonated peptides[(aminoacid) + HT form, after the loss of
water, nominal [by]* ions which are dependent on both peptide length and amino asgquence
Protonated etraglycineloses water predominantlyrom the first amide; loss from the second amide is a
minor channel.The resultant [b4]* ions have identical CID spectra, indicatinigterconversion prior to
dissociation Protonatedpentaglycine loses water from the first and second amides in high abungance
and the resuling CID spectraf the [bs]* ions ae dfferent, suggesting that interconversion is no longer
the dominant pathway The [be]* ions of hexaglycingformed from the first three amideare in high
abundance andheir CID spectrara not identical The substitution of an aténe or proline for a glycine

of tetraglycine generallyshowed reduced water loss and thbs]* ions had different fragmentation

pathways than thosef the [b4]* ions of tetraglycine
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Chapter lintroduction
1.1 Applications of Mass Spectretry inBottom-up Proteomics

The development of soft ionizaticdkechniquessuch aselectrospray ionizatio(ESand matrix
assisted laser desorption ionization (MALDI) allowed for a variety of applications in biwhgiing the
development of proteorits’?¢ KS g2 NR LINRP(GS2YAOa 6 & OZASSRY FDREY
in the 1990s** Thegoalof proteomics is to identify and quantify allgieins of a proteome including

expression, cellular localization, interactions, ptranslational modifications (PTMs) and turnover as a

function of time, space, and cell type.

One form of proteomics isottom-dzLJ 2 NJ & & K 2 (i 3 diz/wherdidfe@natiSreaboittha ¢ L
protein is derived fronits individualpeptides® A basic proteomics workflow is shown in Figure thhis
method proteins are measured indirectly through peptides derived fromemigtic digestion. The most
common protease used is trypsin, which cleaves proteins at the carboxyl terminal of an arginine or lysine
residue except when either residue is followed by a proliféne samp is then ready for separation by

liquid chromatography

a . g x V’\A o~ \C\ A_\':, ;'\’
N S 2 4 —— T
- *:T Figurel.1 Simplified
Protein (mixture) Digestion Peptide separation 3 workflow overview
for bottom-up
; ics®
MS analysis \1/ proteomics®
abo a:be o%°
Mol | Hel wo T oo
F’%—C-C-NH—Q-C-M‘—C-CL?H 4?
R R; R, é’
x ‘:, z oy z E
VAHRFKDLGE =
Time
Database search LC-MS

Y



Peptide identification is then achieved by comparing the tandem nspsstra derived from
collisioninduced dissociation (ClRjth thosefrom adatabase Peptidescan either be uniquely assigned
to a single protein or shared by more than one protein. The identified proteins are usually scored and
grouped based on their peptideSypically to confidently assign a protein, a uniqueptide must be

identified >

1.2 Peptide Fragmentation

While most peptides are identified simply by matching geak lists from theCID spectra from
thosegenerated from a proteiglata baseit is also possible to identify a peptide manually using what is
known agde novapeptidesequencing. In this method the fragment ions are pieced together, like a jigsaw
puzzle, to identify the peptide aswhole. Thismethod can be timeonsuming but can also yield key
results because many known peptide fragmentation pathways are not incorporated into database,scoring

such as the loss of imines and water

82_ Abi b:))_ b4_ b5_ bf)_ b7_

Figurel.2 Peptide fragmentation by CID usuallgminatesin the cleavage of amide bds forming [h]*
and [yn+2HJ ions. Subsequent fragmentatisand generation of other ions are also possible. Typically,
a [by]"ion fragments tcan [a]*ion.?°



Depending on the ion activation method, differtefragment ions will be formedbut the most
common methodon activationis by means of CID. Protonated peptides tend to cleatee amide bond
forming [n]* and [y» +2H] ions (Figure 1.2}° Amide bond cleavage is facilitated by protonation of the
amide nitrayen, elongding the GN bondand weakeningit. Typicallya preceedingamide oxygen then
undergoes nucleophilic attack ahe amide carbowl carbon cleaving the @ bond and forming [§* or
[ym +2H] ions with the relative proton affinities dictating which ions aobserved The [R]" ions are

believed to beprotonated oxazolonesvhile [ym +2H] ions are truncated peptides as seenScheme
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Schemel.1 Fragmentation mechanism for the formation ogJband [y +2H] ions.

H O
Re o} O OJ&R
N_ & ji+1 HzN\KL\+ !
N
HzN)ﬁf W/ R N° 70 H
O Ry Ha R

acylium ion diketopiperazine oxazolone



Initially the b ion was believed to be anyéiam ion formed bycleavage of the amide bond after
protonation 1% Acyliumions tend b lose CO easilyut b ions arestable structuresconsequently,the
diketopiperazine andoxazolonestructures were proposed as potential structures forions The
diketopiperazine is formed liyucleophilic attak of the Nterminal amine to aramide carbon facilitating
amide bond cleavageThe oxazolone is formed by nucleophilic attackabprecedingamide oxygen
facilitating amide bond cleavag&he b ions weranitially believed to be diketopiperazines because
nitrogen is a better nucleophile than oxygen due to its asit#s lone pair b electronsand the
diketopiperazine has dower energy structure than thdsomeric oxazolone!” However, nany
experimental and theoretical studies have found the b ion to be an oxazolone striéfdré?* The
amide bondpossessesome double bond dracter which is in &ans configuration;this positionsthe
amide carbonylcarbon accessible to nucleophilic attack by firecedingamide oxygenTo form the
diketopiperazine, the double bond h&s undergocistransisomerization to position the carbghcarbon
accessible to nucleophilic attably the Nterminal amine The barrier tahis cistransisomerization ishe

reason why the barrier to diketopiperazine function is larger than thatxazolone formatior?

The[bn]*and [yn+2HT ionsare alsgprone to undergo further fragmentation. Typically, a]flion
canundergo ring opening and lose @Mming an[a,]* ion (Scheme 1.2¥. These [d]* ions can gclize by
nucleophilic attack by thef&rminal amine orthe double bond at the @rminus.Following a 1,3 t5hift,
the GN bond is cleaved reforming a lineag]fdon, an imineamide These[a,]* ions, most notablyas],
lose ammoniaby nucleophilic attack by the adjacent amide oxygaeiitating amide bond cleavag&

The [a]"ionscanalso lose an imine HN=CHRdom a [b.1]*ion.?*
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Schemel.2 Fragmentation of [* ions to form[as']* ions by loss of CO. The same mechanism can be
applied tolarger[bq]*ions.

The truncated peptidegym +2HJ ions follow a fragmentation pattern similar to that of the
protonated peptide. They can fragment to forsmallerb and y ions (Scheme 1%#)As peptide length
increases the [{}*ionscanundergomacrocyclization where the-lérminal amine undergoes nucleophilic
attack of the oxazolonemg (Scheme 1.3). The resulting macrocycle can then undergo ring oeming
scramble the peptide sequences such théferent b ions containing the samamino acid residuedut

in a different sequencewill result in identical CID spectr&:?® There isalsoa variety ofother common



fragmentation pathways such agutral losses of ¥0 and NE?° Due to the variety of fragmentation
pathways and the challenges they present, peptide identificationld becomdifficult. Therefore, itis
important to understand all the fragmentation patlays to better identify peptidedy understanding all
the fragmentation pathwaydt becomes possible to betténterpret fragmentation products antience

identify a peptide
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Schemel.3 Macrocyclization of [j*ions by nucleophilic attack of the-ftdrminal amine. Ring opening is
achieved by formation of an oxazolone, oxa denotes the oxazolone structure.



1.3 Water loss from peptides

The wider scientific community are unaware of the forioatof 4imidazolones, the products of
water loss at the Nerminus. Typically, water loss is attributed to the formation of the oxazolone at the
Cterminus. The purpose of this body of work is to study water loss from protonated peptides and the
fragmentaion mechanisms and structural features ofiMidazolones. The work here has wide
implications for proteomics, as peak lists used for peptide identification do not consider the loss of water
or the formation of internal imines; utilizing the fragmentatiorechanisms described here may improve

peptide identification.

CID fragmentation of peptides generates a variety of ions, not justdbnd [y +2H] ions, and
not all ions formedby CID are well understood. Atter understanding of the possible fragmeition
pathways carassist iridentification of peptides. A common pathway that is not well understoodatew
loss. An early example isaalykinin which was shown to have water loss as the dominant pattBadiard
et al. proposed three possible sourced water loss. The first waBom acidic groups including the
carboxylic acid at the -@rminus andthe side chains of glutamic and aspartic acithe seond was
hydroxyl groups ithe side chains. The thirdfiom the peptide backbonesing aroxygen fran the amide

bond.?®

The pathwagfor water lossrom polyglycines vary grelgtdepending otthe lengthof the peptide
backbone. Protonatediglycine loses significant amounts of water from th&@ninusin the formation
of an oxazolong®% Forprotonated triglycinewater loss is a minor pathway amtdmes predominantly
from the Gterminus by formation of oxazolone®* However, water loss from tetraglycine was shown to
come primarily from the first and second amides, using isotopic labelling ensitg functional theory
(DFT) calculations. The structure was determined to be -anidazolone using infrared multiphoton

dissociation (IRMPD) spectroscopy and DFT calcul&fidhSubsguent work then showed that



protonated triglycinealso loses water from the -dérminal amide groupas well3* As peptide length
increases, @erminal water loss becomes a n@ompetitive pathway and Xerminal water lossfrom the

amide grouppbecomes more dominant for polyglycines (n>3).

O
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— N \+ H
H2N\/‘\ﬂ HzNﬁ( \/‘\N H‘/N\)kOH
+ O +
[bo] [bs] O [by*
oxazolones 4-imidazolones

In thesestudiesglycines are predominantly used because they are the simplest amino acids and
appear in high frequency in most proteigrevious wek studying water loss also used glycine systems
and afollow-up study in the CID of the-ithidazoloneformed from protonated tetraglyciné discussed
in Chapter 3. The [ ions formed fromdss of water from the first and second residues of tetragkycin
showed identical CID spectra which suggest interconversion into identicattiges prior to

fragmentation.

After tetrapeptides)onger polyglycines were studieth Chapter 4 water loss from pgaglycine
and hexaglycines argiscussedWater loss fran the first and second amides of pentaglycine are both
major pathways, while water loss from the first second and third amides of hexaglycine are major
pathways. The [§" and [k] * ions formed by water loss from the amide backbone of pentaglycine and
hexaglycine do not show identical spectranlike the [bs]* ions formed from tetraglycine. Alternate
fragmentation pathways become competitive with the intercorsien mechanism (discussed ihapter

3) asthe peptide lengthis increased

Peptides typicallgontain a variety of amino acid residues, not just glycinghapter 5, a glycine
of tetraglycineis substitutedby an alanine or a proline residu#/ater loss is a minor channel after the

substitutions. This may be due to the bulkier side chains, wdtarically hinder nucleophilic attacels well



as electronic effectsWater loss is still primarily from the first and second residues, with #er@inus
being a minor channelThe CID spectra of thesesJbions do not show identical CID spectra, sugipest
that other fragmentation pathways are competitive with the interconversion pathwléscussed in

Chapter 3



Chapter ZExperimental Techniques
2.1 Mass spectrometers

Mass spectrometers are instruments which produce ions and separate them based on their mass to
charge rati® (m/z). This is the ratio of the atomic mass to the fundamental charge of the ion. Numerous
ionization methods and mass spectrometers eXisthe only ionizatioiechniquediscussecereinwill

be electrospray ionization along withdimass analyzerstiple quadrupole, and orbitrap.

