ABSTRACT

BUTLER, KAREN ELIZABETH. Unveiling the Conformational Landscape of Biomolecules via
lon Mobility SpectrometryMass SpectrometryUnder the directionf Dr. Erin S. Bakex.

Understanding the relationship between protein structure and biolagicion is of great
importance in evaluating protein activity within biological systems. This stru@iaction
relationship is particularly crucial for assessing how perturbations to the protein structure such as
those through post/emanslational moditations may have deleterious effects on the system of
interest. Misfolded proteins have been implicated in a variety of disease states, ranging from
amyotrophic | ateral sclerosis (ALS) to Al zhei
conformatian of protein modifications in addition to the protein fold state is critical to furthering
our understanding of these diseases. Herein, ion mobility spectrometry was coupled with mass
spectrometry (IM&MS) to investigate the conformational landscape of telasses of
biomolecules: proteins and glycans. IMS is a-ghase separation technique whereby ions are
separated based on their size, shape, and charge and when combined with MS, assessments of both
an analyteds mass a-M3was fishuped to avaleate phe felding btdtes of | MS
Cu/ZN-superoxide dismutase (SOD1), an antioxidant enzyme prevalent in eukaryotic systems, for
solution conditions ranging from natiike to extensively denaturing. The determined SOD1
conformations in the ggshase were found to link directly to both the charge states and metal
cofactors. Next, a nanliquid chromatographyMS-MS (nanoLGIMS-MS) workflow was
developed to asse$$linked glycans derivatized using the Individuality Normalization when
Labeling withl sot opic Glycan Hydrazide Tags (I NLI GHT
for the rapid identification of glycans in complex biological samples that exhibited multiple
conformers and i somers. Rel ative quantenficat.i

performed using the opesource software Skyline, which provided a rapid novel data analysis



strategy for these analytes. This overall workflow was then applied to the anal{¢inkéd

glycans that were extracted from brains of dementia patientditidvhlly, several high
throughput screening (HTS) methods were developed to facilitate the analysis of isomeric peptides
containing either isoaspartic acid or aspartic aridscreen urine for drugs of abuse utilizing a

novel high resolution demultipleng (HRdm) approach.
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CHAPTER 1: Introduction

1.1 Protein Modifications and Disease

Understandingthe el at i onshi p between a mol ecul eds ¢
is a prevalent theme ithe examinationof many biological systems. This structufienction
relationship isof particular importance foproteins, a class of biomolecules comprised of chains
of amino acids that act as the central machinery for many biological processes. Proteins catalyze
and rgulate biochemical reactions in the form of enzymes, act as receptors for both endogenous
and exogenous molecules to stimulate processes, and perform a variety of other functions
necessary for lifé.The active form of a protein is very tightly controlled and depends upon the
proteinds fold state which is encod¥dhisby t he
biologically active form is only onefanany that can be adopted by the amino acid chain, and
while it is usually theeonformatiorthat is thermodynamically favored, often this fold state is only
marginally stable within its physiological conditioh§he misfolding of proteins can lead to some
severe unitended outcomes, most commonly the promotion of protein aggregation due to changes
in protein solubility and cohesioh® 4These protein aggregates can have either a toxieodain
function or lossof-function efect on the system in which they océuamd have been linked to a
variety of disease, particularly neurodegenerative disorders. Thus, understanding the fold state of
proteins as well as modifications that can promote protein misfolding is of the utmost importance
in comprehending the roles that they may play in disease onset and progression.

While the exact etiology of protein misfolding disorders is unknown, it is thought that
environmental factors such as changes in metal ions, pH, oxidative stress, and inordsses
concentration of misfolded proteins may promote protein misfoRlifigus, one of the protein

modifications that | investigated relates to changes in metal ganscularly the loss of metal



cofactors. Metal cofactors are used by over 30frateing to facilitate theibiological functions,
either byhelping tle protein maintain its biologically active conformation or as acting as the
catalytic center for some sort of biochemical reacfiéfChanges in protein metalation have been
demonstrated iseveraheurodegeneratie di sor der s, rangi AP)*tor om Al
amyotrophic lateral sclerosis (AL$).The protein selected for this investigation was Zn/Cu
superoxide dismutase, or SOD1. Perturbations of metalation in SOD1, pastidsladnversion
to its ape form have been associated with a tendency of this otherwise stable protein to aggregate.
16.17pAggregation of SOD1 is a commonly observed hallmark of ALS, and is thought to contribute
to its gairrof-function toxicity in this neurodegenerative dise§@haracterization of the different
fold states of intermediates and mismetallated versions of the SOD1 moinopaeticular,are
crucial to having a full appreciation of the
aggregate.

The necesity of assessing protein conformational isomers, or conformers, provides an
added challenge to evaluating changesdivan proteirwithin a disease state. Conformers do not
differ in the arrangement of their atoms, but instead are produced by conforahatiifts in the
mol ecul eds structur e, such asheyashare the sarheintass, ar o u
making their analysis by mass spectrometry (MS) challenging. Typically, proteins such as SOD1
and their degradation products, mutations, tieraative proteoforms are assessed using
biophysical techniques such as nuclear magnetic resonance (NM@y, ¢tystallography, or
cryo-electron microscopy (cry&M). 1*22These techniques facilitate the analysigtact protein
structures, but each have their own limitations that may preclude their ability to resolve the fine
structure of a given proteoform. For example, the analysis of a protein structurerdyy X

crystallography relies on the use of a highlyififed sample that readily adopts a crystal lattice.



The crystal structures are an average of all of the conformations present within that sample, which
can be quite diverse even for a single protein within the same crystal 3affibe. presence of
these additional structures can complicate analysis of crystallography data, potentially resulting in
an X-ray crystal structure that is a composite of seveonformers instead of a single protein
conformatior?? Additionally, the structures observed within these studies may be artifacts of the
crystallizaton process itself rather than a true, native protein strucgute.

In addition to the environmental perturbations that may influence protein misfolding,
changes in podtranslational modifications (PTMs) thatlpenfluence their fold state may also
play a factor in promoting the misfolding of certain proteins. One such PTM is glycosylation, a
specific co/posttranslational modification where glycan moieties are affixed to a protein or
peptide backbone. In pastilar, the type of glycosylation investigated in the work presented herein
is N-linked glycosylation, where glycans with a specified core structure are affixed to the nitrogen
of asparagine residues located within the sequence of aspakagerene/thredne, where X is
any amino acid except for prolifeN-linked glycosylation plays an important role in performing
quality control on proteins, including dictating their folding and sortihg’Perturbations inN-
linked glycosylation have been implicated in a variety of disease states, including
neurodegenerative diseases such as®AThus, having a method to characterize this important
PTM is imperative to elucidating the potential role aberrant glyctigglamay play in these
disorders.

One of the major analytical challenges for assesgiycansis the highly heterogeneous
nature of this class of molecules. This is because glycans are comprised of isomeric
monosaccharides that can differ in the confation of their glycosidic linkages, resulting in many

isomeric specie®dNMR is oftencapable of aiding with structural elucidation of these highly diverse



molecules?® *however, a large quantity of purified glyca required for this type of analysis.

As this is often not the case with complex biological samples, mass spectrometry (MS) has become
a preferred method for the analysis of glycans, as it requires a small quantity of sample, is readily
cowled with chromatographic separation, and yields structural information through the use of
tandem mass spectrometry (MS/MBpwever the use of MS/MS information alone is sometimes
insufficient for complete characterization of the glycan structure gitienldarge number of
possibleisomes. Alternatively, the use of specific exoglycosidases, or enzymes capable of
removal of specific monosaccharides with definite linkages from the terminal ends of the glycan,
can also be used to help with glycan sequendiihgse experiments, while highly specific, are
often time consuming compared to MS analyses and require the availability of the exact
exoglycosidase, which is not always possibladditionally, some glycosidases do not work well

on glycans tht are still attached to a protein, limiting their utility for investigating the impact of
specific monosaccharides on protein fold#ghus, it is often through a combination of MS/MS

data and prior knowledge of biosynthetic pathways that glycan structures are pré&diviadier

to enrich the amount of information obtained from MS experiments, | have developed-&MSMS
method to assess the conformationNsfinked glycans within complex biological samples.
Through this method, the presencéNelinked glycan isomers can be observed, and the totality of
this information can better inform future MS/MS studies.

PTMs can also be attributed to actual changes within the protein structures themselves.
Understandard physiological conditions, proteins aegtides are capable of undergoing several
spontaneous chemical reactions, including deamidation, isomerization, and racermiZghien.
formation ofisoAspis the result of one of those spontaneous processesich isoAsps formed

through either theeamidation of asparagine (Asm)the isomdration of aspartic acid (Agia



the formatim of a sucinimide intermediaté* Depending on the conditions under which
hydrolysis occurs, this succinimide intermediate will either result in the formation of isoAsp or
Asp within the peptide sequenceith the conversion to isoAstypically favored3? **Insertion

of isoAsp within the protein backbone can result in modifications to the protein structure that have
serious implications on the functionality of the profeindhas been implicated in several aging
related disordersances, and decreased autoimmune respotis€*! The formation of isoAsp is

also important to the biopharmaceutical industry, particularly surrounding the production and
monitoring of recombinant monoclonal antibeldgsed (mADb) therapeutics. Thdsetherapeutics

have become a powerful tool for combatting autoimmune diseases such as rheumatoid‘arthritis,
multiple sclerosi$® Cr o h n 6 s“* ahd certain types of cancér.Therapeutics using mAbs
utilize antibodies that target antigenssasiated with particular diseases to exhibit higher
specificity and selectivity than traditional pharmaceuticThis is complicated by isoAsp
insertion, as anyhlanges in protein conformation maiter the antibody structureesulting in
protein aggregation and potential decreases in drug pot€hag, $rict procedures to monitor
mADb therapelts for evidence of degradation during manufacturing, storageinavisdo post
administration are therefore crucial for mAb design and implement&tias.the iSOASpPTM

does not produce a change in the mass of a protein, generally lengthy chraptatogeparations
(often exceeding an haurfollowed by MS/MS analyses are necessary to screen for these
degradation product® 4’In order to address the need for higher throughput screening tools for
this partcular P, | have developed a DWMIS-MS method to rapidly screen samples for this
important PTM using a series of isomeric peptides derived from theteaytavidin IgG1 mAb.

Through this method, the presence of isoAsptaining peptide isomers can bad#y observed.



These initih methodologiedhereforeserve as a starting point for these larger studies, in which
larger peptides or even heat stressed protein digests are examined.
1.21on Mobility Spectrometry -Mass Spectrometry

The experiments descetl herein make use of a commeigiavailableion mobility
spectrometrymass spectrometry (IMBIS) platform, the Agilent 6560Rfgure 1.1).%8 Similar to
traditional mass spectrometers, this platform has three essential components: ionization source,
mass analyzer, and detector. However, interfaced letwee ionization source and the mass
spectrometer ia drift tubebased IMS (DTIMS) analysis regi@tlowing structural experiments
The DTIMS is alsacoupledto amass spectrometer for tegaluation of the mag®-charge ratio
(m/2 for a given analyt®f interest. For all of the experiments described within this document,
either electrospray ionization (ESI) or naglectrospray ionization (nESI or nanoESI) is used as

the ion sourcek-ollowing ESI at atmospheric pressure, the ions are transferred theosegries of
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ESI lon Funnels Drift Tube (IMS) Quad +CID (MS) TOF (MS)
Figure 1.1 Diagram of the Agilent 6560 DTIMSOF platform. Regardless of the ion source used,
ions are first focused using a series of electrodynamic ion funnels prior to DTIMS separations. The
~78 cm drift cell isthen used to separate ions based on their size, shape, and charge. Following
IMS separations, ions are guided into the tiofiélight (TOF) mass analyzer. A quadrupole and
CID cell are present immediately prior to the TOF mass analyzer, facilitating elassa and
mobility-aligned fragmentation.

ion funnels, accumulated within the trapping funnel, and the pulsed into the drift cell to allow for
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IMS separations at 3.950rr under a uniform electric field. The ions are then guided into the time
of-flight (TOF) mass spectrometer for mass analysis, where the measurements are conducted under
a high vacuum (~2x10Torr). Each of the primary components are discussed in detail below.
1.2.1Electrospray lonization (ESI)

Analysis by IMS as well as mass spemetry (MS) depends on the analyte being in the
form of a gaseous ion. Thus, a method of ionization is necessary prior to introduction of the sample
into the IMSMS instrument. While IMSVIS analyses are compatible with a variety of ionization
sources, tb one most commonly employed for the evaluation of biomolecules is electrospray
ionization (ESI). ESI was pioneered by John Fenn and cowgfkarsl is a popular choice for
analysis of large biomoleculéy liquid chromatography (LEMS. This is in part because it is a
soft ionization technique that allows for ions to take on multiple charges. Additionally, it is
compatible with LC analyses, as ic&pable of handling flow rates ranging from the naedfiin
regime (termed nanoflow) tailliliters/min (termed macroflow or higllow) when pneumatically
assisted. ESI depends on the formation of charged droplets, and thus a potential is applied to the
solvent as it passes through a capillary tube, commeifdyred to as an emitter. This promotes
either the oxidation (positive mode) or reduction (negative mode) of water in order to generate
ions, as shown in Equationslland1.2 respectivelff:

2HO0 Y 2 +@H" + 4e Equation1.1
2H,0 +2eY i+ 20H Equationl.2
The potential difference between the electrospray emitteth@nidlet of the mass spectrometer is
usually between-2.5 kV and therefore creates a strong electric field in the spray chamber.

Charge build up at the surface of the liquid promotes the elongation of the solvent at the emitter



tip, forming what is known as a Taylor core2 After the buildup of charge sufficiently surpasses
the Rayleigh lim° >*(Equation1.3), a fine mist of droplets begins to spray from the emitter tip.

n et -ri Equationl.3
The expelled droplets are drawn toward the inlet of the mass spectrometer due to the potential
difference between the ESI emitter and the inlet of the mass spectroAgthey travel toward
the inlet, they undergo evaporation and the droplet is again brought to its Rayleigh limit (Equation
1.3), where it ultimately undergoes additional Coulombic fission events to produce progeny
droplets® This cycle of desolvation and Coulombic fission is repeated until the droplets reach the
inlet of the MS as completely desolvated, charged ions. While the exact mechanism for the ESI
process is still highly contested, the two prevailing models used to explain this process are the
Charged Residue Model (CRM) proposed by Bblnd the lon Evaporation Model (IEM)
proposed by Iribarne and ThompsdrRegardless of the specifics of thhechanism, ESI offers
several advantages for biomolecule analysis beyond its amenability to LC analyses, particularly
its low limits of detectiorand soft ionizationHowever, ESI is prone to ionization suppression and
does have an inherent bias towarddrbphobic molecules, making the evaluation of hydrophilic
analytes such as glycans challengifry.
1.2.2lon Mobility Spectrometry (IMS)

IMS is a gagphase separation technique in whichsi@re separated based on their size,
shape, and charg®%! The experiments described herein use DTIMS, a form of IMS performed
using a weak, uniform electric field (E) maintained over a chamber filled withianstigt buffer
gas, referred to as a drift cell. lons are pulsed into this drift cell and allowed to collide with the
buffer gas molecules while under the influence of the electric flef#The ionneutral collisions

depend on t hy-averagedssirface areaads iarger,anbre extended ions will have a



higher probability of colliding with the buffer gas molecules compared to smaller, compact ions.
This ultimately results in each conformation of an ion displaying its own constant véllwoigh

the cell, referred to as the drift velocityfvThe wof the ion is directly proportional to E as well

as its mobility (K) through the drift cell, and is related to the effective length of the drift tube (L)

and t he i o g assheaah n Eduationt.4i®hfe ( t
v V3O -— Equationl.4

The mobility (K) of an ion under a constant uniform electric field (E) is also related to the gas
number density (N), temperature (T), and pressure (P) of the driib aellich the experiment is
performed. Often, this mobility is reported as the reduced mobilgy (Hhere K is normalized to

the standard gas number density) @y relating them to standard temperatureZ73.16 K and
standard pressureo(jg60 Torr)in order to facilitate comparisons between individual experiments,

as shown in Equatioh.5. 6% 63

) VRO DO— O— and U — 0

5 Equationl.5

The electric field (E) is considered weak if the average energy acquired by the ion from the field
is small compared to thinermal energy of the buffer gas molecules, such that no ion heating
occursduring collisions. This low field limit used in DTIMS experiments allows for the ratio of
E/N to remain smafi® Within this low field limit, it can be said that the of the molecules is

small in comparison with the much higher thermal velocity of the collision gas molecules, resulting
in effective collisions that reduce the mobility of the ion compared to its size and®Hapes,

the reduced mobility of the ion can be effectively expressed by the Madmamp equation

(Equation1.6)%*

0 — 22— O m Equationl.6



in which p is the reduced mass of the iopjks Bol t z ma nn &stheaharge bféthet , an
ion. The moment um t r aalsskhavnas the dollisiorscross sectiom(CGSy r a |
of the molecule, relates to the transfer of momentum from th@eatral collisions occurring
within the drift cell and serves as an important molecular descriptor for characterization of the
analytes ofriterest®

Determining the CCS for a given ion is of utmost importance when using IMS to assess its
conformation, as CCS is often used to predict and assign conformations of biomolecules within
IMS studies. In particular, for CCS to be utilized effectvals a molecular descriptor for
molecules,its measurement must be highly reproducii&Vhile there are multiple ways of
determining CCS from the Masé&champ equation, the one used throughout this document is the
singlefield methodIn this approach, a ses of calibrant ions (Agilent tune miajefirst analyzed
and their respective drift times measured under experimental conditions identical to those utilized
for the samples. These tune mix ions have been highly characterized and possisfingdICCS

values®® A linear regression derived from the MasBohamp equatiorEQquationl.7)%®

Izl |

- — frl 4. Equationl.7

is then used to generate a calibration line correlating observed tune mix ion drift times with their
CCS values. The resulting daktion lineis thenused to calculate the CCS valdesthe analytes
of interest.

One of the major limitations of IMS is its low duty cycle in comparison to other techniques.
The accumulation of ions within the trapping funnel, combined with theirsiiffuthrough the
drift cell can also lead to a loss of signal for #®vel analytes. While improvements to the ion
optics, in particular the use of ion funnél$ave led to overall improvements in the sensitivity of

IMS measurements, occasionally there are applicatiof IMS in which a further increase

10



sensitivity is desired®’°This is often attained through the use of a multiplexed data acquisition
context. The multiplexing method used for our DTHWE platform employs a &amard
transform in which ions are pulsed in a pseuaiadom sequence into the drift céliUnlike a
traditional acquisition context where ions are accumulated in the trapping funnel and not released
into the drif cell until the previous ion packet has reached the detector, multiplexing allows for
multiple packets of ions to be present within the drift cell simultanedéSifis means that
accumulation times are lower than what is traditionally used for a standard DTIMS experiment,
and thus ions are held for a shorter amount of time withinréigeand released more frequently
into the drift cell, resulting in up to a 50% increase in the duty cycle of IMS measurefhépts.
Following data acquisition, the multiplexed data is subsequently demultiplexagopbygation of
the appropriate Hadamard transform, and any signal not present within all eight of the ion packets
is considered to be noise and discartléthis strategy has been particularly useful for improving
the overall sensitivity of IMS measurements, as the removal of this systematic noise ultimately
improves the overall S/N ratfd.
1.2.3Timeof-Flight (TOF) Mass Spectrometry

The mass analyzer used by the Agilent 6560 is atifyfeght (TOF) mass spectrometer.
TOF mass analyzers couple well with DTIMS platforms, as DTIMS is a pulsed technique and the
timescales of IMS (millisecond) and TOF (microsecond) measurements are conffakDIe.
analyzers were first introduced in 1946 by W. E. StepRiensl subsequently commercialized.
The utility for TOF mass analyzers increased with the advent of radsisted laser desorption
ionization (MALDI), a pulsed ionization source, and several technological advancenwemets
made between the 1980s and 1990s that led to its reemergence as the mass analyzer of choice for

both pulsed and continuous ion stream instruments. In particular, improvements in the resolving
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power of TOF mass analyzers was mapenintroduction of he reflectron. The reflectron within
TOF analyzers is generally comprised of a series of lenses connected by voltage dividers. These
act as an fAion mirroro to reflect i1ions back t
tube.” "®The use of the reflectron in TOF analyzers improves their resolvingray helping to
compensate for differences in kinetic energy experienced by ions that share the/zahksethe
ions fireflecto back towards the detector, tho:
time turning back toward the detectottime mass analyzer, while those with lower kinetic energy
turn more readily. This results in the higher kinetic energy emsgdelayed by the curve in their
flight pathandsimilar ions arriving to the detector in much tighter packetss tightness ddirrival
time at the detector resultssharpeipeak shape within the mass spectra, leading to an increase in
the mass analyze’d€urrenteTOB instrunmegts rpubnalye lave a mass
resolving power of somewhere between 30,6000 and have mass accuracy of somewhere
between 1 to 10 pprff

In general terms, TOF mass analyzers work on the basic principle obniagiion flight
times through a fixed path length when they are initiated with the same amount of kinetic energy.
The arrival time of these ions at the detector is recorded and is converted into its corresponding
massto-charge ratiorfi/2.”® Analysis of ions in a TOF mass analyzer typically begins with a pulse
of ions into the flightube using a strong electric field. The energy uptake of thes&dd nvithin
a given electric fieldW) is related to the numbeg)(of electron charges) by the relationship
shown in Equation.8’8;

0 Qa’y Equationl1.8
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The velocity of these ions within the flight tube is directly related to their kinetic enérgly and
the relationship between t hpand masdaofthepoom() snt i al

defined by Equation.9.”®
0O Qa'y-auv O Equation1.9
The velocity experienced by the ion is thus related directly to its kinetic energy as shown by solving

Equation 8 for velocity, is demonstrated to be inversely proportional to the square r@otaisth

of the ion (Equatiori.107).
v —_— Equation1.10

The relationship between this velocity and the amount of time it takes for the ion to traverse the
flight tube is related to the mass of the ion as shown in Equatidn wheregx is the change in

distance andis the flight time’®

0 Ww— Equationl.11

It is important to note that the flight times observed in TOF are directly proportional to/zhe

not the mass of the ion. In general, lighter ions travel faster than heavier ions, and thus have a
shorter flight time than their larger counterparts. Tapability of measuring the flight times of

very large ions that have obtained multiple charges, such as proteins, has made TOF a popular
mass analyzer of choice for the analysis of intact prot&in& However, oe of the major
drawbacks to the analysis of intact proteins by TOF is their lower resolving pse@mpared to

other mass analyzers such as the Orbitrap, making interpretation of spectra where closely related
proteoforms overlap in th@/zdimension chaénging’® For ion detection, modern TOF analyzers

make use of microchannel plateMicrochannel plates use the multiplication of electrons to

intensify signals, facilitating the detection of single particles such as’foAralogto-digital
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converters (ADC) are used to convert these ion signahich hit the detector within a short
timeframe into a digital signal that corresponds to the ion inteffddye to the high frequency of
ions reaching the detector within a short timeframe, these ADCs must be able to handle high
conversion of this information to a digital signal in a short time fréh@urrent instruments often
make use of dit ADCs that are capable of quantizing data at a gigahertz frai@end provide
a 10-10° dynamic range when summing over tens to hundreds of single sffectra.
1.3IMS-MS Investigations of Biomolecules

Following the advent of ESI, the analysis of biomolecules ranging from small peptides to
intact proteins by MS became possible, and soon MSteeapopular method for determining
the constituents of complex biological samples. Coupling IMS with MS also provides a unique
opportunity for the investigations of both the mass and shape. In particular, the ability to
investigate gaphase structures tdrge biomolecules lesdMS asa powerful tool in the field of
structural biology, where IM®IS has been used to routinely investigate the conformational
dynamics of protein§>®°The particular utility of IMSMS for assessing protein conformations is
the preservation of intermediate structures within the gas phase that are not readily observed in
solution staté®8Depending on the environment, this can faciliragasurements of intermediate
structures other biophysical techniques such asayXcrystallography or nuclear magnetic
resonance (NMR) might not detéétAdditionally, IMS-MS measurements of proteins do not
require high purity protein samples at high concentrations, as complex samples are separated by
both mobility andm/zand are readily detected at physiologicatjevant concentration®: 8960
8 These attributes have made INIES a valuable addition to the field of native MS as different
conformations of proteins with the saméz are readily differentiated, allowing for the better

interpretation of protein folding @nmisfolding.
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Figure 1.2.The conformational ordering of biomolecules when companrifgjo their respective
CCS allows for the putative classification of unknown features within complex biological datasets.
Adapted from Zheng et &.

The introduction of ESI also allowed comparable methods already in practice for the
analysis of biomolecules by l-®S to be adaptetb include IMS®! The added IMS dimension
prior to MS analysis readily facilitates analysis of complex biological samples by adding an
additional degree of separation beyond the LC dimension while simultaneaduisiy ¢CS
information for each feature of interest. This strategy has been particularly useful for advancing
our understanding of classes of molecules that are highly isomeric in nature, such as
carbohydrate€®*or lipids, °° *where differences in CCS can help with more specific assignments
beyond what may be possible using-MS alone. Additionally,compositional differences
observed within various classes abinolecules, both in the types of subunits comprising the
molecules as well as their preferential arrangenaiotysdiverse classesf biomolecules tdake

on conformations in a relative order where the more sizable molecules, such as lipids and peptides

display a larger conformation for their mass relative to smaller biomolecules such as carbohydrates
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and oligonucleotides! *8This conformational ordering of biomolecules has been observed in
DTIMS-MS studies, where plots ah/zvs CCS vyield trend lines used to classify molecules based
on their biological roles shown irFigure 1.2.°% %8In many cases these trend lines bafurther
divided to reflect cheinal subclass, as has been demonstrated for |ifid2ligosaccharidg¥™
and enironmental contaminanf8® This has been particularly beneficial for classification of
features within IMSMS data obtained from complex biological samples, as these molecular trend
lines have permitted features to be sorted into their putative biolaiasslThus, the addition of
CCS as an added molecular descriptor has esttitte amount of information obtained from a
biological study as compared to {MS analyseslone.
1.4IMS-MS as a Platform for High-Throughput Screening

Given the rapid nature 81S-MS measuremenfSthere is great interest in adapting IMS
MS platforms for use in higthroughput screening (HTS) applicatio®eyond just speed, IMS
MS has many other benefits for HTS. For example, IMSsegarate isomers on the millisecond
timescde as opposed tasing lengthy chromatographic separatidios large gainsin sample
throughput %% %3 and IMS-MS filters out matrix-associated ionsvith sufficiently different
mobilities thananalytes ofnterest!%* 1%MS-MS alsogives information about the CCS amiz
of features observed within samples, which has previously been suggested to provide a higher
degree of confidence in feature identifioas as opposed to other traditional screening tools, such
as enzyme immunoassays (ElAs) or even MS al8h8SincelMS-MS canbe readily interfaced
with a variety ofdirect sample introduction systesmincluding flow injection analysis®% 10°
infrared matrixassisted laser desorption ionizatidhpaper spray! and auomatic solidphase
extraction (SPE) liquid handling systerfts!lit is amenable t@nline high-throughput screening

systemghat have varied requirements for sample preparation pridi$sMS analysis This is
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particularlyadvantageour clinical and industriadpplications whera large number of samples
exist anchumerous isomers are anticipatedthis work,DTIMS-MS was utilized to develop HTS
methods for two different applications. The fipgse®ntedis the application of SPEDTIMS-MS

to assess wheth&omeric peptides contain either asparagine (Asp) or isoasparagine (iSAg\sp).
mentionedoreviously theinterconversion of Asp to iSOAsp is a spontanetegradatiorproduct
commonly screened fat all phases of development of biotherapeutic agents, particularly those
derived from monoclonal antibodies (mAB8)The insertion of isoAsp into a protein backbone
can promot e fki nlknaybave detrimentsd effects gnateintbasedeheraplewid
safety and efficacyThus, highthroughput methodologies are highly desired tceeerdrug
candidates at all stages of their developmserthose that fail to meet criteria set forth by regulatory
agencies can quickly be discarded in favor of more promising candidt€ee second
application investigates of a more clinical nature, amnploys an automated SEHIMS-MS
workflow to the analysis of opioids in urine. These drugs are commonly monitored as part of urine
drug screening compliance monitoring by clinicians who prescribe them for pain management for
both cancer and necancer related paiht**!’Given their high abuse and addiction potentiél,

120 the ability to rapidly screen patient urine samples to enpat@&nts are not diverting
pharmaceuticals or using atidnal, nonprescribed substances to supplement their pain
management regimen is of great importaffté!? 12124To address thpotential applicationfor
IMS-MS forHTS, herein, two separaBPEDTIMS-MS methods were developed, one for isoAsp
and Asp containing isomeric peptides, and the other for a panel of 33 opioitemadsociated
metabolites. Each method was aimed at improving the throughput of sample analyses while

maintaining the acessary specificity to cabown on the need for confirmatory testing.
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CHAPTER 2: Utilizing IMS -MS to Investigate the Unfolding Pathway for Cu/Zn
Superoxide Dismutase (SOD1)
Reused with permission frorButler, K. E., Takinami, Y., Rainczuk, A., Baker, E. S., Roter
B. R. Front. Chem202], 9, 6145950 Frontiers Media S.A.
2.1 Abstract
Native mass spectrometry has emerged as a powerful tool for structural biology as it

enables the evaluation of molecules as they occur in their physiological conditions. lonymobilit
spectrometrymass spectrometry (IMBIS) has shown essential in these analyses as it allows the
measurement of the shape of a molecule, denoted as its collision cross section (CCS). The
structural information garnered from native IM&S provides insightnto the tertiary and
quaternary structure of proteins and can be used to validate NMR or crystallograpyc X
structures. Additionally, due to the rapid nature (millisecond measurements) and ability-of IMS
MS to analyze heterogeneous solutions, it candeel to address structural questions not possible
with traditional structural approaches. Herein, we applied multiple solution conditions to
systematically denature bovine CufZuperoxide dismutase (SOD1) and assess its unfolding
pathway from the holaimer to the holemonomer, singlenetal monomer, and apuonomer.
Additionally, we compared and noteeR% agreement between CCS values from both drift tube
IMS and trapped IMS for the SOD1 hatoonomer and holdimer. The observed CCS values
were in excellat agreement with computational CCS values predicted from the -domey
crystal structure, showcasing the ability to use both - platforms to provide valuable
structural information for molecular modelling of protein interactions and structural mEs#ss

2.2 Introduction

The elucidation of precise protein structures and their folding mechanisms are of great

interest to biochemists and structural biologists, as their specific interactions and arrangements

have an intimate association with their fuant While the conformation of proteins in their native
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state has traditionally been investigated using biophysical techniques such-rag X
crystallography, crydEM, and NMR, advancements in native MS have led to its emergence as
another important tool inative structural assessments. Native MS offers many advantages over
the more traditional methods as it requires less sample compared to NMfRycystallography,

is more tolerant of heterogeneous samples, and allows the analysis of protein sttt daé <o

take on the orderly arrangement necessary for crystallizafizvhile native MS is an excellent

tool for probing proteidigand complexation or protein binding, MS alone lacks the ability to give
definite measurements of the relative molecular size of those complexes. Thus, many native MS
experiments are performed using INI&S as it has shown the conformational landscape of many
proteins, including ubiquitii cytochrome ¢ and amyloid proteii Comparisons betves
crystallography and IM$/S studies have shown correlation between the CCS values predicted
from crystal structures and those observed in -IMIS experiments for many proteins,
demonstrating that tertiary protein structure is conserved during ESI in cwses.” 8
Furthermore, the use of IMBS vyields structural information beyond what could be inferred from
charge state distributions alone, as it allows for the analysis of multiple conformers within the
samecharge statd The abilty to analyze both compact and extended forms of the same protein
simultaneously has opened many doors for the study of native proteins and has madg BMS

suitable method for the evaluation of molecular dynamics in protein folding stiéiés?

