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ABSTRACT
A glycoprotein is a glycoconjugate in which a protein has one or more glycans

covalently attached to a polypeptide backbone, usually via N- or O- linkages. This modification
can affect the structure, function, interaction, and folding of proteins. Glycosylation is crucial for
physiological and pathological cellular functions.! Specific N- and O-linked glycoprotein
changes are associated with disease progression and the identification of these glycoproteins has
potential for use in disease diagnostics, prognosis, and treatment.?2 For example,
Immunoglobulin G (1gG), the most common serum antibody, is N-glycosylated and studies have
established IgG glycosylation as a key regulator of humoral immune activity.*567

The biological significance of IgG and other glycoproteins makes the development of
accurate methods to analyze them vital. Structural analysis of glycoproteins is generally
performed with or without release of the glycan modification. A proteolytic digestion can be
performed on a glycoprotein to produce glycopeptides. In addition, N-glycans can be released by
Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase (PNGase F).

Liquid chromatography paired with mass spectrometry (LC-MS) is commonly used for
the analysis of proteins, glycoproteins, and glycans. The emergence of Tandem MS (MS/MS)

and hydrophilic interaction liquid chromatography (HILIC) methodologies have assisted in the



identification and characterization of glycoproteins. The current work presented here utilizes
HILIC-LC-MS methods to address various gaps in the field by increasing the depth of
information obtained from experiments, including investigating retention behavior, reducing the
identification of false positives, and determining kinetics of PNGase F deglycosylation for
complete glycan release. The purpose of the work presented here is multifaceted: first, to use
HILIC to analyze the separation of O-mannose glycosylated peptides and investigate their
retention behavior to facilitate faster, and more confident identification and characterization of
unknowns. Second, a novel HILIC-LC-MS method, n-Asp and i-Asp to reduce false positives
(NIFP), was proposed to reduce interferences in glycosylation site mapping.2 Third, the kinetics
of PNGase F deglycosylation reactions performed on intact and trypsin digested IgGs were
investigated for the development of efficient methods for accurate quantitation. The effect of
different PNGase F enzyme preparations on the kinetics of deglycosylating Human Serum IgGs

was also investigated.
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CHAPTER 1
INTRODUCTION
Glycoproteins are proteins that have oligosaccharide chains (glycans) covalently

attached to polypeptide amino acid side chains, usually via N- and O-linkages, and play vital
roles in a wide range of biological processes, as well as in disease genesis and progression.!
Changes in specific N- and O-linked glycoprotein are associated with disease progression and
the identification of these glycoproteins has potential for use in disease diagnostics, prognosis,
and treatment.>3 For example, Immunoglobulin G (IgG), the most common serum antibody, is N-
glycosylated and studies have established 1gG glycosylation as a key regulator of humoral
immune activity.*>67

Structural analysis of glycoproteins is generally performed with or without release of the
glycan modification. A proteolytic digestion can be performed on a glycoprotein to produce
glycopeptides. In addition, N-glycans can be released by Peptide-N4-(N-acetyl-beta-
glucosaminyl)asparagine amidase (PNGase F). PNGase F, which cleaves the linkage between the
asparagine residue and the innermost N-acetylglucosamine (GIcNAc) of all N-glycans except
those containing a 3-linked fucose attached to the core GIcNAc. The analysis of glycopeptides is
beneficial as the glycan is still attached, providing site information that can be used to determine
the glycan’s function.

Due to their great biological importance, the development of fast and accurate methods to
analyze glycoproteins is of the upmost importance. Liquid chromatography paired with mass

spectrometry (LC-MS) is a powerful tool for the analysis of glycoproteins, proteins, and glycans.



Hydrophilic Interaction Liquid Chromatography (HILIC) is the preferred separation method of
glycopeptides and has also been shown to chromatographically separate different glycoforms
which is key in characterizing the glycans that occupy a specific site.

The current work presented here utilizes HILIC-LC-MS methods to address various gaps
in the field by increasing the depth of information obtained from experiments, including
investigating retention behavior, reducing the identification of false positives, and determining
kinetics of PNGase F deglycosylation for complete glycan release.

Chapter 3 details the investigation of the HILIC retention behavior of O-mannose
glycopeptides. The separation of six O-mannose glycopeptides was observed and the
glycopeptides were able to be resolved from each other, and from the native, unmodified peptide.
Retention coefficients for O-mannose and extended structures were calculated. The separation of
GIcNACc linkage isomers in O-mannose glycopeptides was also observed, and the HILIC
retention contribution for both was determined. Retention behavior prediction improves data
analysis methods as it allows for quicker data analysis and facilitates the identification of
unknowns. The calculation of O-mannose glycan coefficients allows for the prediction of
retention time for any O-mannose glycopeptide consisting of the investigated sugars on any
peptide sequence, when combined with previous HILIC peptide retention model.®

Chapter 4 proposes an alternative to the current methodology used to locate sites of N-
linked glycosylation on a protein. Researchers commonly identify sites of N-linked glycosylation
on a protein through the identification of deamidated sites after releasing the N-glycans with
peptide-N-glycosidase F (PNGase F). A current method to locate sites of N-linked glycosylation
on a protein involves the identification of deamidated sites after releasing the glycans with

PNGase F. This protocol involves a proteolytic digest and then PNGase F deglycosylation, both



performed in buffer conditions with a pH of 7.8, an optimum range for both enzymes. However,
a potential interference to this method of N-glycosylation site mapping is the chemical
deamidation of Asn residues, which occurs spontaneously, has been observed to occur in
conditions of proteolytic digestion and pH deglycosylation, and can result in false positives. To
overcome these interferences, a novel HILIC-LC-MS method, n-Asp and i-Asp to reduce false
positives (NIFP), was proposed.®

Chapter 5 highlights the investigation into solving an age-old question, on whether
researchers need to perform a trypsin digest before performing a PNGase F deglycosylation on
IgGs. Currently, researchers either perform PNGase F deglycosylation on intact or trypsin
digested IgGs. Those who perform PNGase F deglycosylation on trypsin digested IgGs argue
that proteolysis is needed to reduce steric hindrance while the other states that this step is not
needed. There is minimal experimental evidence supporting either assumption. Thus, the
kinetics of a PNGase F deglycosylation reaction for intact IgGs and IgG glycopeptides was
investigated, and statistically significant differences between the rates were determined.

Chapter 6 expands on previous research and investigates the kinetics of PNGase F
deglycosylation reaction for multiple preps, where three PNGase F enzyme preparations were
compared (one amidase and two recombinant versions). The importance of obtaining complete
glycan release for accurate quantitation led us to determine if there was a difference in the rate of
deglycosylation between the three PNGase F preps. Statistically significant differences in the
rate of deglycosylation performed using three different PNGase F enzyme preps on trypsin

digested IgGs was determined.



CHAPTER 2
LITERATURE REVIEW

Liquid Chromatography

Liquid chromatography (LC) is a technique used to separate a sample into its individual
parts, based on the chemical or physical interactions of the sample with the mobile phase and
stationary phases. Initially, discovered as means to separate colored compounds, LC has
modernized over the years. Modern high-performance liquid chromatography (HPLC)
encompasses the same principles as early LC techniques but provides greater separation
efficiency, versatility, and speed to keep up with contemporary demand and is used for the
analysis of pharmaceuticals, metabolites, and biological samples.'%112 In HPLC, the sample is
first placed on a tray for automatic injection into the column. Solvent is continually pumped
through the column, and the separated compounds are continuously monitored by a detector as
they leave the column. The resulting detector signal plotted against time is referred to as a
chromatogram. Nowadays, a computer automates the processes and HPLC is characterized by
the use of high-pressure pumps for faster separations, re-usable and effective columns for
enhanced separations, for an enhanced separation and more precise process.
General Description

The interactions utilized in a separation can be chemical, with an analyte adsorbing to an
adsorbent surface, or physical, where a small analyte easily penetrates a porous particle. In LC,
components within a mixture are separated in a column based on each component’s affinity for

the mobile phase.'®* Most mobile phases are made up of acetonitrile, methanol, and/or water. lon



pairing reagents can be added to the mobile phase to improve the selectivity of the separation.
Ammonium formate and formic acid are common mobile-phase modifiers in LC-MS based
proteomic workflows.'* In the infancy of LC analysis, the mobile phase composition remained
constant, or isocratic, throughout a separation but as researchers began to analyze more
complicated samples, they needed to vary mobile phase composition throughout a separation in
the form of gradients.'>16

In LC, the stationary phase directly interacts with the sample through various modes of
interaction based on affinity, size, and electrostatic interactions. Stationary phases are typically
made of porous, microscopic particles that are packed into a column, one of the most popular
particles used are core-shell particles, also referred to as superficially porous particles (SPPs).
SPPs have a solid, impermeable inner core of silica covered by a thin, porous shell also made out
of silica, they provide highly efficient and fast separations with low back-pressure.”8 The type
of adsorbent material making up the particles of the stationary phase is crucial for efficient
separation of compounds in a mixture. $*2° Today, inorganic materials including silica, graphite,
and metal oxides are widely used in research applications. Silica has become one of the most
widely used HPLC packing materials due to its good mechanical strength, high chemical and
thermal stability, controllable pore structure and surface area, and surface rich in silanol
groups.t%2122 The physical characteristics of the particles must also be considered. The particle
size, mean diameter of the particle used to pack a column, affects the distance and time necessary
for a molecule to partition between the mobile and stationary phases. While the pore size
influences whether a molecule can diffuse into and out of particles. The utilization of a small
particle size provides better efficiencies as there is less peak dispersion across a wide range of

flow rates. While the pore size must be large enough to allow interactions between the molecule



and the stationary phase. Smaller pore sizes (80 - 120A) are best for molecules with a molecular
weight up to 2000 Da.?

After the appropriate stationary phase and mobile phase is chosen for the separation.
There are two main factors that contribute to how well compounds are separated by
chromatography: efficiency, and resolution. A column’s efficiency is referred to in terms of band
broadening, which describes how a group of the same type of analyte moves apart as it moves
through a column. The efficiency of a column is commonly defined by the number of plates (N)
a column has. Thus, the more plates a column has, the more efficient the column is, and the
separation between the two solutes is greater. The plate count of a column is related to the
mobile phase used and nature of the solute. The theoretical plate height (H) can be calculated
using N and column length (L) to measure column efficiency (Equation 1). Column length is
fixed so many plates result in a small value of theoretical plate height, resulting in a more

efficient column.
H == (Eq.1)

In 1956, Van Deemter defined the relationship between column efficiency and
theoretical plate height to measure the equilibration of a sample between stationary and mobile
phases (Equation 2).

H=A+ 2+ Cu(Eq.2)

In this equation, there are three terms that influence the height of a plate: Eddy diffusion
(A), Longitudinal diffusion (B), resistance to mass transfer (C), and average mobile phase
velocity (u).?* In order to have a high efficiency separation, the plate height needs to be low,

requiring the factors that influence band broadening to be minimized. Eddy diffusion is a

constant, that is independent of flow rate and accounts for the effects of multi-path flows in a



column, including the effects of injection and detection. In packed columns, multiple distinct
routes (channels) exist through the column packing, resulting in band spreading. Longitudinal
diffusion accounts for the effect of a solute undergoing diffusional broadening within the mobile
phase.?® The final term, resistance to mass transfer represents the movement of an analyte
between the stationary and mobile phases, or a transfer of masses between the phases. Some
analytes will move from phase to phase while others will predominately be in the mobile phase.
This increases the band broadening, but can be reduced through the use of lower flow rates,
smaller particles, or increasing temperature.?62":2¢ The mobile phase velocity (flow rate) used in
a separation is important as it affects band broadening through its impact on longitudinal
diffusion and resistance to mass transfer. The flow rate can vary from in the range milliliters to
nanoliters, with sensitivity of detection increasing at lower flow rates. However, too low of flow
rate, increases the longitudinal diffusion factor, as the analyte spends more time on the column,
which increases plate height. While a flow rate that is too high, results in adsorption of the
analyte to the stationary phase, leaving some of the sample behind. Thus, the flow rate must be
optimized to improve column efficiency, while maintaining a reasonable separation time.°
Column efficiency is necessary in determining the degree of separation within a column
but being able to separate two adjacent peaks is equally as important. The extent of this
separation is referred to as resolution, which is defined as the difference in retention times

between two peaks, divided by the combined widths of the elution peaks (Equation 3).
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Where B is the species with the longer retention time, A is the species with the shorter
retention time, and tr and W are the retention time and elution peak width, respectively. A
resolution greater than one indicates that the peaks can be differentiated successfully. However, a
resolution value of 2 to 3 is desired.?%6
Types of Liquid Chromatography

From the development of chromatography in the 1900s and until the introduction of
reverse phase (RP) chromatography in the 1970s, Normal phase (NP) chromatography was the
method of choice. NP-LC utilizes a polar, inorganic stationary phase and a less-polar, water-free
mobile phase. In NP-LC, the stationary phase is more polar than the mobile phase, allowing
more-polar solutes to be preferentially retained. After the development of RP-LC, NP-LC is less
common but is still useful for analytical separations by thin-layer chromatography (TLC),
purification of crude samples, and for the separation of very polar samples that are poorly
retained and separated by RP-LC.16

Nowadays, RP-LC is the most common HPLC separation technique and is the first choice
for the separation of both neutral and ionic samples. RP-LC utilizes a non-polar, hydrophobic
stationary phase such as C8 or C18, and a polar mobile phase, typically a mixture of water and
either acetonitrile or methanol. It is commonly used in the field due to its convenience,
robustness, and versatility. Over the course of gradient elution, very polar molecules interact
more strongly with the polar mobile phase, thus these compounds are less retained and leave the
column first. Whereas less polar compounds prefer the nonpolar stationary phase and are
retained longer and elute when the mobile phase becomes more organic. RP-LC is ideal for the

separation of hydrophobic compounds, including peptides. While, very hydrophilic glycans



interact minimally with the non-polar stationary phase in RP-LC, resulting in in-adequate
resolution of isobaric glycoforms of glycopeptides.t6:2