Mass
-’ lon Source. g Analyzer -

Relative Abundance (%)

m/z

Figure2.1 Basic schematic of a mass spectrometer

The basic components of a mass spectrometer can be seen in RBigurée inlet is designed to
introduce a micro amount afample into the ion source. The sample is then converted into gaseous ions,
by electrospray ionization, a soft ionizatieechnique The ions are then directed into a mass analyzer to
determine theirm/z ratios.*° There are many different mass analyzers and many companies that produce
them. The two that are discussed here are the orbitrap, a -hggolution mass analyzer, from
Thermofisher anda triple quadrupole from SCIEX? When performing analysis of samples, more
information can begained by fragmentinghe gas phase ion and examining the fragment ighsoft
ionizationtechnigue like electrospray ionization, cannot sufficiently fragment the s ion activation
method is needed to produce some fragmentation to deduce structural featuviesly methods of
fragmentation exist for a multitude of purposésHowever, in this thesis we will only discuss collision

induced dissociation (CID). A detector is then used to convert the beam of ions ietecarcal signal
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that can be processed and stored. A common detector is the electron multiplier. An electron multiplier
can have different configurations but typically consist of a cathode and a series of dynodes, kept at higher
voltages. When energetions strike the surfaces of the cathode, electrons are produced. These electrons
are attracted to the dynodes, as they are kept at higher voltages. Each electron that contacts the dynode
generates more electrons. The electrons are then attracted to theesyuent dynodes. Depending on

the number of dynodes a large number of electrons are produced for every ion that strikes the cé&thode.
Sequential delivery of mass separated fragment ions then res@dt@iD spectrum. The CID spectrum

provides information orthe relative abundance and the/z ratio of each ion.

2.2 Electropray lonization (ESI)

Soft ionizationtechniquesreceived a major breakthrough in the late "2@entury after the
discovery of electrospray ionization (ESI) and matrix assisteddaserption ionization (MALDir the
study biomolecules. Previously,lgrard ionizatioriechniquedike electron impact wereommonlyused
in mass spectrometnin addition, ESI and MALDI are amenable to analytes with low vapour pressure,
including proteins and DNABor their discoveries, John B. Fenn and Koichi Tanakaatbgely were
awarded the Nobel Prize in 2002 for Mass spectrometry applied to biological macromoletHiesin,

only ESI will be discussed as it was the only ioniz&icimiqueutilized, in this thesis work

ESI has threeonceptualsteps: nebulization ofthe sample intoelectrically charged droplet
solvent evaporation, and ion transport into the mass spectrometer. The presese depictedn Figure
2.2.The ample is pushed through a capillarging a mechanical pump and a syringe. As the sample is fed
through the capillary tube, an electric field pulls the positive charge towards the capillary front. A small
electrically charged droplet leaves the surface when the electrostatic repulsiogategthan the surface

tension of the solvent. A small charged droplet then leaves the surface of the capillary and travels through

11



the surrounding gas towards the mass spectrometer due to a potegréaient*® Often a sheath gas (dry

N,) is directed coaxially around the capillary which allows for better nebulization.

solvent Evaporation, coloumbic fission

Nebulizing Gas @ M

T )

. T © M* Mass Spectrometer
Capillary S ® M

Charged analyte

Counter Gas

Electric Potential

Figure2.2 A simplified representation of the electrospray ionization proc¢éss.

As the droplets travel towards the inletolvent evaporation occurs reducittte size. This process
can be accelerated using a heated capillary or heated sheath gas. As solvent evaporates, charge density
increases. Droplets also undergo shear fomeshey fly through dense gas at atmospheric pressure. The
deformations cause the droplets to form a nepherical shape where certain regions have higher electric
fields and protrusions in the droplet. In some cases the deformations and charge detisityceed the
surface tension and the droplet will fall apaatphenomenorknown as coulombic fissidi.The stability
limit where surface tension can hold the droplet together is called the Raydtadpility limit*® Once the
droplets undergo coulombic fission, a small jet of microdroplets leave the original parent droplet. This
process of evaporation and coloumbic fission repeat until the droplet is sufficiently small to release the
charge analyte into the gamhase. This process is called ion evaporation. It is also possible for the analyte

to form solvation shells and form a nanodroplet. If a sample has not been desolvated before entering the

12



inlet, dry curtain gas desolvates the ions. The outlet for cumais is coaxial to the droplet direction but
outward from the inlet, such that the flow of the droplets is opposite to the curtain gas flow. The ion, free

from any solvation is then introduced into the mass spectrometer using the potential diffefénce.

2.3 Quadrupole Mass spectrometer

The quadrpole mass spectrometer is the most common type of mass spectrometer, due to
ruggedness and low co&tThequadrupole mass analyzeonsiss of four rods that serve as electrodes
to filter and select certaim/z ratios at a given time Opposite rods are connected elacally, one pair
are connected to the positive terminal and the other pair to the negative terminal. A variable- radio
frequency (RF) voltage alsoapplied to each pair of rod#\ simplified schematic can be seen in Figure

2.3%

When only alternatig current AQ is applied to the rods in thezplane, ions will tend to converge
in the center of the channel during the positive half of th€cycle. This is because the ions are positively
charged and are repelled by the positively charged rod. Thesifphappens during the negative half of
the ACcycle, the ions diverge from the center and move towards the rods. If the ion strikes the rods during
the negative half of the cycle, the ions are neutralized. A positive direct current (DC) voltage is
supeiimposed on theACsignhal.Newtonian physicand kinetics explains that it is more difficult to deflect
a heavier mass than it is to deflect a lighter one. Therefore, if the ion has a high mass and the frequency
of the AC is large, the ion will not resposidnificantly to the AC and will be largely influenced by the DC
potential. Then those ions with sufficiently high mass will remain between the rods guided by the positive

DC currentThe rods in thgzplane are maintained at a negative dc voltage. Sthegons are positively

13



charged, those ions that are largely affected by the DC voltage will collide with rods. However, the lighter

ions that are affected strongly by the AC current will be able to pass through thé?ftéld.

\ \
ey s [ -
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N |-

wC b 5/
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Figure2.3 A simplified representation of a quadrupole mass spectrometer by Mitlai>°

For the ion to travel through the quadrupoles, it must have a stable trajectory for both sets of
rods in thexzandyzplanes. Therefore, it must be sufficiently heavy to pass through the high mass filter
in thexzplane and the low mass filtén theyzplane. For one set of AC and DC voltages only a small band
of ions with limitedm/z values are transmitted. This band can be adjusted by adjusting the AC and DC
voltages. Typically to scan through a mass spectrum the AC and DC voltagesasethsimultaneously
while maintaining a ratio of approximately 6. This allows the quadrupoles to scan through atlzhe

ratiosas seen in Figure 2%,
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Figure2.4 A simplified representation of theugdrupole mass filters from Millart al.(a) acts as a high
mass filter (b) acts as a low mass filter and (@)hisn both the high mass filter and low mass filter are
operational allowing us to selectively choose a /i/z.

For the QTRAP 4000 (SCIEXgh was used in many preliminary studiggonsists of three main
guadrupoles. The first set of quadrupoles (Q1) allows us to select tleifs@ ion, protonated peptide.
The quadrupole selects the ions by using the high and low mass filters. Thienshee guidedanto (g2)

for fragmentation The second set of quadrupoles is not for ion selection butc@dlisioninduced
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dissociation, described in Chapter ZThe third set of quadrupoles (Q3) therass analyzebe fragment

ions for detectionf?

2.4 Orbitrap Mass spectrometer

The Orbitap Elite was used to record alf the final spectra for all the projects. Ti@bitrap
contains two main components: the duatessure linear ion trap and the orbitrap mass analykbe dual
pressure linear ion trap is comprised of two quadrupoles, one at high pressure used for Giloand
pressure cell that is used fomassscanning ions. The quadrupoles function as described in chapter 2.3.
There are some advantages to having a dual pressure linear ion trap including: high capture efficiency into
the linear ion trap and efficiencyf ragmentation. By operating at two different pressures the amount of
collision gas introduced into the high pressure cell can be better controlled which improves the collisional

induced dissociation as described in chapter?2.5.

Thedistinguishingcomponent of the Orbitrap Mass spectrometer is @ebitrap mass analyzer
which provides high resolution m/z values of up>tb00,000*°%%3 TheOrbitrap mass analyzer was used
for ions that have similam/z ratios wheae the quadrupolemass analyzer was unable to distinguish
between them. A notable example is the m/z ratio for the loss of wdi@rQ10563% compared to the loss
of NH; (18.023583. The operating resolving power of a quadrupole does not have the adequate

resolution to disinguish between these small mass differenée¥.

TheOrbitrap mass analyzer is comprised of three electrodes as seen in Figifd Bebe are two
outer electrodes which are concave towards ttenterelectrode. The central eleaide is in the shape of
a prolate spheroidsuch that the center of the electrode has the largest diameter while the edges hav
smaller diameters. When voltage is applied along the outer and center electrodes, a radial electric field
bends the ions trajectory toward the central electrode. The ions remain in a nearly circular spiral inside

the trap much like how a planet orbitsetsun, the sun being the central electrode. Due to the irregular
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shape of the electrodes, the ions are pushed towards the widest part of the trap, the middle, initiating
harmonic axial oscillations. The outer electrodes are used as receiver plates fandige current
detection of these axial oscillations. This digitized image is in the time domain which then undergoes

Fouriertransform into the frequency domain, which is then converted into a m/z spectftfi??>4

Transient

signal
i »
b\/ L i
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frequency spectrum

time-to-frequency

100
" conversion (FT)
80 ( 5 80
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S 40 ) B 40
g <
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Figure2.5 A simplified description of the process used to obtaim/a spectra using an Orbitramass
analyzer*

2.5 Collision Induced Dissociati(®ID)

With the emergence of soft ionization techniques, ions need to be actiViaiethe observation
of any fragmentationAs biologial applications have been the dominant functions for mass spectrometry
in the last decadgcollisioninduced dissociation (CID) has become the most common ion activation
method. This is the ion activation method that is used in both the Orbitrap and}iiRAP4000.In this

method, the precursor molecule collides with an inert gas, impartimgrnal energy into the precursor

17



ionto cause bond cleavage and product ion formatiofhe fragmentation speatim contain a myriad of
information as the relative aindances of the fragment ions reflect the relative eriesgf the bondshat

cleave®®

lons with high translational energy collide with an inert gadnhnost SCIEX machinesd He in
the Orbitrap, and undergo inelastic collision which cotv@art of the translational energy into internal
energy. The ion undergoes fragmentation as the ion gains sufficientygt@iovercome the bond energy,
typically of the weakest bond.he total kinetic energy that can be converted into internal energdlyds

relative energy (&m) and depends on the masses of the two objects colliéfing.

EoNBLINB&Syda G(KS A2y Qa pdnd K bré thel mMasssibftie pBoirSoNEmand 6 K A

neutral gas respectively.

When there is sufficient energy to cause dissociation the overall CID process is assumed to occur

as a two step process.

In the equation described aboveshis the fragment ion while mis the neutral on formed because of
fragmentation. The first step is the slowest step, where the ion is accelerated by the electric field to collide
with the neutral gas molecule. The second step is on a much faster time scale where the translational

energy is convertethto internal energy for fragmentatio??.
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2.6 Solidphase peptide synthesis (SPPS)

A variety of peptides have been synthesized according to the scheme outlined below. Isotopically
labelled amino acids were incorporated using the same technique.

CHj3
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H UYU\)LWang-Resin — 0
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R R NN 2
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Sheme2.1. solidphase peptide synthesis as described by @bl >’

1. Fmoecamino acidWang Resif0.25 mmol) was weighed out and placed into a reaction vessel.

2. Dichloromethane (3 mL) was added to reaction vessel to swell the resinhanadé¢moved by
pressure from nitrogen.

3. 20/80 (v/v) 4methylpiperidine/DMF was added to the reaction vessel, to cleave the protecting
group (FMOC), and allowed to bubble under nitrogen for 13 minutes. The solvent was removed
using pressure from nitrogen.

