ABSTRACT

Structural Characterization of Peptides and Peptide Fragment lons Using High Resolution
Mass Spectrometry and Ion Mobility Spectrometry

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

Mentor: Touradj Solouki, Ph.D.

Modern mass spectrometers are among the most sensitive and suitable analytical
tools for high-throughput protein characterization in proteomics. However, fragment ion
rearrangements during gas-phase dissociation processes can limit the success of mass
spectrometry (MS) based proteomics approaches. State-of-the-art MS and ion mobility
(IM) spectrometry techniques were utilized to further our understanding of gas-phase
peptide fragment ion rearrangements.

Gas-phase hydrogen/deuterium exchange (HDX) and IM-MS were used to assess
the influence of basic histidine residue position and fragment ion size on the observed
structural rearrangements. A systematic study of HDX patterns and reaction kinetics for
fragments from seven isomeric (Histidine)(Alanine)s-NH, heptapeptides suggested the
presence of at least two ion population types for b, ions (fragment ions formed by peptide
amide bond cleavings where charge is kept on the n-terminus side), regardless of the
histidine position. Furthermore, IM-MS measurements confirmed the presence of more

than one b, isomers for (Histidine)(Alanine)s-NH, fragment ions.



Tandem MS and isotope labelings were utilized to investigate possible pathways
for generation of structural isomers of b,” fragments. Results from tandem MS of an
isotopically labeled (Histidine)(Alanine)s-NH, peptide revealed the first experimental
evidence for generation of sequence-scrambled fragments from y-type ions (where charge
remains on the c-terminus side fragment). Thorough analysis of thirty-two additional y-
type fragment ions with different charge states (+1 to +3) and sizes (3 to 12 amino acids)
confirmed our initial observation of sequence-scrambling from y-type ions (16 out of 32
or ~50 %).

Although gas-phase HDX reactions provide valuable structural information,
competing reaction channels such as HDX reagent adduct formation can complicate the
interpretation of HDX data. We used ab initio calculations combined with HDX, IM-MS,
and isotope labeling to identify potential peptide functional groups involved in gas-phase
HDX adduct formation. We used benzyloxycarbonyl (Z)-capped dipeptide containing
glycine (G) and proline (P) (Z-PG) as a model and studied the influence of protonation
and metal ion (Na", K*, and Cs") complexation on gas-phase ND; adduct formation. Both
experimental and theoretical findings indicated that simultaneous availability of carbonyl

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

Introduction

1.1. Biological Mass Spectrometry

A major portion of current efforts in biological sciences is fedu®n the
understanding of “systems biology” of living organishfsThe term “systems biology”
refers to comprehensive study of “x-omics®( genomics, metabolomics, proteomics,
and transcriptomics) of living organismsThe ultimate goal in “systems biology”
research is to understand the connections between complex netwbiikogical events
that can result in either diseased or healthy states of kyistgms. Analyses of complex
biological networks/samples requires the use of highly sensittaée-af-the-art
instrument that can (i) resolve different components of a mix(ilygrovide individual
molecular identities, (iii) yield relative abundance or concewotmnatiformation, and (iv)
illustrate potential interactions among various sample constitwnés high level of
confidence

To address these challenging analytical requirements irgargareas of science,
performance characteristics of modern instruments are continudmggoved® ’
Because of the minimal sample requirem&i@nd potential for rapid sample analySes
1 mass spectrometry (MS) (and in particular MS-based proteorhis)played a
significant role in systems biology reseattt? Recent developments in instrumentation
and bioinformatics have made MS-based proteomics an essentialicahalybl for

characterization of living cells and organisms at the moledell. In MS-based



proteomic measurements/studies, either digested or intact prateirssibjected to gas-
phase fragmentation and MS analyses. The resulting fragmenéarertken utilized to
determine sequences of peptides and/or proteins from which the digeptates and/or
fragment ions are originated.

Results from structural mass spectrometry and gas-phase preEgeiensing are
most reliable when gas-phase ion rearrangements either do notoo@mer very minor
reaction channels. However, ion rearrangements impose tangiliigtibms for modern
tandem and biological mass spectrometry. The focus of this tdisseris to investigate
prevalence and mechanism(s) of gas-phase ion rearrangemdnisea importance in
the application and use of MS and tandem MS techniques for strucharalcterization
of peptides and peptide fragment ions. To streamline the descriptidiss®rtation
objectives, this chapter provides an introduction to some important Mfidees,
concepts, and terminologies but more detailed description of MS-Ipasezbmics is

given in Chapter two.

1.2. Mass Spectrometers

All mass spectrometers are consisted of three primary compgon@ntan
ionization source, (i) a mass analyzer, (iii) and a deteDepending on the mechanisms
of ion detection and types of mass analyzers, all mass spetdreroperate under high
(~10" Torr) or ultrahigh (~18° Torr) vacuum to avoid unwanted chemical reactiéns,
ion-molecule collisions® neutralization of ions’ and ion scatterinf Following
sections provide additional instrumental details about the specific mas®speers that

were used in this research.



1.2.1. lonization Sources

The first step in MS analysis is to convert analyte of @gemto gas-phase ions.
Selection of the “hard"g.g.,electron impact (E1f and laser desorption (LE?) or “soft”
(e.g., chemical ionization (CIj* electrospray ionization (E$f)** matrix-assisted laser
desorption ionization (MALDH 2> ?§ ionization types normally depends on the state
(viz., gas-, liquid-, or solid-phase) and classes of compounds under the strdy. F
example, biological samples have relatively high molecular weéMNhY) compounds,
such as proteins and peptides, with high polarities. High MWs and @sdaftproteins
and peptides limit their volatilities and subsequent ionizations by EI.

lonization of large labile molecules (polar non-volatile compounds) ssch a
proteins was initially reported by using plasma desorption {PDhis invention was
followed by introduction of various other ionization techniquesg,( fast atom
bombardment (FABY and secondary ionization MS (SIM9) including two of the very
important ionization techniques in biological MS, namely, MAfDF ?®and ES1**
that changed the field of modern MS-based proteomics. Each oéttke ibnization
techniques resulted in recent Nobel Prizes devoted to MS-related.tbpthe following

section, a brief description of ESI method is presetfted.

1.2.1.1. Electrospray lonization

lonization in ESI is achieved under atmospheric pressure and by applyiigh
electric field to a sample in liquid phase passing through a matal/micro capillary tip
(Figure 1.1). A high electric field is established by setting a voltaferelifce {+2 kV to
~+5 kV for positive-ion mode ESI) between the metal nano/micpalaey and mass

spectrometer inlet. lon generation process in ESI includes thijee steps®: (i) droplet



generation and charging at ES capillary tip, (ii) droplet shgakand evaporation, and
(3) gaseous ion formatiofi. The applied high electric filed on metal capillary tip
generates ions inside the solution, and causes positive ions towrerdrar the surface
of capillary and meniscus of the liquid. The liquid meniscus is testabilized (when

enriched with positive ions) and forms charged droplets.

MS Inlet

ESI Capillary Heated
Capillary

Analyte Solution —> Mass Analyzer

Charged ‘/

®
Droplet o e

e

+KV
II

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

To evaporate solvent molecules from the generated charged drople¢s, i
heated metal capillary or hot inert gasg(,heated &) is used. Upon solvent evaporation,
the sizes of charged droplet become smaller and the highly dhdrgplets start to
shrink and break/divide into smaller droplets. This phenomenon occurs éeteus
number of charge particles per unit volume of a droplet increasegeactes the
Columbic repulsion or “Rayleigh stability limit?

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

proposed for generation of gas-phase ions from charged drplis. charge residue



model suggests that large charged droplets shrink and form sma|dtdr The charged
droplet shrinkage process is repeated until each droplet contains only one cherged pa
(molecular ion). The remaining single molecular ion in the drapléhben released into
gas phase after solvent is completely evaporated.

The ion evaporation model suggests that a large charged droplet shrinks upon
solvent evaporation until droplet surface charge density is sutigibigh to eject the
charged particles/molecular ions directly into the gas pfiasethe droplef* Once the
analytes of interest are ionized they can be guided into a mabger and then a

detector for mass-to-charge ratin/§) measurements/analysgs.

1.2.2. Mass Analyzers

Mass analyzers in mass spectrometers are used to sepagdegording to their
mass-to-chargen{/z)ratios. Generally, it is the mass analyzer type that plays a keyrole i
establishing achievable mass resolving powerA(mgs,) for a mass spectrometer. All
currently utilized mass analyzers separate or measure iogd tiagknown ion physics or
theories that relate charge of an ign<e.2 to its motion in magnetid) and/or electric
(E) fields; each analyzer has its own merits and limitatins.

Mass analyzers can be selected based on their applicationsjnggobwers,
costs, and desired performances. Some commonly used mass anaighede ion
traps’ with different configurations e(g, ion cyclotron resonance (ICR) c&l,
Orbitrap® etc), linear quadrupole®, and time-of-flight (TOFf! Following sections
contain additional detailed descriptions about principles of mass snalh two

Fourier transform (FT)-based, FT-ICR and Orbitrap, and TOF mass arsalyzer



1.2.2.1. Fourier Transform-lon Cyclotron Resonance (FT-ICR) Mass Analyzer

Lawrence and Edlefsen, two nuclear physicists, introduced the IEROptenon
in 1930 by invention of a circular particle acceler&forawrenceet al. demonstrated
that cyclotron radius of an ion can be increased by applying an alternattrgc dield of
the same frequency as the ion’s natural cyclotron frequ€nayroduction of cyclotron
resonance phenomenon resulted in the invention of the first ICR-based mass gtectrom
for measuring the Faraday constant amd of El-generated hydrogen ions with a mass
resolving power (MRP) of mMmsgy, ~3,500 (at a constant magnetic field of 4,700
gaussf* The first commercial ICR instrument, known as ICR-9, wasoihtced by
Varian Associates and Stanford University (SU) in 1868

The Varian-SU ICR system was designed for gas-phase ion-n®lezattion
studies. In 1970, Mclver introduced an analyzer cell for ion trappinggp ab 0.1 $°
Mclver's ICR cell had two end trapping plates for application letteostatic trapping
voltages and trapping ions in the direction of magnetic fielderl.at 1974, Marshall and
Comisarow utilized FT techniques in ICR mass spectrometry aratiuged the concept
of FT-ICR MS in which multiple ions could be trapped and analyze simultan€Busly.

Among all currently available mass analyzers, FT-ICRrefthe highest mass
measurement accuracy (MMA&)and mass resolving power (MRPY® for analysis of
gas-phase ior®¥. In addition to superb sensitivity advantage? FT-ICR MS is the
technique of choice for conducting ion-molecule reactions and measwdogate gas-
phase reaction rate constarmsThe basic principle ofn/z analysis in ICR relies on
physics of moving charged patrticles in uniform magnetic fieldgurgi 1.2 shows an ion

moving perpendicular to a constant magnetic fi&@y this ion is subjected to two forces



that are known asorentz force F_.) and centrifugal forceRg) (bold letters indicate
vector quantities§’ >*

FL=m(d/dt)=q @ xB) (Equation 1.1)

In equation (1.1), “m”, ¥”, and “q” denote the mass, velocity, and charge of an ion,
respectively, and “t” denotes time. The ion’s velocity component(s),chwhs
perpendicular t@, brings the ion into a cyclotron motion (Figure 1.2). Assuming that the
direction of magnetic field lines is in the Z direction (in/oupafje in Figure 1.2), ions

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

Centrifugal Forces mv2/r

|

@

Lorentz Force=q (v % B)

Figure 1.2. An ion immersed in the magnetic field o8
Lorentz and centrifugal forces.

experiences both magnetic

The magnitude of two force&|( & Fc) on the ion with cyclotron radius of “r” is:
0 XUxy X B=m x 2/ 1) (Equation 1.2)
where ‘byy” is ion’s velocity in X-Y plane and is calculated from:
Uxy = [(0° +0y?)]°° (Equation 1.3)
Equation (1.2) can be simplified to yield the following equation:

gxB/m=uoylr (Equation 1.4)



Also, angular velocity (&” in rad/s) is defined as:

O=Uxy/r=2nxf (Equation 1.5)
From equations (1.4) and (1.5), the natural ICR angular frequency of iondeca
calculated:

o=2txf=qx(B/m) (Equation 1.6)

In conventional FT-ICR MS, ions can be produced inside or outside of fe IC
cell. In external ion source FT-ICR M3,>® ions, after their generation in external
ionization sources, are transferred into the ICR cell usingi@ssefrion focusing lenses
and radio frequency (RF)-only ion guié®such as quadrupoles, hexapoles, or octapoles.
Figure 1.3 shows the configuration of an lonSpec (former lonSpec Corp.-dwisian
of Agilent Technologies, Inc., Santa Clara, CA, USA) FT-ICRssn@pectrometer
equipped with an external ESI source, quadrupole ion guide, and a Qér€anducting
magnet (used for conducting experiments reported in this digeait Ultrahigh vacuum
(pressure < I®Torr) is maintained by using three turbo-pumps (denoted as TiBureF
1.3). The system is also equipped with a hexapole assembly for iom@etion prior to
FT-ICR MS detection and enhanced analytical sensitivity.

Major steps/events involved in FT-ICR MS signal detection and s@sstrum
acquisition include: (a) ion quenching, (b) ion trapping, (c) reactidayddéd) ion
excitation, and (e) ion detection event. During ion quenching event, thecéCRs
cleaned from any existing ions that may have been left fromeaous experiment. lon
guenching is achieved by applying a direct current (DC) pogitivaeegative) voltage to
one ICR cell end trapping plate and a DC negative voltage (or oppadéety with

respect) to the opposite end trapping plate. In an “ion trapping” event, thietratisons



from an external ionization source or internally generated ioms Within the cell) are

trapped inside the ICR cell.

Heated
Metal Quadrupole
nESI CapillaryCapillary Skimmer Hexapole lon Guide Magnet

\ [ \¥ / \
.ast z %:] : / :|:| : || |
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X

Figure 1.3. lllustration of the basic components of lonSpec ESI/IRT-IGass
spectrometer equipped with an open-ended cylindrical Penning trap and esla.4 t
superconducting magnet.

lon trapping is achieved by applying a symmetric DC voltagiké two ICR cell
trapping plates to restrict the motion of ions in the Z directpama]lel to the magnetic
field lines). The translational energy of trapped ions may diksionally reduced or
“cooled” via ion-neutral collision§? Generally, an inert neutral gasd.,N.) is used for
“lon cooling” in the ICR cell. If desired, trapped ions can bectexh with a neutral
reagent gase(g, hydrogen/deuterium (H/D) exchange and proton transfer reagents)
conduct gas-phase ion-molecule reactiths.

After the introduction of ion cooling inert gas and/or ion-molecule ti@ac
reagent(s), quite often, “reaction delay” events are used to teadhdV conditions.

Pressure reductions inside the ICR cell (or acceptable UWiditons) are desirable for



subsequent FT-ICR MS excitation and successful ion detection. Td digpeals from
trapped ions in ICR cells, ions should form monopdlasd their ICR radii should be
sufficiently large to induce an image current on the detectionspldi@ achieve the
aforementioned outcome.d.,, to generate detectable monopole ion packets), in the
excitation event, a combination of alternating electrical fielith varied frequencies
(known as “chirp” or frequency sweep excitatfbriy applied on excitation plates of the
ICR cell. The ion detection event is represented pictoriallyiguré 1.4. Immediately
after the excitation event, induced ion current on detection phditése ICR cell are
recorded as a function of time (time-domain signal). The IGRukencies (f) of the
detected ions are subsequently extractedodryjorming Fourier transform (FT) on the
detected ion image signalg, FT of time domain transient signal to frequency domf&in).
The experimentally observed ions’ frequencies are then convestad/z values by
incorporating the magnetic field strength (B) argihgequation (1.6) and a calibration

file.%” Lastly, the ions’ intensities are plotted as a functivnto obtain an FT-ICR mass

spectrum.
HChirpH
Excitation
2 Detection Mass Spectrum
=
g o g
i) )
< Thime 2 | FT | =
Time = i ——| S
g ]
Time (s) < m/z

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

10



The mass resolving power (MRP) of mass spectral peaks in RTr&ss spectra
depends on the number of data points and acquisition duration of time-donmails $ig
Generally, the MRP of FT mass spectra increases with don&in signals’ duration.
Time-domain signals are multiplied by special “window” functiongompto Fourier
transformatior?® This process is called “windowing” in time domain and “apodization”
in frequency domaif® Windowing and apodization reduce the spectral skirts (known as
“leakage®®) and narrow the peak widths at the base. Two most commonly used window

functions include Blackman-Harris and Hamming functiths.

1.2.2.2. Orbitrap Mass Analyzer

Another FT-based ion trap mass analyzer that has rapidly bexguopular tool
for “x-omics” analyses is the Orbitrdp.®® An Orbitrap consists of an electrostatic ion
trap device, and its principle is based on an earlier ion storageedéhe Kingdon traf
The Orbitrap mass analyzer was originally introduced by Makain 2000 and it was
commercialized in the form of a hybrid linear ion trap/Orbitrapss spectrometer in
2005”2 It should be noted that Orbitrap-like ion trajectories and deteatiens reported
earlier in FT-ICR MS experimenfs. ”* Figure 1.5 shows a cross sectional view of a
typical Orbitap cell. An Orbitrap cell consists of a spindke-lcentral electrode and a
barrel-like outer electrode (Figure 1.5).

lons enter the Orbitrap cell through a narrow ion injection port taiadjgrib the
outer electrode. Subsequently, ions are trapped by keeping theletgetion electrodes
at ground potential and application of a high voltage (kV range) toetiteat electrodé&”

> The resulting quadrologarithmic electrostatic potential (comibimadf quadrupole

11



field of the ion trap and a logarithmic field of a cylindricabeacitor) brings the trapped

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

Barrel-like _
lon Trajectory

Blov.S
N

Spindle-like ° 2
Electrode > E 2
= a
c £
< Time (s) < m/z
Time Domain Mass Spectrum

Signal

Figure 1.5. Pictorial representation of the cross sectional vieanoOrbitrap mass
analyzer.

The oscillating ions in Orbitrap induce an image current (time-doignal) on
the outer electrodes. lon signal detection is followed by Fheofeécorded image current
to convert the time-domain signal into the axial (along the Z axigigure 1.5)
frequencies of the trapped ions.

The axial frequency of an oscillating ion in Orbitrap is invegrgebportional to

the square root of the ionfa/zvalue according to equation (1)

o=[(q/m) x kP* (Equation 1.7)

where “g” and “m” denote the mass and charge of the kris“a constant that depends

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

The concept of time-of-flight (TOF) mass analyzer wagdesd by Stephens in
1946° Later, Wiley and McLaren demonstrated the first design afrantercial TOF
MS instrument in 1955’ The principle of ion analysis in TOF mass analyzers is based on
gas-phase separation of accelerated ions in a field-free regianflight tube. TOF
consists of an ion acceleration source and a long flight tube (dgnetam to 2 m in
length) in which ions can fly under zero electric field condition. Flight tiofesns (after
departing the ion acceleration region) that have diffarénvalues will be different in a
field-free flight tube. Thisn/zdependent flight time is the basis of mass analysis in TOF
MS instruments.

In a typical TOF MS analysis, ion packets (from ion sourcesaegelerated into
the TOF drift tube. To maintain the same starting time (tmeeo) for all ions,
acceleration event is pulsed either by pulsing the acceleratiagealr ionization event
itself (for example, by using a short laser pul§e&)nce ions are accelerated in the same
electric field (or acceleration fiel), all departing ions that have same electrical charges
will possess the same kinetic energg.(KE =E.q = % m¥) when they enter a field-free
tube. However, lighter ions (with small m) will have higheroegies (v) and thus reach
the TOF detector first (while heavier ions will arrive a thetector at longer times). In a
conventional linear TOF instrument, a detector is positioned at ttieokethe TOF
analyzer to measure the arrival time of each ion. By knowingjithe time of each ion
(t), them/zof the ion can be determined according to equation*(1.8)

miz=2xe xV x {/ L? (Equation 1.8)
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where ‘M’ denotes mass of an ionz’“denotes the charge state of the ion, “e” denotes
electron charge, “V” denotes acceleration voltage, “t” denaie’s flight time, and “L”

denotes the length of flight tube.

1.3. Gas-Phase lon Fragmentation Techniques in Proteomics

Development of various ion fragmentation techniques has increased the
protein/peptide sequence coverage/information and revolutionized the dield
proteomics.? Several different types of ion dissociation techniques are uwtilizeMS-
based proteomics studies. These ion fragmentation techniques casdied into two
general categories: (agctivational and (b) non-activational dissociation techniques.
Examples of activational dissociation techniques include collision idddssociation
(CID),?° sustained off-resonance irradiation collision induced dissociation (SIDR"

82 multiphoton dissociation (MPDY}; ®* surface induced dissociation (SI1),2® and
blackbody infrared radiative dissociation (BIRD).The two most important non-
activational fragmentation techniques are electron capture @ieaq(ECD)® electron
transfer dissociation (ETDY.

In activational techniques, vibrational or electronic energy obans increased
stepwise €.g.,by multiple collisions in CID or absorption of photons in MPD) until the
accumulated vibronic energy surpasses the fragment ion “appeamaecg®® ' and
becomes sufficient to cleave the weakest b8nillso, acquired energy by the ion in
activitional fragmentation methods can be randomized throughout etitfehemical
bonds in the ioff> ** However, in non-activational, or ergotic techniques there is a low
chance for an ion to distribute its acquired internal energy tarefiffehemical bondS.

Among gas-phase activational dissociation techniques, CID is thecomstonly used
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fragmentation method in MS-based proteoniicd’ In CID experiments, precursor ions
are accelerated and forced to collide with neutral gas mole@igsnitrogen (N) or
argon (Ar)) in the source region or collision celld.,ion trap cell) of mass spectrometers.
In inelastic collision between a precursor ion and neutral gascaiele portion of
kinetic energy of precursor ion is converted into internal energy ramdits in
fragmentation oprecursor iong§?

Among non-activational techniques, ECD is widely used for identifinatf
proteins’ post-translational modifications (PTMs) in proteorfiicé’ There is a high
probability for loss of labile PTMs on proteins/peptides backbones ddrasgciation
when PTM-containing proteins/peptides are subjected to fragmentsiiog activational
techniques. PTM loss can make it difficult, or impossible, to logatize site of
modifications in proteins/peptides. In ECD a multiply charged @g.,(of a protein) is
trapped inside the MS ion trap ced.g., ICR) and irradiated by low energy (< 1leV)
electrons. Electron capture by proteins/peptides generates ragmaks that rapidly
undergo chemical bond cleavajeAlthough implementation of CID is straightforward,
ECD and CID can each provide unique operational advantages and @ssthadalone
or combined ion fragmentation technicfd& '

More details about various gas-phase fragmentation techniques ¢anniein

reference® 102 103

1.4. Gas-phase MS Techniques for Conformational Analysis of Proteins/Peptides
The ability to analyze the tertiary structures of proteinsaresas a driving force
for development of analytical tools capable of providing detailed

structural/conformational information. Predominantly utilized techniforedetermining
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atomic-resolution structures of biomolecules are X-ray crgsmphy® and nuclear
magnetic resonance (NMR) spectroscOpyHowever, there are challenges associated
with using these spectroscopy techniques for structural anafygisteins. For example,
X-ray crystallography provides static snapshots of proteinsdespt However,
proteins/peptides are not static objects, and their behavior cannatdeataly described
only based on the information derived from X-ray structure and witlamdidering their
dynamic characté®. Structural studies by NMR technique suffer from challengestan da
interpretation, sensitivity, and slow data acquisition/collection'Pat&®

Advances in modern MS techniques and instrumentation have increased the
ability to study conformations of proteins/peptides in a solvent-fgas-phase
environment. Hydrogen/deuterium exchange (HDX) reactions and ion tyahdiss
spectrometry (IM-MS) are two powerful approaches for detaibedocmational analysis
of proteins/peptides. Principles of these two gas-phase conformatnatgdia probes are

described in the following sections.

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

Gas-phase HDX reaction is a type of ion-molecule reaction thatblean
extensively used for studying proteins’ folding/unfoldiig**?In HDX reactions, labile
hydrogens€.g, hydrogen atoms bound to N, O, and S atoms) of protein/peptide ions are
replaced with deuterium (D) atoms of HDX neutral reagent. Géipergas-phase
accessibilities of labile hydrogens in analytes are ew@gtype, structure, and
conformation dependent. Thus, the degree of deuterium incorporation, HD¥ patte
exchange reaction rate are a reflection of an ion’s willingteeeschange its hydrogens

with a reagent molecule. The gas-phase HDX reaction raeaveniently measured in
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the ICR cells of FT-ICR mass spectrometers in which ionsbeatnapped for extended
periods of timé*®**!® Accurate HDX rate constant measurements require controlled

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

Leak |_  To Reaction
Valve Chamber

/

Exhaust
Pulse Valve

T-section __ , _5 To Exhaust
Assembly Pump

Sample
Pulse valve

Sample
Gas Reservoir ‘ | Expansion
~ Gas Reservoir

Figure 1.6. Schematic representation of a home-built pulsed-leale w#tup for
controlled release of deuterium reagent into the ICR cell. Sampse valve is used to
introduce the reagent gas into the “T-section” assembly behinakavédve. Then, the
neutral reagent molecules are leaked into the vacuum chamber undsisa gontrol
and using the leak valve. The exhaust pulse valve is connected tthameal pump and
used to pump the residual gas in T-section space at the end of-thelerule reaction
event.