In contrast to RP-LC, hydrophilic interaction liquid chromatography (HILIC) is an
alternative HPLC mode for separating polar compounds. HILIC, coined by Alpert in 1990, is
historically referenced as a variant of NP-LC, but the separation mechanism utilized in HILIC is
more complicated than in NP-LC.3! There are many advantages to HILIC chromatography; (1) it
allows for the retention of compounds in complex systems that elute near the void in RP-LC, (2)
polar samples have good solubility in the agueous mobile phase used in HILIC, (3) costly ion-
pair reagents are not required, and it can be coupled to mass spectrometry.®? In HILIC, a non-
polar mobile phase and a polar, hydrophilic stationary phase are used. Gradient elution in HILIC
begins with a low-polarity organic solvent and elutes polar analytes by increasing the polar
aqueous content. HILIC works by retaining polar compounds into a water-rich layer that is
formed at the surface of the silica particle because of a polar stationary phase. HILIC is the
separation mode of choice for highly hydrophilic and amphiphilic compounds that are too polar
to be well retained in RP-LC but have insufficient charge to allow effective electrostatic
retention in ion-exchange chromatography.33343%
Detectors in Liquid Chromatography

The chromatographic detector is a transducer that converts a chemical or physical
property of an eluted analyte into an electrical signal that can be related to analyte concentration.
There are two types of detectors used in liquid chromatography: destructive and non-destructive.
Destructive detectors perform continuous transformation of the column effluent, with a
destructive process (burning, evaporating, or mixing with reagents), with a subsequent

measurement of a physical property of the resulting material. When a destructive detector is



used, the original sample cannot be recovered after analysis, the sample is destroyed during
analysis. A mass spectrometry detector is an example of a destructive detector. Non-destructive
detectors directly measure a property of the column eluent and provide greater analyte recovery.
Thus, the sample is not destroyed when analyzed by a non-destructive detector. Ultraviolet (UV),
fluorescence, and refractive index (RI) detectors are examples of non-destructive detectors.6:37:38
Mass spectrometry and UV detectors are the most commonly used LC detectors for the analysis
of glycopeptides. The UV detector measures a sample’s absorption of light at different
wavelengths and provides a continuous signal that is used to quantify the amount of
chromophoric compounds in the sample.
Retention Time Modeling

Retention modeling is done in proteomic analysis where the individual contributions of
amino acids to the retention of a peptide are analyzed to accurately predict when peptides elute.
Such models have been made for both RP and HILIC chromatography, in which each amino acid
has a coefficient that describes the extent of its hydrophilicity/hydrophobicity.®3%4° These
coefficients are them summed for a particular peptide and can be used to calculate the retention
time for any peptide sequence. Models have also been derived to predict the retention
coefficients of post-translational modifications including glycosylation, oxidation of methionine,
and deamidation.*'42 The implementation of predicted retention times in peptide and
glycopeptide analysis adds an additional selection, ultimately aiding in their characterization and
identification, while reducing false discovery rates.*3
Mass Spectrometry

Mass Spectrometry (MS) measures the mass-to-charge (m/z) ratio of ions, which can be

used to calculate the exact molecular weight and determine the structure of a molecule. Mass

10



Spectrometers consist of an ion source that converts analyte molecules into gas-phase ions, a
mass analyzer under an ultra-high vacuum that separates ionized analytes based on their m/z, and
a detector. The detector electronically produces a signal representative of the separated ions and
records the number of ions at each m/z value.** The results are viewed as a mass spectrum, a plot
of intensity as a function of m/z ratio. Low operating pressures (high vacuum) is utilized in mass
spectrometry to reduce the chance of ions colliding with other molecules in the mass analyzer, as
these collisions can interfere with the mass spectrum.

lonization Techniques

The development of electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) revolutionized protein analysis using MS. ESI and MALDI are
referred to as “soft ionization techniques” as ion formation does not lead to a significant loss of
sample integrity, making them applicable to protein and glycoprotein analysis. In both ESI and
MALDI, peptides are converted into ions by either addition or loss of one or more than one
proton.

ESI produces ions using an electrospray in which a high voltage is applied to a liquid to
create an aerosol. lonic species in solution can be analyzed by ESI-MS with increased sensitivity
and neutral species can be converted to ionic form in solution or gaseous phase by protonation or
cationization. There are three main steps to utilized in ESI: (1) dispersal of a fine spray of
charged droplets followed by (2) solvent evaporation, and (3) ion ejection from the highly
charged droplets. In ESI, a nebulizing gas, typically nitrogen, is used to shear around the eluted
sample solution, and enhances a higher sample flow rate. The nebulizing gradient is also
typically heated as well as the ESI source. The charged droplets generated at the end of the

electrospray tip, pass down a pressure gradient and potential gradient towards the analyzer
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reason of the mass spectrometer.*® The formation of ions requires ample desolvation, requiring
organic solvents to be mixed with water. There are two main theories to explain ion formation in
ESI: the charge residue model (CRM) and the ion evaporation model (IEM). IEM proposes that
as the droplet reaches a certain radius the field strength at the surface of the droplet becomes
large enough to assist in the field desorption of solvated ions. While CRM suggests that
electrospray droplets undergo evaporation and fission cycles, eventually producing progeny
drops that contain one analyte ion or less. The gaseous ions form after the remaining solvent
molecules evaporates, leaving the analyte with the charges that the droplet carried. The
efficiency of generating the gaseous ions in ESI varies depending on the compound structure, the
solvent used, and instrumental parameters,46:47:46

MALDI is another soft ionization technique used to study biological samples. In MALDI, the
sample is mixed with an energy absorbent matrix, that crystallizes and entraps the sample upon
drying. The sample-matrix is ionized by a laser beam, and desorption and ionization with the
laser beam generates singly charged protonated ions from analytes in the sample.*® ] The matrix
used in MALDI is vital for the successful generation of ions. 2,5-dihydroxybenzoic acid (DHB)
and o-cyano-4-hydroxycinnamic acid (CHCA) are two commonly used matrices in proteomics
analysis.*® The charged analytes resulting from ESI and MALDI are then detected and measured
using different types of mass analyzers.
Mass Analyzers

There are many configurations of mass analyzers, including quadrupole, ion trap, and

time-of-flight (TOF). In the 1950s, Wolfgang Paul and his student Helmut Steinwedel first
conceived the quadrupole mass filter (QMF), which consists of four cylindrical rods, set parallel

to each other. Opposite rods are electronically connected with direct current (DC) and radio

12



frequency (RF) voltages. If the RF voltage is the only one applied, a wide range of m/z ions will
traverse through the quadrupole. When a DC voltage is superimposed onto the RF voltage, ions
of a specific m/z can be tuned to traverse the quadrupole, while ions of higher or lower m/z
values will be lost by collisions with the quadrupoles through unstable trajectories. The mass
range can be scanned to transmit ions of increasing m/z to acquire a mass spectrum, this is done
by increasing the DC and Rf voltages while keeping their ratio constant. QMF’s allow one mass
channel at a time to reach the detector as the mass range is scanned, leading them to be
described as scanning instruments,50:51,52

Quadrupole ion-trap (QIT) mass analyzers are similar to QMF but differ as the ions are
trapped in stable orbits and are then sequentially ejected. There are two types of QIT, three-
dimensional (3D) and linear. The 3D-QIT consists of three hyperbolic electrodes: a donut-shaped
ring electrode, an entrance endcap electrode, and the exit endcap electrode. lons enter and are
trapped in the space between the electrodes by DC and RF potentials, the RF potential is then
altered to produce instabilities in the ion trajectories to axially eject the ions into the detector in
increasing m/z value. LIT differs from QMF as two electrodes are placed at the ends of the
quadrupole to trap ions, as ions enter the trap, the front plate potential is ramped up to “trap”,
then the rear plate potential is reduced to attract ions to exit for further analysis.5354555 |n both
designs, an inert buffer gas, typically helium, is added into the trap to dampen the energy of the
ions, to reduce unwanted collisions. LIT’s are noted to have higher ion storage volumes and
enhanced sensitivity for externally ejected ions than QIT. Overall ion traps are advantageous due
to their high ion storage capability, high scan rate, and simplicity.

A linear time-of-flight (TOF) mass analyzer separates ions based on their velocity as they

travel through a flight region, called the flight tube. An ion’s trajectory depends on its
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momentum and Kinetic energy imparted by an applied pulse acceleration voltage (pusher) and its
m/z ratio. lons with a lower m/z value will travel the fastest, arriving at the detector first, while
ions with larger m/z will travel slower and arrive at the detector last. Linear TOF mass analyzers
experience poor mass resolution caused by differences in start times and locations of ions being
accelerated as well as different kinetic energies and initial ion orientation. However modern
instrumental design has been optimized to overcome these disadvantages, mainly in the
development of reflectron time-of-flight mass spectrometers (RTOF-MS). Reflectrons utilize a
retarding electrostatic field, where pulsed ions penetrate until they lose their kinetic energy and
travel in the opposite direction to reach a detector. The reflectron corrects for the distribution of
kinetic energies of analyzed ions.5” Newer instruments include double reflectrons, where ions are
pushed, reflected by the first reflectron opposite the pusher, and then by a second reflectron, then
by the first reflectron again before arriving at the detector. To correct for differing initial position
and velocity of ions, a delayed extraction technique can be implemented where ions generated
from the ion source are delayed momentarily before they are accelerated through the flight
tube.5® A buffer gas is also utilized to reduce the kinetic energy of ions entering into the flight
tube.>® TOF mass analyzers, with a reflectron, are advantageous due to their high sensitivity and
ion transmission, fast scan speed, and excellent mass range, and tend to have a higher resolution
than quadrupole or ion-trap mass analyzers.
Tandem Mass Spectrometry

Tandem mass spectrometry (MS/MS, MS?) is a two-step technique to break down
selected ions (precursor ions) into fragments (product ions). First, m/z are isolated then
fragmented by a chemical reaction (dissociation), the fragment ions are then used to characterize

and identify the precursor ion. Collision-induced dissociation (CID) is a common dissociation
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method used in MS/MS, where gas-phase peptide/protein cations are internally heated by
multiple collisions with rare gas atoms (helium, argon, or nitrogen). During this collision
process, a fraction of the ion’s kinetic energy is transferred into internal energy, determining its
dissociation into various fragment ions; the extent of fragmentation depends on the total internal
energy of the excited ion. CID results in peptide backbone fragmentation of the carbon-nitrogen
bond and the formation of a series of b- and y-fragment ions.®° Multiple dissociation processes
exist and produce varying fragmentation patterns, such as electron-transfer dissociation (ETD).5!
MS/MS can be conceived in two ways: tandem-in-space and tandem-in-time. Tandem-in-space
instruments utilize two mass analyzers in series; thus, the different stages of the process occur
sequentially in separate physical regions. Whereas, in Tandem-in-time instruments the different
MS/MS stages are carried out successively inside the same physical space but separately in
time. 6263

A triple quadrupole (QQQ) mass analyzer is a popular tandem-in-space instrument,
consisting of two quadrupoles (Q1 and Q3) in series with a non-mass-resolving RF only
quadrupole between them, acting as a cell for collision-induced dissociation. The first
quadrupole (Q1) operates to select a precursor ion m/z, the second quadrupole operates with an
RF potential to allow ion transmission while at a higher pressure for fragmentation, and the third
quadrupole operates to select fragment m/z. 8465 Triple quadrupole instruments have four
MS/MS scan modes: precursor ion scan, fragment ion scan, neutral ion scan, and selected
reaction monitoring (SRM). In each MS/MS scan modes, the collision cell is used for
fragmentation. Precursor scans are set up to utilize Q1 as a mass analyzer to scan for precursor
ions while Q3 acts as a filter, only allowing a specific m/z through. Thus, allowing for

identification of precursor ions that produce a particular fragment. Fragment ion scans, also
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known as product ion scans, occur when Q1 is set to only allow the transmission of one m/z, and
Q3 scans for the fragment ions. In a neutral ion scan, Q1 and Q3 are scanned simultaneously at
the same rate but with differing DC/RF ratios, the difference in m/z filtered between each is
equal to a neutral loss of interest. Selected reaction monitoring (SRM), also referred to as
multiple reaction monitoring (MRM) operates Q1 to isolate a precursor ion and Q3 to isolate a
fragment ion, allowing for a targeted approach to specifically look for peptides of interest and
their corresponding fragments, providing increased specificity and sensitivity for quantitation.
Overall, QQQ instruments provide high duty cycle; the proportion of time that ions are accepted
from a continuous ion source, correlating to high sensitivity as few ions are wasted, and are
preferentially used for quantitation analysis.

Quadrupole time-of-flight (QTOF) instruments are another popular tandem-in-space
instrument. This configuration is similar to a QQQ but differ in that the third quadrupole is
replaced can by a TOF mass analyzer. This setup provides many benefits to sensitivity, mass
resolution, and mass accuracy in both precursor (MS1) and product ion (MS/MS) modes, and is
ideal in the analysis of unknowns.%¢
lon Detection

A key component in MS systems is the detector used to convert a current of mass
separated ions into measurable signal. Electron multipliers are one of the most common detectors
due to their high gain and low noise. Electron multipliers consist of a vacuum-tube structure that
multiplies incident charges, in which a single electron is bombarded on a secondary-emissive
material, causing the ejecting of secondary electrons. These electrons are accelerated through an

applied electric field to the next metal plate and induce secondary emission of more electrons.
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This process is repeated multiple times, resulting in many electrons being collected by a metal
anode. There are three geometries: discrete dynode, continuous dynode, and microchannel plates.
In a discrete dynode electron multiplier, the electrons are sequentially attracted to
individual charged plates called dynodes. The electrons cascade down the plates which are inside

a glass or ceramic tube that has a resistive coating, and as one hits a plate it emits additional
electrons.®” A continuous dynode system utilizes a horn-shaped funnel of glass coated with a thin
film of semiconducting materials.®® The multiplication principle is similar to the discrete dynode
but electrons are emitted from the continuous inner surface of the horn instead of plates. A
microchannel plate is an 2-dimensional parallel array consisting of very small continuous-
dynode electron multipliers.6°:7
Glycoproteins

Liquid chromatography paired with mass spectrometry (LC-MS) methods are utilized in
the analysis and characterization of proteins and their modifications. Post-translational
modifications (PTMs) are amino acid modifications in some proteins after their biosynthesis and
include phosphorylation, glycosylation, acetylation, methylation, and ubiquitination. PTMs are
highly dynamic and have been known to regulate many cellular and biological processes.’*
Glycosylation is one of the most common PTMs in proteins. At least 50% of human proteins are
glycosylated, with some estimating that it is closer to 70%.7273 Glycosylation is an important and
highly regulated mechanism of secondary protein processing within cells, playing a vital role in
determining protein structure, function, and stability.” A glycoprotein is a glycoconjugate in
which a protein has one or more glycans covalently attached to a polypeptide backbone, usually

via N- or O- linkages. Specific N- and O-linked glycoprotein changes are associated with disease
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progression and the identification of these glycoproteins has potential for use in disease
diagnostics, prognosis, and treatment.>%:2
N- and O-linked Glycoproteins

