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ABSTRACT
In this study, we carefully examinasgveral types oflectron activated dissociatioBXD)
processs and developed new ExD techniquést should facilitatdiological research
placingpaticular emphasis on glycan and protein characterizaiibe. first part of this
study focuses omletermination of ExD fragmentation mechanisms apglication of
ExD to glycande novosequencingThrough variation othe electron energy and metal
charge caiers, the behaviors omodel glycansvere systematically studied and a new
ExD fragmentationprocess designated as electronic excitation dissociation (EED), was
found to be the most informative. By identifying and controlling the key parameters, we
improved the EED efficiencytp a level that now allowBED to be performedn atime
scalethat is compatible wittnigh performance liquid chromatograpbgale. Theoretical

modelingwas employed to gaimsights into the charge remote fragmentation behavior
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inherent inthe EED process. Thexgerimental results demonstrdtthat EED has the
potential to provide the experimental basis for highroughput de novo glycan
sequencingThe second part of this study focuses ondékerminatiorof deamidatiorof
aspaagineresiduesand isomerizatiorof aspartataesidueswithin proteins In order to
avoid the generation of artifacts duritigpsin digestion, a comprehensive {@vn ExD
method was developed to identify both asparagine deamidation aadpastate
formation atthe level of theintact protein With the considerationthat the topdown
strategy will eventually fail for high molecular weight proteins, a midilien ExD
method wamext developedfor the analysis of peptides generatsdproteolysiswith
Stgphylococcal serine protease Protease @u{C), carried outat slightly acidic
conditions.In addition the potentiafor use ofin-source decay in isspartateanalyses

wasevaluatedandits fragmentatiormechanisms weri@vestigated.

This research eablishes new tools for structural determinations of glycans and
significant improvements in methods for the ison@erd sitespecific analysis of proteins

that contain Asp or Asn residues tltan undergo conversion to Asp, and provides
insight toward nderstanding and controlling the fundamental processes that lead to the

types of fragment ions observed in electron activated dissociation mass spectra.
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Chapter 1 Introduction

1.1 Introduction to mass spectrometry

Biomolecules are produced by every living organism and are the structural basis for all
biological functions. In order to et understand biological processes, it is necessary to
elucidate the structures tfese moleculesAmong the current technologies to probe the
structures of biomolecules, mass spectrometry (M&)san increasingly important role

as it is sensitive, aacate and fast.

MS measures the magscharge ratio /2 of chargedatoms ormolecules(ions). A
mass spectrometer usuattgnsists ofthree components: an ion source, which converts
neutral molecules to ions, a mass analyzer, which separates iodsobatbeirm/z, and

an ion detector, which detects and outputs the sgiahe separated ionf the early
years of the techniquehe use of MS was limited to small @dvolatile molecules.
Recently the rapidly increasing demand bfopolymer analysis has accelerated the

development of newypes ofion sources, mass analyzers, and ion detectors.

1.1.1 lon sources

Many importantbiomolecules are labile and high in molecular weigbkassic ion
sources, such as electron ionization (El) and cherooatation (CI), arenot useful for

the analysis ofarge moleculessince they require that the sample be in the gas phase and

the heating required teolatilize the sample®ften producs severe decompositioand



since El transfers so much energy to @nalyte ¢a. 70 e\) that extensive fragmentation
results The development of soft ion sources facilitated the ionizatitergé, nonvolatile
biomolecules.Three soft ion sourcelsave beerwidely used for biomolecule analysis,
fast atom bombardment (FABpr liquid secondary ionization MS (LSIMSjnatrix-

assisted laser desorption/ionization (MALE)Bnd electrospray ionization (ESI)

To perform FABor LSIMS, the analyte is protected byleuid matrix, such as glycerol

or thioglycenl, and is impacted by a high energy (a few keV) atbAB) or ion (LSIMS)
beam.The kinetic energy is absorbed by the matrix ane monvolatile analyteis
ionized by energy transferred from the matrix. However, the practical use dL ERABS

to biomoleales is limited by its high background signal, low tolerance to samples with

salts limited mass range and sensitivisgmple insolubilityandsampledecomposition.

Compared to FABSIMS, MALDI and ESI are more gentle ionization techniques.
MALDI was first reported byM. Karas and~. Hillenkamp in 1985. Two years laterK.
Tanakaget al.used a techniquinat employedan ultrafinemetalpowderand glycerolnd
successfully ionized proteins and polymegmoducingsignals from multimers that were
detectedup to 100,000 Da. Thiatter work was awarded Nobel Prize in Chemysin
2002.The detai of theMALDI mechanismremaincontrovesial. A possible mechanism
for the ion formatiorin MALDI can be described as follovisa MALDI matrix, such as
25di hydr oxybenz o i-eyan@dydxycjniarhiB hicid ¢OHCAS first

co-crystalized with the analyte on a metal pl&g.irradiating the matrix with @ulsed



high intensity UV laserg.g 355 nm at the tripled frequency of dd:YAG lase), a hot
MALDI plume containing a mixtu ofionized matrix and analyte molecules is generated.
Gas phase proton transfer can then take place in this mixas@tingin protonated
species The advantages of MALDI includgraightforward sample preparatianinimal
analyte decompositionand hgh tolerancefor the presence ofalts and buffex
Additionally, MALDI producesmostly singly charged ions, which simplifies the data

interpretation procedures.

ESI was developed by. B. Fenn® who was laterecognizedas a Nobel laureaten
Chemistry In a typicalESI experimentthe analyte is first dissolved in a solution that is
volatile and has low surface tensiang.50 % methanol or acetonitrile). To increase the
ionization efficiencya smallamount(0.5 %- 2 %) of acid or bases usuallymixed into

the sdution; formic acidis often used forthe positive ionization modand ammonium
hydroxide forthe negative ionization mode. At atmospheric pressure (EB),solution
containing theanalyteis passed through a capillary with a small orificéséend.When a
voltage of aew kilovoltsis appliedat the other end of the capillary, thesultingelectric

field drives the solution out of the small orifice and generates a spray with a characteristic
shape known as Taylor cone. Hydraulic pressure generateddlyesmt pumpgpromotes
stablespray formation. The spray is composd#dsmall charged droplets, which quickly
dispersedue to the effects dfeating,drying gascollision, and the Coulombic repulsion.
This ACoul ombic fi ssi on ainggrxhmagededsoglets rusil e as e s

single usually highlychargel molecule is producedBefore entering into the mass



analyzer, neutral molecules are swept away by nitrogeh didtain gasandonly the
ionized moleculesretransferred intdhe mass anaber. ESI allows ionization of macro
biomolecules withminimal decomposition and is most widely usedconjunctionwith

liquid chromatography (LC).

To increase the sensitivity of EQY).S. Wilm and M. Mann, introduced nanoESI in

1994%" A nanoESI experiment is performed using a capillary with @ i orifice.

With such a small orifice, no external hydraulic pressure is needed to drive out the
droplets making theflow rate of nanoESI very low (a few hundred nLAniThe gnall

orifice also increaseshe charge density of the initial droplets, resulting in a more
efficient ACoul ombi c fissiono process. Du
efficiency, nanoESIifs better for the analysis of biomoleculbst are available onlyn

small quantities.

1.1.2 Mass analyzers

The ionized biomolecules are guided to a mass analyzer that sorts ions according to their
m/z by applying electrical and/or magnetitields to cmtrol ion motion Each mass
analyzer has its unique charact#cs. Rational selection of an appropriate mass analyzer

is necessargndthe choice depends on the specific applicatidie performance of a

mass analyzer is evaluatbythe paramets of mass accuracy, dynamic range, resolving

power, detection limit, scan ratetc.



Mass accuracy refers to theorrectnessof mass measurement, which is calculated

through the Eqn. 1.1:

oo | AAOGOMGEAOT DAGGAT A1l

A
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Dynamic rangedefines the minimum to maximum signal intensities that may be

accurately determined.

Resolving power is the capabilifgr separating two ions thaliffer in their m/zvalues
lons are usually considered to be resdhfrom one another when they are separated
between them at 50% peak height. Tiesolutionof a selectedpeakcan be calculated

through Eqn. 1.2:

~ A OTQ

2 A0T 1 OGO(—%I—‘I— Eqn. 1.2

where (/2. is the m/z value of the peak centroid anth/Qrwnwm is the peak width
measured at half oits maximum intensity (FWHM).A massanalyzer with higher
resolving power has higheapability for separationnal accurate determination mns

with closem/zvalues.



The detectiorimit reflects the smallest quantity of sample needed to give a gigptails
distinguishable from background noise. Scan rate refers toetpgency ofmass spectra
acquisitionandrequires consideration of the scan time required to record a spectrum over

the seim/zrange, with high fidelity in terms of peak definition

Quadrupole and Fourier transform ion cyclotron resonancd@R] mass analyzers are

mainly used for the work psented here and will be discussed in the following sections.

Quadrupole mass analyzer

A guadrupolemass analyzeoperates using four parallélyperbolic orcircular rods
which areusually plated with gold toninimize surface roughness and oxidatidach
rod is suppliedwith aradio frequencyrf) oscillating electric field and a superimposed
direct current dc) voltage lons with a stable trajectoryinder the combination of fields
will pass through the quadrupole and be detected by an electron mulfipkefields can
be scanned to record a complete spectrum ocatsetonstant to transmit a selected ion

packet. Equationsl.3 and 1.4re used to describe the ion stabilities guadrupolé*

3 gQ Y

W IR Egn. 1.3
’ Q0 Eqn. 1.4
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wheree is the charge of an electrad,is thedc amplitude,V is therf amplitude,¥ is the

rf angular frequency, and is half the distance between two opposing rods. Mathieu
parametersa, and gm, are directly related t&J and V. The solution ofthe Mathieu
equations for ions with a specifin/zgives a stability diagram. As shown kingure 1.1,

to obtainanoptimum resolution, th&, V amplitudes are increased with a fixed ratio that
forms a scan line close to the peaks of continumlzvalues. As théJ, V amplitudes get
close to the stabily area of a specifian/z the corresponding ions will be axially

transmitted and detected.

Althoughaquadrupole mass analyzer is sensitive and fast, iirhdasd resolving power
and is therefor@ften used in combination with a higiesolution massralyzer such as

anFT-ICR or atime-of-flight (TOF) analyzerin a hybrid mass spectrometer.
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Figure 1.1Superimposed stability diagrams of three ions with differefztin the U, V

space.

Fourier transform ion cyclotron resonance(FT-ICR) mass analyzer

The Fourier transform ion cyclotromesonance(FT-ICR) MS, developedby M.B.
Comisarev andA.G. Marshall in 1974,*° incorporatesa nondestructive mass anaer

that has both high mass accuracy and high resolving péweough the ICR MS had
beenunder investigatiorin a number of laboratories since the 19803 the initial
limitations for dataacquisition angrocessing had restricted its use to theoretical studies
and applications temall molecules and metal clustehstroduction ofa system that
allowed accumulationof many spectra and rapid Fourier transform of toenplex
spectraopened the field to widespread use and the applicafiéiT-ICR MS to amuch
broader range of apphtions. A typical FT-ICR mass analyzer has two major

8



components. One is a pemant or superconducting magnet. Higperformance can be
obtained withhigherfield magnetsAt the presentime, magnets ranging from 3 T 15

T are commercially available. aboratories in both the Pacific Northwest National
Laboratory (PNNL) andhe National High Magnetic Field Laboratory are constructing
21-T FT-ICR MS instruments The other is an ICR cell, the place where ions are
analyzed and detected. A typical ICR ceaklthe followingconstituentstwo excitation
plates and two detection plates, which are paralldh¢odirection othe magnetic field,
and to trapping plates, which are perpendicular to the magnetic Tkl first ICR cell
had a cubic desigh and amore commonly used design is a cylindrical shaped cell
(Figure1.2) The cylindrical cellis more favored a& makes more efficient use tfe
chamber of the super conducting magnretnd it alsoallows ions, electrons and laser

beamto enter into the ICR cell without a mechanical barfier.
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Figure 1.2 A cubic ICR cell (left) and an opended cylindrical ICR cell (right). The

bold arrowat the top of the drawinigdicates thalirectionof the magnetic fieldz-axis).

For a hybrid FFICR MS, ions are generated externailgically by either MALDI or ESI.

After being transferred into the ICR celhe ions are axially trapped by the electrical
field generated by théwo opposingtrapping plates, and are radjalirapped bythe
magnetic field. The combination of magnetic and electric fields generates three types of
ion motions in the ICR cell: cyclotron motioaxial trapping motion and magnetron
motion. In a given magnetic fieldj, the Lorentz forceR) experenced byan ionhaving

a mass omand a charge af can be described as:
¢ adb a-— oS A Eqgn. 1.5

wherev is the tangential velocity of the ion ands the radius of its cyclotron motion.
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The frequency of the cyclotron motiofg)(is defined as:

V)
Q. — Eqgn. 1.
Q C“ ‘l qn 6

The solutionto Eqn. 1.5 and gn. 1.6 gives

am —= Eqn. 1.7

A
¢ Q

Therefore, then/zof an ion is inversely proportional to its cyclotron frequerigy (

While the magnetic field traps ions in they plane,the ions arealso trapped with
harmonic oscillation along theaxis bytheelectricfield generated by the trapping plates
(Figure 1.2) For a cubic ICR cell, Wwena voltage oiV; is applied to the trapping plate,

the potentialat thecell centeris V;/3. This positive potential creates an repulsive electric
field on the x-y plane which pushes the ions towards the excitation and detection plates.
The interplay between the magnetic field and the radial electric field generates an
additional ion motion around the magnetic field, known as the magnetron niesios.

given cell design, wheral is the distance between trapping gdatindU is the cell
geometry factor, thérequency of themagnetron motion is a function e trapping

voltage V) andthemagnetic fieldstrength(B) (Egn 1.8).
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Q — Egn. 1.8

The magnetron motion leads to a reduction of the observed cyclotron frequency (known
as the reduced cyclotron frequency), and affects the accuracy of the mass measurement. It
is clear from Eqn. 1.8 thahe effect of themagnetronmotion can be minimized by

reducing the trapping voltage during detection.

The cyclotron motion of an ion packet indu@asalternating image currefetweenthe
opposing detection plates. However, the initial thermal cyclotron motions of ions are not
coherent ad the net image current is zero. In orderptoducea coherent cyclotron
motion, it is necessary to excite the ions with the sanmfz¢o a large radius by a spatially
uniform electrical field. To detect the ions covering a broad range/pfa broadband
excitation is usually carried out by applying a chirp waveform, which rapidly sveep
across a wide continuous range of frequencies correspondingrtdzbengeof interest.
lons with differentm/zwill be excited to the same radius and wilichinducean image
current with a frequency thatcorrespondsto their specific cyclotron frequency,
generating a&et ofsuperimposed timdomain transient sigral Thecompletetransient
signalis further amplified,digitized, and stored in a computer. The cyclotfe@guency

of each ion can be obtained by performing Fourier transform on thedbmain

transient signal.
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The resolution (R) of FTCR MS for a given ion is linearlgroportionalto the magnetic

field strenght(B) and the length of transient sign@) @s described in Eqn. 1.9.