Different designs have been used in MS trapping instruments feaseelof
deuterating reagent into trap cells. For example, ptiSedd leak® valve setups are
available in commercial trapping MS instruments for HDX reagandduction. In our

laboratory, we use a home-built pulsed-leak valve setilp® ***which was originally

introduced by Freiseet al.'?? For all FT-ICR MS gas-phase kinetic data reported here,
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the pulsed-leak valve setup was used for deuterium reagent introducatiortte ICR
C9||.116' 118, 123-125
Figure 1.6 shows the configuration of a home-built pulsed-leak valve setup

installed on our ESI/FT-ICR mass spectrometers. This pulsedyehdle system
consisted of a sample gas reservoir, an expansion gas resergeictidn assembly
(internal volume of ~10 pL), two pulse valves (“Sample” and “Estiapulse valves in
Figure 1.6), and one leak valve for controlled release of neetigkents into the vacuum
chamber. Popular deuterium reagents that are used for gas-phases&tfi®nrinclude
(in the order of increasing gas-phase proton affinity [PAJDDCD;OD, and ND.
Factors such as vapor pressure and corrosivity of deuterating ieaggninfluence the
choice of deuterating reagents for a particular HDX reaction. Menvaeenerally the
decision for the selection of a deuterating reagent is baseasgohgse PA/or basicity of
a reagent relative to the analyte ion of intetésfThe success of a gas-phase HDX
reaction depends on closeness of gas-phase basicity (@B)itefating reagent to the GB
of analyte ion of interest’ Generally, as th&B difference betweedeuterating reagent
and analyte ion of interest decreales HDX reaction rate constant increases

The mechanisms of HDX reactions with different deuteratingemts have been
extensively studied’ For the studies presented here,;Nis used as the HDX reagent.
In the following section, details of HDX mechanism in the gasehasd for NI@ reagent
are provided. Beauchamp and coworkers reported that HDX reaction wfegbjligomer
ions ([Gly, + H]", n = 1-5) with NI} proceedwia an “onium” ion mechanisrf.” Figure

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

form an ammonium ion.

+
N
PN N\
H/1|‘-_I H OH
N
D7D
D

Figure 1.7.0nium ion mechanism for gas-phase HDX reactions of peptides.

The ammonium ion is then solvated by the peptide to form a stablphgae
complex. Here, hydrogen-bonding to the carboxyl and amine groups of eanatyt
anchor the ammonium ion and provide additional internal energy for thenedmate
complex ion to overcome the energy barrier for deuterium transfer KD:;H" to the
peptide?® 12° A research paper by Beauchamp and coworkers provides additionisl detai

about the HDX mechanisms involving various deuterating redgfent.

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

lon mobility spectrometry (IMS) is a gas-phase separatiomtque that allows
for separation of analytes based on their sizes and shapes/coitfostfaBy coupling
IM devices to fast scanning MS instrumergg(, TOF), IM-MS systems have become
important and powerful tools for analysis of complex sample mixtanes structural
characterizations of biomolecul&$: 13!

A typical IM-MS instrument consists of an ionization source,rit dhamber

filled with a buffer gas for mobility separation, a mass anajyaed a detector. Different
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types of IM devices including conventional linear drift tube (DT)elag wave (TW),
and field asymmetric waveform ion mobility spectrometry (M8) can be coupled to
MS instrument$® Each one of these devices provides different level of IM resolving
power (arrival time (AT)AATs0y) and sensitivity for IM-MS measurements.

Linear DT IM devices are composed of a set of closely stagkgdelectrodes,
which are connected in series through a resistor chain to produwsaafield gradient
across the drift tube. In linear drift tubes, ions are semhbsteed on their differences in
their drift velocities §q) in the presence of a drift gasd.,N», Hp, and Ar) and under the
influence of an electric field gradient (Ef. lons with smaller collision cross sections
(CCSs orQ) or larger mobility experience smaller number of ion-molectdeia
collisions with buffer gas as compared to larger siee {arger CCS) ion§®® Therefore,
ions with smaller CCSs transverse the IM drift tube withdakglocities and reach to the
detector faster than the larger CCS ions.

Drift velocity of an ion in the IM drift tube is calculated from equation (£29)
vy=d/p=KxE (Equation 1.9)

where “d” and “E” denotes the drift tube length and electtedfrespectively. g’ and
“K” denote the ion’s drift time and the ion’s mobility constant respectively.
In DT IM experiments, the CCX) of an analyte ion is related to its drift time

according to the equation (1.1%)
Q=3x(q/[16 x N]) x (1 /1) x (2t /[n x kg x T])*2 (Equation 1.10)

where “Ky” denotes ion’s reduced mobility 32 and it is defined by equation (1.11):

Ko=(d/[bXxE])x (273 /T) x (P / 760) (Equation 1.11)
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Equation (1.10) is only valid for calculating ions’ CCSs in DT IbVides where
a constant uniform electric field is applied across the drift.tdbaovel IM technique
that has recently been developed and introduced commerciathaveling wave’ IMS
(TWIMS.)*®** 13° Figure 1.8 shows the schematic representation of commercially
available Waters (Waters Corp., Manchester, UK) Synapt G2 HB)&m that uses
TWIMS for mobility separation and TOF as detector. The desigMatell in TWIMS
devices is similar to IM cell design in conventional DT IM degicHowever, unlike DT
IMS, in which a constant electrical field is applied continuouslyht® cell, a pulsed
electric field is applied to one segment of the TWIM cell awept sequentially through

the cell one segment at a time and in the direction of ion migration to TOF ESatet

LockSpray--- -l_l

Quadrupole  TRAP He TWIM TRANSFER
! uanTOF
lon Guides Cell  Cell Cell Cell Q

| | s || T
0 | | T 5y
e LE 1Y)
aTP

Figure 1.8.Schematic representation of Waters Synpat G2 TWIMS system.

Therefore, ions in TWIMS are moved through the IM cell in pulsewaves of
the electrical field passes through the stacked rings (Fig@)e Additionally, ions are
radially TWIM cell ring by applying a continuous RF voltage BWIM electrodes.

Although TWIMS systems permit higher IM resolution as comparddTtdM systems,
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the analytical solution that relates an ion drift time tdG&S in TWIMS is not known.
Therefore, obtaining CCS information from TWIMS experiments reguand relies on
experimental calibration of IM drift times® **” The CCSs of unknown analyte ions in
TWIMS is determined by calibrating the experimentally messudrift times against

those measured for standard ions of kn@wnlues.

Stacked Rin | H H ” |
lon Guide | || || ”

| Ring

Electrode
. 0%,
®
Time I ' ®
I 0%
B e°

Travelling Wave lon
Voltage Pulse

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

Protein and Peptide Amino Acid Sequencing Using Mass Spectrometry

2.1. Mass Spectrometry-based Proteomics Strategies

Proteomics is a comprehensive study of specific proteomeedetatbiological
cell processes, involving proteins’ and peptides’ abundances, aoslkational
modifications (PTM), and potential molecular or partner interactith*® Amino acid
sequencing of proteins and peptides plays a vital role in proteaméssablish structure-
function relationships, which in turn aids in identifying novel proteind eascades of
cellular processe$? Better understanding of cellular processes allows judicious
synthesis of novel drugs that can target specific metabolic pathways in biblogjls™**

Currently, mass spectrometry (MS) is the most commonly usdthitpie for
high-throughput protein and peptide amino acid sequence identifi¢&tidmo of the
most commonly used MS-based and tandem-MS"(M@roteomics approaches include
“bottom-up” and “top-down” MS (Figure 2.13

In “bottom-up” proteomics, a mixture of proteins is separated by onéwo-
dimensional electrophoresis and individual protein spots or gel slieesuijected to
proteolysis (Figure 2.Tf* '*° Each separated protein is then digested using enzymes
such as pepsin or trypsin to produce a pool of peptide fragiférit€ The mixture of
peptide fragments is then separated by liquid chromatographypfid® to MS analyses.
Digested peptides, after separation by LC, are introduced intm8f®ment using soft

ionization techniquese(g, ESF??*and MALDI?? * 14§, These digested peptide ions are
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identified and their sequences are established by using varioyphases dissociation or

MS fragmentation techniqué¥’

Bottom-Up

,\\,\ Enzyme e Fragmentation (MS or M$ Experimental MS/MS
/== Digestion 5 - - (CID, ECD, IRMPD) Mass Spectra

( = {

Protein Peptide Fragments /

Data Bank/Library Search

Top-Down Protein Identification \
o
| i
/ \

\
\ Fragmentation (MS or M%$ , %;ié p ; Experimental MS/MS
‘ (CID, ECD, IRMPD) . Ag Mass Spectra

\$
gV
Peptide Fragments

L

Protein

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

In “top-down” proteomics a mixture of intact proteins is separated by LC and the
MS dissociation methods are used to fragment the ionized intadngrotéhe gas phase
(Figure 2.1)**® **The most commonly used MS fragmentation techniques in “bottom-
up” and “top-down” proteomic approaches are collision-induced dissociagit),{>°
electron capture dissociation (ECBY, electron transfer dissociation (ETE),and
infrared multiphoton dissociation (IRMPDB) Each one of these gas-phase dissociation
techniques has its own pros and cons and, depending on the applicatioont/meay
choose one or a combination of two or more fragmentation techniquasréase the

sequence coverag®: 148 153 154
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Moreover, depending on the fragmentation technique employed, differeatnprot
and/or peptide backbone bond types can be broken to yield different tyfragraént
ions. The generated gas-phase fragment ions in “bottom-up” and “top-goatedbmics
approaches are then searched against various data easegldqbal proteome machine
database (GPMDBJ and peptide atla¥) using bioinformatics software and search
engines €.g, Mascot>’ OMSSA®® SEQUEST* and X!Tandert?) to identify amino

acid sequences of all peptide and proteins in proteome satfiples.

2.2. Nomenclature for Protein and Peptide Fragments in Mass Spectrometry
Gas-phase fragmentations of proteins and peptides generate ditigrestof
product ions and allow for determination of amino acid compositions ahaldwvel of
confidence. Fragment ion types from gas-phase dissociation of pratelnseptides are
named based on a nomenclature system that was introduced by Roepstorff (F)dife 2.2
Roepstorff’'s nomenclature system describes the dissociatitre @iroteins and peptides
backbone bonds in a generic manner without relying on adjacent amino acid side-chains.
Generally, protein and peptide backbone cleavages can occur atitffieeent
positions depending on the dissociation technique used: (i) between @hulaabon and
carbonyl carbon (&C), (ii) at amide bond (C-N), and (iii) betweercarbon and amine
nitrogen (N-@). When the peptide’s charge is retained on the N-terminal side of
cleaved backbone bond, the observed fragment ions are calleth'd, and “c,” type
fragments, where subscript “n” denotes the number of amino aadés)¥ragment ion
(Figure 2.2). However, when the peptide’s charge is kept by C-termiraupeptide, the

observed fragment ions are calledX'y,", and “z" type fragment ions (Figure 2.2).
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Generally, dissociations of protein and peptide ions using CID and IRMEMiIques

generate @ b, and y as predominant fragment iotfs.

b, b, b s

a ¢, 2 C, & C; & Cy
il | =" - ="
H 1 1 v | o e I 0
ZN\®)k\ H/ré\n/—NH"_Vk H/Pé\lr—NH\LVJ\
~ OH
L NH ) Ly NH™ | o 1y
' L L3 L L2
X | oz, L oz % z, xL_ 74
y4 Y3 2 yl

Figure 2.2. Roepstorff’ nomenclature system for product ions producedbfrokibone
cleavage of proteins/peptides during gas-phase fragmentation.ciRdels indicate
positions of all alpha carbons ¢Gvith respect to carbonyl groups) in the amino acid
sequence.
Dissociations of proteins and peptides using ECD and ETD gengrateand z

as major fragment iorfS: ** In addition to the protein and peptide fragment ions
generated from the backbone bond cleavages, fragments resutmépfs of part or all

of the side chain of an amino acid at the point of cleavage maybalisobserved.

Fragment ions resulting from loss of amino acid side chains areddrased on

Johnson’s nomenclature system asvgl and w; type ions:**

2.3. Challenge#ssociated with Search Engines and Strategies in Peptide Sequencing
MS-based amino acid sequence identifications are usually dedunadthie

quality of match i(e., identification or matching scof®) between: (i)the observed and

predicted sequence-specific MS patterns and/or (ii) the observedxgadimentally

available MS/MS spectral libraries.q, “target-decoy” searcHf® Two of the most
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commonly used search engines/algorithms for peptide and proteiensegmatching
purposes are “sequence search enginesy.,(SEQUEST, based on the presence or
absence of fragment iorid}and “spectral search engines’d.,SpectraST, based on the
global match between the library and query spettfa)®

Despite successful implementation of the available search snfpneprotein
identification, these searching strategies should be utilizedcattion to avoid potential
protein misidentifications and false positivese.( high matching scoresy® False
positives in proteins’ amino acid sequence identifications genexalg from MS/MS
spectral misinterpretations because of: (a) enzymatic thgest abnormal positions, (b)
inaccurate assignment of charge state or mass of the meqaptide ions, (c) not
considering the presence of chemical or post-translational modificatioreran mngines,
(d) absence of the peptide(s) under examination (or interpretatitim databases being
queried, and (e) presence of misleading ions that are attribotedectronic noise,
contaminations, angas-phase rearrangement reactidiis *"*

Among the above-mentioned reasons for false positive protein idetnbifiq@r
protein misidentification), the presence of misleading ions duestplgase fragment ion
rearmaments or “sequence scramblinffs{more details in section 2.4) are arguably the
least straight forward to addre$&"° Identities of sequence-scrambled fragment ions
cannot be assigned to “normal” peptide backbone bond cleavage commonly
observed fragments of the type a/x, bly, or c/z, Figure 2.2). leon@e, our preliminary
survey of the national institute of standards and technology (NISGtjdpeMS/MS
library'’® reveals the presence of high abundant fragment ions assigned as “unkmown”

the CID mass spectra of digested peptides. Although the Neéplide MS/MS library
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does not provide the origin of “unknown” fragments, we believe that {Hiesknown”)
fragments are produced as a result of potential sequence soganthiring the CID

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

As an example, we examined the CID mass spectra of 52 tdigast peptides
from bovine serum albumin (BSKY and noticed that identities of a significant number
of fragment ions are unassigned. Figure 2.3 present the summary of our NISTUrZy
for tryptic digest peptides of BSA.

Figure 2.3 shows that ~42 %, ~35 %, and ~31 % of the total number of BSA

fragment ions generated from singly-, doubly-, and triply-chargeddesptrespectively,
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are “unknown” ions. The available bioinformatics software and searginesn use
established gas-phase fragmentation rules and do not account fangedroa sequence-
scrambled fragment ions. Exclusion of the potential sequence sangnmbéchanisms
within the implemented rules in bioinformatics approaches mawyltres invalid
protein/peptide sequence identificatidhSHence, it is important to identify, understand
the mechanism(s) of, and (if possible) prevent, the observed sequearoblsry during

gas-phase proteins/peptides fragmentation processes.

2.4. Peptides’ Amino Acid Sequence Rearrangement during Gas-phase Fragmentation
The first experimental evidence for gas-phase rearrangesheeptide fragment
ions was provided by Tanet al. in 1993'"® Tanget al. noticed the presence of high
abundant rearranged fragment ions in CID mass spectra of doubfjedhaeptide ions.
The amino acid sequences of these rearranged fragment ions didamgtportion of the
original intact amino acid peptide sequeh@eSubsequent reports also showed further
evidences for occurrence of peptide ion gas-phase rearrangeniagt@iD process’®
181 |n 2006, Harrisoret al. proposed that the gas-phase rearrangements of protonated
peptides during CID result in cyclization of b-type ions and subs¢cam@ide bond
reopening at different positions in macrocyclic b ions generaqaesce-scrambled
(non-direct) fragment ionS? Based on the hydrogen/deuterium exchange (HDX)
reaction results of molecular and fragment ions, potential eyiz of b fragments ions
was originally reported by our group in 2081.Harrison’s proposed mechanism for
peptide sequence scrambling during CID protdéssas later confirmed by various

research group$2®* Processes of macrocyclization and generation of sequence-
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scrambled fragment ions during a gas-phase ion activation préegssCID) are

depicted schematically in Figure 2.4.

Neutral Peptide (D(2EE@EEXDEXO9AD2A13AH@d

Ionizationl
Charged Peptid€D@EXDEXeXDE(@ANANAAA3AIAS5
Energyl(e.g.,ClD)
OOR®W GE@OE@WA) @2a3ayas
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l Internal l Internal l Internal
Energy Energy Energy
8 Cyclic structure @B %
lons
*(8X(9)
O
/GBI N
@XeX (X919
EEAX9 @AEe®
N /!

Sequence-scrambled
Fragments

Figure 2.4. Schematic representation of amino acid sequence sogardbling gas-
phase fragmentation process of a peptide ion. Each circle denadesra acid and each
number inside a circle denotes the amino acid residue position in peptide sequence.
During a gas-phase ion activation procesg.(CID), the linear fragment ions
(e.g., b-type ions) can form cyclic structuresa nucleophilic attack of C-terminus
charged group (charged carbonyl group) by the free N-terminusdagnoup)-’> Such

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

than its originally formed bond and generates sequence-rearramggdfifagment ion(s).
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Subsequent losses of amino acid residues from sequence-rearlaegedfragment
ion(s) generate sequence-scrambled product ‘{6nislentities of sequence-scrambled
fragment ions cannot be assigned to “normal” peptide backbone bondgeeawd their
presence in MS/MS spectra can be misleading. For examplegeRdgbrshows a CID
mass spectrum of a singly-charged peptide ion population with amincemignce of
GVYVHPV.

A Thermo LTQ/Orbitrap (Thermo Scientific, Waltham, MA) magectrometer
equipped with an ESI source for ion generation and a quadrupole for ionoiscatil
collisional activation was used to generate the CID mass spedatritigure 2.5. lon
population atm/z 770.4 corresponding to ESI-generated [GVYVHPV + Were m/z
isolated in LTQ/Orbitrap MS instrument. Subsequentljzisolated ions were subjected
to CID in the qudrupole in the presence of helium (He) collision §hs. generated
fragment ions were then transferred into an Orbitrap cell foh mwass-accuracy
measurements.

In Figure 2.5, the CID product ions that could be assigned as “normghént
ions are labeled in black color with their corresponding identities. edexy those
fragment ions that could not be assigned according to the pepqtitigiisal amino acid
sequencei. GVYVHPV) are labeled with red color. For instance, the fragnmnit
m/z 294 in Figure 2.5 is a sequence-scrambled b-type ion with aminsegignce of
GVH. Although we identified three sequence-scrambled fragment irorSID mass
spectrum of [GVYVHPV + H], there are two “Unknown” fragment ionsfz 374 and
688) (Figure 2.5) that could not be assigned as products of amide bond dealvage

linear or a macrocyclic type structure. These “unknown” fragmens could be
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generated through more complex gas-phase rearrangement reaghmfiscan add to

the complexity of CID mass spectra and their interpretations.

ESI mass spectrum M/zlsolation, CID | product Fragments
of GVYVHPY  Of [M+H]
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Figure 2.5. CID mass spectrum of a singly-charged protonated @ef@idino acid
sequence: GVYVHPV). Observed b- and y-type fragment ions arketaldeeaks with
red labels denote sequence-scrambled fragment ions.
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Better understanding of the mechanisms involved in the generationusEnseq
scrambled fragment ions and gas-phase rearrangement reacmuigses in-depth

characterization of fragment ion structures. Further progress inna@rstanding of the
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gas-phase chemistry involved in peptide fragmentation will haveajr impact on
future improvements to bioinformatics software and algorithms usedpémtide
sequencing and identification of proteins’ primary structures. lfolfeving section, we
introduce commonly used gas-phase probes for studying fragment ion

structures/conformations.

2.5. Gas-phase Structural Analysis of Peptide Fragment lons

The occurrence of sequence scrambling could imply the presendéecérti gas-
phase structural isomers for peptides’ fragment ions. However, noiragp&l reports
had suggested the possibility for presence of isomeric strudtur@eptides’ fragment
ions until the initial observations reported by Soloakial'*’ The original gas-phase
HDX report on k" and " fragment ions from WHWLQL peptide by Solouét al.
demonstrated the presence of at least two different structoralers for b-type ions
based on both HDX mass spectral patterns and reaction kiHétiés.

Subsequently, results from various gas-phase structural analylsespncluding:
(i) gas-phase ion-molecule reactidfis,**> *¥>8ii) molecular modelind® **° iii) ion
mobility-mass spectrometry (IM-MSJ>* and (iv) infrared multiphoton dissociation
(IRMPD)!86-188194. 195 5155 suggested that b-type fragment ions exist as a mistuae

least two structure typesd. “oxazolone® and “macrocyclic*’?

(see section 2.6 for
details)).
In gas-phase ion-molecule reactions, the presence (or absence) of the

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

appearance of HDX product ion isotopic pattemsg,(bimodal profiles)*” 123 125 185188
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(b) measuring the gas-phase HDX reaction rate constdnt§® 2> 185 186 1884 (c)
measuring the gas-phase proton transfer (PT) reaction rate coffStants.

In IRMPD studies, the presence (or absence) of oxazolone and nwdicrdry
fragment ion structures is probed by comparing the experimentalynett IRMPD
spectra with the theoretically calculated IR spetfta®® 1** %For example, presence of
the two theoretically calculated IR peaks.(~1825 cni for C-O stretching of nitrogen-
protonated oxazolone and ~1430tfor CO-H' stretching of macrocyclic structurés)
the IRMPD spectra of b fragment ions suggest the presencenoftare of oxazolone
and macrocyclic isomerg?188 194,195

IM-MS studies offer the possibility of separating the differenhformers or
isomers of b fragment ions based on their collision cross sevtidations %

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

can be used to confirm the presence of different b fragment ion struéfuté&s 9% 1%

2.6. Structures of b-type Fragment lons

Acylium-type structure (Figure 2.6) was the first proposed ttracfor b
fragment ions reported by Yalciet al'®® However, further studies suggested that the
acylium ion structure is not a stable structure for b fragmants is expected to
spontaneously lose carbon monoxide (CO) neutral from its C-terminus (Figut&®2-8).

Later, a more stable five-membered ring oxazolone structaseswggested for b
fragment ions®® 29292 A five-membered ring oxazolone structure is formed by
nucleophilic attack of a backbone carbonyl oxygen atom to C-terrambbnyl carbon
(Figure 2.7Y°* 2% A direct experimental evidence for the existence of oxazolone

structure for b-type ions was obtained by IRMPD spectrost8py*
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Figure 2.6. Reaction mechanism for the formation of anlith acylium -type structure
followed by immonium ion formation.

Furthermore, an earlier study by Cordeial. also showed that b fragment ions
may adapt a six-membered ring diketopiperazine-type structureuréFig.8)°%>
Diketopiperazine structures are formed by nucleophilic attaclN-términal amine
nitrogen to the carbonyl carbon of an adjacent amino acid residue (Figure 2.8).

Further studies on b fragment ions using IRMPD spectroscopy anecumen
modeling suggested that fragmentation pathways that produce diketapipeians is
both energetically and entropically less favorable than oxazoloneatiormpathway
(Figure 2.7)]:89, 193, 206

However, for small size b iong.), b,") the presence of a mixture of oxazolone-

and diketopiperazine-type structures has been suggested (Figufé: 2°8y%
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Figure 2.7. Reaction mechanism for the formation of avith oxazolone-type structure.

Harrison and coworkers suggested a macrocyclic-type struéligner€ 2.9) for b
fragment ions in order to rationalize the presence of sequeramatded or non-direct
product ions in MS/MS spectra of a model peptidelo test their hypothesis, Harrison
and coworkers examined CID fragmentation patternssofrom CID of YAGFL-NH,
and protonated cyclic-(YAGFL) peptid& The CID mass spectra of ‘bfragment ion
and cyclic-(YAGFL) peptide were similar, suggesting thatflagment ion could exist as
a macrocylic structur€’? Direct experimental evidences for the presence of maccocyli

structure for b ions came from IRMPD spectros¢dp$®?*'and IM-MS1#4 191 192,197
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Figure 2.8. Reaction mechanism for the formation of’awith diketopiperazine-type
structure.

Original IM-MS analysis suggested the presence of smallesioal cross section
for macrocylic b ions as compared to their linear oxazolone steucumterparts’ 192
Additionally, our laboratory recently reported on the combined use ofldéStb and
chemometrics for analysis of structural isorf€rincluding b fragments and observed
two structurally distinct isomers for selected b fragment 16h?’

It should be noted that macrocyclization is not limited to b fragrmens and it
can also occur in other peptide fragment ion types such as ahgi&> ?°® ?*These a-

216

type ions can be formed from direct fragmentation of protonatecddpspti*®as well as

subsequent fragmentation of b-tyipasvia elimination of a neutral C&® 19216, 217
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Figure 2.9. Reaction mechanism for the formation of a mactoeyge structure for a
bs" fragment.

Gas-phase structures of a-typas have also been studied using IRMBG 213

218,219 1M-MS, 1 192and theoretical calculatioRS* ?**?**'For example, previous studies
on & fragment from leu-enkephalin by IRMPD aal initio calculations suggested the
presence of both linear immonium (iminium) and macrocyclic stresttor a-type ions

(Figure 2.10Y" Furthermore, results from isotope labeling and IM-MS analysis; of

and g  fragments, from a set of isomeric peptides.(AYGFL, differing in sequence
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location of an isotopically labeled A residue), revealed the pecesef two structures.¢.,

linear and macrocyclic) for a-type iof&: 19

NH O Rs a0 Rs w O +
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Figure 2.10. Reaction mechanism for the formation of a macrodyple structure for
a fragment.
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2.7. Justification for the Research Presented in this Dissertation
Previous studies have shown that several parameters sugttide fagment ion

sizel®® 222 nature of amino acid residd®; ?* position of acid/basic amino acid in

é90, 224

peptide can play significant roles on directing peptides’ fragmentatidhwagys.
For instance, gas-phase dissociation of peptide ions containing &cgli@gpartic acid)
and basic€.g, arginine and histidine) amino acid residues showed that the side cifali
these amino acid residues can direct fragmentation pattern aadcenamide bond
cleavage near to these residé@s?’ However, question remains whether the
presence/absence of basic or acidic amino acid residues in peptadeinfluence
cyclization of peptide fragment ions.