4. Dimethylformamide (5 mL) was then used to rinse the reaction vessel and then removed. This
was repeated 3 times.

5. Dichloromethane (5 mL) was then used to rinse the reaction vessel and then removed. This was
repeated 3 times.

6. Fmocamino acidOH (0.375 mmo|)l-Hydroxy7-azabenzotriazol€0.375 mmol)N, NQ
Diisopropylcarbodiimid€0.1 mL), and Dimethylformamide (3 mL) was added to the reaction
vessel. The solution was allowed to bubble under nitrogen for 1.5 hdhessolvent was then
removed under pressurom nitrogen.
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7. Dimethylformamide (5 mL) was then used to rinse the reaction vessel and then removed. This
was repeated 3 times.

8. Dichloromethane (5 mL) was then used to rinse the reaction vessel and then removed. This was
repeated 3 times.

9. Steps 3, 8 wererepeated until the desired length of the peptide was reached.

10. 20/80 (v/v) 4methytpiperidine/DMF was added to the reaction vessel, to cleave the protecting
group (FMOC), and allowed to bubble under nitrogen for 13 minutes. The solvent was removed
usingpressure from nitrogen.

11. Dimethylformamide (5 mL) was then used to rinse the reaction vessel and then removed. This
was repeated 3 times.

12. Dichloromethane (5 mL) was then used to rinse the reaction vessel and then removed. This was
repeated 3 times.

13. A cleaing solution(3 mL)of trifluoroacetic acid, dichloromethane, triisopropylsilane and water
(14:4:1:1) (v/v) were added to the reaction vessel. The solution was allowed to bubble under
nitrogen for 1.5 hours.

14. The resin was washed with dichloromethane twiziéh dichloromethane (1 mL).

15. The filtrate was collected and thelgent was allowed to evaporate using a speedvac.

16. Diethyl ether (1 mL) was then added to the powder or oil and sonicated for 1 minute. The
resulting solution was allowed to sit overnighta freezer{L6°C).

17. The diethyl ether was removed and the dry powder or oil was collected.

2.7 *80 labelling of amino acids

To identify the structures of various ions and the loss of neutrals, isotopic labels were introduced to
distinguish the m/z ratis of heteroatoms.

0 P
o) :Cl
H30)@6H c” e e
H 180 —
2 3 E\IH H3C 180H
+
H 9 He H CHH H OH HOOH .y Hooo
fmoc—N OH émeC—N%OHHA fmoc—N OH === fmoc—NW/FOHz ~:‘fmoc—Nw)Lo
+
R R . R 18/0\H) R OH R H
180H, HO

Scheme2.2. The following protocol was adapted from Marecetkal.>®

1. Oven dried glassware consisting of: a shlenk flask, a condenser and a glass nozzle were used as
the reaction vessel. Figu&7 shows the set up.

2. FmoeX-OH (1 mmol)1,4 dioxane (1 mL),.MO(25 mmol), acetyl chloride (O&) and a

magnetic stir bar were added to the shlenk flask.

The shlenk flask was heated to°@and stirred under nitrogen for 2 hours.

4. The solution was then freeze dried using liquid nitrogen.

w
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5. Thedry powder was then collected and could be used in step 6 of the solid phase peptide
synthesis.

oil bath

hot plate

Figure2.6 Setup for'®O labelling of peptides. All fittings were sealeing greasgor a teflon
sleeve. e gas line to supply the nitrogen was also connected to a bubbler to avoid
overpressure.
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2.8 Esterfication of amino acids

A methyl ester was introduced into thet€minus of the peptides to determine whether fragment ions
were coming from the @rminus.

0]

e . 0
HC™ (Ol 4 M HCI +
3 7 OH,  HiC” “OzH HSC)J\OH
. H
toooH i M imoc—H o R Ho QA Ho ¢
moc OH~  'moc %OH‘:‘ fmoc L O)H‘:~fmoc—N 7 de,i—-fmoc—Nj)J\o
R .. R ~43H R !
1:,0‘CH3 HyC'Y CHs R CHs

Figure2.7 The esterification procedure was adapted from Kowatail >°

1. Anhydrous methanol (1 mL) and acetyl ctder{0.9uL) was added to the dry peptide and
allowed to react for 2 hours.

2.9 Sample preparation

Synthesized peptides were used without further purificatiB®eptides were stored in a freezef §°C)
prior to experiments. Synthesized peptides were digsd in acetonitrile/water (50/50) (v/v) followed by
dilution to 5umol/L.

3.0Symbols oI€ID spectra

In each spectrum thé) denotes the precursor iarFilled in dots () represens the lineage of the
precursor ionsand the empty circle ( bepresentsthe ions scannetb generate the CID spectrum.

3.1 General nomenclature

For simplicity, the subscript number within the bracket represents the length of peptide from which
water was initially lost. The subscript following brackets of the b ions reprélsemesidue in which

water was initially lost. For example the;Jbrepresents a b ion generated by loss of water from the first
amide of pentaglycine.
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Chapter 3nterconversion betweed-imidazolondons, isomers of [i*
derived from protonated tetraglycine

This chapter has been published as described in Appendix A: Information about the Author

3.1Loss of water from [GlyGlyGly + H]

The loss of water frorfGlyGly+ HT and [GlyGlyGly + H]s reportedly from the carboxylic acid grotfp
33.6061hile water loss from [GlyGlyGlyGly + id}from an amide oxygeti*6This very different behaviour
prompted us tore-examine the fragmentation diGlyGlyGly + H] First we found that fragmentation of
the ester[GlyGlyGlyOMe + Hpses methanol and water, both in labundancewith the second channel
being the more minor (see Figugsla). This encouraged us to synthesize '*&)GlyGly, where the-N
terminal glycine was labeled witfiO, and in the dissociation §&ly(#O)GlyGly + Hijve observed losses

of both HOand H®0, again both in low abundance and with the latter being the lower of the two (Figure
3.1b). The barrier to loss of water from the carboxylic group from ¥R65-311++G(d,p) calculations was
found to be 128.2 kJ mié&F® The loss of water from the first peptide bond was higher in energy (166.7 kJ
mol?) and the transition state for the latter process was very similar to that for déssater from

[GAyGyQyQy + HT with the Gterminal glycine residue removet.
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Figure3.1. Expanded scale CID specbf triglycine (a) after esterification and (b) wifi®-labeled at the
first amide oxygen. For brevity on the spectr{@yGydy-OMe + H is abbreviated to [GGGMe +
HJ*. CID spectra (a) and (b) were collected at a normalized collision energyiod 18 respectively.

3.2Loss of water from [GlyGlyGlyGly # H]

Figure3.2. CID spectra of protonated tetraglycine with the (a) first and (b) second residue labe¥éa by
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and®3G,. CID spectra (a@nd (b) were collected at a normalized collision energy of 21.

Ourcurrent work confirmed that the water lost frofslyGlyGlyGly + Hfomes predominatty from the

first amide oxygerand that losses from the second amid&d the carboxylic acid group areth minor

channels®® We also labeled the third amide oxygen and found therensgligible amount of water loss

from this position (Figure3.2 and 33). From DFT calculations, theémidazolone(structurel) formed by
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water loss from the first amide oxygen is lower in energy tivlien water is lost from theecond amide
(structurell) by 5.1 kJ mdl which may explain why removal of water from the first amide is preferred

over that from the second.
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Interestingly, he CID spectra dhe [b4]* ions created byremoval of waterfrom the first and
second amidgroupsare essentiallyjdentical(Figures3.4(a) and 3.tb)). The most abundant product is a
[b4-HN=CHK]" ion atm/z 200, with losses of Ntand (CO HN=CHk) being very minor channels. The CID

spectra of thelbs-HN=CH]* ions (n/z 200) are also identical (Figurg@sic) and3.4(d)) and the energy
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resolved curves for thips-HN=Ch]*ions were also similar (FiguBeb). This suggesthe two [lu]*isomers

rearrangeto the samestructureprior to fragmentation.
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Figure3.4. CID pectra of [h]*ions formed by loss of oxygen from tt@first amide and (b) second amide.

CID pectra (c) and (d) are for the dissociationnafz 200 ions derived from (a) and (b) respectivélD
spectra (a) and (b) were collected at a hormalized collision energy of 23 while (c) and (d) were collected
at 26.
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3.3Fragnentations and structural isomerizationradminal[b4]" ionsfrom tetraglycine
Isotopically labelled glycin@®*G,) was used to identify whioflycine residués inwlved in the loss

of methanimine. Comparison of Figuigd(a) and 3.6a) shows that botlthe water and the methanimine

came from the first glycine residue; similarly, comparison of FigBeb) and3.6(b) show that both

losses are from the second residue. From this we conclude that the loss ofdti@nimine isalways

from the sameresidueas the one that lost the initial water molecule.

o 1(a)[G(180,1°C,)GGG +H -H,'™0F" 200;3 2501
2 80 : “HN=13CH
E o W\ > o2for
5 601 1BC—C\N o & g
= H,
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5 ! -HN=CH, -NH; ="
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éﬁoi HQN/Y xﬁf’C\N o o b4
2% > -HN=CH, NHs 9301
ﬁzo o 172.2 2121 &

] , l. | 1
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Figure3.6. CID spectra of [ ions formed byloss of oxygen fronfa)the first amide and (bjhe second
amide using*C labded tetraglycines CID sectra (a) and (b) were collected at a normalized collision

energy of 23.

Loss of HN=GHrom the 4-imidazolone(structurel) formed by loss of water from the first amide

is easily rationalized in terms ofdC bond cleavage adjacent to the fiweembered ing as it is analogous

to formation of an [a]* ion from a [B]* ion%? Loss & HN=CH from the second residue requires

rearrangement of structurél into I, thereby moving the second residue to theédminus. A possible

pathway for rearrangement df is given in Schen&1. Proton transfer to the nitrogen of the-fdrminal

amicke is followed by nucleophilic attack by themidazolonenitrogen on the amide carbon, resulting in
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cleavage of the amide bond and transfer of thégkminal residue onto thé-imidazolonenitrogen. This
second step has the highest barrier (139.8 kJ%)nah the overall profile from the MG&X/6-311++G(d,p)
calculations. A subsequent attack on the nefagmed 4-imidazoloneby the amino group of the Ntof

the first residue followed by ring opening leads to structuvgth an overall exothermicity of .kJ mol

1

HoN + +
‘>7N\H “ HN
HoN_ /k
OH213C—</N1 2 13C/LN o 5
H
o 2 ne L
S]/OH KIT OH
d o)
I I
5.1 (8.7) 0.0 (0.0)
7.0 (9.2) 0.0 (0.0)
106.3 (108.4) 127.8 (137.2)
108.4 (111.4) 154.6 (164.2)
H,N 0
p NHz
T sl 298
N™=0 2N\1SC NH
Yo Sf
o}

111.7 (111.5)
112.7 (113.8)
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144.2 (151.6) u

1155 1264
1546(1628)

111.2 (124.2)
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H,N o
\(O
HzN + 108.0 (115.4) 1(7)2-; 5?‘11-7321) K«N
128.7 (136.9 . . HN
o I N
-—= H,N=13¢C N - H3N—:C N"Tq
2
© OH
OH
3 o]
85.6 (90.2) 63.6 (75.3)
104.4 (108.2) 96.5 (108.7)

Scheme3.1. Mechanism for the rearrangement @hn Il into ionl. Enthalpies (at OK) and (free energies at

298K), both in kJ mdl as calculated at the M@BX/6-311++G(d,p) and B3LYR&1++G(d,p) levels. All

energies are relative to structure 1.
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The pathways by which structutelissociates or rearranges are given in Schére

(i)

(ii)

(iif)

The loss of HNGH is the major pathwaypathway ) and occurs by direct cleavagkthe
exocyclic ¢&C bond to form iodll; the barrier to this pathway (167.1 kJ mpls 27.3 kJ
mol* abovethe barrier to isomerization tdl.