AY
™ am

Eqgn. 1.9
Becausecollisions between ions and neutral gases reduce the mean free path of ions and
thereforethetime sparof thetransient signal, in order to achieve high resolution, the ICR
cell is usually operated under ulinggh vacuum (e.g. I0i 10° Torr), to minimizegas

collisionsand transient decay

1.1.3 lon activation methods for tandem mass spectrometry (MS/MS)

The ion activation methods for MS/MS fall into two categories: vibrational and electronic.
The \brational ionactivation can be triggered either by colliditige ionswith neutral
gasesas employed ircollisionally activated dissociation (CAD), or layadiating them

with an infrared laser,as in infrared multiphoton dissociation (IRMPD). CAD and
IRMPD of peptids break amide bonds and producardy fragment$’ as shown in
Figure 1.3. Other than leucine (Leu) and isoleucine (lle), eafcthe twenty common
amino acid has its unique masgherefore the full sequence of the precursor peptide can
be deduced by measuring the masses of fragmprasided that a complete series of
fragment ions are producelor example, if the mass difference betweganral b ions is

97.05u, then thdifth residue can bdeduceds a proline (Pro).

13



The collision energy also affects fragmentation patterns. The collision energy used for
low-energyCAD experimers is usually below 100 eMWhena collision energy in the

range from a few humdd to 10keV is applied, high energy CAD (HE CAD) spectra can

be obtainedthese include mangore fragmentsthan regular CADspectra Despite the
advantage of HE CAD, it can only be performed aector MS and MADI-TOF/TOF

MS instruments and thislimits the wide application of this technigue biomolecule

analysis.

As an ergodic process, vibrational ion activation breaks the weakest bonds in a molecule.
This charactestic makes CAD one of the most routinely used fragmentation tectsique
for the segancing of unmodified peptides and glycaNsbrational ion activation has

been discussed in previous revie\s’

Figure 1.3Types of peptide backbone cleavadederminal fragments are annotated as a,

b, and ¢ fragments, andt€rminal fragments are annotated as x, y, and z fragrffents

14



Electron activation dissociation

The application ofelectronactivateddissociation (ExD)in proteomics has been very
successful since the discovery of electron capture dissociation (ECD) irf' 19198t of

the knowledge on ExIhas beerobtained throgh gasphase dissociation studies on
peptides’? Based on the electron energypéied, peptide fragmentatiomodes and the
chemistry of peptides, ExD can be classified into the following types: electron capture
dissociation (ECD), electron transfer dissociation (ETbBggative electron transfer
dissociation (NETD), hotECD (hECD), dectronic excitation dissociation (EED),

electron ionization dissociation (EID3nd electron detachment dissociation (EBD)

Within the range of low electron energyteractions(< 1 eV), a positively charged
precursor ion can capture electrons and undergoes recombinative dissociation known as
ECD (Egn. 1.10)Because&CD is a norergodic process, instead of cleaving the weakest
bonds, ECD cleaves-B bonds generating €andz-type fragments. Compared the b

and y ions produced by CAD, ¢ and z iods not provide substantially different
information on the peptide sequenkEmwever, the nonergodic naturef ECD preserves

the labile modifications on a peptide, making it an informative tool for the identification

of protein postranslational modification(PTMs).

M+ nH]™ + € A ([M+ nH] ") ansiend fragment Eqn. 1.10
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When the precursor ion has a negative net charge, electrons can still be captured if the
precursor ions have local positive charges, arezwitterions a procesknown asthe
negative ion ECQEnIECD). niECDwas shown to be informatvin identifying the sulfate
modifications in peptide$. niECD requires the use oflectronswith higher kinetic
energy (~ 4.5 eV) to obtaia sufficient crosssectionfor their interactionwith the
precursor ionsHowever, not all biomoleculesrecgpable of generating zwitter ionand

this factorlimits the practical use ofiECD tosulfated and phosphorylated peptides.

An analog to ECD is ETD, invented ByF. Huntet al?* Themajoradvantagef ETD is

that it does not require karge andexpensive FIICR MS instrument During ETD,

instead of free electrons, anionic reagents such as fluoranthene are usadetoadicals

onthe precursor cations (Egn 1.11)

[M+ nH]™ + A% A ((M+ nH]"Y*®)ansient A A fragments Eqn. 1.11

In order for ETD to occur, an electramdetached from th&TD reagentin an external
negative ion chemical ionization souraedthe reagent anioradicak aretransfered to
the reaction lsamber éither a collision cell or an ion trap containingthe precursor
cations.ETD is amilder process than ECBincepart of the recombination energy is
offset by the energy requirddr the electrondetachment fronthe ETDreagentand since
ETD is usially performed in a higipressureregion where collisional cooling further
reduces the energy depositidtiydrogen transfebetween the complementary fragment

ions may frequently occur during ETD, which complicatebe interpretation of the

16



resulting speita. Whena precursor iorhas ahigh molecular weight, an electraranbe
transferred without inducing further fragmentatian processknown as the ETnoD.
Therefore, in order taninimize the above problems, ETD is usually carried out together
with ion actvation by gas collision omfrared laser irradiationthe latter of which is
known asAl-ETD. Electrons can also be transferred from an anionic precursor ion to a
cationic ETD reagent generating an electresieficient anion that is capable of
undergoingrearrangement and fragmentatidrhis process is cadld negative electron

transfer dissociation (NETD).

The electron capturerosssectionof precursor ions is greatly reducethen the electron
energy increases above a few.eWhen such higher energy eteons are used,
vibrational energy can be introduced into the precursor @oslucing b and y fragments
in addition to the regular-@nd ztype ions observed in EC{Eqn. 1.12).This process is
calledhotECD (hECD). Excess vibrational energy can aisduce secondary cleavages

on the peptide side chain, which is useful for the differentiation of Leul@fd |

[M+ nH]™ + € A ([M+ nH]™®) + € A fragments + e Eqn. 1.12

In addition to vibrational activation, electronic excitatan occums the electron energy

is further increasedbove5-7 eV. The fragmentatioprocess induced bglectronic

excitation is knowraseEED (Eqgn. 1.13).
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[M+ nH]™ + € A (IM+nH]™)" + € A fragments +e Eqn. 1.13

When the electron energy is increased above the ionization threshold of peptds,
electronic excitation can be achieved by a-st&p processtandem ionization and

electron recapture (Eqn. 1.14%%

[M+ nH]™ + € A [M+ nH]™Y* A 26 A (IM+ nH]™)" + € A fragments + e Eqgn. 1.14

Because EEDRIoes not result in charge reductianis compatible with both singly and
multiply charged precursor ioR8This property provides an advantage over ECD, which
can only be performed on multiply charged iolmsaddition to c, zb, and y ionsEED
can produce more ion typesuch as a, x and ions. Although EED providesvide
charge stateompatibility andrich sequence informatiorit, is not an efficient process,

andan increase in EED efficiency is required befotgeitomegpracticalfor generause

When the electron energy is above ith@ization threshold (40 eV), an electron can be
ejected from the precursor ions resultingtlie formation of(n+1)" Aspecies through
tandem ionizationas shown in Eqn. 1.15. As the ionizatjper sedoes noproduce any
fragmentation, additionatnergy depositioninto the (n+1) ’B’species is needed to induce
further fragmentation a proces&nown aselectron ionization dissociatiofe(D). EID

is usually performed using electrons with kinetic energy higher than 39 eV.
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[M+ nH]™ + € A [M+ nH]™ 1) £ 26 A fragments + 2e Eqgn. 1.15

Duringthe past 14 yearsincethe invention oECD, the ExD techniques habeen used
to address numerous analytical challenges in protepmiesluding topdown
sequencig,?* PTM identification®® and differentiation of isomeric residu@slt has
become cleathat ExXDmethods havgreat potentia and should contribute substantially

to the strutural analysis of a wide varietf biomolecules.

1.2 Glycancharacterization by electron activation dissociation

1.2.1 Glycan chemistry and its biological roles

Carbohydrates or glycam®nstituteone of the foumajor classes obiomolecules. They
are the most abundant organic materials on earth. For most ligagismsnot only are
glycans used as the major energy sourcetlamdbasis otructural support, but theglso

participate ira wide variety otellular processe®.

The building blocks of glycans are monosaccharides. A monosacchaamdbe an
aldose(e.g glucoseGlc) or aketose(e.g fructose, Fru)which s essentially an aldehyde
or a ketone,with multiple hydroxyl groups attached tocarbon atoms. In solution,
monosaccharaides exist in a mixture of two equilibrated fothesopenchain formor
the closedring formthat is generated whehe carbonyl grop of the aldehyde or ketone

reacts with a distal hydroxyl group yield a hemiacetabr hemiketal, respectiveff In

19



solution, the five or six membered rings the primary structure for glycans. Each carbon
on the monosaccharide ring can be a potential diastereomeric center that can give rise to

epimers Figurel.4).

H OH
OE/O
HO
HO H
H H
H OH
Glucose Mannose Galactose

Figure 1.4 GQucose, mannose, and galactose are epimersdichtliffer from one another

by one diastereomeric center.

For aldose,drmation ofa hemiacetabondcreates an additiondiastereomeric center in

C-1, which is also known as the anomeric catbbime G1 epmer s can b-e ei t h
anomer ~anomer,depending on the relative stereo configuration of the anomeric
carbon and the anomeric reference carlig. C-5 for aldohexoses)rhe two anomers
caninterconvert and eventually reach equilibrium in solutibhe hydroxyl groups on

the carbohydrate ring can loenverted to osubstituted by different functional groups

through enzymatic modifications, which lead to different chenpoapertieqFigurel.5).

The combination of epimers and enzymatic modificegitheoretically}cangive rise to a

wide variety of monosaccharides.
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HOOC

Glucosamine N- Acetylglucosamine Glucuronic acid

Figure 1.5 Monosaccharides that are derived from glucoseugh enzymatic

modifications.

Glycosidic bonds can be formed between the hemiacetal groapeofmonosaccharide
residue ad a hydroxyl group on ather. Depending on the anometmnfigurationof C-

1, ei-g lhyea osU di cglycbsalic dondogan be produced. Disacchaide
oligosaccharide(DP 39) and polysaccharigdDP >10) are formed by monosaccharide
residues thaare linked by glycosidic bonds with increasing degreepolymerization

(DP). In addition to linear structures, branched structures can be formed when multiple

glycosidic bonds are connected to @amenore of thanonosaccharide

In eukaryotes, there @amainly three types gdroteintlinked glycansinvolvedin cellular
processes. 1N-linked glycars are attached to the nitrogen atoom theside chain of
asparagine (Asn, Njh the sequenceAsn-X-Ser or -Asn-X-Thr- ( X  1); 2PQ-linked
glycars areattached to the oxygen atan aserine (Ser, S) or threonine (Thr, T) residue
and 3) Glycosaminoglycas(GAGs) are attached ta Ser residue in the sequen&er
Gly-X-Gly- and yield proteoglycanthat are abundant atell surfaces GAGs are also
prevalent in extracellular spagén locationssuch as connective tissues.
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The functionsof glycans are greatly extended when conjugated with other biomolecules.
N-glycans are ctranslationally added to proteins in the epldsmic reticulum (ERand
facilitate protein foldingincorrect folding condemns the nascent proteidegradation.

In order for the protein with theorrecthigherorder structureto be synthesized, the
occupancy of theglycosylation sites and the sttures of theglycans are strictly
regulated by the levels of many glycosyltransferases and nucleotid&ed
monosaccharides the ER membranand the Golgi* Glycosylation is also found to

switchthe activities ofa protein on and offy changing the protein structurs.

Alternation in glycoforms is relatedo tumor progressiorSLe" andSLe" are ligands for
endogenous selectins, which are a family of proteins responsible for cell adhesion. Tumor
cells can overexpressthe SLe and SL&' motifs and lose adhesignleading to
metastasié! In another example,inal and chemical carcinogenesis will-tggulate the
transcripion and expression of UDBIcNAc:N-glycan GIcNAc transferase V
(GIcNACT-V) enzyme by activating the promoter diGAT5gene. As a -6resul t
linkage in N-glycars can be greatlyup-regulated Inhibition of suchN-glycars can

reverse théumor phenotyped: In the example of human fertilization, glycoproteins with

a sialytLewis X (SL€&") motif at the norreducing terminus has been found to play a key

role in human sperm bindirig the extracellular matrix coating of the oocinte.
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O-glycosylation is another set of common modifications found in glycoprot@&ims.
simplestO-glycosylationis a singleN-acetylgalactosamine (GalNAc) residue attached to
the Ser or Thrresidue on a proteinThe longer and more comple-glycans are
generated fronthe core O-glycanstructuresO-glycans are also known to participate in
many biological processebor example, mucins are dassof heavily O-glycosylated
glycoproteins Mucins on the cell surface such as MUCL1 are found to aley role in

cell adhesion. MUC1 with less degree of glycosylationussially associated with

increased rate of cancér.

The indepth understanding of glycan biological functions depemn tlorough
understanding of the glycan structures. Despite the importargtgoainsin these crucial
cellular processes, the lack of analytical tools has hampered studies of stiwatticn
relationships of glycans. Therefore, it is necessary veldp fast, sensitive, and accurate

analytical methoslto decipher glycastructures

1.2.2 Tandem mass spectrometry of glycans

Unlike proteirs and nucleic acigl which have linear primarstructures glycans have
multiple levels of structural complexity. Thétimate goal of glycastructuralanalysis is

to obtain information on not only composition, but also topology, linkage patterns, and
stereochemical configurations Isomeric heterogeneities and the lack of glycan

amplification methods make the glycsinuctural determinatioeven more challenging.
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Various chemical, enzymatic, and physical chemical methods have been developed to
determine the glycastructureat different levels. The choice of the methodoldgpends

on the quantity and puritgf the glycan sample Although nuclear magnetic resonance
(NMR) spectrometrycan offercomplete glycan structural information réquiresa large
amount of sample (31 mg) that is not always availabléor biological and clinical

samples.

Recent developmestof advaxced MS and MS/MS techniquetiave added new
dimensiors to the structural analysis of glycans. The composition of a glycan can be
easily deducted by measuring the accurate mass of a gtaer.structural information,
including topology, linkage patternand stereochemicabnfigurations canbe obtained
through MS/MS but it often provides only partial definition of the structutasorder to
achieve complete structural elucidation of glycans, it is necessary to understand the
mechanismef glycanfragmentation processesidto develop robust MS/MS methstb

meet the challenges themodernglycobiologyresearch.