In Chapter Three of this dissertation, we show the results fronbinech use of
gas-phase HDX and IM-MS to systematically study the strestwf histidine (His)-
containing B (n = 4 to 7) ions generated from seven isomeric model heptapeptides
including:  (His)AAAAAA-NH,,  A(His)AAAAA-NH ,,  AA(His)AAAANH ,,
AAA(His)AAA-NH 5, AAAA(HiS)AA-NH ,, AAAAA(HiS)A-NH ,, and AAAAAA(His)-

NH,. Data presented in Chapter Three reveals the influence agig histidine amino
acid position and (ii) fragment ion size on the structures of b ions.

Although previous studies have established the occurrence of sequence
scrambling in a- and b-type fragment idf%s,2*the propensity of y-type fragment ions
from protonated peptides to generate sequence-scrambled product ionet Heeen
studied. In Chapter Four of this dissertation, we present the Xpstimental evidence

for the generation of sequence-scrambled fragment ions fronofCyRype ions on the
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different sizes (4 to 12 amino acids) and charge states (+B)tausing tandem MS
technique.

Previous studies show that gas-phase HDX is an important chematee for
conformational analysis of proteins/peptides and their fragmentddr> 123 209. 228, 229
Both HDX patterns and extent of deuterium uptake by protonated prYpegpitises and
fragment ions in the gas phase are used for structural elucidaiiposps?® 8
However, other reaction channels such as gas-phase reagent addwattoforcan
compete with the intended “normal” HDX reaction and complida¢einterpretation of
HDX data?*® Deciphering the mechanisms of these competing reactionsfilviéin
important knowledge gap in gas-phase chemistry and enhance ow tbiiplore
structure-function relationships by avoiding erroneous HDX data netatpns. In
Chapter Five of this dissertation, we present the results froffiréheystematic study by
combiningab initio calculations, HDX, IM-MS, and isotope labeling to better understand
the fundamental chemistry involved in gas-phase reagent adduct formatmg &
simple model peptide,e., a benzyloxycarbonyl (Z)-capped dipeptide containing glycine
(G) and proline ) (i.e, Z-PG), we present results that address the influence of

protonation and alkali metal ion (NaK®, and C%) complexation on gas-phase ND

adduct formation.
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CHAPTER THREE

A Systematic Study on the Effect of Histidine Position and Fragment lonrSize
Formation of i lons

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

A Systematic Study on the Effect of Histidine Position and Fragment lonrSize
Formation of j lons.Int. J. Mass Spectror2012 316-318, 164— 173.

Abstract

In this study, we utilized gas-phase hydrogen/deuterium (H/D)agge reactions
and ion mobility-mass spectrometry (IM-MS) to examine thectfdf: (i) histidine (His)
amino acid position and (ii) fragment ion size on the structurds, ¢h = 4-7) ions
generated from nozzle-skimmer fragmentation. Both H/D exchaaierns and semi-log
temporal plots of histidine-containing, fragment ions generated from seven isobaric
model heptapeptides.¢., (HiS) AAAAAA-NH ,, A(HiS)AAAAA-NH ,, AA(His)AAAA-
NH,,  AAA(His)AAA-NH,,  AAAA(HiS)AA-NH ,,  AAAAA(HiS)A-NH ,,  and
AAAAAA(HIs)-NH 3} suggested the presence of at least two structures for @gmént
ions: “fast” and “slow” H/D-exchanging ion populations. The observdd ekchange
rate constants (for disappearance of isolaf€g; or Do) for by* and B* fragments were
higher than those observed faf fragment ions, suggesting more compact and/or stable
structures for § fragment ions. Among the studied histidine-containipgflagments,
bs;" and B" showed the most variation in H/D exchange reactivity as a funcfion
histidine position in the original peptide sequence. lon mobility @rtimme distributions

(ATDs) for histidine-containing 45 fragments from AA(HiS)AAAA-NH,
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AAA(HiS)AAA-NH ,, and AAAA(His)AA-NH, showed two ion populations. H/D
exchange and ion mobility results both imply the potential presencenuktare of
compact and open structures fog".bATDs for b’ fragments generated from
A(His)AAAAA-NH , and AA(His)AAAA-NH, (compared to ATDs of the other model
heptapeptides) suggest the appearance or increase in the peroérdagere compact
ion population. ATDs of histidine-containing'band k" fragments varied significantly

as a function of histidine position in the original heptapeptides.

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

mass spectrometry (Mpbased approaches for protein and peptide identification. In
these two proteomic approaches, either digested (in bottom-up) dr (intaop-down)
proteins are fragmented using activatioreb(, collision-induced dissociation (CID}°
infrared multiphoton dissociation (IRMPH% and/or non-activationale(g., electron
capture dissociation (ECE)and electron transfer dissociation (E¥ip)dissociation
techniques. The product fragment ions are searched against datababkesretical
MS/MS spectra using computer algorithms for protein/peptide sequdentificatiorf>*
Reliability of protein/peptide identification using computer algorghaepends, in part,

on the extent and types of protein/peptide dissociation products. Compsedr-ba
protein/peptide identification is usually performed without (ohviitle) insight into the
rules that govern peptide dissociation and fragmentation. However, cfarrate
bioinformatics-based MSsequencing of proteins/peptides, basic knowledge of the

chemistry and mechanisms of gas-phase peptide fragmentation is crucial.
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There have been many studies addressing mechanism(s) of geggidentation
and interested readers are referred to reviews by'Pairsl Harrisort®® Recently, the
structures and reactivities of b fragment ions have receivetaspdtention, due to the
existence of different structures/conformers for b fragment. i@tgictural changes
during the ion fragmentation may yield “rearranged” b fragmensi’® *”° The first
experimental evidence for “sequence scrambfiffgif b fragment ions was reported by
Tang et al. using tandem M$&® ' |ater, gas-phase hydrogen/deuterium (H/D)
exchange studies confirmed the presence of different isobaricagmént ion
conformers/structures’

In the original H/D exchange report, using §WHWL) and " (WHWLQ)
fragment ions from WHWLQL peptide (both in-source and SORI-CID g¢ee b
fragments), we proposed that both H/D exchange isotopic patternsl/Bndxchange
reaction rate constants could be used as tools to explore b fragmestructural
variations™’ Similar approaches have been used successfully to extend tbé gese
phase H/D exchange reactions to probe conformations/structures afadolicagment
ions from several different peptid&s: 135188 22%0|low-up theoretical and experimental
studies have shown that the most probable structures for b fragmeraréo(i} linear
with five-member oxazolone ring(s) at the C-terminal side ofréigment ion®® 198 232
232 and (i) head-to-tail macrocyclic structur@s, 183 184,190, 191, 193,195, 236

In the case of macrocyclic structures, b fragment ions canaipdifferent amide
bonds to form linear oxazolone structures. Such rearrangements wse sEguence

scrambling and loss of the initial amino acid sequence in MS preégjuencing’? 18

183 Therefore, identification and understanding of the parameters thaaftect the
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sequence scrambling in gas-phase protein/peptide fragmentatiompibve MS/MS
database search engine/software outcomes. There has been eidean@no acid type

in the peptide sequenc® ?** #*’and b fragment siz& 2*> %*'can affect the structures of
resulting b fragment ions. For instance, we showed that theetiosrgf fragmentation
processes €(g., in nozzle-skimmer fragmentation) influence the observed relative
population of “fast”-to-“slow” H/D-exchanging b fragment ion conformers/ietf*

Recent studies have demonstrated that both &¢idind basit” ***amino acid
residues in model peptides can influence the extent of b fragroansequence
scrambling in collision-induced dissociation processes. Byghell. studied the effect of
histidine (His) position on cyclization of b fragment ions {generdtedn isomeric
hexapeptides (His)é using experimental and theoretical approacti®s.

CID spectra of histidine-containingsband B fragment ions from (His)A
isomers showed experimental evidence for scrambled ion formation higtetine was
near the C-terminus? Molesworthet al. studied the effect of arginine (R) amino acid
position on the propensity of formation of macrocyclic b fragmenti®rs.the study by
Molesworthet al.,the CID spectrum of 5 from YARFLG showed only non-scrambled
fragment iong?*

It was proposed that the formation of macrocyclic structuresnsited by the
presence of arginine (R) in permuted YARFLG model pepfitfddloreover,it has been
shown that the size of b fragment ions can affect the tendencyookho cyclize and
form scrambled ions. For example, recent studies have shown thigr dm@ < 3) ions
have a lower tendency for cyclization than largefnb= 5-10) ions?* 2" Evidence for

formation of cyclic b fragment structures has also been observet,fg" of an
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octaglycine i(e.Gg) peptide'®

Unlike arginine or lysine (basic amino acid residues)
histidine is not found in the C-terminus of resultant digested pepiiddmttom-up
proteomics. It is helpful to understand the role of these basic histidsidues (which are
located in N-termini or internal positions of digested peptide feags) in directing
peptide ion fragmentation pathways.

Recent CID studies have yielded contradictory conclusions about theofol
histidine position on b fragment ion macrocyclization and subsequeramalded ion
formation®> #®The theoretical (molecular modeling) and experimental (CIB)ltg by
Bythell at al. suggested the presence of scrambled fragment ions when histidiear is
the C-terminus® On the other hand, in the work reported by Yalcin and Tasoglu
sequence scrambling was observed independent of histidine position in peptide
sequencé®

In this work, we used a combination of H/D exchange reactions and iontgaobil
mass spectrometry (IM-MS) for gas-phase structural investigat histidine-containing
bs"-b;” fragment ions generated from seven C-terminal amidated heptisepti
(His)AAAAAA-NH 5, A(His)AAAAA-NH 5, AA(His)AAAA-NH 5, and AAA(His)AAA-

NH., AAAA(HiS)AA-NH », AAAAA(HIS)A-NH », and AAAAAA(His)-NH,.

3.2. Experimental

3.2.1. Sample Preparation
All C-terminal amidated isobaric heptapeptides (with one histifihg) and six
alanine (A) residues)ig., (His)AAAAAA-NH ,, A(HiS)AAAAA-NH ,, AA(His)AAAA-

NH,, and AAA(His)AAA-NH,, AAAA(HiS)AA-NH,, AAAAA(His)A-NH ,, and
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AAAAAA(His)-NH 2} were kindly provided by Talat Yalgin from thigmir Institute of
Technology, Turkey. The isotopically labeled AAAA(His)JA-NH, heptapeptide
(where “A™ denotes the carbon thirteer°C) isotope on alanine side chain) was
synthesized in house, using standard solid phase peptide synthesi} &Re8uré>°
The deuterating reagent gase( NDs), all electrospray ionization (ESI) solvents, and
pentaalanine (4 were purchased from commercial sources (Sigma-Aldrich, dtis|
MO) and used without further purification, except for applying conventiivaaze-dry
cycles as deemed necessary(,for the Ny used in gas-phase H/D exchange reactions).
Micromolar concentrations of model heptapeptide solutions in methantdr: veetic

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

3.2.2. Mass Spectrometry

Mass spectra for the ion-molecule reactions and sustained off nesona
irradiation (SORI) CID (data included in the appendix matevi@e acquired using an
FT-ICR mass spectrometer equipped with an open-ended cylind?&ahing trap
(former lon- Spec Corp.- now a division of Agilent Technologies Inc.,&5@tdra, CA)
and a 9.4 T superconducting magnet (Cryomagnetics Inc., Oak Ridge, TN).

lons were generated externally using an Analytica elecagsjpon source
(Analytica of Branford Inc., Branford, CT) equipped with an in-hobsédt spraying
setup. The spraying tip was made from fused silica capillarth polyamide outer
coating) {Western Analytical, Wildomar, CA}. The spraying tip vetached to a Teflon
tube by a 1/16-inch Swagelok union {Maine/Atlantic Valve & Fitting Gtermon, ME}.
Electrospray was generated by applying ~4 kV (with resmegrdund) on the syringe

needle {SGE Inc., Austin, TX}. The flow rate was set at QL3min using a Harvard
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PHD 2000 syringe pump {Harvard Apparatus, Holliston, MA}. For H/D exchange
experiments reported in this study, & isotopic peaks (abbreviated &&Cy") of by
fragment and molecular ions were isolated using stored wavefoverse Fourier
transform (SWIFT) techniqué® For gas-phase H/D exchange reactions, peptide
fragment ions i(e., histidine-containing §-b;") were generated via nozzle-skimmer
fragmentation techniqug? The use of ~1.1 MHz radiofrequency (RF) in the quadrupole
ion guide of our lonSpec ESI/FT-ICR MS imposem& cut-off of ~300 limiting the
transfer of lowm/zions from the external ESI source to the ICR Z€ll.

Therefore, nozzle-skimmer-generated-b;* fragments from the studied model
heptapeptides could not be transferred into the ICR cell to studyHKei exchange
reactions. For the systematic study of H/D exchange ion-molesabtions, neutral ND
molecules were introduced into the ICR cell using a pulsed-leak \seuep-*
Supplementary data for qualitative H/D exchange reactions of Ab @D30D were
conducted in a Bruker 9.4 T FT-ICR MS. The CID mass spectrurheofsbtopically
labeled AAAA(His)(A)A-NH, was acquired using a Thermo LTQ/Orbitrap (Thermo
Fisher Scientific, Waltham, MA) instrument operated in positve mode. CID was

performed in the LTQ by setting the normalized collision enenyy activation time at

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

3.2.3. lon Mobility-Mass Spectrometry

lon mobility experiments were performed using a Synapt HD®Smobility-
time-of-flight mass spectrometer (IM-TOF MS) (Waters, Manare&iK) equipped with
an electrospray ionization source operated in positive ion mode. TheSMedarations

were performed using a traveling wave height of 8.0 V and appti#ages of 6.0 V and
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4.0 V, to the trap and transfer cells, respectiv&lyDuring IM separations, a nitrogen
bath gas was introduced into the drift cell at a flow rate of BGmm providing a typical
operating pressure of ~0.9 mbar. All arrival time distributions@gTwere obtained by
integrating the monoisotopic peak of a given analyte in the two-dioraisIM-MS
spectra using MassLynx V4.1 SCN714 software (Waters, Manchest€). For
comparisons, the intensities of the ATD profiles for b fragmadtraolecular ions were

normalized to the highest value in the mobility profile.

3.2.4. Data Analysis

To construct H/D exchange semi-log temporal plots, the naturatifiogs of
normalized ion intensities were plotted as a function of H/D exgdhaeaction time
(Figures 3.3 and 3.4). Normalized ion intensities (I>.Ipm) were obtained by dividing
the'?Cy (i.e., Ing) peak intensity of each ion.€., molecular ion or p(n = 4-7) fragment
ions} by the total peak intensity of all ionslom) after H/D exchange eventise(, Ipo +
Ip1 + Ip2 + ... + Ibm Where “m” denotes the number of incorporated deuteriums in the b
fragment or peptide ion after H/D exchange reaction).

H/D exchange rate constants were calculated using exponeietaly time
constants 1) after curve fittings {using Origin software, Origin 7.0 (@nLab
Corporation, MA)} of the temporal plots. Reaction rate constantéc(k) moleculé' s*)
were calculated using equation3*1
k=1/€x[N] (Equation 3.1)
where %" is the “combined” time constant {obtained from exponential cuntmds$ of

each reaction temporal plot, assuming a single decay curver rdtae double

exponential decays} and “N” is the number density (in the ICRasetholecules ci) of
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the neutral reageni.€., ND3) used for the H/D exchange reactions. We chose to use
Origin exponential curve fittings (instead of Microsoft Excalcalated linear fittings in
semi-log plots) for rate constant calculations because of therhigbeision of fitting
parameters obtained through iterative computatioas Z0O iterations).

Ultrahigh mass measurement accuracy (MMA) and mass resgoingr (MRP)
of FT-ICR MS allow unambiguous characterization of chemicalrfertences. For
instance, two chemical noise peaksrdt 564.23749 and 351.09942 were distinguished
from 2C, peaks of B (atm/z564.28892 with assigned MMA ~ 0.09 ppm and observed
MRP ~ 42,000) andsb (atm/z351.17772 with assigned MMA ~ 0.54 ppm and observed
MRP ~ 85,000) fragment ions. We were able to resolve/distinguisin/hef b fragment
ions from chemical noise by maintaining the ICR cell pressafter(ND;introduction

and H/D exchange reaction) at <~2.0 ¥ Irr during the ion signal detection event.

3.3. Results and Discussions

In all subsequent sections and for brevity based on the positiostidirfie amino
acid (His) in the peptide sequence, we designate our seven heplepesiPl to P7
(where numbers designate the position of histidiie (His)AAAAAA-NH , = P1;
A(His)AAAAA-NH , = P2; AA(His)AAAA-NH , = P3; AAA(His)AAA-NH, = P4;
AAAA(HiS)AA-NH , = P5; AAAAA(His)A-NH3 = P6; AAAAAA(HIs)-NH,= P7). The
fragmentation patterns of P1-P7 have been studied by Yetlitf*® and in here, we do
not report on CID of the seven model heptapeptides. Interestedseaeeeferred to the
three representative SORI-CID spectra of protonated P2, P4, anacéuir¢d under
identical experimental conditions) included in the appendix maté¢Rajsres A.1 to A.3

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

Rates and patterns of H/D exchange reactions can provide valuablaanéor
about three dimensional structures of ibis™® 2*2For examples, generally “tight”
structures are associated with lower H/D exchange reaeites*'! such comparisons
have been used to study b fragment ion structdre$>**®we used similar approaches
to investigate b fragment structures from heptapeptides in our. Sthdynozzle-skimmer
fragmentation of all seven model heptapeptides generated onlgirgstiontaining b
fragments ions (H-b;") and no b fragment ions without histidiniee(, alanine-only b
fragment ions of the type (A)n = 4-6) were observed.

We studied H/D exchange reactivities of histidine-containifig(tn/z 351), "
(M/z422), " (M/z493), and B (M/z564) from P1 to P7 heptapeptides. The bs*, and
bs" ions are assigned based on exact MMA (~1 ppm) and are fdoyné cleavage of
amide bonds; however, the ionrafz corresponding to can be a results of NHoss
from any portion of the peptide and hence may not be assignety stsic conventional
b fragment ion. In other words, the observed fragment iom/a564.28892 can be
generated from the amidated heptapeptides through (at leaspathways: loss of an
amino group from either the N-terminus or C-terminus. A recemitap study on the
1>N-FAGFL-NH, peptide suggests that the source of;N#$s (for an amidated peptide)

is most likely from the C-terminal amine groti.

3.3.2. Fragment lon Scrambling in P1-P7 Peptides
One of the problems associated with b fragment ion rearrangementlization
is that subsequent ion fragmentations can lead to formation of mpwersee scrambled

secondary fragment iof&> 1'% 183 222 243hege rearranged fragment ions which may
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include a- or b-type ions, can generally be identified based on accorass
measurements. However, when the product ions are isobaric, therenifations based
only on the mass differences of fragment ions are not possible.

For example, the histidine-containing lons from the selected seven P1-P7
peptides can be generatad at least two possible fragmentation pathways: (i) molecular
ion (M + H]") = b, scrambled or non-scrambled b fragment ions and/or (i) [M™+ H]
- Vo = scrambled or non-scrambled b fragments ions. Without isotopicrigbdliis
not feasible to identify fragment ion scrambling or pathwayditgato b fragment ion
scrambling for P1-P7 peptides that contain a single histidine withesghboring alanine
residues. To identify possible sources of ion scrambling, we syngldesind used an
isotopically labeled heptapeptide {AAAA(His)(]A-NH,, where “A” denotes the

carbon thirteen'fC) isotope on alanine side chain}.

Our preliminary CID results on isotopically labeled P5 {AAAASHA )A-NH-}
suggest that scrambled and non-scrambled b fragment ions can erifoat the
molecular ions (pathway (i)) and/or y fragment ions (pathway. @pr example, CID
fragmentation patterns of mass isolated [M + Hiid ¥ from AAAA(His)(A")A-NH,
show the presence of histidine-containing at m/z 351 i(e., As(His)) and 352i(e.,
A,(A")(His)). The " at m/z 351i(e., As(His)) from CID of y (AA(His)(A )A-NH>) can
exclusively be assigned as a scrambled fragment ion. Howeetpdhe presence of
multiple (potential) pathways that can generafe(be., both Ag(His) and A (A")(His))
from CID process of [M + H] identities {e., scrambled or non-scrambled) of; b

fragments (from [M + H]) can not be assigned unambiguously.
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Therefore, each of the reported histidine-containindrdgment ion populations
(i.e.,bs™-b;" from P1-P7) in this study can be a mixture of scrambled angcrambled
fragments. We are currently examining various pathways ématead to pfragment ion
(scrambled and non-scrambled) generation and plan to report our findirfgture

communications.

3.3.3. H/D Exchange Reaction Patterns

To minimize the effect of potential experimental variabilitfes the observed
H/D exchange patterns and rate constants}, we isolated@hgpeaks of all b fragment
and molecular ions for each peptide and followed their H/D exchargetiomes
simultaneously (a set of five H/D exchange reactions foh eaodel heptapeptide).
Figures 3.1a and 3.1b show ESI/FT-ICR mass spectra of the S\abffeid"“C,, peaks
for [A(HiS)AAAAA-NH , + H]" and its b" fragment ion, respectively, after 0 s (top
panel), 100 s (middle panel), and 500 s (bottom panel) H/D exchangiendane with
ND; (Pupz = 4.2 x 1 Torr).

As shown in Figure 3.1a (bottom panel), after ~1500 ion-molecule colligiins
NDs{i.e., after 500 s reaction time with NBPyps ~ 4.2 x 1 Torr)}, [M + H]* of P2
has exchanged nine out of its twelve (75 %) labile hydrogens @righDand D for [M
+ H]" have reacted away. However, after the same number of ionuteleallisions
with NDj (i.e., ~1500 collisions), the-b fragment ion of P2 exchanged only two out of
its nine (22.2 %) labile hydrogens (Figure 3.1b, bottom paRigires 3.2a to 3.2¢c show
the H/D exchange patterns of SWIFT-isolatétC, peaks of b-bs" ions of
A(His)AAAAA-NH ; (i.e., b," fragment ions from the same P2 peptide) under the same

experimental conditions.€., reactions times and Npressure) as in Figure 3.1.
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P (ND;) = 4.2 x 10° Torr

(@) [M+HJ' (b) b;'
2C. “Cua
0 Collision

530 584 588 592 564 566

D6 Dl
“Ca
~300 Collisions D
with ND3 le JP9
580 584 588 592 564 566
D+ D,
“Cai
~1500 Collisions Ds |J39
with ND; e : :
580 584 588 592 564 566
m/z m/z

Figure 3.1. ESI/FT-ICR mass spectra of SWIFT-isoldt€), peak at 0 s (top panel),
100 s (middle panel), and 500 s (bottom panel) reaction times wit{diBPNDQ; =~ 4.2 x
1078 Torr) for (a) molecular ionie. [M + H]*) and (b) b" fragment of A(His)AAAAA-
NH, (P2 peptide).

Under the same H/D exchange reaction conditiaes, ND3; pressure and ICR
cell temperature, as in Figure 3.1), KFigure 3.2a), ¥ (Figure 3.2b), andg (Figure
3.2¢) exchange three, four, and five labile hydrogens, respgctSighilar to b* (i.e.,

Figure 3.1b), the Pion populations of J-bs" fragment ions do not disappear after

~1500 ion-molecule collisions with Nheutral reagent.
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Based on the number of labile hydrogens jhfltagment ions, one would expect
to observe higher number of H/D exchanges for larger b fragmest However,
experimental results indicated an inverse relationship beteenumbers of observed
H/D exchanges and b fragment ion size. For example, the H/D excheagion patterns
in Figures 3.1b and 3.2a to 3.2c show that adrdgment ion size decreases, the
percentage of exchanged labile hydrogens increases in the fgjlonder: b* (22.2 %)
<bs" (37.5 %) <" (57.1 %) < " (83.3 %). The H/D exchange reaction patterns for the
molecular ion andfo(n = 4-7) of other heptapeptidaes(, P1 and P3-P7) were similar to
the patterns observed for the molecular ion afid = 4-7) fragment ions of P2 (as in
Figures 3.1 and 3.2.

The H/D exchange reaction patterng.( extent of H/D exchange and existence
or disappearance of ¢Dion population) for [M + H] and k™-b;" suggest a drastic
structural/conformational change among histidine-containjhidragments as compared
to their respective molecular ions. The potentidl dtructural/conformational changes
(compared to [M + H) are more pronounced for larger b fragment iang.(b;") than
smaller b fragment ionse(g., bs). For instance, as shown in Figure 3.1, the H/D
exchange mass spectral patterns for [M + Hiter ~300 and ~1500 ion-molecule
collisions (with NI}) show disappearance of@nd O (Figure 3.1a, middle panel) and
Do, D1, and B (Figure 3.1a, bottom panel) ion populations, respectively. For the b
fragment ion, the H/D exchange isotopic pattern does not changécsigtly between
~300 (Figure 3.1b, middle panel) and ~1500 (Figure 3.1b, bottom panel) ion-molecule
collisions. The gas-phase structural/conformational factags, fydrogen bonding, salt

bridge formationgtc) may play a major role in the observed differences in thenexif
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H/D exchange (or multiple H/D exchanges). In addition, proton affil#y) (variations
(between available exchange sites in b fragment or moleculdr nwag also influence
H/D exchange reaction outcomes. Moreover, occurrence of singgisvenultiple
deuterium uptake during H/D exchange reactions can alter the obseassdspectral
patterns. For instance, Gaed al. studied the feasibility of exchanging multiple labile
hydrogens (by amino acid and peptide ions) during gas-phase H/D e&adleactjons”
and reported that the feasibility of multiple H/D exchanges asa® as thAPA between
the two possible exchangeable sites.(most basic sites) on a peptide or amino acid
decrease¥’

Our H/D exchange results suggest that the structural/confomabthanges of
b, fragment ions do not significantly depend on the position of histidinkeeirotiginal
heptapeptide sequence; the extent of H/D exchange (or availalileghy atoms for
deuterium exchange) is the same for each histidine-contaiinig & 4-7) fragment ion
from P1 to P7 and similar to the reported patterns in Figure 3elloWer H/D exchange
reaction rates (see section below) and a fewer number of deutaptake for pions
(among kb; fragments) suggest that ;b ions have more compact
structures/conformations than the smaller b fragment ions. Preyiausi group*” *23
and Polfer and co-workef§ have demonstrated the presence of bimodal H/D exchange
patterns for the £ and B* fragment ions of WHWLQL and;bb;" of GGGGGGGG
model peptides, respectively. The bimodal H/D exchange patternisdicative of two
(“fast” and “slow”) structurally/conformationally different abaric b fragment ions.
Although the H/D exchange patterns for b fragment ions in Figuidsand 3.2a to 3.2c

do not show two resolved ion populations for histidine-containing b fragmenttians,
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semi-log plots for H/D exchange reactions gf fsragment ions (shown in Figure 3.3b
inset and Figure 3.4 for P2 or A(His)AAAAA-NIHsuggest the presence of at least two

ion populations with different reactivities with N{Do = Dy,).