In this study, the acithduced unfolding of bovine Cu/Z8BOD1 was investigated using a
series of solvent conditions. SOD1 is a ubiquitous antioxidant enzyme that serves to protect cells
from oxidative darage through the dismutation of superoxide into hydrogen peroxide and
oxygen!! In its active form, it is observed to be a highly soluble 32 kDa dimeric metalloprotein

comprised of two monomers each with a singkulfide bridgel? **Each monomer binds one
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copper ion, which acts as a catalyst for the enzyme, and one zinc ion, which primarily promotes
protein stability’* 1°As dysregulation of tisiprotein is implicated in neurodegenerative conditions
including Par®RABS and ALS &% 'S @thesstucture has been heavily
investigated. In the case of ALS, to date over 150 mutant forms of SOD have been identified as
potential ALSpromoting mutations(http://alsod.iop.kcl.ac.)k* In general, the mutations
promote a gain in function and although it is not clear which mechanism is responsitble for
disease phenotype, the mutations do promote protein misfolding, incomplete metalation, and
aggregation. Thus, the native characterization of the folding behavior of this protein in differing
degrees of metalation is crucial to understanding its naturo. Due to both the presence of a
disulfide bridge and metal cofactors, SODL1 is a highly stable metalloprotein. However, if the
disulfide bridge or presence of the metafaotors is compromised, the SOD1 monomers are more
likely to dissociate andbbe their metal cofactor®: 22Several research groups have attempted to
use IMSMS to probe parts of this unfolding pathway to better characterize intermediates between
the different protein states. Onechustudy, conducted by Zhuang and coworkers, reported on how
voltage systematically denatured bovine SOD1 from the-timeer, holemonomer, and apo
monomer>® The researchers observed three differéntedc and two monomeric conformers
when analyzing the samples using IMWES/MS, leading them to propose that three separate
unfolding and dissociation pathways were utilized by the enZjdditional work by McAlary

et al. used collision induced unfolding (CIU) combined with IMS to examine several
mutations of human SOD1 compared with the wyljde S1 and found that six of the seven
mutants unfolded via two unfolding evedtsHerein, DTIMSMS was utilized to further
characterize the unfolding of bovine SOD1 by evaluating solution based changes and occurrence

of the sngle-metal monomer. To assess the unfolding of SOD1, different solution conditions with
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increasing concentrations of acid were used to induce systematic denaturation of the S©D1 holo
dimer into its associated oligomers. This approach is commonly empiloyeter biophysical
techniques, including spectroscopic analyses and NMR, to investigate multiple protein folding
states. Thus, one of the primary goals of this experiment was to use a similar approach in order to
make CCS measurements of the SOD1 Jaatoer and its associated oligomers that could be
comparable to those investigated using other biophysical techniques. In using different solvent
conditions, direct measurements of the CCS of the SOD1caier, holemonomer, singlenetal
monomer, and apmonomer in their associated solutions were performed without the need for
instrument modification beyond the base model, such as those needed for CIU. The@$IMS
platform was used to evaluate SOD1 in the various solution conditions. The unfolding dbthe ho
dimer was then examined, and CCS values were reported for theliheo, holemonomer,
singlemetal monomer, and apuonomer.
2.3 Materials and Methods
2.3.1Materials

Lyophilized bovine superoxide dismutase 1 (SOD1) from erythrocytes (SI&KIB) was
purchased from Sigma Aldrich (Burlington, MA) and reconstituted in 20 mM ammonium acetate
to a concentration of 40 uM SOD1 without further modification-MS grade water, acetonitrile
(ACN), ammonium acetate, and formic acid (FA) were purchased from rFStientific
(Hampton, NH) and used as received.
2.3.2Sample Preparation

Initially, the SOD1 protein concentration was determined by measuring the characteristic
absorbance at 258 nm proddd® the Cu in the enzyme active site, with an extinction caiefit

of 10,300 M* cml.?®> Metal content was measured by induetw couplel plasmamass

32



spectrometry (ICRMS, 7700s Agilent) by mixing 20 pL of 65.1 pM SOD with 480 pL of 1%
nitric acid. The metal to protein molar ratios were: 0.860tL Cu:protein and 0.88 +0.1
Zn:protein.To prevent the possibility of cosolutermation at the flow rate used for the TIMS
MS experiments, no additional €uand Zri#* were added to the sample solution conditidfs.
the native condition experiments, the reconstituted SOD1 stock solution was diluted to a final
concentration of 20 pMn 30 mM ammonium acetate buffer. To ensure that the SODZX holo
monomer was present, a second SOD1 solution was prepared to a final concentration of 20 uM in
30% ACN with 100 pM FA. Formation of the SOD1 apmnomer was promoted in a third sample
conditionby diluting SOD1 to 20 uM in 30% ACN witB5 nmM FA. All solutions were analyzed
immediately after preparation to minimize potential protein denaturation.
2.3.3DTIMSMS Analyses

For the DTIMSMS measurements, the SOD solutions were directly infused o t
Agilent nanospray ion source (Santa Clara, CA) at a rate of 300 nL/min via syringe pump (Harvard
Apparatus PHD 2000, Holliston, MA) and ionized at 1500 V. The source was interfaced with the
Agilent 6560 IMSQTOF MS (Santa Clara, CA) outfitted with a cawercial gas kit (Alternate
Gas Kit, Agilent, Santa Clara CA) and a precision flow controller (640B, MKS Instruments,
Andover, MA). Instrumental parameters were selected based on a previously published method
enabling standardized collision cross sectio€$L measurements.In this method, the IMS
separation was perfoled using nitrogen drift gas maintained at a constant pressure of 3.95 Torr
and a uniform single electric field of 17.3 V/cm. Mass spectrometry data was acquired in positive
ionization mode from 100 to 20,000/z. A detailed description of source parametdiS

parameters, and TOF settings is giveAppendix A Tables A1-A.3.

33



The SOD1 holedimer, holemonomer, single metahonomer and apmonomer CCS
values were determined using the sinfigdd method? In this approach, a series of calibrant tune
mix ions (Agilent tune mix) is first analyzed and their respectiva tinfes measured under
experimental conditions identical to those utilized for the protein samples. These tune mix ions
have been highly characterized and possessdeéiied CCS values. Drift times for the tune mix
ions and the SOD protein samples wemnalgzed utilizing the Agilent IMMS Browser version

10.0 (Santa Clara, CA). A linear regression derived from the M&shamp equation (e8.1)*°

Izl |

» O, O F F'” 1. Equation 2.1

was then used to generate a calibration line correlating observed tune mix ion drift times with their
CCS values. The resulting calibration line was then used to calculate the CCS values for the SOD1
holo-dimer, holemonomer, single metahoromer and apanonomer. Theoretical CCS values for
each SOD complex were then determined using the lon Mobility Projection Approximation
Calculation Tool (IMPACT) algorithi{ for comparison with the experimental CCS values.
2.3.4TIMSMS Analyses

The protein solution was introduced by direct infusion with a syringe pump at 1.5 uL/min
using an Apollo Il Standard ESI Source (Bruker) with nanoBooster (ACN) used to increase the
ionization efficiency by reducing the interfacial force of the droplets formed by electrospray. The
mobility scan range was 0.9565 V*s*(cn?)* with an accumulatiorirne of 250ms (100% duty
cycle), with the IMS funnel 1 RF set to 350 Vpp. Capillary voltage was set to\A5i§ gas 2.6
L/min, and dry temperature et 180 C.The mass range analyzed in positive ionization mode
ranged from 55@000m/z A detailed description of source and TIMS settinga be found in

Appendix A (Figures A.1-A.6).
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2.4 Results and Discussion

IMS-MS is a powerful technique for theroprehensive elucidation of protein folding and
dynamics in circumstances where other biophysical methods, such @&Mmyocrystallography,
fail to detect intermediates, subtle changes, or cannot perform due to low concentrations. In its
correctly foldedform, SOD1 exists as a dimer with both &Zand C&" metal ion bound to each
monomer subunit®*°The loss of one or both metal ions is however thought to lead to instability
of the pr ot euctard lsut careemiponlyidcomplets dr artificial structures exist from
both NMR and Xray crystallography for these circumstances. Since it has been illustrated that
acidic® *%or high organic environmerifscan be used to denature proteins from their native states,
three different solvent systemere utilizedto investigate SOD1 intermediates occurring from the
holo-dimer to apemonomer forms. The CCS values for each dimer and monomer complex were
investigated in the various solutions to determine the relationship between metal cofactors and
structural stability.
2.4.1SOD1 Nested DTIMSIS Distributions

The use of multiple solvent systems to probe the unfolding dynamics of proteins, either
through the usefacidic conditions®! *3chaotropic reagents like guanidine hydrochloriéé* 3
or the addition of organic solvefthasbeen a common practice for biophysical investigations. In
this study, the bovine SOD1 hetbmer was initially investigated in 30 mM ammonium acetate,
as this solvent system is known to best preserve the native conformation of protein complexes.
ACN and FAwere then utilized for systematic denaturation of the protein complexgse 2.1
illustrates the nested DTIMS drift time amdzspectra for SOD1 in three different conditions: 30
mM ammonium acetaté\, 30% ACN, 100 uM FA and 30 mM ammonium acet&p and 30%

ACN, 25 mMFA solution and 30 mM ammonium acetaf®.(The ACN and FA concentrations
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were selected based on previous work that demonstrated 26Anddomoted the formation of
the apemonomer3” 3while a less acidic solution was previously used to investigate the SOD1
holo-monomer®

In the native solutiorHigure 2.1A), the mass spectrum obtained from the DTIMS platform
is predominately comprised of the SOD1 hdlmer with a small amount of hclmonomer. Peaks
at 3144, 2858, and 2620/zwere the most abundant and correlate withlibe, 11+, and 12+
charge states of the hetbmer. Interestingly, overlapping isotopic distributions were observed at
2620m/z but the IMS separation allowed for discrimination between the 12+dwwler and 6+
holo-monomer due to their drastically difént sizes and charge migration through the drift cell.
Other SOD1 holenonomers were also observed at 2246 and h®@5corresponding to the 7+
and 8+ charge states. As proteins in their native form are limited in their amount of surface charge,
the moremonomodal charge state distribution is consistent with a more compact, native protein
structure®®42 Furthermore, the observed range of charge states for thalimodw is consistent
with those previously morted for native MS experiments involving SOD1 analySe¥: 4

The second solvent system utilized for the DTIMS assessment was 30% organic solvent
(ACN) and 100 uM FA in 30 mM ammonium acetate torpote the denaturation of the SOD1
holo-dimer. This solvent system has previously been used for the direct analysis of SOD1 from
spinal cord tissué and was demonstrated to promote the formation of the monomeric form of
SODL1. As in the native solution condition, the hdimer was observed from the 10+ through
charge states (3144, 2858, and 26#8,respectively) but an increased abundance of SOD1-holo
monomer also occurredrigure 2.1B). Here, the nested DTIMBIS spectrum revealed both an

extended and compact form for the 11+ Rdimer (Figure 2.1B), incontrast to the native solution
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which only had a compact form. Similar to the native solution, the-tmmloomer was again

present for the 6+ through 8+ charge states (2620, 2246 andnl86&spectively) but additional
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Figure 2.1.Nested DTIMSMS spetra for bovine SODL1 ifA) 30 mM ammonium acetatéB)
30% ACN, 100 uM FA and 30 mM ammonium acetate; @@p30% ACN, 25 mMFA and 30
mM ammonium acetate. In the native solution condi{)) SOD1 primarily existed in its native
holo-dimer form. Addition of ACN and FA, however, led to the formation of an extended-holo
dimer (B-C), holoomonomer(B-C), singlemetal monome(B), and ultimately the apmonomer

(C).
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peaks were observed at lowarz corresponding to higher charge states of the-hwoomer
Since higher charge states are typically associated with a more denatured state, these solution
conditions appeared to greatly affect the protein struétufee singlemetal form of the holo
monomer was also detected in this solution condition, however the missing méteiarccould
not be readily determinedhe massesf ®3Cu and®zn differ by only 0.999545 D& and have
overlapping isotop distributions. Furthermore, large proteins often exhibit a broad isotopic
distribution due to the natural abundancé&®@fand other isotopes, making the assessment of metal
amounts for copper and zinc exceedingly diffictfit!> 4*This was previously observed in single
metal SOD1 measured from the spinal cord tissue of transgenic mice where the authors were also
unable to distinguish between copjentaining, zinedeficient SOD1 and the zirmontaning,
copperdeficient form of SOD1 due to the overlap of the protein isotopic distribdtion.

The highest FA concentration (25 mM FA) with®8RCN and 30 mM ammonium acetate
was then used to further denature SOD1 as showkigmre 2.1C. This solvent system has
previously been used to perturb the protein structure to promote the formation of-fbenaod
SOD1# As shown in Figure 1C, this solution condition created the largest disturbance to the
native SOD1 structure as the halomer was the least abundant protein form detected. The holo
dimer was however still observed in the 10+ through 12+ charge states, similar to the native
conditions, and the 11+ heltimer had both a compact and extenfieth, comparable to the 30%
ACN and 100 uM FA conditionRigure 2.1C). While the holemonomer was present from the 6+
through 8+ charge states, this solution was dominated by the formation of thmapmer, which
also had the greatest charge state rarfigdl conditions (7+ through 16+)As previous research
has correlated increases in charge state to greater surface area, this solution appears to favor the

most elongated, denatured version of the protéit?.
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2.4.2DTIMS Analysis of the SOD1 Heldimer Complexes

To unveil more irdepth structural information for SODCCSvalues for each dimer peak in the

three solvent systems were assessed with DTIMS. While the SODihmdo was detected in all
threeof the solution conditions, its abundance greatly decreased as organic and acid amounts
increased. Examination of the arrival time distribution (ATD) for the Hudoer in the native
solution (30 mM ammonium acetate) showed a compact, monomodal ATDefdOth charge

state with aCCSof 2693 A2 Figure2.2A). A slightly largerCCSvalue of 2743 A2 was noted for
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Figure 2.2.Arrival time distributions (ATD) for the SODholo-dimer in A) 30 mM ammonium
acetate andg) 30% ACN,25 mMFA and 30 mM ammonium atate. The native condition helo

dimer displayed a compact, monomodal ATD for both the 10+ and 11+ charge states. In the
harshest solution condition applieB)( the observedCCS of the 10+ charge state hedtimer
slightly increased and the 11+ chargeeststiowed three monomodal conformations where one
was similar to that observed iA), and the two additional structures had a lai@QES values,
implying the formation of extended hettimers.

the 11+ charge state, consistent with previous-Msinvestgations of proteins as the increased

charge state causes expansion of the protein due to charge repulsion. While the 10+ charge state
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maintained its compact, monomodal distribution even in the harshest solution condition (30%
ACN and 25 mMFA), theCCSvalue increased to 2716 A2 or ~1% larger than that observed in the
native solution, illustrating a slight amount of extension. The 11+tiob@r ATD was however
strikingly different in the harshest solution condition as three conformations were pFegarg (

2.2B). Here, the smallest structure was similar to the native form (2735 A?), but two new extended
forms (3237 A2 and 3556 A2) arose. While IM&S has not previously been used to investigate
the impact of acidic and organic solutions ®0OD1, the unfolohg pathway of the SOD1 hclo
dimer has been studied usingUCand traveling wave IM31S (TWIMS-MS). In this study, a
similar phenomenon in the 11+ hedimer in the native solution was observed upon increasing
the sample cone voltagés.

2.4.3DTIMSMS Analyses of SOD1 Monomers

The role of metal ligands on SOD1 enzymatic activity and structural stability has also been of great
interest. Primarily, the copper ion in each SOD1 subunit is responsible for the catalytic activity,
while the cbsely coordinated zinc ion maintains its structure. Additionally, the thermodydamic
4927, 49and kinetic stability’® of SOD1 is linked with its metal ligands. Thus, understanding the role
these metal ions play in contributing to the protein tertiary and quaternary structure of SOD1 is
integral to understanding their biological implications. Given the itapoe of the metal cofactors

in stabilizing SOD1 and the fact the abundance of the monomers increased upon the addition of
organic and acidic solvent, the ATDs for the halonomer, singlenetal monomer, and apo
monomer were assessédgure 2.3 depicts tle lowest charge state (7+) of the different SOD1
monomers detected. The SOD1 hatonomerwas observed in both the 308N and 100 puM

FA (Figure 2.3A) and the 30% ACN and 25 mM FA solutiori@dure 2.3B). Since the holo

monomer of SOD1 contains one®and Zré* ion per monomeric unit, it wasmticipated it would
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primarily be in its compact form. This was the case for the 30% A@IN100 pM FA solution,
where the holenonomer was observed primarily be in its compact form with a calculate€S

of 1670 A2.However, increasing the concentration of FA to 25 rasulted in a difference in both

A 7+
2100 1670 Az
n 80-
Holo-Monomer g 60 pd
30% ACN E 40 4
>
100 IMFA £ 5]
€ 0 -
20 30 40 50
B
2100 1 1656 A*
@ 80 - /
Holo-Monomer ﬁ 60 - 2105 A®
30%ACN ¢ 401 /
25mMFA & 204
£ 0.
20 30 40 50
C
2100 1 1697 Az
@ 80
Single-Metal g . | 4
Monomer < 40
30%ACN £ |
100 uMFA 8 ° ]
20 30 40 50
D
2100 - 2108 Az
2804 q711 4 |
Apo-Monomer £ 60 - l
30% ACN $ 40
25 mM FA ® 20
£ o0
0 30 40 50

2
Arrival Time (ms)

Figure 2.3.ATDs for the SOD1 holononomer in A) 30% ACN, 100 uM FA and 30 mM
ammonium acetate anB) 30% ACN, 25 mMFA and 30 mM ammonium acetate, as well as the
single-metal monomer@) and the SOD1 apmonomer D).

the CCSand ATDfor the sameharge stateHigure 2.3B). In this condition, the 7+ holo

monomer exhibited a slight compaction in structure and a prominent extended structure with

CCSvalues of 1656 A2 ah2105 A2. This extension of the hetsonomer in the higher acid
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condition implies further denaturation of the halioner in this solution condition. Additionally,

the 100 uM FA and 30% ACN also promoted formation of the singdéal SOD1 monomer, but

as roted previously, the mass resolution of the TOF mass spectrometer was insufficient for
determining which metal cofactor was o€t **so the ATDs an€CSvalues have been labeled
ambi guously. However, to determine the i mpact
tertiary structure, th€CSand ATDs of the holononomer and singlenetal monomer were
compared at thiswest charge state observed for both forms. Similar to therhotmmer, the

ATD of the 7+ charge state of the singlteetal monomer displayed a compact conformation with
aCCSof 1697 A2 Figure 2.3C), which was 2% larger than that of the halonomer (180 A2)

in the same solution. As previously mentioned, addition of 30% ACN and 25 mM FA promotes
the formation of the apmonomer. When the equivalent charge state and solution of the SOD1
holo-monomer and apmonomer were compared, the aponomer had algerCCSfor both

its extended and compact form, and the extended form was the predominant conformer present
(Figure 2.3D). Furthermore, the apmonomer ATD failed to return to baseline between the two
conformations, indicating the presence of intermedsatucturesKigure 2.3D).

Instability resulting from different degrees of metalation, demonstrated by these data, are
in strong agreement with information that has been garnered using other biophysical techniques.
14,1921, 2However, one of the major advantages of using-WSto characterize protein structure
is the ability to examine multiple protein states simultaneously, a capability that precludgs X
crystallographic or NMR analyses. Prews examination of the kinetics of adgitiuced unfolding
of SOD1 using fluorescence demonstrated that thepapein displays a higher unfolding rate
than the holeprotein and derives structural stability from the presence of its metal cofadtors

this study by Lynch and eworkerg!, the authors observed a series of unfolding phases,
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particularly for the SOD1 apmonomer. This is consistent with the ATDs eh&d for the apo
monomer, which have apparent intermediate conformers between the compact and extended
conformations. The presence of metals within the monomer, however, led to the observation of
monomodal ATDs for the SOD1 monomer at the lowest obsendialrge state. This finding has

been corroborated by several additional studies, which indicate that the metal cofactors in SOD1
play an important role in maintaining the protein structtfré’indeed, whie Zr?* appears to be

the cofactor most responsible for maintenance of protein structure, the loss of a single metal
cofactorhas not been demonstrated to cause complete failure of protein tertiary stfdctiire.

Thus, our findings of a singlmetal SOD1 monomer with an almost monomodal ATD is

consistent.
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Figure 2.4.Comparison of the SOD1 ATDs for the hatwnomer and singlenetal monomer for
the 8+, 9+, 10+ and 14+ charge states in the 30% ACN, 100 uMrAigA30 mM ammonium
acetate. In the 8+ charge state, the compactinoloomer was slightly smaller than the single
metal monomer, while the extended states had si@iz®values. As the charge state increased,
the ATDs of the holemonomer and singlenetal monomer began to overlap illustrating, both
showing similar extension.
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To better characterize the relationship between metalation and charge state on the SOD1
subunits, ATDs for the holmonomer and singlenetal monomer were overlaid and discrepancies
betveen the two were exploredri@ure 2.4). The discrepancies in ATDs between the holo
monomer and singlenetal monomer at the lower observed charge states, such as the 8+ charge
state, reveal differences between the two protein forms. At the 8+ chargéhstét@le monomer
had a monomodal ATD primarily comprised of a compact monomer, while the -snedgid
monomer displayed both a substantial compact and extended form, each with a higher arrival time
than the holemonomer. As the charge state increaseddl® holemonomer also exhibited both
a compact and extended form wifiCSvalues of 1767 A2 and 2267 A2. Additionally, the ATD
for the holemonomer did not return to baseline, indicating intermediates between the compact
and extended SOD1 hoetoonomer Figure 2.4). The singlemetal monomer had a similar ATD
at this charge state, showcasing a compact and extended conformation and numerous
intermediates. Ultimately as the charge state increased, theahdlginglemetal monomer began
to converge. As sedn Figure 2.4, the ATD for the 10+ charge state shifts to a more appreciable
overlap for the two forms of SOD1 and remained true for the remainder of the higher charge states.
An example of this increased overlap can be seen in the 14+ charge statéhe/li€28 values
for the holemonomer and the singlaetal SOD1 monomer were within instrumental error of each
other (~0.3%). Furthermore, the charge state repulsion at the higher charge states appears to
overcome any structural benefit that the metal cofatiay attribute to the structure of the single
metal or holemonomer, allowing the protein to elongate into its extended conformation regardless

of the degree of metalation.
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Figure 2.5.The ATDs for the SOD1 apmonomer observed in 30% ACN with 25 mM Faéy

the detected charge state range of 7+ to 16+. The lower charge states revealed both extended and
compact structures with evidence for intermediates (denoted by the gray bars). Furthermore, after
the 10+ charge state, unimodal extended conformers voeez\aed.

To continue examination of metal effects, the increasing charge state ATDs of the apo
monomer were examine#igure 2.5), revealing similar results to the singteetal monomer and
holo-monomer Figure 2.4). At the lower charge states (7+ and &#)the apemonomer, there is
a clear differentiation between the compact and extended form with intermediate conformations
between the two distributions, as denoted by the greyrimurg 2.5). As the charge state increase,
apomonomer exhibited equal abdance between the compact and extended conformations (11+)
and then a shift to the extended conformation (>11+), where at the 16+ charge state the most
extended state of the apaonomer measured 3608 A2 was observed.
2.4.4Unfolding Pathway for SOD1

To fully understand the unfolding intermediates and pathway occurring in SOD1,

experimentalCCS values obtained with the differing solution conditions and charge states were

plotted for all SOD1 complexeFigure 2.6). The lowest charge state observed ferSi0D1 hole
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Figure 2.6. CCSversus charge state trenfis the SOD1 complexes illustrating its unfolding
regimes. The lowest observed charge states (considered to be the compact form) fordimegnolo

and holemonomer are denoted by horizontal lines &xtension are illustrated by the different
circled regions. For the SOD1 monomer, four separate elongation regions were observed as charge
state increased (E1 through E4), indicating elongation is a stepwise process. The exteaded holo
dimer CCSvalues ao showed that upon denaturation, it can exist in two other forms.

dimer (10+) was attributed to be its native, compact form (horizontal line dencfeglire 2.6).
However, upon denaturing conditions, the 11+ charge state departed from the compas form
denoted by the orange boxdsigure 2.6). Trends in the monomer were then examined. As
anticipated, the lowest observed charge state for therhotmmer (6+, denoted by the horizontal
line in Figure 2.6) had the smallest observal@d€S However, upon enaturation and increase in
charge state, four separate elongation regions were observed for thredmmmer (noted as E1
through E4 inFigure 2.6). This trend began at the 9+ charge state, where a shift away from the
compact form of the SOD1 and firsbabation region of SOD1 was observed. Additionally, while
both the singlemetal and apanonomer were observed from the 7+ through 9+ charge states in

both an extended and compact form, their extended form fell within the second elongation region
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of the mommmer. As the charge state continued to increase; @®%of the holemonomer, single

metal monomer, and apuonomers also increased. As observed in the ATDs for the smmegks!

and holemonomer irFigure 2.4, after the 10+ charge state, the ATDs for tiifecent monomers
begin to coincide, and the difference in @E&Sfor the two was within instrumental error. At this
point, it appears that elongation of the monomers is primarily driven by Coulombic repulsion in
the gas phase. The largest obse@&$was the 16+ apanonomer with &CSof 3608 A2. This

form of the SOD1 apmnonomer is the most unfolded conformation of the SOD1 monomer most
likely due to both gaphase Coulombic repulsion and the lack of metal cofactors. These
experimentalCCS values may g&e as a starting point for molecular dynamics simulations to
further elucidate the structural changes associated with the increasing charge states.

The unfolding data observed Kigure 2.6 and order of appearance of the different
oligomers within he sdution conditions Figure 2.1A-C), allowed for the elucidation of a general
unfolding pathway of SOD1Hgure 2.7) when these solution conditions are used. This pathway
begins with the SOD1 holdimer, which is the most abundant in native solution corditio
Elongation of the holalimer was then observed at the 11+ charge state and dissociation of the
dimer into monomeric SOD1 units as the solution was modified from native conditions. In the
intermediate pH and organic condition (30% ACN with 100 uM FA)inareased amount of the
holo-monomer was observed, along with the formation of the simgkal monomer. Harsher
solution conditions (additional FA) then promoted the formation of thenagmomer. The
unfolding pathway proposed here is consistent witlerotksearch regarding unfolding of the
SOD1 holedimer, which proposes a mufitep denaturation pathway for the protétre! >2The
dissociation of the holdimer is shortly followed by the loss ofegtlmetal cofactors, which further

destabilized the protein monomers, ultimately resulting in formation of thempein.3® °0 3t
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is important to note that under other solution conditions, additimeans of dissociation and
elongation of this protein may be attained. Thus, while this data demonstrates a potential unfolding
pathway for the SOD1 holdimer, it is possible that the unfolding pathway is solutiependent.
Regardless, the ability to dictly measure the intermediate cross section may serve to aid in the
elucidation of the structural changes that contribute to disease states such as ALS. Furthermore,
several of the forms observed in this unfolding pathway have previously been measecty dir

from the spinal cord tissue of transgenic mice using>M8 particular, the metadeficient forms

are of great interest as this state is thought to be the unstable intermediate that restdtsiaityhe

observed in ALS?

Holo-Dimer Holo-Monomer
o > ‘} 0)
¢ D)
S \\/J
10+ 6+ to 14+
CCS: 2694 A2 ® CCS: 1622 A? to 3354 A?
)
b
L
Single-Metal Monomer Apo-Monomer
!f/s -Zn or Cu
. '
7+ to 15+
CCS: 1751 A? to 3366 A? 7+ to 16+

CCS: 1711 A® to 3608 A?

Figure 2.7. An overview of the unfolding pathway of SQIas observed from the DTIMSCS
data. The native structure of SOD1 is a hdilmer comprised of two monomers, each containing
one Zit* and one Ctf ion. After addition of acid to the solution, the SOD1 hdimer elongated
and dissociated into helmonomes. The holemonomers were further denatured from their native
state by loss of a metal ligand, leading to the formation of a singtal monomer. Further loss
of the additional metal ion led to the formation of the-apmomer, which extended to the last)
CCSvalues observed for all protein structures.
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2.4.5 Comparison of CCS Values Using DTIMS and TIMSMS

Since this application shows the great utility of IMS for protein conformational analyses,
two IMS techniques, the Agilent DTIMS and Bruker TINd&tforms were utilized to examine
SOD1 in native conditions (30 mM ammonium acetate). The use of DTIMS to measure the CCS
of large molecular complexes has a rich foundationsarentific literatureincluding the
investigaton of the native structure ofumerous proteinsuch asubiquitin, > °° amyloid-b,>®
cytochrome C*° %’and myoglobit?® In stark contrast, the application of TIMS instrumeotshe
analysis of native proteins iather recent. This technique provides unique challenges for native
MS analyses, as it depends upboanfinement to trap ions, decoupling their mobility from the
time domaire® The use of rf confineamt lends to a higher potential for rf heating of ions to occur,
which could alter the conformation of proteins from their native $fafdws, in this study
parameters for the Bruker TIMS were carefully selected such that rf heating of SOD1 and
associated oligomers was minimized. Upon comparisoth®fCCS values both instruments
showed excellent correlation with one another. In the assessment of the #hdmalmer in 30
mM ammonium acetate, DTIMS reported®®CCS. value of 1653 A2, while TIMS was only
slightly larger (0.7%), measuring 1663.5 Ah€TCCS for the 10+ SOD1 hetimer using DTIMS
was 2694 A2 and 2629 A2 with TIMS, 2.4% smaller. Experimental values from both the DTIMS
and TIMS platforms were then compared with computational CCS values calculated from the SOD
crystal structure using IMP&T 59 IMPACT is an algaoithm that more rapidly calculates CCS form
protein structures compared to other approaches such as MobCal, making it an attractive option
for structural proteomics studieBMPACT can provide theoretical CCS values using both the
projection approximatiomand the trajectory method. For these experiments, the standard settings

for IMPACT were used to calculate theoretical CCS values based on NMR -aagl cXystal
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structures obtained from the PDB, and the resulting trajectory method predicted CCS values were
compared to experimentalpbtained singldield CCS measurementén order to assess the
relationship between our experimental values and those obtained from IMPACT, it was necessary
to first examine the native SOD1 hedimer. As the holadimer is the nave form of bovine SOD1,

both NMR and crystallography data regarding the protein structure is available from the Protein
Data Bank (PDB) (https:/ivww.rsbc.org.?® The structures used for computational CCS
calculations were PDB ID: 1E9P for the cryistgraphy daté, and 1L3N for NMR comparisorf®

The experimental and theoretical values for the CCS of the SODHmoé at its lowest observed
charge state are shown Table 2.1. Trajectory methodTJM) results for the 10+ SOD1 halo

dimer using IMPACT predicted a CCS of 2701 A2 when using the crystal structure [PDB
1E9P) for CCS prediction. In comparison with experimental results from the DTIMS platform, the
theoretical CCS diffieed by 0.3%, while the TIMSCCS valuewas 2.7% sm#édr. The CCS
predicted from the NMR structure was slightly larger than that predicted by the crystallography
data, measuring at 2722 A2 This showed similar agreement with the DTIMS and TIMS
experimental data, which differed by 1% and 3.5% respectiveueer, it is worth noting that

the SOD1 holedimer NMR structure used for this calculation was actually an average of several
structures that make up the ensemble of structures that fit the NMR data, thus the higher difference
between the experimental aodmputational CCS values may be attributed to poorly constrained
structures. Similarly, there is a NMR structure of the-siade of SO (PDB ID: 1RK7)*8, which

was demonstrated to have a 2.3% difference withnileasurd structurefrom the DTIMS
platform, however since only the native solution measurements were done with TIMS,-no apo

monomer CCS value was available for comparison.
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Table 2.1. Compaison of Computational CCS values predicted crystallography and NMR data
with experimental data from the DTIMS and TIMS platforms for the SOD1-timfeer.
Computational CCS values were determined using the trajectory method (TJM) using IMPACT.