1.2.3 Nomenclature of glycanfragments

In 1988, n order to facilitateclear description of rictglycan fragmentation irhigh
energyFAB MS/MS spectraB. Domon andC. E. Costello introduced theow widely
usedglycan fragmentation nomenclatufeAs shown inFigure 1.6, when the charge is
retained on the nereducing end of a glycan, the corresponding fragment ions are

assigned as /AB;, and Gions, where i represents the position m@mcounted from the
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nonreducing end. If the charge is retained on the reducing end of a glycan, fragment ions
are assigned as;j XY, and Z ions, where j represents the position number counted from
the reducing end. //and X ions, highlighted in red,ra designated as cleavageishin a

glycan ring B;, G, Y;, and Z, highlighted in blue, designate as glycosidic cleavages. For

primary branches, subscripts in Greek | ett
2 i n the de cgize Subscriptgrimesrack eised to indicate the secondary
branches. For example, U6 and &s@dningoutggest

of the U br sizzath, lhdyehtielsaen ttheed. The bonds on
numbered as -6, starting from the QOC; bond (highlighed in green). The left
superscripts ofhe crossring fragments €.g ™"A; and™"X;) indicate which ring bonds

have beerleaved.

Glycosidic and crosgng fragments carry glycan structural information at different
levels*®3’ The glycosidic fragments offer information on the sequence and topology of a
glycan, whereas crossg cleavages offer additional information on the topology and
linkage patternsTakingthe N-glycan shown irFigure 1.6 asan example, the crossng
cleavage”“A, 5¢m/z223.1 for protonated species) indicatiest the linkage between the
N-Acetylglucosamine resig (GIcNAc) and the Galactose residue (Gal) is e#deB or

a 1-4 linkage. Another crossing cleavage® A, g§m/z 237.1 for protonated species)
indicatesthatthe linkage between GIcNAc and Gal is eithel-4 ora 1-6 linkage. The

combination of the te crossring cleavages confirmghe existenceof a 1-4 linkage
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between GIcNAc and GaDther linkage patterns can be deducelibiving the same

principle.

As the topology and linkage patterns of a glycan are closely related to its biological
functions as discussed in the previous sections. It is important to devaldpranative,
sensitive, accurat@nd high-throughput MS/MS technique that is capabfeproducing
extensive crossng cleavages at the LC time scale. The developmesitraghtforward

MS/MS techniques will eventually facilitate tde novosequencing ofinknown glycans.

<
-
N
-

OH

NHAc

b e T

|
[ I P W

@
a

Figure 1.6Types of MS/MS fragmentation onhgpotheticalN-glycan. The numbering of
ring bondsis highlighted in green, glycosidic cleavages are highlighted in blue, and

crossring cleavages are highlighted in red.
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1.2.4 Electron activated dissociation of glycans

Vibrational ion activation MS/MS, such as CAD andMRD, usually breakthe wealest
bonds in a molecule. Because glycosidic bonds are weakeremtibgtion otthe charge
carrie(s), CAD and IRMPD produce mogtB/Y glycosidic cleavages ancery limited
linkage information can be recoverdd. J. Ashline et al. reportedthat for a givenN-
glycan,the linkagedefinitive crossring cleavages can be obtained using multiple stages
of MS/MS or MS.* However, the M3 approachsuffers from its low throughput, low
sensitivity, and its general incompatibility with ofine glycan separation methods.
Consideringthat the potential of electronimn activation methods in glycan sequencing
remains underexplored, it is necessary to fully characterize the effectiveness af ExD

glycan structural analysis

The first ExD experimenon glycars was reportedy B. A. Budnik et al.in 2003 In

their work, ECD was carried out @doubly charged chitooligosaccharides (CHOS) and
produced mostly B and C ions with a series of neutral losses and hydrogen transfers.
Electroninduced dissociation (EID or EInD) was also performed on the singly and
doubly charged glycan precursor ions. Because the ExD mechanism for glycans was not
yet definedthen glycan dissociation induced lgnergetic electron (83 eV) irradiation

was c#led EID. To avoid confusiann the following part of this introduction, electron
induced dissociation will be referrédas EInD, whereas electron ionization dissociation

will be referred as EloD. EInD was found to produce types of fragmentsitiatar to

ECD, with differencesonly in the relative fragmentation efficiency. Some fragments
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have similar relative intensities in both EInD and CAD spectra, suggesting the occurrence
of vibrational ion activation.Becausesymmetrical structure of CHOS rdtad in
isomeric fragmentdt was assumed that the charge was retained on theedoning end

after fragmentation, producing B and C ions. To test whether the otauigehave been
retained on the reducingn@, same set of experiments wasried out oran asymmetric
glycoconjugate, lipotetraglucosamine. Reducing end fragments were observed
suggesting that it is possible that Y and Z ions were superimposed ontattte@ions

in the ExD spectra d@HOS.WhereasCAD produced simpler spectra with fukguence
coverage for the protonated and sodiated native glycan and glycoconjuigesesxD
experimentgproduced complicatedpectrabut appearedo add no significant analytical

value.

In 2005,M. A. McFarlandet al. compared the performance of IRMPECD, andEDD

for characterization ahe structure ofhe gangliosideGM1, which could bea mixture of

two linkage isomers, GM1a and GMibIRMPD producedewer fragmentation types
even with longeirradiationtime and multiple levels of laser powand evidence for the
presence of the unlikely isomer GM1b was wdBMPD also has the risk giroducing
secondary fragmentAlthough EDD produced congmentaryfragments, it suffered
from low fragmentation efficiency andhydrogen lossescomplicated the data
interpretation In contrast, with 50 ms electron irradiation, a single ECD experiment
offered extensive fragmentation for bdtte glycan moiety andhe N-acayl moiety with

little secondary fragmeation, allowing confident determination aifie glycan sequence.
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The success of ECD in the structural analysis of GM1 suggestkedutd bea promising

technique in glycan analysis.

The successful application ofDB techniqueto the analysis ofSlycosaminoglycas
(GAGs) was reported byl. J. Wolff, et al in 2007:**? GAGs arelinear, sulfated
polysaccharidethat play imprtant roes in many biological process@$ie numbers and
positions of sulfate groups on GAGre of particular interest because the structural
variations of sulfate grougsave beeriound to be correlated to the biological functions
of GAGs.?! Efforts towardthe structural analysis of GAGs through conventional MS/M
techniques, such as CAD and IRMRiawve been made very difficldy the facileloss of
SO; groups mediated by free protoisEDD is performed by irradiating the precursor
ion with 1520 eV electrons. Results showed tH&DD outperformed IRMPD by
producing full sets foglycosidic and extensive cressig fragments for the purified
tetrasaccharid&s and dermatan sulfate (DS) oligosharides up to 10 residues long
without signficant SQ losses' EDD is ako capable of distinguishing heparan sulfate
epimers that contain either glucuronic acid (GIcA) or iduronic acid (IdéApwever,
the low EDD efficiency and prevalent hydrogen transfers remaased significant

problem.

In 2007, J. TAdamson and. H&anssoncarried out the first systematic study the
effect ofmetal @tionson the ECD fragmentation of model glycai<EECD experiments

were performed on native maltoheptacsgductedwith alkali, alkaline earth, and
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transition metal cationsCompared to IRMPD, the predonant ECD fragmentation
channelswere found to berossring cleavages at both ends of maltoheptaose, such as
%27 (2%X) and >*A(®2X). For all the metal cations testedported in this papeit was
difficult to produce small fragments thiadd fewerthan 3 residuesThe authors showed

that Al-ECD could also be used to overcome the poor ECD fragmentation efficiency for
large branchedN-glycans. Based on the experimental observattbas different metal
adducs had different ECD fragmentation patterres hypothesis was proposed that,
becausehe electron is captured by the metal cation, the coordination pattern between
metal cations and oxygen deternsriee ECD fragmentation pattern. Unlikgroton, a
metal cation coordinates with multiple oxygen atpthss feature coulde beneficial for

the production of crossng cleavages during ECD.

In 2008, C. Zhaoet al reported thatwhen sodiategoermethylated maltoheptaose was
irradiated by 514 eV electrons, a conditiazalledhotECD (hECD), full sets oflinkage
defining crossring cleavagesouldbe produced® This hECD method also produced rich
structural information on the branchiagd linkagepatterrs of N-glycans, which cannot

be obtained through CAD. These results suggested that the hECD technique has
substantial poterdl in the structural analysf a wide variety of glycans. Compared to

the ECD spectrum of sodiated native maltohept&bsee hECD spectrumof sodiated
permethylated maltoheptad&exhibiteddifferent fragmentation behavior. Was not yet

clear whether this difference is caused by variatiom the electron energyor
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permethylation. Also, as the kinetic energies of electrons wereomsistentlyset from
one experiment to another-13 eV), the reproducibtly of hECD remaiedto be tested.

The first NETD experiment on GAGs was reportedlby.Wolff, et al.in 2010%® Their
results showedhat NETD produced spectraimilar to EDD, but some peaks were
missingfrom the NETD spectrajue tothe lack of electron excitation. NETD not only
minimized the loss of SQOgroups, but also increased the efficiency of producing €ross
ring cleavagesF. E. Leach lll, et al later reransimilar experimenton anFT-ICR

instrument and confirmed thassignmenof NETD fragment$?

ETD of permethylated glycann the positive mode was investigated byHan andC. E.
Costello, in 201£° To preclude the interference of isomeriagment ionsasymmetrical

milk glycans were selected and labeled witlfD at the reducing end prior to
permethylation. Compared to CID, ETD of Klgadducted glycans produced mostly C
and Z cleavags and extensive cressg fragmentsln combinationwith the ETD-CID

MS?2 technique, the linkage patterns for a series of milk glycand be unambiguously
delineated A Smart decompositiono, which is a
used thoughout the experiment to increase the ETD fragmentation efficidycy
minimizing the ETnoD process As a consequence, the observed fragmentation may

originatefrom both ETD and CID processes.
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1.3 Overview of glycan sequencing by electron activated dissaton

The ideal ion activation technique for glycan sequencing is expected to have the
following characteristics: informative, sensitive and hilgroughput. Although previous
studies showed that the ExD techniques hold great promise for the glycancasgjuen
they are still far fromachieving all ofthe above requirements at the same time. In order
to makeuseof the ExD techniquepractical forroutineglycan sequencing, it is important

to addresghe following questions:

(1) Whatarethe mechanissof ExD?
(2) What determines the ExD fragmentatjmattern®

(3) What determines the sensitivity and throughput of ExD?

This thesis will focus on the mechanisms of ExD #melr applicatiors. Thefirst half
(chapters 2 and 3pcuses on the ExD of metatlducted glycas Chapter 2presents a
systematic ExD study of model glycalg varying theelectron energy and metal charge
carriers. Chapter 3 discusses optimization ofhe EED parameters to improve its
efficiency , and gives a few examples of its application in glycseguencing This
section of thehesis demonstratehatthe ExDhas the potential to be tlexperimental
basis for higkthroughput glycarde novosequencingThe second half (chapters6)
addresss another important and difficutb-characterize podtanslational modification,

the isomerization ofspartylto isoaspartyl residuedn this section the insight gained
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from previous ExD studiess employedo makeimprovements irthe characterizatiorof

peptides and proteis that contain the isAsp reside.

1.4 Isoaspartate daracterization by electron activated dissociation

1.4.1 Asparagine deamidation andaspartateisomerization
Asparagine (Asn) deamidatios a nornenzymatic proteifPTM that occurs botin vivo
andin vitro.>* This processs associated with aging and protein misfolding diseases

¥ and autoimmunif’®’. The

including neurodegenerative disordérs, apoptosi
importance ofdeamidationin the proteome remains underestimated due to the lack of

efficient and higkthroughputanalytical techniques.

Previous studies showed that the Asn deamidation rate depends on a number of factors
such as protein primary sequerié8$ higher order structur® pH**, and temperatufé

etc. For example, peptidecontaining theé NG- sequence hava veryfast deamidation
rateunderhigh pH and high temperature cdiimhs.*® As shown inFigurel1.7, at pH > 4,
deamidation occurs through a basg¢alyzed pathwayn which the nitrogen of the
protein backbone attacks the campbgroup of the Asn side chaifiorming a cyclic
succinimide intermediate with loss of ammonia. Carbonyl groups on this intermeadiate

then attacked by OHn aqueous solution and underggdrolysis resulting in a mixture

of aspartate (Asp) and isoasjade (isoAsp). At pH < 3, deamination takes place

direct acid hydrolysigproducing only Asp.
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Figurel.7 The deamidation process aparagine.

Asp isomerizatiorproceeds via the same succinimide intermediatmAsn deamidation
(Figurel1.7) butit is amuch slowemprocessAlthough Asp isomerizatiomight appear to
be a very minoPTM, such conversion would alter the structure and bioactivity of a
protein® In order to study protein aging and misfolding diseases, it is important to

identify both Asn deamidation and Asp isomerization.

1.4.2 Mass spectrometry identification of deamidation and isoaspartatéormation
Deamidation can be identified mpservingthe mass difference between Asp and Asn,
which is 0.984 Da. Becausaleamidated peptide is stabletiegas phase, CAD MS/MS

is capable of revealing all deamidation sftes.
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The differentiation between Asp and isoAsp is challengasgthey have identical masses
and usually requirethe combination of a variety of analytical techniques. Among the
tools for isoAsp determination, E€Dand AFETD® are capable of producing isoAsp
diagnostic ionsc T + 5 7 -57% by dbreakingthe C-Cy, bond of the isoAsp residuas
shown inFigure 1.8%° ExD methodshave been successfully implemented to characterize
isoAsp formation in Alzheimer disease, amyloid disease and collagen %ditogvever,
occurrence of aifactual deamidation during tryptic digesti@na common problem when

usingthesemethods.

In a previas report, atime course study was carried out determinethe rate of
artifactual deamidation during trypsin digestion usiti isotopic labeling®® Results
showed that th&é NG- sequence in ribonuclease A underwent quick deamidation after 4
hours of trypsin digestion. Therefore, in order to identify the isoAsp without false
positives, it wasrecommendd thatthe trypsin digestiofbe completedvithin 4 hours.
However the trypsindigestionis often incompletavithin such a short timeand therefore

it is necessary to develop an alternatiseAsp identificationmethod that is free of

artifacts
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Figure 1.8The isoAsp diagnostic ions c+57 an®éZ can be produced by ECD or ETD.