P (ND;) = 4.2 x 10° Torr

(@) b’ (b) bs" () bs’

YCa G,
0 Collision

351 354 357 420 423 426 492 495 498
D1

12Ca
N Ca “Ca
~300 Collisions ‘ | |

351 354 357 420 423 426 492 495 498

12
Cai

D1

12
Call 12 12
~1500 Collisions Ca” 3 D, Ca D3
with ND; N4 L]

351 354 357 420 423 426 492 495 498
m/z m/z m/z

Figure 3.2. ESI/FT-ICR mass spectra of SWIFT-isoldf€, peak at 0 s (top panel),
100 s (middle panel), and 500 s (bottom panel) reaction times with@NPNDQ ~ 4.2
X 10® Torr) for (a) h*, (b) b, and (c) k" fragments of A(His)AAAAA-NH (P2
peptide).

All b," (n = 4-7) fragment ions generated from P1-P7 heptapeptides exhibited

semi-log plots similar to Figure 3.3b inset and Figures 3.4a to 3.4se Thsults suggest

57



the presence of at least two ion populations for each b fragmentegardless of the

position of histidine in the original heptapeptide sequence.

3.3.4. Kinetics of the H/D Exchange Reactions

To further investigate the effect of histidine position on the
structure/conformation of the histidine-containing(b = 4-7) fragment ions, the H/D
exchange reaction rates of singly-charged b fragment ionsllosesen model
heptapeptides were studied. To minimize the effect of ion formatidnfragmentation
energetics in the ESI source on the structure/conformation of ¢ethérdragment ions,
the temperature and voltages on the heated metal capillary andchekiwere kept
constant at ~120 + 3 °C, ~+70 V, and ~+1.0 V, respectively, for all tBeeikdchange
reactions reported in this study.

To obtain H/D exchange temporal plots fof fn = 4-7) fragment ions, the
normalized ion intensity (I) for depletion/disappearance of W&FS-isolated @ peak
(i.e.,Ioo/ > Ipm) was plotted as a function of H/D exchange reaction time. As an example,
the temporal plots for [M + H]and b of P2 are shown in Figures 3.3a and 3.3b,
respectively. The semi-log plots for H/D exchange reactidiviof H]* and b" are also
shown as insets in Figures 3.3a and 3.3b.

For simplicity, only H/D exchange semi-log plots faf,lb", and 3" fragments
ions (from P2) are shown in Figures 3.4a to 3.4c, respectively. Theagmiots for b
fragment ions (Figure 3.3b inset and Figures 3.4a-c) show two liegaresits, indicative
of the presence of two H/D-exchanging ion populatidhs?® *®However, the best fits
{using Origin 7.0 (OriginLab Corporation, MA)} of the data in thenfeoral plots of the

b fragment ions correspond to single exponential decay equatien¥{= A x Exp (-t /
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1), where “Y” is normalized ion intensity, “A” is pre-exponent@nstant, “t” is the

reaction time, andt” is the time constant for the H/D exchange reaction decay curve}.

Time (s)

(@) [M+H]' 0 15 30 45

0. & o
= 0. 3-
N =t
~_0. §
o
— 0. o
0 10 20 30 40
Time (S)
Time (s)
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£.05 R’=0.9822

DEO K: 1 a Y =-0.0033x-1.1823
o m , R*=009047
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~
o0
0O
0
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Figure 3.3. Temporal plots of normalized ion abundance versus H/D excteaugi®n

time for disappearance of tf&C, peak (or ) for (a) [M + HJ" and (b) b" fragment of
A(His)AAAAA-NH ,. The fitted single exponential decay equations for each fragment
ions are shown in the corresponding plots. The insets show semi-logfdiotlso / 1om)

vs. H/D exchange reaction time of each b fragment ion. The emptye<ife) and
triangles Q) in the semilog plots show the segments corresponding to “falow”

and “slow” H/D-exchanging populations, respectively. The fitiegdr equations for
each segment are shown in the plots. The filled squaresn(the semi-log plots
correspond to H/D exchange data which were not used for linear fitting.
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Attempts to fit the H/D exchange reaction kinetic data for gnfrant ions to bi-
exponential decay equationisef,Y = A; x Exp (-t /11) + Az X EXp (-t /12)} failed due to
high fitting errors. Failure in fitting the data to a bi-exponérgguation may be due to
the long H/D exchange time constante.(>~100 s) for the “slow” H/D-exchanging b
ion populations; for instance, the, Bormalized intensities for “slow” H/D-exchanging
populations of | fragment ions of P2 decrease by only ~3-10 % when the number of
ion-molecule collisions is increased from ~300 collisions to ~1500sicwis (.e.,
compare Figures 3.1b and 3.2a to 3.2c, middle and bottom panels).

The reported average H/D exchange rate constants féralgment ions in Table
3.1 were obtained from single exponential curve fittings. Thesecatstants (from
single exponential curve fittings) have major contributions frbm ‘fast” reacting b
fragment ions and only minor contributions from the “slow” reactinfyalgment ion
populations. Accurate H/D rate constants for “slow” reactingrbpopulations can be
obtained by acquiring mass spectra at longer reaction tinees>600 s) and/or higher
ND3 pressures.

The current version of our Omega software (Omega 8.0.294, former lonSpec
Corp. - now a division of Agilent Technologies, Inc., Santa Clara, €%y not allow
running a sequence of events longer than ~17 min. This software-oingssection and
the additional time required to achieve ultrahigh vacuum during ion sagtalttion
limited the dynamic range for ion-molecule reactiars. (<500 s). Table 3.1 shows the
H/D exchange rate constants (for disappearanceg)dbbhistidine-containing § (n = 4-

7) fragment and molecular ions of P1 to P7 heptapeptides.
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Figure 3.4. Semi-log plots of Ing/ lpm) vs. H/D exchange reaction time for (a)"b(b)
bs', and (c) B fragment ions of A(HiS)AAAAA-NH. The empty circles o) and
triangles Q) in the semi-log plots show the segments corresponding to “faglow”
and “slow” H/D-exchanging populations, respectively. The fitiegdr equations for
each segment are shown in the plots. The filled squaresn(the semi-log plots
correspond to H/D exchange data which were not used for linear fitting.
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The largest b fragment iond., b;") of all seven peptides, except for P7, showed
the lowest H/D exchange rate constant of all the histidinedcomgab,” (n = 4-7)
fragments. The H/D exchange rate constants fombd k" fragment ions of all seven
heptapeptides remained approximately consiaat £5.0-7.0 x 18* cn?® moleculé's?)
and did not show dependency on the position of histidine in the originapegpide. In
other words, the position of histidine in th¢ land b* fragment ion sequences may not
have a significant effect on their gas-phase structures. Quttibe hand, the b and "
fragment ions showed more H/D exchange reactivity dependencstminia position (in
the original heptapeptide sequence) thghamd b*. The observed H/D exchange rate
constants decrease as a function of increasing fragment iofosiPd, P2, and P5. In
other words, the highest and lowest H/D exchange rate constargspoord to § and
b;" fragment ions, respectively, of P1, P2, and P5. Alternatively, foPB3and P6 the
highest H/D exchange rate constant corresponds to b

On the other hand, the H/D exchange rate constants % bfragments of P7 do
not show statistically significant (at 95 % confidence intgrdapendence on fragment
ion size. As we mentioned earlier, without isotope labeling, nbtspossible to know if
scrambling has occurred for the'bbs’, and 3" fragment ions generated from P1-P7
(due to the presence of isobaric alanine residues in all peptidensegleThe
statistically similar (at 95 % confidence interval) H/Rckange rate constants of b
fragment ions of P7 to the H/D exchange rate constantg &oim P1-P3 and P5-P6 may
imply that these model heptapeptides generate structurallyasiigi, regardless of
histidine position in the original peptide sequence. Moreover, thetistaty similar (at

95 % confidence interval) H/D exchange rate constants;farflall seven heptapeptides
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may also suggest similar fragment type fet fsagment ions, independent of histidine

position.

Table 3.1Experimental rate constants foi' fb;” fragment ions of all seven
(His)(A)e-NH, type model heptapeptides. Rate constants are in*xch& moleculé*
s'and an average of three experimental trials, with standard deviations (n = 3)
included within parentheses.

Fragment Type
Peptides ba* bs* be" b, M+ H]*
(m/z351) (m/z422) (m/z493) (m/z564) (m/z581)
P1 11.30(x 1.37) 09.80(+ 1.14) 06.06(x 0.90) 04.57(x 0.71) 02.77(x 0.57)

P2 10.58(+ 2.65) 07.37(+ 1.88) 05.79(+ 0.43) 04.32(+ 0.46) 07.42( 0.99)
P3  06.47(+0.32) 07.86(+ 1.01) 05.77(+ 0.55) 04.84( 0.40) 03.29(+ 1.01)
P4 09.78(+ 0.55) 12.42(+ 2.31) 07.61(+ 0.68) 05.00(+ 1.71) 03.08(+0.83)
P5  08.48(+0.10) 07.96(+ 1.12) 04.94(+ 1.11) 04.89(+ 0.50) 02.26(x 0.50)
P6  06.62( 0.06) 08.96( 0.00) 05.50(+ 0.63) 05.26(+ 0.61) 03.83(+ 1.11)

P7  06.58(+ 1.43) 05.29(+ 0.81) 03.90(+ 1.00) 05.85(+ 0.52) 05.86( 0.23)

Previously, two types of structures have been suggested/confirmedrégnient
ions using both experimentali.g., infrared multiphoton dissociation (IRMPD)
spectroscopy¥® ¥} and theoreticali., molecular dynamic simulatiot®) approaches:
macrocyclic and oxazolone. Molecular dynamic simulations bydByh al. suggested a
macrocyclic structure (protonated at the histidine side-chair)igtidine-containing
{A 3(His)} and k" {A 4(His)} fragments as more energetically stable than an oxazolone
structure:*

| 186

In another study, IRMPD spectroscopy results by Ckem suggested

oxazolone and macrocyclic structures for the “fast” and “slowD-Elxchanging ion
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populations of k-b;" fragments of the GGGGGGGG peptide, respectively. Our H/D
exchange reaction kinetics observations.,(presence of two linear segments in the
semi-log plots in Figure 3.3b inset, and Figure 3.4) are consisténBythell’s™*® and
Chen’s datd®® suggesting the existence of two structures for histidine-gonggh,"-b;*
fragment ions.

As shown in Table 3.1, the H/D exchange rate constantg ¢fi l= 4-7) fragment
ions of P1-P7 were similar to or higher than the H/D exchangecristants of their
corresponding molecular ionse(, [M + H]"), except for B" and b* of P2 and § of P7.

In other words, the calculatednk/ kv + j+ ratios for all the studied model heptapeptides
are between ~1.0 and ~4.0 with the exceptionsdbfpe-/ Kpv + j+ = 0.8) and b (Kpz-/

K + e = 0.6) of P2 and & (Kos+/ kv + j+ = 0.7) of P7. The higher H/D exchange rate
constants for b fragment ions of P1 and P3-P6 (as compared to dh@sponding
molecular ions) may be due to lower gas-phase basicities andfrcteapact
structures/conformations fopbfragment ions (compared to [M + H]

It is interesting to note that H/D exchange reactions,0fibd ™ fragment ions
from Alas (i.e., a pentapeptide with no histidine) also yield bimodal temporal (and
semilog) plots and divergent H/D exchange patterns (§y (olata included in the
appendix materials, Figure A.4). The observation of the iwa b 4 and 5) fragment ion
populations from Algis similar to previously reported results farftagment ions (n = 4
to 7) from Gly, species®® For similar size pfragment ionsd.g, n = 4 and 5) from Ala
or HisAlas (P1 to P7) peptides, both “fast” and “slow” H/D exchangingrant ion

populations are formed.
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3.3.5. lon Mobility (IM) Profiles

The focus of our ion mobility experiments was to study the structural wersatif
histidine-containing i (n = 4-7) fragment ions as a function of histidine position in the
original heptapeptide sequence(s). We only compare the mobilityegraf terms of
arrival times and peak shapes of the P1-P7 fragment ions. To minimize posstile aitr
variations of fragment ion as a result of experimental dispsyritwe used similar
experimental parameters.g., electrospray and ion generation conditions) for the
ESI/IM-MS and ESI/FT-ICR MS studies.

Figures Aba to A5c show the mobility arrival time distributigA3 Ds) acquired
for molecular ionsi(e., [M + H]") and nozzle-skimmer generated histidine-containing
bs"-b;" fragment ions of P3, P4, and P7. The ion intensities Y-axes) in Figures A.5a
to A.5c were normalized for easier comparison of the mobilityilpsoof fragment ions
with different intensities. The observed ATDs for molecular ions ahdbs”, and k"
fragment ions of P1-P7 show “Gaussian-like” peak shapes. HoweverATDhs
corresponding to 5 fragments from P3 (Figures A.5a), P4 (Figure A5b), and P5 (not
shown) show two ion populationsg., mobility profiles can be fitted to bi-Gaussian
distributions).

In contrast, ATDs for & fragment ions generated from P1 to P2 (not shown), P6
(not shown), and P7 (Figure A.5c) reveal “Gaussian-like” distoibgti (similar to
molecular ions and4b and R*-b;" fragments). The 5 fragment ion populations with
shorter peak arrival times (or smaller collision cross seqtians indicative of more
compact structures than the longer arrival time (or largersamilicross section)sbion

populations. Our preliminary post-IM/CID results (data not shown) ondimet
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containing " suggests a more stable structure. (highly resistant to fragmentation) for
the shorter arrival time ion population compared to the ion population avitnger
arrival time.

To further investigate the effect of histidine position on the stracof b’
fragment ions, we systematically compared the IM peak atrmak and full-width half-
heights (FWHHSs) of the acquired ATDs.g.,ATDs shown in Figure A.5). To obtain the
mobility peak centroids and FWHHSs, we utilized Gaussian cuttiediusing Origin
software {Origin 7.0 (OriginLab Corporation, MA)}. The mobility asa time
distributions were fitted to Y = {¥+ A / (w x sqrtf /2))} x Exp{-2 ((t — &) / w)*}. The
included parameters for the Gaussian curve fitting are as folldwis the normalized
intensity in the mobility profile, “¥’ is the offset in Y value, “A” is a constant, “w” is
related to FWHH {using FWHH = w x sqrt(In(4))}, “t” is theraral time, and “4” is the
peak arrival timei(e., central time value in the fitted Gaussian equation).

The ion mobility data ife., peak arrival times and FWHHs obtained from
Gaussian curve fittings) for all P1-P7 heptapeptides, includingcular ions and their
histidine-containing B-b;" fragment ions, are summarized in Table 3.2. In Table 3.2,
columns 1 and 2 indicate identities of the studied ions and theirspomnding
heptapeptides (P1-P7); columns 3-5 contain ion mobility peak arrivas tifMVHH of
the mobility profiles, and Rvalues obtained from the Gaussian curve fitting for each
fragment ion of each model heptapeptide.

The R values listed in column 5 of Table 3.2 indicate good fits to a Gauss
equation for the fragment and molecular ions of the studied model bpptigs {except

for b;* (R? = 0.84) and molecular ion R 0.78) of P1 due to poor signal-to-noise ratio}.
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Table 3.21on mobility peak arrival time, full width at half height (FWHH), antl R
obtained from Gaussian curve fitting for [M +"Hjndhistidine- containing 5-b;"
fragment ions of seven (P1-P7) studied heptapeptides.

Peak

Fragment Peptide#  Arrival Time FWHH R?
(mi2 o) (ms)
P1 7.23 1.07 0.99
P2 7.48 1.60 0.99
by o 5% 08 %099
(m/z351) P5 7.31 1.24 0.99
P6 7.35 1.28 0.98
P7 7.25 1.09 0.99
Average (+ STD) 7.36 (£ 0.14) 1.29 (£ 0.25)
P1 8.64 1.47 0.99
P2 8.70 2.00 0.98
b P3 3.225 22é37 0%38
P4 21 24 .
(Mz422) P5 9.27 226 0.8
P6 9.09 1.95 0.94
P7 8.99 1.78 0.99
Average (+ STD) 9.02 (+ 0.26) 2.01 (+ 0.31)
P1 10.65 1.68 0.97
P2 10.54 2.32 0.99
b P3 11.04 2.30 0.99
(m /26493) P4 11.06 2.35 0.99
P5 11.10 2.12 0.99
P6 10.69 2.03 0.99
P7 10.79 1.92 0.99
Average (+ STD) 10.84 (£ 0.23) 2.10 (£ 0.25)
P1 12.16 2.54 0.84*
P2 12.43 2.18 0.99
b - e 558 R
(m/z564) P5 11.68 2.04 0.99
P6 12.98 2.76 0.99
P7 12.99 2.35 0.99
Average (+ STD) 1253 (£ 0.48) _ 2.33 (£ 0.25)
P1 12.61 1.77 0.78*
P2 13.33 2.51 0.99
. P3 13.00 2.19 0.99
Er'\T"] /;5';]1) P4 13.16 1.98 0.99
P5 14.12 2.44 0.99
P6 14.10 2.40 0.99
P7 13.89 2.61 0.99
Average (+ STD) 13.46 (£ 0.59)  2.27 (£ 0.31)

* Experimentally estimated standard deviation @htréals) for FWHH is <+0.02 ms.
** The fitting errors for B*and [M + HJ of P1 were high due to poor S/N.
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Also, notice that Rvalues for all §" ions are lower than the values listed for
other fragment ions, consistent with the visual inspectionsofATD in Figure A.5
suggesting the presence of differegt donformers or structures. The peak arrival time
values increase linearly as a functionnofz for studied b fragment and molecular ions.
For instance, the best fit to the average peak arrivalivzelata (shown in Table 3.2) is
a linear equationife., peak arrival time (ms) = 0.03 (+ 0.00)wz-1.77 (+ 0.55), R=
0.99}. In general (as it is shown in Table 3.2), the b fragment ions ajedefrom the
heptapeptides with histidine at either N- or C-terminus.,(positions 1 and 7,
respectively) show narrower FWHHSs than b fragments from heptdpspuith internal
histidine positions. {The FWHH for the;bfragment ion of P1 is not conclusive due to
poor S/N}. This may suggest that th&dgment ions generated from P1 and P7 have less
structural variability compared to the b fragment ions froheostudied heptapeptides
(P2-P6).

In traveling wave ion mobility, peak widths for single-componentydesi(.e.,
one analyte having one structure) broaden with increasing atirivaf*®> To assess the
structural variability based on mobility peak widths (PWs), aaa®tVs should ideally
be compared to the PWs of compounds with a single structure/compan&ntilar
arrival times. We compared the FWHH values of the mobilitykpear a series of
standard sodium adduct polypropylene glycol (PPG) ions with the FuWélikes of the
mobility peaks for §'-b;” from P3. Mobility peaks for sodium adduct PPG ions are

expected to reflect only single component (for each speciespmbols in Figure 3.5).

Figure 3.5 shows the plot of peak width at half height (FWHH) &sction of

the arrival time (AT) values for the sodium adduct PPG spdeitm/z 389, 477, 505,
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563, and 621) and,b(n = 4-7) and [M + H] of P3. The error bars in Figure 3.5 were
calculated using six experimental values for each data poegagg@lnote that the error
bars for ion arrival times are negligible). As expect@dhe data for sodium adduct PPG
ions (empty squares) in Figure 3.5) indicate a linear relationship between the FWHH

values and corresponding arrival times (dash-line withaRue of ~0.98).

3
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— - b (A Hi b (AgHi ,
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Figure 3.5. Plot of ion mobility peak widths (FWHH) versus arrivalet values for
standard sodium adduct polypropylene glycol (PPG) ions {empty sofmg}esnd b," (n

= 4-7) and [M + HJ of P3 {empty circles €)}. The m/z of the sodium adduct PPG
species and the number of propylene glycol umis, (m”) in [PPG (m) + Na] (m = 6-
10) are labeled. The equation obtained from the linear fitting (d@shtb the sodium
adduct PPG ions data is also shown in the top portion of plot. Eaclpaiatais the
average of six experimental trials performed in two differgayys and errors (95 %
confidence level) for both arrival time (<0.7 %) and FWHH (<2 ®&ugs are shown as
error bars.

The comparisons of the FWHHs for PPG mobility profiles (shown agmbols
in Figure 3.5) and b fragment ions (empty circleli( Figure 3.5) suggest thai'bbs",

bs', and b* fragment ions have significantly higher FWHHs than the sodium a@kR@
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ions at similar arrival times. The expected FWHH values fédragment ions can be
calculated by substituting b fragment ions’ arrival times in lthear fit equation of
Figure 3.5 (FWHH = 0.134 x AT + 0.390). For example, the experimgrahtiained
FWHH values for IM profiles of §-b;” from P3 are all higher than their calculated
FWHH values Yiz., ~18 %, ~44 %, ~27 %, and 6 %, respectively). Deviation of the
experimentally observed FWHH values for b fragment ions of 8@ fthe expected
linear relationship (as shown in Figure 3.5) is consistent Wwétptesence of more than a
single histidine-containing b fragment ion structures.

Also note that § from P3 exhibits the highest FWHH value (or 44 % above the
expected value obtained from the linear equation in Figure 3.5k tlesslts are in
harmony with the H/D exchange.g., Figure A.6) and IM profilese(g., Figure A.5a)
results for B" of P3 that indicate the presences of at least two populations. iGelyye
the experimentally observed (narrower than the predicted value)Hiar [M + H]" of
P3 suggests that this molecular ion has less structural vayiglbdi compared to other
species such as the b fragments).

Although the presence of two (or more) ion mobility resolved populationthand
two “fast” and “slow” H/D exchanging populations could have different cha&méasons,
it is interesting to note that relative percentages of tleepg@pulations from HDX and
IM-MS experiments for bfragments ions are in qualitative agreement. For instance, both
HDX semi-log plots and IM-MS results suggest that the majofity” fragment ions for
P3-P6 have “open” structurese(, “fast” H/D exchanging ion populations have higher
relative percentages which qualitatively agree with the observed faghedances of the

b fragment ion populations with larger collision cross sections irfMIB). Again, it
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should be noted that HDX and IM-MS comparisons may or may not atras each of
the " fragment populations could contain several sub-populations or multipléuséisic

with unique H/D exchange properties and varying collision cross sections.

3.4. Conclusions

Both H/D exchange reaction kineti¢ge(, temporal semi-log plots) and the degree
of deuterium incorporation suggest the presence of at least two structurésifsrcahe-
containing R" (n = 4-7) fragment ions, regardless of histidine position in thgnadi P1-

P7 heptapeptides. These results are consistent with the previopstiedetheoretical
calculations on the cyclization of b fragment ions from histidineatoimy hexapeptides

by Bythell et al.**® Among the histidine-containing,b(n = 4-7) investigated in our
study, the b and B' fragment ions showed higher H/D exchange reactivity dependence
on histidine position. Under our low resolving power ion mobility conditioes, peak
arrival time/FWHH= 4-8), the ATDs of histidine-containingh bs", and b* fragments
from none of the seven model heptapeptides show mobility resolved ion pamsilat
However, the observed ATDs for'bfragments show the existence of differegt b
isomers or conformers for P3—P5.

Our FWHH comparisons between standard sodium adduct PPG ions with
histidine containing -b;" of P3 show that these b fragment ions have significantly
wider ion mobility peak widths than the standard PPG ions with similar ainvestThe
ion mobility results suggest thaj'kb;" fragments may exist as several different isomers
or conformers. For example, the deviation of the experimental FWhlte for 3"
fragment of P3 from the expected linear relationship (Figurei8.&pnsistent with the

H/D exchange and IM profiles (fogtof P3) that indicate the presence of at least two ion
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populations. A higher number of ion—molecule collisions (and the use of ediffer
deuterium reagents) may provide additional insight to probe various compohehés
“slow” H/D-exchanging isomers or conformers. We plan to exploeecombined use of
ion mobility and H/D exchange reactions with post ion mobility @Desolve different

b fragment isomers or conformers.

Acknowledgement
The authors would like to thank the financial supports from the Institute
Therapeutic Discovery, Department of Defense (DOD) (Grant WMdRP-OC060322),
and Baylor University. We would like to thank Dr. Christopher Bedker helpful
discussions on ion mobility results, Dr. Talat Yalcin for valuableutisions providing
P1-P7 peptides used in this study. We are indebted to Dr. Vicki \Kiyaod Dr. Arpad
Somogyi for their kind assistance with the supplementary H/D egehaaction data for

b," and ' of Ag with their 9.4 Bruker FT-ICR MS instrumefif.

72



CHAPTER FOUR

Evidence for Sequence Scrambling in Collision-Induced Dissociation of y-Type
Fragment lons

This chapter published as: Miladi, M.; Harper, B.; Solouki, T., Evidence for sequence

scrambling in collision-induced dissociation of y-type fragment idn&m. Soc. Mass.
Spectrom2013,24, 1755-1766.

Abstract

Sequence scrambling from y-type fragment ions has not been pigviepsrted.
In a study designed to probe structural variations among b tygmédrda ions, it was
noted that y fragment ions might also yield sequence-scramied In this study, we
examined the possibility and extent of sequence-scrambled fnagonegeneration from
collision-induced dissociation (CID) of y-type ions from four pegidall containing
basic residues near the C-terminus) including: AAAAHAA-Nfvhere “A” denotes
carbon thirteen C,) isotope on the alanine carbonyl group), des-acetylated-
melanocyte (SYSMEHFRWGKPV-NH angiotensin Il antipeptide (EGVYVHPV), and
glu-fibrinopeptide b (EGVNDNEEGFFSAR).