Holo-Dimer
PDB Analytical Calculated Measured % Diff Measured % Diff
Structure Method CCs ™MSCCsw: (A2) TIM PTCCSw2 (R2)P TIM
TIM?
1E9P Crystallography 2701 (9) 2629 (1) 2.7 2693.5 (5) 0.3
1L3N NMR 2722 (20) 2629 (1) 3.5 2693.5 (5) 1.0
Apo-Monomer
PDB Analytical Calculated Measured % Diff Measured % Diff
Structur e Method CCS T™MSCCSw2 (A2)  TIM PTCCSw2 (A2)P TIM
TIM?
1RK7 NMR 1751(26) N.D. N.D 1711 (5) 2.3

2.5Conclusion

In this studyIMS-MS was utilized to studioth the structure and unfolding of SODXan
assess pathways that could not be studied with other bioanalytical techrByuappling
multiple solution conditions to systematically denature the -Hoiwer, first dongation was
observedfollowed bydissociation intdolo-, singlemetal, and apenonomeric SOD1 unitd.oss
of the metal cofactoreas found tdurther destabilize the protein monomers, ultimately resulting
in formation ofextremely extendedpomonomersThe results obtained from IMBIS in these
study are extremely important asrfurkationsobserved fron8OD1in disease states may not be
readily measured by NMR or-Kay crystallography if present in low concentrations or convoluted
by the potential presence of multiple conformersusSiHMSMS may have particulautility for
examining samples from patients with certain disease states, including ALS. In addition,
combining the ability to directly probe SOD under native conditions directly from tfdstfe
allows for the measurement of structural properties of the enzyme without lengthy purification
process that may alter the state of the enzyme. Combined with collision induced unfolding this
opens up the posislity of directly probing the stability and structural properties of SGidm

human familial ALS tissue and mouse models. Furtiege,IMS-MS has the potential to explore
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the biophysical propertiesf purified proteins or recombinant systemsd rapidly compare
mutations, drug binding or other parameters thought to disturb structure of a protein and loosely
relate this to NMR and crystallographic dagend thus provides complementary information to
these more conventional solutibased experimentAs there are currently over 150 known
mutations of human SOD1, and it is thought that loss of the metals from thdiim&ac protein

result in the apgrotein and contribute to the formation of plaques observed in ALS, the ability to
assess the unfolding ata&teristics with IMSMS may facilitate an understanding of how they

alter protein dynamics.
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CHAPTER 3: Utilizing Liquid Chromatography, lon Mobility Spectrometry, and Mass
Spectrometry t o Ass e s bllinked Glycahslilm BioloDiearSanplest i z e d
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3.1 Abstract

Glycosylation is a ubiquitous ecand postiranslational modification involved in the
sorting, folding, andrafficking of proteins in biological systems; in humans, > 50% of gene
products are glycosylated with the cellular machinery of glycosylation compromising ~2% of the
genome. Perturbations in glycosylation have been implicated in a variety of diseasgsgnclu
neurodegenerative diseases and certain types of cancer. However, understanding the relationship
between a glycan and its biological role is often difficult due to the numerous glycan isomers that
exist. To address this challenge, nanoflow liquid ctatmgraphy, ion mobility spectrometry, and
mass spectrometry (n0BAS-MS) were combined with the Individuality Normalization when
Labeling with the Isotopic Glycan Hydrazide 7
glycan standards and those enzymditicaleased from the glycoproteins horseradish peroxidase,
fetuin, and pooled human plasma. The combination of IMS and the natural (NAT) and stable
i sotope | abel (SIL) in the | NLI GHTE strategy
identificationdue to the mobility aligned NAT and SIL labeled glycans and further capabilities for
isomer examinations. Additionally, molecular trend lines based on the IMS and MS dimensions
were investigated for t he | NLI GHT Hificatiomrofi vat i z
putative glycans in complex biological samples.
3.2Introduction

Glycosylation, or the affixing of carbohydrate moieties to proteins, is-aaed post

translational modification linked to hepathogen interactiogfisimmune sysm responsé and

protein folding, sorting, and stability within eukaryotic systeiridVhile glycans can be eithdk
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or O-linked, to dateN-linked ae the most commonly studied due to their specific locations and
conserved core structuteF-or exampleN-linked glycans are commonly affixed to the sequen N
X-S/T, where N is aspagine, S/T are either serine or threonine, and X is any amino acid except
for proline.. Since up to 70% of proteins are estimated to contain this seltorked
glycosylation is thought to be highly prevalent in eukaryotic sysfeffitseir common core
structure allows them to be targeted and readily cleaved using the enzyme Neglfidesidase

F (PNGase F), making their study easier than th&-bhked glycans which hae a variable
structure® However N-linked glycans follow a notemplate driven synthesis, resulting in a highly
heterogeneous class of moleculé&e manner in which the individual monosaccharidelsi-in

l inked glycans are |inked to one another is al
to the enormous complexity of this molecular class. As glycosylation has been implicated in the
onset and progression of multiple diseases and even@Q¥,%!!studies are needed to better

define the precise structures of bdHandO-linked glycans and ultimately relate them to function.

Efforts towards elucidating the relationship between glycan steiend function have
primarily been hampered by the lack of analytical tools capable of characterizing the glycosidic
linkages and individual monosaccharides. Mass spectrometry (MS) has become a preferred
method for the analysis of glycans, as it requirssnall quantity of sample, is readily coupled
with chromatographic separation, and yields structural information using different fragmentation
strategies. However, fragmentation information alone is often insufficient for complete
characterization of glyeastructure given the large number of isomeric monosaccharides and
diversity of glycosidic linkage¥ Thus, it is often through a comlaition of liquid chromatography
(LC) separations, MS fragmentation data, and knowledge of biosynthetic pathways that glycan

structures are predictéd Analysis of glycans using LC is challenging as they are exoghdi
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hydrophilic molecules which precludes LC separation with revepbade LC (RPLC) without
derivatization. Therefore, hydrophilic interaction liquid chromatography (HILIC) and porous

graphitic carbon (PGC) are popular options for glycan LC separatfolis.

The hydrophilicity of glycans also complicates MS analyses when using an electrospray
ionization (ESI) source, as ESI is inherently biased towards hydrophobic an#lytég.o
overcome this challenge, several types of derivatization chemistry have been employed to increase
the overall hydrophobicity oN-linked glycans and improve their detection in both MS and
spectroscopic methods. One of the more momy employed derivatization approaches is
permethylation. In permethylation, the hydroxyl, amino, and carboxylic acid groups located on the
glycan structure are chemically modified to their corresponding methgr. 1#2° This
significantly increases the ngolar surface area (NPSA) of the molecule, resulting in an increase
in hydrophobicity that facilitates RPLC and increases ESI abundances. Alternatively, the use of
derivatization reagents with a reduetimmination mechanism, such aar@inobenzoic acid 2
AA) and 2aminobenzamide (2B), also enhanceN-linked glycans using both MS and
spectroscopic mear$Oxime formation by means of aminooxy reagents, such as Tandem Mass
Tags ( % Mdprizatization methods that use hydrozone formétiéthave also become
an attractie option for labeling glycans. While all derivation strategies enhance the number of
glycans observed by MS, the unpredictability of inefficient derivatization complicates the
identifications in complex biological samples and hinders quantification. Mdkese methods

also require time&onsuming cleatp steps, decreasing throughput.

The Individuality Normalization when Labeling with Isotopic Glycan Hydrizide Tags
(I NLI GHTE) strategy is a der i vatNiinkedglycanan met ho

complex biological samplées.In this strategyN-linked glycans enzymatically released from
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glycoproteins by PNGase F are derivatized using hydrazide chemistry at the reducing GIcNAc
residue with either natural (NAT) or statitope {°Cs) label (SIL) 4phenethylbenzohydrazide

(P2GPN) reagent? 2*This reagent has 95% derivatization efficiency and also increases the
glycands nonpol ar®Tewsefofdbotlea NAT anbdCs iicorfo@ied SIL in
INLIGHT ™ enables the relative quantificationifinked glycans in complex biological samples

as the NAT and SIL I NLIGHTE tags HRAddidonalyy exact
the use of'*Cs prevents overlagpg isotopic distributions, which may skew quantitative
assessment¥: 22 23and allows for LC ceelution of the NAT and SIL glycan€ 26 Furthermore,

this derivatization method does not require significant sample-cleamd has been demonstrated

to work well within a filteraidedN-glycan sample (FANGS) preparation stratégy.

Due to its ability to distinguish isomeric molecules, ion mobility spectrormaays
spectrometry MS-MS) has previously been explored to investigate the structure and function of
glycans in biological system& 2°The IMSMS investigations have shown discrimination of
glycan and glycopeptide epimé&t&é samples ranging from simple systems such as standards and
glycans enzymatically released from glycoprot&its complex applications in patients with liver
cancer and cirrhosi&.These studies and the ability of IM&S to resolve native isomeric glycans
have epanded our knowledge of glycan structural diversits? IMS-MS has also been applied
to the analysis of derivatized-linked glycans3® 3% 3%Specificaly, the study of permethylated
glycans and glycopeptides by Glaskiral resulted in a CCS database for permethyliitédked
glycans from several commonly used gl-¥acidpr ot ei
glycoprotein®’

Herein, we present the first application of drift tube IMS (DTIM& to N-linked glycans

de i vatized using the | NLI GHTE strategy. The ¢
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with DTIMS relate directly to the size of the molecaled enabled a deeper characterization of
the glycans in addition to their LC retention timeszvalues andragmentation pattern# 3°
Furthermore, since the incorporation'd€ does not significantly alter the shape of the glycans,
rapid identification and relative quantification of putative glycans in complegical samples

is possible by both their distinctive isotopic distribution and the drift time alignment of the NAT
and SIL derivatized glycans. In this work, nllIS-MS was combi ned with ¢t}
strategy to assess a series of glycan standardstharsg@ enzymatically released from the
glycoproteins horseradish peroxidase, fetuin, and pooled human plasma and the identification,
guantification and trends are reported.

3.3Materials and Methods

3.3.1Materials

Mal t ohept68%,sHPLC) G glycan standards ((GlcNAdgans, (NeuNAcGak
GIcNAc)sMars(GIcNAc)2, (GalGIlcNAc)Mars(GIcNAc)2, (GlcNAc).Mars, (NeuNAcGak
GlcNAc)Mars(Fuc)(GIcNACc), GalGIcNAc:Mars GIcNAczglycan, and
(GlcNAc)Mans(Fuc)(GIcNAc) glycan), and 2 glycoprotein standards (horseradish peroxidase
and fetuin), as well as ammonium bicarbonate, iodoacetamide, and dithiothreitol (DTT) were
purchased from Sigma Aldrich (St. Louis, MO). Human plasma (K2 EDTA, male and female)
used in this study was otamed fr om Gol den West Biologicals
P2GPN reagents (NAT and SIL) were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA). PNGase F was purchased from Bulldog Bio (Portsmouth, NH). Methanol,
water, acetic acid, formic aciénd acetonitrile (Optima L®S grade) were purchased from

Fisher Scientific (Hampton, NH). All reagents were used as received, unless otherwise specified.

63



3.3.2Preparation of Bological Glycoprotein Standards

The glycoprotein standards, horseradistopelase and bovine fetuin, and human plasma
samples were prepared using a modified FANGS procedure, as described pretfiotishy.
Briefly, 250 pg of glycoprotein were added to a-KiDa molecular weigt cutoff filter.
Glycoproteins were denatured using 2 pL of DTT diluted in 200 pL of 100 mM ammonium
bicarbonate solution (digest buffer), vortexed briefly, and allowed to incubate at 56 °C for 30 mins.
Following incubation, the proteins were alkylatdarough the addition of 50 puL of 1 M
iodoacetamide then incubated for 60 mins at 37 °C. The denatured and alkylated proteins were
concentrated on the filter using centrifugation for 40 mins at 14,000 x g at 20 °C. The samples
were subsequently washed imptigate by first adding 100 pL of digest buffer to the filter, and
then concentrated on the filter by centrifuging for 20 mins. Prior to enzymatic separation of glycans
from glycoproteins, the filters containing the washed glycoprotein samples were riexhste
new, clean vials to prevent contamination during the collection of the cleaved glycans. Two
microliters of PNGase F (1,000 units) were added to each filter and subsequently diluted in 98 pL
of digest buffer. Samples were mixed by aspirating orfilteg, then incubated at 37 °C for 18
hrs. Following incubation, the released glycans were collected by centrifuging for 20 mins at
14,000 x g. Samples were then washed in triplicate by adding 100 uL digest buffer followed by
centrifugation at 14,000 x fgr 20 mins at 20 °C. After the washes were completed, the samples
were incubated at80 °C until completely frozen, then subsequently dried to completion in a
vacuum concentrator at 55 °C. Enzymaticayeased glycans were stored-20 °C until

subsegant derivatization.
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333 NLI GHTE Derivatization

Prior to derivatization, glycan standards and maltoheptaose were reconstituted/iid LC
grade water. Ten to 50 micrograms of each glycan standard or 50 pg of maltoheptaose were placed
in a vacuum concerdtor until completely dry. The enzymatically released glycans, 50 pg
maltoheptaose and D pg of theN-linked glycan standards were derivatized with natural (NAT)
and stabld sot ope | abeled (SIL) | NLIGHTE reabents |
that has been described previod8l. he | NLI| GHTE reagents were sol
MS grade methanol and vortexed for ten minutes to ensure complete solubilization of the
derivatization reagent, ensuring a final concentration of 1 mg/mL. Given the fundamental nature
of these studies, both the NAT and SIL | NLI GH
ratio at a concentration of 0.1 pg/uL prior to incubation to reduce analyticelbildy. The
samples were then diluted in a solution of 45:55 (v:v) acetic acid:methanol. After briefly vortexing
and centrifuging ¢a. 5 secs), the samples were allowed to incubate at 37 °C for 1.75 hrs. The
derivatization reaction was quenched by dryitihgg samples to completion in a vacuum
concentrator at 55 °C. Derivatized glycans were stored0atC until analysis. The derivatized
glycans were reconstituted in 50 pL of mobile phase A immediately prior to analysis.
3.3.4nLC-IMSMS Analysisof INLIB TE De rdGlyaans z e

The nanoflow liquid chromatography (nLC) measurements were conducted using a
Thermo Fisher Scientific EASY nLC 1200 (Waltham, MA) coupled with an Agilent 6560 IMS
QTOF (Santa Clara, CA). The RPLC separation of the derivatized glyeas performed using a
Thermo Fisher Scientific (West Palm Beach, FL) Acclaim PepMap C18 analytical column (75 um
x 25 cm, 3 um, 100 A) preceded by a Thermo Scientific (West Palm Beach, FL) Acclaim PepMap

C18 trap column (100 um x 2 cm; 5 um, 100 A). Melphase A was comprised of 98% water,
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2% acetonitrile, and 0.1% formic acid. Mobile phase B was comprised of 80 % acetonitrile, 20 %
water, and 0.1 % formic acid. The gradient used for RPLC began with 5% B, then increased to
35% over two minutes, then attily ramped to 70 % B over 40 mins, sharply increased to 95% B
over one minute, held at 95% B for six minutes, then decreased over one minute to 5% B at 300
nL/min. This mobile phase composition was held for 10 minutes, giving a total gradient length of
60 minutes per sample. Five microliters of sample was injected for each glycan analysis.
3.35IMSMS Analysiof | NLI| GHTE Derivatized Glycans
DTIMS-MS measurements were conducted using an Agilent 6568QWISF (Santa
Clara, CA) instrument thoroughly chatarized in previous publicatiorf$? Briefly, ionization
was performed using the Agilent nanoESI source in positive ionization mode with a capillary
voltage of 2100 V. DTIMS measurements were collected undeaif@m electric field of 17.3
V/cm with nitrogen buffer gas at a constant pressure of 3.95 torr. DTIMS data was acquired in a
4-bit multiplexing mode, with @rap fill time of 3.9 ms and release time of 100 uys. Mass analysis
was conducted over am/z range of 1003,200 m/z. Additional instrumentalparameters are
included inAppendix B (Tables B.1-B.3).
3.3.6Calculation of CCS Valuesf | NLI GHTE Derivatized Glycans
Multiplexed data files were dmultiplexed using the PNNL Psferocessor (publically
availabke from https://omics.pnl.gov/software/prpteprocessqr then imported into Agilent
MassHunter MMS Br owser (version 10.0). CCS values f
were calculated sing the singldield method, as described previouyBriefly, a mixture of
compounds with knowm/zvalues and weltharacterized CCS values (Agilent tune mix) were

analyzed under conditions identical to that used for the analysis of derivatized glycans. Th
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measured drift times of these compounds were used to make a calibration curve converting drift

time to CCS using a linear regression derived from the M&stiamp equatiorEquation 3.1).4

!

izl
»

O - 0 FF '|| 1. Equation 3.1

The CCS for the glycans were then calculated using the resulting linear regression and the
measured drift times of the derivatized glycans.

For the highresolution demultiplexing (HRdm) study, each data file wasrdaltiplexed
using the PNNL PreProcessor as described above and previously detailed by Mad? et. al.
Following initial demultiplexing, feature finding was performed using the-M% Browser
(parameters shown iAppendix B Figure B.1). The resulting feature list was saved as a .csv
within the samdolder as the raw, multiplexed file and the maltiplex file. Each was imported
into the Agilent HRdm 1.0 software and processed using the medium processing mode available
with a peak saturation threshold of 0.4.
3.4 Results and Discgsion
3.4.1INLIGHTE De r i v inkdd Blgcdns Drift Time Align

To assess the nl-=01S-MS workflow for the analysis oN-linked glycans derivatized
using the | NLIGHTE s Nlinket glyan,standands ((GleNAMays, sever
(NeuNAcGalGIcNAc)sMan(GIcNAc),, (GatGIcNAc):Mars(GIcNAc),,  (GIcNAc)Mary,
(NeuNAcGalGlcNAc)Marg(Fuc)(GIcNAcy, GalGlcNAc,Mans  GIcNAceglycan, and
(GlcNAc)Mang(Fuc)(GIcNAc) glycan) and maltoheptaose were studied. While maltoheptaose is
not anN-linked glycan, this oligosaccharide is a reducing sugar and as a result is able to undergo
the hydrazide chemistry nec e%Both theN-lintked ghgcdnf i x t h
standards and maltoheptaose wezawvatized using a 1:1 mixture of the NAT and SIL reagents,

then resuspended in MPA prior to analysis with AMS-MS.#* As previously mentioned,
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glycans derivatized using the | NLIGHTE strate
which is imparted by the use of b@NAT and™*Cs SIL label, facilitating rapid data analysis and
relative quantitation of labeled glycans. In this study, both the NAT and SIL forms of
maltoheptaose and thiélinked glycan standards were detectédygre 1), and their resulting

CCS values wluated (sedppendix B, Figure B.4-B.5 for CCS). Maltoheptaose and its other
related oligosaccharides were primarily observed as stiglyged, protonated ions for both the

NAT and SIL labeled oligosaccharideSiqure 3.1A). The nested spectra of malegaose in

Figure 3.1A illustrates both the drift time aligned NAT and SHbeled forms. All of the

| NLI| GHTE derivatized maltooligosaccharides we
drift spectra, with the exception of maltohexaose, which wasrebd to have two different IMS
isomers or conformersAppendix B, Figure B.2). While the exact annotation of the two IMS
peaks observed for the derivatized maltohexaose are unknown, it is possible that they are due to
the flexibility of the joined glycas or differences in linkage connectivity, although it remains
unclear as to why this was only observed with the hexamer. Additionally, it was observed that both
the NAT and SIL tags had two conformers (data not shown). In order to assess the impact of this
on LCGIMS-MS assessments of derivatizédlinked glycans, derivatizedN-linked glycan
standards were also assessed. A nested spectra for a represbhliatieel glycan standard is

shown inFigure 31B. The | NL | GH Ninket glycans wereioksediprimarily as
doubly-charged, protonated ions as shown Bigure 3.1B, which illustrates the typical
[NAT+2H*)?* and [SIL+2H]?" isotopic distributions for theN-linked glycan standard
(GlcNAc)Mang(Fuc)(GIcNAc). The monoisotopic peaks for the NAT a8t labeled NGA2F

were also observed to be 3.01@zdifferent, or a mass difference of 6.0202 Da, consistent with

an | NLI GHTE derivatized glycan pair. It was o
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derivatized glycan pair primarily consisteof a single peak, with the maximum drift time
corresponding to a CCS of 418.3 A2, A small shoulder at approximately 31 ms was also observed,
which was less than 10% of the observed abundance of the main drift time distribution of this
derivatized glycan.The source of this shoulder could not be discerned given our current
instrumentation, but could be due to the presence of epimeric carbons at the reducing end, the
conformation of the | NLIGHTE reagent, or i mpt
spectra shown ifigure 3.1 also demonstrate that the NAT and SIL derivati&ielthked glycans

have the same observed drift time, and thus I
Consequently, the incorporation of a small numbe¥®@§ within the SIL does not significantly

change the glycan structure and results in drift time alignment for our measurements with a
resolving power of ~60 at the 1+ charge state and slightly higher for the increasing charge states.

As such, the pairwise drift timda gnment and characteristic | NL

can be used in the nkIB1S-MS workflow to identify glycans in complex biological samples.
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To assess the complementary nature of the |
IMS-MS workflow, N-linked glycans from horseradish peroxidase and bovine fetuin were
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enzyma i cally cleaved using PNGase F, derkvatize
IMS-MS. Since the glycosylation of these two glycoproteins has been investigated thof§ughly
414547 they are ideal candidates a® thesulting list of glycans previously identified could be
curated and the corresponding | NLIGHTE deriva
criteria, glycans were only considered identified if: (1) both the NAT and SIL monoisotopic peaks
were obsared within the mass measurement error of the instrument (<10 ppm); (2) the ratios of
the NAT: SIL peaks were approximately 1:1; and (3) the NAT and SIL glycans were drift time
aligned as shown iiigure 3.1. Using these criteria, foux-linked glycans weredentified in
horseradish peroxidase and twelve with bovine fetuin; CCS values were calculated for each (see
Appendix B, Tables B6-B.7).

The utility of IMS for removing noise and cleaning up MS spectra when interfaced within
a standard LEMS workflow ha been previously demonstrated in both the fields of proteomics
and glycomics*®%%In particular to glycomics, IMS filtering has been applied to the analysis of
both nativé® and derivatize¥f glycans, and has even facilitated the analysis of glycans in complex
matrices without additional sample cleap. >* ' The IMS dimension was also found to be
extremely helpful in removing noise froather ions in the present study. An example of this for
| NLI GHTE d ak-finked glycang ia domplex samples is showrFigure 3.2A, which
illustrates a portion of the nested spectra in which the protonated,-shmayiged NAT and SIL
pair for (Man}(GIcNAc). was anticipated from horseradish peroxidase but several interfering
signals occurred within the sam#zspace. Drift time filtering using only the area for the aligned
pairs however removed the interfering signals and a clean distribution waxsexbsis shown in

Figure 3.2B. The ability of IMS to parse these overlapping distributions into their individual
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components is extremely useful for complex samples and studies where relative quantitation is

desired.
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Figure 3.2. IMS allows for the isolatin of overlapping isotopic distributions, enabling the
differentiation of glycans from other interfering signals. The IMS nested spectra observed in

Figure 3.2A display overlapping isotopic distributions from multiple ions which obscure the
confidentidmt i fi cation of the | NLFFighrd3aB shovesthe nestedi z e d
spectra where the mass spectrum has been filtered by drift time, yielding a clean isotopic
distribution for the NAT and SIL labeledtl-linked glycan (MaryGIcNAc), in horserdish
peroxidase.
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342Conf ormational Ordering of | NLIGHTE Derivat
The compositional differences observed within various classes of biomolecules, both in the

types of subunits comprising the molecules as well as their preferential arrangatiosve

diverse classes of biomolecules to take on conformations in a relative order where the more sizable

molecules, such as lipids and peptides, display a larger conformation for their mass relative to

smaller biomolecules such as carbohydrates argbmlicleotides®®%° This conformational

ordering of biomolecules has been observed in DFWE studies, where plots ofi/zvs CCS

yield trend lines used to classify molecules based on their biological rolewéstigate the

relationship between them/z o f | NLI GHTE derivatize<ghasgl ycan

conformationm/zversus CCS plots were generated for the sirgyiyl doublycharged\-linked

glycans from the glycoproteins amdtlinked glycan standardssawell as the singhgharged

maltooligosaccharides-{gure 3.3). The resulting trend lines for each series and their associated

R? are shown orFigure 3.2. Representative structures from each classification, along with their

associated trend line, can lmhd inAppendix B (Figure B.3). As can be seen Figure 3.3the

[M+NAT+H*]* and [M+SIL+H]* maltooligosaccharides (teal diamonds, y= 0.1168x + 167.32)

and the [M+NAT+H]" and [M+SIL+H]" derivatized\-linked glycans (green circles, y= 0.1555x

+ 139.05) liustrated distinct trend lines, different from previously reported underivatized

oligosaccharides (red squares, y= 0.2238x + 100%G)ven that maltoheptaose and its related

oligosaccharides are linear wherdddinked glycans maintain a branched arrangement, the

occurrence of two distinct lines for tiklinked glycans and maltoheptadseexpected?® It was

also noted that a majority of the singlilarged [M+NAT+H]" and [M+SIL+H]" glycans in this

study contained mannose as their terminal monosaccharide. The conformationagooder

doublyc har ged | NLI GHTE derivatized gl ycan]d was a
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and [M+SIL+2H]?" both from glycoproteins (orange circles, y= 0.2138x + 235.69) and
commerciallyavailableN-linked glycan standards (grey squares, y= 0.1987%2t29). As shown

in Figure 3.3, the doublycharged derivatized glycans fell on a separate trend line from the-singly
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600 ..m"'A (6]
y = 0.2599x + 233.48 v.S % ©
R? = 0.9805 r = 0.9138y : ¢
A4, OEQ‘
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@ INLIGHT™ Glycoprotein N-glycans (1+) @ INLIGHT™ Glycoprotein N-glycans (2+)

Figure 3.3.CCS versus m/z trend lines for underivatized oligosaccharides (1+, red sdtares)

| NLI| GHTE derivatized mal t ao laimpandagc haandebot(l
derivatizedN-linked glycans from glycan standards (2+, grey squares) and those enzymatically
released from the glycoprotein standards horseradish peroxidase and bovine fetuin (1+, green
circles and 2+, orange circles). The&harge state trend lines were compared with those observed

for the permethylatedil-linked glycan CCS database previously published by Glaskai. and

shown in with yellow triangles?

charged glycans as acipated since DTIMS separates based on size, shape, and @harge.
However, inFigure 3.3 the two separate sources (glycoprotein and glycan standards) of
[M+NAT+2H*]?* and [M+SIL+2H]?" N-linked glycans share the same trend line. The

| NLI GHTE deri vat isoeanpaget todhe sasne eharge estaterdnd adduct of

permethylated\-linked glycans previously reported in a CCS database (yellow triangles, y=
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0.2514x + 243.64°The | NLI GHTE derivatized glycans and
of the same charge state followed distinct, separate trend lines, allowing the method of
derivatization for théN-linked glycans to be ealily discriminated.

The ability to further classify and subdivide molecular trend lines into series based on the
monosaccharides present within the structure has previously been demonstrated ugig IMS
for both N-linked glycan fragments and intact glyws®! Of particular relevance to this
investigation, Glaskin et al. demonstrated this subclassification for pefateth\-linked
glycans utilizing DTIMSMS.®! In this work, the permethylated glycans and glycopeptides
obtained from trypskuigested glycoproteins followed distinct molecular trend lines, facilitating
their analysis in complex biological sampfésThey then investigated thability of those
molecular trend lines to subdivide both the glycopeptidesNufidked glycans based on the
monosaccharides in their branched structbtéo investigate this potential relationship for
| NLI GHTE g |glycarastasdardstamdehose derived from the glycoproteins horseradish
peroxidase and bovine fetuin were subdivided based on the saccharide units located on-their non
reducing end branches including terminal manndésgu(e 3.4A), terminal galactoseF{gure
3.4B), and terminal sialic acid~{gure 3.4C). Each subclassification was observed to fall along its
own individual tend line Appendix B, Figure B.4A) . It was observed t ha
glycans having a terminal mannose displayed a linear relationstimedrm/zand their associated
CCS in both the 1+ and 2+ charge statggyre 3.4A), with bothm/zand CCS increasing as the
number of mannose within tiNglycan structure increasedigpendix B, Figure B.4B). Linearity
was also observed for thoBklinked glycans containing a terminal galactoSegre 3.4B) and
was similarly found to be related to increasing numbers of galactose monosaccharides present

(Appendix B, Figure B.4C), but the linear relationship for those with terminal sialic acid was not
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asstrong as the other classégyure 3.4C). This was in part because many offhénked glycans
observed within this subclass had multiple CCS values for the sdr@otentially indicating

either the presence of isomeric species or the occurrence gblengliycan conformers. Further
investigations are needed to determine whether this is a function of structural differences within
the glycans or actual changes in conformation. Additionally, all glycans that contained the
monosaccharide fucose, regardlessghe terminal monosaccharide unit, were observed to have a
linear relationship between them/zand corresponding CCEFifure 3.4D). We are currently

investigating this trend as a way to analytically assign terminal monosaccharides.
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Figure 34.CCSversusm/zp | ot s f or | NL | NSiRkEdglyahrs framvbath glyzaa d
standards and enzymatically released from the glycoproteins horseradish peroxidase and bovine
fetuin using PNGase M-linked glycans were grouped based on the terminal monosatehar
mannose Figure 3.4A), galactoseKigure 3.4B), and sialic acidRigure 3.4C). Additionally, a

trend line for glycans observed to be fucosylated was also réitpdd 3.4D).

3.4.3nLC-IMS-MS Nlinked Glycan Conformational Landscape
Since IMS meagements occur on the millisecond timescale, they nest well within that of

both LC separations (minutes) and tiofeflight MS assessments (microsecontfffurthermore,
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IMS allows for the evaluation of eeluting isomers that may not readily separate using LC
analyses. In the present study, the majority of the glycans detected primagty ielet narrow
elution window, as shown by the extracted ion chromatogram (EIC) for the NAT derivhitized
linked glycan (GalGIcNAc)sMars from bovine fetuin Figure 3.5A). Two potential
isomers/conformers were observed for this particalé (939.3692m/z) within its retention
window, as shown by the drift time distribution within the inset, with measured CCS of 426.5 A2
and 446.7 ). However, a fNdinkedglycans deectet Withih GHT E
the glycoprotein samples had multiple elutiwimdows. An example is shown Figure 3.5B,
which depictsthe EIC for the NAFlabeledN-linked glycan (Gabk(GIcNAc)s(Man)(NeuAc)
enzymatically released from bovine fetuin. This EIC showed three prominent chromatographic
peaks. To assess the IMS comfation of the glycan within each retention window, the drift time
distribution associated with 1413.0388z in each LC window was extractdeidure 3.5B). The
drift time distribution for the first LC window, 29.87 min to 30.68 min, showed at least three
isomers with CCS values of 523.0 A2, 549.2 A2, and 571.3 A2 (with error below 0.4% RSD using
triplicate measurements). The second LC window, 30.84 min to 31.73 min, had a distinctive
change in the associated drift time distribution, showing at least twwersowvith CCS values of
525.4 A2 and 549.7 A2. Again, the CCS values change in the third LC window showing at least
two isomers present with CCS of 526.1 A2 and 554.1 A2. Thus, IMS illustrated multiple species in
each LC elution window and demonstratesuhst structural complexity for these glycans which
is beyond the scope of this study.

As stated previously, one of the limitations of this technique is the ability to discern
information about structural or linkage isomers as opposed to changes irtiziedixalinked

glycan conformation. Thus, the data showhRigure 3.5 was compared with previously published
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data in order to better understand the variability that we observe in our CCS measuidmansts.

3.5A, which depicts a narrow elution window ftne glycan Gap(GIlcNAc)sMars with two
potential isomers/conformeRrevious investigations of this glycan using capillary electrophoresis
and NMR indicated that approxinedy 90% of the observed galactose linkages for this glycan are
in theidlall | ocations, while appr 8%"Wde el y 1
the current NLAIMS-MS method currently precludessagnment of linkages, this lends evidence

to the observation of two conformers/isomers within our bovine fetuin data for this specific glycan,
particularly given that the two observed drift spectra peaks are in approximately the ratio
previously reportedni the literature. Previously published NMR data for bovine fettiihas
indicated that the tribranched, sialylatddinked glycans comprise approximately 83% of ke

linked glycans within bovine fetuin. However, there is a high degree of complexity within this
structure, ranging froméh o bs er vdt iva3ninkabés fob the Gal moieties within the
branches to the3 |vierksfgsnd dcfyap bcatignUd the NeuSAc
monosaccharides on the branched structures. When accounting for the location of the two Neu5Ac
moietiesalone, there at least three possible isomers possible for thismsantbat have been
previously reporte@ Thus, while we are unable to assign structural and linkage isomers versus
potential glycan conformers given our current findings, the observation of both multiple
chromatographic windows combined with multiple apparent peaksweitth corresponding drift
spectra agrees with the high degree of chemical complexity associated withlittked glycan

noted using other techniques.
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Currently, one of the major limitations of many IMS platforms is the lack of resolving

power possible for closely related structures. As structural changes between related glycan isomers
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may be subd, the information obtained from drift time distributions alone may not be able to
readily differentiate potential glycan isomers. As showigure 3.5B, there were some glycans
observed that not only had multiple elution times, but also had broad ioh&ftdistributions
indicative of additional isomers or conformers that could not be baseline separated within this drift
tube. To investigate these broad distributions, the data showigune 3.5 was also analyzed
using a high resolution demultiplexing Rem) approach previously demonstrated to improve the
resolving power of the Agilent 6560 DTIMBS platform from ~60 to somewhere between 180
to 250 without compromising the associated CCS measurefientés analysis strategy is
employed postacquisition, and @nsequently can be readily performed on any DTHMS data
files acquired with multiplexing.