1.5 Overview of isoAsp identification byelectron activated dissociation

The secondalf of this thesisfocuseson improvement of Exand relatedmethodsfor

the identificationof deamidation and isoAsformation to developa method whichs

free of falsepositive resultsChapter4 presenta comprehensive tegpown MS/MSstudy

that canidentify both deamidation and isoAsp formatiortteg intact protein level (~ 11
kDa).Chaper5 presentsan alternativemiddle-downapproachusing GluC proteolysis at

pH 4.0 which is particularly well suited for analysis of large proteins that are difficult to
analyze using the tegown approach Chapter 6 discusses the development and
applicaion of thein-source decay (ISD) methoir isoAsp characterizatiorwith a

MALDI ionization source
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1.6 Summary

Since the invention oECD in 1998, theExD MS/MS techniqueshave addressed
numerous analytical challenges. Although Edave been widelyimplemented in most
modern mass spectrometers, the full potentigdhesepowerful techniquestill remains
underexploredin this thesis the EXD processs are carefully examinedand new ExD
techniquesare developedor biological research with particulamphasis on protein and

glycan characterization.
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Chapter 2  Energy-Dependent Electron Activated Dissociation of Metal

Adducted Permethylated Oligosaccharides

2.1Introduction

Oligosaccharides participate in a variety of cellular processes, such as foldeig,

cell signaling, and celtell recognitior’>’® Better understanding of their roles in these
biological processes often requires detailed structural deazation of the relevant
oligosaccharides. Among the methodologies currently employed for structural analysis of
oligosaccharides, tandem mass spectrometry (MS/MS 8y M8 been proven to be one

of the most powerful, as it offers high speed and higisigeity, and has minimum
sample requirements and capability for determination of the components in complex

mixtures’* "2

Dissociation of oligosaccharides caengrate both glycosidic and cra#sg fragments®

For detailed structural analysis, crasyy fragments are motiaformative, as they can be
used to determine linkage types between adjacent monosaccharide r&siBaes.
production of sufficiat crossring fragments to fully define the oligosaccharide structure,
a combination of different MS/MS methods is often necessary. Collisionally activated
dissociation (CAD), or collisioinduced dissociation (CID), can be easily implemented
on most typeof mass spectrometers and is the most commonly used niéthitd.
Low-energy CID of oligosaccharides prags mostly glycosidic fragments, which do

not furnish any information on linkage types. In addition, internal monosaccharide
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residue los$?"®fucose migratiod! and elimination of residues that are linked through
labile bonds, such as sialic a¢fd; may further complicate the interpretation of CID
mass spectra. Othelow-heating fragmentation methods such as infrared multiphoton
dissociation (IRMPDY" 8%%! also suffer from similar problems. Higmergy CI3? and
vacuum ultraviolet (157 nm) photodissociation (VUVBDjesult in more crossng
cleavages, but these two fragmentation methods are not widely available. Recently,
several electron activated dissociation (ExD) techniques, including electron capture
dissociation (ECOf*’ and electron transfer dissociation (E¥Hhave been applied to
oligosaccharide structural characterization, and have shown great promise. In addition, a
number of dissociation methods have been developed for oligosaccharide analysis in the
negative iormode, including negative CI#,electron detachment dissociation (EDD),

and negative electron transfer dissociation (nE¥Djhese methods are well suited for
structural analysis of acidic oligosaccharides, such as those containing sialic acid residues

or sulfate substituents.

The fragmentation behavior of oligosaccharides depends on the wéttine charge

% 47 8L 88 The relationship between the cationizing agents and the

carriers’
fragmentation pattern has been well chwared for CID. Protonated oligosaccharides

produce only glycosidic cleavages; larger alkali metal cations increase the dissociation
threshold and are themselves often eliminated during fragmentation. Lithium and sodium

were therefore suggested as the tvest candidates for MS/MS analy&i<® In CID,

the preferred positions for glycosidic bond cleavage®@&und to be dependent on the
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size of the alkali metal ion, whereas the types of ermgscleavages were n&tCID of
oligosaccharides coordinated with divalent cations produced more abundant ions than had
been observed from adduction of alkali mefla. similar trend was also observed in

ECD of native oligosaccharid. While Na&- and K-adducted maltoheptaose
fragmented poorly under ECD, the alkahearth or divalent tmasition metaladducted

species underwent efficient fragmentations, producing abundantrorxgssagments.

The amount of energy available also influences the fragmentation behavior of
oligosaccharides. ECD is a softer fragmentation technique than G#nitiated by the
dissociative recombination of electrons with polycationic molecules and generates
chargereduced radical species and product fdnglthough the electron capture
efficiency usually reaches its maximum at low electron enefgiésgherenergy
electrons may also induce fragmentation, as observed HE®DE For peptides, in
addition to the €and ztype ions commoly observed in lonenergy ECD, secondary
sidechain fragments can be produced in-B@D, and this strategy has been utilized for
isomeric residue differentiaticfi.When compared to CID, h&CD of sodiursadducted
permethylated oligosaccharides was found to generate more-ricrgsagments,
including types which were not present in the Jemergy ECD spectra of native
oligosaccharides. However, it was unclear whether the fragmentation pattern change was
the result of permethylation or could be attributed to the electron energyedite
between ECD and h&CD:*° Although hotECD appears to be a valuable tool for the

structural analysis of oligosaccharides, its potential has remained uridezexp
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In order to better define the ExD behavior of metddiucted oligosaccharides, a model
oligosaccharide maltoheptaose was reduced and permethylated and subjected to ExD
analysis under different experimental conditions. Judicious selection of tbeoele
energy and metal charge carriers resulted in different fragmentation patterns and new
types of informative fragmentation. Theoretical modeling contributed insight into the

metaldependent behavior of carbohydrates duringémergy ECD and EED.
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2.2 Experimental

2.2.1 Materials

Native maltoheptaose, ribonuclease B*9 (97%) water, 2aminopyridine, acetic acid,

and reagents for permethylation including dimethyl sulfoxide (DMSO), sodium
hydroxide, methyl iodide, and chloroform, as well as all salts incudindium
borohydride, lithium acetate, sodium acetate, potassium acetate, rubidium chloride,
cesium acetate, magnesium acetate, calcium acetate, strontium chloride, and barium
acetate were obtained from Sigiakrich (St. Louis, MO). Glycerefree PNGase Wwas
obtained from Prozyme (Hayward, CA). Pora@raphitized carbon (PGC) solid phase
extraction (SPE) columns were obtained from TheBuomntific (Springfield, NJ). Sep

PakE C18 SPE cartridges were obtained from

2.2.2 Reducing EndReduction
Reducing end reduction was performed on maltoheptaose according to the method

reported by Costellet al®*

Dried native maltoheptaose (~100 g) was dissolved in 200

L of 0.1 M NaOH /1 M NaBH for 1 h at ambient temperature. Acetic acid (10%) was
then added drop by drop until bubbling ceased. PGC SPE cartridges were used for
desalting of the reduction product. The PGC cartridges weravgited with 100%
acetonitrile followed by sequential rinses with 2 mL of 60%, 30%, and 0%

acetonitrile/water, e#&c containing 0.1% trifluoroacetic acid (TFA). The reduction

product was loaded to a PGC cartridge, washed extensively with 0.1% TFA and eluted by
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3 mL of 30% acetonitrile (ACN) in 0.1% TFA. The desalted and reduced maltoheptaose

was then dried ina Speed¥& concentrator .

2.2.3 Reducing End*®O-Isotope Labeling
The reducing endfO-isotope labeling was performed based on the method introduced by

Viseux et al®

The catalyst solution was prepared by dissolving 2.7 mg -of 2
aminopyridine in 1.0 mL of anhydrous methanol. Dried native maltoheptaose (50 LD)
was dissolved in 25 [L of H?0 (97%) with 2.5 |L of catalyst solution and 1 L of
acetic acid. The solwn was then incubated at 55 € overnight. After completion of the

reaction, thé®0-l abel ed mal toheptaose was dried in

permethylation.

2.2.4 Permethylation

Permethylation was performed using the method introduced bysivend Kerek and
modified by Ciucanu and Costefld. The native glycan (100 pg) was suspended in 100
L of DMSO/NaOH solution and left at room temperature for 1 h, with vortexing every
15 min. Methyl iodide (50 [L) was then added to the reaction mixture and the reaction
was allowed to proceed for another 1 h, with vortexing every 15 min. Additional
NaOH/DMSO (100 (L) and of methyl iodide (50 L) were then added together, and the
reaction was allwed to proceed for at least 1 h longer, with vortexing every 15 min.
After the completion of the reaction, 300 |L of chloroform was added to stop the

permethylation reaction and to extract the permethylated glycans. Water (400 [L) was
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added to wash out thealts in the sample. The sample tubes were vortexed and
centrifuged. The upper aqueous layer was removed and the organic phase was retained.

The washing cycle was repeated &imes.

2.2.5 Electrospray Conditions

Permethylated oligosaccharides were algsd in 50% methanol, 20 O eM salt
solutions to a concentration of51 € M f or el ectrospray ioniz
analysis. Samples were loaded into a glass capillary tip pulled with a micropipette puller
(model R97; Sutter Instruments Co., NovatA) to ~1-pm orifice diameter. A stainless

steel wire was inserted into the sample solution on the distal end of the tip to form the
electrical connection. Samples were then directly infused into the mass spectrometer ion

sources.

2.2.6 Tandem Mass Spectometry

The maltoheptaose study was carried out on a cubtoin 7-T gqQ@FTICR mass
spectrometer equipped with an-axis indirectly heated dispenser cathode (Heatwave,
Watsonville, CA)?**® The study of high mannos¢linked glycans was performed on a
12-T solariX™ hybrid Q@FTICR mass spectrometer equipped with an indirectly heated
hollow dispenser cathode (Bruker Daltonics, Billerica, MA). Experimemsiilts were
reproducible on both platforms. Target ions were isolated by adrahjuadrupole and
accumulated in the collision cell for 100 to 500 ms before being transferred to the ICR

cell. For lowenergy ECD analysis, the precursor ions were irradiatith ~1.5eV
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electrons for 100 ms; for higher energy ExD experiments, the precursor ions were
irradiated with 9 or 14-eV electrons, for up to 1 s. The cathode heating current was 1.3 A
for hotECD and EED, and 1.5 A for ECD experiments. A 0.5 s trahsias typically
acquired for each scan, and each ExD spectrum shown represents the results of 100 to

200 transients summed to improve the sigoaloise ratio.

2.2.7 Data Analysis

All spectra were zerdlled twice and Fourier transformed without apatian. The ExD

spectra were calibrated internally using the precursor ion and a few fragment ions
assigned with high confidence, giving a typical mass measurement accuracy better than 5
ppm (2 ppm for solari XE spectragdsendbeconyvc
automatically by MasSPIKE for spectra obtained on the custdmilt FTICR instrument,

or by the SNAPE (Sophisti catagaithiwsngthe cal A
DataAnalyss E software (Bruker Dal tonics) for S
assist in data analysis included Boston University Data Analysis (BUDA, version 1.4),
GlycowWorkBenct?®'® and a homenade Visual Basic program for atgssignment.

The nomenclature employed for designating carbohydrate fragments was that introduced

by Domon and Costell®.

45



2.3Results and Discussion

Figures 2.1, 2.5 and 2.6how the ExD spectra of permethylated maltoheptaose
coordinated with Na Li*, and Md", respectively, acquired at three different etet
energies. For each experimental condition, the bottom panel shows the spectrum in its
full range, with the number above each bracket indicating, roughly, the number of
monosaccharide units contained in that set of fragment ions observed within the
braketed range. The expansion of a seleated range is shown above each full
spectrum to demonstrate the various types of fragment ions observed. Peaks resulting
from glycosidic bond cleavages are labeled in blue, whereas peaks resulting from cross
ring cleavages are labeled in red. A schematic representation of all glycosidic and cross

ring fragment ions observed is shown to the left of each ECD spectrum.

2.3.1 ExD of the SodiumAdducted Permethylated Maltoheptaose

In the 1.5 eV ECD spectrum of doubly smeéd permethylated maltoheptaose, sodium
loss was the dominant fragmentation channel (Figure 2.1 a). However, at.®.,a\hder

the hotECD condition, the same precursor ion underwent extensive fragmentation,
generating both glycosidic and crassg product ions (Figure 2.1 b). Due to its
symmetric structure, native or permethylated maltoheptaose can produce multiple pairs of
isobaric product ions, such ag Bnd Z, C, and Y,, and %X, and**An.1. In order to
facilitate unambiguous peak assignmenmaltoheptaose was reduced before
permethylation, since this step introduces abDB6mass shift for all reducing end

containing fragment ions. Peak assignments were also independently veriffé@- by
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labeling at the reducing end of native maltoheptaose sliperior mass resolving power

and mass measurement accuracy afforded by the FTICR instrument are essential for
correct peak assignments, as illustrated by the peakws/atl073.5 (inset), which
correspond to a doublet consisting of bot([Cs- 2H + Na]) and Z ([Zs+ NaJ) ions.

This pair of ions are separated from one another by 36 mDa, a common splitting seen in
oligosaccharide fragment ions due to the mass difference betweepgrdtid and an O

atom, requiring a mass resolving power of ~60,000bfmseline separation at this/z

value.
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Figure 2.1 ExD spectra and cleavage maps of permethylated maltoheptaose [M*+ 2Na]

m/z768.3750at different electron energy levels) .5 eV, b) 9 eV, and ¢) 14 eV.

The majority of the fragment ions weglycosidic fragments, including-CY- and Zions,
whereas"®A- and°X-type product ions were the most abundant erivggs fragments.
These fragment ions are useful for sequence determination, but they do not provide
linkage information. A few informate crossring fragment ions were also present in the
hotECD spectrum, including®A- and °?X-type ions. In comparison, H&ansson and
coworkers reported that ECD of the doubly sodiated native maltoheptaose primarily
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resulted in the formation of 0,2andor 2,4designated A and Xtype cross ring
fragments’’ although the assignments had ambiguity due to the symmetry of the non
reduced maltoheptaose used in their study. To remove this uncertainty in peak
assignment, we have now performed ECDHarlabeled native maltoheptaose, and have
determined that the most abundant fragments“4fetype ions (Figure 2.2). It is
interesting to note that definitiofAof the
(from hotECD of permethylated malteptaose) and*A-type ions (from ECD of native
maltoheptaose). In the RBICD spectrum of permethylated maltoheptaose, a series of
high-abundance fragment ions was also observed at masses ~106 Da lighter than
corresponding ions, and we have tentativeissigned this series as th&/B7.m-H

ions .g.the 13X,/Bs-H ion atm/z~991.4). It appears that generation of these product

ions is specific to the 1;MWnkage, as they were also observed in theB©D spectra

(data not shown) of permethylated lobexaose l{-1,4-linkage) and mannohexaode- (

141 i nkage) , but not i n those -16linkage)eandnet hy I

laminarihexaoseb1,3-linkage).
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Figure 2.2 1.8V ECD spectrum of sodium adducted native maltoheptaose [M #2Na]

m/z 600.1815 with*®*O-labeled reducing end
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Scheme 2.1 Proposed mechanisms for the formation ofA(ax)cBY ions, and (b) C and
Z"ions observed in héECD of reduced and permethylated maltoheptaose [M +?2Nal]

m/z768.3750.
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Many of the fragment ions observed in the -B@&D spectrum of permethylated
maltoheptaose, including many of the glycosidic and emogs fragments, were also
present in its CID spectruffi.However, hotECD also produced abundant neutral losses
from the chargeeduced species and from 8nd Ztype ions, which were absent in the
CID spectrum. No neutral losses from @ Y-type ions were observed in the {6E€D
spectum. This is expected, as the homolytic cleavage of the glycosidic bond after
electron capture at a glycosidic oxygainding N& will produce an odetlectron B (or

Z-) ion, and eveselectron C (or Y-) ion, depending on which glycosidic bond is cleaved
and which fragment retains the charge (Scheme 2.1). Only theledtton B and Zions

can undergo further radicalduced dissociations. Possible mechanisms for several
neutral losses from the chargeduced molecular ion and fromi@ns in hotECD are
illustrated in Schemes 2.2 and 2.3, respectively. Thuk @bt is likely a radicatriven
process rather than a sldwating method, capable of producing new types of fragment
ions €.g., the “*Xw/Br..vH ions mentioned above) that can be used for linkage

determination.
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At 14 eV, the distribution of fragment ions shifted to the lomézregion (Figure 2.1c).