We investigated fragmentation patterns of 32 y-type fragment ioclsding y
fragment ions with different charge states (+1 to +3) aneks{2 to 12 amino acids).
Sequence-scrambled fragment ions were observed from ~50 % (X8 88j of the
studied y-type ions. However, observed sequence-scrambled ions had ldbwe re
intensities from ~0.1 % to a maximum of ~12 %. We present and dipaisatial

mechanisms for generation of sequence-scrambled fragment ionbe Tmest of our
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knowledge, results on y fragment dissociation presented here providdirghe
experimental evidence for generation of sequence-scrambled fragfmemt CID of y

ions through intermediate cyclic “b-type” ions.

4.1. Introduction
Amino acid sequence determination of peptides and proteins is generally

performed by sequencing digested peptides and/or intact proteinstasohgm mass
spectrometry (MY and gas-phase ion fragmentation techniqesas.,collision-induced
dissociation (CID}° infrared multiphoton dissociation (IRMPB¥ electron capture
dissociation (ECDY® and electron transfer dissociation (E¥1)Subsequently, product
fragment ions €.g., a-, b-, ¢, x-, y-, and z-type, Roepstorff and Fohlman’s
nomenclaturf? can be searched against protein libraries/databases usirghs

engine§*24’

to identify matching peptide/protein sequences.

Observed degree of match between the experimentally obtained MS
protein/peptide mass spectra and available mass spectra flionarg or database is
expressed as a “matching scot&.'® Matching scores for protein/peptide sequencing
can be influenced by the presence of background contamirfdfiarsl/or unusual
fragment ions”* Previous studies have suggested that a potential source foatiEmef
unusual fragment ions in M®xperiments is fragment ion “rearrangem&fit’® 243or
“sequence scramblind”? Unlike “normal” or direct fragment ions.€., fragment ions
originating from the sequential loss of C- or N-terminus amiids&"), scrambled (or
non-direct) fragment ions are not sequence-informative and cam irepubtein/peptide

sequence misidentificatidi’ The extent of non-direct ion fragmentations’ impact on

protein/peptide sequencing has been debfafed’ but clearly, incorporation of ion
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fragmentation rules into available search engines should improveinpsegquence
identification.

The first evidence for generation of rearranged fragment ions @€ID of b-type
fragment ions was reported by Taeg al.!’® 1"® 2*3Subsequently, evidences from
different gas-phase structural probesy( hydrogen/deuterium exchange (HD%¥,'%*

185,186, 188molecular modeling®®: 9% %29 #30n mobility-mass spectrometry (IM-M$}-

193 |RMPD,186-188. 194. 1953nd gas-phase proton transfer (PT) reactfdnsuggested the
presence of two isobaric structura.( “oxazolone” and “macrocyclic” type) for b
fragment ions. Tandem MS results from a number of b fragmentsioggested that
scrambled fragment ions were genendatefragmentation of macrocyclic type b ions at
different amide bond positiort&> 194 196, 198,204, 232, 235, 253, 254

There are a growing number of experimental and theoretical evidencesnoogfir
the existence of structurally different b fragments ions; ewepossibility for the
presence of rearranged structures from other types of peptiecina ions €.9.,a-, c-,
X-, y-, and z-typ®? should not be ignored. For instance, results from an IM-MS study by
Badmanet al. revealed the presence of multiple structures/conformations,fSrayd
yoo" (n = 58-64) fragments of ubiquitfi®> The study byRiba Garciaet al. showed the
presence of different structures fof §n = 4 and 5) fragment ions generated from
YAGFL-NH, peptide!®® Thus, other types of fragment ions may also yield sequence
scrambling. In this study, we examine the possibility of sequence lslangrm CID of y-
type fragment ions.

Recently, we reported on HDX reactions of histidine-containifigdb;” from

seven model heptapeptide®( containing six alanine (A) residues and one histidine (H)
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residue, withvaried His positions)?> The HDX reaction kinetics indicated that two ion
populations may be present for each ¢f to b;” type fragments from seven model
heptapeptide¥ Due to the presence of isobaric alanine residues in b fragntents f
these seven heptapeptides, identification of potential b fragmentreamisding was not
possible'*® To investigate possible pathways for generation of histidine comgaimi
fragments, we conducted CID on an isotopically labeled peptitle am amino acid
sequence of AAAAHAA-NH (where “A” denotes the presence of a labeled carbon
thirteen ¢°C,) isotope on the alanine carbonyl group. Our aim was to distingatsreen

the following two (i and ii) possible reaction pathways that coukldyiistidine-
containing b fragment ions: name(i), [M + H]* = b, > scrambled or non-scrambled b-
type fragments and/dii) [M + H]" = y,—> scrambled or non-scrambled isobaric b-type
fragments. Our multistage (MSCID results indicated that sequence scrambling could
occur from both b- and y- type fragment ions (pathways i and ii).

In addition to CID results from the isotopically labeled AAAAAMANH,
hexapeptide, here we report MSCID results from angiotensin Il antipeptide
(EGVYVHPV), des-acetylated-melanocyte (SYSMEHFRWGKPV-NH, and glu-
fibrinopeptide (EGVNDNEEGFFSAR) to evaluate the propensity ofpgtfragment
ions to generate sequence-scrambled species.

Our criterion for selection of the examined peptides was thepresof basic
amino acid residues near the C-terminal side of the peptide (vihieh favorable
condition for the generation of abundant y-type fragment ions). We demstenstat
scrambled fragment ions can form from different siz,3 to 12 amino acid residues)

and charge state€.,+1 to +3) y fragment ions.
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4.2. Experimental

4.2.1. Sample Preparation

Des-acetylated-melanocyte, glu-fibrinopeptide b, electrospray ionization (ESI)
solvents, and pentaalanine (og ésed as internal calibrant) were purchased from Sigma
(Sigma—Aldrich, St. Louis, MO, USA). Angiotensin Il antipeptide vpaschased from
AnaSpec Inc. (AnaSpec Inc., Fremont, CA, USA) and the isotopicdisidd ¢°C,)
peptide AAAAHAA-NH, was purchased from CPC Scientific (CPC Scientific Inc.,
Sunnyvale, CA).

Because we used a gas-phase ion isolation tecHhiguearryout all of our CID
experiments, minor contaminations were tolerable and no additionalesagomfication
was necessary. The use of internal mass calibration allowed uslize high mass
measurement accuracy to confirm analyte identities. Micronoalacentration of each
peptide solution was prepared in a methanol: water: acetic ad815(%: ~49.5 %:

~1 %) mixture and used for ESI/MS experiments.

4.2.2. Instrumentation

The MS' mass spectra were acquired using a linear trap quadrupole -(LTQ)
Orbitrap mass spectrometer (Thermo Fisher Scientific, Nafiadf MA, USA) operated in
the positive-ion mode ESI. Mass resolving powerAMéqy) of the Orbitrap was set at
30,000. The ESI source voltage was set at +3 kV. The metal capélaperature and
voltage were set at 260 °C and +50 V, respectively. The tube ldagealas set at +105
V. For y fragment ions generated from angiotensin Il antipeptids;adetylatedr

melanocyte, and glu-fibrinopeptide b, LTQ isolation parameters wetenized to
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maximize the number of isolated ions within the isotopic envelopesgly-, doubly-,
and triply-charged ions. For y fragment ions generated from AAAAHNH,, LTQ
isolation parameters were optimized for a narrower window andti@olaf the first
isotope £°C; labeled mono isotope) peak.

Collision-induced dissociation of each mass isolated y ion was petom the
LTQ with an optimized collision energy value (corresponding to theniabzed”
collision energy) in the range of 15 % to 30 %. For all of the &tperiments, helium
(He) was used as the collision gas (at He partial pressurex~10° Torr) and the
activation “q” parameter of the LTQ was set at 0.25. The protonaethganiner/z
374) was used as the “lock mass” for acquisition of all massrapegtorted here. The
maximum error between experimentally acquired and theorgticaltulatedn/z values
was <4.5 ppm. In Figures 4.1-4.3, CID product ions with relative abundan®e are

labeled.

4.2.3. Nomenclature for Labeling CID Products from y-Type lons

Gas-phase fragment ion products from protonated peptides are lab&lgd us
Roepstorff and Fohlman nomenclatdfeThe y-type ions are assumed to be truncated
protonated peptides and, hence, CID products of y-type ions can be igobayrib, or
other types of normal CID fragments. To eliminate confusion @ith fragments from
protonated molecular ions of peptides.([M + nH]™), CID products of y fragment ions
were assigned based on neutral losses from the isolated “pgiientT.e., loss of NH,
H,O, CO, and/or amino acid(s)). For example, the loss of a neuatar irom the C-
terminus of [y]* fragment ion from EGVYVHPV peptida.¢., EGVYVHPV [M + HJ,

m/z899-> GVYVHPV ([y-]", m/z770)=> GVYVHPV — H,0 ([y:— (H0)]", m/z(752))
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yields a fragment which is isobaric to a fbagment ion aim/z 752 generated from a
protonated GVYVHPV peptide. To indicate specific origins of different CID progatits
of the observed CID fragment ions from isolated y fragments Vedreled based on
neutral losses from the originally isolated y fragmenss, ([y, — (NHs, H.O, and/or

amino acid(s))]"where n =3to 12, and m = 1 to 3).

4.3. Results and Discussion
In the following section, we provide conclusive experimental evidence for
generation of sequence-scrambled fragment ions from y-type kirss, we present
results from CID of [§]" from an isotopically labeled AAAAHAA-NHK heptapeptide.
Second, we provide additional evidence for sequence-scrambling of sohgiyply-, and
triply-charged y fragment ions from angiotensin Il antipeptii &VYVHPV), des-
acetylatedsx-melanocyte (SYSMEHFRWGKPV-NBy and glu-fibrinopeptide b

(EGVNDNEEGFFSAR).

4.3.1. CID of yj* from AAAAHAA

Figure 4.1a shows CID pattern of the mono-isotopidalyated [y]* fragment,
generated from in-source fragmentation of an isotopically ¢éab€l-terminus amidated
heptapeptide AAAAHAA-NH. Please note that the underlined amino acid, in position 6
from the N-terminus (or second amino acid from the c-terminus, fehéis_A), denotes
the alanine with isotopically labelédC; on the carbonyl group. Under our experimental
conditions, the two most abundant fragment ions in CID gf [fFigure 4.1a) correspond

to [ys — (NHs)]" (m/z494) and [y — (NHs+ A)]" (m/z423) (Figure 4.1a inset).
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The two peaks an/zvalues of 422 and 423 (Figure 4.1a inset) can be assigned as
[ys — (NHs+ A)]" and [y — (NHs+ A)]*, with mass measurement error of 0.12 ppm and
0.14 ppm, respectively. The fragment iomdz 422 {.e., [ys — (NHs+ A)]") corresponds
to a loss of an isotopically labelef,) alanine from internal portion of the peptide and
thus can exclusively be assigned as a sequence-scramblepr@lict ion from [y]".
However, the fragment ion at/z423 {.e., [ys — (NHs+ A)]*) could not be assigned as a
“sequence-scrambled” fragment ion, due to the presence of mukigbaric alanine
residues in the original amino acid sequence.

Presence of the scrambled fragment iommét 422 {.e., [ys — (NHs + A)]")
suggests that macrocyclic fragment ions can also be gedermasubsequent CID of y-
type ions €.9.,[ys] ). Scheme 4.1 shows possible pathways for formation of sequence-
scrambled fragment ions in CID ofg[y. For example, an ion at/z422 could formvia
the following sequence of eventsg][y=> cyclic ([ys - (NHs)]" or [AsHAA] ™ at m/z494)

- scrambled fragment ion dy- (NHz + A)]*, m/z 422) indicated as > cyclic
pathway->VI(p) route in scheme 4.1.

To further investigate pathways involved in formation of re-arrangedias from
CID of y fragment ions, we conducted several "M&periments on the isotopically
labeled AAAAHAA-NH; peptide. For example, to examine the validity of scheme 4.1
type hypothesis for formation of a sequence scrambled iomzt22, fragment ions at
m/z 494 {.e., [ys — (NHs)]" or [AsHAA]") were masssolated and subjected to CID.
Figure 4.1b shows the MEID mass spectrum ofi/zisolated [¢ — (NHs)]" (m/z494),
generated from subsequent fragmentation of CID product frofi [yn/z 511 or

AAAHAA-NH ,) (i.e, isolate [y]" (m/z511) from wide mass range ESI mass spectrum
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- perform CID on [g]" (m/z511)> isolate [y - (NH3)]" (m/z494) > perform CID to
yield mass spectrum in Figure 4.1b). The expanded mass spectvdbvim/zrange of
421 to 424 is shown in Figure 4.1b inset; when the observed two fragonsnivere
assigned as fy- (NHs+ A)]" and [y — (NHs+ A)]”, resulting mass measurement errors
were 0.14 ppm and 0.33 ppm, respectively. Observation of the scrambieeritagn at
m/z 422 ([ys— (NHz + A)]") in CID mass spectrum of {y- (NHs)]" (Figure 4.1b) is
consistent with the generation of scrambled fy(NHs + A)]" through subsequent
fragmentation of [y— (NHs)]™ in CID of [ys] " (Figure 4.1a).

Possible pathways for generation of fragment ioms/at22 andn/z423 in CID
of [ye]" (m/z511) and [y — (NH)]® (m/z494) are shown in Scheme 4.1. Positions of the
amino acids in peptide fragments are indicated above each spgetes)( The loss of
ammonia from [§]*, upon CID, could lead to the formation of both linear and
macrocyclic [¢ — (NHs)]” species (Scheme 4.1). Subsequent fragmentation of the linear
[y6 — (NHo)]" (m/z 494) through pathway | (Scheme 4.1) produces the non-scrambled
fragment ions am/z423 (.e., cleavage at amide bond position denotedodf “B” in
pathway |, Scheme 4.1). However, subsequent dissociation of cyglic(WHs)]" (m/z
494) can generate scrambled fragment ions through pathways IV,I\/,land VI in
Scheme 4.1.

As shown in Scheme 4.1, the fragment iom#&t423 could also be produced as a
scrambled fragment ion in pathways Il to IV and VI; however, tliduske assignment
of the fragment ion an/z423 as a scrambled ion is not possible due to the presence of

multiple alanine (A) residues in the fragment ion sequence.
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Scheme 4.1. Possible pathways for formation of fragment ioma/a@#22 and 423

generated from CID of | from AAAAHAANH ».

The scrambled fragment ion at/z 422 can be generated through pathways V

(cleavage at amide bond denoted @sifi Scheme 4.1) and VI (cleavage at amide bond

denoted asf” in Scheme 4.1). Please note that because of potential differences

fragmentation energetics and dissociation pathways, relativesitiés of the scrambled

fragment ion atn/z422 ([ys— (NHs +A)]") and the fragment ion at/z423 are different

in CID mass spectra ofd}y (Figure 4.1a inset) anddy (NHs)]" (Figure 4.1b inset). For

example, fragment ions at/z422 and 423 in Figure 4.1a were generated from CID of

isolated [¥]" that could potentially be formeda [ys]” = [ys — (NHs)]" > m/z 422 (or

423) indirect pathway. However, the fragment ions observed/a¥22 and 423 (in
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Figure 4.1b) were generated from the direct fragmentatian/bisolated linear and/or
cyclic [ys — (NHg)] " (in the LTQ).

In summary, using complementary CID experiments performedspnayd [y —
(NH3)]" fragment ions of AAAAHAA-NH, we show that sequence-scrambling can
occur in CID of y ions (similar to reported rearrangements wbdefior CID of b ions).
Additionally, we performed CID omn/zisolated [y]*, [ys]", and [y¥]" generated from
CID of m/zisolated doubly charged AAAAHAA-NE(i.e., isolate [M + 2HF" from wide
mass range ESI mass spectrénperform CID on [M + 2H{" > isolate y fragment ion
- perform CID on y fragment ion, Supplementary Figures B.1 to Bl&se additional
CID data also showed the presence of scrambled fragmentsiarikal to CID of [y]")
generated from in-source fragmentation of AAAAHAA-N(Figure 4.1 and Scheme 4.1).
In the following sections, we show additional CID results and detradeghat sequence-

scrambling can occur in different size and charge-state y fragorent i

4.3.2. CID of y Fragment lons from Des-Acetylatebllelanocyte

Most abundant observed ions in ESI mass spectrum of des-acetylated
melanocyte were [M + 3H] and [M + 4Hf*. In separate experiments, we established
that CID of triply-charged molecular ions of des-acetylatedelanocyte ([M + 3HT)
yielded [y]?* (n = 6 to 11) whereas [M + 4H]species yielded [}** (n = 8 and 10 to 12)
and [y]" (n = 4 to 7). We utilized all fourteen observed y fragment ionspanidrmed
MS" on each y-type ion in fourteen separate experiments.

For brevity, we only present/discuss CID mass spectradrpatf [y]** generated
from des-acetylated-melanocyte. A summary of the total number of observed y

fragment ions and total number of scrambled product ions from CIDradfugay ions
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(with different sizes and charge states) from des-acetidamelanocyte is included in
Table 4.1. In Table 4.1, columns #1 to #6 correspond to observed/isolategmerfita
ions (sorted in ascending order for y fragment ion sizes), chtatgs stotal numbers of
observed secondary fragment iong  fragments), numbers of observed scrambled
secondary fragment ions, percentages of scrambling for each(galemn four divided

by column three), and identities of observed sequence scrambled fragments.

For example, under our experimental conditions, results from CID mass sgfectra
mizisolated [y]* (n = 4 to 7) (generated from CID of [M + 4] and [y]*" and [yig*"
(generated from CID of [M + 38]) did not reveal generation of any sequence-scrambled
fragment ions. However, CID mass spectra gFfy(n = 6 to 8 and 11) and J§* (n = 8
and 10 to 12) produced sequence-scrambled fragment ions that correspondétl tm ~1
~18 % of the total number of observed fragment ions (from CID of its parent y fnggme

Figure 4.2a shows a CID mass spectrumntgisolated [y]** (m/z444) generated
from CID of [M + 3HF" of des-acetylated-melanocyte. Fragment ionsrafz774 ([y; —
(NHs + P)[) andm/z387 ([y;- (NHs + P)F") could exclusively be assigned as scrambled
fragment ions (with mass measurement errors of 0.52 ppm and 1.81 pprotivekpe
Presence of sequence-scrambled fragment ions in CID magsuspstiown in Figure
4.2a suggests that CID of/[§" ions produces macrocyclic fragment ion intermediate(s).

For example, intermediate macrocyclic fragment ion(s) subsdyuemt re-open
to generate the observed scrambled ions through the following sedygeshway: [3°*

> cyclic [y — (NHz)]** > scrambled fragment ions {[y (NHs + P)]" and [y,— (NHz +

P)F).
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Figure 4.2. Collision induced dissociation (CID) mass spectra pfisolated (a) [y
(m/z 444) (generated from CID of [M + 3H] of des-acetylated-melanocyte
[SYSMEHFRWGKPV-NH]) and (b) [y — (NHs)]** (m/z 436) (generated from CID of
[y71%) at 15 % normalized collision energy. A list of assigned fragmes included in
the appendix materials (Tables B.1 and B.2). Peaks correspondirgti@@lc noise are
marked with asterisk (*) symbols.
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To further investigate the possibility of scrambled fragment ion rgéoa via
NH; loss from [y]** (generated from des-acetylatednelanocyte), we performed CID
on [yy— (NHs)]** fragment ion if1/z 436). Figure 4.2b shows the CID mass spectrum of
m/zisolated [y— (NHs)]** speciesi(e., isolate [M + 3H{* from wide mass range ESI
mass spectrum® perform CID on [M + 3H]" > isolate [y]** (m/z444)-> perform CID
on [y]*" > isolate [y - (NHs)]** (m/z~436)-> perform CID on [y - (NH3)]?" to yield
the mass spectrum in Figure 4.2b). In CID mass spectruny ef(ﬂyHg)]2+, signals at
774.4404 and 387.7242 can be assigned to amino acid scrample(Ni; + P)]" and
[yz— (NHs + P)F* species (with mass measurement errors of 0.77 ppm and 0.36 ppm,
respectively).

Observation of similar scrambled fragments ions in CID masstrspef [y —
(NH3)]?* and [y]?" is consistent with the suggested pathway for production of sequence-
scrambled fragment ions€., [y;]>* > cyclic [y; — (NHs)]** > scrambled fragment ions
(lyz = (NHs + P)[ and [yy— (NHs + P)F)). CID of [y;]*" and [y — (NHs)]** from des-
acetylatedx-melanocyte show similar fragmentation patterns and list &f @bducts
form these two precursors are included in Tables B.1 and B.2, respectively.

Scheme 4.2 shows the proposed mechanism for generation of sequenceescrambl
fragment ions in CID of [j}**, generated from des-acetylatedrelanocyte. Observed
loss of ammonia from (C-terminus);[§* (upon CID) could be initiated by the formation
of an oxazolone structure at the C-terminus side @f[yScheme 4.2). The {y—
(NH3)]** oxazolone structure fragment ion might then undergo macrocyotizatid

form a cyclic structure (isobaric to a cyclic “b-type” idhj. ** *®The subsequent
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fragmentation and re-opening of the cycligfy(NHs)]** may result in losses of internal

amino acid residues.

*H3N
HNJ*NH /g/?q Oxazolone
NI;* Ring Formation
aN 9 (w9 g o™ o ’ g HN
QHN N A N Ay N @ H 9 H 05
N N
H o) H lo) N N N
_ Loss of @’H H § H o
N NHa “Nn
NH,
NH,
[y (FRWGKPV-NH,) Linear [y— (NH9)]** | Head to Tall
m/z444 m/z436 Macrocyclization
*’Hﬂ:lYNH i
Lys side HN
O

N
) ) ) ) )
{\Jj)kN N AN N A N N
H o H o H o
~ NH

Re-opened Cyclic fy- (NHs)]?*

NH
chain attack & f//“;: 0 Ooiﬁ}
N}II:J[ NH,

— HN
Ring opening +H3E’NH H
NH

Cyclic [y;— (NHg)]**

m/z436 m/z436
| Loss of Prc
Pathway Il l Pathway Il
+ N_O +
N o Dyr—(NH+PY (Y [y7— (NHa + P)F
Lj +  miz774 +  m/z387
[P Neutral
m/z98

Scheme 4.2. Proposed mechanism for generation of sequence-scraadpeeht ions
from CID of [y;]** from des-acetylated-melanocyte.

For example, in the cyclic fy- (NHs)]**the nitrogen on side chain of lysine (K)

can initiate the K-P amide bond cleavage through a nucleophdickadn carbon center

of the carbonyl group from lysine residue. The K-P amide bonavate of [y —

(NH3)]** may form a caprolactam-like structdré After re-opening, the rearranged fy

(NH3)]** can undergo further dissociatieia pathways | or Il (Scheme 4.2) to lose the
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proline (P) residue and generate the sequence-scrambled fragmeatm/z 774 ([y,—
(NH3 + P)]") orm/z387 ([y,— (NHs + P)F"), respectively.
The proposed K-P amide bond cleavage in Scheme 4.2 is consistent with the

al?*® and Kish and Wesdemiot®é on the observed enhanced

results reported by Breet
cleavage of amide bonds adjacent to lysine. Furthermore, Bredf>° and Kish and
Wesdemioti®®’ observed selective amide bond cleavages on the N-terminus side of
proline residue in the presence of basic amino acid residugpsK and H) adjacent to
proline. Thus the reported enhanced amide bond cleavage adjacent toahditiee

1256, 257

“proline effect are consistent with our observations.

4.3.3. CID of y Fragment lons from Angiotensin Il Antipeptide

The [w]* (n = 3 to 5) and [§** (n = 5 and 6) fragment ions of angiotensin II
antipeptide (EGVYVHPV) were generated by CIDmfzisolated [M + 2Hf" species.
The [w]" and [y]* fragments of angiotensin #ntipeptidewere generated by in-source
CID. A summary of the total number of y fragment ions and totalbenrof sequence-
scrambled fragments, generated from the CID of the selectedgyént ions from
angiotensin Illantipeptide is included in Table 4.1. As indicated in Table 4.1 (middle
section), we did not observe sequence-scrambled fragment ions fibwf Gk (n = 3
to 5) and [y]**. However, sequence-scrambled fragment ions were observed in C$D mas
spectra ofm/zisolated [y]* (4 %), [y]" (16 %), and [§]°* (17 %). For brevity, we only
present the results from CID of;]y and suggest a potential mechanism for generation of
its respective sequence-scrambled product ions. Figure 4.3a sl@®snaass spectrum

of them/zisolated [y]* of angiotensin Iantipeptideatm/z770.
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Table 4.1. Summary of the total number of observed fragments, number of scrambled

fragments, and the identities of the scrambled fragment ions generateddroiny c

fragment ions from des-acetylategmelanocyte, angiotensin ii anti-peptide, and glu-
fibrinopeptide b.