N-linked linked glycoproteins consist of a glycan covalently attached to an Asparagine
(Asn) residue by a N-glycosidic bond. The minimal amino acid sequence to receive an N-glycan
is Asn-X-Ser/Thr in which “X” is any amino acid, except Proline (Pro). However, not all Asn
residues in this sequon are N-glycosylated. All N-glycans contain a core structure consisting of
two N-Acetyl Glucosamines (GIcNAc) and three Mannoses (Man), and all Eukaryotic N-glycans
begin with a GIcNAc B1-linked to the Asn residue.” There are three types of N-glycans: (1)
Oligomannose, in which only Man residues extend the core; (2) Complex, in which “antennae”
initiated by GICNAc extend the core; and (3) Hybrid, where Man extends the Mana1-6 arm of
the core and one or two GIcNAcs extend the Mana1-3 arm. The GIcNAc branches of complex
and hybrid N-glycans can be modified by Galactose (Gal), then N-Acetylneuraminic acid
(Neu5Ac) or N-Glycolylneuraminic acid (Neu5Gc)."®

A glycan covalently attached to a Serine (Ser), or Threonine (Thr) is referred to as an O-
glycoprotein. There is no consensus sequence or single common core structure in O-
glycosylation. O-linked glycosylation is commonly found in the serine- and threonine-rich
regions of mucin and mucin-like proteins.’® There are also several types of non-mucin
glycosylation including O-GIcNAcylation’’, O-mannosylation’®, and O-fucosyslation™.
Immunoglobulins

Immunoglobulins (Igs) are soluble serum glycoproteins utilized in the adaptive immune
system to identify and neutralize pathogens. Immunoglobulin G (IgG) is the most abundant

antibody in the human body, composed of four subunits, made up of two heavy chains and two
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light chains.® IgGs are involved in multiple humoral immune processes including antigen
neutralization, complement activation and complement dependent cytotoxicity (CDC), and
antibody-dependent cell-mediated cytotoxicity (ADCC).8! There are four subclasses of 1gGs
(19G1, 1gG2, 1gG3, and 1gG4), that differ in their constant regions, particularly in their hinges
and upper CH2 domains.* All IgGs are N-glycosylated at aspargine-297 (Asn-297) in the CH2
domain of the crystallizable fragment (Fc) part of the heavy chains. In human 1gG, most of the
Fc glycans are complex biantennary structures with a high degree of heterogeneity, due to the
presence or absence of different terminal sugars. Previous studies have shown that 19G
glycosylation modulates 1gG effector functions and is involved in disease development and
progression.®?

Biotherapeutics

IgGs are able to be recombinantly produced and used as biotherapeutics. Some of the
most common and popular drugs on the market, are biotherapeutics, including Humira, Avastin,
Epogen, and Rituxan. Glycosylation is a key factor determining the pharmacological properties
of biotherapeutics, including their stability, solubility, bioavailability, pharmacokinetics, and
immunogenicity. Hence, an increased attention is directed at optimizing the glycosylation
properties of biotherapeutics.®?

Biotherapeutic drugs are synthesized through recombinant protein expression in a host
cell, typically produced in non-human mammalian cells. Chinese Hamster Ovary (CHO) cells are
the most commonly used cells to produce biologics.2* Many mammalian cell expression systems
used can produce biotherapeutic glycoproteins that are mostly decorated with human-like
glycans, but in some cases non-human glycans can be presented. There are two common

examples of non-human glycan structures being presented at the terminal, most exposed position.
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First, human N-glycans lack the terminal Gal 1-3Gal (a-Gal) modification; and second, they do
not contain the non-sialic acid N-glycolylneuraminic acid (Neu5Gc). Instead of containing
Neu5Gc, humans have an increased abundance of its precursor N-acetylneuraminic acid
(Neu5Ac). Most humans have circulating antibodies specifically targeting Neu5Gc and a-Gal,
risking immunogenicity of biotherapeutics carrying such non-human glycan epitopes.&>8687 An
example of this a-Gal immunogenicity/contamination was first seen in the biotherapeutic drug
Cetuximab, a chimeric mouse-human IgG1 monoclonal antibody directed against the epidermal
growth factor receptor, for the treatment of colorectal and squamous-cell cancer, approved by the
US Food and Drug Administration (FDA) in 2003. Once on the market, a high rate of
hypersensitivity reactions occurred upon the first application of cetuximab in the southeastern
US federal states. The immunogenicity caused by the presence of non-human glycans on
biotherapeutic drugs highlights the great need to analyze the glycosylation present.88:89.90
Glycoprotein Characterization using LC-MS

The biological significance of these glycans and glycoproteins makes the development of
accurate methods to analyze them vital. LC-MS is commonly used for the analysis of
glycoproteins. Glycoprotein and protein identification in MS can be carried out in the form of
whole-protein analysis (“top-down” proteomics) or analysis of enzymatically or chemically
induced peptides (“bottom-up” proteomics).®! In glycoproteomic analysis, a bottom-up approach
is preferred due to the greater separation efficiency, simpler spectral interpretation, among other
benefits.®? A benefit of the bottom-up approach is the ability to “shotgun” analyze complex
protein mixtures, where a proteolytic digest is performed on a protein altogether and the contents

are investigated. This bottom-up approach has successfully identified proteins in complexes,
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organelles, whole cells, and tissues. This approach also provides information about modification
sites.>3

In a bottom-up approach, prior to proteolytic digestion, the protein must be denatured to
allow the protease to work efficiently. This can be done through the addition of denaturing
agents such as surfactants, sodium dodecyl sulfate (SDS), urea, and guanidine hydrochloride
(GHCI), to the initial buffer solution.®® However, these surfactants are not ideal for MS systems.
Denaturation can also be achieved by breaking the disulfide bridges in the protein through
reduction with dithiothreitol (DTT) and then alkylation with iodoacetamide (IDA) to prevent
reformation of the disulfide bonds.®>%* Next, the proteolytic digestion is typically performed in-
solution with a protease enzyme, that cleaves the glycoprotein into glycopeptides. There are
many proteases available, including Trypsin, Chymotrypsin, Pepsin, and Proteinase K, differing
by their cleavage selectivity and specificity.® Trypsin is the most commonly used, due to its
known specificity, as it cleaves at the C-terminal side of Arginine (Arg) and Lysine (Lys)
residues.®

Structural analysis of glycoproteins is generally performed with or without release of the
glycan modification, the former approach is referred to as “glycomics” and the latter is referred
to as “glycoproteomics”. The glycomics approach allows for the released glycans to be direct
injected into a MS, derivatized, among other analytical methods for in-depth characterization. A
majority of N-linked glycans can be released from glycoproteins/glycopeptides with Peptide-N4-
(N-acetyl-beta-glucosaminyl)asparagine amidase (PNGase F), which cleaves the bond between
the first GIcNAc residue of the glycan and the glycosylated asparagine. PNGase F is not able to
cleave N-linked glycans from glycoproteins when the innermost GICNAc residue is linked to an

a1-3 Fucose residue. However, a downside of the glycomics approach is that site-specific
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information is lost as the glycan is released from the protein. Whereas, in the glycoproteomics
approach, the glycan is not released, and the glycosidic bond is kept intact throughout analysis to
obtain information about glycosylation sites and site occupancies.®? Glycosylation site mapping
can be performed on glycopeptides, and aids in the identification of a glycosylation site, which
can provide an indication of the function of the glycan.

Glycopeptides and released glycans can be analyzed by LC-MS methodologies to obtain
information on the structure of the peptide, composition of the glycan, and site information.
However, glycopeptide analysis can be complicated due to microheterogeneity, which is a
diversity of glycans occupying a protein’s glycosylation sites, as well as the presence of
structural and linkage isomers, all contributing complexity.®® The introduction of tandem mass
spectrometry (MS/MS) has shown to be a vital tool for glycoproteomic analysis as it is able to
provide structural information to aid in identification. When glycopeptides are subjected to CID,
fragment ions are formed, corresponding to low molecular weight oxonium ions such as 163 m/z
(Hex*), 204 m/z (HexNAc"), 366 m/z (Hex-HexNAc™), and 292 m/z (Neu5Ac*). In addition,
glycopeptides fragment to produce glycosidic cleavage ions of the Y- and B-ion type, resulting
in consecutive losses of 162 Da (Hex), 203 Da (HexNAc), and 291 Da (Neu5Ac) that are
observable in the CID spectra. Together, observation of these oxonium and glycosidic cleavage
ions aid in the identification and verification of a glycopeptide 799919 Separation by Liquid
chromatography is implemented before MS aids in isomeric identification.1°* Hydrophilic
Interaction Liquid Chromatography (HILIC) is the preferred separation method of glycopeptides
and has also been shown to chromatographically separate different glycoforms which is key in

characterizing the glycans that occupy a specific site.
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CHAPTER 3

INVESTIGATING THE RETENTION BEHAVIOR OF O-MANNOSE GLYCOPEPTIDES

Birx, L., Praissman, J., Live, D., Orlando, R., Wells, L. To be submitted to Journal of

Biomolecular Techniques
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Abstract

O-mannose glycosylation is a common post-translational modification (PTM) and can
alter the overall structure, polarity, and function of proteins. In Hydrophilic interaction liquid
chromatography (HILIC), the polar glycan interacts with the polar stationary phase, offering the
ability to separate a glycosylated peptide from its native form. Thus, changes made to either
moiety will alter the chromatographic behavior of the glycopeptide. HILIC has also been shown
to separated glycopeptide isomers. Glycopeptide isomers are often differentially associated with
various biological processes. In this paper, the retention behavior of previously uninvestigated O-
mannose glycopeptides was investigated. Retention coefficients for O-mannose and extended
structures are calculated. The separation of -1,2-linked GIcNAc and B-1,4-linked GICNACc on
POMGNT1 and POMGNT2 O-mannose glycopeptides was demonstrated. Retention behavior
prediction improves data analysis methods as it allows for quicker data analysis and facilitates
the identification of unknowns.
Introduction

Glycosylation of extracellular and membrane proteins is an important post-translational
modification (PTM) involved in protein stability, quality control, cell-surface retention, and
ligand interactions.” The post-translational glycosylation of select proteins by O-mannose is a
conserved modification from yeast to humans and has been shown to be necessary for proper
development and growth.1%? O-Linked mannose (O-mannose) glycans are initiated by covalent
linkage of mannose to the hydroxyl oxygen of a serine or threonine amino acid residue by
protein O-mannosyltransferases (PMTSs) using dolichol-phosphate-B-D-mannose as a

donor.193104 A variety of glycan structures can be formed through the extension of O-mannose by
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the addition of other monosaccharides, including hexoses and N-acetylglucosamines (HexNACcS),
and functional groups.

There are four major classifications of O-mannose-initiated glycans (Fig 1), the last three
have been reviewed in-depth by Praissman and Wells.% The retention behavior of six O-
mannose glycopeptides was investigated. There structures are shown as Fig 2. In this paper,
POMG1/POMG?2 is referred to as 1-Man.

The ability to resolve glycosylated peptides from their native forms greatly facilitates
analysis as it enables glycan characterization while connected to a peptide tag that provides the
glycan’s location. The hydrophilic nature of glycans results in their inability to be separated in
Reversed Phase-Liquid Chromatography (RP-LC), where hydrophobic interaction drives the
retention. In contrast, glycans interact strongly with the stationary phases used in HILIC,
allowing for the separation of peptide/glycopeptide pairs. In general, the retention of glycans and
glycopeptides on HILIC is determined by the hydrophilicity of the analyte, which is influenced
by structural features such as size, charge, composition, linkage, and oligosaccharide
branching.1% HILIC has also been shown to separate glycopeptide isomers, including
determining 02-3/2-6 sialic acid (SA) linkage isomers of N-glycans.’

Here, the retention behavior of previously uninvestigated O-mannose glycopeptides is
observed. The separation of B-1,2-linked GIcNAc and B-1,4-linked GIcNAc on POMGNT1 and
POMGNT2 O-mannose glycopeptides was also investigated. This work expands upon previous
studies that calculated the retention coefficients that represent the hydrophilicity of O-linked N-
acetylgalactosamine (O-GalNAc), O-linked N-acetylglucosamine (O-GIcNAc), and O-fucose.%®

Wherein, Dextran is utilized as a retention calibrant, allowing for peptide and glycopeptide
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retention to be expressed in glucose units (GUs) facilitating comparison of retention across
different LC-mass spectrometry (MS) systems.
Materials and Methods
Glycopeptides

Synthetic peptide-glycopeptide pairs were obtained from the Wells lab at the Complex
Carbohydrate Research Center (Athens, GA, USA). The peptide sequence is
PKRVRRQIHAT*PTPVTAIGPP, where the * indicates the O-man residue. In addition, the
peptide’s N-term is acetylated and C-term is a carboxamide, the synthesis of the O-man peptide
and subsequent work with it is described in the following paper.1%
Protein Digestion

Synthetic peptide and glycopeptides were reduced using 200 mM dithiothreitol (DTT)
and alkylated using 1M iodoacetamide (IDA), both purchased from Sigma Aldrich (St. Louis,
MO, USA) to a final concentration of 5 mM DTT and 8 mM IDA. Sequencing grade trypsin
purchased from Promega (San Luis Obispo, CA, USA) was added at 20:1 (w/w, protein/trypsin)
for incubation overnight at 37°C.
LC-MS/MS settings and instrumentation

Data were acquired using a Synapt G2 (Waters Corporation, Milford, MA, USA) in series
with a 1100 Series LC System (HP, Santa Clara, CA, USA). Samples were suspended in 80%
acetonitrile and 20% H20 and separated using a HALO Penta-HILIC column packed with 2.7
um-diameter superficially porous particles (Advanced Materials Technology, Wilmington, DE,
USA) at 60°C. The gradient elution conditions used a linear increase in aqueous solvent from
20% to 50% over 30 minutes at 0.200 mL/min flow rate. The mobile phases contained 0.1%

formic acid (Sigma-Aldrich) in acetonitrile, and the aqueous solvent contained 50 mM
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ammonium formate (Sigma-Aldrich) and 0.1% formic acid in deionized water. The settings for
the mass spectrometer included the use of an inclusion list of the glycopeptide masses to
preferentially select these ions for fragmentation using collision-induced dissociation, and the
resulting MS/MS spectra was recorded.
Selection of peptides for prediction model and post-run data analysis

Retention times were determined manually from RAW files using the apex of peaks
displayed in MassLynx software (Waters Corporation) and resulting MS/MS data were visually
inspected for fragmentation that was consistent with peptide assignments. Skyline software was
utilized to analyze data.*°
Results and Discussion
The Separation of Glycopeptides from their Native Forms

The ability to resolve the six O-mannose modified glycopeptides from the native species
is shown by the HILIC chromatogram of the peptide QIHAT*PTPVTAIGPP, where the *
indicates the glycosylated site (Fig. 3). All peaks are baseline resolved, highlighting the ability of
the HILIC column to separate the species with the hydrophilic O-mannose modifications.
Retention times in minutes were converted to GUs from procainamide-labeled Dextran samples
ran immediately before and after the peptide/glycopeptide samples. The GU value is calculated
by fitting a fifth order polynomial distribution curve to the dextran ladder, then using this curve
to allocate GU values from retention times.*'* This approach allows the model to be universal
and used regardless of LC-MS system used, as long as dextran is ran before/after the samples.