This shift in fragmentation pattern was partly due to the ultimate formation of smaller
fragments upon irradiation at the higher energy, as reflected in the pattern of relative
abundances of product ions, and partly due to the presdraoublycharged fragments,
which could not have resulted from ECD of the doutiigrged precursor ion. At the
high mass end of the 4V spectrum, chargeeduced species and neutral losses are
barely observable, further suggesting that electron captayenot play an important role

here.
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Scheme 2.3 Proposed mechanisms for neutral losses fions Hbserved in hdeCD of

reduced and permethylated maltoheptaose . [M +%2Na}768.3750

One possibility is that thempact of highenergy electrons resulted in vibrational

excitation (VE) of the precursor ion, as in the electron impact excitation of ions from

organics (EIEIOY® Since no charge reduction takes place in EIEIO, subsequent

fragmentation of the vibrationally excited precursor ion can generate dchélged

product ions. Howewe as a VE method, EIEIO usually produces @ype fragments,
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and cannot explain the observation of several H&&) doublycharged fragments, such

as those arisingia neutral losses from-Band Zions.
OCHg OCH;

+
Na +
O\ O Na'
MmO\ OCH: + o OCH, O

OCH, OCH;

Scheme 2.4 Prazed EID mechanism for the formation of a doubly charged B ion from

the doubly sodiated permethylated maltoheptaose. [M +2Netk 768.3750

A second possibility is that the precursor ion could undergo a second ionization step upon
encounter with higlerergy electrons, generating a radical species in a 3+ charge state
that can produce 2+ fragment iongia a process known as electron ionization
dissociation (EIDY® The most likely electron detachment site here wagcan ether or
acetal oxygen, which has an ionization potential of ~10 eV, well below the electron
energy used. The resulting radical cation could undergo further fragmentation, similar to
what occurs in electron impact ionization (EI) mass spectrometherie 2.4 illustrates

a possible pathway for-Band Y-ion productionvia this EID mechanism. However,
ionization alone does not necessarily lead to dissociation, and additional energy is often
needed to produce fragmentation; this could be imparted throaigbions with high

energy electrons. An alternative EID mechanism has been proposed by Zubarev and
coworkers to explain the EClike fragmentation behavior of peptide and protein ions

when irradiated with >20 eV electrofisThese investigators proposed that EID involves
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double ionization of the precursor ion which subsequently captures one of the ejected
electrons and fragments. This hypothesis was supported by their observation that
abundant backbone fragments webserved only at electron energies exceeding ~40 eV,
the level at which doublonized species started to appear. Neither EID mechanism is
likely to play a major role here, as the ~14 eV electrons had much lower energy, which
was neither energetic enough induce extensive fragmentations after single ionization
nor sufficient for double ionization. Further, no trijgllgarged molecular or fragment ions

were observed in support of either EID mechanism.

A third possibility is electronic excitation dissodtat (EED), which has been invoked to
explain the formation of ECilke fragment ions upon irradiation of singtharged
peptide ions with >10 eV electrofisIn this case, the Zubarev group proposed that,
following ionizaion, the charge (hole) could migrate to a remote site, such as the N
terminus. Subsequent-&tom transfer from a carboxylic acid group would generate a
peptide dication that could capture a lewergy electron and undergo fragmentation. In
oligosaccharideslectron detachment from the lone pair of an oxygen atom produces an
oxygen radical cation, which can abstract a hydrogen atom from a spatially adjacent
carbon to form protonated oxygen. Because of its larger recombination energy, the newly
protonated oygen becomes favored, over sodiated sites, as the location for electron
capture. Subsequent electron capture at the protonated oxygen can produce doubly
charged glycosidic and cressg fragments (Scheme 2.5). Since this charge

neutralization occurs at@otonated site, all doublgharged product ions are expected to
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contain both sodium cations, consistent with the experimental observation. The EID
mechanism (Scheme 2.4) would predict that dogblgrged fragment ions can carry
either one or two sodium @ns, but no singhgodiated product ions were observed

experimentally.
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0 o 2Na'
-H o
—_— OCH, + QocH, o
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OCH;, OCHjg

[Z+2Na]*"

OCH, o ocH,8

/ OCH, ( o 2 Na*
+ + o OCH, Owvn
OCH,

OCH,

['X+2Na]**
Scheme 2.5 Proposed mechanisms for the formation of doubly charged fragment ions

resulting from (a) glycosidic, and (b) cressg cleavages in EED ofeduced and

permethylated maltoheptaose. [M + 2Nah/z768.3750

2.3.2 ExD of Lithium -Adducted Permethylated Maltoheptaose

ExD of permethylated maltoheptaose adducted with larger alkali metal catiGnRi{K

or CsS) exhibited fragmentation behavior siar to that of the sodium adducts, producing
only metal loss at low electron energy, while undergoing extensive fragmentations at

higher electron energies (Figures 2.3 and 2.4).
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Figure 2.3 1.5V ECD spectra of permethylatethltoheptaose adducted with (a), KV

+ 2K]** m/z784.3489, (b) Rb, [M + 2RbF* m/z830.2970, and (c) Cs[M + 2Csf* m/z

878.2907
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Figure 2.4 9V hotECD spectra of permethylated maltoheptaose adducted with"(a) K

[M + 2K]?* m/z784.3489, (b) Rb, [M + 2RbF* m/z830.2970, and (c) Cs[M + 2Cs}*

m/z878.2907

However, the Li adduct readily fragmented at 1.5 eV (Figure 2.5a), indicating that the

ECD fragmentation threshold has a dependence on the charge carrighdktdnergies,

the hotECD (Figures 2.5b) and EED (Figures 2.5c) spectra of lithiated and sodiated

(Figure 2.1b, c) permethylated maltoheptaose had many parallel features. The types of

fragments present were very similar, except for a few-dbwndance cgsring

fragments and neutral losses. Thus, although the identity of the metal charge carrier still
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demonstrated some influence on the fragmentation behavior of oligosaccharides at higher
energies, the effect was much more subtle than for irradiationawtlenergy electrons,
and likely arose from the difference in metdigosaccharide binding pattern, rather than

from a change in fragmentation mechanisms.
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Figure 2.5 ExD spectra and cleavage maps of permethylated maltoheptaose [N + 2Li]

m/z752.4012at different electron energy levels) 1.5 eV, b) 9 eV, and ¢) 14 eV.
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As in the case of the Nadduct, the electron energy was observed to have a very strong
effect on the fragmentation behavior of thé-adducted permethylated maltoheptaose.

At 1.5 eV, the vast majority of product ions contained two lithium atoms, withip€

ions ([G, - H + 2Li]") being the most abundant. At 9 eV, product ions containing both
one and two lithium atoms were observed, anype ions ([Y.- H + 2Li]") became the

most abundant glycosidic fragments. At 14 eV, doubharged fragment ions were
produced, the abundance oftype ions diminished, and thetgpe ions ([G- 2H + Li])
became one of the most abundant sets of glycosidic fragments. It is important to note that
many seemingly similar types of fragment ions observed at different energies were
actually different species, likely produced by different processes. For example, at 1.5 eV,
the only Gtype ions produced were JEH + 2Li]" ions, with a possible mechanisor

their formation illustrated in Scheme 6a. At 14 eV, only {@H + Li]" ions were

observed; these could be produgerthe mechanism shown in Scheme 6b.
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Scheme2.6 Proposed mechanisms for the formation of (a) G+ 2Li]** by low-energy

ECD, and (b) [G 2H + Li]** by hotECD.

As was observed for the sodiated species, an increase in the electron energy shifted the
distribution of the Li adducts to favor formation of smaller ions. For example, the range
of C- and Y-type ions produced changed from¢@and Yz at 1.5 eV to @g, and Yo at

9 eV, and to €s and Yi.s at 14 eV. One possible explanation is that the production of
small fragments requires the charge neutralization site to be near an end (redooimg or
reducing) to initiate cleavage, and its successful detection requires the remaining charge
carrying Li' to be coordinated at the same end. The proximity of the two charge carriers
would cause significant Coulombic repulsion, and such a conformer vamijd be
accessible at higher energies. EED may also contribute to this shift by allowing smaller
fragment ions to be generated and detected from thermodynamically more favored
conformers where the two charge carriers are farther apart, because the &Egecis

initiated by charge neutralization at a protonated site without the involvement of either
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metal charge carrier. Finally, it is also possible that, under the EED conditions, the more
energetic initial products could undergo further fragmentatiogetterate abundant low

m/zfragments, as is observed in EI mass spectra.

2.3.3 ExD of Alkaline Earth Metal -Adducted Permethylated Maltoheptaose

Previous reports suggested that divalent cadideucted oligosaccharides can produce
more abundant and infoative fragment ions than are produced by alkali metal
coordinated species under lemergy ECD and ETD conditiofi5>° Thus, the electron
energy dependence of the fragmentation behavior of alkaline earth metal coordinated
oligosaccharides was further investigated here. The ExD spectra Gfablducted
permethylated maltoheptaose are shown in Figure 2.6. For the padstthe ExD
behavior of the Mg adduct resembled that of the' ladduct, which underwent extensive
fragmentation at 1.5 eV, and produced abundant EED fragments (as exemplified by the
presence of doublgharged fragment ions) at 14 eV. However, ECDhef Md* adduct
produced a slightly broader range of fragments, possibly because it does not need to
overcome Coulombic repulsion to adopt conformations producing small fragments.
Further, unlike those of the alkali metal adducts, the ExD spectra of theadduct
underwent minimal change when the electron energy was raised from 9 to 14 eV: the
range of observed fragments did not shift towards smaller fragments, and no new
members of thé&°A, ion series were produced. One explanation is that EED of thé alk
metal adducts was initiated by electron capture at the protonated site, and this could

produce cleavages distant from the original metal binding sites, whereasevigined
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as the preferred electron capture site owing to its much higher recombiragoyy.
Maltoheptaose adducted with other alkaline metal$* (G and B&") showed similar

energydependent ExD fragmentation behavior and will not be discussed further.
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Figure 2.6 ExD spectra of Madducted permethylated maltoheptaose [M +3giz

757.3778 at different electron energy leved§:1(.5 eV, b) 9 eV, and¢) 14 eV
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Table 2.1 summarizes the ExD fragments observed, at three different electron energies,
from permethylated maltoheptaose witH, INa’, Cs and Md* adductions. Althouig the

Mg®* adduct provided the most information under lemergy ECD conditions, its
favorable performance was surpassed the results from analyses that used the alkali metal
adducts at higher energies. The largest alkali metd]) @k&luct in this set gersed a

wider range of fragment ions than the" bind N& adducts, possibly because @sn
simultaneously coordinate with oxygen atoms that may be located in several
monosaccharide units than can the smaller metalerlNa’, and this property allows it

to initiate fragmentation at more positions. Considering that @,2 and 3,5 types of
crossring cleavages are the most informative, EED of theadsluct seemed to offer an

advantage for linkage analysis.
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15eV 9.0eVv 14.0 eV
n= | 2Li* | 2N& | 2Cs | Mg* | 2Li* | 2N& | 2Cs | Mg® | 2Li* | 2N& | 2Cs | Mg*
B, | 36 26 | 26 | 26 | 26 | 26 | 26 | 26 | 1-6 | 26
Y, | 36 26 |26 | 25 | 16 | 26 | 15| 16 | 1-6 | 16
C., | 36 26 | 26 | 26 | 16 | 26 | 15| 16 | 1-6 | 26
Z, | 36 26 | 26 | 26 | 16 | 26 | 16 | 1-6 | 1-6 | 26
%A, | 45 6 | 56 4
A, | 36 36 [ 36| 26 | 26 | 26 | 26 | 26 | 1-6 | 36
Zap. 3 46 | 5,6 6 | 46
A, | 2,45 3,4 6 2-4 | 2-4
A, 46 | 46 | 46 26 | 26 | 2-6
%X, | 35 236| 36| 45| 46 | 356 1-2 |1,25] 26 | 36
X 25| 26 | 16 | 26 | 1-6 | 16 | 1-6 | 36
X n 1 1,6
*X.| 35 25

Table 2.1 Summary of the glycosidic and crosg fragments observed in ExD
permethylated maltoheptaose adducted with Li+, Na+, Cs+, or Mg2+ at three di

electron energy levels.
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2.3.4 Theoretical Modeling of Glycan ECD

While all metaladducted maltoheptaoses underwent extensive fragmentation when
irradiated with higkenergy electrons, their fragmentation behaviors differed drastically at
lower energies. For the NaK®, Rb™ and C$ adducts metal loss was the dominant
channel (Figures 2.1a and 2.3), whereas for tHeahd alkaline earth metal adducts
(Figures 2.2a and 2.6), the most abundant fragment ions were-tipe @ns and the
products resulting from methyl loss, the latter of whaauld correspond to the;@n, if

the methyl radical is eliminated from the reducing end. Thé*Mgdduct fragmented
more extensively under loenergy ECD conditions, probably because it has a much
higher recombination energy (second IP of Mg is ~15 e alkali metalseg.g, the

first IP of Cs is ~3.89 eV). However, the drastic difference between thenewgy ECD
behaviors of the Liand N&d adducts was somewhat surprising, considering that their first
ionization potentials are fairly close (Li: 9.2V, Na: 5.14 eV). It was also interesting to
note that, when the doubly charged precursor ion contained Bahd_N4d, Na loss was

still the predominant fragmentation channel at 1.5 eV (Figure 2.7a). At 9 eV, the [M + Li
+ NaF* species fragmented extsively, producing a mixture of product ions that
contained either Neor Li* or both, which indicated that eitherlor Na could serve as

the neutralization site initiating fragmentations (Figure 2.7b).
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Figure 2.7 ExD spctra of the hybridly adducted permethylated maltoheptaose [M + Li +

Na]** m/z760.3881 acquired a&) 1.5 eV and k) 9 eV electron energy

These phenomena can taionalized using theoretical modeling carried out on alkali

met al c o emettiyitglueosidesd (GIEOMe) as the corresponding model systems.