# of

0,
Identity of y fragment Charge Total # of Scrambled % of . Identity of scrambled ions
state fragments f Scrambling
ragments

Des- acetylated:- -melanocyte (SYSMEHFRWGKPV-amidated)
Y4 (GKPV) 1 4 0 0 NA
ys (WGKPV) 1 7 0 0 NA
Y (RWGKPV) 1 6 0 0 NA
y7 (FRWGKPV) 1 2 0 0 NA
ve (RWGKPV) 2 11 2 18 gz - gmi N gg}:j
v» (FRWGKPV) 2 18 2 11 g: - gmtt : E%}i
ys (HFRWGKPV) 2 27 1 4  [ys— (NHs+P)J?
Yo (EHFRWGKPV) 2 31 0 0 NA
y1ic (MEHFRWGKPV) 2 52 0 0 NA
Y11 (SMEHFRWGKPV) 2 85 1 1 [yn-(NH+E)?
ys (HFRWGKPV) 3 8 1 13 [ys— (NHs+ P)J?
y1ic (MEHFRWGKPV) 3 17 1 6 [Y1o— (NHs + P)]

[y11— (NHs + SMEHP)]
Y11 (SMEHFRWGKPV) 3 70 3 4 [yu- (NHs+ P)?
[y1i— (NHs + P)J®
y12(YSMEHFRWGKPV) 3 36 1 3 [yi- (NH+P)?
Angiotensin Il (EGVYVHPV)

y3 (HPV) 1 4 0 0 NA
Y4 (VHPV) 1 4 0 0 NA
ys (YVHPV) 1 11 0 0 NA
ye (VYVHPV) 1 23 1 4 [ys — (O + PVY)["

[y7= (H.O + NHs + CO + VYPV)]
[yz = (2HO + VYPV)[
[yr— (H:O + VYPV)]"

y7 (GVYVHPV) 1 43 7 16 [y;— (HO + CO +YPV)]
[yz— (HO + YPV)I'
[y7— (HO + NHs + CO + VPV)[
[yz— (HO + VPV)I'

ys (YVHPV) 2 22 0 0 NA
ye (VYVHPV) 2 6 1 17 [ye— (H:O + NHs + P)I
Glu-Fibrinopeptide b (EGVNDNEEGFFSAR)
[Va— (NHs + SA)
y4(FSAR) 1 32 2 6 e — (2NFs + A"
ys (FFSAR) 1 30 1 3 [ys— (NHs+ FSA)J

[ys — (NHs + FFSA)T
[ys — (NH; + FFS)}
[ys — (NHs + GFSA)T
[Ys — (H:O + 2NH; + FR)[
[ys — (2NHs + FSA)T

Y6 (GFFSAR) 1 57 10 18 3 (Ho N+ FR)
[ye — (NHs + FR)T'
[V — (HO + NHs + F)J'
[ys — (2NHs + F)I"

[Ye — (NHs + F)]*

y7 (EGFFSAR) 1 27 1 4  [y7—(2NHs+ FSA)

ys (EEGFFSAR) 1 12 0 0 NA
yo (NEEGFFSAR) 1 14 0 0 NA
yic (ONEEGFFSAR) 1 12 0 0 NA
y11 (NDNEEGFFSAR) 1 35 0 0 NA
yic (ONEEGFFSAR) 2 14 0 0 NA
y11 (NDNEEGFFSAR) 2 32 0 0 NA
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The list of all assigned fragment ions from CID of]{y(generated from
angiotensin llantipeptidé is included in Supplementary Table B.3. The most intense
signal in CID mass spectrum of angiotensiartipeptiddy,]” (Figure 4.3a) corresponds
to a fragment ion an/z556 assigned as{y- (H,O + PV)T. Observation of an abundant
[y; — (O + PV)[ fragment (in Figure 4.3a) is consistent with previously reported
enhanced selective cleavage of an amide bond located on C-terndiaud si histidine
adjacent to proliné®

The observed scrambled fragment ions in CID of "[ffrom angiotensin I
antipeptideincluded [y — (O + NHs + CO + VYPV)[ (m/z 249), [y — (2HO0 +
VYPV)]" (m/z276), [y — (H.O + VYPV)]" (m/z2294), [y, — (HO + CO + YPV)[ (m/z
365), [y — (O + YPV)]' (m/z393), [yr — (H,O + NH; + CO + VPV)[ (m/z412), and
[y; — (O + VPV)[' (m/z 457). Similar to the y ions from AAAAHAA-NKand des-
acetylatedx-melanocyte, the generation of the sequence-scrambled fragmeifroiong
ions of angiotensin llantipeptidecan be explained by re-opening of a macrocyclic
structure intermediate (Scheme 4.3).

As depicted in Scheme 4.3, presence of a basic histidine resideenis to
proline, can direct fragmentation (in CID of;[y from angiotensin llantipeptidg, to
generate [y- (HO + PV)[" with a bicyclic structure at the C-terminus (consistenh wit
the proposed fragmentation mechanism of histidine-containing peptidesecdeunyr
Tsapraili$®®). Following the loss of PV from the C-terminus of][\{(in scheme 4.3), the
intermediate [y - (H.O + PV)[ can form a cyclic structure similar to head to tail
macrocylization in b fragment ions. The cyclig iy (H,O + PV)] (m/z556) can re-open

at different amide bonds and generate subsequent fragments.
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Figure 4.3. Collision induced dissociation (CID) mass spectra ofisolated (a) [y
(m/z 770) (generated from in-source fragmentation of angiotensiantipeptide
(EGVYVHPV)) and (b) [y — (H20 + PV)] (m/z 556) (generated from CID of;]y) at

30 % normalized collision energy. A list of the assigned fragmieniscluded in the
appendix materialsT@bles B.3 and B.4).
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For example, in Scheme 4.3 two possible pathways for re-opening ofdine

[y; — (O + PV)[ are shown i(e., pathways | and Il, Scheme 4.3). Subsequent
fragmentation of the re-opened cycli¢ fy (H,O + PV)[ (pathway 1) can generate the
observed scrambled fragment ionsratz457 ([y; — (H,O + VPV)]) andm/z412 ([y, —
(H20 + NH; + CO + VPV)[ ). Likewise, subsequent fragmentation through pathway ||
can produce the scrambled fragment ions{y{HO + YPV)[" (m/z393), [y — (HO +
CO + YPV)[' (m/z365), [y — (HO + VYPV)]" (m/z294), [y, — (2HO + VYPV)]" (m/z
276), and [y — (H,O + NH; + CO + VYPV)T' (m/z249).

To check the plausibility of the suggested pathways in Scheme 4.hdor t
generation of scrambled fragments from CID af [ywe performed CID om/zisolated
[y7 — (H:O + PV)[" (m/z 556)generated from CID of [}* from angiotensin lantipeptide
(Figure 4.3b). The CID mass spectrum of fy(H,O + PV)[ showed the presence of
similar scrambled fragment ions (Figure 4.3b, Table B.4) as olasarvihe CID mass
spectrum of [y]" generated from angiotensindhtipeptide(Figure 4.3a, Supplementary
Table B.3).

The observation of similar sequence-scrambled fragment ions @IEhef [y;]"
and [y — (H,O + PV)] supports our suggested pathway in Scheme 4.3 for production of
sequence scrambling from CID of;[y in angiotensin llantipeptide(i.e., through a

macrocyclized fragment ion intermediate).
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Scheme 4.3. Proposed mechanism for generation of sequence-scraadpeent ions
from CID of [ys]" from angiotensin Il antipeptide.
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4.3.4. CID of y Fragment lons from Glu-fibrinopeptide b

The CID mass spectra of 10 y fragment ions from glu-fibrinodepto
(EGVNDNEEGFFSAR) were investigated for the presence ornabsef sequence-
scrambled fragment ion(s). TheJyy(n = 7 to 9) fragments of glu-fibrinopeptide b were
generated by CID of [M + 2H] species. The [§* (n = 4 to 6, 10, and 11), and,[§ (n
=10 and 11) fragments were generated by in-source CID of protonated giogdptide
b. Among the studied y fragment ions from glu-fibrinopeptide b, only tH iGass
spectra of [{]* (n = 4 to 7) fragments showed the presence of sequence-saamble
fragment ions (Table 4.1).

Similar to CID of y fragment ion discussed in previous sectionsergéon of
sequence scrambled fragment ions in CID gf [yn = 4 to 7) from glu-fibrinopeptide b
can be explained by considering subsequent dissociation of intermethatecyclic
structure fragment ion(s). For instance, one of the possible patlierageneration of
scrambled ions in CID of [J* ((GFFSAR], m/z684) is through the following pathway:
[ye] " = cyclic [ys - (NH3)]" = sequence scrambled fragment ions.

Possibility for the generation of sequence-scrambled fragmenttiwoagh a
macrocyclic structure fragment ion intermediate in CID gf [yfrom glu-fibrinopeptide
b) was further examined by conducting CID experimentsnérisolated [y - (NHs)]"
(m/z667) from CID of [¢]" (data not shown). The CID mass spectrummi#isolated [y
- (NH3)]" showed the presence of similar scrambled fragment ions thabsegved in
the CID ofm/zisolated [g]*. The observation of similar scrambled fragment ions in CID
of [ye]" and [y - (NH3)]" (from glu-fibrinopeptide b) supports the suggested “macro ring-

opening” pathway for scrambled fragment ion generation in CIDgbf.[y
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Our data from a limited number of peptides suggest that sequerazabding
occurs in CID of both free acid-terminated peptides and their atmidenated
counterparts. Future studies, focused on systematic and quantitativeatievalof
fragmentation branching ratios for amide- and acid-terminated pgpsteuld provide

additional clues about exact mechanism(s) involved in sequence scramblings.

4.4. Conclusions

We aimed to investigate the possibility of sequence scrambli@jD of y-type
fragment ions. We examined ion fragmentation results from ClIBsrapectra of thirty
two y fragment ions, generated from four selected peptides (FAARNAA-NH ,, des-
acetylatedx-melanocyte, angiotensin Il antipeptide, and glu-fibrinopeptide b) that
contained basic amino acid residues near their C-termini. To theotyeg&nowledge,
results presented here provide the first experimental evidengerieration of sequence-
scrambled fragment ions in CID of y-type ions.

Reported occurrence of “y” fragment sequence scrambling in this iwan line
with previous observations on sequence scrambling in b- and a-agpeent ion¥?> =
since neutral loss fragments from y ions may exhibit b-type ion fragmenthtamstry.

Complementary CID experiments on [y — (Mét H,0)]™ (m = 1 to 3) species
(generated from CID of selected y ions) suggest that sequerarebdiog in y ions may
occurvia subsequent fragmentation of intermediate macrocyclic ion(@ais to “b-
type” ions). With a limited number of y fragment ions examinethis report, it is not
possible to report on potential or specific trends for sequencelsorgras a function of
the fragment ion size, charge state, and/or amino acid compositaevdr, preliminary

results suggest optimal size preference and we plan to conducbmralddystematic
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studies on the effect of different experimental parameters parg#on of sequence-
scrambled ions from y fragments. We anticipate that in thefaeae protein sequencing
programs will be improved by full characterization of all pordequence-scrambling

mechanisms including y-fragment ion rearrangements.
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CHAPTER FIVE
Structural Dependent Competition between Gas-Phase H/D Ex-change and Adduct
Formation Reactions
Abstract

Competition between forming “normal” gas-phase hydrogen/deuteriuhaege
(HDX) reaction products and “unusual” reagent adducts is a poorly understood
phenomenon. Here, we present a systematic study by combining abcaldulations,
HDX studies, ion mobility-mass spectrometry, and isotope labébirgetter understand
the fundamental chemistry involved in gas-phase adduct formation. Mdedstthe
influence of protonation and alkali metal ion {N&"*, and C3%) complexation on gas-
phase NR adduct formation of a benzyloxycarbonyl (Z)-capped dipeptide containing
glycine G) and proline P) (i.e., Z-PG). Gas-phase HDX mass spectra of m/z-isolated Z-
PG species showed the presence ofsNidduct; however, adduct formation was absent
when NI reacted with [ZPG + metall and [ZPG + H - CQ]" species.

To identify the structural features responsible for divergentticees of ZPG
species with NB, we used isotope labeling mass spectrometry (MS) and ab initio
calculations. Furthermore, the experimental collision crossoseatif ZPG species were
correlated with candidate structures from ab initio calculatiosstope labeling MS
revealed that CQis lost from the Z carboxylic group of [2G + H]* to form [ZPG + H
- CO,]". Comparisons of optimized geometries for protonated and metal-cadpfex
PG species revealed drastically altered structures f&tGA metal] as compared to [Z-

PG + H]". Both experimental observations and theoretical calculations iadibat
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simultaneous availability/accessibility of carbonyl groups frdgtige, proline, and Z
group are necessary for formation of NBdducts with Z°G species. Supporting
evidence from HDX reactions between protonated and metal-complexeidsspé Z-
PG-OCH; (a ZPG analogue containing C-terminal methoxy instead of hydroxyl group)

and NI are also presented.

5.1. Introduction
There is an immense interest in understanding the effects otawvatent
interactions such as hydrogen bonding and metal ion complexation on the
structures/conformations of proteins and peptfd&®? Gas-phase hydrogen/deuterium
exchange (HDX) mass spectrometry (MS) has been used extgnsfoel

§,27, 264, 265

structural/conformational studies of proteins/pepfitfe and their metal-

complexed counterpartt® 22

Both HDX patterns and extent of deuterium uptake by protonated aral- met
complexed proteins/peptides in the gas phase are used for strushucalation
purposes’ 1812 12qvever, other reaction channels such as gas-phase reagent adduct
formatiorf*® can compete with the intended “normal” HDX reaction and complitas
interpretation of HDX data. Despite the extensive studies and tsemor HDX

mechanisrhl& 127, 266-26'8

mechanism of gas-phase reagent adduct formation during HDX
has not been explored. For instance, it is not clear when and how thatifor of a
reagent adducte(g, [peptide + nH + NB"™, where “i" is the number of protons)
competes with the intended HDX reactions.

Deciphering the mechanisms of these competing reactiondilivdh important

knowledge gap in gas-phase chemistry, uncover a new area of stddgnlaance our
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ability to explore structure-function relationships by avoiding ewaseHDX data
interpretations. The present study was inspired by our previous unpublishedzzling
results on NBR adduct formation (of a Gacomplexed tripeptide) and a recent HDX
report hypothesizing that a “guest-host” type of interaction ygall stable ammonia
adducts with “macrocyclic” peptide fragment idfi$Thorough inspection of the reported
mass spectra from several other HDX reaction stifdi&s' 13> ?*teveal that (a) not all
“macrocyclic’-type structures may form adducts with deuésraeutral ammonia (NJR
and (b) non-cyclic structures can also lead to adduct formation.

Our initial observation of Npadduct formation with a G&complexed tripeptide
suggested that metal ions may play an important role in altavaidgble HDX reaction
channels. Hence, to uncover the important structural parameters respongjake fbiase
HDX adduct formation in peptides, we chose to study HDX reactiopsoddbnated and
alkali metal (N& K*, and C$)-complexed species with a model dipeptide. Our model
dipeptide contained a glycin&) and a prolineR) with N-terminal benzyloxycarbonyl

(2) group (.e., Z-PG, Scheme 5.1).

0
N /—4
(o it on
0O o
G A A J

Z P G

Scheme 5.1. Benzyloxycarbonyl (Z)-proline (P) glycine (G).

We selected 2G because: (a) its G residue lacks a side chain and is

conformationally least restrictéd? hence, its flexibility can allow formation of different
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metal complexées® and (b) it is small enough to perform high-lesblinitio calculations
and accurately estimate experimental and theoretical oollioss sections (CCSs) of
[Z-PG + H]" and [ZPG + metall, (c) we have observed formation of NBdducts and
HDX reaction products for Z-PG species. Additionally, the Z group-RG serves two
purposes, namely the Z group (i) protects the N-terminus PG peptide for “cyclic’-
type structure formation, and (ii) increases the molecularhweiPG to 306 Da which
is above the low mass cut-off limit of our 9.4 tesla electrospoayzation/Fourier
transform-ion cyclotron resonance (ESI/FT-ICR) mass spectroM&ter.

Detailed experimental results from gas-phase HDX reactosion mobility-
mass spectrometry (IM-MS) measurements oPEZ+ H]", [Z-PG + metal], and [ZPG
+ H - CQJ" are presented to support proposed mechanism fgrad@uct formation. We
also discuss complementary supporting evidence from molecularingdélprotonated
and metal-complexed counterparts oP&: The theoretical observations are correlated
with the experimentally observed gas-phase HDX adduct formatiocavioehof ZPG
species. We show MS results from collision-induced dissociation) (61 isotopically
labeled [ZPG (**C,,™N) + H]* (where ‘G” denotes an isotopically labeled glycine
residue with twd3C and oné>N) pointing to the importance of N-terminal Z carboxylic
group in [ZPG + H]" for ND; adduct formation. We use experimental and theoretical

findings to predict which peptide structures can support stabjeab@uct formation.

5.2. Experimental and Theoretical
5.2.1. Sample Preparation
Benzyloxycarbonyl-proline glycine (BG), cesium chloride (CsCl), HDX

reagent (NRQ), polypropylene glycol (PPG), and potassium chloride (KCI), were
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purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA)PGOCH; was

synthesized by Peptide 2.0 (Peptide 2.0 Inc., Chantilly, VA, USA)opsdlly labeled

Z-PG (where G" denotes the glycine residue with thi€ and oné°N) was synthesized
by Pierce Biotechnology (part of Thermo Fisher Scientific Idéaltham, MA, USA).

Optima grade acetic acid, methanol, and water were purchased~fstver Scientific
(part of Thermo Fisher Scientific Inc., Waltham, MA, USA).

All chemical reagents were used without further purification. bfiwlar
concentrations of peptide samples in electrospray solvent (methatestacetic acid
{49.95:49.95:0.1}) were used for ESI-MS experiments. The original peptidplsam
contained sodium (N and calcium (C%) ions and there was no need for addition of
NaCl to ZPG solutions to form sodium-complexed species of the dipeptides. However,
micromolar concentrations of CsCl and KCI solutions were added twomolar
solutions of ZPG to form potassium- and cesium-complexed species. Appropriate
sample volumes were used to keep the final molar ratioR&Ze salt at 1:10.

[Z-PG + K]* (m/z 345.084) and [RG + Ca - H[ (m/z 345.075) were
differentiated based on mass measurement accuracy valwestiatt 2 ppm (which was
possible in both FT-ICR MS and IM-MS experiments presented .hAdgitionally,
potassium- and calcium-complexed species ¢1&Z<could be differentiated based on

their varied CCSs in IM-MS experiments (Figure C.1).

5.2.2. FT-ICR MS
All gas-phase HDX mass spectral data were acquired usihgn&pec (former
lonSpec Corp. - now a division of Agilent Technologies, Inc., SantaaCG@A, USA)

Fourier transform-ion cyclotron resonance (FT-ICR) mass spediomguipped with an
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open-ended cylindrical Penning trap and a 9.4 tesla superconducting magnet
(Cryomagnetics Inc., Oak Ridge, TN, USA). An Analytica electrospom source
(Analytica of Branford Inc., Branford, CT, USA) equipped with an in-keolsiilt
spraying setup was used for ESI experiméfite Harvard PHD 2000 syringe pump
(Harvard Apparatus, Holliston, MA, USA) was used for direct idnsESI. ESI flow

rate was set to 0.3L/min. ESI voltage was set to +3 kV. Sustained off-resonance
irradiation-collision induced dissociation (SORI-C¥byas used for ion fragmentation

in the ICR cell. Nitrogen gas was used as the collision gas in SOR&G@IEiments.

Prior to gas-phase HDX reactions, first isotopic peaks (abbrdveste'D})”) of
protonated and metal-complexedPZs species were isolated in ICR cell using a stored
waveform inverse Fourier transform (SWIFT) techni@ifeln order to keep all the
experimental conditionse(g, NDs; pressure and ICR cell temperature) identical, we
simultaneously isolated the protonated and metal-complexed spafcigsPG and
conducted HDX reactions. A pulsed-leak valve setup was used feirtDduction’??

ND3 pressure was measured by direct readout of a GranvillepBhiHielix Technology

Corp., Longmont, CO, USA) dual ion gauge controller and series 274 BAjsed type

ionization gauge tube outputs. All reported pressures were @rémt (a) geometry
271

factor’’* (b) magnetic field effed?® and, (c) sensitivity factdf* according to a

previously reported procedut&

5.2.3. IM-MS
lon mobility (IM)-MS experiments were conducted using a WaSnmsapt G2-S
HDMS (Waters Corp. Manchester, UK) system equipped with an orthbgoreleration

time-of-flight (oa-TOF) mass spectrometer operated in “higisolution” mode
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(MassLynx 4.0, Waters Corp. Manchester, UK). For experiments peelshste, it was
important to use “high resolution” (AiMsge, ~ 40,000 atm/z300) mode of Synapt G2-S
to differentiate between [PG + K]* and [ZPG + Ca - H[. The ESI flow rate and
voltage were set to 048./min and +3 KV, respectively. Both sampling cone and source
offset voltages were set to +25 V, i+2.84 Torr) and argon (Ar) (~1.36 x i0dorr)
gases were used as buffer and collision gases, respectieélynHHe) cell pressure was
~1.0 x 18 Torr. For experiments involving CID, ion populations of interest isaiated
in the quadrupole mass filter prior to IM separation. Subsequeriisolated species
were fragmented in either trap (pre-IM/CID) or transfer (post-1d)Giells.

We used a previously reported procedure by Rubtadlo obtain the experimental
CCS values of protonated and metal-complexed specied@. Zodium adduct species
of PPG™ were used as calibrants for CCS calculations. To obtain theV@lD8s of
protonated and metal-complexF&s species, the peak arrival times of both calibrants and
unknown speciesi.€., [Z-PG + H]" and [ZPG + metall) were recorded at a constant
wave height of +35 V and a wide range of wave velociiies 800 m/s, 900 m/s, 1000
m/s, 1100 m/s, 1200 m/s). All IM measurements were repeatédpiicate and the
reported CCSs are averages of 15 trials (3 trials for eatle welocity) included at the

95 % confidence interval.

5.2.4. Molecular Modeling

Molecular mechanics MMX force field in PCModel 9.3 package (&ere
Software, Bloomington, IN, USA) was used to search the confamna spaces of the
protonated Z°G dipeptide. The 105 most stable structures (within 3 kcal/mol of the

lowest energy structure) were selected for further optimizaising MMX force field
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and stimulated annealing at 298 K. The resulting low energy confonasrfurther
optimized using B3LYP density functional theory (DFT) methdd[Z-PG + H]*
structure was subsequently optimized at B3LYP/3-21G level and th&Bla'P/6-
31+G(d,p) level using Gaussian 09 software (Gaussian Inc., Walling®drdUSA)?"
All DFT calculations were scaled by a scaling factor of 6’98.

Previous studies have suggested that B3LYP/3-21G and B3LYP/6-31+G(d,p)
levels of theory provide excellent predictions for geometry opéitidas and single-point
energy calculations of peptid&g: 2°% 2’ 2’8 optimize the geometries of metal {(Na
K*, and C$)-complexed ZPG species, the proton in the PCModel optimized geometry of
protonated ZPG was first replaced with metal catioH8. Subsequently, the structures of
[Z-PG + NaJ and [ZPG + K]" were first optimized at B3LYP/3-21G level and then at
the B3LYP/6-31+G(d,p) level. The geometry of P + Cs] was optimized using SDD
pseudo potential basis $&.No imaginary frequencies were found for the optimized
structures indicating that the optimized structures are not mttthesition statesi.g.,

absence of a saddle point in the energy diagram).

5.2.5. Theoretical CCS Calculations

CCSs of the optimized geometries of protonated and metal-complpaei@s of
Z-PG (obtained fromab initio calculations) were calculated using Sigma packayé®*
lon-size scaled Lennard-Jones (LJ) model implemented in Sigasaused for CCS
calculations’®® #®* Temperature and CCS calculation accuracy in Sigma wete 268

K and 2 % percent, respectively.
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5.3. Results and Discussion

5.3.1. HDX of [Z-PG + HJ and [Z-PG + metal]

In this section, we present the results from HDX reactions obpatéd ZPG
and its alkali metal ion (NaK", and C%)-complexed counterparts with NOFigure 5.1,
top panel shows the ESI/FT-ICR mass spectrum ofRGAample containing NaK”,
and C$ after SWIFT isolation of Pion populations corresponding to P& + H]" (m/z
307), [ZPG + NaJ] (m/z329), [ZPG + K]* (m/z345), and [ZPG + Cs] (m/z 439).
Expanded mass spectral views correspondingp/toranges of 304 to 334 (a), 328.5 to
331 (b), 343 to 368 (c), and 436 to 464 (d) from ESI/FT-ICR mass specBW/ IH{T-
isolated ZPG species after 5 s and 600 s HDX reaction times with (gBessure ~4.4 x
1078 Torr) are shown in Figure 5.1 middle and bottom panels, respectively.

Expanded mass spectral views in Figure 5.1 middle and bottom pamekspood
to expected deuterium uptake (a to d) and; ld&ducts (a, ¢, and d) of [Z& + H]", [Z-
PG + NaJ, [Z-PG + K]*, and [ZPG + CsJ. After 5 s HDX reaction time with Nf) the
ESI/FT-ICR mass spectrum of [Z6 + H]" (Figure 5.1a, middle) shows the presence of
both deuterium uptake and stable ]N&iduct (peak cluster labeled with roman numbers
in Figure 5.1a). Surprisingly, under an identical number of gas-pio&smolecule
collisions, metal-complexed (NaK*, or CS) species of Z2G did not form NI adduct
(Figures 5.1c and 5.1d) and only showed deuterium uptake (Figures 5.1b to 5.1d). For
instance, as shown in Figure 5.1a (middle), the peak clustefzaange of 327 to 330
contains signals for NDadduct of [ZPG + H]" as well as [ZPG + H + ND3]* with up to
three deuterium atom (D) uptakes (out of three available lapdeobens in [ZPG +

H]") (peak “V” atm/z330 and labeled as §B- ND,H]" in Figure 5.1a).
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Figure 5.1. (Top) ESI/FT-ICR mass spectrum of B&sample containing NaK*, and
Cs after SWIFT-isolation (B) of [Z-PG + H]", [Z-PG + NaJ, [Z-PG + K]", and [ZPG
+ Cs[. Expanded view ESI/FT-ICR mass spectrantfisolated ZPG species after
(middle) 5 s and (bottom) 600 s HDX reaction time withsNBt P(NR) =~ 4.4 x 10®
Torr). D, (n = 0 to 3) denotes the number of deuterium atom(s) incorporassatimof
the ZPG species. Roman numbers on top of the peaks in panel a designdentiies
of NDs adduct species of [BG + H]": | = [Dg + ND,H]" (m/z326); Il = [Do + ND5]"
(m/z327); Il = [D1 + ND3]* (m/z328); IV = [D, + NDs]" (m/z329); V= [Ds + ND3]*
(m/z330). Arrow heads pointing down in (c) and (d) point to the expeuntesalues of
ND; adducts of [ZPG + NaJ (panel c), [ZPG + K]* (panel c), and [RG + Cs] (panel
d).
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In contrast, each one of the PG + NaJ, [Z-PG + K], and [ZPG + CsJ
species show one deuterium uptake out of two available labile hydrogermation of
NDs adduct in [ZPG + H]" does not depend on the reaction time and we have observed
[Z-PG + H + ND;]" species at shortee., ~1 s at P(NB) = 4.4 x 10° Torr) (data not
shown) and longere(g, 600 s at P(NE) ~ 4.4 x 10° Torr, Figure 5.1, bottom) reaction
times, suggesting that “collisional cooling” is not responsible stable N adduct
formation with [ZPG + HJ".