To investigate the application of th-e HRdm
derivatized glycans, IMB/1S data for bovine fetuirHigure 3.5) was reprocegsl using the HRdm
1.0 at its medium processing power. Currently, HRdm is available with three separate processing
levels, each with a different average resolving power. To enhance the resolving power while
minimizing both the potential for artifacts anetleduction of data points, the medium processing
power was utilized here. The additional parameters used to process the glycan data were
determined using Agilent tune mix files, also acquired witiit4nultiplexing and demultiplexed
using the PNNL Prérocessor. The ions from the tune mix display a single, unimodal drift time
distribution with a highlycharacterized CCS val|feso parameters were optimized to maintain
this prior to application with more complex glycan data detgpure 3.6A illustrates the resulting
IMS-MS nested sper obtained for the third chromatographic window (31.80 min to 32.53 min)
of theN-linked glycan (Gal(GlcNAc)s(Man)(NeuAcy. Since the NAT and SIL glycans are drift

time aligned and have identical drift time distributions prior to processing, suggdsinthe
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incorporation of-*Cs does not significantly alter the structure, HRdm was only performed on the
NAT for direct comparison in the same nested spe€igu(e 3.6B). Interestingly, the resulting
nested spectra and drift time distribution after HRitlustrate at least 6 peakSigure 3.6C-D)

as compared to the ~2 before. While the exact composition of the glycan structure cannot be
assigned from this information alone, these data serve as a starting point for further investigations
into glycan confyuration utilizing this technique. Furthermore, it agrees well with the high degree

of glycan structural complexity suggested by previous work using other analytical métHdds.
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Figure 36. Toassessth HRdm al gor i t hm adedvhtigesl Nliked glyfcand NL |1 GH
from bovine fetuin, the drift time distributions obtained within the third retention window of the

N-linked glyc
labeledform was selected for HRdm analysis, as shown in the IMS nested spectra. The resulting
drift time distr
derivatized isomers/conformers, as HRdm predicted at least sixipbpeaks (NAT with HRdm)

within the drift time distribution(Figure 3.6C) compared to the two observed without HRdm
(Figure 3.6D).

an (GaB(GlcNAc)s(Man) (NeuAcy was examined(Figure 3.6A) The NAT-

ibution(Figure 3.6B) illustrated HRdm can be used to better resolve closdéfted
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3.4.4Application of NLEAIMSMS t o | NLI GHTE Derivatized GIlycan
The nLGIMS-MS analytical workflow was @plied to enzymaticallyeleased\-linked

glycans from pooled human plasma to assess its utility to define the glycans in a complex

biological system. Pool ed pl asma has previ ot

OrbitrapE mass s p eatamet limteexistsfrom thisrstdthy répeesermrtdieo r

base peak chromatogram (BPC) N-Inked glytansl fro o r I N

pooled human plasma is showrFigure 3.7A. 1t was observed that a maj

derivatized\-linked glycans eluted between 11 to 26 minutes using tinerdunnLC gradient (grey

box inFigure 3.7A). To show the benefit of IMS within a traditional MIS workflow, the data

was summed over this chromatographic window and the resulting IMS and MS nested spectra are

shown inFigure 3.7B. Numerous 2+ ion paitbat displayed the characteristic isotopic distribution

for | NLI GHTE deri vat i Eigue3.7Bland8.2Ch Fo varify these paits,s e r v e (

theirm/zwas compared to t he pl Ngyoaatagellstb&edTokthed er i v

work by Hechtet al,® resulting in the identification of 3R-linked glycans in the pooled plasma

samples (seéppendix B Table B.8) . After putative identificat

derivatzedN-glycans from the pooled plasma was compared to the trend lines observed for the

1+ and 2+ | NLI Glydans Bigurei3.vDa yellow erdes) established by both

the derivatizedN-linked glycan standards as well as those enzymatically ezleiem the

glycoproteins bovine fetuin and horseradish peroxidasgufe 3.3). These putative plasnis

linked glycans mapped onto tme/zvs CCS trend | ine observed fo

glycans within the same charge stakg@re 3.3), providing inceased confidence in these

identifications. This approach is particularly advantageous for analysiglytans from complex

biological samples that have not been previously characterized as the paired features observed
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within nLC-IMS-MS data facilitate mre confident identifications beyond those obtained using

nLC-MS alone.
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Figure 3.7. The base peak chromatogram for the AMS-MS anal ysi s of | NL

derivatizedN-linked glycans enzymatically released from human pooled pléBigare 3.7A).

Many drift-aligned peak pairs were observed between 11 and 26 min in the LC g(&iient

3.7B). A zoomedin view of one selected drifiligned pairFigure 3.7C) illustrates a separation

of 3.0101 m/z, consi st en N-glyeantThe idetifie featuredd tomGHT E d
plasma that displayed the distinctive isotopic distribution of being NAT and SIL labeled in an
approximate 1:1 ratio and were drift tirabgned were then plotted on th@zvs. CCS trend lines
established ifrigure 3.3 (Figure 3.7D).
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3.5Conclusions

The combination of NLAMS-MS and t he | NLI GHTE provides a
for N-glycans in complex samples. The use of IMS drift time alignment for the-HAd SlL-
labeled N-glycans, combined with the distinctive isotopic digitions provided by the
incorporation of thé3Cs, facilitates confident identifications dflinked glycans within complex
biological sampl es. Additionall vy, as the | NLI
trend lines based an/zand CCS valuesséhas previously been observed in IMS for other classes
of biologically relevant molecules, the rapid identification of putative glycans and glycan
subclasses is possible. This ability lends itself well to the analysis of novel sample types for which
there is no literature precedence for thidlinked glycans being observed. While further
investigations into linkage assignments are still necessary, these experimental findings can be used
with fragmentation data and computational investigations for putatwetations of glycan

structures.
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CHAPTER 4: Rapi d Relative Quant iNfGlyamsstni on of
Complex Samples Using Skyline

4.1 Abstract

N-linked glycosylation is an important cand pat-translational modificatiolf proteins
that serves a variety of biological roles, ranging from dictating-pagtogen interactions to
facilitating proper protein fold statBerturbationsn N-linked glycasylation have been implicated
in a variety of disease states, ranging from neurodegeneration to certain forms of cancer.
Investigations of thé&l-glycome are paramount to understanding their biological rbtesever,
these efforts are often hindered byaak of bioinformatics tools capable of providing a rapid
method of quantification for these important protein modifications. Thkisaserbatedhen using
drift tubeion mobility spectrometrymnass spectrometrPTIMS-MS), as this increases the data
complexity by addition of a furthestructuradimension for glycan identification. Here, we present
usingSkyline, a freelyavailable open source softwafet the relative quantification dfi-linked
glycans derivatizedvith the Individuality Normalization whehabeling with Isotopic Glycan
Hydrazide Tags (INLIGHE ) strategy INLIGHTE employs diffeential labeling using a natural
(NAT) and Cs-incorporated stablesotope label (SIL) to relatively quantify-linked glycans.
The cerivatizedN-glycan standards asell as thoseenzymatically released frotvovine fetuin,
and complex biological samplegluding human pooled plasma and postmortem brain tigste
assessed using nafiquid chromatographycoupled withDTIMS-MS (nLC-DTIMS-MS). A
transition list for dedvatized N-linked glycans was curated, and relative quantification was
assessed with and without drift time filterindultiple peaks were observed for the derivatiked
glycanin the DTIMS separations, facilitating investigations into their conformarisomer

specific biological rolesn disease states.
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4.2 Introduction

N-linked glycosylation ighe attachment of an oligosaccharide wittoaserved common
core structure to the amide nitrogen of an asparagine residue in a protein. Furthermohlg, these
linked glycans are frequently found on proteins that contain a specific amino acid sequ&A of N
S/T, where N is asparagine, X is any amino acid except for proline, and S/T is either serine or
threonine! 2 Pertubations inN-linked glycosylation have been implicated in a variety of disease
states, including neurodegenerative diseases and certain types of *Canbile these
biomolecules play a variety of important rglesluding dictating protein folding and traffickirig,

& hostpathogen interactiorfsand immune respons€,our ability to fully investigate the\-
glycome is often hampered byelack of analytical tols able tofacilitate their identification and
guantification within complex biological systems. Thimitation is in part due to the highly
heterogeneous nature of these biomolecutes examplether nontemplate driven synthesis
results in a varietgf linkage isomers, both in relation to anomeric positioning and location of the
individual monosaccharides within the branched structure, mamich are alsasomers? As

such, advanak analytical techniques are often necessary for investigations to understand the
perturbations of glycans and their implications in disease states.

Current efforts towards elucidation and relative quantification of NFgdlycome rely
heavily on the use oliquid chromatography coupled with tandem mass spectrometry (LC
MS/MS), which provides both qualitative and quantitative information about glycans within a
biological system of interest. However, the use of fragmentation alone is sometimes insufficient
for complete characterization of glycan structures given the high degree of isomerization within
this class of molecules: *2Consequently, ion mobility spectrometry (IMS) has also been coupled

with LC-MS investigaibns to facilitate isomeric glycan separations within complex biological
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systems 14IMS is a gas phase separation technique where ions are separated based on their size,
shape, and charde.!® This technique yields information about the gas phase conformation of a
molecule in the form of an ieneutral collision cross section (CCS), a molecular descriptor related
to the rotationallyaveraged gas phase surface areheidn of interest®> **Thus, IMS finds itself
well suited for evaluating systems in which a high number of isomers occur. Given the high
structural heterogeneity and the large number of potential glycan isohiwsshas been
particularly useful as a compliment to MS data for discriminating both native and derivatized
isomeric glycans and facilitating our understanding of the structural diversity of these important
biopolymersi# 1724

MS-based analyses of glycans are most commonly performed following some form of
chemical derivatization, given the highly hydrophilic nature of glycans. These derivations have
previously facilitated improved separations and enhanced gliggimation efficiencieg>*°
Derivatization methods have also been employed for relative quantificatiirdéed glycans,
most commonly through the implementation of differential labeling strategies whichaagnm
employ both a natural (NAT) and heavy staisietope label (SIL) to induce a difference in mass.
These differential labeling strategies have incorporated various 4@@epes, including®N
(e.g., isotopic detection of amino sugars with glutadtiaed aminoxy tandem mass t2gys’H
(e.g., permethylatiol¥ 39, and®C (e.g., permethylatiof?; 3* ¢ 2-aminobenzoic acid’ glycan
reductive isotope labelinj, duplex stabldésotope labeling? and individuality normatiation
when | abeling with isot dd%*c Ofinerdst far the pilesenttstady s o r
is the use of | NLI GHTE for glycan derivati za
differential labelingof samples, resulting in NAT and SIL derivatized glycan pairs that are

separated in mass by 6.0201 Da. Further mor e,
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efficiency*** and increases the ngolar surfae area (NPSA) oR-linked glycans which can
facilitate the use of reversgzhase (RP) chromatography and improve ion abundance when
utilizing electrospray ionization (ES1§. 44>

While significant efforts havdbeen made to facilitatdataanalysisfor both native and
derivatized glycans within complex biological samplesany software tools are unable to
quantitate multidimensional data containing the IMS dimerfioff Furthermore, glycan
databases such as GlycoMBdGlycoReSoft!® Glycoworkbench? and GlySeekét providem/z
and MS/MS fragment match possibilities but often do not include the mass of the derivatization
reagent. Thus, it is often necessary fagrago perform manual searches for differentiédlyeled
N-linked glycan pairs, which is a difficult and tire@nsuming processlhis is particularly
exacerbated withimultidimensional LEIMS-MS investigations, where the addition of the IMS
dimension ineénsifiesdata analysicomplexity beyondust theLC and MS/MS measurements
While databases such as GlycoMoinclude CCS as a descriptor for intact ahtinked glycan
fragments, these libraries do not always include the derivatization reagent being used within a
given experiment. GlycoHuntéf, which is an opeisource program that generates potential
derivatized peak pairs, prinles the most capabilities to evaluating-LNIS-MS derivatized data.
However, for the manual multidimensional validation and quantitative comparisons of numerous
datasets, GlycoHunter is best combined \liiafreely-available,opensource software platfm
Skyline®* >*While Skyline hagraditionally been used foproteomic datd® >*the addition of a
smaltmolecule moddias made glycan assessment possible, but atalittapabilities were also
needed for our derivatization studi@s

Skylineevaluates MS data by utilizingargeted list of anticipated of molecutamtaining

their anticipatedm/z values, and other experimental properties such as LC retentiort3time.

95



Additionally, Skyline has the capabilityf evaluating thadMS and usg CCS as a filterfor
removing interferences anaissigning chromatographic peaRsThis is particularly useful in
analysis of complex data sets, where the possibility eflaong isomers or overlapping isotopic
distributionswheremultiple features within the same chromatographic peak exist. In such cases,
Skyline usesonly the targeted feature and filters out all other signals observed at thendame
Skyline has also previsly been employed for the analysisNsfinked glycans, both as part of a
PGC library for cardioglycafréas well as for the targeted analysidNelfnked glycans derivatized
withl NL | G B PHowever, these studiekid not incorporated CCS as a molecular descriptor
to improve specificity ofjlycanassignmentThus, the workflow presented herein enables LC,
IMS and MS identifications, whit are beneficial for elucidating conformear isomerspecific
biological perturbations within complex samples.
4.3 Experimental
4.3.1 Materials

All N-glycan standards/ere purchased from Sigma Aldrich (St. Louis, M@luding:
maltoheptaose, bovine fat ammonium bicarbonate, iodoacetamidathiothreitol (DTT),
tetraethylammonium bromide (TEAB), tris€arboxyethyl)phosphine hydrochloride (TCEP),
deoxychol at e, a nftee pcrOontpd aestee Ei nENDITOAI t o r . The | NL
and SIL) were obtaed from Cambridge Isotope Laboratories (Tewksbury, MA) and PNGase F
was acquired from Bulldog Bio (Portsmouth, NH). Finally, OptimaM6 grade water, methanol,
acetonitrile, formic acid, and acetic acid were purchased from Fisher Scientific (Hampton, NH)
Reagents were used as received if not otherwise indicated. For the human samples, male and
female human pooled plasma (K2 EDTA) were purchased from Golden West Biologicals

(Temecula, CA).All postmortem brain tissue weperformed as part of the humarudies
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protocols approved by the Stanford University Institutional Review Board. Written informed
consent was obtained from all subjects and all samplesdeedentified prior to the study.
4.3.2 Brain Tissue Homogenization and Protein Quantitation

To prepare brain tissue for glycan analysis, it was homogdmgdirst adding 40 pL of
100 mM TEAB, 8 pL of 0.05 mM TCEP, and 9.6 pL of 10% deoxycholate to Eagendorf
sample tube. Samples were briefly vortexed, then centrifuged briefly (~20 sec) usimghtope
centrifuge.Homogenization was performed in the original tubes using a Fisherbrand pellet pestle
for 10-25 sec or until not visible tissue remain@ad. assess protein content for each sample, an
A280 assay was performed using a Thermo NanoDrop 260{@e to glycan sample preparation,
a buffer exchange was performed on each brain sample by adding 95 pg of protein and 400 pL of
8 M urea onto a X8Da molecular weight cenff filter. Glycoproteins were concentrated on the
filter by centrifugation at 4,000 x g for 15 min. Complete buffer exchange was ensured by
repeating addition of urea and centrifugation as described above for a total of three buffer exchange
steps. This process was then repeated using 400 pL of ammonium bicarbonate solutioreto ensur
buffer conditions were suitable for enzymaticlinked glycan removal using PNGase F as
described below.
4.33 Glycanand GlycoproteirBample Preparation

The biological glycan samples (bovine fetuin, pooled human plaanthhuman brajn
were all pepared using a modified filterided N-glycan separation (FANGS) strategy, as
described previousk# 28 4% 59n summary, 250 ug of each protéimith the exception of the brain
samples, as described abowegre added to a RDa molecular weight ceoff fiter and
subsequently denatured using 2 pL of DTT. Each sample was diluted in 200 pL of 100 mM

ammonium bicarbonate (digest buffer), briefly vortexed, and subsequently incubated at 56 °C for
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30 mins. Samples &ve next alkylated using 50 pL of iodoacetamide, then incubated for an
additional 60 mins at 37 °C. Denatuiattlalkylated protein samples were centrifuged for 40 mins
at 14,000 x g at 20 °C to concentrate them on the filter. These concentrated sangigashed
in triplicate by addition of 100 L of digest buffer and centrifugation at 14,000 x g for 20 mins per
wash step. The filters were then transferred to a clean sample tube prior to enzymatic removal of
glycans from the glycoproteini-linked glycans were enzymatically removed from glycoproteins
by adding 2 pL of PNGaseF (1000 units) and 98 pL of digest buffer to each sample followed by
incubate at 37 °C for 18 hrs. After incubatidf)inked glycans were eluted from the filter via
centrifugation at4,000 x g for 20 mins. Each sample was again washed in triplicate using 100 pL
of digest buffer and subsequent centrifugation at 14, 000 x g for 20 Klimked glycans were
then allowed to incubate aB0 °C until fully frozen, then dried to completiausing a vacuum
concentrator.
4341 NLI1 GHTE Der i VinkadiGlycatsi on of N

All N-linked glycan standards, maltoheptaose, @redenzymatically releasedl-linked
glycans were derivatized as described by Kalmar4tdBr i ef | y, t he NAT and
derivatization reagents were solubilized in 1 mL of methamolthen vortexed forlO-min to
ensure a final concentration of 1 mg/mL. To reduce the analytical variability used for this proof of
concept stugl the NAT and SIL reagents were combined in a 1:1 ratio and added to each sample
at a concentration of 0.1 pg/uL. Each sample was then diluted in a solution of 44:55 (v:v) acetic
acid:methanol, briefly vortexedcd 5 secs)andthen allowed to incubate fdr.75 hrs at 37 °C.
Following incubation, the samples were dried in completion in a vacuum concentrator and stored
at -20 °C until analysis. Reconstitution in 50 pL of mobile phaséM®A) was performed

immediately prior to nLAMS-MS analysis
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4.35nLC-IMSMS Analysis

All nLC-IMS-MS experiments were conducted as described previétigf/Briefly, a
Thermo Fisher Scientific EASY nLC 1200 (Waltham, MA) was coupled with an Agilent 6560
IMS-QTOF (Santa Clara, CA). NL | GHT E d B-linked glycdng veerk separated using a
Thermo Fisher Scientific (West Palm Beach, FL) Acclaim PepMap C18 analytical column (75 pum
x 25 cm, 3um, 100 A) that was preceded by a Thermo Fisher Scientific (West Palm Beach, FL)
Acclaim PepMip C18 trap column (100 pm x 2 cm, 5 um, 100 A). A gradient separation was used
for reverseebhase liquid chromatographic (RPLEgparations, wher@PA) consisted of 98%
water, 2% acetonitrile, and 0.1% formic acid, while mobile pha@é#fB) was compriseé of 80%
acetonitrile, 20% water, and 0.1% formic acid. The gradient employed began wilPB%wvhich
was increased to 35%PB over 2-min at a flow rate of 300 nL/minA ramp was then used to
increase to 709%PB over 40mins, followed by a sharp increage95%MPB over 1-min. The
%B was held fo6-min before a steep decrease to B¥BB over 1-min. These conditions were
held for 10-min, resulting in a total gradient length of-&in. The injection volume used fi\-
linked glycan analyses was 5 pL.

IMS-MS measurements were conducted using the Agilent 8B QTOF MS (Santa

Clara, CA)%® ®lonization was conducted in positive ionization mode using the Agilent nanoESI
source, with an applied voltage of 2100 V. ATIMS measurements were conducted using a 4
bit multiplexing acquisition context under a uniform field strength of 17.3 V/cm. The associated
trap fill and release times used were 3.9 ms and 100 ps, respectively. Nitrogen was used as the
buffer gas and maiatned at a constant pressure of 3.95 torr. Additional instrumental parameters

are included irAppendix C Tables C.2C.3.
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4.3.6 HPLCIMSMS

Analysis of | NLI GHTE -rleased glgcans from dovieerfetujnmat i ¢
pooled plasma, and brain tissuwere investigated using an Agilent 1290 UHPLC coupled with the
Agilent 6560 IMSQTOF MS. Electrospray ionization (ESI) was performed in positive ionization
mode using the Agilent JetStream source. Higlv RPLC separations were conducted using a
Waters Milford, MA) UHPLC BEH C18 (1.7 pm, 2.1 x 100 mm) column. The chromatographic
method employed has previously been described by Kalmaf®&v&A was consistent with that
used in the nL&MS-MS investigations wittMPB consisting of 98% acetonitrile, 2% water, and
0.1% formic acid. A gradient method was employed beginning witm@old at 5% MPB and
a flow rate of 0.1 mL/min, followed by an increase to 35% MPB owanir2 A shallow ramp to
37% MPB over 2min was then employed, followed by a fast ramp to 95% MPB which was held
for 3-min before a decrease to 5% MPB femi, resulting in a total method time of-8@in. The
injection volume used for brain tissud-linked glycan analysis was 17 pL. All IMBIS
measuements were conducted using the same method parameters as described previously for
nLC-IMS-MS above.Additional instrumental parameters are includedppendix C (Tables
C.4-C.6).
4.3.7 Data Analysis

Prior to Skyline data analysis, all data files weremultiplexed using the PNNL
PreProcesséf (available fromhttps://omics.pnl.gov/softwafignnkpreprocessQr Data analysis
was then conducted following the workflow showrFigure 4.1.%° In this workflow, Agilent tune
mix (ATM) was collected with the same experimental parameters used for the glycan samples.
The drift times associated with the diagnostic ions withe@ATM were then related back to the

anticipated CCS values of the ATM ions using the sifigld method®* T h e bk farnhe t
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singlefield calibration were determined using Agilent MassHunterfMI8 Browser (Santa Clara,

CA), and subsequently applied to each glycan data file collected within the same instrumental run
under identical experimental conditiorGenerally, the next step in the analysis pipeline is the
curation of a target list including the precursor formulae, precursor adducts, anticipated retention
times, and CCS for each of the analytes being examined. For this investigation, the targst list w
prepared using precursor chemical formulae, adducts, charge states, arfielihG€S value¥

for | NLI GHTE der i vat Ninked glycea Istanoldids @mgd veed asethosen d
enzymatically released from bovine fetuin and human pooled plasma préteach data file was

then imported into Skyline, and the manually curated target list was used to assess the peak areas
of the identifiedN-linked glycans with and without drifime filtering. Integration of peak areas

was performed by manual adjustment of peaks picked by Skgimkpeak areas were
subsequently imported into Excel for manual analysis. Peak area corrections to account for
contributions of overlap between the A+6 pedkh® NAT labeled glycans into that of the SIL

and subsequent relative quantifications were performed as per Waidét To determine if any
significant differences in relative quantification were observed between ratios determined with and
without the application of dititime filtering, a paired-test was performed using Metaboanalyst
5.0P% ¢ with a maximum significance cubff of p=0.05 and a false discovery rate (FDR)

correction.
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Figure 4.1 Workflow of importing IMSMS dat into Skyline. Singldield calibrations are

performed within the Agilent MassHunter ¥MS Browser software using Agilent tune mix data

then assigned tN-linked glycan data files collected under identical experimental conditions. Prior

to analysis in Skijne, a target list, or series of precursor formulae, associated adducts, and

anticipated CCS values, was generated. The data was then imported into Skyline, using the target

list to search the data for matching peaks.

4.4 Results and Discussion

441Us ng Skyline for Qualitative Assessment of
The ability to qualitatively and quantitatively assess glycomics data is of great import, as

perturbations inN-linked glycosylation have been implicated in a variety of disease states.

However, one of the major hindrances with assessments Nfgheome is the lack of available

tools to facilitate both rapid data analysis and manual peak manipufatiéithis problem is

particularly exacerdted within LCIMS-MS experiments, as the additional data dimension

increases the volume of data that needs to be manually screened for potential glycans. To address

this need, a rapid relative quantification approach using Skyline was investigateddoalyss

N-l'i nked glycans derivatized using the | NLI GHT

as a proof of concept using mattigosaccharides andll-glycan standards derivatized with

| NLI GHTE, as well as gl yc an sl-cearacteyizacidglycopratdinl y r e

bovine fetuin. The utility of Skyline for relative quantitation of 4KAS-MS for complex
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biological samples was then assessed using a pooled human plasma sample. Finally, the resulting
analysis pipeline was appliedblinked glycans from differentialijfabeled human brain samples

One of the major advantages to using Skyline for the analysis of differesaiadiedN-
l inked glycans is the softwareds inherent abil
window. This is demonstrated by the extracted ion chromatogram (EIC) for maltohexaose shown
in Figure 4.2 | NLI GHTE der i NCaforithe heaviy labelingidfi-linked glyean
to enable relative quantification and remove retention time shifts olfigerved using a deuterium
incorporated heavy lab&:.°*As such, NAT and S| LNlihkddgly@ar TE de
pairs ceelute.Skyline also verifies that the same chromatographic window is being assigned to a
single glycan of interest between replicates. If errors are noted here, they could indicate either
instrumentation errors or incorrect peak annotations, providing data integrity quality analyses and
the rapid assignment of derivatizBdinked glycansvhen retention time is knownHigure 4.2).
Skyline also provides the peak areas for both
which can be readily exported for relative quantification of differentialbeled glycansHigure
4.2).

One of the majoadvantages to using IMS within an IS workflow is the ability of
IMS to act as a filter for unwanted signals or noise. Previous investigations usihg3-®1S to
guantitate peptides within complex mixtures demonstrated that the uselM3-IS/MS with
drift time filter facilitated greater linearity and lower limits of detection than observed with LC
MS/MS alone®l n t he case of | NLIGHTE derivatized gly
been demonstrated to cleap mass spectra for derivatizéHlinked glycans, facilitatig their
identification in complex samples when using a manual data analysis apfffdacimvestigate

the utility of Skyline for automating this ty
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the rapid assessments of labeldinked glycan ceelution (left), retention times between

replicates (top, right), and assessment of peak areas (bottom, right). The associated data can be

readily exported for offline analysis using Microsoft Excel or other software programs.

glycans enzymatically releasédm the wellcharacterized glycoprotein bovine fetuin and pooled

human plasma were created using their anticipated chemical formulae, adducts, charge state, and

CCS. The data was then imported into Skyline and assessed with and without the application of

drift time filtering. Several instances were observed in which drift time filtering provided a cleaner

EIC for the derivatized\-linked glycans as compared to MS1 filtering alone. An example of this

is shown inFigure 4.3A, where the grey trace shows ttaalfor the NAT derivatized form of the

N-linked glycan H4AN3A1 observed within the pooled human plasma when only MS1 filtering was

applied. Upon application of drift time filtering for this plasiddinked glycarn?* a single peak

was observed for this glycan within the complex sample, as shown by the blu€&igace 4.3A).

Examination of the maspectral and IMS data associated with this chromatographic peak readily

revealed both the NAT and SIL peaks attributed to this derivaizetked glycan Figure 4.3B).

The MS data also demonstrated both the correct charge state (2wjzapdcing for he putative
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| NLI| GHTE derivatized glycan identifications
ratio. The cedrifting IMS data also add support to the MS data, as the incorporatid@sdnto
the SIL label does not sufficiently alter theusture or modify the mobility of the SilabeledN-

glycan from that labeled using the NAT reag&nt.
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Figure 4.3EIC of the [M+NAT+2HF* adduct for the plasmi-linked glycan H4N3A1 Figure

4.3 A filtered by MS1 (grey trace) and MS1 with drift time filtering (blue trace) demonstrates the
utility of CCS as an additional molecular descriptor fauidadentification of labeledN-linked
glycans within complex biological systems. Closer examination of the associated MS and IMS
data reveals correeh/z spacing, charge state, approximate 1:1 ratio, and drift alignment are
observed for the NAT and SiLbaled forms of this putativdl-linked glycan signal, lending
additional confidence in glycan identification.
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4.42 Comparison of MS1 and IMEMS Rel ati ve Quantification of
Glycans

In this study theN-linked glycan standards and thosezymatically released from
glycoproteins were 1:1 derivatization with the NAT and SIL reagent. To determine if 1:1 ratios
were determined with Skyline, maltooligosaccharidddinked glycan standards, and those
enzymatically released from the weharaterized glycoprotein bovine fetuin, were all evaluated.
Initially, target lists were generated for each of the anticipitditiked glycans using their
chemical formula following derivatization, anticipated adducts, charge states, and CCS values.
The datamported into Skyline was then filtered using these parameters, providing EICs for each
of the targets. Since Skyline visually illustrates the chromatographic peaks which it considers the
best fit for the predefined criteria, these integration boundaaiesbe manually inspected and
modified when needed to provide the most accurate peak areas for each target.

One of the factors considered in evaluating Skyline as a means of performing relative
guantitationf o r | N L He@udtzdtl N-linked glycans is the werlap of the isotopic
distributions of the NAT and SHabeled glycans. While the incorporationd€s into the SIL
label provigesa separation im/zspace for these differentiallgbeledN-glycans, the occurrence
of higher charge states observed witeome of the initial resulfer LC-IMS-MS investigations
of | NLI GHT E N-tinked glycandeadzceacdsmallem/zdistance between the NAT and
SIL monoisotopic mass peaKs.This overlap between the isotopic peaks of the N#&W
monoisotopic peak of the SIL could falsely increase the abundance observed for the SIL, skewing
the relative quartation™ Pr evi ous wor k ut i | i gyitonnganualiy assedsNL | GH
relative quantitation of derivatizel-linked glycans corrected for this overlayg calculaing a

relative glycan abundance ratiby usng a Total Glycan Normalization Factor (TGNF)
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normalization strategy to improve relative quanigtaf® “>To account for this within the present
study, the peak areas determined by Skyline both with and without drift time filtering were
exported and manually corrected as per Walker 8t %1.57

Initial comparison of the Skyline peak areas with and without drift time filtering were
conducted using peaks where a single IMS peak or conformer were observed. The mean and 95%
percent confidence interval for the NASIL ratio were determined to be 0.987 £+ 0.002 for MS1
only filtering, while that obtained with IMS filtering applied was determined to be 0.992 + 0.002.
Thus, only a slight increase towards 1 was noted with IMS filtering of the single peaks, illustrating
interfere was not readily occurring. Additionally, a pairedest was performed using
Metaboanalyst 5.0 with a false discovery rate correction angbdue significance cubff of 0.05.
It was determined that there was no significant difference betwedwAhe SIL ratio provided
by Skyline with or without the use of drift time filtering (p < 0.05) for all single conformer/isomer
derivatizedN-linked glycan standards, maltooligosaccharides, and those enzymatically released
from bovine fetuin or pooled humgtasma samples. It was also noted that the derivatized glycans
with the lowest pvalues, while not significant, were those enzymatically released from the pooled
human plasma samplé¢&ppendix C, Table C.7). Closer examination of the raw data from the
plasma samplesAppendix C, Figure C.1) revealed that most of the background signal within the
chromatographic timeframe where a majority of the glycans eluted was fromruowiens than
our observedN-linked glycans. Thus, while IMS may be useful in siknraé with high interfering
analytes, these gains were not particularly beneficial in this particular situation due to the extensive

sample preparation.
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443Skyl ine for CCS Specific Relative Quantific

Beyond just inerference remove, another benefits of IMS is the ability to discriminate
between different isomeric species that share the same retention window and have sufficiently
different CCS such that they can be resolved. Within the data currently being condicered,
were many instances in which multiple isomers/conformers were observed for a single glycan
composition, sometimes within the same chromatographic retention window. Thus it was
necessary to assess the ability of Skyline to pawnsehese signals faelative quantification of
individual conformers/isomers. To address this, target lists were generated in which each
individual conformer/isomer was treated as a separate entry to facilitate relative quantitation per
individual drift time window. Drift tme filtering was applied based on the CCS value for each of

the target conformer/isomers listed. An example of this is showigure 4.4, which shows the

EICs for the NAT (red trace) and S(Lb | ue trace) of the | NLI GHTE d

from poded human plasma, which was observed to have two separate chromatographic windows
following the application of drift time filtering for the conformer/isomer with a CCS of 549.2 A2,
Examination of each retention window showed that the first retention tim&amin contained

three conformers/isomerEigure 4.4bottom) with CCS values of 522.8 A2, 549.2 A2, and 572.3

A2, while the second retention time peak at ~40 min only had two observed conformers/isomers
with CCS of 527.6 A2 and 554.9 A2 Following drifime selection for the 549.2 A2
conformer/isomer (indicated by the purple boxXFigure 4.4, bottom), Skyline was able readily
determine peak areas specific to this particular drift window for each pooled human plasma
replicate, as shown in the insetkifjure 4.4. However, it should be noted that even after drift
time filtering, the second chromatographic peak (~40 min) was still included within the CCS

specific EIC for this particular plasma glycan when using the average IMS resolving pgwer (R
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6 0, CSHOCTS)® 8 %9%f the Agilent 6560. Furthermore, closer examination of the drift spectra
associated with this particular drift time window showed that that Skyline was also including the
derivatizedN-linked glycan conformer/isomer with the CCS of 554.9 A2, which has a 1.03%
di fference i n CCS (pCCS%) . Baseline resolut
a theoretical R greater than 308, which would currently requirehe use of alternative
instrumentation, such as the structures for lossless ion manipulations (SLIM) platform, for
complete differentiate. Thus, while Skyline is capable of drift time specific peak area extraction,

it is necessary to carefully examine thega in order to ensure that the correct peak area is being

selected.
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Figure 4.4EIC of the 2+ NAT and SIL derivatized plasidinked glycan HEN5AL (top) filtered

by MS1 and the drift time corresponding to a CCS of 549.2 A2, as shown by the purptefilter
bar within the IMS heat map (bottom). Drift time specific peak areas were readily calculated by
Skyline (inset) and exported for further data analysis.

The analysis described above was repeated for all derivatized p\alsnkad observed to

have muiiple conformers/isomers present within a single retention window. Following correction
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and application of the TGNF, the NA¥IL ratio when filtered by CCS was determined to have a
mean and 95% confidence interval of 1.008 + 0.002, lending evidenceabilibeof Skyline to
facilitate CCS specific relative quantification. This could be particularly beneficial in cases where
a specific isomer/conformer may be of interest for a given disease state.