A 1,4-proton shift followed by nucleophilic attack by the carbonyl oxygen of the third

amide group on the CH: of the first residue in structure | displaces mmonia with a
barrier of 181.5%J mot (pathway i).

Direct loss of (CO + HN=LIftom | occurs in two steps, first loss of CO (product not
observed experimentally) followed by a higher energy step in WHNECHlis lost. The
overall process haa much higher barrie¢308.7kJ mot, pathway ii) and clearly is not
competitive with the loss of NHand probably is not the pathway by which CO and
HN=CHare lost. Rarrangement tdl followed by cleavage ohe first amide bond ofi
has a barrier of 191.5J mof (LJ- (i K ¢ )-a@d tHisAmak®s the loss of (CO + HN¥CH
more competitive. This pathway is initiated &proton transfer in which the proton from
the 4-imidazolonering is transferred to the firstraide nitrogen facilitating amide bond
cleavageThe loss of (CO + HN=LHWithout a*C label suggests that m/z 173 is not a
subsequent loss of CO from m/z 200 as seen in FiguF&i8.is consistent with what is

LINELI2ASR AYy LI GKgle& AAAQOD
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Schemes.2. Mechanisms for the fragmentation and isomerization of structure I. Enthalpies (at 0K) and
(free energies at 298K) both in kJ rhak calculated at the MGBX/6311++G(d,p) an@3LYP/6
311++G(d,plevels. All errgies are relative to structure
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3.4Fragmentations of structurd at m/z 200
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Figure3.7. CID pectraof [oab | baJ* (stiucturelll) containing®0 and3G, labeling in the (a) first and
(b) second glycine residaeCID spectra (a) and (b) were collected at a normalized collision energy of 26.

Isotopic labéing was used tatudy the dissociation diGlyGyGAyQy + H- H:O - HN=CH"*, ionlll.
The spectra in Figures7(a) and 4(b) are of ioll formed from| andll, respectivelywhere the glycine
residue under consideration is labeled wit® and**G.. Note that the ion in Figure 3.7 (a) has been
formed by loss of water from the second glycine residue, structhragmilarly, that in Figure 3.7 (b) is the
product of water loss from the first residuBcheme 3 shows possible fragmentation mechanisms of this
ion. The products ions that retain the labeletbms are formed by losses of glycine and water molecules,
giving structuredV andV, respectively. The loss of glycimmithway ivin Scheme 3) is facilitated by
proton migmation from the 4-imidazolonering to the amide nitrogenia protonation of thecarboxy group
This is then followed by nucleophilic attack by the carbonyl oxygen af-itmédazoloneon the carbon of
the protonated amide, leading to cleavage of the amide bond and generating andtetule complex

(barrier = 173.5 kJ mi¢). Thea-hydrogen in thed-imidazolonering is acidic and the 1j@roton transfer
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is assisted by using the glycine molecule as a transporter to produce a highly conjugated system, structure

V.

Proton migration from thel-imidazolonering to the peptide backbone caiso lead to the loss
of a water molecule from the carboxylic group at theée@ninus to produce an oxazolone structuve

(pathway V). Further loss of CO from the oxazolone ring produces an imine, stri¢ture

The labeled atoms are lost as'§@ + HNECH in Figure 4) to give an ion at/z 143. This is
facilitated by nucleophilic attack by the amide nitrogen at th&fninus on the carbocation in thé-
imidazolonering to generate a bicyclic structure. Proton migration to the nitrogen of the original
imidazoloneNR& y 3 ¢ S| | Sogndl withiK tBe ring-and cleavage of thisnd followed by breaking
an amide bond results in the loss of (CO + HN}€Htaining the two isotopically labeled atoms from the

N-terminus giving structur&|l.
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Scheme3.3. Mechanisms for the fragmentation of [GGGG -H:D - HN=CH" (structurelll) illustrated
using the products in Figurg.7. Enthalpies (at 0K) and (free energies at 298K) both in kcal asol
calculated at the MO&@X/6-311++G(d,p) an®@3LYP/e311++G(d,p)evels. All energies are relative to
structurelll.
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3.5Intra-molecular H/D exchange
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Figure3.8. CID spectra db4]* ions after wakr loss from(a)the first and (b)the second amide oxygens
using*®O-labeling andglycine (2,2D,) in the same residueCID spectra (a) and (b) were collected at a
normalized collision energy of 23.

While searching for possible mechanisms for wates lasing isotopically labelled glyci(g2 D),
scrambling of thénydrogers at the a-carbon was observed. FiguBeB shows that thea-hydrogens from
the same residue that lost the initial water moleculgbs* ions can move to other basic sites. The gyer
barrier fora-hydrogen scrambling in structutes 110.2 kJ madl(Scheme3 4), lower than the barriers to
conversion tdl and to dissociation. The acidity of theCH is attributed to the proximity to the positive
charge that is formally delocaliddetween the two nitrogen atoms in theimidazolonering of structure
I. The energyresolved curves for the deuteratdfls]” in Figure 3.hows that loss ofiethanimine with

one deuterium is the most dominant at all collision energies.
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Figure 3.9. Energyresolved curves fofb,]* ions formed by loss of water from the first and second
positions usinglycine (2,2 B) in the residue that was dehydrated.
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Scheme3.4. Mechanism fora-hydrogen atom scrambling in structureEnthalpies (at OK) and (free
energies at 298K) both in kcal mals calculated at the MBBX/6-311++G(d,p) anB3LYP/6
311++G(d,plevels. All energies arelative to structurel.
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Conclusion
The nominal [l*ion formed by loss of watdrom the second amide oxygen of tetraglycimpeotonated

4-imidazoloneion 1, rearranges to the lower energy isomaarior to dissociation. A consequence of
this rearrangement is that the loss of methanimine from the]filons derived from [GlyGlyGlyGly + H]
is always from thsameresidue from which water has initially been lo§he fragmentation pattern of
[GlyAyQydy +H - HO- HN=CH*, ionlll, follows severapathways that are common in the
fragmentation of protonated peptides. Finally, the hydrogen atoms onltearbon of the residue from
which water is lost undergo extensive scrambling in4hmidazolonestructure at lower energies than

those required for rearrangement or dissociation.
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Chapter 4Fragmentation of protonated pentaglycine and hexaglycine
after water I®s isomers of []*

4.1Loss of water from [Gdy HT

100+
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ggg_ [b4] *
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5601 [y; +2H]* “H-0
2 190.1 el
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© 18 *
0201 [b,]*ly; +2H]" fhd [a.]* . "H®0 306.1
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Figure4.1 Spectra of [b]* ions formed by loss of oxygen (a) from the first amide and (b) from the second
amide.CID spectra (a) and (b) werallected at a normalized collision energy of 20.

Water loss from [Gly+ HI is a major dissociation pathway at all collision energies ‘d@dabelling
showed that the loss is predominantly from the first and second amides with similar abund&nmess
4.1 and Appendix B.1 and R.280O-labelling at the third and fourth amides revealed minimal water loss
from these locationsAppendix B.3 and B.4By comparison, protonated tetraglycine only had substantial

water loss from the first amide groud.
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Figure4.2. CID spectra of (a) 4 and (b) [B]*iions. CID spectra (c) and (d) are for thg*[land [k]*
ions containing®0O- and**N-labelling in the first ad second residue, respectively

The CID spectra of thes]h and [k]"i ions have the same product ions but are not identical, bagszh
the relative abundances of the product ions (Figdr® and their very differenenergyresolved curves
(Figure 4.3 In this respect the fragmentation behaviours of these twg*[ions differ from those of the
[b4]* ions of protonated tetraglycinewhere the [h]* and [by]* ions had identical CID spectra, the result

of interconversion prior to dissociatiof.
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Energy-Resolved curves of [G(O'®)GGGG + H* - H,0%]*
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Figure4.3. Energyresolved diagrams for (a){f and (b) [B]*iions.

For the [BB]*ion energyresolved curves (Figure3(a) show that NHloss is the dominant pathway at the
lowest cdlision energy giving an ion at m/z 269 that subsequently los@satid glycine (ions at m/z 251
and 194 respectively). At higher energies loss of HNb&tdmes the dominant pathway. Cleavage of the
third amide bond to give the complementary ions at mgaloss of GlyGly) or 133Afy HJ) is the third

most abundant pathway.

In contrast, for the [B% ion cleavage of the third amide bond to give either an ion at m/z 154 or 133, [y
+ 2HJ is the dominant pathway at all collision energies. The onzettie loss of HN=CGHKim/z 257) is at
higher energies and this pathway becomes the second most abundant at higher collision energies. Loss of

NH: (m/z 269) is a minor dissociation channel for this ion. From the differences in the emsayed
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curves (Fjure4.3(b) it appears that the two ions formed by losses of water from the first two amides of
[Glys + HT dissociate more readily than interconvert; in this respect they differ from thig gnd [k]*

ions of tetraglycine.

Comparison of the CID sgtrum of the [B]* ions with that of the [k]* from protonated tetraglycine
showed some similarities, losses of HNzQW#H, and (CO + HN=gHalthough the latter are minor
fragmentation pathways for the [, ion. There are additional product ionstime spectrum of the [H*

ions, the results of cleaving the third amide bond and of losses of a glycine molecule (m/z 211), (glycine +
NH;, m/z 194) and ()0 + NHB, m/z 251). For both B and [ky]* ions, loss of methanimine was the
dominant pathway ahigher collision energies. For the[h ions, loss of methanimine also occurred, but
was a relatively minor pathway. Instead amide bond cleavage resulting in the loss of GlyGly from the C
terminus and the formation of the jy+ HJ ion was the dominanpathway. There was no equivalent
pathway observed for the " ions. Isotopically labelletN was used to determine from which residue

of the [bs]%y ion the methanimine originated (Figur¢.2(d)) and, as was found for {P, ions, the
methanimine ame from the residue that initially lost water. Similarly, fiN-labelling experiment also
revealed the loss of NHk always from the same residue from which water has been lost. This suggests
that there is certain extent of interconversion of theJfaions into [k]* ions but, unlike for the [§*ions,

it is not the dominant pathway by which thes[h ions dissociate.