NDs adduct of [ZPG + H]" ion population in Figure 5.1a shows the presence of
one deuterium “back exchange’e(, peak “I’ atm/z326 and labeled as ji ND,H]" in
Figure 5.1a). Under similar experimental conditions, no evidence of rigntédack
exchange was noticed for PG + H]" or [Z-PG + metall. The absence of deuterium
back exchange in protonated and metal-complex&%pecies suggests that iomafz
326 in Figure 5.1a is an NE adduct (present as impurity in NDeutral regent).

Previously, Green-Churclet al. observed stable gas-phase adduct formation
during HDX reaction of protonated thymidinefBonophosphate (dpT) with NB*
Green-Churclet al. noted that the formation of reagent adduct could indicate similar gas-
phase basicity (GB) for NDand dpT-®? Similar explanation may hold for the formation
of gas-phase reagent adduct betwedhr&and NI. However, previous reports on the
observation of NP adduct formation with b fragment ions with varied GB and sizgs (b
n >5)**° suggest that GB similarity is not the key determining faftioreagent adduct
formation. Observation of neural reagent adduct formation in HRXtien of [ZPG +
H]* with NDs suggests that gas-phase adduct formation is not a suitable ahproioe

to differentiate between “linear”- and “macro-cyclic’ (cormnpaype fragment ion
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structures>? In fact, smaller number of deuterium uptake fo @+ metal[ (Figure 5.1
middle, panels b to d) as compared toF[@+ H]" (Figure 5.1 middle, panel a) suggests
the presence of more compact structures for metal-complepeties of ZPG as
compared to its protonated counterpart. These observations are consigtent
experimentally measured CCS values from IM-MS measuremamds naolecular
modeling (following sections). Therefore, structural compactres®t the determining
factor for gas-phase reagent adduct formation and undoubtedly otheramructural
parameterse(.g, functional group orientation) must be involved.

Formation of gas-phase N[xdduct with the protonated form of the studied Z-
capped dipepetide does not depend on its amino acid sequence. For irdiaxce,
reaction of protonated BP (i.e., [Z-GP + HJ", Z-capped peptide with reverse amino
acid sequence as compared t&@& with ND; produced N adduct and no Npadduct
was observed for [GGP + alkali metal] (data not shown). Experimental data and
theoretical calculations presented in the following sections esigmed to identify the
important functional groups and their potential geometrical orienstior adduct

formation in the gas phase.

5.3.2. Theoretically Optimized Geometries of [Z-PG + Hhd [Z-PG + metal]

To better infer the mechanism of neutral reagent adduct formatibr{Z-PG +
H]* upon HDX reaction, and to interpret the HDX mass spectral patiarFigure 5.1,
we usedab initio calculations and optimized the three dimensional (3D) geometries of
protonated Z°G and its metal-complexed and B@&dduct counterparts. Figure 5.2
shows the lowest energy 3D geometries oP[@-+ H]" (panel a), [ZPG + NaJ (panel

b), [Z-PG + K] (panel c), and [RG + Cs] (panel d). Total energies for optimized
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structures are given at the bottom of each panel in Figure 5.2llfedthe ZPG species
in Figure 5.2, charge-solvated structifavas the most stable (lowest energy) geometry.
Figure 5.3 shows the 3D geometry of the most stable candidateustr for [ZPG + H +
NDs]" in which three carbonyl oxygen atoms are involved in hydrogen bondiing wi

deuterium atoms from ND

(a) [Z-PG + H]' (b) [2-PG + Nal
d=241A
d,=222A

dy % ds =3.08 A
2 Na;i%::i -
d

g |
R

. o
f ’ %\{@\ 9

d H
Eiot = -1047.1348 h Eiot = -1205.7415 h
(c) [Z-PG + K]* (d) [Z-PG + Cs]
d; =2.68 A d; =3.05 A
d, =2.66 A d, = 3.00 A
d;=3.54 A d;=4.01 A

Eiot = -1634.6189 h & =-1066.2495 h

Figure 5.2. Optimized geometries of (a) % + H]", (b) [ZPG + NaJ, and (c) [ZPG

+ K]*, and (d) [ZPG + CsJ. Carbon and hydrogen atoms are shown in dark gray and
light gray colors, respectively. Nitrogen and oxygen atoms aréetilas “N” and “O”,
respectively. Total energy (& (in Hartree (h)) for each structure is given.
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Theoretically optimized geometries in Figure 5.2 show a saamfly different
conformation for protonated BG and its alkali metal-complexed species. For instance,
as shown in Figure 5.2a, [Z& + H]" adopts an open conformation and its C-terminus is
not involved in hydrogen bonding. In contrast, metal-complexed specie$Gf atiopt
compact conformations and carbonyl oxygen (O) atoms of glycine ratidegoresidues
and Z group ester-type O atom are involved in metal complexatigar@s 5.2b to 5.2d).
These observations are consistent with previous reports suggdstingesence of a
multi-dentate interactidh® between alkali metal ions and peptid#s?%*-23°

Optimized geometries in Figure 5.2 show the presence of a tighgrlexation
for [Z-PG + NaJ than [ZPG + K]" and [ZPG + Cs] as it is evident from shorter
coordination bond distances betwee@-carbonyl oxygen atoms and Nia [Z-PG +
Na]" (Figure 5.2b). At the first glance, it seems that the fregr@inal glycine
carboxylic group and proline carbonyl oxygen might be responsiblegioitizing [Z-PG
+ H + ND;]" as these functional groups are involved in metal complexation RGZ-
metal]. However, as we discuss later, our experimental results subgestmultaneous
availability of all three carbonyl groups.g., carbonyls from Z group, proline, and
glycine) are important for formation of stable gas-phase addu@<Pi@. As shown in
Figure 5.3, availability of these three carbonyl oxygen atorazimizes the number of
hydrogen bonds with NP We used IM-MS to measure CCSs of protonated and metal-
complexed species of EG. The experimental CCSs were correlated with the optimized
3D geometries from molecular modeling (Figure 5.2). Figure 5.4 shoavéM profiles
for [Z-PG + H]" (panel a), [ZPG + NaJ (panel b), [ZPG + K]* (panel c), and [RG +

CsJ (panel d) acquired using a Synapt G2-S HDMS system. IM prafilell four ZPG
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species show a Gaussian-like arrival time distribution suggesti& presence of one

conformation for each species.

[Z-PG+ H + NDy]"

Ewt = - 1102.6672 h

Figure 5.3. Optimized geometry for G + H + NDs]* (at B3LYP/6-31+G(d,p) level of
theory). Carbon and hydrogen atoms are shown in dark gray and lightoag,
respectively. Nitrogen and oxygen atoms are labeled asri@™”, respectively. Total
energy (k) (in Hartree (h)) is given.

5.3.3. IM-MS of [Z-PG + H] and [Z-PG + metal]

We also used a previously reported post-IM/CID-chemometric approdabh
further confirmed the presence of one conformation for each of & Zpecies and
absence of IM co-elutioft? For meaningful comparisons, we converted the measured
mobility ATs to CCSs. Table 5.1, second column, contains a summaryheof t

experimentally measured CCS values for protonated and metal-compl&@djecies.
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Figure 5.4. IM profiles of (a) [RG + H]", (b) [Z-PG + NaJ, (c) [Z-PG + K], and (d)
[Z-PG + CsJ .

Based on the ion mobility data, the following increasing ordex elaserved for
CCSs of ZPG species: [ZPG + NaJ'< [Z-PG + K]'< [Z-PG + Cs[ = [Z-PG + H]".
These IM-MS results for CCS measurements are consisténtheiobserved HDX mass
spectral patterns in Figure 5.1 and suggest the presence ottampact structures for
metal-complexed species of G5 than its protonated counterpart. Experimentally
measured CCSs in Table 5.1 suggest that smaller size alkaliiores bind tighter to Z-
PG than larger size alkali metal ions. For instance, addition 6f(iNa= 0.97 &%) to z-
PG reduces CCS of [RG + NaJ by 6 % as compared to [Z& + H]". In contrast,
addition of C$ (rion = 1.67 &%) to ZPG does not change CCS of PG + Cs[
significantly (at the 95 % confidence level and using casedsttfor n = n, = 15) as

compared to [ZPG + H]".

113



Table 5.1 Experimental and theoretical collision cross sectié¥)sof Z-PG and
Z-GP species. Errors at 95 % confidence level (n = 15 for experimental and n = 40
for theoretical) are included in parentheses.

. Experimental Theoretical
Z-PG Species Qe (A9 Qne (A?)
[Z-PG+ HJ" 120.84 (£0.73) 116.99 (x0.26)
[Z-PG + NaJ 113.23 (+£0.48) 110.06 (£0.20)
[Z-PG + K]" 117.18 (+0.81) 112.92 (x0.17)
[Z-PG + Cs[ 120.72 (+£0.48) 116.48 (+0.31)

We also compared the CCS values of protonated and metal-compleR€d Z-
species obtained from IM-MS measurements with those calculeded theoretically
optimized candidate structures usia@} initio calculations. Table 5.1, third column,
contains the theoretically calculated CCS values f®&species. Average values from
forty lowest energy optimized structures for eacR@species were used to calculate the
theoretical CCS values in Table 5.1 (columni®,(average of 40 CCS values for each
Z-PG species).

The theoretical (Table 5.1, column 3) and experimental (Table 5.1, cdymn
CCSs of ZPG species qualitatively agree with relative difference of%4consistent
with the previously reported criterion for assigning structural ggdes using INF°
Theoretical calculations suggest similar (at the 95 % confidened CCSs for [ZPG +
H]"and [ZPG + Cs]. Experimental measurements and theoretical calculations of CCS
are consistent and support the view that the addition of alkali imétatiuces multi-
dentate type biddings between alkali metaliz.,(Na, K*, and C%) and the ZPG

peptide.
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5.3.4. HDX and IM-MS of [Z-PG + H - G

Detailed inspection of the optimized structures in Figure 5.2 sugtpedtstable
gas-phase NP adduct formation with 2G species depends on the availability of
backbone carbonyl groups from proline and glycine amino acids and/oorgten (O)
atom from the Z group. To test this hypothesis, we conducted H&ctioa on [ZPG +
H - COJ" (m/z263) generated from SORI-CID ai/zisolated () [Z-PG + H]" (m/z
307) in the ICR cell.

Figure 5.5a shows the ESI/FT-ICR mass spectrum ®?@Z+ H - CQJ" after
~600 s HDX reaction time with ND(pressure ~4.4 x 19 Torr). Under an identical
number of ion-molecule collisions as in Figure 5.1 bottom; BidXluct was not observed
for [Z-PG + H - CQJ]" (Figure 5.5a). HDX mass spectrum of PG + H - CQJ" ion

population showed the presence of two deuterium uptakes (out of thikdlaviabile

hydrogens).
(a) HDX of (b) IM of
[Z-PG+H - CQ]* [Z-PG+H-CQJ"
D>

D :

A No ND; !

Adduct !

| !

260 270 280 290 4 5 6 7
m/z Arrival Time (ms)

Figure 5.5. () ESI/FT-ICR mass spectrum ofF@-+ H - CQJ]" after 600 s HDX
reaction time with NB (at P(NR) =~ 4.4 x 10° Torr). D, (n = 1 and 2) denotes the
number of deuterium atom(s) incorporated i@+ H - CQJ]". (b) IM profile of [ZPG

+ H - CQJ". The two vertical dash lines in panel b are guides showing thigoposf
peak ATs of the two [RG + H - CQ]" conformers.
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Comparison of the HDX mass spectral results in Figures 5.1 bottamel(a) and
5.5a suggest that loss of carboxylic group fronPf@-+ H]" makes the formation of ND
adduct with [ZPG + H]" unfavorable. However, there are two sources for loss of CO
from [Z-PG + HJ": (i) carboxylic group from C-terminal glycine and/or (ii) N+tenal
benzyloxycarbonyl (Z) group. The GQoss products from pathways i and ii have
identical exacim/z (263.139) and cannot be distinguished by MS. We used ion mobility
and isotope labeling to differentiate between the twe I6§5 products of [RG + H]".

Figure 5.5b shows the IM profile ofi/zisolated [ZPG + H - CQJ]" generated
from CID of [Z-PG + HJ in the Synapt G2-S Z-Spray source. The bi-Gaussian IM
profile peak shape in Figure 5.5b may suggest that neutrald@st from both glycine
and the Z group in [RG + H]". However, it is also possible that 5 + H - CQJ" is
the product of C@ loss from either glycine or Z group but adapts two different
conformations/structures, which can be separated in IM cellesiahis hypothesis, we
performed post-IM/CID MS experiments and stable isotope labeling.

Figure 5.6ashows the CID mass spectra of isotopically labele®@&+ H]" (m/z
310). Underline in " is used to depict that the C-terminal glycine contains'fi@and
one N. To acquire the CID mass spectrum in Figure 5.6a, ion populatiomza10,
corresponding to [RG + H]", was mass-isolated in a Synapt G2-S quadrupole assembly
and subjected to CID in the trap cell by setting the potediff@rence between trap cell
exit and IM cell entrance to 14 V. If carbon dioxide is lost fiooth C-terminal glycine
and N-terminal Z group of [RG + HJ", one would expect to observe two peaksét
265 ([ZPG + H —=**C0O,]") and 266 ([ZPG + H —*2C0O,]*) in the CID mass spectrum of

[Z-PG + H]". However, as depicted in Figure 5.6a, CID mass spectrum BG[Z-H]"
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showed the presence of only one peak; only a single peakz2g6), corresponding to
loss of'*C0O,, was observed and no fragment ion was observedz&65 ([ZPG + H —
3c0,]"). Figure 5.6b shows the IM profile of [Z& + H — CQ]*. Two ion populations
were observed for [RG + H — CQJ", consistent with the results presented in Figure
5.5b for [ZPG + H — CQJ]" and confirming that the observed £I0ss in ZPG is from

the internal carboxylic group of benzyloxycarbonyl (Z) and notdéwoxylic end of

glycine.

(a) ESI Ms 1s0lation 17 b 4 Hyr _CID, Fragments (b) IM of

[Z-PG+ H - CQJ"
I 1 + 1
[Z-PG+H-(CO)" | [z-PG+ H['

262 264 266 268
m/z

100 200 300 4 5 6 7
m/z Arrival Time (ms)

Figure 5.6. (a) CID mass spectrumnofzisolated [ZPG + H]" (m/z310) and (b) profile
of [Z-PG + H - CQJ*. “G” in Z-PG contains two labeled carbon thirteef) isotopes
and one labeled nitrogen fifteeltN,) isotope. Inset in panel a shows the expanded view
of m/zrange between 262 to 268 corresponding to loss of carbon dioxide fre@ {Z-
H]™.

Again, results from isotope labeling experiment in Figure 5.6 resdhbt CQis
lost from N-terminal benzyloxycarbonyl (Z) group of BG + H]" to generate [RG +
H - COJ". The resulting [Z2°PG + H - CQJ" ion population adapts two

conformations/structures. These two conformationally differerP@+ H - CQ]" ion

populations show different fragmentation patterns (with similgnfent ion types) when
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subjected to CID with an identical collision energy (Figure CIRgrefore, the absence
of stable NQ adduct with [ZPG + H - CQ]" is explained by lack of interaction between
ND3; and carbonyl functional group of the benzyloxycarbonyl (Z) group, consistént

the observations from molecular modeling (Figures 5.2 and 5.3).

5.3.5. HDX of [Z-PG-OCHki+ H] *

C-terminal glycine amino acid in BG contains both carbonyl and hydroxyl
oxygen atoms, which may be involved in N&dduct formation. To determine whether
the presence of glycine hydroxyl group is important fd*@Ggas-phase adduct formation
or not, we conducted HDX reactions omzisolated species of [PG-OCH; + H]" (m/z

321).

[Z-PG-OMe + H  [Z-PG-OMe + Na] [Z-PG-OMe + K]* [Z-PG-OMe + Cs]

ND; Adduct
l_l_l
l Do
~( Do
No NDs
No NDs
Do AN?%B Adduct
I 1/ R
320 330 340 345 360 375 460 470 480
m/z m/z m/z

Figure 5.7. ESI/FT-ICR mass spectra mafzisolated () (left) [Z-PG-OMe + HT,
(middle) [ZPG-OMe + Naf, (middle) [ZPG-OMe + K], and (right) [ZPG-OMe +
CsJ after 600 s reaction time with NBat P(NR) ~ 4.4 x 10° Torr). | = [Do + ND,H]*
(m/z340); Il = [Do + NDs]" (m/z341); lll = [D1 + ND3]* (m/z342); IV = [D, + ND3]*
(m/z343).

In Z-PG-OCH;z, the hydrogen atom attached to glycine hydroxyl group was
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replaced with a Cklgroup, which could interrupt the hydrogen bonding betwees ND
and glycine hydroxyl group in BPG.

Figure 5.7 shows the ESI/FT-ICR mass spectrum oP@OCH; + HJ (left
panel), [ZPG-OCH; + NaJ (middle panel), [/PG-OCH; + K]* (middle panel), and [Z-
PG-OCHs + CsJ (right panel) after 600 s HDX reaction time with N{Pressure ~3.0 x
10°® Torr). Similar to [ZPG + H]* (Figure 5.1 bottom, panel a), HDX mass spectral
pattern of [ZPG-OCH; + H]" showed the presence of both deuterium uptake angd ND
adduct. The mass spectrum in Figure 5.7 shows the presence of araudeuptake in
[Z-PG-OCH; + H]" (peak labeled asiOn Figure 5.7) and up to two deuterium uptakes in
[Z-PG-OCH; + H + NDs]" (peak labeled as “IV” in Figure 5.7). No N@Rdduct was
observed for metal (NaK*, and C$)-complexed species of PG-OCHs (Figure 5.7
middle and right panels).

Results in Figure 5.7 suggest that C-terminal glycine hydirgrgup is not
involved in ND; adduct formation in 2G. HDX results in Figure 5.6 are consistent with
the molecular modeling data in Figure 5.3, suggesting that the O fedamglycine’s

carbonyl group is engaged in hydrogen bonding witls.ND

5.4. Conclusion
We reported on the observation of selective reagent adduct formatidBXn
reaction of protonated PG with NDs. The formation of gas-phase reagent adduct with
protonated Z°G was insensitive to model dipeptide amino acid sequernee {-PG

versus Z&GP).
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To the best of our knowledge, this is the first comprehensive studyatoime
gas-phase HDX reagent adduct formation by combining experime@alNiMS, and
IM-MS/MS and theoretical approaches.

Results presented in here point to the importance of considerimgrapeting
gas-phase reaction channels during HDX of peptides, reagent adduct formation.
Although the formation of gas-phase reagent adducts can complicat¢etipeetation of
“normal” HDX uptake and reaction kinetics, it may also revegbartant structural

information such as orientation of peptides backbone carbonyl groups.
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CHAPTER SIX

Conclusions and Future Directions

Protein identification and characterization using mass spectpn(®iS)
techniques relies heavily on bioinformatics algorithms, searchnesgiand software
controlled processes. The available computer software and seginkseare generally
based on bioinformatics models that relate the experimentartaMbt data to databases
and do not account for gas-phase fragment ion rearrangementsicereseinforeseen
post-ionization structural rearrangements and amino acid sequenceélstaan reduce
protein/peptide identification reliability and yield “low scorest even result in
misidentification. Therefore, research is needed to better unugrskee gas-phase
chemistry involved in formation of different fragment ion structudesing collision
induced dissociation (CID) and improve peptide sequencing using MS.

To investigate chemical reactions involved in ion dissociation anessldurrent
limitations in gas-phase protein sequencing, we studied structuresdafi peptides and
their fragment ions. In particular, we wanted to: (i) characterize theemtke of structural
parameters that favored gas-phase fragment ion rearrangendr{y identify potential
chemical pathways involved in generation of sequence-scrambled prachsct We
utilized a variety of analytical techniques such as statbeshtt MS and ion mobility
(IM) devices combined withab initio and theoretical calculations to enhance our

fundamental understanding of gas-phase ion physics and ion dissociattessas. In
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the following sections, we briefly discuss specific outcomes anaefudirections of the

research presented in each chapter of this dissertation.

Dissertation Overview and Future Directions

CHAPTER ONE Chapter ongrovided a general overview of the principles of
mass spectrometry (MS) and frequently used MS dissociation ¢ge&snin protein
sequencing. In addition, two analytical techniquésg.(gas-phase hydrogen/deuterium
exchange (HDX) reaction and ion mobility (IM) spectrometry) /@ commonly used
for gas-phase structural characterization of peptides and pefpidenents were
introduced in chapter one.

CHAPTER TWO In chapter two, details of commonly used MS-based protein
identification approaches and gas-phase peptide fragment ionngEamants were
discussed. Furthermore, a survey of the National Institute of Stnead Technology
(NIST) peptide MS/MS library and experimental CID data wass@mted; the NIST
survey and data from a model peptide demonstrated the importangasgthase
fragment ion rearrangements for peptide sequencing.

Moreover, data presented in chapter two highlighted the essend@ of
understanding of the gas-phase chemistry governing rearrangeeaetipms in MS
fragmentation processes and (ii) characterization of fragrorrgtiuctures and pathways
leading to fragment ion scrambling for improving the accuracy oinfarmatics
software and algorithms used in protein identification.

CHAPTER THREE MS data in chapter three allowed for comprehensive
comparisons in a systematic study and ultimate understanding @fffédats of basic

histidine amino acid positions and fragment ion sizes on structuredype fragment
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ions (generated during CID). Gas-phase HDX reactions (conducted as®.4 teals
Fourier transform-ion cyclotron resonance (FT-ICR) MS) and I8-Mere utilized to
probe gas-phase structures of 28 histidine (His)-containi{iy$ 4 to 7) ions from seven
isomeric heptapeptides ofg@is)-NH, type. Results from both HDX mass spectral
patterns and reaction kinetics were consistent with the presématdeast two structural
isomers for the studied histidine-containingdns, regardless of the histidine position in
the original heptapeptide amino acid sequence. The presence of@irairisomers in
histidine-containing b(n = 4 to 7) ions was further supported by the experimental data
from IM-MS measurements.

IM profiles acquired for § from each of AA(His)AAAANH, AAA(HiS)AAA-
NH,, and AAAA(His)AA-NH, peptides showed the presence two mobility-overlapped
ion populationsi(e., “compact” and “linear” isomers). For IM profiles with un-ressd
single-Gaussian peak shapes, we also compared peak profilesofws with standard
sodium adduct polypropylene glycol (PPG) ions (peaks’ full widthdaf height
(FWHH)) that had similar arrival times (ATs). For exam@#WHH analyses for,b(n =
4 to 7) from AA(His)AAAANH, (P3) showed the presence of significantly wider IM
peak widths for these fragments than standard sodium adductdeiRtgércpart ions with
similar ATs. Results from FWHH analyses suggested the mressf multiple structural
isomers for B" (n = 4 to 7) of P3, consistent with HDX data.

Future studies might include the use of post-IM/CID MS as attaksolve
different b fragment isomers or conformers and obtain the pegesntd “compact” and
“linear” structural isomers of the histidine-containing b ions &gnction of (i) histidine

position in the original heptapeptide amino acid sequence and (ii)rireneal
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parametersg.g, ESI capillary voltage and ion transfer kinetic energy). Funbee,
chemical modificationse(g., peptide N-terminal acetylation) might be used to decrease
or even eliminate the possible chances of b fragment ion dyshzand/or confirm the
presence or absence of various structural isomers for b ions.

CHAPTER FOUR:MS results in chapter four provided the first experimental
evidence for occurrence of sequence scrambling in y-typenéagions. We presented
results from CID MS of y fragment ions generated from four rqedptides (all
containing basic residues near the C-terminus) including: AAAAHNH, (where “A”
denotes an alanine (A) residue with one carbon thirt&¥) {sotope on the alanine
carbonyl group), des-acetylateemelanocyte (SYSMEHFRWGKPV-NB, angiotensin
Il antipeptide (EGVYVHPYV), and glufibrinopeptide b (EGVNDNEEGFHRSAA total
of thirty two y fragment ions, including fragments of differentrgeastates (+1 to +3)
and sizes (4 to 12 amino acids), were investigated.

The presence of sequence-scrambled fragment ions in CID mats sje-50 %
of the studied y ions were confirmed. Moreover, results fronl ®19 MS experiments
suggested that sequence scrambling in y ions could occur througleqsebs
fragmentation of intermediate macrocylic structure ion{®.,([y - (NHs/orH,0)]™,
where m = 1 to 3). Based on the MS8ID results, potential mechanisms for the
occurrence of sequence scrambling in CID of examined y-type ions were proposed

Future studies in this area could be focused on investigatingffée ef (i)
peptides’ amino acid compositionise(, amino acids with different side chains such as
polar, non-polar, acidic, and basic) and (ii) peptides’ C-terminatiaion (versus acid

terminated) on the generation of sequence-scrambled fragment ions durinfyddds
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CHAPTER FIVE:Gas-phase HDX is a powerful chemical probe for structural
elucidation of proteins/peptides and their fragment ions and metallexead
counterparts; however, other reaction chanreety, (@as-phase reagent adduct formation)
can compete with intended “normal” HDX reaction and complicaterttegpretation of
HDX data. Data in chapter five provided the first comprehensivey sindundamental
chemistry involved in gas-phase adduct formation by combiamgnitio calculations,
HDX reactions, IM-MS, isotope labeling, and post-IM/CID MS.