To investigate Skyline for the rapid relative quantificaon of | NLI GNTE der
glycans in complex sample types, the-IMIS-MS data analysis pipeline was applied to glycans
released from postmortem human brain tissue of dementia patients. In the example shown in
Figure 4.5 N-linked glycans enzymaticalleleased from caudate nucleus tissue of female (NAT)
and male (SIL) dementia patients enabled a comparison of differences in glycosylation due to
biological sex. Importantly, it was also noted within the raw data files that this particular dataset
had poymer interferences within the/zand retention time range in whidhlinked glycans were
observed Appendix C, Figure C.2. Thus, drift time filtering was employed for the analysis of
theseN-linked glycans to prevent interferences from aberrant sighaisiiay harm their relative
guantification. As proof of concept, relative quantification using Skyline was performed for both
a putativeN-linked glycan that was observed to have a single conformer (H3W&gtire 4.5 A
and a glycan composition that wabserved to have multiple conformers/isomers (H5N4A2,
Figure 4.5 B). The relative quantification for thié-linked glycans observed within this sample set
were not anticipated to have a 1:1 ratio, as they were derived from different patient
guantification. A proof of concept, relative quantification using Skyline was performed for both
a putativeN-linked glycan that was observed to have a single conformer (H3W&gtlre 4.5 A
and a glycan composition that was observed to have multiple conformers/istib&4AQ,

Figure 4.5 B). The relative quantification for thé-linked glycans observed within this sample set

were not anticipated to have a 1:1 ratio, as they were derived from different patient samples. In
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Figure 4.5EIC of the 2+ NAT and SIL derivatized-linked glycan H3N5F1Kigure 4.5A) and
H5N4A2 (Figure 4.5B) derived fromhuman brain tissufiéitered by drift time, as shown by the

purple filtering bar within the IMS heat map (bottom), facilitating drift time specific relative
guantification.

this particular case, the female brain sample was derivatized using the NAT reagent, while the

male was derivatized using the SIL. The brain extracts were combined in a 1:1 ratio prior to
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analysis using L&GMS-MS. Application of the Skyline relative quantificati analysis pipeline to
H3N5F1 when using both MS1 and drift time filtering for its CCS (447.2 A?) revealed a single
chromatographic pealEigure 4.5A), with a NAT: SIL ratio of 1.01. As shown iRigure 4.5B,
the putativeN-linked glycan with the composin H5N4A2 was observed to have two potential
conformers/isomers, with CCS of 497.3 A2 and 516.3 A2 for the female and 496.9 A2 and 516.2
A2 for the male. This allowed for relative quantification to be performed on each individual
conformer/isomer, whichesulted in a NAT:SIL ratio of 0.72 and 0.52respectively While
meaningful conclusions cannot be drawn about the biological implications of these observed
differences in abundance due to lack of statistical power, these initial investigations serve as a
strong proof of concept that Skyline could be beneficial for these types of investigations within a
much larger study, or for other investigations in which conformer/isomer specific relative
guantitation is desired.
4.5 Conclusion

In this chapter, we havpresented the first application of Skyline to the rapid relative
quantification of LGIMS-MS dat a f or | NL N4nket Blycahe Since Skylinez e d
provides the higithroughput determination of eslution, drift alignment, and peak areas filtered
both by MS1 and drift time, it is a powerful software tool for the qualitative and quantitative
assessment of derivatizéHlinked glycans. The use of IMS drift time filtering for peak areas also
facilitates the ability to remove contaminants and allow &doonformer specific quantitation,

which enables future biological studies in whichatoting isomers have biological significance.

112



4.6 References

1. InEssentials of Glycobiologyarki, A.; Cummings, R. D.; Esko, J. DStanley, P.; Hart,
G. W.; Aebi, M.; Darvill, A. G.; Kinoshita, T.; Packer, N. H.; Prestegard, J. H.; Schnaar,
R. L.; Seeberger, P. H., Eds. Cold Spring Harbor (NY), 2015.

2. Stanley, P.; Taniguchi, N.; Aebi, M.;@lycans. InEssentials of Glycablogy, Varki, A.;
Cummings, R. D.; Esko, J. D.; Stanley, P.; Hart, G. W.; Aebi, M.; Darvill, A. G.;
Kinoshita, T.; Packer, N. H.; Prestegard, J. H.; Schnaar, R. L.; Seeberger, P. H., Eds. Cold
Spring Harbor (NY), 2015; pp 9911.

3. Videira, PA. Q.; CastreCaldas, M., Linking Glycation and Glycosylation With Inflammation
and Mitochondrial Dysfunction in Parkinson's Disedsent Neurosci2018,12, 381-381.

4. SchedirWeiss, S.; Winblad, B.; Tjernberg, L. O., The role of protein glycosylation
Alzheimer diseasd=ebs j2014,281(1), 4662.

5. Montefiori, D. C.; Robinson, W. E., Jr.; Mitchell, W. M., Role of protenglXcosylation in
pathogenesis of human immunodeficiency virus typer@éc Natl Acad Sci U S 2988,85
(23), 924852.

6. Pirmo, S. S.; Reis, C. A., Glycosylation in cancer: mechanisms and clinical implications.
Nature Reviews Canc@015,15(9), 540555.

7. Varki, A.; Gagneux, P., Biological Functions of GlycansEssentials of Glycobiologyarki,
A.; Cummings, R. D.; Esk J. D.; Stanley, P.; Hart, G. W.; Aebi, M.; Darvill, A. G.;
Kinoshita, T.; Packer, N. H.; Prestegard, J. H.; Schnaar, R. L.; Seeberger, P. H., Eds. Cold
Spring Harbor (NY), 2015; pp 738.

8. Molinari, M., N.glycan structure dictates extensiorpodtein folding or onset of disposal.
Nat. Chem. Biol2007,3 (6), 31320.

9. Lin, B.; Qing, X.; Liao, J.; Zhuo, K., Role of Protein Glycosylation in Heathogen
Interaction.Cells2020,9 (4), 1022.

10. Alter, G.; Ottenhoff, T. H. M.; Joosten, S, Antibody glycosylation in inflammation,
disease and vaccinatioBemin. Immund2018,39, 102110.

11. Laine, R. A., A calculation of all possible oligosaccharide isomers both branched and linear
yields 1.05 x 10(12) structures for a reducing hexasaictshahe Isomer Barrier to
development of singienethod saccharide sequencing or synthesis syst@&gobiology
1994,4 (6), 75967.

12. Mulloy, B.; Dell, A.; Stanley, P.; J, H. P., Structural Analysis of GlycanSssentials of
Glycobiology Varki, A.; Cummings, R. D.; Esko, J. D.; Stanley, P.; Hart, G. W.; Aebi,
M.; Darvill, A. G.; Kinoshita, T.; Packer, N. H.; Prestegard, J. H.; Schnaar, R. L.;
Seeberger, P. H., Eds. Cold Spring Harbor (NY), 2015; pp6&29

113



13. Isailovic, D.; Kurulugam, R. T.; Plasencia, M. D.; Stokes, S. T.; Kyselova, Z.; Goldman,
R.; Mechref, Y.; Novotny, M. V.; Clemmer, D. E., Profiling of Human Serum Glycans
Associated with Liver Caouma of Prateothe Researchh o s i s
2008,7 (3), 11091117.

14. Plasencia, M. D.; Isailovic, D.; Merenbloom, S. I.; Mechref, Y.; Novotny, M. V.;
Clemmer, D. E., Resolving and assigningimked glycan structural isomers from
ovalbumin by IMSMS. J Am Soc Mass Spectr@008,19(11), 17061715.

15. Mason, EA.; Schamp, H. W., Mobility of gaseous lons in weak electric fidamals of
Physics1958,4 (3), 233270.

16. Mason, E. A.; McDaniel, E. W., Transport properties of ions in ghigeSA STI/Recon
Technical Report A988,89, 15174.

17. Wei, J.; TangyY.; Ridgeway, M. E.; Park, M. A.; Costello, C. E.; Lin, C., Accurate
Identification of Isomeric Glycans by Trapped lon Mobility Spectromé&iisctronic
Excitation Dissociation Tandem Mass Spectrometnalytical Chemistry2020,92 (19),
1321113220.

18. Williams, J. P.; Grabenauer, M.; Holland, R. J.; Carpenter, C. J.; Wormald, M. R.; Giles,
K.; Harvey, D. J.; Bateman, R. H.; Scrivens, J. H.; Bowers, M. T., Characterization of
simple isomeric oligosaccharides and the rapid separation of glyigeures by ion
mobility mass spectrometrinternational Journal of Mass Spectromef§10,298(1), 119
127.

19. Both, P.; Green, A. P.; Gray, C. J.; Sardzik, R.; Voglmeir, J.; Fontana, C.; Austeri, M.;
Rejzek, M.; Richardson, D.; Field, R. AWidmalm, G.; Flitsch, S. L.; Eyers, C. E.,
Discrimination of epimeric glycans and glycopeptides usingMBl and its potential for
carbohydrate sequencingat Chen014,6 (1), 6574.

20. Zheng, X.; Zhang, X.; Schocker, N. S.; Renslow, R. S.; Ortah, Khamsi, J.; Ashmus,
R. A.; Almeida, I. C.; Tang, K.; Costello, C. E.; Smith, R. D.; Michael, K.; Baker, E. S.,
Enhancing glycan isomer separations with metal ions and positive and negative polarity ion
mobility spectrometrymass spectrometrynalyses Anal Bioanal Chen2017,409(2), 467
476.

21. Mucha, E.; Stuckmann, A.; Marianski, M.; Struwe, W. B.; Meijer, G.; Pagel,epth
structural analysis of glycans in the gas ph&emical Scienc2019,10(5), 12721284.

22. Pagel, K.; Harey, D. J., lon Mobility Mass Spectrometry of Complex Carbohydrates:
Collision Cross Sections of Sodiatedihked GlycansAnalytical Chemistr2013,85(10),
51385145.

23. Harvey, D. J.; Scarff, C. A.; Edgeworth, M.; Pagel, K.; Thalassinos, KUw&tWw. B.;
Crispin, M.; Scrivens, J. H., Travellingave ion mobility mass spectrometry and negative
ilon fragmentation of hybrid and complexdlycans.J Mass Spectror016,51 (11), 1064
1079.

114

k



24. Butler, K. E.; Kalmar, J. G.; Muddiman, D. C.; BakersS., Utilizing liquid
chromatography, ion mobility spectrometry,
derivatized Nlinked glycans in biological sample&nalytical and Bioanalytical Chemistry
2021

25. Ruhaak, L. R.; Zauner, G.; Huhn, C.; Bruggi@.; Deelder, A. M.; Wuhrer, M., Glycan
labeling strategies and their use in identification and quantificadioal Bioanal Chem
2010,397(8), 34573481.

26. Le, H. T.; Park, K. H.; Jung, W.; Park, H. S.; Kim, T. W., Combination of Microwave
Assised Girard Derivatization with lonic Liquid Matrix for Sensitive MALOIOF MS
Analysis of Human Serum{&lycans.Journal of Analytical Methods in Chemis218,
2018 7832987.

2 7. Keser, T. ; Pavil, T . ; -AmihobemzamideG . ; Gorni k,
Procainamide and RapiFludS as Derivatizing Agents for Higihhroughput HILIG
UPLC-FLR-MS N-glycan AnalysisFront Chen2018,6, 324-324.

28. Kalmar, J. G.; Butler, K. E.; Baker, E. S.; Muddiman, D. C., Enhanced protocol for
guantitative Nlinked glycomics analysis using Individuality Normalization when Labeling
with I sotopic GIycan HyaBicamliChea202041Q7),( | NLI GH"
75697579.

29. Ritamo, |.; Rabina, J.; Natunen, S.; Valmu, L., Nanoscale revehssg liquid
chromatographynass spectrometry of permethylatedjjcans.Anal Bioanal Chen2013,
405(8), 246980.

30. Walker, S. H.; Budhathokiprety, J.; Novak, B. M.; Muddiman, D. C., Staidetope
Labeled Hydrophobic Hydrazide Reagents for the Relative QuantificatiorLdriikéd
Glycans by Electrospray lonization Mass Spectrométnalytical Chemistry2011,83 (17),
67386745.

31. Orlando, R.; Lim, IM.; Atwood, J. A., 3rd; Angel, P. M.; Fang, M.; Aoki, K.; Alvarez
Manilla, G.; Moremen, K. W.; York, W. S.; Tiemeydl.; Pierce, M.; Dalton, S.; Wells,
L., IDAWG: Metabolic incorporation of stable isotope labels for quantitative glycomics of
cultured cellsJ Proteome Re2009,8 (8), 38163823.

32. Hahne, H.; Neubert, P.; Kuhn, K.; Etienne, C.; BomgarderR&ggrs, J. C.; Kuster, B.,
CarbonytReactive Tandem Mass Tags for the Protedxide Quantification of NLinked
Glycans.Anal Chen012,84(8), 37163724.

33. Kang, P.; Mechref, Y.; Kyselova, Z.; Goetz, J. A.; Novotny, M. V., Comparative Glycomic
Mapping through Quantitative Permethylation and Stabtgope LabelingAnalytical
Chemistry2007,79 (16), 60646073.

34. Dong, X.; Peng, W.; Yu, &.; Zhou, S.; Donohoo, K. B.; Tang, H.; Mechref, Y-plgx
LCI MS/MS Analysis of Permethylated-Slycans Ahieved by Using Stable Isotopic
lodomethaneAnalytical Chemistry2019,91(18), 1179411802.

115



35.

36.

37.

38.

Shajahan, A.; Supekar, N. T.; Heiss, C.; Ishihara, M.; Azadi, P., Tool for Rapid Analysis of
Glycopeptide by Permethylation via ORet Site Mapping and I¢gcan AnalysisAnal
Chem2017,89(20), 1073410743.

AlvarezManilla, G.; Warren, N. L.; Abney, T.; Atwood, J., 3rd; Azadi, P.; York, W. S,;
Pierce, M.; Orlando, R., Tools for glycomics: relative quantitation of glycans by isotopic
permethylatio using 13CH3IGlycobiology2007,17 (7), 67%87.

Varadi, C.; Mittermayr, S.; MillaMartin, S.; Bones, J., Quantitative twoplex glycan
analysis using 12C6 and 13C6 stable isotopenthobenzoic acid labelling and capillary
electrophoresis mass spexnetry.Analytical and Bioanalytical Chemist8016,408(30),
8691-8700.

Xia, B.; Feasley, C. L.; Sachdev, G. P.; Smith, D. F.; Cummings, R. D., Glycan reductive
isotope labeling for quantitative glycomidsnal Biochen2009,387(2), 162170.

39. Wei, L.; Cai, Y.; Yang, L.; Zhang, Y.; Lu, H., Duplex Stable Isotope Labeling (DuSIL) for

40.

41.

42.

43.

45.

Simultaneous Quantitation and Distinction of Sialylated and Neut@lfdans by MALDF
MS. Anal Chen2018,90(17), 1044210449.

Hecht, E. S.; McCord, J.;Ruddiman, D. C., Definitive Screening Design Optimization of
Mass Spectrometry Parameters for Sensitive Comparison of Filter and Solid Phase
Extraction Purified, INLIGHT Plasma{&lycans.Analytical Chemistr015,87 (14),
73057312.

Walker, S. H.;Taylor, A. D.; Muddiman, D. C., Individuality Normalization when Labeling
with Isotopic Glycan Hydrazide Tags (INLIGHT): a novel glyaahative quantification
strategy.Journal of the American Society for Mass Spectron&ats,24 (9), 13761384.

Wadker, S. H.; Lilley, L. M.; Enamorado, M. F.; Comins, D. L.; Muddiman, D. C.,
Hydrophobic derivatization of Ninked glycans for increased ion abundance in electrospray
ionization mass spectrometty Am Soc Mass Spectr@11,22 (8), 130917.

Waller, S. H.; BudhathoWuprety, J.; Novak, B. M.; Muddiman, D. C., Staldetope
Labeled Hydrophobic Hydrazide Reagents for the Relative QuantificatiorLafkéd
Glycans by Electrospray lonization Mass Spectrométnal Chen2011,83(17), 6738
6745.

. Walker, S. H.; Carlisle, B. C.; Muddiman, D. C., Systematic Comparison of Reverse Phase

and Hydrophilic Interaction Liquid Chromatography Platforms for the Analysis loihked
Glycans.Analytical Chemistry2012,84 (19), 81988206.

Hecht, E. S.Scholl, E. H.; Walker, S. H.; Taylor, A. D.; Cliby, W. A.; Motsingeeif, A.
A.; Muddiman, D. C., Relative Quantification and Higi@rder Modeling of the Plasma
Glycan Cancer Burden Ratio in Ovarian Cancer &2satrol Samples] Proteome Res
2015,14 (10), 4394401.

116



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Tsai, PL.; Chen, SF., A Brief Review of Bioinformatics Tools for Glycosylation Analysis
by Mass Spectrometrilass Spectrom (Toky@P17,6 (Spec Iss), S00680064.

Kalmar, J. G.; Garrard, K. P.; Muddiman, D. C., GlycoHuterOpenSource Software
for the Detection and Relative Quantification of INLIGH &beled NLinked GlycansJ
Proteome Re2021,20 (4), 18551863.

Cooper, C. A.; Gasteiger, E.; Packer, N. H., GlycoMosoftware tool for determining
glycosylation conpositions from mass spectrometric dé&eteomic2001,1 (2), 3409.

Maxwell, E.; Tan, Y.; Tan, Y.; Hu, H.; Benson, G.; Aizikov, K.; Conley, S.; Staples, G.
O.; Slysz, G. W.; Smith, R. D.; Zaia, J., GlycReSoft: a software package for éetioma
recognition of glycans from LC/MS dat@lLoS One&012,7 (9), e45474.

Ceroni, A.; Maass, K.; Geyer, H.; Geyer, R.; Dell, A.; Haslam, S. M., GlycoWorkbench: A
Tool for the ComputeAssisted Annotation of Mass Spectra of GlycahBroteome Res
2008,7 (4), 16501659.

Xiao, K.; Wang, Y.; Shen, Y.; Han, Y.; Tian, Z., Lagpale identification and
visualization of Nglycans with primary structures using GlySeelapid Communications
in Mass Spectromet3018,32 (2), 142148.

Struwe, WB.; Pagel, K.; Benesch, J. L. P.; Harvey, D. J.; Campbell, M. P., GlycoMob: an
ion mobility-mass spectrometry collision cross section database for glycomics.
Glycoconjugate Journét016,33(3), 399404.

MacLean, B.; Tomazela, D. M.; Shulman, KChambers, M.; Finney, G. L.; Frewen, B.;
Kern, R.; Tabb, D. L.; Liebler, D. C.; MacCoss, M. J., Skyline: an open source document
editor for creating and analyzing targeted proteomics experint&niaformatics2010,26

(7), 9668.

Pino, L. K.; Searle, B. C.; Bollinger, J. G.; Nunn, B.; MacLean, B.; MacCoss, M. J., The
Skyline ecosystem: Informatics for quantitative mass spectrometry protebdfaiss.
spectrometry review020,39 (3), 229244.

Adams, K. J.; Pratt, B.; Bose, N.; DubdisG.; St. JomWilliams, L.; Perrott, K. M.;

Ky, K.; Kapahi, P.; Sharma, V.; MacCoss, M. J.; Moseley, M. A.; Colton, C. A;;
MacLean, B. X.; Schilling, B.; Thompson, J. W., Skyline for Small Molecules: A Unifying
Software Package for QuantitaiMetabolomicsJ Proteome Re2020,19 (4), 14471458.

MacLean, B. X.; Pratt, B. S.; Egertson, J. D.; MacCoss, M. J.; Smith, R. D.; Baker, E. S.,
Using Skyline to Analyze Dat@ontaining Liquid Chromatography, lon Mobility
Spectrometry, and Ma§&pectrometry Dimensiond.Am Soc Mass Spectrd@18,29(11),
21822188.

Ashwood, C.; Pratt, B.; MacLean, B. X.; Gundry, R. L.; Packer, N. H., Standardization of
PGGLC-MS-based glycomics for sample specific glycotypifbe Analys019,144(11),
36013612.

117



58.

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

Loziuk, P. L.; Hecht, E. S.; Muddiman, D. C:Jibked glycosite profiling and use of
Skyline as a platform for characterization and relative quantification of glycans in
differentiating xylem ofPopulus trichocarpaAnal Bioanal Chen2017, 409 (2), 487497.

Abdul Rahman, S.; Bergstrom, E.; Watson, C. J.; Wilson, K. M.; Ashford, D. A.; Thomas,

J. R.; Ungar, D.; Thoma®ates, J. E., Filteaided Nglycan separation (FANGS): a
convenient sample preparation method for mass spectiorNeglycan profiling.J
Proteome Re2014,13(3), 11671176.

May, J. C.; Goodwin, C. R.; Lareau, N. M.; Leaptrot, K. L.; Morris, C. B.; Kurulugama,
R. T.; Mordehai, A.; Klein, C.; Barry, W.; Darland, E.; Overney, G.; Imatani, K.;
Staffod, G. C.; Fjeldsted, J. C.; McLean, J. A., Conformational Ordering of Biomolecules
in the Gas Phase: Nitrogen Collision Cross Sections Measured on a Prototype High
Resolution Drift Tube lon MobilityMass SpectrometeAnal Chen014,86 (4), 2107

2116.

Stow, S. M.; Causon, T. J.; Zheng, X.; Kurulugama, R. T.; Mairinger, T.; May, J. C.;
Rennie, E. E.; Baker, E. S.; Smith, R. D.; McLean, J. A.; Hann, S.; Fjeldsted, J. C., An
Interlaboratory Evaluation of Drift Tube lon Mobilitiass SpectrometrCollision Cross
Section Measurement&nalytical Chemistry2017,89(17), 90489055.

Bilbao, A.; Gibbons, B. C.; Stow, S. M.; Kyle, J. E.; Bloodsworth, K. J.; Payne, S. H.;
Smith, R. D.; lbrahim, Y. M.; Baker, E. S.; Fjeldsted, J. C., A Pregssing Tool for
Enhanced lon MobilityMass Spectrometrgased Omics Workflowsl Proteome Rez021

Pang, Z.; Chong, J.; Zhou, G.; ld@a Morais, D. A.; Chang, L.; Barrette, M.; Gauthier,
C.; Jacques, FE.; Li, S.; Xia, J., MetaboAnalyst@&. narrowing the gap between raw
spectra and functional insightsducleic Acids Resear@021,49 (W1), W388W396.

Xia, J.; Psychogios, N.; Young, N.; Wishart, D. S., MetaboAnalyst: a web server for
metabolomic data analysis and interpretatiducldc Acids ResearcB009,37 (suppl_2),
W652W660.

Zhang, R.; Sioma, C. S.; Wang, S.; Regnier, F. E., Fractionation of isotopically labeled
peptides in quantitative proteomiédsnal Chen001,73(21), 51429.

Filer, C. N., Isotopic fractionatiorf organic compounds in chromatograpgurnal of
Labelled Compounds and Radiopharmaceuti¢889,42 (2), 169197.

Hecht, E. S.; McCord, J. P.; Muddiman, D. C., A Quantitative Glycomics and Proteomics
Combined Purification StrategyoVE2016, (109, e53735.

May, J. C.; Knochenmuss, R.; Fjeldsted, J. C.; McLean, J. A., Resolution of Isomeric

Mixtures in lon Mobility Using a Combined Demultiplexing and Peak Deconvolution
Technique Analytical Chemistry2020,92 (14), 94829492.

118



69. Dodds, J. N. May, J. C.; McLean, J. A., Correlating Resolving Power, Resolution, and
Collision Cross Section: Unifying Cro$datform Assessment of Separation Efficiency in
lon Mobility SpectrometryAnalytical Chemistry2017,89 (22), 1217612184.

119



CHAPTER 5: High Resolution Demultiplexing (HRdm) lon Mobility Spectrometry-Mass

Spectrometry for Aspartic and iscAspartic Acid Determination and Screening
5.1 Abstract

Isomeric peptidanalyses are aanalytical challenge of great importancetherapeutic
monoclonal atibody and othetiotherapeuticproduct development.Aspartic acid (Asp) to
isoaspartic acidi$oAsp) isomerization is a critical quality attribute (CQA) that requires careful
control monitoringand quantitatiomuring the drug discovery and productiogesses.While
the formation ofisoAsp has been implicated in a variety of disease statel as autoimmune
diseases and several types of cantés also understood that the formationsiAsp results in a
structural change impacting efficacy, patgnor immunogenic properties, all of which are
undesirable. Currently, lengthy ultra-high performance liquid chromatographyJRLC)
separations areoupled with MSor CQA analyses; however, these measurements often take over
an hour and drastically limitnalysis throughput. In this manuscript, drift tuibe mobility
spectrometrymass spectrometry (DTIMBIS) and both a standard and higdsolution
demultiplexing approaciereutilized to study eight isomeric aspartic and isoaspartic acid peptide
pairs. While the limited resolving power associated witie standard DTIMS analysisnly
separaedthree of the eight pairs, tlapplication ofHRdmdistinguished seven of the eight and
was only unable to separate DL and isoDhe Tapidhigh throughput HRdm DTIM$/S method
wasalsointerfaced with botHlow-injection andan automatedolid phase extractiosystemto
demonstratescreening capabilities for isomeric peptidescomplex samples, resulting in a
workflow highly suitable for biopharmaceutical researchdsee
5.2 Introduction

Proteins and peptides are capable of undergoing several spontaneous chemical reactions

even under standard physiological conditionzluding deamidatiof, isomerizatiort* and
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racemizatior?. These postranslational modifications occur readily in proteins and peptides and
are extremely challenging to detect and study with mass spectrometry (MS), as several do not have
mass shift§' * Of specific interest is the formation cfoiaspartic acid (isoAsp, isoDyhich can

be createceitherthrough the deamidation of asparagine (Asn, N) or the isomerization of aspartic
acid (Asp, D) Figure 5.1).” The conversion of Asp and Asn to isoAsp hagn implicated in
several agingelated disorders, particularly those of the eyes and brain, as well as cancer and
decreased autoimmune resporgge to protein structural ahges &° 1. 12 Dyring the
development of biotherapeutjcscluding butnot limited to mAbs and bispecific antibodjés!*

it is alsocritical to unequivocally identify anduantify CQAsS>!’ that couldnegatively impact

the stability and activity of the candidgamolecules. Biotherapeutic aldates are therefore
subjected to a sess of forced degradation studies determine their stability, gpopriate shelf

life, suitable storage artdansport conditions, a process known as Molecular Assessté&he
chemical liabilities are also monitored and quantified during late stage product development within
a current good manufacturing process (cGMP) environment using theattdliute method
(MAM). *° IsoAsp is one of the degradation products routinely screened by biopharmaceutical
companies since the spontaneoustr@nzymatic conversion of Asp and Asn to iSoOAsp can
produce a structural change in the protein structure, resulting in protein aggregation and potential
decreases in drug potent$.2% 2!Conversion of Asp andsn residues located on the complement
determining region (CDR) of antibodies has also led to a substantial decrease in potency of
therapeutics, even for the conversion of a single Asp redfdlisus, having an effective, high
throughput method to screen potential new drug products for this isomerization at each of the
crucial steps in the reseh and production pipeline would be greatly advantageous for the

development of these novel biotherapeutics.
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Onechallenging aspect of performing biotherapeutic characterizations is the development
of analytical techniques that can rapidly and accurately detect and quantify these isomeric peptides.
This is in part because they share the samfevalues and similar pisicochemical properties,
making analyses with MS and chromatographic methods-tnmoal. Commonly, these
spontaneous degradation products are detected using a combination of targeted peptide mapping
followed by lengthy chromatographic separations andM&Sdetectiort? While these standard
practices are robust, they are extremely-tbvoughput ad preclude screening capabilities. To
address this limitation, advances have been made in the use of immunoassay and elpagethtic
screening tests, as well as bioluminescence and fluorescence %ssayshich exclude
chromatographic separation and are not as time consuming as other commonly applied methods
such as peptide mapping. However, while these screening tools are capable of rapidly detecting
iSOAsp, they lack specificity and fail to provide the locatad the isomerization on the protein or

peptide sequencd.?* MS detection of isoAsp is therefore preferable for this reason, particularly
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in pharmaceutical preparations where the location of the isomerizatiosignificantly decrease
the potency of the mAbased therapeuti?s.

The majority of MS mihods used in the detection of isoAsp rely on fragmentdiased
dissociation techniques, such as electron capture dissociation (ECD) and electron transfer
dissociation (ETD), where the presence of isoAsp is verified by certain characteristie 3éAfs.
Recently MALDIToF/ToF was demonstrated as an effective alternative to the aforementioned
electron based fragmentation techniques for Asp and isoAsp differenfativhile these
techniques yielded reproducible results, they are reliant on the assumption that the fragment ions
will be abundant enough for detection, which may not be the cas@A§p quantities are low.
Attempts at modifying isoAspontaining peptides prior to fragmentation by ECD/ETD have also
been utilized. In particular, enzymatic labeling of isoAsp Wb and gagphase ion chemistry
with carbidiimidé® *° have shown promise in detecting isoAsp peptides important tclmasdéd
pharmaceuticals. However, while the analytical workflows for the detection amdiization of
iISOAsp exist, the procedures often require peptide fractionation and lengthy (>1 hr)
chromatographic separation of the Asp and isoAsp containing peptides prior to fsilem
analyse€? Thus, the development of a robust, hihoughput screening method for isoAsp
content determination in biotherapeutics would benefit both prodwelafement and quality
control for mAbbased therapeutics.