The lowestenergy structure for the [ is an imidazolone, structuré (Scheme4.1l). The loss of
methanimine from structure is by the cleavage of the €C bond (pathway (i)) resulting the formation of
structurelll (m/z 257). This mechanism is analogous to the formation9fifan directly from a [B]*ion.3®
The barrier to this process is 36.9 kcal fnahd is very similato that calculated for the same loss from
the [by]* ion2 On pathway (ii) a 1;groton transfer from the imidazolone ring to thetidrminal amine
group facilitates loss of NKb produce structurdV (m/z 269) and the barrier to this process is 3kKcal

mol?, essentially the same as for methanimine loss. The analogous process fafthierflwas slightly
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higher in energy and the abundance of theq[fbc NH) ion was lower. Structur®/ can further lose a
glycine or water molecule from the-t€rminus to produce structure/ (m/z 194) andVIl (m/z 251),
respectively. Loss of GlyGly from structdiie initiated by proton transfer to the third amide nitrogen
followed by nucleophilic attack by the second carbonyl oxygen of the imidazolone ring carthenyl

carbon of the third amide group (pathway (iii)). The barrier to this step is 35.9 kcal ke proton is
transferred to the @erminus fragment, [y + 2H] ion is produced. Loss of a single glycine molecule
(pathway (iv)) is facilitated kyroton transferred to the fourth amide nitrogen, thus weakening the amide
bond. Cleavage of the amide bond via nucleophilic attack by the adjacent carbonyl oxygen leading to the

lost of glycine (structuréX, m/z 212).
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energies at 298K), both ic&lmol? as calculated at th83LYFB-311++G(d,p) level. All energies are

relative to structurel.
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The barrier to conversion of structudeinto Il is 38.4 kcal mdi again comparable to the barriers to
dissociation of. Detailed mechanism for the isomerization is summarizefigpendix B.7Loss of GlyGly
from structure Il may dso occur by conversion into structudeand then following pathway (iii).
Alternatively, itcan also occur by a lowenergy route initiated by nucleophilic attack by thediminal
amine on the imidazolone ring, pathway (v). The barrier to the lossy@IGby this mechanism has a
barrier of 34.0 kcal md| lower than the barrier to interconversion by 4.4 kcal mdlhis lower barrier for

the loss of GlyGly from structutkexplains why loss of GlyGly is the dominant product in the dissociation
of the [bs]™ at all collision energies (Figu4e3()). Due to the multiple collisions within the CID cell, some
ions will possess more energy and are able to undergo conversion ghto This then leads to formation

of the same additional products, ions @z 269, 257, 251 and 194, as formed from structubait in
diminished abundances. It is noted that the loss of a single glycine molecule can also occur from structure
Il directly (via pathway (vi)). The energy barrier (36.9 kcaijrfol this processs slightly lower than that

of the isomerisation (38.4 kcal m9! Thus, it is more likely that the loss of glycine molecule is frgft [b
directly. Finally, loss of (CO + HNaG#lobserved in very low abundance in the spectra of both tké [b
and[bs]*iions. **N-labelling experiments established that this combined loss involves a different HN=CH
molecule from the formation of ioHI (Figures 4.2)) and ¢l)) and this is most easily achieved by cleavage

of the first amide bond of structur (pathway (vii)).
4.2 oss of water from [Gy+ HT, protonated hexaglycine

As found in the dissociations of both protonated tetraglycine and protonated pentaglycine, water loss
from [Gly + H] is a major fragmentation pathway, second only in abundamcéhe loss of a glycine
molecule. CID 0fO-labelled protonated hexaglycine revealed that water loss is predominantly from the
first, second and third amides, with similar abundances for eaghifim (Appendix B.8, 9 and 10The

energyresolved curveslso revealed that losses of water from the first, second and third amide groups
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are always major pathways at all collision energigspendix B.11, 12 and L3sotopict®O-labelling at

the fourth and fifth amides established that there are minimal wdteses from these positions (CID
spectra inAppendix B.14 and B.Hhd erergy-resolved curves in Appendix B.16 and B.This behaviour

is similar to the fragmentations of protonated pentaglycine, where there are significant water losses from
both the first and second amide groups, and of protonated tetraglycine, where water loss is mainly from
the first amide. Apparently, as peptide length is increased, water loss occurs from more amides at the N

terminus but the two amides at the-8rminal end lose mimhal amounts of water.
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Figure4.4. CID spectra of the (a)dl, (b) []*, and (c) [B]*n ions. Spectra (d) and (e) have bét®-
and™®N-labelling in the first and second residue, respesiy.

The CID spectra of thegbions formed by water loss from the first, second and third amide groups of
protonated hexaglycine are not identical, as shown by the different product ionsréBig.4 and their
very different energyresolved curvesAppendix B.18, 19 and 20The dominant fragmentation pathway

of the [ke]" ion, at all collision energies, is the loss of ammonia (m/z 326) followed by lossesszef (NH
glycine, m/z 251) and (NH HO, m/z 308); formations of ¢ 2H] and [y, + 2HT (m/z 190 and 133) are

very minor dissociation channels (Figude3a). The fragmentation of this §Ji ion is somewhat similar
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to that of the [k]* of protonated pentaglycine in that fragmentation at thet&fminus dominates over
amide bond cleavage #@tte Gterminus. However, the major difference is that there is little evidence of
cleavage of the/&C bond at the Merminus (loss of methanimine, m/z 314) that is the dominant pathway

by which both the [§* ion of protonated pentaglycine and the 4 ion of protonated tetraglycine
fragment. The CID spectrum of the]fion showed NElloss as a major pathway, but not the dominant

one (Figuret.2@)), whereas the spectrum of the {5 ion had the loss of Ny-as only a minor channét.
Apparently, as the peptide length is increased, loss of ammonia becomes a more dominant pathway for
the [bn]* ions.’®N-labelling established that the ammonia loss from thg{lion is from the first residue,

the residue from which water was initially lost (Figdr@ d)), reminiscent of the behaviour of the b

ion from pentaglycine

The CID spectrum of theg]*iion can be largely explained by initial formation of an imidazolone and the
fragmentation pathways deduced for thes[h ion, can be used to explain the loss of ammonia, as seen
in pathway (ii) in Scheme 1. Ammonia loss is also followed by l@sglg€ine molecule by formation of
an oxazolone similar to structud Formation of [y + 2H] and [y + 2H] can be rationalized by amide

bond cleavage, similar to pathways (iii) and (iv) in Schérme

The CID spectra of the sty and [k]*s ions ae similar, again suggesting analogouagmentation
pathways (Figures 4.2(b) and 4¥%)( The dominant pathway for the db ion is cleavage of the third
amide bond resulting in formation of an ion at m/z 154 that has lost GlyGlyGly along with gegéinatin
complementary ion [y+ 2H] (m/z 190); this is analogous to formation of the m/z 154 ion (loss of GlyGly)
and the complementary py# 2Htion from the [k]* ion of protonated pentaglycine. Loss of ammonia is
a more minor channel in the dissation of [ks]* than for the [k]* ion, with *°*N-labelling again showing
that the ammonia lost is from the same residue from which théawevas initially lost (Figure 4&)). This

is consistent with initial formation of an imidazolone at the seconddanfidllowed by conversion to the

[be]*iion probably by via the same mechanism as found fgt,[bh 0Scheme 3.1 in Chapter 8mide
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bond cleavage near the-t€rminus is dominant over the interconversion mechanism for both[land

the [be]*i1ions. One major difference between the CID spectra of th§[land [k]* ions is that the former
shows only a hint of a loss of HNzCMhereas this pathway is the second most dominant fefi[b A
possible explanation may be that as ammonia lessomes more prevalent as the peptide chain length
is increased, then loss of HN=@dcomes less competitive. To conclude, the fragmentation pathways of

the [be]*iion follow similar fragmentation pathways ofs[ty as described in Scherdel.
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Schemed.2. Proposed mechanisms for the fragmentations of thg*[bions.

The CID spectrum of thee]th; ionsformed by loss of water of the third amide of protonated hexagigci
(Figure4.4(c) is very different from those of the isomericsJhions and [lg]*i ions, indicating that there
is no interconversion prior to dissociation. The major products in the dissociatiog]afifbdecreasing

order of abundance are:

An ion at m/z 325, corresponding to the loss of water. Theg]b ion derived from
GlyGlyGIyfO)GlyGlyGKDMe had an almost identical CID spectrum (FiguBgand exhibited no loss of

methanol, indicating that the loss of water is from an amide group. Tatemost probably comes from
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one of the first two amide groups, forming either an oxazole (strucKXitein Schemet.2) or a second

imidazolone (structur&IV). Based on calculations for the protonated tetraglycine, the imidazolone route

forming X1Vis likely the preferred oné?
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Figure4.5. CID spectrunof the [bs]*i ion after esterification.

An ion at m/z 229 indicating the loss of diglycine residue in the form of an oxazolone {GIYGIyR)

from the Nterminus (Schemd.2). The high abundance of this ion suggests that the structure of tha [b

ion has the first two residues intact and that the loss of water in forming this ion must have involved

nucleophilic attack on the third carbohgxygen by a heteroatom on a residue located closer to the C

terminus. Loss of GlyGlyhen is initiated by a 1roton transferfrom the imidazolone ring to the second

amide nitrogen followed by nucleophilic attack by the first amide oxygen to theeadbon thereby

facilitating amide bond cleavage. The resulting ion, struckXWehas the same structure as thes[h ion

formed by loss of water from the first amide of protonated tetraglycih@&he ion at m/z 200 (structure
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XV), present in low abundance in the CID spectrum of thg"jkdon, is the product of the dominant

fragmentation pathway fothe [b4]* ion and provides further evidence for the imidazolone structdké

An ion at m/z 308 corresponding to the loss of@H NH). As there is no detectable loss of onlysldkd
MS' on the m/z 325 ion gave predominantly loss ofs{fFigure SX)t is probable that the m/z 308 ion is
the product of sequential losses of water followed by ammonia. The erreapived curves for the fBu

ion support this analysi®\ppendix B.2J) After the loss of water (structurgl\), NH loss is initiated by a
1,4-proton transfer from the imidazolone to the-fdrminal amine. This is followed by nucleophilic attack

by the fifth amide oxygen to the,©f the first residue to form tricyclic ring structures/Il

An ion at m/z 268 is the result of a loss of aiglyanolecule (75 Da) from thet€minus and it is further
confirmed by the CID spectrum of the ester (Figdr® in which loss of GipMe was observed. This
fragmentation is initiated by protonation on the fifth amide nitrogen, thus weakening tt¢ Qord,
followed by nucleophilic attack by the amide oxygen of the imidazolone ring forming a bicyclic structure,

structure XVIIL

An ion at m/z 286 is the §bion, (structurell). To form this ion there is a loss of (CO + HNFbin the

N-terminus, initated by proton transfer to the first amide nitrogen followed by amide bond cleavage.

Fragmentation of an oxazolone structurg]ton.

Another kind of [B]* isomer was formed by the loss of glycine methyl ester from a hexapeptide derivative
[GlyGlyGIYEO °N)GlyGlyGKDOMe + HJ. This results in a §b ion possessing the conventional oxazolone
structure at the @erminus, namely [E*,. The base peak in the CID spectrum of this ion is for the loss of
water, with the ratio of the abundances of the produohs at m/z 271 -H,0) and 269-t,'%0) being
exactly 4:1 (Figuré.6a). Similarly, the ratio of the abundances ions of th§ | m/z 261 {CO) and 259

(-C®0) is 4:1. These ratios indicate that there is complete sequence scrambling of]ta@fbprior to
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dissociatiorf>4The ion at m/z 244 is the §§* ion, corresponding to the product of loss of (CO +)NH
while that at m/z 241 corresponds tbe loss of (80 +*NH); the loss of both labelled atoms together

is consistent with the accepted mechanism by whigh][dons are formed®3°4748The ions at m/z 243
(losses of bD + CO) and 241 (losses e®H ¢°0) are also associated with the loss of CO after water loss
and are either from the oxazolone at thet€minus or fromthe imidazolone at the Nerminus. The ion

at m/z 242 corresponds to water loss from the first amide group followed by loss of Ni@idh is

consistent with fragmentation of-#midazolones formed at the first residide.

The []*viion, created by loss of methanol in the CID of [GlyGIGIYIN)GlyGlyGDMe + Hi,
loses water as the dominant fragmetitan pathway, with the loss of a second water being the most next
abundant (Figuret.6b). The ratio of the abundances of thegjb¢ H:O) ions for HO and H?O is a
perfect 5:1, again showing complete sequence scrambling in #&[lon. There wasio product ion
corresponding to a loss of CO (28 Da) and the ion at m/z 286, the product of the combined loss of (CO +
HN=CH), was less than 2% indicating that the dissociation pathway expected ftgranibal oxazolone,
[be]"Th €yFbH ¢balid not occur. Apparently as the peptide length increases fromjJa, fio a [ks]*vi, CO

loss is no longer a competitive pathway for the oxazolones and water loss is the only pathway.
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Figure4.6. CID spectra of the (a){lv and (b) [B]*viions with both'®0- and**N-labelling on the third
residue and esterification at the-t€rminus.
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Protonated polyglycines greater than 6 residues

lons [Gly + H} (n = 79), all lose a water moletaiat low collision energies and this pathway becomes
more dominant as the peptide length is increased. For/[GHT cleavage at the fifth amide bond gives

the most abundant product (the fb ion), but the [ ¢ HOJ" and []* ions, both products faned by

water losses from an amide, are the second and fourth most abundant . Furthermore, the spectrum of
[Gly-OMe + H] had essentially the same products as that of {G] with the [br]* ion retaining the

ester group, thereby providing evidence thatforming the [b]*ion water was lost from an amide group.