The retention time of the unmodified form of the peptide was determined experimentally
and also predicted from a previously made model (Table 1). This peptide model is based on

amino acid composition and is able to sum amino acid coefficients related to their
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hydrophilicities with an intercept to predict retention.® A deviation of 1.67 GU was observed
between the experimental retention time of the unmodified peptide and the predicted value. The
experimental retention time in GU was used for all calculations.

All six O-mannose modified glycopeptides not only are resolved from their native,
unmodified form, but also are resolved from each other. Table 2 shows the retention times in
GU, structures, and elution order of the O-mannose glycopeptides and native/unmodified version
of the peptide. For the 1-Man glycopeptide, the addition of 1 mannose sugar residue drives the
interaction with the water-rich layer of the stationary phase, resulting in a later elution time
compared to the native/unglycosylated peptide. In POMGNTL1, the addition of the second moiety
continues to increase the overall hydrophilicity of the peptide more than the addition of one
mannose in the 1-Man structure, shown by its later elution time. TMEMS5 is the latest eluting O-
mannose glycopeptide, as it contains the most monosaccharides as well as 2 phosphates. As more
monosaccharides are added, the glycopeptide retains longer on the HILIC column due to the
increased hydrophilicity from the additional polar groups. In HILIC, the separation of
glycopeptide species is strongly dictated by the number of polar groups, which leads to rather
predictable and intuitively interpretable elution patterns.1%

There are two species containing 1 mannose and 1 GIcNAc residue differing only by
linkages, POMGNT]1 has a -1,2 linked GlcNAc while POMGNT2 has a 8-1,4 linked GIcNAc.
The ability to resolve the POMGNT1 species with the -1,2 linkage from the POMGNT?2 species
with the B-1,4 linkage is shown by the HILIC chromatogram (Fig. 4). The difference between
POMGNT1 (RT - 13.64 min and POMGNT2 (RT — 14.14 min) is 0.50 min, 0.42 GU. The
isomeric glycans are being resolved based on a ratio of B-1,2 to B-1,4 linkages present in the

glycoforms, with the -1,2-linked isomers eluting before the $-1,4 glycoforms. This suggests that
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the linkage of the GICNAc residue affects the number of exposed -OH groups to the water-rich
layer of the stationary phase. The increase in the number of exposed -OH increases the overall
hydrophilicity of the residue. The POMGNT?2 with 3-1,4 linkage elutes later due to the increased
hydrophilicity compared to POMGNT]1 (B-1,2 linkage). The separation of branch position of
sialic acid of glycopeptides using HILIC separation has been extensively reported
previously.!'?197 To our knowledge this is the first description of HILIC separation of B-1,2-
linked GIcNAc and B-1,4-linked GIcNAc O-mannose glycopeptides.
Coefficients of O-mannose Glycans

The prediction of retention for peptides with O-mannose modifications can further the
identification process and aid in the identification of unknowns. In total, the retention behavior of
three peptides containing each modification were investigated. The three species include the
native peptide, the native peptide with pyroglutamylation at the N-terminus, and the native
peptide with one missed cleavage. The retention times in GU for the glycopeptides is shown in
Table 3.

Coefficients were calculated to determine how the modifications influence the overall
hydrophilicity of the peptides, analysis of retentions times with and without modifications were
used to derive coefficients (Table 4). The coefficients represent the hydrophilicity of the
modification and are expressed in GU, and their high coefficient values were expected because
of the size and polar characteristics of the sugar additions.

Though the retention behavior of mannose was investigated, a coefficient was calculated
for hexoses (mannose, glucose, galactose, etc.), as they only differ by the position of some of its
hydroxyl groups. Thus the isomeric glycans should have similar coefficients, consistent with

experimental observations.'® However, the separation of B-1,2- and p-1,4-GIcNAc linkage
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isomers, as shown previously, highlighted that linkage isomers do not have the same retention
behavior. Thus, a coefficient for each HexNAc linkage isomer was calculated.

The strong hydrophilic phosphate group is the main contributor in the average coefficient
of a f-1,3-HexNAc plus phosphate sugar. As expected, phosphorylated peptides and
glycopeptides retain strongly under typical HILIC conditions. The negative charge of the
phosphate group increases the hydrophilicity of the glycan, thus resulting in a later retention time
and higher coefficient than HexNAc alone.

Ribitol has the largest coefficient for monosaccharide additions studied here, suggesting
that the contribution of ribitol adds hydrophilicity to the glycopeptide. Ribitol is pentose sugar
alcohol formed by the reduction of ribose.**3 Ribitol has a linear structure compared to the
pyranose ring-shape of hexoses, allowing the -OH groups of ribitol to be more solvent accessible
than those of hexoses, increasing the interaction with the HILIC stationary phase, resulting in a
longer retention time and retention coefficient.

The calculation of retention coefficients for these O-mannose glycans allows for future
retention predictions to be made. The ability to predict the retention of O-mannose glycans
provides important benefits to analysis methods. The combination of O-mannose glycan
coefficients and previous HILIC peptide retention model*4, allows for the prediction of retention
time for any O-mannose glycopeptide consisting of the investigated sugars on any peptide
sequence. It allows for retention information to be obtained for glycans that have not been
analyzed previously, eliminating the need for prior experimental data. This is particularly useful
for the analysis of O-mannose glycans as standards are difficult to synthesize and are not readily
available. In addition, once retention information is obtained, the identification of glycans can be

made with greater confidence. Retention prediction provides quicker data analysis as peptides

30



can be identified from their m/z ratio as well as their retention time, altogether eliminating the
need for database searching. Software database searches typically produce several possible
identities with erroneous or incomplete assignments occurring with regularity, and the ability to
predict the retention behavior can assist by confirming the appropriate identity. O-mannose
glycans are also typically not included in software database searches. Overall, retention
prediction of O-mannose glycopeptides allows for quicker and more confident data analysis.
Conclusion

The attachment of O-mannose glycans to a peptide increased the overall hydrophilicity
and causes the glycosylated species to be more retained on a HILIC column. The six O-mannose
glycopeptide species were able to be resolved from each other, from the unglycosylated peptide,
and from baseline. In addition, the novel HILIC separation of 3-1,2-linked GIcNAc and $-1,4-
linked GIcNAc O-mannose glycopeptides was observed. The implementation of a previously
derived HILIC peptide retention model to provide the retention contribution of a peptide
sequence allows for the HILIC retention behavior of any O-mannose glycopeptide to be
determined if the glycan structure matches one studied. This work shows the ability of the HILIC
column to separate these six O-mannose glycopeptides and unmodified species in a predictable

manner, which allows for easier identification, characterization, and quantification.
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Figure 1. Four classifications of core O-mannose structures.
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Figure 2. The structures of the six O-mannose glycopeptides whose retention behavior was

investigated is presented here.
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Separation of O-man glycopeptides, digested with trypsin
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Figure 3. Separation of six O-mannose glycopeptides and native/unmodified version of
the peptide QIHAT*PTPVTAIGPP, where the * indicates the glycosylated site. Extracted ion
chromatograms of each o-mannose species (No mannose/unglycosylated (blue)— [749.9]**, 1-
Man (purple) [830.93]"*, POMGNTL1 (red)/POMGNT2 (orange) - [932.47]**, Ptri (green) —

[1073.99]*, FKTN (teal)— [ 1181.01]**, TMEMS5 (black) — [903.03]*+).
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Table 1. Experimental Retention Times of Unmodified, Synthetic Peptide Compared with Predicted
Retention Values.

Source Sequence Monoisotopic | Average | Average | Predicted | Deviation,
Mass (Da) Exp RT, | ExpRT, |RT,GU GU
min GU
Synthetic QIHATPTPVTAIGPP | 1498.81 9.98 2.71 4.38 1.67
peptide from
Well's lab
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Table 2. Retention Behavior and Elution Order of O-mannose Modified Peptide QIHAT*PTPVTAIGPP
(* indicates the glycosylated site).

Sugar Structure Retention Retention Time difference
Time (GU) | from preceding
glycopeptide (GU)
Unmodified/no | - 2.71 -
sugar
1man 1 mannose 3.66 0.95
pomgntl ($2) 1 mannose, 1 B-1,2-linked GIcNAC 3.78 0.12
pomgnt2 ($4) 1 mannose, 1 B-1,4-linked GIcNAC 4.20 0.42
Ptri 1 mannose, 1 B-1,4-linked GIcNAc, 1 B- 6.46 2.26
1,3-linked GalNAc, and 1 1-6 linked
phosphate attached
FKTN 1 mannose, 1 B-1,2-linked GIcNAc, 1 B- 9.13 2.67
1,3-linked GalNAc, 1 phosphate, and 1
ribitol
TMEMS5 1 mannose, 1 B-1,2-linked GIcNAc, 1 B- 17.51 8.21

1,3-linked GalNAc, 2 phosphates, 2
ribitols, and 1 xylose
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Separation of POMGNT1 and POMGNT2
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Figure 4. Separation of POMGNT1 (B-1,2 linkage, retention time: 13.64 min) and
POMGNT?2 (B-1,4 linkage, retention time: 14.14 min) of the tryptic peptide
QIHAT*PTPVTAIGPP, where the * indicates the glycosylated site. Figure shows extracted ion

chromatograms of POMGNT1/2 ([932.47]**) species.
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Table 3. Retention Times of Unmodified and O-mannose Modified Glycosylated Peptides.

Peptide QIHATPTPVTAIGPP \ QIHATPTPVTAIGPP \ RQIHATPTPVTAIGPP
Sugar Average RT in GU

none 2.71 1.37 4.34

1man 3.66 2.23 5.24
pomgntl (f2) 3.78 2.73 -

pomgnt2 (4) 4.20 2.85 5.73

Ptri 6.46 5.13 8.34

FKTN 9.13 7.70 11.06
TMEMS 17.51 16.39 -
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Table 4. Retention Coefficients of O-mannose Glycans.

QIHATPTPVTAIG
PP

QIHATPTPVTAIGP
P

RQIHATPTPVTAIG
PP

Average Coefficient in GU Avg
Hexose 0.950 0.856 0.892 0.90
HexNAc (B2) 0.423 0.499 0.374 0.43
HexNAc (p4) 0.536 0.625 0.494 0.56
HexNAc (B3) + | 2.261 2.278 2.637 2.40
Phosphorylation
Ribitol 2.675 2.572 2.692 2.65

39




CHAPTER 4

REDUCING INTERFERENCES IN GLYCOSYLATION SITE MAPPING

Birx, L., Harvey, A., Popov, M., Orlando, R. Reducing Interferences in Glycosylation Site
Mapping. Journal of Biomolecular Technique. 2022. Reprinted here with permission of

publisher.
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Abstract

A current method to locate sites of N-linked glycosylation on a protein involves the
identification of deamidated sites after releasing the glycans with peptide-N-glycosidase F
(PNGase F). PNGase F deglycosylation converts glycosylated asparagine (Asn) residues into
aspartic acids (Asp). The 1 Dalton mass tag created by this process is observable by liquid
chromatography/tandem mass spectrometry (LC/MS/MS) analysis. A potential interference to
this method of N-glycosylation site mapping is the chemical deamidation of Asn residues, which
occurs spontaneously and can result in false positives. Deamidation is a pH dependent process
that results in the formation of iso-Aspartic Acid (i-Asp) and native Aspartic Acid (n-Asp) by a
succinimide intermediate. Whereas PNGase F deglycosylation results in the conversion of the
glycosylation Asn residue into n-Asp. N-linked glycosylation sites can thus be identified by the
presence of a single chromatographic peak corresponding to an n-Asp residue within the
consensus sequence Asn-X-Ser/Thr, while sites of deamidation lead to two chromatographic
peaks resulting from the presence of n-Asp and i-Asp. The intent of this study is to alert
investigators in the field to the potential and unexpected errors resulting from this phenomenon
and to suggest a strategy to overcome this pitfall and limit the number of false positive
identifications.
Introduction

Glycosylation is an important and highly regulated mechanism of secondary protein
processing within cells, playing a vital role in determining protein structure, function, and
stability. N-linked glycosylation of proteins occurs on Asn residues by an N-glycosidic bond. In
eukaryotic cells, N-linked glycosylation occurs in a consensus sequence Asn-X-Ser/Thr, where

X can be any amino acid except proline.” Changes in N-linked glycosylation have been
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associated with different diseases including rheumatoid arthritis, type 1 diabetes, Crohn’s
disease, and cancers, 1>116.117.118.119 indicating the importance for the accurate analytical
characterization of this post-translational modification.

Chemical deamidation of Asn residues is a well-known and studied post-translational
modification (PTM) in proteins.'?%121 |t occurs spontaneously on proteins and peptides and
influences several biological processes. Deamidation has been reported to be related to
Alzheimer's disease and cataracts'?2123124 and it has also been thought to function as a
“molecular clock” in aging.?>1%6 Nonenzymatic deamidation of Asn results in the formation of
native Aspartic Acid (n-Asp). Under mildly alkaline conditions, Asn deamidation happens
mainly through the formation of a succinimide ring intermediate that is quickly hydrolyzed to n-
Asp and iso-Aspartic Acid (i-Asp), with i-Asp predominating in a 1:3 ratio.*?1127128 This reaction
is reversible and occurs at pH > 5 via a base-catalyzed pathway. The deamidation rate can be
influenced by several factors related to the protein sequence and environmental changes, such as
a temperature, ionic strength, and pH.*?° It has been shown that deamidation of Asn followed by
glycine (Gly) or serine (Ser) is predominant due to the small and hydrophilic side chains of these
amino acids.*%13%132 The deamidation rate of peptides increases significantly under conditions
typical of tryptic digestion, i.e. incubation in digestion buffers at pH 8 for 8-16 h at 37 °C.%33
Consequently, the conditions used for sample preparation can induce peptide deamidation that is
not present in the initial sample.