Here, we developed a rapid solid phase extraction method coupled with EMIBASPE
DTIMS-MS) to evaluate isoAsp isomerization and facilitate figtoughput screening of peptide
samples for theseedradation products. Since DTIM8S is a gagphase technique capable of
separating analytes by mass, size and sHapéjt has great utility for separating isomeric

molecules analyse$38 By evaluating eight isomeric peptide pairs containing either Asp or iSOAsp
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modifications found within the anrstreptavidin IgG1 mAb, we assessed the feasibility of-SPE
DTIMS-MS for this screening. The application of both standard CH dquisition and the use
of a novel high resolution demultiplexing (HRdm) stratétgroviding an increase in the DTIMS
resolving power from ~60 to over 200 while still allowing millisecond IMS separation and not
requiring instrument modifications.
5.3 Experimental
5.3.1 Chemicals

Optima grade methanol, acetongriformic acid, and ammonium acetate were purchased
from Fisher Scientific (Pittsburgh, PA)and@e d as r ecei ved. 18.2 MY Mi
was purified using an thouse water filtration system (ELGA PurelLab Flex purification system,
High Wycombe, UK). All synthetic peptides were obtained from Anaspec Inc. (Freemont, CA)
and prepared in watép a concentration of 10 uM prior to analysis.
5.3.2 Flow Injection Analysis (FIADTIMSMS Experiments

All FIA experiments were performed with electrospray ionization (ESI, Agilent Jetstream)
using an Agilent 1290 HPLC (Santa Clara, CA) coupled to aleAg6560 IMQTOF MS (Santa
Clara, CA). This instrument has previously been characterized and consists of a ~78 cm drift cell
with ~4 Torr of nitrogen drift ga& 4! Prior to all experiments, mass calibrationtied DTIMS
MS platform was performed. Experiments to determine CCS values and evaluate separation
efficiency were performed with FIA using the HPLC to inject 2 pyL of each peptide into a stream
consisting of 50% mobile phase A (MPA) and 50% mobile phase BB)Mit a flow rate of 0.2
mL/min. Here 2 different MPAs and MPBs were evaluated for the best ionization of the peptides.
Our first MP set consisted of MPAL1: 5 mM ammonium acetate in deionized water and MPBL1.:

95:5 methanol:5 mM ammonium acetate in deionwader. Our second MP set was MPA2: 5
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mM ammonium acetate in 0.1% formic acid in deionized water and MPB2: 95:5 methanol:5 mM
ammonium acetate in 0.1% formic acid in acetonitrile. Each peptide standard or mixture was
analyzed in triplicate using both pog& and negative ionization mode over a range of 100 to 1700
m/z Standard DTIMSVIS measurements were conducted using a single IMS trap and release
cycle, with a trap fill time of 40 ms and a release of 100 ps. For HRdm measurémstssiviS
data was acquired using ab#t multiplexing method, with a trap release ¢iraf 3.9 ms and a
release time of 100 pys. The uniform field strength used for DTIMS separations was between 12
17 V/cm. Additional parameters used for DTINI& data acquisition are detailed Appendix
D (Tables D.1-D.3 for standard IMS acquisition an@iables D.4-D.6 for 4-bit multiplexed
acquisition).
5.3.3 SPEIMS-MS Experiments

High-throughput screening experiments were performed for both individual peptide
standards and peptide mixtures using the Agilent RapidFire 365 (Santa Clara, CA) SPE system
interfaced with the Agilent 6560 INQTOF MS. Two types of SPE cartridges (C4 and C18) and
the two mobile phase compositions from the FIA experiments were used with a 20:80 MPA:MPB
composition for the elution step. The four main stage for the SPE analysigaeti@s, load,
elution, and reequilibration which had times of 0.6, 3, 6, and 1 sec. The solvents and mobile
phases compositions utilized in the three stage following aspiration consisted of (MPA:MPB): load
T 100:0, elutioni 20:80 and resquilibrationi 100:0. To minimize sample caroyer, the sipper
and injection valve loops were washed between samples using both water and acetonitrile. All
SPEDTIMS-MS measurements were also conducted using thé whultiplexing approach

described in the previous se.
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5.3.4 CCS Determination

Prior to CCS analyses, multiplexed data files were demultiplexed using the PNNL
PreProcesséf (v. 3.0 build 2020.11.24gurrently in betahttps://omics.pnl.gov/software/pnanl
preprocessgrand a newly introduced data interpolation feature where 3 points were substituted
for 1 data point. Additional parametesse described iAppendix D (Figure D.1). CCS value
determination was performed using the Agilent MassHunter Workstation SoftwaMSIM
Browser Version B.10.00 and the single field CCS method which has been described in detail
previously*! Briefly, in the singlefield approach, a series of calibrant ions (Agilent tume) are
first analyzed under experimental conditions identical to those used to measure samples and a
linear regression derived from the MasBohamp equation is generated correlating the observed
tune mix ionsd drift *“tThemessltingacalibrationtishtieen used@c€CS v a
calculate CCS values for theaytes of interest and has shown interlaboratory deviations of
<~0.6%%! In this study, the CCS value obtained for each isomeric peptide ion andzitsere
then imported as a transition list into Skyline (MacCoss Lab Software, v. 21.1), which was
subsequently used to determine peak areas for both the FIA and SPEsanalys
5.3.5 High Resolution Demultiplexing (HRdm)

The methods utilized for HRdm have been previously described by May et al. and herein
were applied to the assessment of isomeric #&pisoAsp containing peptid&stEeature finding
was performed on each data file using the internal feature finding tool in AgilemSMrowser
v 10.00 Appendix D, Figure D.2), and the resulting feature list was exported along with the raw
data file, demultiplexed data file, and resulting feature list into the Agilent High Resolution
Demultiplexing tool 1.0 (prerelease build 52). Thiware allows for posprocessing resolving

power enhancement at three separate processing (wejsmedium and high)For the analyses
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presented herein all three processing levels were assessed for both resolving power enhancement
and preservation gfeakarea under the curve (AUC).
5.4 Results and Discussion
5.4.1Investigating the CCS Values of Isomeric Peptide lons

To assess standard acquisition and HRdm applied to the DTIMS separation of Asp and
iISOASp peptide pairs, eight isomeric pairs were evatias individual peptide standards and
isomeric mixtures. The eight pairs were: D/isoDL, LD/isoDA, ALD/isoDGK, AD/isoDGLK,
ALD/isoDGE, ALD/isoDEK, GD/isoDLLLK, and GLD/isoDLLK. While the isoAsp/Asp
isomerizations were of primary interest, two pairs ougsege isomers were also included. Both
pairs contained a sequence isomerization in which the location of the Asp residue within the
sequence was switched with Leu (L) from the second amino acid fromtimenikhus to the third
residue from the MNerminus AD/isoDLGK vs. ALD/isoDGK and GD/isoDLLLK vs.
GLD/isoDLLK). While the vast majority of proteomics work is commonly carried out using only
positive mode ESt3 * here peptides were assessed using both positiveegative modes to
compare the separation efficiency of the different ion types. Thus, CCS values were obtained for
all 16 peptide standards in both ion modes and for each observed ion type. In positive ion mode,
the peptide ions were observed as both [\+&hd [M+Na] ions, while in negative ion mode
[M-H] and [M-2H+Na] ions were detected. The singleld CCS values for each peptide ion
investigated are listed lippendix D (TablesD.7 and D.8).
As adduction to metal ions has previously been demdeasditta facilitate IMS separatiot?s®” 4°

48 \we also evaluated the sodium adducts to understand their potential for adding
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Figure 5.2. Separation of sequence isomers revealed a potential influence of the isodtgm

and the ability of DTIMS to separate the pairs. For example the 4 isomeric pairs on the left illustrate
that peptides with X.D-Z sequences (top) had minimal to no DTIMS separation, while those with

a X-DL-Z sequence (bottom) had more distinct®@lues and baseline separation upon sodium
adduction (right).

confidence to the measuremeritgerestingly, differences in isomeric pair separations were noted

in the different ion modes and for different ion types in the same ion modes. In segesl ca
adduction to sodium was demonstrated to improve peptide isomer separations compared to
protonation or deprotonatiospecifically, in the case of peptides having DL and LD sequence
isomers, mvestigationsinto both the deprotonated and {BH+Na] addicts revealed that the
location of the Asp residue within the peptide chain was influential in differentiditénmeptides
(Figure 5.2). In their deprotonated forsnboth peptide pairs contay the generic sequeneX -
LD/isoD-Z andX-D/isoDL-Z (where X epresents thef&rminus amino acid and Z represents the
remaining amino acid sequencisplayed either minimal or no separatidinglure 5.2). However,

upon sodium adduction the isomeric peptide pair containing theXisoDL-Z sequencevas
baseline reswkd, whilethe peptidesontaining XLD/isoD-Z remained unresolveddduction of

sodium in ESI is often associated with the availability of oxygen atoms within a particular

moleculg*® °°°! and sequencalependence has bespecifically noted for spontaneous isoAsp
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formation in peptides and proteitt®® This is particularly exacerbatdaly the localization of

amino acids with smaller, more hydrophilic functiogabups, such as glycine (Gly, G), serine

(Ser, S), and histidine (His, H) on thet@minus side of Asp and Asn residd@®revious work

has demonstrated that the presence of these less bulky amino acids allows for a certain degree of

peptide flexibility, making them amenable to succinimide foromat! In particular, protein

regions cotrining the sequence motif Aply are particularly prone to succinimide formatin,

7 particularly in the mildly acidic storage environments most commonly employed for

antibodies® & >®While future studies characterizing peptides containing these sequence isomers

are necessary, these findings serve as a promising starting point for computational investigations

into the structurenobility relationship of these isomerpeptides.

542Characterization of I somer Separations by «
Previous work by Dodds and coworkers investigated the utility of percent difference in

CCS (pPCCS%) as a means of assessing difficult)

sepaability of compounds at a stated. R The Agilent 6560 has anaveragelRf 60 ( CCS/ pCC

and as such two analytes need to pobkBegsses :

separation, while those with @CCS% above 1. 79

any analytes with | ess t hhavwe mihbimal papoCisSadmixturee n ot

at this given resolving power(Figure 5.3 top).®® Representative drift spectra from each

classification are shown in the bottom paneFmjfure 5.3.Uponexamination of the drift spectra

ard CCS values fothe isomeric peptide pajrgarying degrees of separatiaere observed. e

resulting @CCS% for seven of Figueé3(®p).dhHeeightnept i de

pair, DL and isoDL, wasot assessed due fismearing in thar IMS drift spectra, which is

commonly attributed to ion multimerization during ES8t ion trapping, followed bythe
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subsequent dissociation within the drift GIThis phenomenon was particularly pronounced in

negative ionization modé\ppendix D, Figure D.3), preventing assessmentidTIMS separation
for this particular peptide jpa Close examination of thetherpeptide pair©ioweverevealed that

only two pairs, GD/isoDLLLK and AD/isoDLGK meet h e

PCCS %

t hreshol

baseline resolution in negative ionization matléheaverage Rof 60, whileonly GLD/isoDLLK

were halfheight differentiable when using positive ionization. While a majority of the peptide

pairs had at least onedduct that exceeded the 1.48CCS% threshold necessary for 10%

d

neec

separation, the ability to distinguish isomer pairs at 10% separation in complex mixtures becomes

challenging and unreliable.
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Figure 5.3. Three distinct categories were used to assign thengsemeric pairs in this study
based on the Agilent 6560 standardoR60. The three separate categories were based on their

DTIMS CCS differences: <1.4% CCS difference (Minimal Separation), between 1.4% and 2.3%
difference (Moderate Separation), and392.(Baseline Separation). When not utilizing HRdm,

only three pairs had >2.3% CCS differences and could be baseline separated in routine operation.
lons with a negligible CCS differences are denoted with an asterisk.
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To address the limited Rf the stadard DTIMS separation used, HRdm was evaluated.
HRdmhas been described in detail previously by May etra provides aignificant increase in
effective DTIMS R, whenapplied postacquisitionto data acquired in-%it multiplexng mode3®
There are currently three separate modes of HRboessingermed low, medim, and high
Each mode performs a different amoundata fittingwith low having the least effect and high
having the most® An example of each of these processing modes appliede@four isomeric
peptide pairs is displayed kigure 5.4A. The lowest available HRdm method provides the least
improvement in R(average of ~ 80 from previous work), and the highest HRdm improves the
average Rto ~210, although values of over 300 have previously been regditedvever, this
heightened mode often reduces the number of data points observed within each drift spectra and
may contribute to poor quantitatioAgpendix D, Figure D4). The medium processing mode
available yields an average & ~120 and allows for halieight separation of isomers who differ
in CCS by ~1.2%HKigure 5.4B) but it does not reduce the number of points across the drift spectra
peak as severely as high deo To demonstrate the utility of HRdm for the assessment of
Aspl/isoAsp pairs, the three processing modes were applied to each peptide pair. An example of
this process for the isomeric peptides AD/isoDLGK is illustrated-igure 5.4A. In their
deprotonate forms, these analytes possess CCS values of 217.0 A2 and 220.3 A2, with a percent
di fference of 1.5% @CCS%. Dri ft spectra for
multiplexing revealed an JRof 55 for ADLGK and 54 for AisoDLGK Kigure 5.4A). When
assessed as an equimolar mixture, DTAMS analysis revealed a singbeak for the associated
drift spectra, and thus the associated isomers could not be readily differentiatestdeistion
application of HRdm to the data in its low processing epadcreased the observed & the

peptide standards to 143 and 151. This enhanced resolving power readily facilitated the separation
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of these two isomeric peptide standards when in an equimolar mixture, resulting in a 60%
separation of the peptide paif$ie medium processing mode led to further enhancement ofthe R
of each drift spectra, with the observegif®® ADLGK and AisoDLGK increased to 210 and 220
and resulted in a 90% separation of the peptide pairs. Interestingly, further enhancement using the
high processing mode maintained the 90% separation of the peptide pairs in the equimolar mixture.
Examination of each set of peptides revealed that the use of the low processing could separate
three of out of the seven pairs examined to-haight sepat#ons (Figure 5.4B), while both the
medium and high processing levels were capable ofhieddfht separation for all seven peptide
pairs. It was also noted that all seven peptide pairs could be separated in negative mode just by
their deprotonated ions, @rfive of the seven could be separated in positive mode with their
protonated ions. Therefore, emphasis for the rapid screening of these peptides was put on
separabn of their deprotonated ions.

Since deprotonation illustrates such potential for rapidestng of the peptides from this
study, HRdm enhancement was also applied to the equimolar mixture of all eight isomer pairs.
Figure 55A shows the nested spectra for théz window in which the [MH] ions for three
peptide pairs (AD/isoDLGK, ALD/isoDGKand ALD/isoDGE) were observed after routine
demultiplexing. To further complicate thig/z area, two of three pairs (AD/isoDLGK,
ALD/isoDGK) are isomeric and the third pair (ALD/isoDGE) has a hominal m/z value matching
the [M+1] peak for the others. Inithcomplex mixture, a single peak was observed for both
AD/isoDLGK and ALD/isoDGK as well as for ALDGE and ALisoDGIEigure 5.5B). Upon
application of the medium processing level of HRdm to the same data file, three peaks for the [M
H] for AD/isoDLGK andALD/isoDGK could be observed={gure 5.5C). This was due not to

pair overlap, but overlap of AisoDLGK and ALDGK, which share the same CCS of 217A2.
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However, these two peaks are readily differentiated using thekHWNaJ adduct Appendix D,
Figure D.6), which demonstrates the utility of the sodiated adductssdéoeening candidate
peptides for this isomerization. The {Ml|" peak for ALD/isoDGE was baseline differentiated,
with relative peak abundances maintained between routine DTIMS and HRdm DTFItBe(

5.4D). This was also observed for the-H+Na] adduct of this pair, as illustrated Appendix

D, Figure D6.
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Figure 5.4. Low, medium, and high HRdm processing improved IMS resolving po&jefhe
separation of ADLGK/AisoDLGK illustrates improvemerih resolving power based on the
increasing rigor of the resolving power enhancement applied. Thadiglit separation was
determined in terms of percent difference in CGECS%) at the given average resolving
power (Rp) of each mode of HRdm enhancem@nComparison of the low, medium and high
processing mode showed low separated 5 out of the 7 isomer pairs, while both the medium and
highest processing levels provide hadfight separations for all the investigated isomer pairs.
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Figure 5.5. HRdm DTIMS-MS analyses for complex mixtures of Asp and isoAsp containing
peptidesA) Three peptide pairs (AD/isoDLGK, ALD/isoDGK, and ALD/isodDGd&E shown in
the nested spectra as {M] ions. B) Two separable isomers (ALD/isoDGE) are observed at
502.2163m/zand four isomers occur at 501.2684#z but only a single IMS peaks appears in the
complex mixture at each specified/z C) Following medium HRdm processing, the IMS
separations improved such that two baseline differentiated peaks were observed foo BGE/is
and three peaks were observed for AD/isoDLGK and ALD/isoDBKSince AisoDLGK and
ALDGK share the same CCS value, overlap was observed.
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The significant improvements in DTIMS separations upon application of HRdm
enhancement are extremely excitingnasadditional analysis time is needed and ~60 millisecond
separations are still possible. However one of the major concerns is the reduction of points across
the drift spectra peak with increasing HRdm enhancenfgmgndix D, Figure D.4). As there
are stict guidelines for monitoring the formation of isoAsp in biopharmaceuticals, it was necessary
to determine how severe the impact of this application would be on relative peak area. To
compensate for the reduction of data points used in this process, MeMBProcessas’’ data
interpolation feature was utilized to increase the number of data points across the curve from one
to three. The ratio of the pk area under the curve (AUC) for each IMS drift spectra of iSoAsp to
Asp peptides was then determined before and after each level of HRdm enhancement. For
comparison, the percent difference between the routinie Fultiplexed drift spectra and those
obtained using each HRdm enhancement level were found to only differ on average by 2.2% and
not exceeding 11% for any of the ions asses8p@gndix D, Table D.9). Thus, the reduction of
data points across the IMS peak does not appear to have significactisimpshe AUC and would
not preclude quantitation capabilities.

5.4.3 SPEIMS-MS for Isomeric Peptide Screening

Rapid solidphase extraction (SPE) systems have been utilized previously in conjunction
with the DTIMSMS to develop higtihroughput screengnmethods for isomeric compounds, such
as glycans and xenobiotit§.52 High throughput SPBS has also used for assessing levels of
acrylamide covalent modification to a target sulphydryl reSitlred multispecific antibody clone
screening? In the SPEDTIMS-MS workflow, sample cleanp was performed by loading the
sample onto the SPE cartridges whiadre selected based on the ands/tmmpatibility with the

cartridge stationary phase. After loading, the sample was washed and subsequently eluted for direct

135



DTIMS-MS analysis. This rapid SPETIMS-MS platform performs sample cleap and
subsequent DMS-MS analysis with a ~10 s samgfesample throughput, making it amenable

for screening pipelines. Since C4 and C18 materials are commonly employed for the analysis of
small molecules, proteins, and peptidegyre 5.6), both SPEcartridges were analyddor the

best peptide capturirfg: 84 ©° Additionally, two mobile phase systems were investigated to
determine which solvent conditions resulted in optimal sample -clparelution, and ion
abundance for each pede. Peak areas were log2 transformed for the protonated ions in each
condition, and the results are highlighted=igure 5.6 (for deprotonated adducts, s&ppendix

D, Figure D.7). For both positive and negative ionization, it was observed that tloityayf
peptides retained best on the C18 cartridge and then subsequently eluted with 80:20 0.1% formic
acid (FA) in water: 0.1% FA in acetonitrile (ACN). However, it should be noted that all peptide
standards were above the limit of detection, excepbf@oDL due to the smearing mentioned
previously. Furthermore, adduction to sodium was decreased when usirDTHRE-MS as
opposed to FIADTIMS-MS (Appendix D, Fgure D.8). While assessment of the ratio of
protonated to sodiated species varied sliglattyapproximate 1.3:1 ratio was observed for-FIA
DTIMS-MS and 120.0:1 for the comparable SRES-MS analysis Appendix D, Table D.10).

These findings suggest that the SPE step significantly reduces sodiyangix D, Figure

D.8B), which may benefit resedrers who require quantitative assessment of unadducted proteins

and peptides.
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Figure 5.6.Two different SPE cartridges, C4 and C18, and two mobile phase systems were
investigated for the peptide standards using-BFBVS-MS. Peak areas for the protonated
peptides were determined in Skyline using the anticipaiednd CCS for each peptide
standard, then log2 transformed to facilitate comparisons between peptides of differing
abundance. C18 with 0.1% formic acid (FA) and acetonitrile (ACN) provides theras
comparable ion signal for all peptides studied. In triplicate analyzes, all peak areas illustrated
differences less than 5%.
5.6 Conclusion

In this work, we utilized a novel HRdm data processing capability with DTIMS to maintain
millisecond evaluabns but greatly improve the resolving power possible for eight isomeric
peptide pairs containing either Asp or isoAsp residues. Prior to HRdm processing of the data, we
were only able to separate 3 of 8 isomeric pairs; however, HRdm enabled differemtfatiof
the 8 peptide pairs and facilitated the use of -BHEMS-MS for rapid screening of iSOAsp
formation. This SPEDTIMS-MS platform therefore provides a promising starting point for use in
guality screening of isomeric molecules such as peptideaioong either Asp or the degradation
product isoAsp. Furthermore, from a biopharmaceutical perspective, the application of DTIMS for
Asp and isoAsp characterization is also attractive as it compliments analytical techniques already
being applied within bipharmaceutical research and developm@iif,and increases the peak
capacities possible within traditional H@S workflows®’ One can therefore envisage the

combination of rapid chromatograpffior electrophoretf® separation being combined with both

IMS and an electron based fragmentation methét’ for unequivocal deterimation of Asp to
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isoAsp isomerizatiof? Thus, DTIMSMS shows promise for both LC and SPE coupling in
biotherapeutic evaluations fprovide additional identification confidence and enable screening

capabilities.
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CHAPTER 6: A High-Throughput lon Mobility Spectrometry -Mass Spectrometry
Screening Method for Opioid Profiling
6.1 Abstract
In 2017, the United States Department of Health and Human Services declared the
widespread misuse and abuse of prescription and illicit opioids an epidéowever, he U.S.
Opioid Epidemic began inthe 1990s wheropioids were extensivelyprescrbed for pain
management resulting in widespread patient dependence on these highly addictive
pharmaceuticals. To date, opioids are still prescribed for acute andacheamimanagement, and
given their abuse potential, rapid screening is imperdtvepatient treatmentOf particular
importance is assessing patient compliaimceain management, where evaluating drug use is
crucial for preventing opioid abuse and paigroverdoses. In this work we utilized drift tube ion
mobility spectrometry coupled with mass spectrometry (DTHMIS) to develop a rapid screening
method for 33 target opioids and opioid urinary metabolites. DTIMS measurements provide
information onthe charge state, size, and shapfeeach moleculevhich canultimately be
converted to the molecular descriptor referred to as a collision cross section (CCS). CCS values
were determined for all target molecules using a {ioj@ction DTIMSMS method, which
allowed for simultaneous detection of all compouadd differentiation of 27 out of the 33 opioids
included in the panelithout prior chromatographic separation when utilizing a novel high
resolution demultiplexing (HRdm) algorithrRurthermorean automted solid phase extraction
(SPE)platformwascoupled to DTIMSMS fortensecondsampleto-sampleanalygs TheseSPE
IMS-MS measurementpresent a major improvement in sample throughput compared to
traditional chromatographic analyses coupled with MS whiatinely take X minutes samgle-
sample.Overall, this vast reductioim analysistime facilitates a faster twaround for patient

samplesprovidinggreat benfts to clinical applications
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6.2 Introduction

Opioids are a class of basic alkaloid gabses which are commonly used for their
analgesic propertiés> Structurally, opioids possess a conserved aromatic core structure and can
be subdivided into categories based on their naturally occurring or 8graghgin as detailed in
Figure 6.1.! While the given potencies of opioids may be diverse, they exhibit similar
pharmacological mechanisms by acting on the central nervos y st em ( CNS) , part
and ® opioid receptors, and promoting respon.
depression:# Several of these effects, in particular the analgesic and euhduizing properties
of these drugs, make them an attractive option for use in a clinical setting, predominantly for
management of both acute and chronic pain. However, while clear clinical benefits to opioid use
exist, there are also severe concerns assdcwith opioid prescription for pain management,
particularly given the need for increased dosages associated with tolerance developed from long

term use and their highly addiction properties, which drive physical dependence and opioid

addiction®
Natural Semi-Synthetic Synthetic
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Figure 6.1. The chemical structures of various classes of opioids. Naturedlyrring and semi
synthetic opioids all share the same phenanthrene backbone, while the more synthetic opioids such
as the pheylpiperidines, cyclohexanoles, and phenylheptylamines deviate from this scaffold but
maintain the aromatic core necessary to act upon opioid receptors in the central nervous system.
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The high abuse potential associated with opioids has garnered incra@siigpn as the
rate of opioid drug use and abuse in the United States has steadily increased over the past twenty
years> ' Death rates from drug overdoses have more than tripled since 2000, with a 200% increase
in deaths connected to opioiiEurthermore, at least 65,000 people died from drug overdoses in
2016, with 66% of those overdesattributed to opioid useAs a result, in 2017 the United States
Department of Health and Human Services declared opioid abuse a public health crisis, promoted
by the misuse and abuse of both licit and illagiioids? “° The declaration of this public health
crisis has served as a major impetus for opioid prescription reform, particularly in the management
of both acute and chronic pair’: ® 115 While these efforts have resulted in a significant decline
in opioid prescriptions since 2017, opioids are still used in pain management programs. Thus, the
ability to continually monitor their therapeutic use in a clinicalisgtis vital for ensuring proper
usage and mitigating the possibility of developing opioid dependency.

Pain management using opioids is a balancing act for physicians, who must moderate the
necessary dosage to ensure patient quality and dignity ofwlifée monitoring unintended
adverse effects such as physical dependence or addftTibis is frequently complicated by the
patients as they commoniyisrepresent or underreport their drug use habifsTo mitigate these
challenges, physicians and clinicians typically utilize pain management compliance monitoring
through urine drug testing, and rely on the toxicological information to determine whether the
patient is abiding by their prescribed dosages or sopmoiéing with additional, neprescribed
drugs?®22 Preliminary testing is often conducted using enzymatic immunoassays (EIAs), which
are an attractive option for initial screening because they are relativelyeimaxp, noflabour
intensive, and provide screening of a large number of urine saffig$ While all opioids have

a shared backbone structure, the development of specific opioid EIAs is notoriously challengin
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due to the increasing number of synthetic opioids currently encountered in patient samples, all of
which limit the specificity of these test$.2325 27 28Fgr example, the traditional EIA for opiates
fails to detect oxycodone, as it has been sufficiently modified from morphine to prevent it from
interacting with opiate antibodies. Thus, an additional oxycodpeeific EIA is required in
addition to the commonly utilized opiate pafel?® 28 29 Moreover, EIAs exhibit limited
sensitivity, often with high cubff limits, and are prone to crossactivity, which may facilitate
false positive result®. Given these limitations, further confirmatory testing is routinely performed
on urine samples that exhibit poee results. These tests commonly use either gas
chromatographynass spectromety 332 (GC-MS) or liquid chromatography coupled with
tandem mass spectrometry AMIS/MS), 3328 both of which possess a higher degree of specificity
and sensitivity and have a lower frequency of false results. However, chromatographic methods
are not readily amenable to a hitittoughput analysis pipeline, with the typical method for opioid
detection requiring 6 to 30 min per samffle’l: 33 3

Drift tube ion mobility spectrometry (DTIMS) has historically been applied to the analysis
of controlled substances and other forensieslgvant sample¥ DTIMS is a gaghase
separation technique in which ions are separated based on their size ashlagigargé®*? The
mobility of the ions through a buffer gas is determined under the influence of a uniform electric
field. Following this evaluation, a molecular descriptor that provides information aboutahe sh
of an ion, referred to as their ioreutral collision cross section (CCS), can be calcul&t&d.
Additionally, IMS separations occur on the millisecond timescale, providing a well nested
timescale which is aily interfaced to both chromatographic separations (minutes) and MS
(microseconds}® When coupled with MS, IM$/1S provides multiple dimensions by which a

mol ecul e can be i de mt/zand CE€Stan badeterimined. DTIE kas anal y i
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been used previously for the analysis of at least seven different opioids, including morphine,
codeine, heroin, and-®onoacetylmorphin&*® Additionally, the rapid natre of IMSMS
analyses are uniquely suited for hitfinoughput applications, as demonstrated previous by
Manickeet al.using field asymmetric IMS (FAIMSMS for direct screening of urine samples for
3 opioids>®

Herein, we couple a rapid solghase extraction (SPE) liquid handling robot, the Agilent
RapidFire 365, with DTIMSMIS to enable high specificity and throughput screening of opioid and
their metabolites in urine. The RapidFire 365 provides online SPE d@pabncluding sample
loading, clearup, and introduction into the DTIMBIS for a sampléo-sample throughput of ~10
seconds. As urine drug screening panels often encompass a large number of prescription and illicit
drugs for comprehensive assessmetofpat i ent 6 s drug use habits,
CCS andn/zof 33 opioids associated major urinary metabolites. Furthermore, a recently published
high resolution demultiplexing (HRdm) stratégwas also examined to facilitate high resolution
isomer separations in the complex mixtures.
6.3 Experimental
6.3.1 Chemicals
Optima LGMS grade methanol, acetonitrile, water, ammonium acetate, ammonium formate, and
formic acid were purchased from Fisher Scientific (Hampton, NH), and used as received unless
otherwise specified. Synthetic urine (Sigmatrix Urine [@hi) was purchased from Millipore
Sigma (Saint Louis, MO). All opioid and metabolite standard solution aliquots were purchased
from Cerilliant (Round Rock, TX) and diluted to their stock concentrations in compatible solvents
(methanol or acetonitrile). De&erated internal standards (buprenorpfdde dihydrocodeinel6,

fentanytd5, methadon@9, norbuprenorphind3, norfentanyd5, and oxycodonrd6) methanol
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solution aliquots were also purchased from Cerilliant (Round Rock, TX). Working stock solutions
wereprepared to a concentration of 2.5 pg/mL for all opioids and metabolites examined in this
study. For flowinjection analysis, all working stock solutions were diluted to a concentration of
500 ng/mL in LGMS grade water.
6.3.2 DTIMSMS FIA Analysis

A flow-injection analysis (FIA) method was ugedassess the CCS for each of the opioids
and metabolites examined in this panel. fi#S-MS was performed using an Agilent 1290 HPLC
(Santa Clara, CA) coupled with an Agilent 6560 HS OF MS (Santa Clara, CA) fdTIMS-
MS analyses. Mobile Phase A (MPA) consisted of 10 mM ammonium formate and 0.1% formic
acid in LGMS grade water, and mobile phase B (MPB) was comprised of 0.1% formic acid in
acetonitrile. Two microliters of each metabolite standard (500 ng/mLg ingacted into a mobile
phase stream consisting of 50% MPA and 50% MPB, with a flow rate of 0.2 mL/min. The Agilent
6560 DTIMSMS platform used for IMSMS measurements has been vetlaracterized
previously,®? *3and consists of a ~78 cm drift cell that uses 3.95 Torr of nitrogen as a buffer gas.
The instrument has been outfitted with a commercial gas kit (Alternate Gas Kit, Agilent, Santa
Clara, CA) and a precision flow controller (640B, MKS Instruments, Anddvéy) to facilitate
reproducibility of drift time measurements. Parameters for DFNWES measurements were
chosen based on a previously conducted interlaboratory study to readily facilitatdisldglZ&CS
determinatior?® Each analyte was analysed in triplicate using positive ionization mode over a
range of 100 to 170/z IMS-MS measurements were collected using both a standard (single
pulse) and it multiplex acquisition context, in which ions were held for either 40 ms or 3.9 ms,
respectively, with a release time of 100 us. The uniform field strength applied $osélharations

was ~1217 V/cm, depending on whether high resolution demultiplexing (HRdmgs desired.
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Additional parameters used for the IM& measurements are listedAppendix E (TablesE.1-
E.6).
6.3.3 SPHMS-MS Experiments

To investigate SPHEMS-MS for the highthroughput screening of each opioid parent and
metabolite in a urine drug screening workflow, both individual standards and mixtures of isomers
were assessed using the Agilent RapidFire 365 (Santa Clara, CApbatd extraction (SPE)
system interfaced with the Agilent 6560. All standards were aglysequivalent concentrations
spiked into both water and a simulated urine matrix diluted 1:10 witMBSQyrade water prior to
SPEIMS-MS analysis. To determine the optimal cartridge and solvent system for the opioid panel,
each analyte was assessed @atrecentration of 500 ng/mL using either a C18 or phenyl cartridge.
For analyses conducted using the C18 cartridge, each sample was loaded using a mobile phase
consisting of 0.1% formic acid in L-®S grade water (v/v) and eluted with 0.1% formic acid,
49.%% isopropanol, and 49.95% methanol (v/vA&pnalyses using the phenyl cartridge were
conducted by loading samples using a mobile phase comprised of 0.1% formic aciM8 LC
grade water (v/v) and elution usindl® formic acid in acetonitrile (v/v). Regardless of the solvent
system employed, the aspiration, load, elution, areljrelibration times used were 0.6, 3, 6, and
1 sec, and cartridge -eqjuilibration was performed using the same solvent conditionsfased
sample loading. The sample loop, injection valves, and sipper were each washed between each
injection to prevent sample caroyer. Online DTIMSMS measurements for SRES-MS were
all conducted using adit multiplexing acquisition method to facilteHRdm analyses. Relative
guantitative studies for six opioid metabolites (buprenorphine, dihydrocodeine, fentanyl,
methadone, norbuprenorphine, norfentanyl, and oxycodone) were conducted over a concentration

range of 21,000 ng/mL with a constant intefrgtandard concentration of 500 ng/mL for each
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analyte. Relative quantification experiments were performed using either water or urine matrix.
All standards for relative quantification were diluted 1:10 irMGS grade water prior to RS-
MS analysis, usig the methods as described above.
6.3.4 Determination of CCS for Opioid Standards

CCS values for each opioid and metabolite standard investigated were determined using
the singlefield method>® Briefly, Agilent tune mix (ATM) which contains a series of well
characterized phosphazine compounds with defimédland CCSvalues, was analyzed using
identical experimental parameters to those used to investigate the opioids. The asswzatdd
drift times for the ATM ions were assessed in Agilent\M\% Browser (Version 10.0), and a linear
regression derived from the Mas&ehamp equatiGAwas used to determine a calibration curve
that would correlate drift times of the ATM ions with their corresponding CCS values. This
calibration curve was then applied to determine the CCS values of the opioid and metabolite
standards assessed in this assay. The obtaifzzohd CCS values for each ol metabolite were
used to generate a transition list for Skyline (v. 21.1) to facilitate rapid assessment of peak areas
for both FIA and SPEHMS-MS analyses. A oneay ANOVA comparison and-test were
completed on the resulting peak areas for all stalsdacross SPE cartridge and matrix using
Metaboanalyst (version 5.0).
6.3.5 High Resolution Demultiplexing (HRdm)

In order to improve the resolving power of the DTIMS separations for the isomeric opioids,
a previously described high resolution demultiplg (HRdm) enhancement strategy was
employed®! All multiplexed IMS-MS data was demultiplexed using the PNNL-Precessor (v.
3.0 build 2020.11.24, currently in beta), available frbttps://omics.pnl.gov/software/pnnl

preprocessorDemultiplexing wasperformed using the data interpolation feature in order to
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facilitate the inherent reduction of data points across the drift peak observed with HRdm
analyses?! The parameters used are showAppendix E, Figure E.1. Following demultiplexing,
feature finding was performed using AgilentMIS Br ows er 0 s ature extragtionb i | i t y
(I MFE) function, whi ch det er minnzedift tane, gndv e n f
abundance. Parameters used for feature finding are shavppandix E, Figure E.2. HRdm was
then performed using Agi |xng tod gbetaHd.0g 46E),Rnisho | ut i
performs a posprocessing enhancement to the IMS resolving powgr. fFRRdm enhancement
can be performed using three separate levels of enhancement, termed low, medium, and high,
which offer increasingly rigorous enhancermhef R,.>! To ensure that HRdm enhancement did
not create arfacts within the data set, it was first applied to the analysis of ATM ions which
possess a unimodal IMS drift spectra, prior to the opioid data sets. Parameters used for HRdm
enhancement of opioid standards are showkpipendix E, Figure E.3.
6.4 Results and Discussion
6.4.1 Opioid CCS Evaluations

In this manuscripD TIMS-MS was employed to determine the CCS values for 33 common
opioids and their major urinary metabolites commonly encountered in pain management patient
samples. As mentioned previousty, mol ecul esé6 CCS value is a mo
information about its gas phase ion size and shape. This physicochemical property has previously
been investigated for use in both targeted and untargeted molecular identification studies. In
targeted studies, database matching, such as the CCS Compendium from Vanderbilt Upiversity,
has been found to improve identification confidence, while in untargeted analyses potential feature
annotations are possible due to CCS versus m/z trendfirtés’In this vein, the current study

investigated the potential CCS values and CCS vengnlationships derived from DTIM#MS
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experiments to improve the identification and quantitation of opioids and their metabolites. Th
the CCS andn/zvalues for each molecule and their associated relative standard deviations are
compiled inAppendix E, Table E.7.