The Na-GlcOMe complex has a larger recombination energy (85 kcal/mol) than™the Li

GlcOMe complex (79 kcal/mil Figure 2.8 illustrates the potential energy surfaces

(PESs) for the metal loss and methyl loss channels of th@iLNa'-adducted GlcOMe,

as calculated at the B3LYRSLg(d) level of theory. For the Liadduct, Li loss is 20

kcal/mol endothermic relate to the chargeeduced species, whereas the methyl loss
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channel is 6 kcal/mol exothermic with an energy barrier of 12 kcal/mol (Figure 2.8a).
Therefore, methyloss is both thermodynamically and kinetically favored over Li loss.
For the N& adduct, altbugh methyl loss and Na loss have similar exothermicities, the
methyl loss channel is associated with a 24 kcal/mol energy barrier, while Na loss is
barrierless, making Na loss the preferred fragmentation pathway (Figure 2.8b). By
analogy, the initial eltron capture for the [M + Li + N&] of permethylated
maltoheptaose is likely to occur at the *Nsite, leading to predominant Na loss,

consistent with the experimental observation (Figure 2.7).
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Figure 2.8The unscaled potential energy surfaceshefmethyl and metal loss channels
of (a) [GlcOMe + Li]" and (b) [GleOMe + Na] complexes upon electron capture, as
calculated at the B3LYP/81G(d) level of theory. Numbers in brackets are in units of

kcal/mol.

Therefore, the ECD threshold depends noly on the recombination energy of the
charge carrier, but also on the detailed PESs for the metal loss and bond dissociation
channels. However, at higher electron energies, the relatively small differences in
recombination energies and activation barriersame less important, as was reflected by

the similarity in the heECD spectra of the Liand Nd adducts (Figures 2.5b and 2.1b),
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as well as by the presence of botfi-land Nd-adducted fragment ions in the hybrid
adduct spectrum (Figure 2.7b). Thdalls in fragmentation patterns, including both the
types and ranges of fragments generated, were still 1thepaindent at higher energies,
e.g.,in hotECD and EED spectra of the alkali metal adducts, as shown in Table 2.1. This
was also true at lower emges, where the Fiand Md" adducts displayed substantial
differences in the types and ranges of fragment ions produced. Theoretical calculations
by Leary and coworkers showed that Bhd Md* have different binding patterns with
monosaccharide$? Thus, a hypothesis may be made that, once the energy requirement
is met for fragmentation to occur, it is the coordination pattern between the metal and the
oligosaccharide that determines which fragments are actually produced. As we have
shown herein, complementary information can be obtained by conducting ExD

experimets using different metal charge carriers at different electron energies.

2.3.5 Theoretical Modeling of Glycan EED

To the best of our knowledge, there has been no mechanistic study on EED ef metal
adducted oligosaccharides. Considering the superior peafore of EED in glycan

linkage analysis, a better understanding of the EED behavior of oligosaccharide will not
only help with the optimization of the EED parameters but also facilitate accurate

spectral interpretation.
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The cellobioseNa™ complex was kosen as the model system for theoretical EED
mechanistic studies. The EED spectrum and the fragmentation map of celNbicae

shown inFigure 2.9 The mass measurement accuracy for all assigned peaks is better than
1 ppm.The most abundant produchian the EED spectrum of Nadducted cellobiose

is >°A,, and this assignment was confirmed by redueing *°O-labeling. The second

most abundant fragment ion was determined similarly 5. Other, less abundant,
crossring fragments were also detedten the EED spectrum. In addition, fragments
resulting from the glycosidic bond cleavage,(B;, Y1 and Z) were present in lower

abundances, together with some neutral loss fragment ions.
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Figure 2.9 The EED spectrum of the Nadducted anfO-labeked cellobiose acquired at

an electron energy of 14 eV.

Based on the theoretical calculation performed by Dr. Yigun Huang, we proposed a novel
EED mechanism which claims that when subjected to high energy electron irrathation
cellobioseNa” complex isionized to form a mixture of a doubly charged radical cation
and two ringopening distonic ions. Upon recapture of the low energy electron released
during the ionization step, the radical cation may undergo EIEIO type of dissociation,
resulting in glycositt bond cleavage, whereas the two fropening distonic ions form
di-radicals with trivial singletriplet splitting. The triplet states of the-didicals can

undergo radical driven alpha cleavages to form Ba#h (Figure 2.10)and*°X; (Figure
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2.11), the two most abundant fragment ions observed in the EED spectrum”of Na

cellobiose.
4
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Figure 2.10 The triplet potential energy surface for the EED of cellobiaseomplex to
form 3°A, ion, as calculated at the B3LYPZA.G(d) level of theory. The nusers in
brackets are zero Kelvin enthalfi relative to structure 1a and with unit of kcal/mol.

(Data courtesy of Dr. Yiqun Huang)
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Figure 2.11 The triplet potential energy surface for the EED of cellobiaseomplex to
form 1°X; ion, as calculate@t the B3LYP/631G(d) level of theory. The numbers in
brackets are zero Kelvin enthalfi relative to structure 1a and with unit of kcal/mol.

(Data courtesy of Dr. Yiqun Huang)
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2.4Conclusions

Using maltoheptaose as the model system, the ExD fragmentaglzaviors of metal
adducted permethylated oligosaccharides were investigated. At low electron energies,
adducts formed with divalent alkaline metals or lithium produced abundant glycosidic
and crossing cleavages, whereas adducts containing largeriathatals generated
predominantly metal losses. This mefapendent ECD fragmentation behavior was
rationalized on the basis of theoretical modeling and could be attributed to the difference
in the metal cation recombination energies and the detailed thABSgoverned various

dissociation channels.

At higher energies, hgtCD and EED processes took over, generating types of fragments
different from those that had been observed in-ém@rgy ECD, and often yielding a
broader range of fragments as well.eThypes and ranges of fragments observed
depended on the specific metdigosaccharide binding patterns, which were influenced

by both the electron energy and the metal charge carriers.

EED on cellobiose cationized with Navas carried out and a noveleahanism for its
EED behavior was revealed by theoretical calculationThe proposed ionirateypture
mechanism can successfully explain formation of the most abundant fragment ions
observed in the EED spectrum of Nzellobiose complex, and is consistemith the

observed metal charge carriadependence of the EED  process.
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Chapter 3  Detailed Glycan Structural Characterization by Electron Activated

Dissociation

3.1Introduction

Glycans play vital roles in many biological processes, including immunolagsabnse,
inflammation, and cancer metasta®is® The multilateral functions of glycans derive
from their struatiral diversity. Unlike a linear biopolymer, such as an oligonucleotide or a
protein, whose primary structure is uniquely defined by itscbmensional sequence, a
glycan is built from multivalent monosaccharide units, giving rise to a large number of
potetial topological and linkage isomers. Thus, detailed glycan structural
characterization requires determination of not only its topology, but also its linkage
configuration. This analytical challenge is further exacerbated by the lack of glycan
amplification methods, and the presence of many clesdbted structures in most
naturallyoccurring glycan mixtures. Among the current methodologies, tandem mass
spectrometry (MS/MS) is one of the most powerful owing to its specificity, low sample
requirement, andgompatibility with chromatographic separation methddswever, the
conventional collisioAnduced dissociation (ClB)ased tandem MS method often fails

to produce sufficient numbers of the crosg) fragments that are crucial for linkage
determinatior/? Although multistage tandem MS analysis (}18an potaetially provide

more exhaustive linkage information, the M&pproach suffers from its low throughput
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and sensitivity, as well as its general incompatibility withlioe glycan separation

methods.
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Figure 3.1 The ExD fragmentation pattern of meiddicted glycans is affected by bo
the electron energy and the charge carrier. Reduced and permethylated maltof
was selected as the model glycan. Precursor ions adducted with eithef {vealldircle,
m/z 752.4013), two K (green trianglem/z 784.3190), or two C$ (blue squarem/z
878.2907) were isolated and irradiated with electrons at different energies, rampin

leVtol6eVataleV interval. The x axis represents the voltage applied to the (
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dispenser. The y axis represents theg@eatage ratio of the intensity of a specific type
fragment ion and the total product ion intensity. Fragment ions plotted are (a) ¢
charged ions, (b) [YH+2Metal] ions, (c) [G2H+Metal] ions, (d) [GH+2Metal] ions,
(e) ["“X+Metal]" ions, (f) [*X+Metal]" ions, (g) F*A+Metal]" ions, and (h)
[**A+Metal]" ions, respectively. The relative abundance of linkdefinitive crossring

cleavage increased significantly as the electron energy approaches the EED regior

Figure 3.1 The ExD fragmentati pattern of metehdducted glycans is affected by both

the electron energy and the charge carrier. Reduced and permethylated maltoheptaose
was selected as the model glycan. Precursor ions adducted with eithef tweulldircle,

m/z 752.4013), two K (green triangle,m/z 784.3490), or two Cs(blue squarem/z
878.2907) were isolated and irradiated with electrons at different energies, ramping from
leVto 16 eV atal eV interval. The x axis represents the voltage applied to the cathode
dispenser. The gxis represents the percentage ratio of the intensity of a specific type of
fragment ion and the total product ion intensity. Fragment ions plotted are (a) doubly
charged ions, (b) [\H+2Metal] ions, (c) [G2H+Metal] ions, (d) [GH+2Metal] ions,

(e) [“°X+Metal]" ions, (f) [*X+Metal]" ions, (g) F*A+Metal]" ions, and (h)
[**A+Metal]" ions, respectively. The relative abundance of linkdefinitive crossring

cleavage increased significantly as the electron energy approaches the EED region.
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Electronactivated dissociation (ExD) methods have recently emerged as promising tools
for glycan structural analyst§*” > 1% ExD of metaladducted glycans can be initiated

by either electron transfer from anion radical reagents, as in electron transfer dissociation
(ETD) or direct interaction with free electrons. In thetdatcase, several ExD
fragmentation pathways exist; these differ from one another in terms of the electron
energy, including: electron capture dissociation (ECD) at low energie€ Gt at
intermediate energies, and electronic excitation dissociation YBERigh energie¥ As
discussed in Chapter 2, EED takes place at an electron energy of > 9 eV, as evident by
the presence of doubly charged fragment ions, which cannot be produced by ECD from
doubly charged precursorns (Figure 3.1). EED is also different from the electron
ionization dissociation (EID) proce$s,'** becaus a 9 eV electron is not energetic
enough to induce fragmentation after ionization or to induce double ionization.
Theoretical investigation presented in Chapter 2 suggested that EED is initiated by
electron detachment from an oxygen atom, forming a distmn. The subsequent
electron recapture produces a-tdical which can undergo extensive fragmentation. As

a charge remote process, EED is capable of producing many more structurally
informative fragments than ECD, regardless of the type of metal eltargers (Figure

3.1).

Whereas a basic understanding of the mechanisms of ExD has been established using
model oligosaccharides in Chapter 2, the full potential of this set of powerful techniques

remains underexplored. This chapter focuses on the caiph of different ExD
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techniques to the structural characterization of glycans. The potential of EED #n high

throughput glycan structural analysis was further investigated.
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3.2Experimental

The experimental procedures for permethylation, reducing endttred, reducing end

80-labeling and data analysis are described in Chapter 2.

3.2.1 Materials

Sialyl lewis A (SLé&), sialyl lewis X (SLé&), lactoN-tetraose (LNT), and lacth-
neotetraose (LNNnT) were purchased from Dextra Laboratories (Reading, UK).
Maltoheptaose, dextran ladder, ribonuclease B (RNase BJOH97%) water, 2
aminopyridine, acetic acid, and reagents for permethylation including dimethyl sulfoxide
(DMSO), sodium hydroxide (NaOH), methyl iodide (&} and chloroform, as well as

all salts including lithium acetate, sodium acetate, sodium borohydride (NaBH
potassium acetate, cesium acetate were obtained from -@ilgimeh (St. Louis, MO).
GlyceroHree PNGase F was obtained from Prozyme (Hayward, CAxPSefk E C1 8
SPE cartridges were olmbad from Waters (Milford, MA). Porougraphitized carbon
(PGC) solid phase extraction (SPE) columns were obtained from Ti&cimmotific
(Springfield, NJ). Reversphase C18 ZipTip was obtained from Millipore (Billerica,
MA). Microspin cellulose cartridgewere purchased from Harvard Apparatus (Holliston,

MA).
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3.2.2 Reducing End 2AB Labeling

The reducing end-2B labeling was performed as described previodSlBriefly, the
labeling reagent solwn was prepared by dissolving 6 mg of driedr@inobenzamide
(2-AB) and 6 mg of dried sodium cyanoborohydride (NaBN) in 100 (L of acetic
acid:DMSO (3:7v:v) solution. 10 (g of the oligosaccharide sample was dissolved in 10
L of the reagent solution @hwas incubated at 65 € for 3 hours. The excessive reagents
were then removed by microspin cellulose cartridges (Harvard Apparatus, Holliston,

MA).

3.2.3 N-linked Glycan Release from Ribonuclease B

The highmannoseN-linked glycans were released from 8¢ B by PNGase F
according to the Glyko®-Glycanase protocol by Prozyme. Dried glycoprotein (500 pg)
was dissolved in 45 L of 1X Tris reaction buffer and 2.5 [L of denaturation solution.
The glycoprotein was then denatured in boiling water for 5 miterAfenaturation, 2.5

| of detergent solution and 2 (L of PNGase F were added. The glycoprotein and
PNGase F mixture was incubated at 37 € overnight.-Bepk E C18 SPE cart
were used to separate the releabklihked glycans from the protein. The & SPE
cartridge was sequentially rinsed with 10 mL of 100% ACN, 50% ACN, and water. The
high mannoseN-linked glycan, deglycosylated ribonuclease B and PNGase F mixture
was then loaded to the cartridge. TMdinked glycans were eluted from the cartridge b

2 mL water for three times. The purified-linked glycans were then dried in a

SpeedVacE concentrator.
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3.2.4 Electrospray Conditions

Permethylated oligosabarides were dissolved in 25% methanol-226 0 e M salt
solutions to a concentration of 5 €M for
analysis. Samples were loaded into a glass capillary tip pulled with a micropipette puller
(model R97; Sutter Instrumes Co., Novato, CA) to ~1 pyn orifice diameter. A bare

nickel chromium wire was inserted into the sample solution on the distal end of the tip to
form the electrical connection. Samples were then directly infused into the mass

spectrometer ion source.