Identification of deamidated sites by liquid chromatography-tandem MS (LC-MS/MS) is
a step in the assignment of N- glycosylation sites after PNGase F deglycosylation. Release of N-

linked glycans is commonly done using a glycosidase such as PNGase F.13*
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Peptide-N-glycosidase convert glycosylated Asn residues into Asp, resulting in a mass
shift of 1 Da at the site of modification. This leads researchers to assign potential sites of N-
linked glycosylation based on the identification of Asp within the consensus sequence Asn-X-
Ser/Thr. Mechanistically the enzymatic deglycosylation will only lead to n-Asp, not the mixture
of n-Asp/i-Asp produced by chemical deamidation. However, this is not conclusive for assigning
potential sites of N-linked glycosylation, as both naturally occurring and experimentally induced
deamidation of Asn may convert Asn into n-Asp, resulting in the same 1 Da mass shift.1%

Attempts in our laboratory to map sites of N-linked glycosylation on HER2 employing
PNGase F deglycosylation followed by LC/MS/MS produced puzzling results. Specifically,
multiple sites of Asn deamidation were identified but none of these were in the Asn-X-Ser/Thr
consensus sequence. Both naturally occurring and experimentally induced deamidation of Asn
into n-Asp, results in a 1 Da mass shift, allowing for possible interferences resulting in false
positives. This prompted us to investigate the possibility of deamidated peptides being
misidentified as sites of N-linked glycosylation during PNGase F deglycosylation and develop a
useful approach to differentiate between chemical and enzymatic deamidation.
Materials and Methods
Peptide Digestion

Adalimumab and a glycoprotein consisting of the extra cellular domain of human
epidermal growth factor receptor 2 fused with the Fc domain of human IgG1 (HER2-FC) from
GlycoScientific (Athens, GA, USA) were first buffer exchanged with 50 mM ammonium
bicarbonate (pH 7.8) or 50 mM ammonium acetate (pH 6.8). Then reduced using 200 mM
dithiothreitol (DTT) and alkylated using 1M iodoacetamide (IDA), both purchased from Sigma

Aldrich (St. Louis, MO, USA), to a final concentration of 5 mM DTT and 8 mM IDA.
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Sequencing grade trypsin purchased from Promega (San Luis Obispo, CA, USA) was added at
20:1 (w/w, protein/trypsin) for incubation at 37 °C. After 48 hours passed, the samples were
removed and divided in half. One half of the sample was dried down and resuspended in 80%
ACN and 20% H20. 500 units of PNGase F was used to deglycosylate the other half of the
sample and incubated for an additional 48 hours at 37 °C. After a total of 96 hours passed, the
sample was removed from the incubator and set on a 100 °C heat block for 5 min to inactivate
the PNGase F. The sample was then dried down and resuspended in 80% ACN and 20% H-O.
LC-MS/MS Settings and Instrumentation

Data were acquired using a 4000 Q Trap (AB Science, Chatham, NJ, USA) with a Nexera
UFLC (Shimadzu, Columbia, MD, USA). Peptides were separated using a column 2.1 mm X
150- mm HALO ® Penta-HILIC column packed with 2.7 um diameter superficially porous
particles that have a 90 A pore diameter (Advanced Materials Technology, Wilmington, DE,
USA) at 60°C. The mobile phases used in the separation were 0.1% formic acid, 50 mM
ammonium formate in water (A) and 0.1% formic acid in acetonitrile (B). The peptides were
bound to the column in 82% B and a linear gradient to 54% B over 30 minutes was initiated to
elute the peptides. Skyline was used to make a transition list.1
Results and Discussion

Recent attempts in our laboratory to map sites of N-linked glycosylation on HER2
protein in breast cancer employing PNGase F deglycosylation followed by LC/MS/MS produced
puzzling and ambiguous results. In particular, multiple sites of deamidation, i.e., sites of N-
glycosylation, were identified but not found within the Asn-X-Ser/Thr consensus sequence
required for N-linked glycosylation.” Our interest was in determining whether the analytical

approach was defining accurate sites of modification. It was hypothesized that chemical
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deamidation could explain the deamidation observed, since deamidation is known to occur at pH
7.8, a common pH for digestion with trypsin and PNGase F. Ambiguities led us to examine the
HER?2 data in greater detail. The potential for chemical deamidation occurring during
deglycosylation was investigated using HILIC-MS to analyze trypsin/PNGase F digested
adalimumab.

Deamidation of Asn increases the hydrophilicity of the altered residue, and HILIC polar
stationary phases have the potential to separate these changes in hydrophilicity while allowing
for quantitation of unmodified species and their modified counterparts.*> Chromatographic
analysis was thus applied to resolving enzymatic and chemical deamidation, as only the later
mechanism should result in a mixture of aspartyl isomers with the succinimidyl intermediate,
with no such mixture resulting from an enzymatic process. While chemical deamidation is
expected to produce a mixture of i-Asp and n-Asp products due to the succinimide intermediate.
The mechanism for chemical and enzymatic deamidation through PNGase F deglycosylation is
shown in Figure 1. Experiments were performed in both high (pH 7.8) and low (pH 6.8) pH
conditions as previous studies have shown that the deamidation rate of peptides increases
significantly under conditions typical of tryptic digestion and PNGase F deglycosylation, i.e.
incubation in digestion buffers at pH 8 for 8-16 h at 37 °C.132

The peptide EEQYNSTYR contains the one site of N-linked glycosylation in Human
IgG1, commonly occupied with the A2GOF glycan structure.'36 After 48 hours, the Asn version
is only species present at both high and low pH conditions (Fig 2A & 2B) as the presence of the
glycan does not allow for deamidation to occur. PNGase was then added to remove the glycan
and convert the glycosylated Asn residue into Asp, resulting in a plus one Dalton shift in the

peptide’s molecular weight. After the addition of PNGase F and a total incubation period of 96
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hours, the representative peptide in both the high and low pH conditions, continued to only show
one peak (Fig 3A & 3B) corresponding to the n-Asp containing species.

The data demonstrates that PNGase F deglycosylation converts the Asn exclusively to an
n-Asp as it does not go through a succinimide intermediate thus leading to only one product. The
PNGase F deglycosylation does result in an addition of one Dalton of mass to the peptide’s
molecular weight but previous data shown highlights that PNGase F deglycosylation is not the
only manner leading to Asn deamidation in a sample. Deamidation is a pH dependent process
that results in the formation of two peaks, one for the n-Asp and i-Asp versions. Whereas
PNGase F deglycosylation results in a one peak from the conversion of the glycosylation Asn
residue into n-Asp.

This is highlighted again in the chromatogram of the representative glycopeptide
(GHCWGPGPTQCVNCSQFLR) from HER2 (Fig. 4). After 48 hours, PNGase F was added, and
the sample was incubated at 37°C for an additional 48 hours. After the addition of PNGase F,
removing the glycan attached and converting the Asn to n-Asp, only one peak is observed at 18.9
minutes corresponding to the n-Asp version (Fig 4). The identity of the peptide was also
confirmed orthogonally using a HILIC Retention prediction model.® The data demonstrates that
PNGase F deglycosylation converts the Asn to an n-Asp and thus the i-Asp version is not
observed. The single peak corresponding to n-Asp species after PNGase F treatment
demonstrates that this position in HER2 is indeed glycosylated.

Analysis of the de-glycosylated peptides led us to investigate sites of deamidation to
devise a strategy to differentiate between these two deamidation mechanisms. The
VVSVLTVLHQDWLNGK peptide from IgG1 contains an unglycosylated n-Asn in an ‘Asn-

Gly’ site, which are known to be highly susceptible to chemical deamidation. After 48 hours in
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pH 7.8 conditions, the formation of n-Asp and i-Asp is observed in this peptide as shown in
Figure 5. As determined in a previous study, n-Asp and i-Asp can be chromatographically
separate through HILIC*, as illustrated in Figure 5. The first peak at 11.4 minutes corresponds to
amidated Asn. The peak at 12.9 minutes corresponds to n-Asp and the peak at 13.4 minutes
corresponds to i-Asp. Previous studies on chemical deamidation have shown that i-Asp is three
times more abundant than n-Asp. The ratio of peak abundances of n-Asp and i-Asp in Figure 5 is
analogous to this statement.'?"12 The least retained peak is the unmodified form of the peptide,
while the peak in the middle is the aspartyl version, and the peak most retained is the isoaspartyl
version. The i-Asp version elutes later than the native form due to the hydrophilicity of the
modification.*?

After 48 and 96 hours in pH conditions that mimicked trypsin/PNGase F digestion, the
deamidated version of this peptide eluted in two peaks, corresponding to the peptide containing
an n-Asp or an i-Asp. These results are consistent with chemical deamidation and demonstrate
the chemical deamidation occurs to a significant extent under typical enzymatic deglycosylation
conditions. The data demonstrates that deamidation is a pH dependent process and that PNGase
F deglycosylation is not the main contributing factor to the deamidation for this peptide which
indicates that the peptide is not glycosylated. The assumption that all sites of Asn deamidation
resulting from enzymatic digestion/deglycosylation marks an N-linked glycosylation site is not
consistent with the results of this experiment.

The current method of identifying N-linked glycosylation sites based on the presence of
Asp within the consensus sequence Asn-X-Ser/Thr, requires further identification of aspartyl or
isoaspartyl mixtures to differentiate between chemical and enzymatic deamidation. A new

method of N-linked glycosylation site identification through Asn deamidation is proposed that
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considers both chemical and enzymatic deamidation, n-Asp and i-Asp to reduce false positives
(NIFP).

By this proposed NIFP method, N-linked glycosylation sites can be identified by the
presence of an n-Asp residue within the consensus sequence Asn-X-Ser/Thr that also
chromatographically shows the presence of one peak, corresponding to Asp. The site is
considered to be chemically deamidated if the chromatogram shows the presence of two peaks
corresponding to the n-Asp and i-Asp.

Conclusion

Naturally occurring and experimentally induced deamidation of Asn can interfere with the
identification of N-linked sites of glycosylation. Identification of n-Asp within the consensus
sequence Asn-X-Ser/Thr after deglycosylation with PNGase F is not conclusive for assigning
potential sites of N-linked glycosylation, as both chemical and enzymatic deamidation of Asn
can convert Asn into n-Asp, resulting in the same 1 Da mass shift. Accurate determination of
protein glycosylation sites by the current method of identification of deamidated Asn within the
consensus sequence Asn-X-Ser/Thr is hindered as deamidation of Asn residues occurs both
enzymatically and chemically, resulting in false positives. Chemical deamidation is a pH
dependent process that results in the formation of both n-Asp and i-Asp, which can be
chromatically resolved. Whereas enzymatic deamidation as seen in PNGase F deglycosylation,
results in a one peak from the conversion of the glycosylation Asn residue into n-Asp. By
utilizing the NIFP method, N-linked glycosylation sites can be identified by the presence of an n-
Asp residue, not a mixture of n- and i-Asp, within the consensus sequence Asn-X-Ser/Thr. The
site is considered to be deamidated if the chromatogram shows the presence of peaks

corresponding to the n-Asp and i-Asp. The intent of this study is to alert investigators in the field
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to the potential and unexpected errors resulting from this phenomenon and to suggest strategies

to overcome this pitfall and prevent the identification of false positives.

49



B B

a H As
6 H0 \‘N N\ P

H
e < = o
2
H —L’ N (o]
™~ ~ ~
H H S Hz0 \ B N
© o 9 isoAsp
L ~ H
Asn succinimide N

H

Figure 1. A) Mechanism of PNGase F deglycosylation B) Mechanism of Asn Deamidation and Asp Isomerization

via a Succinimide Intermediate. The peptide backbone is highlighted in yellow.
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Figure 2. The selected reaction monitoring chromatogram of the IgG glycosylated peptide EEQYNSTYR with

glycan A2GOF attached ([1317.53]**) incubating at A) pH 6.8 (left) and B) pH 7.8 (right) at 37 °C for 48 hours.
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Figure 4. The selected reaction monitoring chromatogram of the HER2 glycosylated peptide

GHCWGPGPTQCVNCSQFLR ([1130.99]** incubating at 37°C at pH 7.8 for 96 hours after deglycosylation with

PNGase F.
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Figure 5. The selected reaction monitoring chromatogram of the 1gG deamidated peptide
VVSVLTVLHQDWLNGK ([904.51]*) incubating at pH 7.8 and 37 °C for A) 48 hours and B) 96 hours and
PNGase F deglycosylation. Illustrates how we can separate the n-Asp, and i-Asp versions. In Figure 5A, the peak at
11.4 minutes represents amidated Asn, which is also the most prominent peak in the chromatogram. The peak at

12.9 minutes represents n-Asp and the peak at 13.4 minutes represents i-Asp, highlighted by. The i-Asp is three

times the size as n-Asp.
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CHAPTER 5
SOLVING THE AGE-OLD QUESTION: DO | NEED TO TRYPSIN DIGEST BEFORE

RELEASING IGG GLYCANS WITH PNGASE-F

Birx, L., Popov, M., Orlando, R. To be submitted to Journal of Biomolecular Techniques.
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Abstract

Immunoglobulin G (IgG) is the main immunoglobulin in human serum, and its biological
activity is modulated by glycosylation on its fragment crystallizable region (Fc). Glycosylation
of 1gGs has shown to be related to aging, disease progression, protein stability, and many other
vital processes. A common approach to analyze IgG glycosylation involves the release of the N-
glycans by PNGase F, which cleaves the linkage between the asparagine (Asn) residue and the
innermost N-acetylglucosamine (GIcNAc) of all N-glycans except those containing a 3-linked
fucose attached to the core GICNAc. The biological significance of these glycans makes the
development of accurate and fast methods that provide a complete glycan release is vital.
Currently, researchers either perform PNGase F deglycosylation on intact or trypsin digested
IgGs. Those who perform PNGase F deglycosylation on trypsin digested 1gGs argue that
proteolysis is needed to reduce steric hindrance while the other states that this step is not needed.
There is minimal experimental evidence supporting either assumption. The importance of
obtaining complete glycan release for accurate quantitation led us to investigate the kinetics of
this deglycosylation reaction for intact 1gGs and IgG glycopeptides and to determine the effect of
trypsin digestion on the rate of glycan release from glycopeptides of 1gGs. Statistically
significant differences in the rate of deglycosylation performed on intact IgGs and trypsin
digested IgGs was determined and the rate of PNGase F deglycosylation on trypsin digested
IgGs was found to be 3-4 times faster than on intact 1gG.
Introduction

Immunoglobulin G (IgG) is the most abundant antibody in the human body, made up of
two heavy chains and two light chains. 1gGs are involved in multiple humoral immune processes

including antigen neutralization, complement activation and complement dependent cytotoxicity
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(CDC), and antibody-dependent cell-mediated cytotoxicity (ADCC).8! There are four subclasses
of 1gGs (1gG1, 1gG2, 1gG3, and 1gG4), that differ in their constant regions, particularly in their
hinges and upper CH2 domains.* All 1gGs are N-glycosylated at aspargine-297 (Asn-297) in the
CH2 domain of the crystallizable fragment (Fc) part of the heavy chains. In human IgG, the
majority of the Fc glycans are complex biantennary structures with a high degree of
heterogeneity, due to the presence or absence of different terminal sugars. 1gG glycosylation has
been shown to be related to aging, analyzed for disease diagnosis and progression.®? The
biological significance of these glycans makes the development of accurate methods to analyze
them vital.