All naturally-occurring opioids also only had one conformation while several of the
synthetic opioids had additional confers or protomers due to their more flexible backbones.
For example, irFigure 6.2 the nested spectra for morphine, a naturatigurring opioid Figure
6.2A), and fentanyl, a synthetic opioiligure 6.2B) are illustratedMorphine was determined to
hawe a single CCSalue of 165.5 A2whichwas consistent witla majority of the opioids and
metabolites investigated in this pan&ppendix E, Table E.7). However, fentanylKigure 6.2B)
was observed to have two distinct CCS values, 181.7 A2 and 187@i#&4tingthe presence of
either multiple conformations anultiple protonation sitesTwo distinct distributiongvere also
observed with the deuterated version of fentanyl, fentdbyl(Appendix E, Figure E.4),
supporting thepotential of this physicochmiical propertyto serveas amoleculardescriptor
distinctive to fentanylThe only other opioid metabolite included within this study observed to
have two CCS was norhydrocodone, with CCS of 1&2.8nd 168.1A2.However, it should be
noted that due to @gual abundances of the two observed distributions of fentanyl that in cases
where this analyte is in low abundance, only the most abundant may be observed. Thus, all
comparisons with literature fentanyl CCS values were based offéhg A2distribution, and
those for norhydrocodone were based off of 1681The results obtained in this study were
within 1%error ofprevious CCS values fdrl opioids included within this panel in nitrogen using
either DTIMS* or TIMS®® (Appendix E, Table E.8). Furthermore, ie singlefield method for

determining CCSaluestypically results in ~0.5% RSD, as validated in a previouslydaooted
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interlaboratory investigatiot?. These precise results tiedore support the utility of CCS as a

molecular descriptadior adding confidenceo the identification of parent andetaboliteopioids
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Figure 6.2. DTIMS-MS nested spectra folA] morphine and §) fentanyl, two commonly
encountered opioids in pain managt. The use of both CCS values as well asrttzdor each

opioid facilitates their identification within complex matrices. In addition, the presence of
additional conformers/protomers, as observed for fent@lyldifferentiate targeted molecules

from other features present in complex mixtures.

6.4.2 HRdm for Opioid Separations

Since several of the opioids and opioid metabolites included in this study are isomers, they are
expected to have similar CCS valuégppendix E, Table E.7). Furthermore, give the structural

similarity observed within each opioid clagsdure 6.1), it was essential to determine the ability
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of DTIMS-MS to differentiate the isomeric opioids to evaluate this method as a potential screening
tool. Isomers all share the same moatapic mass, making them indistinguishable using MS
alone and often challenging to separate even with MS/MS. In our 33 molecule opioid panel, 10
isomer pairs are present. Additionally, the average resolving poweof(Ehe Agilent 6560 is ~

60 (CCS/ CCS) f or 1 +°%% HBlaprayieus investigat®ns,iittas been illustrated
that with this Rp, a pair must possaskfference in CC$gp C C § &6~2.3%or greateto facilitate

a halfheight sepration®® Conversely, pairs t h a t have | ess t han a 1
indistinguishablet this resolving poweAs shown inFigure 6.3A 7 of the 1L pairs hadpC C S %

of 1.4% or greater, but only two hgdC C S>2.3% for hakheight separations. To evaluate this
further, three representadivpairs are Iillustrated inFigure 6.3. The first pair is O-
desmethyltramadol (ODT) and-tiesmethyltramadol (NDTyvhich arePhase | metabolites of
tramadol that share the same chemical composition yet differ in the structural arrangement of their
atoms ODTand NDThave CCS/aluesof 156. 6 ] and 160. 4 |, res
and are categorized as ndmseline separatiofFigure 6.3B, left panel). However, while he
resultant drift spectra fahe mixture was observed to have two peaks; the significant ovatlap

Rp 60 would presumably impact potential quantitatidine nextisomer paiwasnaloxone and -6
monoacetylmorphine (MAM) which hadCCSvaluesof 172.8 A2 and 176.3 Aanda ®CCS %
of 1.9% This pair was categorized as moderately separableduuitl require a theetical R, of

72 to provide hatheight separatiofFigure 6.3B, middle panel) Their mixture at Rp 60 also
shows two peaks but the extensive shouldering would also greatly complicate quarfiiaiky).

the third pair washydrocodone and codeiribat had a gCCS%lessthan the theoretical 1.4%

necessary for differentiaticand based on their CCS valuesheoretical Rof 252was needed to
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facilitate haltheight separatio(Figure 6.3B, right panel) Thus, these isomers werategorized
as having no separatiat R, 60.

Since 8 of the 10 isomer pairs had @CCS% o
DTIMS resolving power were needefidure 6.3A). One method of great utility for this
application was a recently published high resolution demultiplexitRd(m) strategy! HRdm
provides a posacquisition B enhancemat when using it multiplexing but with no required
instrument modifications, thus it could be easily applied to this data. Additionally, three processing
modes of HRdm enhancement are available (low, medium and high) with each mode increasing
the postprocessing Rat the cost of increasing degrees of data reduction, e.g., the number of points
across the drift spectra. However, the HRdm enhancement does not impact CCS measurements,
and thus its application does not preclude utilization of CCS datalmsegpfoved identification
confidence’! Based on previous datdne high enhancement mode was utilized in this study and
provides an averagep®f ~210 (hakh e i g h't separation theoretical
0.67%)>! Therefore, application of the high HRdm resulted in marked improvement in the DTIMS
separations for many of the isomeric opioids included in this study. [d&arf the impact of the
HRdm enhancement on opioid isomer separations are shown in the bottomKmwuref6.3B.

Significant improvements were noted for all pairs gx¢te t hose having @CCS% vV
Thus, hydrocodone/codeinveere still indistinguishable along with norhydrocodone/norcodeine

and morphine/hydromorphone. Norhydrocodone, norcodeine, hydromorphone, and morphine all
greatly challenged the DTIMS analysesthey are all isomers. As shoinrFigure 6.3A, the pairs

of norcodeine/hydromotmne, morphine/norcodeinenorhydrocodone/hydromorphone, and
norhydrocodone/morphine | | had >1. 4% @CCS% and wer e di s

However, norhydrocodone/noroed n e , and morphine/ hydromor phon
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theoretical resolving powers greater than that obtained using HRdm were required for their

separation. These results are consistent with those previously reported for the analyses of isomeric
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baseline and moder ate separation category, b
pPCCS % Wviaa obsetvad.

opioids using a TIMSMS instrumen£® *°In this study, theoretical candidate structures illustrated
that the subtle changes, such as the presence or absence of a ketone found between codeine and
hydrocodone, were insufficient structural modifications (<1.0 A2) to facilitate their separiitions.
These findings are consistent with the results presented within the presentAgipdudix E,
Figure E.5), andpoint to the need for further increases pirRorder to separate these challenging
isomer pairs. Novel IMS technologies, such as Structures for Lossless lon Manipulation (SLIM),
are capable of improving the average B approximately ~300 or great®rhowever, the
separations with @CCS% of O Figu¥e 6.8A). THu® while woul d
the application of HRdm can provide separations for 7 of the 10 isomer pairs within this panel,
given the current limitations of these technologiPg,IMS-MS was unable to differentiate
codeine/hydrocodone, norhydrocodone/norcodeine, and morphine/hydromorphone. Presence
absence screens could however be utilized and it the peaks were detected, diagnostic screens using
an appropriate confirmatory meth@dC-MS/MS or GGMS) would be necessary.
6.4.3 SPEHMS-MS for Rapid Opioid Analyses in Urine

Prior to analysis by G®MS or LGMS/MS, urine samples are often processed first, by
either a liquidliquid extraction or SPE, followed by hydrolysis, and deizaion for GC. This
results in a lengthy sample preparation strategy that drastically reduces sample thrutfhiiut.
Alternatively, the sample dilution methticf*has become a common practice for IMS/MS
analyses, in which urine samples are diluted inNIE grade solvents prior to LEIS/MS
analysis. This procedure facilitates the analysisiiffV since t can be readildegraded by acid
hydrolysi$¥®® and reduces the need for sample preparation, but is still prone to matrix

interferences® 38 Developments such as the introduction of automated SPE systems have
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increased sample throlgut for urine analysis by providing automated sample cleanup prior to
MS analysi€? In this work, the Agilent RapidFire 365 was selected for online SPE. This platform
was preiously utilized with a standard -QOF instrumerf® to facilitate online qualitative
analysis of drugs oftase in blood samples and also with the Agilent 6560 for online sample
cleanup followed by DTIMSMIS for a variety of small molecules and glycah$® By coupling
SPE, DTIMS and MS capabilities into a single pdamh, rapid sample cleanup, DTIMS
separations, and mass analysis are all possible in less than ten seconds. DN S
platform therefore provides great potential for enabling faster pain management compliance
screening.

In this evaluation, the 33pmids and metabolites were assessed with-BREMS using
two cartridges consisting of either C18 or phenyl packing material. Cartridge selection was based
on stationary phase chemistries typically employed for both SPE cleanup and chromatographic
assessent of opioids in biological fluid®> " Each opioid standard was assessed at the same
concentration (500 ng/mL) in LS grade water or simulated urine to facilitate comparison of
potential matrix effects. The@S andm/zstandard values were then used to filter the-8W&-
MS data utilizing a Skyline target list for the rapid assessment of peak areas and abundances
attributed to each molecuf.®°The resulting abundass for the representative opioids from each
generic classification are displayedrigure 6.4 with additional abundance information for all 33
opioid standards is shown Appendix E, Figure E.6.

General trends observed within the different classepiofids illustrated that most were
well retained and eluted from each cartridge except for the glucuronidated metalbadjtes (
6.4). Given that glucuronidation increases the hydrophilicity of drugs prior to excretion and that

ESI has an inherent hydroghio bias, it was not surprising that these metabolites generate the
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lowest abundances of those included in the panel. MetaboAnalyst (¢ 5-@)as then used to
evaluate which cartridge was more optimal for tpewmls based on a orveay ANOVA with a
Fisher HSD poshoc test. This evaluation revealed that the phenyl cartridge had significantly
higher abundances for all analytes showRigure 6.4, except methadone (p =0.08yalue cut
off = 0.05) Appendix E, Table E.9). On the other hand, the C18 SPE catridge showed no
significant differences between the opiowlsen spiked in either water or urine upon using a p
value cutoff of 0.05. This trend was not observed for the phenyl cartridge as oxycodone, naloxone,
norcodeine, noroxycodone, codeiglucuronide, norfentany-desmethyltramadol, naloxone
3-b-glucuronide, hydrocodone, and tapentaolgilucuronide all had significantly higher
abundances (p < 0.05) in the water matFig(re 6.4 and Appendix E, TablesE.10 andE.11
for p-values). Thus, while the phenyl cartridgay provide higher abundances, the C18 was less
prone to matrix effects thereby enabling the greatest reproducibility of measurements.

While linearity is not as crucial for screening methods as it is for confirmatory testing, the
potential for future quatification by SPEDTIMS-MS was investigated for a select number of

analytes. Three replicates of nine concentrations, ranging from 2 ng/mL to1,000 ng/mL, were
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Figure 6.4. Examination of peak abundance using different cartridge types for selected opioids
including phenanthrenrbased opioids (natural and sesginthetic), synthetic opioids, Phase |
(nor-) metabolites, and Phase Il (glucuronidated) metabolites.
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assessed for six of the opioids (buprenorphine, dihydrocodeine, fentanyl, norfentanyl, methadone,
and oxycodone) using the SPES-MS platform. Both light and heavy forms of each opioid were
utilized and the deuterated internal standards were readily observed within the data, regardless of
matrix, as they are drift aligned with the analytes natught isotope form as described previously
(Appendix E, Figure E.4).”? Peak areas were then det@ved using Skyline with IMS drift time
filtering,®® and the resulting calibration curves for buprenorphine and oxycodone in water and urine
are illustrated irFigure 6.5. Additional calibration curves are includedAppendix E, Figure

E.7. Linearity was observed fdaoth the wateand simulated urine matrices, regardless of analyte
(Figure 6.5 and Appendix E, Figure E.8) and the drift profiles did not change with matrix or

with changing concentrations, with one notable exception. Due to the unequal abundances of the
two observed cdormers for fentanyl, only thenost abundant conformer was observed at the two
lowestconcentrationsn the calibration curve (2 ng/mL and 5 ng/mL). Thus, it is recommended
that only the more compact, higher abundance conformer (181.7 A2?) be used fotatuent
assessments. However, the second conformer <ca
higher concentrations. Finally, while full method validation is necessary to reliably implement this
approach as a quantitative assessment, thesédisrafustrate the utility this technique for

facilitating rapid screening and quantification of opioids in urine drug samples.
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Figure 6.5. SPEDTIMS-MS calibration curves obtained for buprenorphine and dihydrocodeine.
Both curves show excellent lineyrin both the water and simulated urine matrix. L:H ratio refers
to the natura(lL) and deuterated stabisotope labeled (H) standards. The LOD for the graphs was
2 ng/mL

6.5 Conclusion

In this manuscript, we utilized DTIM#®IS to evaluate the CCS vakief 33 parent and metabolite
opioids commonly analysas pain management and toxicology evaluations. While many of the
isomers had very similar CCS values, the use of HRdm facilitated differentiation for a majority of
the commonly encountered isomericiaiggs. The HRdm DTIMSMS analyses also provided a
greater degree of specificity than may be encountered when using a comparable tool, such as an
EIA. Upon differentiation of 27 of the parent and metabolite opioids, a-&AtSPE system was
coupled with he DTIMSMS instrument. This SREVIS-MS platform enabled sample cleanup

and 10 s samplo-sample screening capabilities. Linearity in calibration curves for both water

and urine matrices also illustrated its utility in quantitation. The-BPEMS platform therefore
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has potential applications in the higiroughput screening of urine drug samples, such as pain
management compliance monitoring or in forensic toxicology laboratories that have a high case
load. While three pairs of the opioids could not éedentiated with this method, the samples can

be assessed for presence and absence in the screening studies. If present, the samples can be
reanalyzed with longer secondary evaluations such as tHd&aQr LGMS/MS analyses that are

currently employed. Téscreening capabilities of the SINES-MS platform however will change
measurement analysis capabilities from 1 sample every 8 min to 48 samples every 8 min, greatly

enabling screening abilities.
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Appendix A

Supplemental Information for Chapter 2
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Table A.2. Source conditions used for acquisition of DTIHWE data using the Agilent 6560.

Source Conditions

Gas Temper a 30C
Drying Gas 5 L/ min
Capillary Vi 1500 V

FIl ow rate (sy 300 nL/ mi

Table A.2.IM drift tube settings used for acquisition of DTIM&S data using the Agilent

6560.

I M Dri ft Tube Sett
DT Entrance 1574 V
DT Exi't Vo 242 V

Table A.3.Data acquisition parameters used for collection of DTAMS data using the Agilent

6560.
I M Trap Fi 40 ms
| M Trap Rel 200 Os
Max Dr i ft 100 ms
Mul tiplexi:t Dsabl ed
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Drift Time (ms) vs. miz

T

Bovine SOD (P00442)

Chemical Formula Exact Mass
(10+ Charge State)

Holo Cu, Zn SOD | CuZnCe72H1081N1980221&4 15715.6903
Cu-only SOD CuCe72H108N19802214 15653.7768
Zn-only SOD ZNCeg72H 10810802214 15654.7763

Apo SOD Ce72H 10810802214 15592.8628

Figure A.7. Zoomed in nested IMMS spectrum from the Agilent DTIM$OF instrument

showing the holenonomer and singlenetal monomer in the 10+ charge state, observed in the

30% acetonitrile (ACN), 100 uM formic acid (FA) solution conditidnlist of the chemical

formulas and exact masses for the SOD monomer proteoforms in their 10+ charge state is shown.
The calculations of chemical formula were dovith N-terminal methionine removed and N

terminus acetylated, one disulfide baamt protms added to reflect the 10+ charge state with

respect to Ctf and Zr#*
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Figure A.8. Data obtained from the Bruker TIMBOF platform for the native conditions of
SOD1. The average mass of the observed SODtdwler was calculated to be 31.4 kDa.
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Figure A.9. Zoomed in mass spectrum from the Bruker THISF instrument showing the

holo-dimer in the 10+ charge state, along with the deconvoluted spectrum.
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Appendix B
Supplemental Information for Chapter 3

TablesB.1. Source conditios for Agilent6560 data acquisition.
Source Conditions

Gas Temper 30C
Drying Ga 5 L/ min
Capillary 200 V

MSTOF Fr agm 400 V

Tables B.2. Additional acquisitionparameters for Agilent 6560 data acquisition.
Acqui sition Par ame

Mass Rang 10-®, 2nd/0z
I M Trap Fi 3.9 ms
Il M Trap Rel 100 Os
Max Dr i ft 60 ms
Mul tiplexit 4 bit

Tables B.3. Additional drift tube setting$or Agilent 6560 data acquisition.
I M Drift Tube Sett

DT Entrance 1574 V

DT Ext agé&o 224 V
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Figure B.1. Feature finding parameters used in-M& Browser to facilitate high resolution
demultiplexing (HRdm) of | NLI GHTE derivatized
fetuin.
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observed to display two peaks within its IMS drift spectra. This was the only
maltooligosaccharide that was observed to have multiple peaks within its drift spectra of those
assessed within this study.
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Table B4.Singlef i el d CCS values obtained for maltohep
NAT or SIL I NLIGHTE reagent.
Averag %
cCcs¢j|] ——
3 NA| 741. 3[[ M¥NAT{ 74176 0.4 249. 0.1
3 SI1|747.3[M+sI1L|747.3 0.9 249. 0.1
4 NA| 903. 3[[ M+ NAT{903. 3 -0. 275 . 0.1
4 SI1[909. 3 [ M+sI1L|909.3 3.4 275. 0.1
5 NA|1065.|[ M¥NAT{1065.| 1.4 293. 0.1
5 SI1|1071.|[M+SIL|107B4 1.9 292. 0.0
6 NA[ 1227 .|[ M¥*NAT{1227.| 0.4 307. 0.1
6 NA[1227.|[ M¥NAT{1227.| 0.4 320. 0.2
6 SI1|1233.|[ M+NAT{1233.| 3. 306 . 0.0
6 SI|1233.|[ M+sSI11[1233.] 3. 320. 0.1
7 NA[1389.|[ MtNAT{1389.| 0.9 323. 0.1
7 NA[1395.|[M+SIL{[1395.] 0.4 323. 0.0

*Average of n=3 measurements
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Table B.5. Singlefield CCS values obtained fd¥-linked glycan standards derivatized using
| NLI GHTE

either NAT or

Gl ycan

SI L

m/ z

reagent

Err

Adduc

E X a
m/ z

(ppS.F. —

(GIcNAc):Mars NAT 736.292 [M+NAT+2H] | 736.2897| -3.2 388.2 0.2
(GIcNAc):Mans NAT 736.292|[M+NAT+2H] 7| 736.2897| -3.2 | 4029 | 0.0
(GIcNAc)2Mars SIL 739.304| M+siL+2H] | 739.2998| 57 | 3881 | 00
(GIcNAC)2Mans SIL 739.304| (M+sIL+2H] 7 | 739.2908] 5.7 | 4029 | 0.0
(G'CNAC)ZM""&?C)(G'CNAC)Z 850.3476[M+NAT+2H] >| 850.3452| -2.9 | 4183 | 0.2
(G'CNAC)ZMag(LF“C)(G'CNAC)Z 853.3566| [M+SIL+2H]*" | 853.3554| -1.4 | 4183 | 0.2
GalGIcNAC:MansGIcNAcs NAT | 931.3723[M+NAT+2H] | 931.3716| 08 | 419.8 | 0.0
GalGIcNAc,MansGIcNAc; NAT | 931.3723[M+NAT+2H] | 931.3716| -0.8 | 430.8 | 0.1
GalGIcNAc,MansGIcNAc, NAT 931-3723[M+NAT+2H]2+ 931.3716| -0.8 462.9 0.1
GalGIcNAC:MansGIcNAG; SIL | 934.3829 [M+sIL+2H] | 934.3817| -1.3 | 4198 | 0.0
GalGIcNAc;MansGIcNAc; SIL | 934.3829 [M+SIL+2H]2+ 934.3817| -1.3 430.9 0.1
GalGIcNAc:MarnsGIcNAc; SIL | 934.3829 [|\/|+s||_+2|-|]2+ 934.3817| -1.3 463.0 0.1
(GaLG'CNACﬁX’T@‘r‘*(G'CNA@z 939.3704[M+NAT+2H] | 939.3690| -1.5 | 429.6 | 0.1
(GaLG'CNAC&Z/'X'T‘E‘m(G'CNAC)Z 939.3704[M+NAT+2H] | 939.3690| -1.5 | 464.6 | 0.1
(GaLG'CNAC)SZ'IV'Lam(G'CNAC)Z 942.3808 [M+SIL+2H]* | 942.3805 0.3 | 4298 | 0.1
(GaFG'CNAC)SZ'IV'Lam(G'CNAC)Z 942.3808 [M+SIL+2H] | 942.3805 0.3 | 4648 | 0.1
(GIcNAc)Mars NAT ~ [1060.400]m+NAT+2H] ] 1060.3959d 51 | 4604 | 0.
(GlcNAc)Mars SIL 1063.407] (M+siL+2H]> | 1063.4054 -2.0 | 4605 | o.1
(Neu5AcGal
GlcNAc)Mang(Fuc)(GIcNAc) [1303.495M+NAT+2H] *'| 1303.4934 -1.9 | 508.0 | 0.0
NAT
(Neu5AcGat
GleNAc):Mang(Fuc)(GIcNAC). | 1306.502 [M+SIL+2H] > | 1306.5034 1.1 | 508.0 | 0.0
SIL
(GIcNAC):Mans NAT  |1471.577{ [M+NAT+H] " | 14715720 -36 | 3640 | 0.1
(GlcNAc)Mars SIL 1477599 [M+SIL+H] | 1477.591d -42 | 3641 | 0.0
(Neu5AcGal 24 i
GICNACMar(GIcNAC), NAT |L549 578]M+NAT+2H] 7| 1549.5730  -3.4 | 5551 | 01
(NeuSAcGat 24 i
GICNACMAn(GIoNAC), NAT |1549-578]M+NAT+2H] 7| 1549.5730 -3.4 | 5810 | 01
(NeuSAcGat 2+ i
GINACMAn(GIcNAC) SIL | 1952:59| M+SIL+2H] " 15525831 -4.4 | 5552 | 0.1
(NeuSAcGat 2+ i
GICNAC)Mans(GIeNAC), SIL | 155259 | [M+SIL+2H]*" | 15525830 -4.5 | 5809 | 0.1

*Average of n=3 measurements
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Table B.6.Singlefield CCS values obtained for enzymaticaigleased\-linked glycans from

horseradish peroxidase (HRP) derivatived i n g

Exact

either
Error

NAT

or
Average

S|
%

L

et mz  (ppm) S.F.CCS* RSD

ManGICNAc NAT | 1147.4694 [M+NAT+H] | 1147.4664] -2.6 | 3159 | 0.0
ManGIcNAC, SIL | 11534902 | (w+siL+H] | 1153.4865] -32 | 3161 | 0.0
(Xy)MansGlcNACc; NAT | 12795078 [jM+NAT+H] | 1279.5086] 0.6 | 3408 | 0.1
(Xy)MansGIcNAc, SIL | 1285.5296 | [M+SIL+H] | 1285.5287| -0.7 3408 | 0.1
CyIMandFUAIGIeNae | 495 5616 [m+naT+H)] | 1425.5665] 3.4 | 3713 | 0.0
OyIMansFuCIGIENae | 1431 5853 | +siL+H]*| 14315866 0.9 | 3714 | 00
(Xy)Man,GlcNAc, NAT | 14415589 [M+NAT+H] | 1441.5614] 1.7 | 3529 | 0.0
(Xy)ManGIcNAC, SIL | 14475783 | [m+siL+H] ' | 1447.5815) 2.2 | 3530 | 0.0

*Average of n=3 measurements
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Table B.7.Singlefield CCS values obtained for enzymatigareleased\-linked glycans from
bovine fetuin derivatized using either NAT or

Exact Error Average

e (1]
Adduct = (et | 9F COS: 2RSD
(G1cNAC)2(Man) NAT 12186 [MNATZET 41 1840 [ 48 | 36856 04
(GlcNAc)2(Man) NAT s12186 [MNATRET 415 1840 | a8 | 3883 0.2
(GIcNAc):(Man) SIL 4151955 |MASIL2H]"| 415.1941 | 34 | 36809 03
(GIcNAc)(Man) SIL 4151955 | MeSIL2H]"| 4151941 | 34 | 3884 01
(GIcNAQ)«Man)s NAT | 7773179 [MFNATRHI 3973960 | 22 | 4161 03
(GIcNA)Man)s NAT | 7773179 [MNATZET 9975960 | 20 | 30009 0.0
(GIGNAC)(Man)s SIL 780322 |[M+SIL2H]"| 7803263 | 55 | 4163 02
(GIcNAc)(Man)s SIL | 7803283 |[M+SIL+2H]| 7803263 | 2.6 | 3909 0.0
(GIcNAc)(Man) NAT | 8233602 | [M-NAT+H]" | 8233608 | 07 | 2656 03
(GlcNAc)2(Man) NAT | 8293802 | [MeSILAH]" | 8293802 | 00 | 2656 03
(Fuc)1(GIcNAC)i(Man)s NAT | 8503473 |IMINATFZHT o5y 3450 | 25 | 4162 0.2
+
(Fuc)1(GlcNAC)(Man)s SIL | 8533554 |[M+SIL+2H]| 8533552 | 02 | 4162 02
(Gal)2(GIcNAc)«(Man): NAT | 9393692 [IM+NAT+2H]| 939.3690 | -02 | 4265 0.2
(Gal)2(GlcNAc)s(Man): NAT | 9393707 |[M+NAT+2H]"] 9393690 | 18 | 4467 0.2
(Gal)2(GIcNAC)(Man)s SIL | 9423792 |[MeSIL+2H]"| 9423791 | 0.1 | 4467 02
(Gal)2(GlcNAc)(Man): SIL | 9423805 |[M+SIL+2H]"| 9423791 | -15 | 4268 0.1
(Foon(Galp(TleNAkMan: | 1012 3993 MR 10123080 13 | 4470 | 02
(F“C)I(Galh(gllEN‘ﬂ”ﬂ“ﬂ‘hn” 1015.4069 |M+SIL+2H]* 10154080 1.1 | 4470 0.2
(Gabo(GleNAc)Man)s(NewS | 104 9143 |[MFNATHHT 504 0165 21 | 4527 0.3
Ac) NAT ;
(Gala(GleNAc)(Man)s(NewS | 4 o) o145 [[MFNATFZHIY 60y 9165 21 | 4621 02
Ac) NAT +
(Gab(GleNAc)Man)s(NewS | 104 9165 |IMINATHZHT 504 0165 00 | 4527 0.2
Ac)1 NAT +

*Average of n=3 measurements

192



Table B.7.Continued

(GaD:(GleNAQMan). (NewASH 1084 0165 | pueNAT+2H] | 10849165 | 00 | 4630 03
(GaD:(GleNAQuMMan).(NewACH 1084 0183 | pupNAT+2H] | 10849165 | -16 | 4527 0.1
(GaD-(GleNAQMan). (NewASH 10849183 | pupeaT+2H] | 10849165 | -16 | 4637 02
(GaD:(GleNAQuMMan).(NewACH 10849183 | pupNAT+2H] | 10849165 | -16 | 4789 03
(Gal(GleNAChMan) (NewSACH 1087.9238 | (uesIL2m] | 10879266 26 | 4527 03
(GaAGINA Q) (Mo | 10879238 | vpeSTL-2E | 10875266 | 26 | 4622 02
(CaGINA Olan) Mewed | 10879065 | pupesL-amy” | 10879266 | 01 4526 02
(CaDLGINA Qam) MewAh | 10875065 | pupesL-2m | 10875266 | 01 4637 02
(GaD: (GlebiAcy (Man): (NewdAek | 10879265 | pupesIL+2my” | 10879266 | 01 4789 03
(CDAGITAN Qw0 | 10879206 | pvpSm4om] | 10879266 | 28 | 4528 02
(Ca:(GINA) Qlan: Mo 8e) | 10879296 | pesTL=my” | 10875266 | 23 | 463 02
‘Gﬂ)ﬁtmﬂq‘“ﬁgﬂfﬂ)*mﬂ’jm: 12304662 | VENAT+2H] | 12904642 | -16 | 4950 0.3
(CaCINA) O e Mok | 12304662 | pyNAT-2H] | 12304642 | 16 5153 0.3
(GaAGINA)Q s (Newhe: | 12304662 | veNAT-2H] | 12304642 | 16 | 5242 02
(GaAHGINA) O e (NewBe): | 12304666 | uNAT-2H] | 12304642 | 19 | 4547 02
(GaAGINAD O ek (Newhe): | 12304666 | veNAT-2H] | 12304642 | 19 | 5145 02
(CaD(GINA O am) (NewSAek | 133046667 | vNAT-2H] | 12304642 | 20 | 4796 02
(GaAGINA)Q fam(Newhe: | 12304667 | veNAT-2H] | 12304642 | 20 | 45486 02
(CaACINA) Qe Mem e | 12304667 | puewAT-2H] | 12304642 | 20 | 5252 02
(GaAGINAQlan):(New3Be): | 1233475 | eSIL+2E]" | 12334743 | 06 | 4950 02
(Gal(GIN A Mam): (e SIL| 1233475 | ppesmenmyy’ | 12334743 | 08 | 5154 0.2
':G“ll':mm""ﬂgg:ﬁ”:“m‘!“jk:': 1233475 | (eSILe2H] | 12334743 | 06 5242 02
(G- Gl Qlan) (N8 | 13334761 | pupestL-om] | 12934743 | 15 | 4547 02
(GaAGINAQlan):(New3Be): | 12334761 | eSIL+2E]" | 12334743 | 15 | 5145 02
(CaDGINAS Olan) (e | 12334781 | pupesLogm” | 1234743 | 32 | 4798 02
(Gal{GlcNAC)Man)(NenSAc SIL 12334782 | (MeSIL+2HT | 12334743 | 32 | 4s45 0.3

*Average of n=3 measurements
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Table B.7.Continued

(GAACINAN O (Rewhe) | 12334782 | pupesTLoom | 12834743 | 32 | 5255 0.1
(GaL(GleNAOam)(NewAeh | 12674836 | vpvaT+2m | 12674826 | 08 | 5029 0.3
(GADCINAN QI (e A) | 12704933 | pupesTL+om]™ | 12704926 | 05 | 5029 0.3

Fush (DS ANMam: | 1303495 | eNAT-OH] | 13034952 | 17 | 5138 02

(Fuc), ':?f'}mﬁli*;ﬂiﬂ‘{m) 13063073 | pvesLeomy’ | 13063032 | 31 | 5138 02
Ga(CleNAQam:(Newihe) | 14130527 | veeNAT+2H] | 14130303 | 17 | 5230 0.4
(GAClNA O (Rewfe) | 14130327 | veNaT+2H] | 4130303 | 17 | 5492 0.3
(GaL(GleNAOMam):(New Ak | 1413097 | vpvaTeamy’ | W130303 | 17 | 5713 0.3
(Galk(GleNA O (Mo 8k | 1413097 | pupvaTemy | MI130303 | 17 | 5254 03
(Gan(GleNAMam)(Rem ik | 14130527 | vpvaTeamy | 4130303 | 7 | 5497 03
(GanGA O Mo ik | 14130507 | pupvaTeom] | M130303 | 17 | 526 03
(CaD(GINA A ok (NewSel | 1413027 | vpeNAT-2H] | 14130303 | 17 | 5541 0.4
(GACINAN QI (Fewhe) | 14160404 | pupesTL+om]™ | 4160403 | 01 | 5231 0.3
(Ga(CleNAQam:(Rewhe) | 14160404 | rpeSIL+2H]™ | 14160403 | 01 | 5494 0.3
(Galk(CleNA Qe (Mo A0k | 14160404 | pypesLgmy” | M160403 | 01 | 5TLS 02
(Calk(GleNAOMam):(New A0k | 14160404 | e amy”™ | 14160403 | 01 | 5254 02
(Gan(GleAy Oy (e Bek | 14160404 | ypesTLgm] | 14160403 | 01 | 5496 03
(Gan(GleNAkMam) (e ik | 14160404 | pypesILom]™ | 14160403 | 01 | 5261 03
(GACNAN O (Fewfe) | 14160404 | upeSIL-0m] ™ | 14160403 | 01 | 5543 0.4
(CaD:(GleNBeuliamy (Rewieh | 1ssesm1 | veNAT-2H] | 1558578 | 26 | 5568 0.4
(GaD (IR Blanh (Newhel | 15615015 | pypesIL-om) | 1561588 | 22 | 5369 04