For [Gly + HT the [bs]" ion is again the most abundant product, followed by three ionsg [OT, [br ¢

H.OT" and [ks]*, that all involve water loss from an amide. Similarly in the tspecof [Gly + H] four of

the five most abundant ions , {l, [br ¢ H.OT, [bs ¢ O], []*and [k ¢ HOJ', all involve the loss of a

water molecule.

Larger [R]* ions

We have not used labelling to examine the numerous possible isomers obffieops (n = 7).
Nevertheless, the CID spectra of these ions are revealing. In the CID spectrum ¢f tloa foom Gly,
loss of water is the base peak, followed by losses of 114 Da (&)y@yDa (Gly), 171 Da (GlyGlygly
and 35 Da (Nk+ HO). Again there was no loss of only CO and the abundance of dhiéofbo was very
low, less than 5%. The spectrum of theJfbon from [Gly-OMe + H]was very similar, again showing loss
of water and not methanol, showing that the water loss was notfrihe carboxy group. Losses of
GlyGlyGly.and GlyGly are from the Nterminus and the loss of Gly is from thée€minus indicating that
the initial water loss in forming the I3 ion must comgredominantly from one of the central residues,

probably te fifth amide.

The majoproductions in the dissociation of the {Ij ions derived from [Gl+ HJ, in order of

decreasing abundance, are due to losses of 75 Da (Gly), 1&0r {92 Da (GlyGly), 35 Da (NHHO)
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and 171 Da (GlyGlyGly, two fromthe Gterminus and one from the f&rminus, again suggesting that

one of the central residues {45" or 6") is the origin of the water molecule that was lost.

For the [B]* ion derived from [Gl/+ H] the major dissociation products, in order of ateasing
abundance, correspond to losses of 132 Da (GlyGly), 75 Da (Gly), 1®Ppar(i189 Da (GlyGlyGly), all
losses from the @erminus of the peptide except that involving water. We note that there are losses of
GlyGlyGly from the B ion, GlyGifrom [bs]* and only Gly from [}*. These all suggest that water loss is

from the same central residues in all the]fdons.

The tendency for the loss of water fromy[bions of [Ala + H} (n =315) increases with chain length and
has been noted prewusly in ions derived from polyalanidThese [h]*ions also lost CO and (CO +)\H
products not found in the dissociations of,[bions derived directly from [Gly+ Hf ions (n = ). This
difference is probably because some of thg {ibns derved from polyalanine have oxazolone structures,
whereas those from [Giy+ H] are imidazolones. Note that thedb, ion derived from [Gly+ HT is an
oxazolone and this was found to lose bottfOHand CO, with the former being in the higher abundance

(Hgure4.6a).
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4.3Conclusion
180-labelling of the amide oxygens revealed that loss of water is predominantly from the first and second

amides of protonated pentaglycine. The resultingjtand [ks]*i ions did not have identical CID spectra;
for the [bs]*ion, the loss of methanimine was the major pathway while loss of GlyGly was the dominant
pathway for the [lg]*iion. Theoretical calculations suggested that thg*[land [ks]*iions can interconvert

but at low collision energies the preferred patay for the ] ion is loss of GlyGly veathway (v)

180-labelling of the amide oxygens revealed that loss of water is predominantly from the first, second and
third amides of protonated hexaglycine. The resulting*[mns did not have identicallQ spectra and
there is little evidence for interconversion prior to dissociation. Ammonia loss is a major pathway for both
[bs]*i and [ks]* but loss of methanimine is the dominant channel fog]fand is quite minimal for [§".

The [B]*nion has he simplest CID spectrum of these isomers and shows mainly water loss.

The [B]*v and [k]*viions, which are oxazolones showed different fragmentation pathways from those of
the imidazolones. These ions also exhibited perfectly sequence scramblingri€tBespectra, further
supporting that the structures are oxazolones. Apparently as peptide length is increased, the loss of CO

from [bn]* ions is less competitive and water loss becomes the preferred pathway.

The structures of the [iy"ions formed bywater loss from [G+ H] (n = 79) were not determined.
However, the losses of jy+ 2HY in their CID spectra suggested the formation of imidazolones on the
amide backbone rather than an oxazolone at th&efninus. The losses of the [y 2HT from the G
terminus and (@ox at the Nterminus suggest that the loss of water is from the central residues. The losses

of various (@oxand [y + 2HT ions suggest that several amide oxygens can be sources for water loss.
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Chapter SCollisiorinduced dissociation of pranated tetraglycine
derivativeswith an alanine or proline substituti@iter water loss

isomers of [b]*

5.1Loss of water from [XGlyXGly +;E{ =alanine or glycine

100+

| (a) 133.0
8 ol [y, +2H]* [AGGG +H]*
I A ®261.1
S 601 [y; +2H]*
2 o
b H,0
T ] [b,]* 186.1 -CO 24314 _*
G 20- “NH 261.1
o 129.0 1oo1 e

0 | B I
100. 186.1
o (b) b.1*
8 a0 [bs] [GGAG +H]*
Q| 204.1
L maw :
o . o
40
27 -H,0
%2& 243.1 "
x| 26k1-1

. J
100 120 1)4h0 " 180 180 200 220 240 260 280
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Figure5.1 ClDspectrafor protonated (a) AGGG and (b) GGAD spectra (a) and (b) were collected at a

normalized collision energy of 20.

To determine the effect adubstituentson the loss of wateralanine was substituted for a glycine

of GlyGlyGlyGlyVater loss from the firsamide is the dominant pathway from [GlyGlyGlyGly %4 In

the CID of [AlaGlyGlyGly + &fjd [GlyGlyAlaGly + Hhe abundance of water loss was approximately 50%

of that observed for [GlyGlyGlyGly + Hit variouscollision energiesTheabundanceof water loss from

[AlaGlyAlaGly + Hjvasa minor pathwayas seen ilAppendix B22. Water loss from [GlyGlyGlyGly + H]

is predominatly from the first amide oxygenassuming that the pathway for water loss is still

predominantly from the first amide oxygen after an alanine substity thenthe h -methyl groupappears
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to deterwater loss. Since peptides with a methyl group in eitiher receiving grougthe first amidé or
the nuclegbhile (the third amide)had similar abundances the loss of waterthe bulkier side chain in
either position ha asimilar effect Energyresolved curve in Figure 5.2 show that water loss from
[AlaGlyGlyGly + Hand [GlyGlyAlaGly + Hyere similar at altollisionenergies. This suggests that there
is an equal impadby introducing a substituent iaither thefirst or third position.Furthermore, ading a
methyl substituentin both the receiving group and the nucleophile gitionsas in[AlaGlyAlaGly + H]
further reducedthe abundance of water logg\ppendix B.2). This is consistent with the idea that a bulkier

side chain in the nucleophile and receiving group positions hawapact on water loss.

Water loss from tetrapeptide:

35 &
X 30 <
w
S 25
1]
-g 15 < 0 0
210 o -
T: 5 O ] P 3 X
o B
0 m%
10 12 14 16 18 20

Normalized Collision Energy (NCE)

00— GGGG O0— AGGG GGAG %xX— AGAG

Figure5.2 Energyresolved curves comparing the water Idssm tetrapeptides.

A methylsubstituent should have bothlectronic and steric effest Introducing the methyl group
into the receiving group, [AlaGlyGlyGly +,hyould increase lectron density since the methyl group is a
weak electron donomakingthe h -carbonless susceptible to nucleophilic attagk methyl group is also
bulkier than a proton, suggesting that both steric and electronic effects play a role in reducing nuaeophil
attack when introduced into the receiving group. Introducing a methyl substituent into the nucleophile

group, [GlyGlyAlaGly + Hwould increase nucleophilicity by weakly increasing electron density. Steric
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effects are also increased by introducing athyl substituent. The abundance of water loss from both
[AlaGlyGlyGly + Hand [GlyGlyAlaGly +Hljere similar which suggesthat increasinghe nucleophilicity

of the attacking group may Hesssignificantthan increasing thateric effects.

5.2Los of water from [AlaGlyGlyGly + H]

100+

133.0
S0l @) ly, +2H]* [AM®OIGGG +H]*
2 ©263.1
(Lo I
gs& lys +2H]* g
24(; [b,]* -H,0
'-.%J - 188.1 NH _Hzlso/
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2% 131.0 190.1 '%1;9 }2451 26N3.1
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g (b) [y, +2H]* 18
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2 by i
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= (b.]* |(\%(H33 245.1
020 2 -CO™ _H,18 263.1
A 131.?\ 192.1 21“8_1 H22435h)
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Figure5.3 CID spectra of protonatedlaGlyGlyGlya) with the!®O labeled at thdirst amideoxygen (b)
with the 80 labeled at thesecond amidexygen CID spectréa) and (b) were collected at a normalized
collision energy of 20.

Isotopic labelling with®O showed that water loss is predominantly from the first amidess from
the second amidis aminor channelas found fo[GlyGlyGlyGly + HFigure 5.3)TheCID of [AlaGlyGlyGly
+H - HOJ"ions produced by water logsom the first and second residues follogimilar fragmentation
patterns asthose from the analogous ions derived frg@lyGlyGlyGly H - H.OJ". Dissociation of the ion
formed by the bss of waer from the first amidethe alanineresidue, resultedn the loss of ethanimine

as the major fragmentation pathwda¥figure 54 (a)). Dissociation of the ion formed bgds of water from

55



the second amidea glycine residue, resulteth the loss of methanhine as the major fragmentation
pathway (Figure 54 (b)). These fragmentation pathways, loss of methanimine and ethanimine, are
analogous tathose found for theequivalent ions derived froniGlyGlyGlyGly HJ'; this suggestghe
formation of an imidazane and interconversion prior to fragmentatiolh.oss of ethanimine is directly
from Sructure I-A (Figure 5.4 (a)) antbss of methanimineas shown in (Figure 5)) suggests the
formation of the midazobne followed byconversion into structurél-B) following the mechanism found

for the equivalent ion from GlyGlyGlyGly.
H
HoNo - NZ HN N
—~ 1 — T
H4C N"Xq N
SZNH\/ZE SZNH 2
@) OH 0 \/«

I-A I-B

56



1007 200.1
g | NH=CHCH. %
[& - = 3
5 %] [AC®0GGG +H -H,'20]* 2431
'g | o)
3% HN"
< 1 HN ﬁlo
2% NS \)OL
T | N *
© 207 k{( OH 2431
o 0
0
1007
B 214.1 ® 263.1
[0]
280 18 02X3.1
5 {[AG!**0) GG +H -H,'80]* -NH=CH, " ¥
S607 N
O
< |
%0} f(%o -NH=CHCH
£ 0 €O
S iNH K[(OH 1721 NH, X
"] HN 5 l 2216_1 24A3.1
%00~ 120 140 160 - 189 200 220 240 260

m/z

Figure5.4 CID spectra ahe nominal[b4]* ionsof AlaGlyGlyGliormed by loss olabelledoxygen from
the (a)first amide and (b) second amid€ID spectra (a) and (b) were collected at a normalized collision

energy of 17.