N-linked glycosylation follows a conserved consensus sequence of Asn-X-
Serine/Threonine, where X is any amino acid except proline.” Peptide-N4-(N-acetyl-beta-
glucosaminyl)asparagine amidase (PNGase F) is commonly used to remove N-linked glycans.
PNGase F cleaves the glycosidic bond between the carbohydrate-holding Asn residue, converts
the Asn residue to aspartic acid and releases ammonia and the intact glycan, while generating a
carbohydrate-free peptide.3”134 PNGase F is not able to cleave N-linked glycans from
glycoproteins when the innermost GICNAc residue is linked to an a1-3 Fucose residue. This
modification is most commonly found in plant and some insect glycoproteins.13813°

Analysis of IgG glycosylation is typically done by releasing the N-glycans using
PNGase-F. Complete release of all glycans is necessary for accurate quantitation. There is a
current divide on the benefits of trypsin digestion prior to PNGase-F release. One camp argues
that proteolysis is needed to reduce steric hindrance while the other states that this step is not
needed. There is minimal experimental evidence supporting either assumption. The importance

of obtaining complete glycan release for accurate quantitation led us to investigate the kinetics of
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this deglycosylation reaction for intact 1IgGs and 1gG glycopeptides and to determine the effect of
trypsin digestion on the rate of glycan release from glycopeptides of IgGs. Studies have shown
that trypsin digestions on glycoproteins have a possibility of being incomplete due to glycan
steric hindrance'#%14! but until now, no study has investigated the effect of steric hindrance on
deglycosylation kinetics.

To facilitate the analysis of 1gG glycosylation, we are investigating the kinetics of
PNGase-F deglycosylation on both intact and trypsin digested IgGs to determine the effect of
trypsin digestion on the rate of glycan release from 1gG-glycopeptides. It is hypothesized that the
rate of PNGase-F deglycosylation will be faster on the sample treated with trypsin beforehand.
Methods

The overall experimental workflow is shown in Fig. 1.

Human serum, trypsin (tosyl phenyl alanyl chloromethyl ketone (TPCK) treated),
dithiothreitol (DTT), iodoacetamide (IDA), ammonium bicarbonate, ammonium formate, and
formic acid (liquid chromatography (LC) — mass spectrometry (MS) grade) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (ACN; LC-MS grade) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Other reagents were analytical grade.

A Hi-Trap™ protein G column (Cytiva, Uppsala, Sweden) was used to purify 1gGs from
Human Serum (HSPD IgGs). An initial solution containing intact HS-1gGs in 50 mM ammonium
bicarbonate (pH 7.8) was spiked with [Glul]-Fibrinopeptide B (quantitation standard) (GluFib)
and trypsin digested SILAC labeled IgG1 (kinetic standard) (GlycoScientific, Athens, GA). This
solution was split in half, one half was digested with trypsin first and the other was

deglycosylated with PNGase F first.
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For the trypsin first sample, reduction and alkylation were performed with DTT and IDA.
The sample was dried to volatilize excess DTT, and IDA remaining and resuspended in 50 mM
ammonium bicarbonate (pH 7.8). Next trypsin was added to the sample with the ratio of 1 part
trypsin to 20 parts sample, digestion was carried out at 37°C overnight. The trypsin digest
sample was dried as means to desalt the sample. The dried tryptic digest was redissolved in 50
mM ammonium bicarbonate. The dissolved tryptic peptides/glycopeptides were then treated with
0.1 U of PNGase F per pg of IgG. Aliquots of the digestion mixture were removed at various
time points, quenched by lowering the pH to 3.5 with formic acid, then immediately frozen in
dry ice. The samples were dried, then resuspended in 68% ACN for analysis. The ratio of
PNGase-F in units to substrate has been experimentally determined so that the deglycosylation
reaction takes one hour, which is long enough to allow for sufficient time points to be sampled in
a reasonable time period.

Alternatively, the other half of the initial solution containing intact HSPD 1gGs was
deglycosylated first by treating the sample with 0.1 U of PNGase F per pg of 1gG. Aliquots were
removed at various time points, quenched by lowering the pH to 3.5 with formic acid, then
immediately frozen in dry ice. The aliquots were dried, then resuspended in 50 mM ammonium
bicarbonate (pH 7.8) for trypsin digestion. Reduction and alkylation were performed with DTT
and IDA on the solubilized intact, deglycosylated 1gGs. The sample was dried to volatilize
excess DTT, and IDA remaining and resuspended in 50 mM ammonium bicarbonate (pH 7.8).
Next trypsin was added to the sample with the ratio of 1 part trypsin to 20 parts sample, digestion
was carried out at 37°C overnight. The PNGase F first sample was dried as means to desalt the

sample, then resuspended in 68% ACN for analysis. Each reaction was done in four replicates.
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LC-MS analysis was performed on a Waters Synapt-G2 with a HP1100 LC. Peptides
were separated using a column 2.1 mm x 150- mm HALO ® Penta-HILIC column packed with
2.7 um diameter superficially porous particles that have a 90 A pore diameter (Advanced
Materials Technology, Wilmington, DE, USA) at 60°C. The mobile phases used in the
separation were 0.1% formic acid, 50 mM ammonium formate in water (A) and 0.1% formic
acid in acetonitrile (B). The glycopeptides were bound to the column in 68% B and a linear
gradient to 54% B over 20 minutes was initiated to elute the peptides. Skyline was used for data
analysis.°
Results & Conclusions

The kinetics of PNGase F deglycosylation reaction were studied by its addition to two
solutions, one containing tryptic digested 1gG glycopeptides purified human serum and the other
solution containing intact 1gG purified from human serum. The release of glycans by PNGase F
was monitored in both solutions. This approach allowed a broad range of human serum 1gG
glycopeptides to be monitored simultaneously by LC-MS. The glycan structures of the
glycopeptides observed in the human serum IgGs and their abbreviations are shown in Figure 2.
The LC-MS chromatograms illustrate how the peak area of the glycopeptides decrease with
increasing digestion times (Fig.3). The integrated peak area of each glycopeptide ([GP]) was
calculated by dividing the peak area of each glycopeptide by the peak area of the internal
standard (GluFib) at each time point.

PNGase F releases N-linked glycans from the peptide backbone by hydrolyzing the
amide group of the Asn sidechain (Eq. 1). PNGase F, an enzyme, is neither consumed nor
produced during the reaction, thus its concentration stays constant. The concentration of H20 is

in excess compared to the other two reactants and remains constant throughout the process.
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Consequently, this third order reaction is a pseudo first-order reaction (Eq. 2), as two of the three
reactants are not consumed in the reaction. The differential rate equation describing the decrease
in glycopeptide concentration as a function of time for pseudo first-order kinetics is shown in Eq.

3, and the integrated form in Eq. 4. In Egs. 3 and 4, k is the rate constant.'4?

Glycopeptide + H,0 + PNGase F — N — Glycan + Peptide + PNGase F (1)
Glycopeptide — N — Glycan + Peptide (2)

—d[GP]
de

= k[GP] (3)

In[GP] = —kt +In [GP,] (4)

The plotting of the natural log of [GP] (In [GP]) with respect to time yields a straight line,
these plots are referred to as kinetic profiles. The linearity observed confirms that the PNGase F
deglycosylation reaction can be modeled as a pseudo first-order process and allows a rate
constant for the deglycosylation of each glycopeptide to be determined by calculating the slope
of In [GP] vs. time plots. Figure 4 shows the kinetic profile for IgG1 glycopeptides carrying the
Fucosylated glycan with 1 galactose (A2G1F) and the Fucosylated glycan with 2 galactoses
(A2G2F) on trypsin digested IgG and on intact IgG. A rate standard of trypsin digested SILAC
labeled 1gG1 was used to normalize the deglycosylation rate between the samples.

The effects of trypsin digestion on the kinetics of PNGase F deglycosylation were
investigated. The slopes of the lines (In [GP] vs. time), (Fig. 4) which are proportional to the rate
constant of the PNGase F release, were calculated for each species and these values are presented
in Table 1. For each glycoform, the rate of PNGase F deglycosylation on trypsin digested 1gG

glycopeptides is 3-4 times faster than on intact 1gG. The faster rate of deglycosylation on trypsin

61



digested 1gGs is due to the reduced steric hindrance of the glycopeptides compared to the intact
IgGs. The trypsin digest results in glycans that are more accessible to PNGase F allowing for a
faster deglycosylation, compared to the glycans being buried in the intact structure.

In this study, the amount of PNGase F used is less than the normal amount done in a lab
setting. This was done to slow down the reaction to allow for multiple time points to be
collected. To better simulate normal conditions, where more PNGase F is used per pg of
glycoprotein, the rate of deglycosylation for each glycoform was multiplied by 100 for the half-
life and time until full deglycosylation calculations. Since in this study, 0.1 U PNGase F per pg
glycoprotein while the standard amount of PNGase F typically used in a lab setting is 10 U
PNGase F per pg glycoprotein. The half-life (ti2) (Eq. 5) of the PNGase F deglycosylation
performed on both intact 1IgGs and trypsin digested 1gGs was calculated using this adjusted rate,
shown in Table 2. For each glycoform, the half-life of trypsin digested IgG glycopeptides were
calculated to be an average of 3 times faster than PNGase F deglycosylation performed on intact
IgG. PNGase F deglycosylation performed on trypsin digested IgG has a lower half-life time
than PNGase F deglycosylation performed on intact 1gG, meaning that it takes less time for the

glycopeptides to reach half the initial concentration.

Inz2 _ 0693
tijp= 7 = (5)

The time until full deglycosylation can be calculated in multiples of ti2, and after 7
iterations, <0.01% of the glycopeptide would remain, thus this the time until full
deglycosylation, shown in Table 2. For PNGase F deglycosylation performed on both trypsin

digested IgGs and intact IgGs, the time until full deglycosylation varies depending on the
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glycoform. For PNGase F deglycosylation performed on trypsin digested 1gGs, the average time
until full deglycosylation is 3.12 minutes, but all glycoforms are not fully deglycosylated until
7.3 minutes, when a normal amount of PNGase F is used. For PNGase F deglycosylation
performed on intact IgGs, the average time until full deglycosylation is 9.51 minutes, but all
glycoforms are not fully deglycosylated until 43.91 minutes, when a normal amount of PNGase
F is used. This data suggests that researchers who try to complete a rapid PNGase F glycan
release in under 5 minutes, even on trypsin digested IgGs and utilizing a normal amount of
PNGase F, may encounter issues with complete deglycosylation, as some glycoforms have not
reached full deglycosylation in that time frame.

A Mann-Whitney U test was used to investigate if the differences in rates among
deglycosylation performed on tryptic digested 1gGs and intact IgGs are statistically significant.
The Mann-Whitney U test is a nonparametric test of the null hypothesis, where 2 samples have
equal averages, vs. the alternative hypothesis, where the sample means from the 2-samples are
not equal. Mann-Whitney U test was selected over the 2-sample t test, as the Mann-Whitney U
test does not require the assumption of normal distributions or a specific sample size.1*® The
results from this Mann-Whitney U test are listed in Table 3 for each comparison category. The
smaller the P value, the more likely one can reject the null hypothesis that the difference between
the 2 groups is a result of random sampling. Therefore, small P values lead one to conclude that
the populations are distinct. For example, a P value of 0.05 indicates a 5% risk of finding that a
difference exists between 2 populations when there is no actual difference.

The results from the rate of deglycosylation performed on every glycoform attached to
the intact IgG1 was compared to the rate of deglycosylation performed on every glycoform

attached to the IgGL1 tryptic glycopeptides. The P value of <0.001 obtained when the rate of
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deglycosylation of intact 1gGs is compared with the rate of deglycosylation performed on tryptic
digested IgG glycopeptides suggests that the observed differences in rate constants between these
two groups have a <0.1% chance of arising from random sampling, thus the results are
statistically significant.
Conclusion

Significant differences in PNGase F deglycosylation rate constants were observed
between 1gGs treated with trypsin and intact 1gGs. The rate of PNGase F deglycosylation on
trypsin digested 1gG glycopeptides is 3-4 times faster than on intact 1gG. The time until full
deglycosylation was also found to be 3-4 times faster on trypsin digested 1gGs than on intact
IgG. The use of a normal amount of PNGase F would digest intact I1gG, just at a slower rate. This
data suggests that researchers who try to complete a rapid PNGase F glycan release in under 5
minutes may encounter issues with complete deglycosylation. The differences in deglycosylation
rate performed on trypsin digested 1gGs and intact 1gGs suggest that deglycosylation should be
performed on IgGs digested with trypsin to ensure complete deglycosylation in the fastest time to

avoid quantitation errors.
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Figure 1. Experimental Workflow.
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Figure 2. Glycan structures analyzed. Each structure with a “G1” can have two possible linkages

of Gal.
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for deglycosylation performed on intact and tryptic digested 1gGs.
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Kinetic Plot: Human Serum IgG1
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Figure 4. The plot of In [GP] vs. time for the 1gG1 glycopeptide carrying the fucosylated glycan
with 1 galactose (A2G1F) and the fucosylated glycan with 2 galactoses (A2G2F). This data was
obtained following the addition of PNGase F at a concentration of 0.1 U PNGase F/ug IgG. The
kinetic profile for A2G1Fand A2G2F on trypsin digested 1gG and on intact 1gG is included in the

graph.
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Table 1. Average Rate of Deglycosylation on Intact Human Serum 1gGs and Trypsin
Digested Human Serum 1gG Glycopeptides.