*Average of n=3 measurements
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Table B.8 Singlefield CCS values obtained for enzymaticaigleased\-linked glycans from
pooled human plasnéhe r i vati zed
based on previously published plasma glycans from pooled plasma derivatized with

INL I GHY¥dycan nomenclature used is H = hexose, Nxokamine, A = sialic acid, and F

= fucose.

usi ng

Exact

mz

eit her

Error

(ppm)

Average .
SF.CCS -

NAT

or

o RSD

H3N4 NAT 777.3185 |[M+NAT+2H]"| 7773162 3.0 3925 04
H3N4 NAT 7773185 |M+NAT+2H]| 7773162 3.0 4173 0.0
H3N4 SIL 780.3285 |[M+sIL+2H]|  780.3263 29 3925 0.4
H3N4 SIL 780.3285 |[MesIL+2H]T|  780.3263 29 4173 0.0
H5N3 NAT 837.8327 |M+NAT+2H]T| 837.8293 40 404.0 00
H5N3 SIL 840.8421 |[[Me+SIL+2H]T|  $40.8394 32 404.1 0.0
H3N5 NAT 878.859 [[M+NAT+2H]"| 878.8559 35 4300 0.0
H3NS5 SIL 881.8691 |Mesm+2m)| 881.8660 36 4299 00
H7N2 NAT 8983457 [[M+NAT+2H]*| 89834247 36 4378 0.1
H7N2 NAT 898.3457 |M+NAT+2H]T| 898.34247 3.6 4602 0.1
H7N2 SIL 9013556 |[[M+SIL+2H]""| 901.35254 3.4 438.1 0.0
H7N2 SIL 901.3556 |[M+SIL+2H]*"| 901.35254 34 4602 0.1
H4N3A1NAT | 9023518 [MeNAT+2H]| 902.3506 13 4114 0.0
H4N3A1 SIL 905.3606 |[M+SIL+2H]T| 905.3607 0.1 4115 0.0
H6N3 NAT 918.8569 [[M+NAT+2H]'| 9188558 13 4225 0.0
H6N3 SIL 921.8670 |[M+sIL+2H]T| 921.8658 -13 4223 0.0
HAN4F1NAT | 9313741 [[M+NAT+2H]"| 9313714 29 430 4 0.0
HAN4F1NAT | 9313741 [[M+NAT+2H]"| 9313714 29 4640 0.0
H4N4F1 SIL 9343845 |[[M+SIL+2H]T| 9343814 33 430.5 0.0
H4N4F1 SIL 9343845 |[M+SIL+2H]"| 934.3814 33 4642 0.0

*Average of n=3 measurements
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Table B.8 Continued

H5N4 NAT 9393717 |[M+NAT-+2H]"| 9393690 29 4290 | 00
H5N4 NAT 9393717 |[M+NAT+2H]"| 9393690 29 4646 | 01
H5N4 SIL 9423801 |[M+SIL+2H]"| 9423791 1.1 4293 0.0
H5N4 SIL 9423801 |[M+SIL+2H]""| 9423791 11 465.1 0.1
HINSFI NAT | 951.8863 [M+NAT+2H]"| 951.8848 15 4472 | 00
H3NSF1SIL | 954.8969 |[M+SIL+2H]"| 954.8949 21 4474 | 00
H4N5 NAT 959.8847 |[M+NAT+2H]| 959.8823 03 4540 | 00
H4N5 SIL 962.8944 |[M+SIL+2H]"| 962.8924 21 4542 0.0
H8N2 NAT 9793705 |[M+NAT+2H]"| 9793689 Sillig 4529 | 01
HEN2 NAT 9793705 |M+NAT+2H]T] 979.3689 17 459.8 0.0
H8N2 NAT 9793705 |[M+NAT+2H]"| 979.3689 Sillig 4734 | 00
HEN2 SIL 9823816 |[M+SIL+2H]"|  982.3790 2.7 4523 0.1
HEN2 SIL 9823816 |[M+SIL+2H]""| 982.3790 2.7 460.3 0.1
HEN2 SIL 9823816 |[M+SIL+2H]"T| 982.3790 27 4734 | 01
HSN3AI NAT | 9833801 [[M+NAT+2H]Y| 9833771 3.1 4674 | 00
HSN3AISIL | 9863899 |[M+SIL+2H]™| 986.3871 28 4677 | 00
H4N4ALI NAT | 1003.893 [[M+NAT+2H]| 1003.8903 27 4278 0.0
HAN4AINAT | 1003.893 |[nv+NAT+oH]T| 1003.8903 27 4405 0.0
HAN4A1 SIL | 1006.9026 |[M+SIL+2H]""| 1006.9004 22 4280 | 00
HAN4A1SIL | 1006.9026 |[M+SIL+2H]""| 1006.5004 22 4406 | 00
HSN4F1 NAT | 1012.3996 [M+NAT+2H]"| 10123980 16 4488 0.0
HSN4F1 NAT | 1012.3996 |[M+NAT+2H]"| 10123980 -1.6 4817 | 00
H5N4F1SIL | 10154100 |[M+SIL+2H]*"| 10154080 -19 4489 | 00
HSN4F1SIL | 10154100 |[M+SIL+2H]"| 10154080 -19 4818 0.0

*Average of n=3 measurements
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Table B.8 Continued

H4NSFI NAT | 1032.9136 [M+NAT+2H]] 10325113 23 466.3 0.0
HANSF1SIL | 10359237 |[M+SIL+2H]"| 10359213 23 466.5 0.0
H5N5 NAT 1040.9108 |M-+NAT+2H]"|  1040.9087 2.0 467.8 0.1
H5N5 SIL 1043.9192 | [M+SIL+2H]"'| 1043.9188 04 467.5 0.0
HON2 NAT 1060.3963 |M-+NAT+2H]"| 1060.3953 10 461.5 0.0
HON2 NAT 1060.3963 |M-+NAT+2H]"| 1060.3953 1.0 4726 | 00
HON2 SIL 10634065 | [M+SIL+2H]™| 10634054 11 461.5 0.1
HIN2 SIL 1063.4065 |[M+SIL+2H]"| 10634054 11 4727 | 00
H6N3A1 NAT | 1064405 |M+NAT+2H]'| 1064.4035 14 4580 | 0.0
H6N3A1SIL | 1067.4143 |[M+SIL+2H]| 1067.4135 0.7 4583 0.0
HSN4A1 NAT | 1084.9185 |M+NAT+2H]T| 1084.9167 16 4540 | 00
HSN4A1 NAT | 1084.9185 |M+NAT+2H]'| 1084.9167 16 463.8 0.0
HSN4A1 NAT | 1084.9185 |M+NAT+2H]'| 1084.9167 -16 4910 | 0.1
H5N4A1SIL | 1087.9287 |[M+SIL+2H]"'| 1087.9268 17 4542 0.0
HSN4A1SIL | 1087.9287 |[M+SIL+2HJ| 1087.9268 17 4639 | 00
HSN4A1SIL | 1087.9287 |[M+SIL+2H]T| 1087.9268 17 4910 | 0.1
HANSAI NAT | 110543 [[M+NAT+2H]"| 11054300 0.0 4649 | 0.1
H4NSALSIL | 11084421 |[M+SIL+2H]| 1108.4401 18 465.5 0.0
HSNSF1 NAT | 1113938 |M+NAT+2H]| 11139377 03 4800 | 0.0
HSNSFISIL | 11169486 |[M+SIL+2H]| 11169477 0.8 480.2 0.0
HSN4AIF1 NAT | 1157.9476 |[M+NAT+2H]| 1157.9457 16 4782 | 0.0
H5N4AIF1 SIL | 1160.9568 |[M+SIL+2HJ]| 1160.9558 09 4783 0.0
HON4A1 NAT | 11659456 |M+NAT+2H]'| 11659431 2.1 4707 | 0.1
HON4A1 NAT | 1165.9456 |M+NAT+2H]"| 11659431 2.1 479.2 0.0

*Average of n=3 measurements
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Table B.8 Continued

H6N4A1 SIL | 1168.9512 |[M+SIL+2H]| 1168.9532 1.7 4714 | 01
H6N4A1 SIL | 1168.9512 |[M+SIL+2H]| 1168.9532 17 4794 | 00
H4NSAIF1 NAT | 11784596 |[N+NAT+2H]| 11784590 05 4893 0.0
H4NSAIF1SIL | 11814695 |[M+SIL+2HT| 1181.4690 04 4893 0.1
HSNSALI NAT | 11864559 [M+NAT+2H]| 1186.4564 0.4 4896 | 01
H5NSALINAT | 11864567 [M+NAT+2H]'| 1186.4564 -02 4916 | 00
HSNSA1 SIL | 1189.4682 |[M+SIL+2H]™| 1189.4665 14 4918 0.0
HSNSA1 SIL | 1189.4689 |[M+SIL+2H]™| 1189.4665 2.0 4895 | 00
H5N4A2 NAT | 12304676 [M+NAT+2H]] 1230.4644 26 4957 | 00
H5N4A2 NAT | 12304676 [M+NAT+2H]'] 1230.4644 2.6 5154 | 00
HSN4A2 SIL | 1233.4766 |[M+SIL+2H]| 12334745 17 4958 0.0
H5N4A2 SIL 2334766 |[M+SIL+2H]"| 12334745 17 5156 | 00
H6NSALI NAT | 1267.4887 [M+NAT+2H]| 12674828 4.6 4970 | 00
H6NSALI NAT | 1267.4887 [M+NAT+2H]'| 1267.4828 46 533.1 0.0
H6NSAL SIL | 12704962 |[M+SIL+2H]| 1270.4929 2.6 4972 | 00
H6NSA1 SIL | 12704962 |[M+SIL+2H]| 12704929 26 5330 | 00
HSN4AZF1 NAT | 1303497 |[M+NAT+2H| 1303.4934 28 508 8 0.1
HSN4A2F1 NAT | 1303497 |M+NAT+2HI| 1303.4934 2.8 5379 | 0.0
H5N4A2F1 SIL | 13065083 |[M+SIL+2H]"T| 1306.5035 37 5087 | 00
HSN4AJF1 SIL | 13065083 |[M+SIL+2H]"T| 1306.5035 37 5379 | 00
HSNSA2 NAT | 1332.0071 [M+NAT+2H]] 1332.0041 22 5362 | 00
H5NSA2 NAT | 1332.0086 |[M+NAT+2H]'] 1332.0041 34 519.1 0.0
HSNSA2 SIL | 1335.0176 |[M+SIL+2H]| 13350142 2.6 5364 | 00
HSNSA2 SIL | 1335.0177 |[M+SIL+2H]| 13350142 2.6 5192 0.0
HONSAIF1 NAT | 13405146 |[M+NAT+2H]"|] 13405118 21 5104 | 02

*Average of n=3 measurements
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Table B.8 Continued

HENSAIF] NAT | 13405146 |[M+NAT+2H]"| 13405118 21 522.1 0.1
H6NSAIF1 NAT | 13405153 |[M+NAT+2H]| 13405118 26 509.4 0.0
H6NSAIF1 NAT | 1340.5153 |[MH+NAT+2H]"| 13405118 26 5235 0.1
H6NSATF1SIL | 13435248 |[M+SIL+2H]"| 13435219 22 510.4 2
H6NSAIF1SIL | 13435248 |[M+SIL+2H]"| 1343.5219 22 522.1 0.0
H6NSAIF1 SIL | 13435251 |[M+SIL+2HPT|  1343.5219 24 509.5 0.0
H6NSAIF1 SIL | 13435251 |[M+SIL+2H]"T| 1343.5219 2.4 5233 0.1
HSNSAZF1 NAT | 14050367 |[M+NAT+2H]"| 1405.0331 2.6 535.8 0.0
HSNSA2F1 NAT | 1405.0367 |[M+NAT+2HF] 1405.0331 2.6 568.1 0.0
HSNSAJF1 SIL | 1408.0468 |[M+SIL+2H]"T| 1408.0432 26 535.9 0.0
HSNSADF1 SIL | 1408.0468 |[M+SIL+2H]*T| 1408.0432 26 5683 0.0
HENSA2 NAT | 1413.0327 [M+NAT+2H]"| 1413.03054 15 527.6 0.0
HENSA2 NAT | 1413.0327 [M+NAT+2H]"| 1413.03054 15 554.9 0.1
H6NSA2 NAT | 1413.0332 [M+NAT+2H]"| 1413.03054 19 522.8 0.1
HENSA2 NAT | 1413.0332 |[MH+NAT+2H]| 1413.03054 19 5492 0.0
H6NSA2 NAT | 1413.0332 [M+NAT+2HJ| 1413.03054 19 5723 0.1
H6N5A2 SIL 1416.044 |[M+SIL+2H]"| 1416.0406 2.4 549 4 0.1
HONSA2 SIL | 1416.0441 |[M+SIL+2H]""| 1416.0406 25 5233 0.1
H6NSA2 SIL | 1416.0441 |[M+SIL+2H]"| 1416.0406 25 572.4 0.1
H6N5A2 SIL 1416.045 |[M+SIL+2H]| 1416.0406 3.1 527.7 0.0
H6N5A2 SIL 1416.045 |[M+SIL+2H]""| 1416.0406 3.1 555.3 0.0
HTNGAI NAT | 1450.0556 [M+NAT+2HJ| 1450.0489 4.6 511.0 0.0
HTNGAI NAT | 14500556 [M+NAT+2H]| 1450.0489 4.6 528.2 0.0
H7N6A1SIL | 1453.0628 |[M+SIL+2H]""| 1453.05899 26 511.0 0.0
H7N6A1SIL | 1453.0628 |[M+SIL+2H]""| 1453.05899 26 528 4 0.0
H6NSA2F1 NAT | 1486.0643 |[M+NAT+2H]"| 1486.05949 32 5415 0.1
HONSA2F] NAT | 1486.0643 |[M+NAT+2H]'| 1486.05949 32 570.7 0.0

*Average of n=3 measurements

199



Table B.8 Continued

HENSAJF1 SIL 1489.0744 | [M+5 ]:[_,+2H]3+ 1489.06956 -33 5419 0.1
HAN5AZF1 S5IL 1489.0744 | [M+S ]:[_,+2H]2+ 1489 06956 -33 57079 0.1
HTNG6AZ NAT 1595 6023 [M+NAT+2H]2+ 15955966 -3.6 5638 0.1
HTNGAZ NAT 1595.6023 [M+NAT+2H]2+ 15955966 -3.6 5865 0.1
HTNBAZ SIL 15986123 | [M+S ]:[_,+2H]2+ 15986087 -35 563.6 0.1
HTMNEAZ SIL 1598.6123 | [M+5 ]:[_,+2H]3+ 1598.6067 -3.5 5872 0.0

*Average of n=3 measurements
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Appendix C
Supplemental Information for Chapt er 4

Table C.1. Source conditions used for acquisitiom@iC-DTIMS-MS data using the Agilent

6560.

Gas Temper 30C
Drying Ga 5 L/ min
Capillary 200 V

MSTOF Fr agm 400 V

Table C.2. Additional acquisition parameters facquisition oLC-DTIMS-MS data.

Acqui sition Par ame

Mass Rang 10-®, 2nd/0z
I M Trap Fi 3.9 ms
| M Tr ap iRweel 100 Os
Max Dr i ft 60 ms
Mul tiplexit 4 bit

Table C.3.Drift tube settings used for acquisitionrdfC-DTIMS-MS data using the Agilent
6560.

I M Dri ft Tube Sett
DT Entrance 1574 V
DT Exi t Vo 224 V
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Table C.4. Source onditions used for acquisition of HPLETIMS-MS data using the Agilent

Source Conditions

6560.

Gas Temper 32%
Drying Ga 11 L/ min
Nebulizer 45 psi
Sheath Gas 27%
Sheath Gas 12 L/ min
Capillary 4000 V
MSTOF Fr agm 400 V

Tables C5. Additional acquisitiorparameter$or data acquisition using the Agilent 65680

HPLC-IMS-MS analyses.

Acqui sition Par ame

Mass Rang 10-D, 7nf/0z
I M Trap Fi 3.9 ms
|l M Trap Rel 100 Os
Max Dr i ft 60 ms
Mul tiplexi:t 4 bit

Tables C6. Drift tube settings used for acquisition of HRIKZS-MS data using the Atgnt

6560.

I M Drift

Tube Sett

DT Entrance

+1274 V

DT Exi t Vo

+/224 V
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Table C.7. Results of+test for ratio of NAT:SIL with and without drift time filtering determined
usingMetaboanalyst 5.0. Significance was determined usimgalue cutoff of 0.05.

Glycan t.stat p-valuoe -log,.(p) FDR
HN6AL 2347 0.001811 2411 0077833
H6N5AL -3.8003 0.02845 1.5458 0.33221
HEN3 -4.9038 0.039159 14072 0.33221
H3N35F1 47225 0042033 13764 0.33221
HANSAL -4.5608 0.044864 1.3431 0.33221
HEMN3AZF] -4 4816 0046354 13339 0.33221
H3N3A2F] -4.0076 0036993 12447 0.3501
HoN2 33003 0.080836 1.0924 0.37029
H5N3 5.137 0.088358 1.0538 0.37029
MAN-2 31317 0.088616 1.0523 0.37029
NGATJF -3.0136 00947125 1.0235 0.37029
HEN2 25128 0.12853 0.85098 0.40026
H4NE 2415 013707 0.86306 040026
Maltotetraose 2405 0.1379 0.86043 040026
H6N4AL -2.3874 0.13963 0.85303 0.40026
H3N4AZF]1 -2.1793 0.16114 0.79279 0.43307
HEN3ALF] -1.9831 0.18445 073412 0.46633
(Gal),(GleNAc),(Man), -1.9045 019714 0.70522 0.47003
H6N3AL -1.6996 02313 063583 0.52347
H3N3 -1.4822 027417 0.56197 0.58039
NA2 -1.4524 028354 0.54738 0.58039
MMaltopentaose 1.0583 0400749 039708 426
Maltoheptaose 1.0258 041246 0.38462 0.7426
H3N3A2 09804 043027 0366246 07426
H5N4F1 096450 043648 036003 1426
AZF 0.50384 046148 0.33385 0.7426
H5N4AL -0.87511 04738 0.32441 7426
hlzltohexacss -DTETTE 031337 028057 0.7426
(Fuc), (Gal).(GleNAc),(Man), 0.77215 052078 0.28334 7426
H5N4A2 0.73765 053753 0.26959 0.7426
H4N3F1 -0.7073 0.55269 0.25752 7426
(Gal)y(GleNAc)(Man)(NewAc),  -0.69251 0.56022 0.25164 7426
HAN3AL 0.64847 0.58308 023427 0.7426
H7N6AL -0.60081 0.60899 021339 0.7426
(Gal)y(GlcNAc) (Man),(Neutc), 059044 0.61472 021132 0.7426
H5N3F1 -0.37793 062171 0.20641 0.7426
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Table C.7 Continued

(Gal),(GleNAC),(Man),(Neude), 053927 0.6437 0.19131 0.74808
NAIFIF 0.39371 07318 0.13561 082800

HSNSAL 035752 0.75491 0.12211 0.83233

MAN-5 0.30072 0.78607 0.10454 0.84502

H4N4A1 025154 0.82488 0.083600 0.86512
'iF“':}-fGﬂDz':Gl’ﬁ-’}ﬂm‘*ﬁﬂl‘-ﬂ""‘ﬂ'ﬂ 0029839 097891 0.0092593 099058
HANAF1 0.01332 0.99058 0.0041096 0.99038
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Figure C.1. Nested spectralemonstrating thal NL | GHT E  d e\rlinkedaglycamse d
enzymatically released from pooled human plasma are within a diffevidgpace fronthe

backgroundons within the retention window in which most of the derivatikelihked glycans
elute.
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retention window in which most of the derivatizddinked glycans elute, illustrating the necessity

for IMS drift time filtering for relative quantification of glycans.
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Appendix D

Supplemental Information for Chapter 5

Table D.1. Source conditions used for acquisition of DTINVE data using the Agilent 6560.

Source Conditions
Gas Temper 32¢%
Drying Ga 11 L/ min
Nebulizer 45 psi
Sheath Gas 27%
Sheath Gas 12.0 L/ mi
Capillary 4000 V
MSTOF Fr agm 400 V

Table D.2 Acquisitionparametergor data acquisition using the Agilent 6580 DTIMS-MS

analyss.

Acqui sition

Par ame

Mass Rang 10-D, 7nf/0z
I M Trap Fi 40 ms
|l M Trap Rel 100 Os
Max Dr i ft 60 ms
Mul tiplexi:t None

Table D.3 Drift tube settings used for acquisition of HPIKZS-MS data using the Agilent

6560.

| M iDfrt Tube Settin
DT Entrance +/4574 V
DT Exi 't Vo +/224 V
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Table D4. Source conditions used for acquisition of HRdm S’PEHMS-MS data using the

Agilent 6560.

Gas Temper 32¢%
Drying Ga 11 L/ min
Nebulizer 45 psi

Sheath Gas - 27%®
Sheath Gas 12.0 L/ mi
Capillary 4000 V

MSTOF Fr agm 400 V

Table D.5. Acquisitionparameterdor HRdmdata acquisition using the Agilent 6560 SPE
DTIMS-MS analyses.

Acqui sition Par ame

Mass Rang 10-D, 7nf/0z
I M Trap Fi 3.9 ms
|l M Trap Rel 100 Os
Max Dr i ft 60 ms
Mul tiplexi:t 4 bit

Table D.6. Drift tube settings used for HRdm acquisition of SIMS-MS data using the Agint
6560.

I M Dri ft Tube Sett

DT Entrance +/4274 V

DT Exit Vo +224 V
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L PMMNL PreProcessor 3.0 (2020,11.24) (beta 2020.11.24) - [m] >

Work Directory: |FisoAsp Data\Flow Injection\05032019
[] Include Subfalders Format: | Both = Filter:
Available Data Files (Total: 37) Data Files To Process
Data File Name DriftBins Mux Update Mote Path Data File Name DriftBins Mux Update Note Path
67886_1_1000_SuLmul+ [493 4 bits FhisoAsp Data\Flow Injection\0503:
67886_1_500_Sulmul+ |495 4 bits NisoAsp Data\Flow Injection\05032
67886_2_1000_5ulmul+ |435 4 bits FhisoAsp Data\Flow Injection\0503:
67886_2_500_Sulmul+ (493 4 bits FhisoAsp Data\Flow Injection\0503:
67886_3_1000_Sulmul+ [493 4 bits FhisoAsp Data\Flow Injection\0503: -
67886_3_500_Sulmul+ |495 4 bits NisoAsp Data\Flow Injection\0503: .
67886_4_1000_5uLmul+ |485 4 bits FisoAsp Data\Flow Injection\0503:
67886_4_500_Sulmul+ 485 4 bits FhisoAsp Data\Flow Injection\0503:
67906_1_1000_5uLmul+ |485 4 bits FhisoAsp Data\Flow Injection\0503:
67906_1_500_Sulmul+ (493 4 bits FrisoAsp Data\Flow Injection\0503:
67906 2 1000 Sulmul+ |495 4 bits FhisoAsp Data\Flow Injection\0503:

37 data files loaded.

PreProcessing | 2D-LC

Step 1: Data Compression and Interpolation ["] Step 3: Saturation Repair
(] Keep minutes 0 thru 0 General Options
[_] Compress frames: Every 1 frames become 1 frame [] Common Output Directary: |FisoAsp Data\Flow Injection\05032019
Interpolate drift bins: 1 drift bin becomes 3 E drift bing [[] Export Frame Metadata and MS Periodic Actuals (original data file)
Compress drift bins: 1 drift bins become 1 drift bin # of files to process in parallel: 1
Step 2 (a): Multiplexed Data: Demux, Smooth, Spike Rem. Overwrite Bsting Results

+/| Demultiplexing
Number of points input smoothing: drift (Savitzky—Golay): [5]
chromatography/infusion (moving average): 3~
Max Frames processed in parallel 5+
[[] Moving Average Smoothing

+/| Signal Intensity Lower Threshold: counts ZU@

[¥] Spike Removal: require| 1 * | adiacent points er dimension idrift and m/z)

Figure D.1. Parameters used for demultiplexing elbid multiplexed IMSMS data using the
PNNL PreProcessor 3.0 (version 2020.11.24).
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Find Features (IMFE) — >

Processing
(@ Chromatographic () Infusion
|zotope model Comman organic molecules e |

Limit charge state Z €=

[ ] Report singledon features with change state z=1

Input fitters
lon intensity = 100
] Restrict retention time to: | | minutes

(eg. "1.23-567")

Get Parameters for Saved Features

ok || cance

Figure D.2. Parameters used for ion mobility feature extraction (IMFE) feature finding in
Agilent IM-MS Browser (version 10.00).
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Table D.7. Singlefield collision cross section (CCS) values obtained for aspartic acid (D) and
isoaspaiit acid (isoDjcontaining peptides assessed using positive mode electrospray ionization.
CCS values reported are average of n=3 measurements.

Molecule | m/z | ‘ Exact m/z ‘ S.F.CCS | % RSD
DL 247.1281 [M+H]* 247.1294 162.9 0.5
DL 269.1101 [M+Na]* 269.118B 160.9 0.4
isoDL 247.1283 [M+H] * 247.1294 162.9 0.5
isoDL 269.1104 [M+Na]* 269.1113 160.8 0.5
LDA 318.1654 [M+H]* 318.1665 174.0 0.4
LDA 340.1479 [M+Na]* 340.1484 180.0 0.3
LisoDA 318.1653 [M+H]* 318.1665 174.0 0.4
LisoDA 340.1475 [M+Na]* 340.1484 177.4 0.4
ALDGK 503.281 [M+H]™* 503.2829 218.8 0.2
ALDGK 525.2632 [M+Na]* 525.2649 215.6 0.2
ALisoDGK 503.2816 [M+H]™* 503.2829 215.6 0.2
ALisoDGK 525.2639 [M+Na]* 525.2649 217.2 0.2
ALDEK 575.3032 [M+H]* 575.3041 232.6 0.1
ALDEK 597.2852 [M+Na]* 597.2&0 234.7 0.2
ALisoDEK 575.3025 [M+H]™* 575.3041 228.8 0.1
ALisoDEK 597.2846 [M+Na]* 597.2860 230.1 0.1
ADLGK 503.2817 [M+H]™* 503.2829 220.4 0.2
ADLGK 525.2628 [M+Na]* 525.2649 220.9 0.1
AisoDLGK 503.2824 [M+H]™* 503.2829 218.2 0.2
AisoDLGK 525.2636 [M+Na]" 525.2649 221.0 0.2
ALDGE 504.2293 [M+H]™* 504.2306 213.0 0.2
ALDGE 526.2112 [M+Na]* 526.2125 220.3 0.2
ALisoDGE 504.2294 [M+H]™* 504.2306 210.2 0.7
ALisoDGE 526.2109 [M+Na]* 526.2125 216.0 0.1
GDLLLK 658.4128 [M+H]* 658.4139 256.8 0.1
GDLLLK 680.351 [M+Na]* 680.3959 258.1 0.0
GisoDLLLK 658.4124 [M+H]* 658.4139 256.3 0.4
GisoDLLLK 680.3957 [M+Na]* 680.3958 253.8 0.4
GLDLLK 658.4125 [M+H]* 658.4139 252.4 0.1
GLDLLK 680.3941 [M+Na]* 680.3959 260.0 0.1
GLisoDLLK 658.4131 [M+H]* 658.4139 247.7 0.1
GLisoDLLK 680.3947 [M+Na]* 680.3959 252.5 0.2
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Table D.8. Singlefield collision cross section (CCS) values obtained for aspartic acid (D) and
isoaspartic acid (isoBgontaining peptides assessed using negative mode electrospray ionization.
CCS vales reported are average of n=3 measurements.

Molecule m/z Exact m/z ‘ S.F. CCS % RSD
DL 267.0922 [M-2H+Na] 267.0957 158.7 0.1
DL 245.1110 [M-H] 245.1137 ND ND
isoDL ND [M-2H+Na] 267.0957 ND ND
isoDL ND [M-H] 245.1137 ND ND
LDA 316.147 [M-H] 316.1509 174.4 0.1
LDA 338.1298 [M-2H+Na] 338.1328 181.6 0.2
LisoDA 316.1472 [M-H] 316.1509 178.4 0.2
LisoDA 338.1307 [M-2H+Na] 338.1328 177.9 0.1
ALDGK 501.2672 [M-H] 501.2673 217.0 0.3
ALDGK 523.2478 [M-2H+Na] 523.2492 217.3 0.3
ALisoDGK 5012641 [M-H] 501.2673 214.4 0.3
ALisoDGK 523.2474 [M-2H+Na] 523.2492 216.1 0.2
ALDEK 573.2867 [M-H] 573.2884 227.8 0.4
ALDEK 595.2666 [M-2H+Na] 595.2703 229.5 0.3
ALisoDEK 573.2878 [M-H] 573.2884 224.1 0.3
ALisoDEK 595.2688 [M-2H+Na] 595.2703 2313 0.3
ADLGK 501.2656 [M-H] 501.2673 220.3 0.3
ADLGK 523.2462 [M-2H+Na] 523.2492 210.2 0.3
AisoDLGK 501.2650 [M-H] 501.2673 217.0 0.4
AisoDLGK 523.2474 [M-2H+Na] 523.2492 220.9 0.3
ALDGE 502.2114 [M-H] 502.2149 205.8 0.3
ALDGE 524.1935 [M-2H+Na] 524.1969 210.6 0.2
ALisoDGE 502.2117 [M-H] 502.2149 208.5 0.3
ALisoDGE 524.1943 [M-2H+Na] 524.1969 214.9 0.3
GDLLLK 656.3973 [M-H] 656.3983 247.2 0.5
GDLLLK 678.3773 [M-2H+Na] 678.3802 248.3 0.4
GisoDLLLK 656.3964 [M-H] 656.3983 253.7 0.4
GisoDLLLK 678.3782 [M-2H+Na] 678.3802 258.4 0.4
GLDLLK 656.3960 [M-H] 656.3983 255.2 0.4
GLDLLK 678.3778 [M-2H+Na] 678.3802 252.2 0.4
GLisoDLLK 656.3975 [M-H] 656.3983 252.7 0.5
GLisoDLLK 678.3774 [M-2H+Na] 678.3802 251.6 0.5
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[isoDL+H]* [isoDL-H]
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Figure D.3.isoDL analyzed in both positive (A) and negative (B) mode at equal concentrations provide

very different mobility distributions. Under positive ionization (A), the [M*idpecies was observed to
have two primary distributions, with a minor degree of smeamtlicative of multimerization. Negative

electrospray ionization yielded a smeared mobility distribution for theH][Mspecies, which is
characteristic of peptide aggregation.
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Figure D.4. Three separate modes of HRdm enhancgmvere utilized: a low, medium, and high level of
processing. Initial demultiplexed drift spectra for the peptide pair AisoDLGK and ADLGK had an average
resolving power (B of 54 for AisoDLGK and 55 for ADLGK. Employment of HRdm to this same data

file asa postacquisition enhancement step improved the obseryefl 8soDLGK and ADLGK to 151

and 143, respectively, at the lowest level of enhancement available. With increasing levels of HRdm, these
were increased to greater than 200 for both peptidesttathm medium and highest available processing
level, with the greatest reduction in the number of data points observed for the highest processing mode.
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Figure D.5. Necessary resolving power fRor separation of isomeric D and isaldntaning
peptides in their [WH]-, [M-2H+Na}, [M+H]+, and [M+Na]+ adducts. The baseline average R

(CCS/ CCS) o

f the Agilent 6560 i

S

6 0.

Applica

4-bit multiplexed data allows for a pegtocessing enhancement of resolving power of ion
mobility spectrometry (IMS) drift spectra to an averagadrapproximgely 80, 120, and 210 in
the low, medium, and high processing mode, respectively.
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Table D.9. Assessment of influence of HRdm on assessing area under the curve (AUC) of peptide
drift spectra for the ratio of isoD to-Bontaining peptides. Values showe #he percent difference
between the ratio of drift spectra peak AUCs of isoD to D for the standard multiplexed files and
those obtained for the low, medium, and high enhancement levels of HRdm.
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