3.25 Tandem Mass Spectrometry

The tandem mass spectrometry (MS/MS) experiments were performed orTa 12
solariX™ hybrid Q@FTICR mass spectrometer equipped with an indirectly heated
hollow dispenser cathode (Bruker Daltonics, Bremen, Germany). Target iomes we
isolated by a fronend quadrupole and accumulated in the collision cell for 100 to 500
ms before being transferred to the ICR cell. For-tavergy ECD, the precursor ions were
irradiated with ~1.5 eV electrons for 100 ms; for EED, the precursor ioresiwadiated

with 14 eV or 16 eV electrons, for up to 0.5 s. The cathode heating current was from 1.32
A to 1.52 A. A 0.5 s transient was typically acquired. Each ExD spectrum shown is the
result of 100 to 200 transients summed to improve the sigradise ratio, except for the

spectrum in Figure 3.22, which is 1 transient.
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3.3 Results and discussion

3.3.1 Linkage Determination of the High MannoseN-linked Glycan by ExD

The ExD techniques were applied to the structural analysis oN-lnked glycan
relesed from Ribonuclease B, M#BICNAc, (Man: mannose, GIcNAcN-acetyl
glucosamine). Liwas selected as the charge carrier, because the earlier results indicated
that it is able to initiate fragmentations at all electron energies, amdiliced cleavages
reached both the reducing and freducing ends in the maltoheptaose study. Doubly
lithiated ManrGIcNACc, was isolated and fragmented by ExD at three electron energies,
1.5 eV (Figure 3.2), 9.0 eV (Figure 3.3), and 14.0 eV (Figure 3.4). The same precursor
ion was also subjected to CID for comparison (Figure 3.5). Note that, this brakehed
linked glycan produced quite a few fragment ions for which more than one assignment is
possible. For example, they ¥ Y4 gand Y3, ions all have the same calculated mass, as
do theX, g **X4 yand*Xg, ions. Figures 3.2 to 3.5 include all possibilities, although
some of the labeled cleavages may not have actually occurred. The assignments could be
fully clarified with higher stages of MQut, since these monosaccharide losses do not
inform about branching and thus do not contribute significantly to the structural

determination, such analyses were not performed in this study.

As expected, CID (28 eV) genesdt mostly glycosidic bond cleavages, producing
complete B and Y-ion series, as well as abundant ctorg products in thé°A and*°X

series (Figure 3.5). A few informative crassg fragments were also observed, which
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identified the two 1Y6 | i ARaemd®®;flagmenesd o n
The linkage positions for the other four glycosidic bonds could not be deegzrmin

unambiguously by CID.

The lowenergy ECD (1.5 eV) cleavage map and spectrum are shown in Figure 3.2. The
four dominant fragments resulted from glycosidic cleavages around the chitobiose core,
indicating that the preferred electron capture site wasGileBlAc-bound Li" near the
reducing end. The presence of @81d G ions suggested that the othef lias probably
distant, coordinated by mannose residues on thea®ch to minimize the Coulombic
repulsion between the two charge carriers. Severahnid Ztype ions resulting from
cleavages near the noeducing end were also observed, indicating that thereduncing

end Li" could also initiate ECD pathways, albeit with lower probabilities. Although low
energy ECD produced several informative crosg cleavages that were not observed in
CID, they mostly occurred around the GIcNAc residues, and no evidence indicated that

crossring products formedvia cleavages in theantennae regions. Among the six

glycosidic linkages, only the 1Y6 |l inkage

absence of crossng cleavages near the termini of the antennae was likely the
consequence of competitive electron capture nearchitebiose core, together with
competition from glycosidic cleavages, even when thelddated on an antenna did

capture an electron.
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As suggested by the maltoheptaose ExD study presented in Chapter 2, increasing the
electron energy should help to acsése thermodynamically and/or kinetically unfavored

fragmentation channels of the released and permethylated high mahiosed glycan.
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Figure 3.2 ECD (1&V electrons) cleavage map (top) and spectrum (bottom) of

permethylated MayGIcNAC, [M + 2Li]** m/z785.4121
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Figure 3.3 HOtECD (9.0eV electrons) cleavage map (top) and spectrum (bottom) of

permethylated MayGIcNAc, [M + 2Li] ' m/z785.4121
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Figure 3.4 EED (14-@YV electrons) cleavage map (top) and spectrum (bottom) of

permethyated MagGIcNAC, [M + 2Li]**m/z785.4121
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Figure 3.5 CID (CE 28 eV) cleavage map (top) and spectrum (bottom) of permethylated

MansGIcNAC; [M + 2Li] %" m/z785.4121.
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Figures 3.3 and 3.4 show the H6ED (9 eV) and EED (14 eV) cleavage maps and

spectra of the doubly lithiated MaBIcNACc,, respectively. HGECD was able to produce

crossri ng cleavages reaching the second bran
linkagevia the presence of tHe'A, @nd®*X; jons. At 14 eV, additional, new cresing

fragments were generated, including tHa,sand %A, as well as thé>A; and %X,

ions, which were essenti al for the delinea
Altogether, five out of the six glycosidic linkage positions coulddsntified by EED,

including all linkages in the antennae regions, and thus EED provided much more

complete information than either CID or leemergy ECD.

3.3.2 Optimization of the EED Experimental Parameters

The practical use of EED has been limitedits low fragmentation efficiency. Figure

3.6a shows a generic setup forlEgxperiments. The large negative cathode bias used in
EED allows a much higher number of electrons, including those in thernevwgy tail of

the electron energy distribution, to enter the ion cyclotron resonance (ICR) cell. It is thus
important to contrbthe electron population in the cell to minimize competition from the
more efficient ECD process. Consequently, previous EED studies were usually carried
out with a low cathode heater current (1.3%A)As this current was increased, the
fragmentation process switched from EED to ECD, generating predominantly the charge
reduced species (Figure 3.6b, 3.7a, b). However, use of a lower heater current

necessitates prolonged electron irradiation time (> 1 s) for efficient EED. Alternatively,
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the influx of low-energy electrons can be limited by setting the extraction potential to a
value slightly less negative than the cathode bias, allowing only theshgglgy electrons

to enter the ICR cell (Figure 3.6c), as was previously implemented in @lectro
detachment dissociation (EDD) studies. Unthexroptimized conditions, 200 to 500 ms

irradiation time was sufficient for efficient EED (Figure 3.7c).
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Figure 3.6a) Schematics of the ExD experimental setup. b) Plot of the relative abundance
of the chage reduced species as a function of the cathode heating current, with the
cathode bias set al4 V and the extraction potential at 15 V. ¢) Plot of the electron

current measured at the hexapole as a function of the extraction potential, with the

cathodebias set at1l4 V, and the cathode heating current set at either 1.3 A (¥ or 1.5A

(2)
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Figure 3.7 Influence of the cathode heating current and extraction lens voltage on the
fragmentation pattern of the doubly sodiated permethylated maltoheptawse (
760.3594). With a positive extraction potential of 15 V, allowing all electrons to enter the
ICR cell, a) EED dominated at low cathode heating current (1.3 A), and b) ECD

dominated at high cathode heating current (1.5 A). ¢) With the extraction plsentia-
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13.7 V, preventing lowenergy electrons from entering the cell, EED fragmentation was

recovered at high cathode heating current (1.5 A).

3.3.3 Application of EED to Glycan Linkage Isomer Differentiation

The previous examples demonstrated thigyuof EED in the structural characterization

of simple linear and branched glycan standards. Here, with improved efficiency, the
performance of EED was further evaluated on glycans having more complex structures.
Two tumor antigens, Sialyl Lewis A (Steand Sialyl Lewis X (SL&), were selected as
models, not only because they play important roles incedllrecognition, but also
because they are linkage isomers containing analytically challenging residues: sialic acid
(N-acetyl neuraminic acid, NeuSpand fucose (Fuc} Permethylation was performed

to gabilize these labile groups and to block unpredictable fragmentation pathways such
as Fuc migration. Permethylation also facilitatks novotopology analysis as each

gl ycosidic cleavage |l eaves a free hapddr oxyl
internal fragment ions and assignment of the initial branch point. However, ambiguities
arising from the potential for isomeric noeducing end and reducing end fragments still
exist for permethylated glycans. Although isorbased ambiguity is moreommon for
glycans with symmetrical structures, it can also occur in highly asymmetrical glycans.
For example, for permethylated Si,.¢he®?A, ;and?°X, fragments both have a neutral
mass of 523.263 u. Such ambiguity can be removed by labeling the reducing end

hemiacetal oxygen witfO prior to permethylation.
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Figure 3.8 The CID cleavage map and the CID spectrum of the doubly lithiated,

permethylated and®O labeledSLe* precursor ion am/z523.2830.

Figures 3.8, 3.9, and 3.10 show the CID, ECD, and EED spectra and cleavage maps of
the doubly lithiated;®O-labeled and permethylated Si.eobtained on a tZ hybrid
Fouriertransform (FT) CR mass spectrometer. As an ergodic fragmentation method,
CID produced mostly glycosidic cleavages with the most abundant product ions resulting
from the facile sialic acid loss (Figure 3.8). A few more crasg cleavages were
observed in ECD (Figure 3,9but none occurred within the reducing eNehcetyl
glucosaminyl (GIcNAc) residue, preventing differentiation of Skad SL&. Sialic acid

loss was still the predominant pathway, presumably because the ECD process was
initiated by electron capture byahmetal charge carrier, and the sialic acid residue was

the preferredmetal binding site. By contrast, EED produced extensive glycosidic and
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crossring cleavages throughout the molecule (Figure 3.10). Similar ExD fragmentation

patterns were observed for &L(Figures 3.11 and 3.12).
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Figure 3.9 The ECD cleavage map and the ECD spectrum of the doubly lithiated,

permethylated antfO labeledSLe* precursor ion am/z523.2830.

Figure 3.10 inset shows a zoorriadview of the region containing tHe'A, @and %X, g

ions in the EED spectrum of Stewith (bottom) and without (top) the reduciegd*?0-
labeling. Both*°A, gand %X, gons (n/z514.2834 for the unlabeled Sheare keys to
determinati on o figalactose (Galylidkage,sbut shbye isomeric and
cannot be assigned definitively in the spectrum of the unlabeled glycan. When this

spectrum is compared to the spectrum of'telabeled glycan, th&3X; gon is offset by
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~2 Da whereas the°A, gon is unaffected, and this confirmsethassignments, allowing

confident linkage determination.
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Figure 3.10The EED cleavage map and spectrum of the doubly lithiated, permethylated

and*®0-labeled SL& precursor ion ain/z523.2830.

The number of building blocks with unique masses isllem#&or glycans than for
peptides, and each monosaccharide residue can potentially be cleaved into 22 different
glycosidic and crosgng fragments. Consequently, the presence of isobaric fragment
ions is quite common in complex glycan EED spectra. AnB&a peak splitting due to

the mass difference between a Qffoup and an O atom is frequently observed; their
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definition requires a mass resolving power of > 50,000n&t ~1,000 for baseline
separation. Peak splitting with a smaller interval can also oEourexample, in the EED
spectrum of permethylated Stehe®?X; @nd?°A, jons (both am/z514.2834) and the
doubly charged [MCH,+2Li]*" ion (m/z514.2658) are separated by only 18 mDa (Figure
3.10 inset). The superior mass resolving power afforded by afibighFTICR mass
analyzer is essential for confident gie assignments, and for delineation of the

Neu5Ac2Y3Gal finkage in SLe
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Figure 3.11 The ECD cleavage map and the ECD spectrum of the doubly lithiated,

permethylated antfO labeledSLe" precursor ion amn/z523.2830.
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ExD experiments were also carriedt on milk oligosaccharide linkage isomers, laigto
tetraose (LNT) and lacthl-neotetraose (LNNnT). Again, EED produced the most
extensive fragmentation, including crassg cleavages for unambiguous determination
of the nonreducing end G#&IcNAc linkage for isomer differentiation (Figures 3.13 and

3.14).
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Figure 3.12 The EED cleavage map and the EED spectrum of the doubly lithiated,

permethylated antfO labeledSLe" precursor ion am/z523.2830.
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Figure 3.13 a) The ECD and b) EED cleavage méagseadoubly lithiated,
permethylated:®0-labeled LNT am/z459.7513; c) the EED cleavage map of the singly
lithiated, permethylated®0-labeled LNT am/z912.4872; d) the EED cleavage map of

the singly cesiated, permethylatéi)-labeled LNT am/z1038.3767.
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Figure 3.14 a) The ECD and b) EED cleavage maps of the doubly lithiated,
permethylated®O- labeled LNnT atm/z 459.7513; c) EED cleavage map of singly
lithiated, permethylated®O-labeled LNNT atm/z 912.4872; d) EED cleavage map of

singly cesiated, permethylatefO-labeled LNnT am/z1038.3767.
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In addition to providing more structural information in general, EED offers another
advantage over ECD and ETD in that it does not involve charge reduction. Thus, EED is
applicable to singly chged ions, making it an ideal choice for analysis of MALDI

generated ions as well as small glycans that cannot be efficiently multiply charged.
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Figure 3.15 The EED cleavage map and spectrum of the singly lithiated, permethylated

and*®0 labeledSLe" precursor ion ain/z1039.5505.

As shown in Figures 3.15 and 3.16, EED of the singly lithiated*/Slle® produced
fragmentation coverage similar to their doubly lithiated counterparts (Figures 3.10 and
3.12). Charge retention benefits the analysis of multparged precursor ions as well.

First, fragment ions in a higher charge state can be more efficiently detected because the

image current generated by an ion scales linearly with its charge. Second, because the
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mass resolving power of the ICR analyzemgersely proportional to the ion mats

charge ratio, it is easier to resolve isobaric fragment ions when they are present in higher
charge states and thus their signals appear at lovzralues. Finally, charge retention
increases the chance of ohgeg both members of each set of complementary fragment

ions, leading to more confident spectral interpretation. Figures 3.17 and 3.18 show the
EED spectra of the singly and doubly lithiated, permethylatedsGlaNAc, (Man =

mannose). Whereas téX; g on t hat defines the terminal
present in both spectra, its complementa#, gion was only observed in the EED
spectrum of the doubly lithiated species. A general lack ofradacing end fragments in

EED of the singly lithiatedpecies likely resulted from the preference dftinding near

the reducing end chitobiose core.
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Figure 3.16 The EED cleavage map and spectrum of the singly lithiated, permethylated

and*®0-labeledSLe"* precursor ion amn/z1039.5505.
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Figure 3.17 The EED cleavage map and spectrum of the singly lithiated and

permethylated (Mag]{GIcNAc), atm/z1563.8808.

Unlike the protonated species commonly encountered in peptide tandem mass spectra,
where the number of charge carriers (protons) in a fragraensialways the same as its
charge state, there is no such simple correlation in ExD fragments ofaddtaited
glycans, and this presents a challenge for determination of the fragment neutral mass. In
addition, most metals used in ECD and ETD (lithitmagnesium and transition metals)
have multiple stable isotopes, further complicating the data analysis. Some alkali metal
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cations, such as Nand C$, are monoisotopic, but they do not induce efficient ECD
fragmentation, producing mostly metal loss, agsult of their weaker interaction with
glycans and lower recombination energy upon electron capture. EED does not suffer
from such restriction, as it is a charge remote process with a much higher energy input.
EED of the [M + Cs| ions from SL& and SLé (Figures 3.19 and 3.20) provided
comparable structural information as that of their [M + Ispecies. Cesium adduction
offers an additional benefit owing to its large negative mass defeegt=(82.9055 Da).