Rate (k) (Average +/- Standard Deviation (SD))

Glycopeptide Trypsin digested 1gG Intact IgG
lgG1 A2G0 0.0133 +/- 0.0047 0.0036 +/- 0.0008
IgG1 A2G1 0.0161 +/- 0.0034 0.0082 +/- 0.0013
lgG1 A2G2 0.0139 +/- 0.0054 0.0047 +/- 0.0040
lgG1 A2GON 0.0297 +/- 0.0042 0.0077 +/- 0.0048
lgG1 A2G1N 0.0263 +/- 0.0047 0.0160 +/- 0.0114
lgG1 A2G2N 0.0293 +/- 0.0104 0.0142 +/- 0.0020
lgG1 A2GOF 0.0171+/- 0.0026 0.0068+/- 0.0028
lgG1 A2G1F 0.0169 +/- 0.0040 0.0070 +/- 0.0036
lgG1 A2G2F 0.0150 +/- 0.0051 0.0066 +/- 0.0027
lgG1 A2G2F1S1 0.0071 +/- 0.0018 0.0045 +/- 0.0032
1gG2/3 A2G2 0.0196 +/- 0.0045 0.0043 +/- 0.0023
1gG2/3 A2GON 0.0165 +/- 0.0072 0.0058 +/- 0.0056
1gG2/3 A2G1IN 0.0150 +/- 0.0053 0.0060 +/- 0.0024
1gG2/3 A2G2N 0.0143 +/- 0.0027 0.0046 +/- 0.0036
1gG2/3 A2GOF 0.0158 +/- 0.0043 0.0048 +/- 0.0042
1gG2/3 A2G1F 0.0181 +/- 0.0056 0.0072 +/- 0.0055
1gG2/3 A2G2F 0.0184 +/- 0.0039 0.0064 +/- 0.0017
1gG2/3 A2G2F1S1 0.0109 +/- 0.0055 0.0023 +/- 0.0019
IgG4 A2G1 0.0178 +/- 0.0046 0.0052 +/- 0.0018
1gG4 A2G2 0.0170 +/- 0.0030 0.0046 +/- 0.0004
lgG4 A2GIN 0.0157 +/- 0.0069 0.0086 +/- 0.0029
lgG4 A2GOF 0.0215 +/- 0.0086 0.0062 +/- 0.0041
lgG4 A2G1F 0.0179 +/- 0.0051 0.0068 +/- 0.0037
1gG4 A2G1INF 0.0101 +/- 0.0042 0.0036 +/- 0.0015
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Table 2. Half-life and Time Until Full Deglycosylation on Intact Human Serum IgGs and Trypsin
Digested Human Serum IgG Glycopeptides

Half-life (min) Time until Full Deglycosylation (min)

Glycopeptide Trypsin digested 1gG Intact IgG Trypsin digested 1gG Intact 1gG
IgG1 A2G0 0.4631 1.6047 3.2416 11.2326
IgG1 A2G1 0.3898 0.8023 2.7288 5.6163
IgG1 A2G2 0.6765 1.6829 4.7353 11.7805
1gG1 A2GON 0.2184 1.0952 1.5285 7.6667
IgG1 A2G1IN 0.2760 0.5610 1.9320 3.9268
1gG1 A2G2N 0.2240 0.5111 1.5682 3.5778
1gG1 A2GOF 0.3485 0.9079 2.4394 6.3553
IgG1 A2G1F 0.4083 0.8846 2.8580 6.1923
1gG1 A2G2F 0.4759 0.9452 3.3310 6.6164
1gG1 A2G2F1S1 1.0299 1.6047 7.2090 11.2326
1gG2/3 A2G2 0.3382 1.9167 2.3676 13.4167
19gG2/3 A2GON 0.4083 1.4681 2.8580 10.2766
19G2/3 A2G1N 0.4083 1.3019 2.8580 9.1132
19gG2/3 A2G2N 0.7931 1.3019 5.5517 9.1132
1gG2/3 A2GOF 0.4313 1.2321 3.0188 8.6250
19G2/3 A2G1F 0.3730 0.8625 2.6108 6.0375
19G2/3 A2G2F 0.3467 1.4681 2.4271 10.2766
19G2/3 A2G2F1S1 0.6106 6.2727 4.2743 43.9091
1gG4 A2G1 0.3270 0.7753 2.2891 5.4270
1gG4 A2G2 0.4792 1.1897 3.3542 8.3276
1gG4 A2G1IN 0.4286 0.7753 3.0000 5.4270
19G4 A2GOF 0.2936 1.0781 2.0553 7.5469
19G4 A2G1F 0.3382 1.0615 2.3676 7.4308
1gG4 A2GINF 0.6000 1.3019 4.2000 9.1132
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Table 3. Results of Mann-Whitney Test: Calculating the Significance of Differences in Rates
Among Deglycosylation Performed on Tryptic Digested I1gGs and Intact 1gGs

Comparison P Result
k (IgGL1 - trypsin first) vs. k <0.001 k (IgG1 - PNGase F first) < k (1gG1 -
(IgG1 - PNGase F first) trypsin first)
k (1gG2/3 - trypsin first) vs. k <0.001 k (19G2/3 - PNGase F first) < k (IgG2/3 -
(19G2/3 - PNGase F first) trypsin first)
k (1gG4 - trypsin first) vs. k <0.001 k (IgG4 - PNGase F first) < k (IgG4 -

(1gG4 - PNGase F first)

trypsin first)
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CHAPTER 6
ARE ALL PNGASE F’S CREATED EQUALLY? INVESTIGATING THE KINETICS OF
DEGLYCOSYLATING HUMAN SERUM IGGS WITH DIFFERENT ENZYME

PREPARATOINS

Birx, L., Orlando, R. To be submitted to Journal of Biomolecular Techniques.
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Abstract
The glycosylation of IgGs has a significant role in its biological activity and the

pathophysiology of many different diseases. A common approach to analyze 1gG glycosylation
involves the release of the N-glycans by Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine
amidase (PNGase F), which cleaves the linkage between the asparagine (Asn) residue and the
innermost N-acetylglucosamine (GIcNAc) of all N-glycans except those containing a 3-linked
fucose attached to the core GIcNAc. The importance of obtaining complete glycan release for
accurate quantitation led us to investigate the kinetics of PNGase F deglycosylation reaction for
multiple preps, where three PNGase F enzyme preparations were compared (one amidase and
two recombinant versions). Statistically significant differences in the rate of deglycosylation
performed using three different PNGase F enzyme preps on trypsin digested 1gGs was
determined and the rate of PNGase F deglycosylation with prep 3 deglycosylated 1gG tryptic
glycopeptides at a rate 34 times faster than prep 1, and PNGase F prep 1 deglycosylated IgG
tryptic glycopeptides at a rate 5 times faster than prep 2.
Introduction

Immunoglobulin G (IgG), a serum glycoprotein, is the most abundant antibody in the
human body. IgGs are involved in multiple human humoral immune processes including antigen
neutralization, complement activation and complement dependent cytotoxicity (CDC), and
antibody-dependent cell-mediated cytotoxicity (ADCC).8 There are four subclasses of 1gGs
(1gG1, 1gG2, 1gG3, and 1gG4), that differ in their constant regions, particularly in their hinges
and upper CH2 domains.* Immunoglobulin G1 (IgG1) is the most abundant IgG, followed by
1gG2, 1gG3, and 1gG4 being the least abundant. All IgGs are N-glycosylated at aspargine-297

(Asn-297) in the CH2 domain of the crystallizable fragment (Fc) part of the heavy chains. In
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human IgG, the majority of the Fc glycans are complex biantennary structures with a high degree
of heterogeneity, due to the presence or absence of different terminal sugars. The glycans
attached can affect protein stability, bioactivity, and immunogenicity.®2* The biological
significance of these glycans makes the development of accurate methods to analyze them vital.

Peptide-N4-(N-acetyl-beta-glucosaminyl)asparagine amidase (PNGase F) is commonly
used to remove N-linked glycans. PNGase F mechanism cleaves the glycosidic bond between the
carbohydrate-holding Asn residue, converts the Asn residue to aspartic acid (Asp) and releases
ammonia and the intact glycan, while generating a carbohydrate-free peptide.'3"13* PNGase F is
not able to cleave N-linked glycans from glycoproteins when the innermost GICNAc residue is
linked to an al-3 Fucose residue. This modification is most commonly found in plant and some
insect glycoproteins, 138139

The broad specificity and ability to deglycosylate a wide range of glycan structures has
led PNGase F to be the most widely used enzyme for releasing N-glycans in glycoanalytical
workflows. Over the past decade, protocols for the enzymatic release of N-glycans with PNGase
F have been investigated to improve the structural profiling of N-glycans. In a typical workflow,
PNGase F is added to intact or denatured glycoproteins and the release of N-glycans is
performed in solution by incubation at 37 °C for a few hours or overnight. However, despite the
long incubation time, this typical workflow can result in an incomplete release of N-glycans.44
Many attempts have been made to shorten the incubation time while improving the completeness
of deglycosylation including the use of microwave reactors and immobilization of PNGase F on
monolithic supports.145146 Recent research found that performing PNGase F deglycosylation on

trypsin digested IgGs was 3-4 times faster than deglycosylation performed on intact 1gGs.
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In 2017, research done by Huang and Orlando revealed that significant errors in
quantitation of 1gG glycosylation can occur due to differences in the release kinetics of N-
glycans with different structures.#” These errors can result in inaccurate N-glycan composition
profiling and improper glycan site occupancy.'** The importance of obtaining complete glycan
release for accurate quantitation led us to investigate the kinetics of deglycosylating trypsin
digested human serum 1gGs with three different PNGase F enzyme preparations.

Methods

The overall experimental workflow is shown in Figure 1.

Human serum (HS), trypsin (tosyl phenyl alanyl chloromethyl ketone (TPCK) treated),
dithiothreitol (DTT), iodoacetamide (IDA), ammonium bicarbonate, ammonium formate, and
formic acid (liquid chromatography (LC) — mass spectrometry (MS) grade) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (ACN; LC-MS grade) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). All reagents used were analytical grade. Three
different PNGase F enzymes preparations were obtained.

A Hi-Trap™ protein G column (Cytiva, Uppsala, Sweden) was used to purify 1gGs from
Human Serum (HSPD IgGs). An initial solution containing intact HSPD-IgGs in 50 mM
ammonium bicarbonate (pH 7.8) was spiked with [Glul]-Fibrinopeptide B (quantitation
standard) (GluFib).

Prior to the trypsin digest, reduction was performed with 200 mM dithiothreitol (DTT)
and alkylated using 1M iodoacetamide (IDA), to a final concentration of 5 mM DTT and 8 mM
IDA. The sample was dried to volatilize excess DTT and IDA remaining, then resuspended in

50 mM ammonium bicarbonate (pH 7.8). Next trypsin was added to the sample with the ratio of
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1 part trypsin to 20 parts sample, digestion was carried out at 37°C overnight. The trypsin digest
sample was dried as means to desalt the sample.

For the PNGase F deglycosylation, three preps (preps 1, 2, and 3) were used to
investigate the effect of different PNGase F enzyme preparations on the rate of deglycosylation
on tryptic digested glycopeptides. For this, the same amount of PNGase F enzyme was used in
each prep and the exact same protocol was performed, the only difference was the manufacturer
preparation of PNGase F enzyme used. Prior to PNGase F deglycosylation, the dried tryptic
digest was redissolved in 50 mM ammonium bicarbonate. The dissolved tryptic
peptides/glycopeptides were then treated with 0.1 U of PNGase F per ug of 1gG. Aliquots of the
digestion mixture were removed at various time points, quenched by lowering the pH to 3.5 with
formic acid, then immediately frozen in dry ice. The samples were dried, then resuspended in
68% ACN for analysis. The ratio of PNGase-F in units to substrate has been experimentally
determined so that the deglycosylation reaction takes one hour, which is long enough to allow for
sufficient time points to be sampled in a reasonable time-period. Each reaction was done in three
replicates.

LC-MS analysis was performed on a Waters Synapt-G2 with a HP1100 LC. Peptides
were separated using a 2.1 mm x 150 mm HALO ® Penta-HILIC column packed with 2.7 um
diameter superficially porous particles that have a 90 A pore diameter (Advanced Materials
Technology, Wilmington, DE, USA) at 60°C. The mobile phases used in the separation were
0.1% formic acid, 50 mM ammonium formate in water (A) and 0.1% formic acid in acetonitrile
(B). The glycopeptides were bound to the column in 68% B and a linear gradient to 54% B over

20 minutes was initiated to elute the peptides. Skyline was used for data analysis.'*°
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Results & Conclusions

The effect of different PNGase F enzyme preparations on the rate of deglycosylation of
tryptic digested 1gG glycopeptides were investigated. Three different PNGase F enzyme
preparations (preps) were utilized, Prep 1 was an amidase purified from Flavobacterium
meningosepticum. PNGase F Prep 2 was a recombinant amidase, cloned from Elizabethkingia
miricola (formerly Flavobacterium meningosepticum) and expressed in E. coli. Lastly, the
PNGase F utilized in Prep 3 was obtained from a local manufacturer, cloned from
Elizabethkingia meningosepticum, and expressed in E. coli. The same amount of PNGase F
enzyme in units was added to a constant amount of tryptic digested Human Serum 1gGs so the
rate of deglycosylation in all three preps could be compared. For each PNGase F prep, the same
experimental conditions were performed and GluFib was utilized as an internal standard.

The differences in the kinetics of PNGase F deglycosylation reaction were studied for
three PNGase F preps. In all preps, the release of glycans by PNGase F was monitored. This
approach allowed a broad range of human serum IgG glycopeptides to be monitored
simultaneously by LC-MS. The glycan structures of the glycopeptides observed in the human
serum 1gGs and their abbreviations are shown in Figure 2. The LC-MS chromatograms illustrate
how the peak area of the glycopeptides decrease with increasing digestion times for each
PNGase F prep (Fig.3). The integrated peak area of each glycopeptide ([GP]) was calculated by
dividing the peak area of each glycopeptide by the peak area of the internal standard (GluFib) at
each time point.