Effects of protonation and alkali metal ion (N&"*, and C%) complexation on
gas-phase NPadduct formation of a benzyloxycarbonyl (Z)-capped dipeptide congainin
glycine G) and proline @) (i.e., Z-PG) were studied. We reported on selective reagent
adduct formation in HDX reaction of protonatedP% with NDs;. We showed that
formation of the gas-phase reagent adduct with protonate@ i#as insensitive to the
order of the amino acid sequence of model dipeptide ¢Z-PG versus ZGP). By
combining the results from experimental observations and theoreatallations we
demonstrated that the presence of three carbonyl oxygens&rdimand Z group are
critical for ND; adduct formation in 2G. Results presented in chapter five point to the
importance of considering all competing gas-phase reaction chafeagls reagent
adduct formation) in HDX studies.

Future studies could explore the influence of (i) alkali (group 1), intkadarth
(group 2), and transition metal ion complexations, (ii) increasinglidtance betweeR
and G residues in G peptide €.g, using synthetic model peptides ofPZEH,)G

type), and (iii) replacing L-glycine and L-proline residueshwiteir corresponding D
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stereoisomers on the extent of NRdduct formation with 2RG and other model

peptides.
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APPENDIX A

A Systematic Study on the Effect of Histidine Position and Fragment lonrSize
Formation of i lons
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Figure A.1. Sustained off-resonance irradiation-collision induced dissociation KSOR
CID) FT-ICR mass spectrum of protonated AHAAAAA-BIFSORI-CID parameterssf

= ~- 500 Hz, RF Amplitude = 12 \se-to-peaxduration = 262 ms (Nwas used as collision
gas).
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Table A.1.Amino acid composition of the observed SORI-CID fragment ions, their
theoretical m/z, experimental m/z, and MMA errors for protonated A(His)AAAK »
(signal-to-noise threshold for the assigned fragments is higher than ~4jagiment ion

that could exclusively be assigned as scramble ion is shoiatienfont.

Fragment Theoretical m/z Experimental m/z Erromipp

[M + H]"- NHs 564.2889 564.2887 0.35

[M + H]"- NHs3- H,0 546.2783 546.2781 0.37
[M + H]"- NH3 -CO 536.2940 536.2970 -5.59

[M + H]"- NHs - NH; - H,O 529.2518 529.2518 0.00
[M + H]"- NH3- NH3- CO 519.2674 519.2669 0.96
[M + H]" - NHz- NH;3 - H,O -GH, 503.2361 503.2355 1.19
[M + H]"- NH3 - NH;z - H,O - CO 501.2568 501.2562 1.20
[AsH] 493.2518 493.2516 0.41

[AsH] - H,0 475.2412 475.2410 0.42
[AsH]" - H,O - NH; 458.2146 458.2145 0.22
[AsH]" - NH; - CO 448.2303 448.2302 0.22
[AsH]" - NH; - H,0 - GH, 432.1990 432.1989 0.23
[AAAAAAT 427.2300 427.2319 -4.45
[AH] 422.2146 422.2145 0.24

[AH]" - H,O - NH; 387.1775 387.1773 0.52
[A4H]"- NH; - CO 377.1932 377.1934 -0.53
[AJH]"- Hy,O - NH; - GH, 361.1619 361.1617 0.55
[AH]"- NH; - H,O - CO 359.1826 359.1828 -0.56
[AAAAA] 7 356.1929 356.1928 0.28
[AH]* 351.1775 351.1776 -0.28

[AsH]"- NH; - H,O 316.1404 316.1402 0.63
[AAAAA] - NH 3-CO 311.1714 311.1713 0.32
[A3H]"- H,O - HCN 306.1561 306.1559 0.65
[AsH]"- NH;3 - H,O - GH, 290.1248 290.1246 0.69
[AsH]"- H,O - NH; - CO 288.1455 288.1454 0.35
[AAAA] * 285.1557 285.1557 0.00

[AH]* 280.1404 280.1403 0.36

[A.H]*- H,O 262.1304 262.1297 2.67
[AoH]"- H,O - NHy 245.1039 245.1032 2.86
[AAAA] *- NH3 - CO 240.1343 240.1342 0.42
[A,H]"- NH; - CO 235.1190 235.1189 0.43
[A2H]"- NH3 - H,O - GH, 219.0877 219.0876 0.46
[A2H]"- NH; - H,O - CO 217.1084 217.1083 0.46
[AH] " 209.1033 209.1032 0.48

[AH] " - NH; 192.0773 192.0766 3.64
[AH]"- H,O 191.0927 191.0926 0.52

[AAA] - CO - NH; 169.0972 169.0971 0.59
[AH]"- NH;—CO 164.0818 164.0818 0.00
[AAA] * - H,O - CO - HCN 141.1022 141.1033 -7.80
[AH]* - H,O - CO - HCN 136.0869 136.0869 0.00
[AH]" - NH3 - H,0 - CO - HCN 119.0604 119.0604 0.00
[H] -CO 110.0713 110.0713 0.00
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Figure A.2. Sustained off-resonance irradiation-collision induced dissociation
(SORI-CID) FT-ICR mass spectrum of protonated AAA(His)AAAIN SORI-

CID parametersaf = ~- 500 Hz, RF Amplitude = 12 pyse-to-peax duration = 262

ms (N was used as collision gas).
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Table A.2.Amino acid composition of the observed SORI-CID fragment ions, their
theoretical m/z, experimental m/z, and MMA errors for protonated AAA(HIgA »
(signal-to-noise threshold for the assigned fragments is higher than ~4yv@ he
fragment ions that could exclusively be assigned as scramblar®isfiown intalic font.

Fragment Theoretical m/z Experimental m/z Errgmip

[M +H]" - NH3 564.2889 564.2892 -0.53

[M +H]" - NH;z - H,O 546.2783 546.2787 -0.73
[M + H]" - NHsz - NH3- H,O 529.2518 529.2525 -1.32
[M + H]" - NHz - NH3- CO 519.2674 519.2634 7.70
[M + H]" - NH;z - NH3- H,0 - GH, 503.2361 503.2363 -0.40
[AsH]" 493.2518 493.2518 0.00

[AsH]"- H,O 475.2412 475.2422 -2.10
[AsH]" - NH3- H,O 458.2146 458.2147 -0.22
[AsH]" - NH; - CO 448.2303 448.2302 0.22
[AsH]" - NH; - H,O - GH, 432.1990 432.1993 -0.69
[AH]" 422.2146 422.2149 -0.71

[A4H]" - HO 404.2041 404.2036 1.24
[AH]" - H,O - NH; 387.1775 387.1776 -0.26
[AJH]" - NH; - CO 377.1932 377.1932 0.00
[A4H]" - HoO - NH; - CH, 361.1619 361.1616 0.83
[AH]"- NH; - H,O - CO 359.1826 359.1829 -0.84
[AsH]" 351.1775 351.1778 -0.85

[AsH]"- NH; - H,O 316.1404 316.1403 0.32
[AAAAA]" - NH; - CO 311.1714 311.1711 0.96
[AsH]"- H,O - HCN 306.1561 306.1558 0.98
[AsH]" - NH; - H,O - GH, 290.1248 290.1246 0.69
[AsH]"- H,O - NH; - CO 288.1455 288.1453 0.69
[AAH] * - H,0O 262.1304 262.1297 2.67
[AAH] * - NH; - H,O 245.1039 245.1033 2.45
[AAAA]" - CO - NH 240.1343 240.1343 0.00
[AAH] * -NH; - CO 235.1190 235.1186 1.70
[AAH] * - NH3- H,0 - GH, 219.0877 219.0876 0.46
[AAH] " - NH; - H,0O - CO 217.1084 217.1083 0.46
[AH] " 209.1033 209.1034 -0.48

[AH] " - NHz - CO 164.0818 164.0818 0.00
[AAA] ¥ - H,O - HCN - CO 141.1022 141.1022 0.00
[AH] " - H,0O -HCN - CO 136.0869 136.0869 0.00
[AH]" - NH; - H,O - CO - HCN 119.0604 119.0604 0.00
[H]" -CO 110.0713 110.0713 0.00
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Figure A.3. Sustained off-resonance irradiation-collision induced dissociation
(SORI-CID) FT-ICR mass spectrum of protonated AAAAAA(HislN SORI-CID
parametersaAf = ~- 500 Hz, RF Amplitude = 12 p¥se-to-peak duration = 262 ms (N
was used as collision gas).
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Table A.3. Amino acid composition of the observed SORI-CID fragment ions, their
theoretical m/z, experimental m/z, and MMA errors for protonated AAAAAAMNIS,
(signal-to-noise threshold for the assigned fragments is higher than ~4).

Fragment Theoretical m/z Experimental m/z  Errom@pp

[M +H]" - NH3 564.2889 564.2889 0.00
[M+H]" - H,0O 563.3049 563.3043 1.07

[M +H]" - NH;z - H,O 546.2783 546.2784 -0.18
[M+H]"-NH;-CO 536.2940 536.2935 0.93
[M + H]" - NH;z - NH; - H,O 529.2518 529.2523 -0.94
[M +H]" - NHz - NH3 - CO 519.2674 519.2677 -0.58
[M + H]" - NH;z - NH; - H,0 - GH, 503.2361 503.2356 0.99
[AsH]" 493.2518 493.2515 0.61

[AsH]" - NH; - H,O 458.2146 458.2146 0.00
[AsH]"- NH; - CO 448.2303 448.2304 -0.22
[AsH]" - NH; - H,O - GH 432.1990 432.1986 0.93
[AAAAAA] ¥ 427.2300 427.2299 0.23
[AH]" 422.2146 422.2137 2.13
[AAAAAA] *- H,0O 409.2194 409.2196 -0.49
[AsH]" - H,O - NH; 387.1775 387.1772 0.77
[AAAAAA] *- NHz - CO 382.2085 382.2084 0.26
[AH]"-NH;3- CO 377.1932 377.1932 0.00
[AsH]" - H,O - NH; - CH, 361.1619 361.1614 1.38
[AAAAA] ¥ 356.1929 356.1929 0.00
[AsH]" 351.1775 351.1776 -0.28

[AsH]"- NH3 - H,0 316.1404 316.1402 0.63
[AAAAA] - NH 5- CO 311.1714 311.1713 0.32
[AzH]"- H,O - HCN 306.1561 306.1560 0.33
[AzH]"- H,0 - NH;- CO 288.1455 288.1453 0.69
[AAAA] ¥ 285.1557 285.1556 0.35
[AAAAA] ¥ - CO - HO - HCN 283.1765 283.1764 0.35
[AzH]" - H,O 262.1304 262.1299 1.91
[AAAA] T - CO 257.1608 257.161 -0.78
ya[AH]" - H,0 - GHs 250.1173 250.1187 -5.60
[A,H]"- NH3- H,0O 245.1039 245.1033 2.45
[AAAA] - CO - NH 240.1343 240.1342 0.42
[AH]" - NH; - CO 235.1190 235.1188 0.85
yo[AH] " 226.1299 226.1298 0.44

[AsH]" - NH; - H,0 - GH, 219.0877 219.0877 0.00
[A,H]"- NH; - H,O — CO 217.1084 217.1082 0.92
[AAA]* 214.1186 214.1186 0.00

[AH]* 209.1033 209.1032 0.48

[AH] " - NH3 192.0773 192.0768 2.60

[AH] " - H,O 191.0927 191.0927 0.00

[AAA] *- CO - NH; 169.0972 169.0971 0.59
[AH]*- NH; — CO 164.0818 164.0818 0.00
ya[His]* 155.0927 155.0927 0.00

[AA] " - H,O - NH; - GH, 153.0659 153.0659 0.00
[AAA] ¥ - H,O - HCN - CO 141.1022 141.1023 -0.71
[His]* 138.0662 138.0661 0.72

[AH]" - H,O - HCN - CO 136.0869 136.0869 0.00
[AH]" - NH;3 - H,0O - CO - HCN 119.0604 119.0603 0.84
[AA]T-CO 115.0866 115.0866 0.00

[His]" - CO 110.0713 110.0713 0.00
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Figure A.4.Semi-log plots of In(lgDn) vs. H/D exchange reaction time for (a) p(b)

bs" fragment ions of pentaalanine JAThe empty circleso) and triangles X) in the
semi-log plots show the segments corresponding to “fast” + “skmd “slow” H/D-
exchanging populations, respectively. The fitted linear equationsaithn segment are
shown in the plots. The filled squane) (n the semi-log plot in panel (a) corresponds to
H/D exchange data which were not used for linear fitting. Mhss spectra in panels (c)
and (d) are the H/D exchange isotopic patterns (after 100 ro8oredime) of mass
isolated™“Cy, ion populations of §§ and k", respectively. CEDD (at pressure of 3.5 x
10° Torr) was used as deuterating reagent.
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Figure A.5.lon mobility arrival time distributions (ATDs) acquired for malésr ions
(i.e., [M + H]") and the histidine-containing, (n = 4-7) fragment ions of (a)
AA(His)AAAA-NH , (P3), (b) AAA(His)AAA-NH, (P4), and (c) AAAAAA(His)-NH
(P7).
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Figure A.6. Semi-log plots of In(IDy,) vs.H/D exchange reaction time fogiragment
ions of AA(His)AAAA-NH,. The empty circlesd) and triangles A) in the semi-log
plots show the segments corresponding to “fast” + “slow” and “sleWid-exchanging
populations, respectively. The fitted linear equations for each sg@re shown in the
plots. The filled squarea) in the semi-log plots correspond to H/D exchange data which
were not used for linear fitting. ND(at pressure of ~4.0 x f0Torr) was used as
deuterating reagent.
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APPENDIX B

Evidence for Sequence Scrambling in Collision-Induced Dissociation of y-Type
Fragment lons
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Figure B.1.Collision-induced dissociation (CID) mass spectra of iigisolated (a)
[yel " (m/z511) (generated from CID of doubly charged AAAAHAA-BHnd (b) [y —
(NH3)]" (m/z494) (generated from CID of {ly) at 20 % normalized collision energy.
Insets in panels (a) and (b) show the expanded views/ofange of 422.1 to 422.3
corresponding to identified sequence scrambled fragmeni.@n[ys — (NHs + A)]")
with mass measurement errors of 4.2 and 0.5 ppm, respectively.
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Figure B.2.Collision-induced dissociation (CID) mass spectra of nilgisolated (a)
[ys]” (m/z440) (generated from CID of doubly charged AAAAHAA-NHand (b) [y —
(NH3)]" (m/z423) (generated from CID of {y) at 20 % normalized collision energy.
Insets in panels (a) and (b) show the expanded views/ofange of 351.0 to 351.3
corresponding to identified sequence scrambled fragmeni.@n[ys — (NHs + A)]")
with mass measurement errors ~ 3.3 and 0.1 ppm respectively.
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Figure B.3 Collision-induced dissociation (CID) mass spectra of iigisolated (a)
[ya]" (m/z440) (generated from CID of doubly charged AAAAHAA-BHnd (b) [y —
(NH3)]" (m/z423) (generated from CID of Jy) at 20 % normalized collision energy.
Insets in panels (a) and (b) show the expanded views/ofange of 351.0 to 351.3

corresponding to identified sequence scrambled fragmeni.@n[ys — (NHz + A)])
with mass measurement accuracy of 0.5 and 0.4 ppm respectively.
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Table B.1. Fragment ion identity, theoretically calculatédvalues, experimentally

observedn/zvalues, and error (ppm) of the assigned fragment ions observed in CID

mass spectrum of §j/* (FRWGKPV-NH,) from des-acetylated-melanocyte. The
sequence-scrambled fragment ions are showalin font.

Identity of fragment ion Theoretical/z  Experimentam/z Error (ppm)
[y7 - (NH; + CO + FRWGK)][ 169.1335 169.1335 0.00
[y - (NH; + FRWGK)[ 197.1285 197.1284 0.51
ly2]" 214.1550 214.1550 0.00
[y - (2NH; + WGKPV)[* 287.1503 287.1503 0.00
[y- - (NHz + WGKPV)[ 304.1768 304.1769 0.33
[ys- (NHz + FRWG)[ 325.2234 325.2235 0.31
[y7 - (NH; + PV)]? 338.1899 338.1897 0.59
[y- - (NH; + H,O + V)] 377.7110 377.7110 0.00
[y7 - (NHs + FRW)J 382.2449 382.2453 1.05
[y7 - (NHs + W)]** 386.7163 386.7163 0.00
[y7- (NH; + P)]*? 387.7241 387.7248 1.81
[y7 - (NHz + CO)J 422.2530 422.2530 0.00
[y7 - (NH; + H,0)]™? 427.2452 427.2449 0.70
[y7 — (NH)] 2 436.2505 436.2505 0.00
[y - (NH; + GKPV)[" 490.2561 490.2563 0.41
[y7 - (NHs + KPV)]® 547.2776 547.2775 0.18
[y7 - (KPW)]* 564.3041 564.3038 0.53
[y7 - (NHz + FR)[ 568.3242 568.3240 0.35
[ys]" 585.3507 585.3503 0.68
[y7 - (NHz + PV)[" 675.3725 675.3721 0.59
[y7 - (NHz + F)" 724.4253 724.4274 2.90
[y7- (NHs + P)]* 774.4410 774.4406 0.52
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Table B.2. Fragment ion identity, theoretically calculatédvalues, experimentally

observedn/zvalues, and error (ppm) of the assigned fragment ions observed in CID

mass spectrum of fy- (NHs)]*? from des-acetylated-melanocyte. The sequence-
scrambled fragment ion is shownitalic font.

Experimental

Identity of fragmention  Theoretical/z m/z Error (ppm)
[y7- (NHz + CO +

FRWGK) 169.1335 169.1335 0.00
[y7 - (NHz + FRWGK)[' 197.1285 197.1286 0.51
[y7 - (2NH; + WGKPV)T' 287.1503 287.1505 0.70
[y7 - (NHs + WGKPW)T' 304.1768 304.1768 0.00
[y7- (NHs + FRWG)T 325.2234 325.2231 0.92
[y7 - (NHs + V)]*? 386.7163 386.7164 0.26
[y7 - (NHs + P)] ™2 387.7241 387.7242 0.36
[y7 - (NHs + CO)? 422.2530 422.2529 0.24
[y7 - (NHs + H,O)]*? 427.2452 427.2453 0.23
[y7 — (2NHy)] " 427.7372 427.7380 1.87
[y7 - (NHs + GKPV)T' 490.2561 490.2561 0.00
[y7 - (NHz + KPV)]* 547.2776 547.2770 1.10
[y7 - (KPV)]* 564.3041 564.3041 0.00
[y7- (NHs + FR)[ 568.3242 568.3235 1.23
[y7 - (NHs + PV)[' 675.3725 675.3721 0.59
[y7- (NHs + P)]* 774.4410 774.4404 0.77
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Table B.3. Fragment ion identity, theoretically calculatédvalues, experimentally

observedn/zvalues, and error (ppm) of the assigned fragment ions observed in CID

mass spectrum of f{/ [GVYVHPV] from angiotensin Il antipeptide. The sequence-
scrambled fragment ions are showrtatic font.

Identity of fragment ion Theoretical/z  Experimentam/z  Error (ppm)
[y - (H,O + GVYW)]* 235.1190 235.1190 0.13
[y7 - (H,O + CO + GVHPV)] 235.1441 235.1441 0.00
[y7- (H,0 + GVYPV)[' 237.1346 237.1346 0.00
[y7- (H,0 + NH; + CO + VYPV)[ 249.1346 249.1346 0.04
[y- - (H,O + GVHPV)[ 263.1390 263.1391 0.11
[y7 - 2H,0 + YVPV)[ 276.1455 276.1455 0.07
[y7 - (2H,0 + CO + GVYV)[' 288.1819 288.1819 0.10
[y7 - (H,O + YVPV)[ 294.1561 294.1561 0.20
[y7- (3H,0 + GVYV)]* 298.1662 298.1663 0.27
[y7- (2H,0 + GVYV)]* 316.1768 316.1768 0.13
[y - (H,O + NH; + CO + GHPV)] 317.1860 317.1864 1.20
[y- - (HO + VHPV)[' 320.1605 320.1606 0.28
[y7- (H,O + GVYV)] 334.1874 334.1875 0.36
[yl 352.1979 352.1981 0.37
[y7-(H,0 + GHPV)[ 362.2074 362.2075 0.30
[y7-(H,O + CO + YPV)[ 365.2296 365.2295 0.16
[y7 - (H:O + GHoN, + GVY)]* 379.2340 379.2341 0.18
[y - (2H0 + GVPV)[ 382.1874 382.1876 0.58
[y7 - (H,O + CO + HPV)] 391.2340 391.2341 0.23
[y7- (H20 + YPV)] 393.2245 393.2245 0.03
[y7 - (HO + GVPV)T 400.1979 400.1979 0.05
[y7 - (H,O + NH; + CO + VPV)[' 412.1979 412.1980 0.12
[y - (H,O + HPV)[ 419.2289 419.2289 0.07
[y7- (H,O + GHgNO + PV)T 421.2194 421.2193 0.31
byd" 451.2663 451.2663 0.02
[y7 - (H:O + VPV)[' 457.2194 457.2194 0.11
[y7 - (2H,0 + NH; + CO + PV)[ 493.2558 493.2558 0.12
[y - (2H,0 + CO + PV)] 510.2823 510.2822 0.27
[y7 - (H,O + NH; + CO + PV)} 511.2663 511.2662 0.23
[y;- (2H,O + NH + PV)[' 521.2507 521.2505 0.35
[y7 - (H,O + CHNH + PV)T* 527.2613 527.2613 0.15
[y - (H,O + CO + PV)] 528.2929 528.2927 0.42
ly7 - (2H0 + PV)]' 538.2772 538.2772 0.11
[y - (H,O + NH; + PV)[* 539.2613 539.2612 0.20
[y7 - (H,0 + PV)[' 556.2878 556.2876 0.45
[ys]” 614.3297 614.3295 0.33
[y7 - (H,O + CO + V)[ 625.3457 625.3453 0.51
lys - @H0 + V)] 635.3300 635.3298 0.31
[y7 - (HO + V)[* 653.3406 653.3404 0.29
ly7- (V)" 671.3511 671.3509 0.34
[y - (H,O + CO)J 724.4141 724.4137 0.52
ly7 - CH0)]* 734.3984 734.3979 0.76
[y - (H,O + NHg)]* 735.3824 735.3820 0.60
ly7 - (H,O)]" 752.4090 752.4086 0.56
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Table B.4. Fragment identity, theoretically calculat@dvalues, experimentally
observedn/zvalues, and error (ppm) of assigned fragment ions observed in CID
spectrum of [y— (H,O + PV)[ from angiotensin Il anti-peptide. The fragment ions that
could be assigned as scrambled ions are showalim font.

Identity of Fragment ion Theoretical/z Experimentam/z Error (ppm)
[y7 - (H,O + CO + GVHPV)] 235.1441 235.1441 0.00
[y7- (HO + GVYPV)[ 237.1346 237.1347 0.42
[y7 - (H,O + NH; + CO + YVPV)[ 249.1346 249.1347 0.40
[y7 - (H,O + GVHPV)[' 263.1390 263.1391 0.38
[y7 - (2H0 + YVPV)T 276.1455 276.1456 0.36
[y7 - (H,O + YVPV)[ 294.1561 294.1561 0.00
[y7 - (H,O + VHPV)[ 320.1605 320.1606 0.31
[y7-(H,0 + GHPW) 362.2074 362.2077 0.83
[y7 - (H,O + CO + YVP)[ 365.2296 365.2297 0.27
[y7 - 2H,0 + GVPV)[' 382.1874 382.1875 0.26
[y7 - (H,O + CO + HPV)] 391.2340 391.2340 0.00
[y7 - (H,0 + YPV)[ 393.2245 393.2246 0.25
[y - (H,O + GVPV)[ 400.1979 400.1981 0.50
[y7 - (H;0 + NH; + CO + VPV)[ 412.1979 412.1981 0.49
[y7 - (H,O + HPW)T 419.2289 419.2291 0.48
[y7- (H20 + GHgNO + PV)[ 421.2194 421.2197 0.71
[y7 - (H,O + VPV)]' 457.2194 457.2195 0.22
[y7- (2H,O + NH; + CO + PV)] 493.2558 493.2559 0.20
[y7 - (2H,0 + CO + PV)] 510.2823 510.2824 0.20
[y7- (H;,O + NH; + CO + PV)[ 511.2663 511.2666 0.59
[y;- (2H,O + NH;+ PV)[" 521.2507 521.2508 0.19
[y - (H,O + CHNH + PV)T' 527.2613 527.2614 0.19
[y7 - (H,O + CO + PV)] 528.2929 528.2930 0.19
[y7 - (2H0 + PV)[ 538.2772 538.2774 0.37
[y7 - (H,O + NH; + PV)[ 539.2613 539.2615 0.37
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APPENDIX C

Structural Dependent Competition between Gas-Phase H/D Ex-change and Adduct
Formation Reactions
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Figure C.1. Overlaid IM profiles of [RG + Ca - H[ (dash curve) and [PG + K]*
(solid curve).
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(a) Post-IM/CID MS Profile
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(b) Deconvoluted IM Profiles and CID Mass Spectra
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Figure C.2.(a) Post-IM/CID MS profile ofm/zisolated [ZPG + H - CQ]". (b)
Deconvoluted IM profiles of “Compact” (solid curve) and “Elongatédash curve)
conformers of [ZPG + H - CQJ". Insets show the deconvoluted CID mass spectra of
“Compact” (left) and “Elongated” (right) conformers of PG + H - CQJ]". A
previously reported IM deconvolution technigue Am. Soc. Mass Spectrog12, 23,
1873-1884) was used to extract pure IM and CID mass spectra ofdH{&-fG + H -
CO,]" conformers. Post-IM/CID MS experiment was performed byngethe potential
difference between IM cell exit and transfer cell entraic28 V. All other parameters
are given in experimental section.
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