Isotopic labelling was then used to confirm the interconversion mechansentifying from
which residughe methanimine came'®C labellingon theh -carbonwas used and identified that éloss
of methanimine wadrom the second glycine residugigure 55). Thisprovides further evidence of

interconversiorprior to fragmentation as observed previously fgGIyGlyGlyGly H- HOJ" (Scheme 1)
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Figure5.5 CID spectra ahe nominal[b4]* ionsof AlaGlyGlyGliormed by loss olabelledoxygen from
the secondamide(a)with an*®0 labeland (b) with an*®O label and*G.. CID spectra (a) and)(were
collected at a normalized collision energy of 17.
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Schemeb.1. Mechanism for the rearrangement §ifs]* ionscreated by the loss of water from thé®
amide.The tetrapeptidedavethree glycine residues arah alanine a glycineor a proline in the first
position
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5.3Loss of water from [GlyAlaGlyGly * H]
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Figure5.6 CID spectra of protonate@lyAlaGlyGlya) with the!O lbel at the first amideoxygen (b)
with the 180 labelat the second amid@®xygen CID spectra (a) and (b) were collected at a normalized
collision energy of 20.

Isotopic labelling with®O showed that water loss is predominantly from the first amade the
abundances of thdbs* ions are much higher than those derived from [AlaGlyGlyGHK]+and
[GlyGlyAlaGly H]". Water loss from the second aneics aminor pathway(Figure 5.6)The CIBpectrum
of [GlyffO)Al&GIlyGly +H - H*®0]" showed only the lossf methanimine(Figure 57 (a)). *C labelling
showed that methanimine is from the first residue, glyc{régure 5.8a)). This fragrentation pattern is

similar tothat of [GlyGlyGlyGly HJ", where he majorpathway is loss of methanimine.

The ClDspectum of [GlyAlattO)GlyGly +H - H*®O] (Figure 5.7 (b)) showelbsses ofboth
methanimine and ethanimin€elhis fragmentation pattern is unlikbose [GlyGlyGlyGly #H - HO]* and

[AlaGlyGlyGly + HHxOl* ions, where water had beefost from the second aide. Both lost only
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methanimine; consequently [GlyAl{*20)GlyGly + H H:'®Q]* would have been expected to lose only

ethanimine and the loss of methanimine indtes that another channel @mpetitive.

1007 214.1 2631
8 -NH=CH, |
g 801 180 18 ® 243.1
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= 607
£ |
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4 H 0 172.1 | 2261
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Figure5.7 CID spectra of [ ionsof GlyAlaGlyGlormed by loss of oxygen from tH{a)first amide and
(b) second amideCID spectra (a) and (b) were collected at a hormalized collision energy of 17.
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Figure5.8 CID spectra afiominal[b4]* ionsof GlyAlaGlyGlwith 3G, formed by loss of oxygen from the
(a) first amide and (b) second amid&D spectra (a) and (b) were collected at a normalized collision
energy of 17.

The fragmentation patternof [GlyAlattO)GlyGly +H - H*®0J is unlike any of the other
fragmentafon patterns from tetraglycines*C labellingon the "-carbon wasused to determinefrom
which residuethe methanimine came!*C labelling showed that loss of methanimine always camig
from the first residugFigure 5.8b)). Presumably, ethanimicomes from the alanine residue. The loss
of ethanimine, after water loss from the second residue, suggests the formation of an imidanel

created bythe interconversion mechanisfpathway (i)Scheme 5.1
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Schemes.2 Mechanism for the rearrangement of tbs]*ion formed by loss of water from the second

amide.

Ethanimine can be lost via the rearrangement given in Sehgrh and pathwayii) can explain
the observed lossesf methanimine(Scheme 5.2 Pathway (ii) is a high energy pathway, asonsistent
with the energyresolved curve of [GlyAlattO)GlyGly +H-H*®O]" (Figure 5.9) Formation of a4-
imidazobne is suppded by the identical CID spectra of tiens formed after loss of methaniminer(z

214)(Figure 5.11)
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Energy-resolved curve of dehydrated GlyAlaGlyGly
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Figure5.9 Energyresolved curve of protonated GlyAlaGlyGly after water loss from the second residue,
alanine.

The fragmentation pattern of the [pions formed by water loss,with three glycines and an
alanine follow mag fragmentation pathways ahe [bs*ions formed by water loss from protonated
tetraglycine. The pathways for loss of an imine, amimpamide bond cleavage in the loss of an amino

acid residue and a glycine molecfilem the Gterminus are describeth Chapter 3 (Scheme 3.2).

To rationalize the imine losses from the&tminusby G ¢Ccleavageanalogous to the formation
of an [a]*ion from a [B]*ion,%?the imines must relocate to the & rminus in accordance with the isotopic
labelling [Ala¢®O)GlyGlyGly + H®0T and [GIyt?O)AlaGlyGly + H,*%0]" ions havethe structures|-A
andI-B and thesecan lose an imine directly from the-idrminus, from tre residue in which water was
initially lost.No interconversion mechanism is required to explain the losses observed in Figutap 5.4
and 5.8(a). Pathway (i)describes an interconversion mechanigrhere the imine is initially located on
the second reside and relocates to the #&rminus. [AlaGIYfO)GlyGly + HH,'®0J ions have structure
[I-Bwhich rearranges into structureB, andthe loss of methanimine from the same residel from which
water waslost. Pathway (ii\describes a interconversion mehanism wherehe loss of the imine is not

from the same reside fromwhich water was los{GlyAlaf®O)GlyGly + HH,*®0]"ionsformed structure
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II-A but were able to lose both methanimine and ethanimine in high abundantess of thanimine
comes fromthe alanine residue suggesting the same kind of interconversion required previously in
pathway (i)where structurell-A interconverts into structurd-A to allow for imine loss from the same
residue in which water was initially losioweverJoss ofmethanimine was found to come from the first
residue which requires an alternative interconversipathway (ii) to lose methanimine from the N
terminuswhere structurell-A interconverts into structurd-B. At high energiepathway (i)and (ii) are

competitive for [GlyAlattO)GlyGly + H+!®0T, but at low energiepathway (i)is dominant.

g -

0 NH O
I.A OH . 0 L/<
pathway (i) 1.8 OH
pathway (ii)
pathway (ii)
R

3 HoN
o c O~
R N o

R = H, glycine I-A OH
R = CHg, alanine o o
R = , proline

o

Schemeb.3 The possible pathways for interconversion betweefj‘fions formed from water loss.
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5.4 Frgmentation ofthe ion at m/z200andm/z 214
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Figure5.10 CID spectra for the dissociationrafz 200 ions derived bipss of water followed by loss of
ethanimine from protonated (a) AlagslyGly and (b) GlyAlaGly@BID spectra (a) and (b) were
collected at a normalized collision energy of 26.

The CID spectra ttie m/z 200 ions of GlyAl&lyGly H - HO - HN=CHC{f and [AlaGI\GlyGly +
H - HO - HN=CHC}f were identical withthat of [GlyGIyGlyGly H - H:O - HN=Ck]*(m/z 200 ion) which
suggests formation of the imidazefeone structure(Figure 5.1Q)For tetraglycine, thenethanimine lost
isfrom theresidue thatwas G-C bonded to the imidazolé-one ring(Scheme 3.2)Thus, formalaning itis

probable that thesame &C bond cleavage can ocdar the same 4midazolone structure
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Figure5.11 CID spectra for thdissociation ofn/z 214 ions derived fronthe loss of water followed by

loss of methanimine from protonated (a) GlyAlaGlyGly from the first residue, (b) GlyAlaGlyGly from the
second residue and (c) AlaGlyGlyGly from the second restdDespectra (a), (and (c) were collected

at a normalized collision energy of 25.

The CID spectra in Figure 5.11 are identical as waliedbeir energyresolved curvesAppendix

B. 22, 23 and 2% This suggests that their associated]{lions are able to interconvert fa the same

structure. The fragmentation pattern seen iRigure 5.1 can be rationalized usingnany ofthe same

fragmentation pathways as seen with the 2@@z ion, generated after loss of methanimine from

[GlyGIalyGly +H - HOJ". A proposed mechanism ffdhe fragmentation of them/z 214 ion is seen in
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Scheme 5L The only notable differencbetween the CID spectra §&lyGIlyGly H - H,O - HN=Ch]*
and of [AlaGIGIlyGly H - H,O - HN=CH* and [GIyAl&GlyGly +H - H,O - HN=CHK]* is that CO loss lsaa
higher relative abundance. The ion formed after loss of @@iimine that in the case of an alanine residue
has a methyl group that stabilizes the charge more than the hydrogen of a glycine reBiitienay be
why there is a larger abundance of stture VIl in the dissociation of iomn/z 214 as opposed to the
corresponding ion frorm/z 200. Thisis thenfollowed by nucleophilic attack by the adjacent amide oxygen
displacing an imine. For tha/z 200ion loss of (CO + HN=£Idan occur in one stegarpahway (vi) in
Scheme 5.4By adding an R group in the form of alanine,stracture with thedouble bond istabilized
Thismay be why then/z 214ion would undergo ring openingapathway (viwhile them/z 200ion does

not.

Many of the fragmenton pathways are similar to that of the/z 200 ion as seen in Scherbg.
Loss of water can be rationalized by formation of an oxazolone at ttern@inus Structure VI).
Subsequent CO loss is also obserardis typical of oxazolonfragmentation(Strwcture VII). Loss of a
glycinemoleculecan also be explained by the formation of an oxazolone at #ter@inus in the cleavage
of an amide bond (Structur®/). A subsequent loss of C@xcurs givingtructureV. Thefragmentation
pattern of them/z 214 ion, whichis simiar to that of them/z 200 ion,suggestghat thision is a 4-

imidazolonewith structures only differing by the former having a methyl group.
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5.5 Loss of water from [ProGlyGlyGly % H]
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Figure5.12 CID spectra of protonateldroGlyGlyGl{a) with the®O labelat the first amideoxygen (b)
with the 180 labelat the second amid@®xygen CID spectra (a) and (b) were collected at a normalized
collision energy of 22.

Isotopic labelling with®O showed that water loss iis low abundancewith considerably less than
half coming from thdirst amide Loss of water from thérst amide is more dominant than the second
but the two together donot account for all the water loss. Loss from thée@ninusis most likely the
dominant pathway(Figure 5.12). The relative abundance of water isssgnificantly less than what was

observedfrom protonatedtetraglycinefrom peptidescontaining amalanine
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Figure5.13 CID spectra of [y ionsof ProGlyGlyGliormed by loss oivater from (a)the first amide and
(b) the second amide. CID spectra[bf]* ionsof ProGlyGlyGly withG, in the same rsidue in which
water was losfrom (c)the first amide and (d)he second amideCID spectra (a), (b), (c) and (d) were
collected at a normalized cadlon energy of 20.

The CID speaim of [Prof®O)GIGlyGly +H - H'80J ions showed the loss of 3dihydro-2H-
pyrrole (imine of proline) and methanimin&C labelling revealed that the loss of methanimine is from
the second residue, glycine (Figuré3. The loss of the imine of prolifimm structurel-A of the [ba]* of
protonated ProGlyGlyGly from the first amidan be rationalized bgirect G-C cleavage at the -N
terminus. Loss of methaniminieom the same structurd-A requires interconversionasin pathway (ii)

from Schemeb.2. This would then be followed by-C cleavage at the-d¢rminus.

The CIBpectrumof [ProGIyttO)GlyGly H - H:'%0]" showed the loss of methanimine and the loss
of (imine of proline + CO). Loss of methaninfroen structure 1I-B occurs by rearrangement described by
pathway (i)followed by &-C cleavage at the-irminus. Structurdl-B can undergo amide bond cleavage
of the first amideas described in Scheme 3r2the loss of (imine of proline + C@tructurell-B can al®
undergo interconversion to structureA by pathway (ii)and cleave the «&C at the Nerminus followed
by ring opening of the-4midazolone as described 8themes.2. The energy resolvediwve (Figure 5.14)

also showedimilar behavior to that oiGlyAlaGlyGly H, O+ H, as seen in (Figure 5.9). This may suggest
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that structurell-Bundergoes interconversion pathway (ii).It may also be possibfer the 4imidazolone

ring to open and lose (imine of proline + CO) directly from struditiBe
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FHgure 5.14 Energyresolved curve of protonated ProGlyGlyGly after water loss from the first residue,
proline.
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5.6Loss of water from [GlyProGlyGly + H]
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Figure5.15 CID spectra of protonate@lyProGlyGl{a) with the®O labelat the first amideoxygen (b)
with the 180 labelat the second amid@®xygen CID spectra (a) and (b) were collected at a normalized
collision energy of 22.