For permethylated polyhexose with a repeatungt of GH;60s5 (204.0998 Da),
substitution of each proton with a datroduces an effective mass defect shift of around
-0.16 Da at a given nominal mass. This mass difference is significantly higher than the
variation in mass defects due to the diffeein the fragment elemental composition. As
illustrated in Figure 3.21, EED fragment ions of the [M + 2Csf SL& were clustered
around three trend lines in the mass defecmass plot, corresponding to 0, 1, or 2-Cs
adduction, respectively. This rcde utilized for automatic metal counting and accurate

determination of the fragment ion neutral mass.
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Figure 3.18 The EED cleavage map and spectrum of the doubly lithiated and

permethylated (Mag{GIcNAc), atm/z785.4121.

Because glycans often ekias complex mixtures, including many isomers, liquid
chromatographic (LC) separation is usually needed before tandem MS analysis. Figure
3.22 shows the EED spectrum of the cesiated, permethylategGMaIAC,, acquired

after ~10 s of signal averaging, witonsumption of ~150 fmol of sample, based on a

flow rate of ~3 nL/s and a concentration of ~5 M. As the sample used is a mixture of
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glycans released from a glycoprotein, the actual sample consumption was lower and the
acquisition time could be reducedrther with offline or onrline LC isolation.
Nonetheless, it appears that EED has the sensitivity and throughput compatible-with on
line LC separation. Further, in LC analysis of glycans, reduemty chromophore
labeling is frequently used, because it imes separation and facilitates UV detection

and quantification. However, the chromophtakeled reducing end is often the preferred
metal binding site, as well as an electron scavenger. Consequently, reeluditedpeled
glycans fragment poorly in ECE3nd produce mostly small tag loss, as illustrated in
Figure 3.23a. EED, on the other hand, is not affected by the presence of the chromophore

(Figure 3.23b), and is well suited for @S analysis of reducingnd labeled glycans.
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Figure 3.19 The EED cleage map and spectrum of the singly cesiated, permethylated,

180-labeled SL& atm/z1165.4400.
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Figure 3.20 The EED cleavage map and spectrum of the singly cesiated, permethylated,

180-labeled SL& atm/z1165.4400.
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Figure 3.21 a) The EED @hvage map of the SkgM + Cs]” m/z 1165.4400. b)

Fragment ions from SEgM + 2CsF* m/z649.1724 can be clustered into different trend

lines in the mass defees mass plot based on their Cs+ content..
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Figure 3.22 The EED cleavage map and singknsspectrum of the singly cesiated,

permethylated, antfO-labeled (ManXGIcNAC),.
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Figure 3.23 a) ECD of the [M + 2[4 m/z519.2938 and b) EED of the [M + Lin/z

1031.5721 of 2AB labeled, permethylated maltotetraose.
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3.4Conclusions

In condusion, EED can provide rich structural information for a wide variety of glycans.
Permethylation, reducing end labeling and high mass resolving power are helpful for
accurate interpretation of the complex EED spectra. EED is amenable to analysis of
singly charged precursor ions, although analysis of ions in higher charge states offers
better detection efficiency, higher mass resolution and complementary fragment
information. The chargeemote nature of the EED process allows a wider selection of
metal chage carriers, among which Tss preferred, as it has a simple isotope
composition and a large mass defect that enables reliable metal counting. With its high
sensitivity, throughput, and compatibility with HPLC analysis of redueind labeled

glycans, EEDappears to hold great promise for lasgale glycomics studies.

115



Chapter4  Top-d o wn st undicyoglabblin de@midation

4.1 Introduction

Asparagine (Asn) deamidation plays an important role in aging and many protein
misfolding diseases; it may also idince the stability of protein drigs°*2 Under

neutral and basic conditions, Asn deamidation geegrat mixture of isomeric acidic
products, aspartic acid (Asp) and isoaspartic acid (isdAspDf the two, iSOAsp
formation has a more deleterious effect on $ebility and function of the protein,
because it inserts an extra methylene group to the polypeptide backbone, significantly
altering the protein structufé”. Thus, it is important not only to detect Asn deamidation

but also to differentiate its isomeric products. Detection of deamidation is straightforward
by mass spectrometry (MS) methods on the basis of the resulting mass shift of +0.984 Da
per deamidatiorsite. Several analytical methods exist for the differentiation of Asp and
isoAsp residues, but each has its own limitatibHs®. Recently, a tandem mass
spectronetry (MS/MS) method was developed for the identification and quantification of
iSoAsp formation based on the presence and relative abundance of the-speAific

di agnostic i en)gengratefl by-eithdr electnod captuke dissociation (ECD)
or electron transfer dissociation (ETB® '%°'%2 A highthroughput nanoLESk
MS/MS (ECD) methodvas also developed for proteoiwee iSOAsp mapping, which

used the accurate mass of the isoAsp diagnostic fragment, as well as several other
3124

spectral and chromatographic parameters, to identify ise8smining peptide

However, such bottorap approach requires enzymatic digestion which could potentially
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introduce additional artifactural deamidation and other-prassslational modificatiorts>.

A top-down approacti®*?’is thus preferred, where the intact protein is analyiesttly,
providing a more accurate account of the biologically significant deamidation by
eliminating additional sample preparation steps associated with enzymatic digestion. To
date, however, isoAsp identification by ECD has only been demonstrated peptinde

level, with the largest reported being the Amyloid bet2 fragment®.

In this study,in vitro Asn deamidation and isoAsp formation in the protein beta2

mi cr ogl eV wdsiinuestigated by te o wn ECD anal yMWhas . Hu
important immunological functionslt is the norcovalently bound light chain of major
histocompatibility complex (MHC) class |, which is required for antigen presentation to
induce immunological responses. When an MHC class | molecule undergoes degradation,

the heavy chain embedded in th&l surface is absorbed by endocytosis, releasing the
monomeMiicntbo t he ci r cubMmoleales are filtdredsthroughf t he
the kidney glomeruli into the kidney tubules, where they are degraded by the tubular cells

by pinocytosi&***°. | n  sMeis nommally firesent at a low concentration of about

1.53 mg/L**'. However, in the renal failure patients t he concMaeoahnisat i on
60-times higher and amyloid fibrils can be formed and deposited at the joints of patients
inducing amyloidosi¥®>. Al t hough t he .M ades mtaeadiyoform mer i c
fibrils under physiological conditions, fibril formations can be accelerated in acidic

solutions, in the presence of trace amount ofgprei st i ng fi brils as A
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presence of copper ions, €u?#130 182135 | n g ddition, itMwas r

deamidation at Asn17 can lead to fibril formation at low'pH

Hu ma sM isba small (~11.7 KDa), highly soluble, monomeric extracellular protein
containing 99 amino acid residd&s The nat iMv & owit lad skeptsse vie n
and a single disulfide bond connecting Cys25 and C¥88%. .M dontains five Asn
residues, including two in the fadeamidatingNG- sequence. The relatively small size

of and the presence 0Mmdkaitan |[deal nbdelsysierd fort i o n

testingthe potential of ECD in tepdown isoAsp analysis.
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4.2 Experimental

4.2.1 Materials

Sequencing grade trypsin was purchased from Roche Applied Science (Indianapolis, IN).
HPLC grade water and methanol were purchased from Honeywell/Burdick & Jackson
(Muskegon MI ) . sMHandnedl othebchemicals were purchased from Sigma

Aldrich (St. Louis, MO).

4.2.2 Reductive Alkylation and In Vitro Aging

Hu ma M was reduced and alkylated, as described previtiisly B r ikl fwasy , b
reduced in 6 M urea/50 mM ammonium bicarbonate buffer at pH 8, withfaltemolar
excess of dithiothreitol over disulfide bonds. The resulting mixture was incubated at
37 € for one hour. lodoadamide was then added to the mixture in aftddd molar
excess over disulfide bonds, followed by incubation in dark at room temperature for one
hour . The r educhMprotetn was dreedl k pdeed tvacaum Bnd further
purified by a homenade Poro$0 R1 packed solgphase microextraction tip (Applied
Biosystems, Foster City, CA). The eluted fractions (at 40%) were tested by electrospray
ionization Fourieitransform ion cyclotron resonance mass spectrometry (ESI FTICR
MS). The reduced and alkylategM protein was then aged vitro in 0.1 M ammonium

bicarbonate buffer at pH 8.3, 37 € for five days.
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4.2.3 Mass Spectrometry Analysis

All MS experiments were performed on a solariX 12 T hybrid-FKJICR mass
spectrometer (Bruker Daltonics, BillericdMA) equipped with a hollow cathode
dispenser and a 25 W continuous wave, @GSer (Synrad model J48 Mukilteo, WA).
The i sMtpeoteih wab introduced into the mass spectrometer by-el@atrospray

out of a pulled fused silica capillary with a Inporifice at 5 pM concentration in an
electrospray solution containing 49.5:49.5:1 methan@:Frmic acid. The reduced and

al ky l.Md pratain, efther unaged or aged, was washed twice with water and analyzed
similarly at the same concentration. Fop-tlown ECD analyses, molecular ions in a
specific charge state were isolated by the femd mass filtering quadrupole and
fragmented in the ICR cell by irradiation of leemergy electrons for ~20 ms with the
cathode bias set afl V and the heating cient at 1.6 A. For M3 experiments,
molecular ions of all charge states were first dissociated by collisionally activated
dissociation (CAD) in the funnalkimmer region, and a fragment ion was further isolated
by the quadrupole and fragmented by ECD. Tbkision energy was tuned to maximize
the abundance of the specific fragment ion of interest. For activated iorECA))
experiments, ion activation was achieved by IR irradiation from thel&@r prior to the
ECD event. Because of the ion magnetrortiomy the delay between the ion trapping
event and the IR laser trigger needs to be adjusted to achieve optimieiedtyon
overlap at the onset of the electron irradiatidR All tandem mass spectra were
internally calibrated with the precursor ion and a few fragment ions assigned with high

confidence using the DataAnalysis softwareur Daltonics, Billerica, MA). Peak lists
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were generated by the SNAP algorithm and interpreted manually with a typical mass
accuracy of less than 1 ppm. All EBRIS spectra were externally calibrated to avoid
possible bias in internal calibration whenigsesg the isotope index to selected internal

reference peaks, and the resulting mass accuracy was better than 3 ppm.
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4.3 Results and Discussion

431 ESI-MS Anal ysis of the b2M Protein

The ESI mass spectra of t hM(Figuesdlaand4alb)d t he
show charge state distributions from 7+ to 12+ and from 10+ to 16+, respectively. The

shift towards higher charge states for theurede d / a | Jyisl cansigteht wiih its

more unfolded structure as expected after the disulfide bond breakage. Each charge state
contains two isotopic clusters (Figures 4.1a and 4.1b, insets) corresponding to the
molecular ion and its singly oxidized rfa, respectively. The ~16 Da mass increase
resulted from the oxidization of the-t€rminal methionine residue, as confirmed by the
tandem mass spectra (not shown). The 116.24 Da mass difference between the two
molecular ions corresponds to the additiortvad carbamidomethyl groups, confirming

the success of the reductive alkylation.

Figure 4.1c shows the ESI mass spevctrum
(hereafter r ef g forshbrt).t The irsst shows ¢he enlgrged redion of

its 14+ charge state. Once again, two isotopic clusters are present correspotitiéng to
molecular ion and its oxidized form, respectively. The relative abundance of the oxidized
form is higher in the aged sample, as a result of the extended exposure to oxygen during
the aging process. The superior mass resolving power of the FTICR iastraftows
accurate determination of the monoisotopic peak position (using the SNAP algorithm).

The monoi sotopi c neiMwasadetermmaed 0 be £1840.80 ©a, a g e d
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which represents a +3 Da mass shift afterithatro aging, suggesting that amidation

may have occurred at three Asn sites.
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Figure 4.1 ESI mass spectra of the (a) native, (b) reduced/alkylated, and (c)
reduced/ al ky iMa Fa dachesspedtruna, g selbctel charge state is enlarged

to illustrate the presence of two ispio clusters (with or without Met oxidation) as well
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as the mass shifts caused by reductive alkylation and Asn deamidations (insetsjz All

values listed are those of the monoisotopic peak as determined by the SNAP algorithm.

4.3.2 Top-DownECD Analyss of t he Aged b2M Protein
The ECD spectrum of the isolated unoxidized form of the dgbtlin its 14+ charge

state is shown in Figure 4.2 (lower panels). For clarity, the spectrum is divided into four
segments, and only sequence ions of thend ztypesare labeled in the spectrum. The
cleavage map is shown in the top panel, representing 88 out of the potential 93 inter
residueN-Cybond cleavages, excluding cleavatjeerminal to a proline residue. Based

on the mass difference of fragment ions in B@D spectra of the unaged and the aged
proteins (Figure 4.3), the three deamidation sites were localized to the Asnl17, Asn42, and
Asn83 residues. Further, a peak corresponding to the isoAsp diagnostic de57)¢,

was observed with a mass accuracyOd ppm (Figure 4.2, inset), confirming the
formation of isoAsp at the Asnl7 deamidation site in the aged protein, which
demonstrated the utility of ECD in isoAsp analysis using thedtiyn approach.

However, no isoAsp diagnostic ions were observeditherethe Asn42 or the Asn83
deamidation site. This difficulty in isoAsp identification in intact proteins likely arises
from the significantly increased number of available fragmentation channels that compete
with diagnostic ion formation as the size loé tprotein increases. Moreover, fragment ion
pair, formed after theN-Cy bond cleavage, could still be held together by extensive
noncovalent interactions present in large proteins, preventing fragment ion separation and

detection, further hindering the observation of diagnostic ions. These problems can be
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alleviated by perfoning the ECD analysis on a smaller piece of the protein. Here, an
MS?® (CAD/ECD) method was developed where the protein first underwent CAD and a
fragment ion containing deamidation site(s) of interest was further selected and analyzed
by ECD. Such gaphase "digestion" can avoid the problem of artifactual deamidation
encountered in traditional botteap approach that utilizes solutipimase enzymatic

digestion to break down the proteins.
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Figure 4.2 Topdown ECD spectrum of the reduced/alkylated and dgddl in 14+
charge state, shown in four segments for clarity. The cleavage map is shown on top of

the spectrum. The inset shows Nwerminal diagnostic ion for iISOAsp17.
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Figure 4.3 Enlarged regions of ther(@&CD spe

cie" and g ions, (b) 6:°" and G ions, and (c) z** and z4°" ions.
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