Isotopic labelling with®O showed that water loss iis high abundance and jisedominantly from
the first amide; éss of water from the second ami@eaminor channel(Figure 5.15)This may be due to
the low energy structure of the prolineontaining imidazolone. TherGembeed ring structure of the
proline stabilizes the positive chargéthin the imidazolone ringThe CIBpectum of [Gly{2O)PrdGlyGly
+ H - H,OJ showed only the loss of methanimirmad CO in low abundanc&he CiBpectium of [GlyPro
(*O)GlyGly +HH,O]" showed the loss of 3;dihydro-2H-pyrrole (imine of proline), presumably from the

proline residueand loss of methanimin@-igure 5.16)
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Figure5.16 AD spectra of [iJ*ionsof GlyProGlyGliprmed by loss of water fror(a) the first amide and
(b) the second amide. CID spectra[bf]* ionsof GlyProGlyGly withG, in the same residue from which
water was lost irfc)the first amide and (djhe second amideCID spectra (a), (b), (c) and\ere collected
at a normalized collision energy of 20.

13C labelling showed that loss of methanimine always comes from the first residue, glycine. The
loss of methanimine froniGly¢tO)PrdGlyGly +H - H:'®0F, structure I-B can be rationalized by-@C
cleavage at the Nerminusof the structure given the spectrum in Figure 5.16a&)described in Scheme
3.2. Loss of the imine of proline frofslyProt?O) GlyGly +H - H:!80]", Structurell-A, is a low energy
product andcan be rationalized by inteooiversion bypathway (i)described inrSchemes.1 followed by
G -C cleavage to lose the imine from the same residue in which water was lost. Loss of methanimine from
[GlyProt?0) GlyGly 4H - H,*®0] can be rationalized bgonversionof Structurell-A to 1-B by pathway (i)
described inSchemes.2 followed by GC cleavage to lose the imine from a different residugn that
from which water was losfThe energyresolved curvef [GlyProt?0) GlyGly 4H - H,'80F, is also similar
to that of [GlyAlaGlyGlyH.O + Hf, where loss of methanimine is a high energy pathway (Figure 5.17).
This may suggest that both [Gly&f®)GlyGly- H:'%0 + HT, and[GlyProt?O)GlyGly +H - Hx'%0] undergo
similar interconversion mechanisnighe loss of glycine at thet€minusis the dominant pathway from

[GlyProt®0)GlyGly H - H,'®0]" but it is unclear as to why.
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Figure5.17 Energyresolved curve ofbs]* ion derived fromprotonated GlyProGlyGly after water loss
from the scond residue, proline.
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5.7 Fragmentation dhe ionat m/z 200 and iorat m/z 240
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Figure5.18 CID spectra are for the dissociatiomafz 200 ions derived fronoss of water followed by
loss of ethaimine from protonated (a) ProGlyGlyGly and (b) GlyProGIHY spectra (a) and (b) were
collected at a normalized collision energy of 26.

The loss of the imine of proline as observedrigure 5.18 fofGlyProGlyGly H - H,O - GH/N]*,
[ProGIyGlyGly+ H - HO - GH;NT*, result in the same CID spectra as seen ff@yGIGlyGly HH - HO -
HN=CH*. Them/z 200 ionsare formed bythe same &C bondcleavagaesulting inthe loss of the imine
of proline instead of the imine of glycine, due to the prelsubstitution for glycine. Since tiens formed
by theloss of the imine of proline from either peptide generated identiCHDspectra, this also supports

the idea of the presence of the imidazeleone structure and interconversions of residues.
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Figure5.19 AD spectra om/z 240ion of GlyProGlyGlfjormed by loss ofvater from (a) the first amide
and (b)the second amide, followed by loss of methanimine. CID spectnanf40ionsof ProGyGlyGly
formed by loss ofvaterfrom (c)the first amide and (djhe second amide, followed by loss of methanimine.
CID spectra (a), (b), (c) and (d) were collected at a normalized collision energy of 20.

Theions produced bjoss of methanimine as obse in Figure 5.19 fdGlyProGlyGly H- H:O
- HN=CH*, [ProGlyGlyGly +H - H,O - HN=CH* gave identical CID spectrdhe energyesolved curves
were also identical (AppendiB. 25, 26, 27 and 28This suggests that the ions are identical and thairth
respective [b]*ions interconvertThe fragmentation pathway of this ion is different from that of the other

analogous ions as it lacks a mobile proton.

The pathways by which tha/z 240 ion dissociates or rearranges are given in Scheme 5.5.

0] The Iss of CO is a result of ring opening of tRenddazolone ringas seen ipathway vii
The resulting structur&/lll has a positive charge localized on the nitrogen of the proline
ring. The positive charge and the resulting double bond is stabilized lprakiee ring.

(i) Following the loss of CO, formation of the imine of prolm& 70 ion is initiated by
nucleophilic attack of the adjacent amide oxygen. The nitrogen of proline ané-the
memberedring stabilize both the double bond and the positive chaigyeicture IX).

(iii) Loss of glycine from the C-terminus requires a mobile proton, possibly by formation of
the enol form the product of a 1,3 H shift. As t he enol i's part of

electron) ring that carries a positive charge, the OH will be slightly acidic and will
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hydrogen bond to the C-terminal amide. Transferring the enol hydrogen to the amide

nitrogen with concomitant cleavage of the C-N bond and formation of a C-O bond

results in the loss of a glycine molecule and gives ion X.

+
By
/
HTSNTO0 o
NH
Kf{ OH
pathway (vii) 9 pathway (viii)
Vil \\\
-CO
) :
+_

N /2‘ \
wﬁN o HTSN7TOH o
H(NHAOH H(NH OH
I 0
VIl

Schemeb.5 Fragmentation pathways of tha/z 240 ion
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5.6 Conclusion

Waterloss fromthe alanire or proline residues of XGlyGlyGly aréow abundancgpossiblydue to the
steric hindrance of the side chain. The]{lonsformed by loss of watefirom XXGlyGly; X=Gly, Ala, Pro (a
peptide cannot contain Ala and Pamd contains only one neglycineresidue show loss of iminet® be

the major pathway When water is lost from a glycine residue then thsultant[b.]* ion always results

in only the loss of manimineas the major pathwaylsotopic labelling confirmed that methanimine is
lost from the same residu&om which water was initially lost, frortine glycine residueThis suggestihe
formation of a4-imidazolonefollowed by interconversion, as previously described by the CID of
protonated tetraglycine. However, when water is lost from annada or proline residue, both
methanimine and the respective imined the residuefrom which water was lost is present in high
abundance at highcollision energies. A secondary interconversion mechanism was discovered to
rationalize the loss of methanimé from a different residue from which water was initially |dstss of

the ethanimine or imine of proline can be explainedfbgmation of ad4-imidazoloneand a combination

of the GG cleavage andhe variousinterconversion mechanissnThem/z 200 ionslll, always showed
identical CID spectra with thdtom protonated GlyGlyGlyGly. Tha/z 214 ions formed from losses of
methanimine from alanine substituted tetraglycines showed comrragmentation pathways similar to

the m/z 200 ion.The only notable exception being the increased loss of CO. Ring opening of the 4
imidazole ring is stabilized by the alanine side chain, to make this pathway more competitive. Th@ m/z 24
ion prodwed byloss of methanimine fronproline-containing tetrapeptidesdoes not have a mobile

proton andfollows an uncommon fragmentation pathway
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Future Directions

Herein only peptides with aliphatic amino acids have been studied. Wdter loss from
protonatedpeptidesinvolving a greater varietyf amino acids that have not been studied. Most likely the
amino acids with heteroatoms in the side chaen act as both nucleophiles and receiving groupgse
major pathway may not be the formation of the imidazdl®ne. Thus, IRMPD should be used to elucidate
such structures. A similar research approach should be used where water loss filycindisand
triglycinesinvolving aone amino acid substitutioehould befirst be studied and then expand to longer
peptides Once the pathwagfor water lossis understood then a combination of amino acids should be
studied.Deciphering the CID spectra for a long peptide sequence with multiple amino acid substitutions

may prove challenging

The role of steric or electronic effts in the water loss of protonated peptides should be further
studied. Synthetic peptides iolving the addition of electromvithdrawing groups such as halogens can
be introduced to increase the susceptibility of the receiving groups to nucleophilickattanino acids
with electron donating groups such as tertiary amines can be introduced and compared with long aliphatic
amino acid chain. Electronic and steric effects on water loss can then be determined by comparing these

electron donating group, eleain withdrawing group and aliphatic side chains.
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Appendix B: Supplemental Information
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Appendix B.1. Energyresolved curves foffO labelled [GlyGlyGlyGlyGly *i]the first amide.
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Appendix B2. Energyresolved curves fofO labelled [GlyGlyGlyGlyGly #i]the second amide.
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Appendix B3. CID spectra of pentaglycine with the third amide oxytfénlabelled. CID spectra were

collected at a normalized collision energy of 20.
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Appendix B4. CID spectra of pentaglycine with the fougmide oxyger®O labelled. CID spectra were
collected at a normalized collision energy of 20.

[GGG12IGG +H]*

50

40 X
g x
(]
g 30 o
1]
-
c
3
2
e 0
5 20
5
[
o
X
10 d
A
&
0 B o+ ———— + S A
10 11 12 13 14 15 16 17 18
Normalized Collision Energy (NCE)
_ + +
Precursor H,80 ly; +2H] [y, +2H]
<©— 306 00288 286 ®—231 192 174 +-133

—H20 [ba]+ [b3]+

Appendix B5. Energyresolved curves foffO labelled [GlyGlyGlyGlyGly #H]the third amide.
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Appendix B 6. Energyresolved curves fofO labelled [GlyGlyGlyGlyGly #id]the fourth amide.
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Appendix B.7. Mechanism for the rearrangement of2amide dehydrategentaglycines. Relative enthalpies
and (free energieshoth in kcalmol? ascalculated at theand B3LYP/6311++G(d,p) level
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Appendix B8. CID spectrum of protonated hexaglycine with'@ label in the first amide. The CID
spectrum was collected at a nortiied collision energy of 21.
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Appendix B9. CID spectrum of protonated hexaglycine with'&n label in the second amide. The CID
spectrum was collected at a normalized collision energylof 2
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Appendix B.10. CID spectrum of protonated hexaglycine with'*@ label in the third amide. The CID
spectrum was collected at a normalized collision energy of 21.
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Appendix B11. Energyresolved curves folfO labeléd [GlyGlyGlyGlyGlyGly +kt] the first amide.
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Appendix B.12. Energyresolved curves fofO labelled [GlyGlyGlyGlyGlyGly #ikithe second amide.
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Appendix B.13. Energyresolved curves fofO labelled [GlyGlyGlyGlyGlyGly 4ikithe third amide.
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Appendix B.14. Energyresolved curves fofO labelled [GlyGlyGlyGlyGlyGly #iRithe fourth amide.
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Appendix B.15. CID spectrum foprotonated hexaglycine with affO label in the fourth amide. The CID
spectrum was collected at a normalized collision energy of 21.
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Appendix B.16. CID spectrum of protonated hexaglycine with'@ label in the fifth enide. The CID
spectrum was collected at a normalized collision energy of 21.

Appendix B17. Energyresolved curves fof?O labelled [GlyGlyGlyGlyGlyGly “ikithe fourth amide.
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