PNGase F releases N-linked glycans from the peptide backbone by hydrolyzing the
amide group of the Asn sidechain (Eq. 1). In this deglycosylation reaction, the concentration of

PNGase F is constant throughout the reaction as it is an enzyme and is neither consumed nor
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produced. The concentration of H20 is also constant throughout the reaction as it is in excess
compared to the other two reactants. Thus, this third order reaction is a pseudo first-order
reaction (Eq. 2), as two of the three reactants are not consumed. The differential rate equation
describing the decrease in glycopeptide concentration as a function of time for pseudo first-order
kinetics is shown in Equation 3, and the integrated form in Equation 4. In Equations 3 and 4, K is

the rate constant.142

Glycopeptide + H,0 + PNGase F — N — Glycan + Peptide + PNGase F (1)
Glycopeptide — N — Glycan + Peptide (2)

~d[GP]
dt

= K[GP] (3)

In[GP] = —kt +In [GP,] (4)

The slope of the line in the In [GP] as a function of time plots (In [GP] vs. time plot) is
proportional to the rate constant of the PNGase F release, and were calculated for each species
(Table 1). The linearity of the In [GP] vs. time plot, also referred to as kinetic plots, confirms
that the PNGase F deglycosylation reaction follows a pseudo first-order process. The rate of
deglycosylation was fastest for PNGase F Prep 3, then PNGase F Prep 1, and PNGase F Prep 2
had the slowest rate of deglycosylation. It was calculated that PNGase F prep 3 deglycosylated
trypsin digested 1gG glycopeptides at a rate 34 times faster than Prep 1, and that PNGase F Prep
1 deglycosylated IgG tryptic glycopeptides at a rate 5 times faster than Prep 2.

The fast rate of deglycosylation in Prep 3 is highlighted in Figure 3. For Preps 1 and 2 in
Figure 3, the chromatogram from 0 minutes shows a ratio of internal standard to 1gG1

glycopeptides that is 1:1. While for Prep 3 the ratio is not 1:1, there is more internal standard
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present than 1gG1 glycopeptide at O minutes. This is due to the fast deglycosylation rate of Prep
3, thus substantial deglycosylation has already occurred at the “0-minute time point”.

In this study, the amount of PNGase F used is less than the normal amount used in a lab
setting. This was done to slow down the reaction to allow for multiple time points to be
collected. To better simulate normal conditions, where more PNGase F is used per pg of
glycoprotein, the rate of deglycosylation for each glycoform were multiplied by 100 for the half-
life and time until full deglycosylation calculations. Since in this study, 0.1 U PNGase F per pg
glycoprotein while the standard amount of PNGase F typically used in a lab setting is 10 U
PNGase F per pg glycoprotein. The half-life (ti2) (Eq. 5) for the PNGase F deglycosylation
reaction of trypsin digested human serum IgGs for the three different PNGase F enzyme
preparations was calculated using this adjusted rate, shown in Table 2. For PNGase F Prep 3, the
half-life of the 1gG glycoforms being deglycosylated were calculated to be an average of 33
times faster than the half-life calculated for PNGase F deglycosylation with Prep 1. PNGase F
deglycosylation performed using Prep 3 has a lower half-life time than Preps 1 and 2, meaning
that it takes less time for the glycopeptides to reach half their initial concentration, thus the
glycopeptides are deglycosylating faster in Prep 3. For PNGase F Prep 1, the half-life of the 1IgG
glycoforms being deglycosylated were calculated to be an average of 5 times faster than the half-
life calculated for PNGase F deglycosylation with prep 2. This supports previous findings and
indicates that PNGase F deglycosylation performed using Prep 3 is fastest, then Prep 1, and Prep

2 is the slowest.

In2 0.693
tip= - =—— ()

79



The time until full deglycosylation can be calculated in multiples of ti2, and after 7
iterations, <0.01% of the glycopeptide would remain, shown in Table 2, for each Prep. For
PNGase F deglycosylation performed utilizing the three Preps, the time until full deglycosylation
varies depending on the glycoform. For deglycosylation performed on trypsin digested IgGs with
Prep 3 with a normal amount of PNGase F, the average time until full deglycosylation is 0.08
minutes, but all glycoforms are not fully deglycosylated until 0.13 minutes. Prep 1 was
calculated to have an average time until full deglycosylation of 2.74 minutes, and the average
time until full deglycosylation for Prep 2 was 12.64 minutes. These findings support that the rate
of deglycosylation of tryptic digested 1gG glycopeptides is fastest with Prep 3.

A higher abundance of sialylated and bisected N-glycan structures were observed for
PNGase F deglycosylation Prep 3 compared to Preps 1 and 2. The PNGase F Prep 3 was more
efficient at cleaving complex N-glycans compared to Preps 1 and 2.

A Mann-Whitney U test was performed to determine the significance of the rates of
deglycosylation on tryptic 1gG glycopeptides for each PNGase F Prep, and the results are shown
in Table 3. The Mann-Whitney U test is a nonparametric test of the null hypothesis, where 2
samples have equal averages, vs. the alternative hypothesis, where the sample means from the 2-
samples are not equal. Mann-Whitney U test was selected over the 2-sample test, as the Mann-
Whitney U test does not require the assumption of normal distributions or a specific sample
size.1*® The Mann-Whitney U test calculates a P-value that can be used to determine the
significance of the results. The smaller the P-value, the more likely one can reject the null
hypothesis that the difference between the 2 groups is a result of random sampling. Therefore,
small P values lead one to conclude that the populations are distinct. For example, a P-value of

0.05 indicates a 5% risk of finding that a difference exists between 2 populations when there is
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no actual difference. The Mann-Whitney U test revealed that the rates of deglycosylation of
glycopeptides using PNGase F prep 3 are statistically faster than deglycosylation of
glycopeptides by PNGase F prep 1 or PNGase F prep 2. The P-value of <0.001 obtained when
the PNGase prep 3 is compared with the PNGase prep 2 suggests that the observed differences in
rate constants between these two groups have a <0.1% chance of arising from random sampling.
Likewise, when the PNGase F prep 1 was compared to PNGase F prep 2.
Conclusion

Significant differences in deglycosylation rate utilizing different PNGase F Preps were
observed on tryptic digested 1gGs. The rate of PNGase F deglycosylation on trypsin digested 1gG
glycopeptides using PNGase F Prep 3 was 34 times faster than the deglycosylation rate from
PNGase F Prep 1. Half-life and time until full deglycosylation calculations performed for using
the rate of deglycosylation for each Prep, further support findings. The differences in
deglycosylation rate of the three Preps performed on trypsin digested 1gGs suggest that
deglycosylation should be performed with PNGase F Prep 3 to ensure complete deglycosylation
in the fastest time to avoid quantitation errors due to incomplete deglycosylation.
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for deglycosylation performed using the three PNGase F preps.
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Kinetic Profiles of Different PNGase Fs
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Figure 4. The plot of In [GP] vs. time for the 1gG1 glycopeptide carrying the Fucosylated glycan
with 1 galactose (A2G1F) and the IgG1 glycopeptide carrying the Fucosylated glycan with 2
galactoses (A2G2F) deglycosylation for the three PNGase F Preps. This data was obtained
following the addition of PNGase F at a concentration of 0.1 U PNGase F/ug 1gG. Figure 4
shows the kinetic profile for A2G1F and A2G1F on trypsin digested 1gG and PNGase F

deglycosylation with PNGase F Prep 1 (in blue), Prep 2 (in orange), and Prep 3 (in red).
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Table 1. Average Rate of Deglycosylation for Different PNGase F's Preps Performed on Trypsin
Digested 1gG Glycopeptides.

Rate (k) (Average +/- SD)

Glycopeptide PNGase F—Prep 1 PNGase F — Prep 2 PNGase F —Prep 3
lgG1 A2GON - - 0.5250 +/- 0.0550
lgG1 A2GIN - - 0.5460 +/- 0.0570
IgG1 A2G2N - - 0.6220 +/- 0.0930
lgG1 A2G1F 0.0219 +/- 0.0069 0.0030 +/- 0.0014 0.7150 +/- 0.0200
IgG1 A2G2F 0.0202 +/- 0.0064 0.0037 +/- 0.0021 0.6120 +/- 0.0180
lgG1 A2G2F1S1 0.0150 +/- 0.0091 0.0017 +/- 0.0021 0.6050 +/- 0.1920
19G2/3 A2G2 - - -

1gG2/3 A2GON 0.0253 +/- 0.0021 0.0057 +/- 0.0008 -

1gG2/3 A2G1IN 0.0205 +/- 0.0047 0.0031 +/- 0.0019 0.5420 +/- 0.0330
1gG2/3 A2G2N 0.0205 +/- 0.0025 0.0033 +/- 0.0008 0.5590 +/- 0.2860
1gG2/3 A2GOF 0.0051 +/- 0.0015 0.0025 +/- 0.0004 1.0120 +/- 0.3870
19G2/3 A2G1F 0.0278 +/- 0.0018 0.0056 +/- 0.0024 0.7840 +/- 0.0620
1gG2/3 A2G2F 0.0232 +/- 0.0052 0.0040 +/- 0.0019 0.6540 +/- 0.0830
1gG2/3 A2G2F181 - - 0.3550 +/- 0.2070
1gG4 A2G1 - - 0.7710 +/- 0.0570
1gG4 A2G2 - - -
lgG4 A2GIN 0.0335 +/- 0.0048 0.0024 +/- 0.0016 0.4950 +/- 0.0070
lgG4 A2GOF 0.0205 +/- 0.0058 0.0072 +/- 0.0025 0.4100 +/- 0.0030
lgG4 A2G1F 0.0251 +/- 0.0044 0.0095 +/- 0.0020 0.5620 +/- 0.1370
IgG4 A2GINF 0.0193 +/- 0.0059 0.0054 +/- 0.0004 0.6040 +/- 0.1120

A dash (-) indicates that the glycopeptide was not observed.
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Table 2. Half-life and Time Until Full Deglycosylation on Different PNGase F Deglycosylation Preps

Half-life (min) Time until Full Deglycosylation (min)
Glycopeptide Prep 1 Prep 2 Prep 3 Prep 1 Prep 2 Prep 3
IgG1 A2G0 - - 0.0132 - - 0.0924
IgG1 A2G1 - - 0.0127 - - 0.0888
IgG1 A2G2 - - 0.0111 - - 0.0780
1gG1 A2GON 0.3150 1.8730 0.0089 2.2050 13.1108 0.0620
IgG1 A2GIN 0.3164 2.3100 0.0097 2.2151 16.1700 0.0678
1gG1 A2G2N 0.3431 1.8730 0.0113 2.4015 13.1108 0.0793
1gG1 A2GOF 0.4620 4.0765 0.0115 3.2340 28.5353 0.0802
1gG1 A2G1F - - - - - -
1gG1 A2G2F 0.2739 1.2158 - 1.9174 8.5105 -
1gG1 A2G2F1S1 0.3380 2.2355 0.0128 2.3663 15.6484 0.0895
19G2/3 A2G2 0.3380 2.1000 0.0124 2.3663 14.7000 0.0868
19gG2/3 A2GON 1.3588 2.7720 0.0068 9.5118 19.4040 0.0479
19gG2/3 A2G1N 0.2493 1.2375 0.0088 1.7450 8.6625 0.0619
19gG2/3 A2G2N 0.2987 1.7325 0.0106 2.0909 12.1275 0.0742
1gG2/3 A2GOF - - 0.0195 - - 0.1366
19G2/3 A2G1F - - 0.0090 - - 0.0629
19G2/3 A2G2F - - - - - -
1gG2/3 A2G2F1S1 0.2069 2.8875 0.0140 1.4481 20.2125 0.0980
1gG4 A2G1 0.3380 0.9625 0.0169 2.3663 6.7375 0.1183
1gG4 A2G2 0.2761 0.7295 0.0123 1.9327 5.1063 0.0863
1gG4 A2GIN 0.3591 1.2833 0.0115 2.5135 8.9833 0.0803
1gG4 A2GOF - - 0.0132 - - 0.0924
1gG4 A2G1F - - 0.0127 - - 0.0888
1gG4 A2GINF - 0.0111 - - 0.0780

A dash (-) indicates t

hat the glycopeptide wa
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Table 3. Results of Mann-Whitney U Test: Calculating the Significance of Differences in Rates
Among Deglycosylation Performed on Tryptic Digested 1gGs using Different PNGase F Preps.

Comparison P Result

k (1gG glycopeptides PNGase F — | <0.001 k (1gG glycopeptides PNGase F — Prep 2) <k
Prep 1) vs. k (1gG glycopeptides (1gG glycopeptides PNGase F — Prep 1)
PNGase F — Prep 2)

k (1gG glycopeptides PNGase F — | <0.001 k (1gG glycopeptides PNGase F — Prep 1) < k

Prep 1) vs. k (1gG glycopeptides
PNGase F — Prep 3)

(1gG glycopeptides PNGase F — Prep 3)
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CHAPTER 7

CONCLUSIONS

Due to their great biological importance, the development of fast and accurate methods to
analyze glycoproteins is of the upmost importance. Liquid chromatography paired with mass
spectrometry (LC-MS) is a powerful tool for the analysis of glycoproteins, proteins, and glycans.
Hydrophilic Interaction Liquid Chromatography (HILIC) is the logical separation method of
choice for the analysis of glycopeptides.

The current work presented here utilizes HILIC-LC-MS methods to address various gaps
in the field by increasing the depth of information obtained from experiments, including
investigating retention behavior, reducing the identification of false positives, and determining
kinetics of PNGase F deglycosylation for complete glycan release.

Chapter 3 details the investigation of the HILIC retention behavior of O-mannose
glycopeptides. The separation of six O-mannose glycopeptides was observed and the
glycopeptides were able to be resolved from each other, and from the native, unmodified peptide.
Retention coefficients for O-mannose and extended structures were calculated. The novel
separation of GICNAc linkage isomers in O-mannose glycopeptides was also observed, and the
HILIC retention coefficient for both was determined. Retention behavior prediction improves
data analysis methods as it allows for quicker data analysis and facilitates the identification of

unknowns. The calculation of O-mannose glycan coefficients allows for the prediction of
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retention time for any O-mannose glycopeptide consisting of the investigated sugars on any
peptide sequence, when combined with previous HILIC peptide retention model.®

Chapter 4 highlights that naturally occurring and experimentally induced deamidation of
Asn can interfere with the identification of N-linked sites of glycosylation. Thus, shedding light
that the current protocol used for glycosylation site mapping can lead to false positives and
incorrect assignment of glycosylation sites. To remedy this, the novel HILIC-LC-MS method, n-
Asp and i-Asp to reduce false positives (NIFP) was proposed. By this proposed NIFP method, N-
linked glycosylation sites can be identified by the presence of an n-Asp residue within the
consensus sequence Asn-X-Ser/Thr that also chromatographically shows the presence of one
peak, corresponding to Asp. The site is considered to be chemically deamidated if the
chromatogram shows the presence of two peaks corresponding to the n-Asp and i-Asp. The
intent of this study is to alert investigators in the field to the potential and unexpected errors
resulting from this phenomenon and to suggest strategies to overcome this pitfall and prevent the
identification of false positives.

Chapter 5 highlights the investigation into solving an age-old question, on whether
researchers need to perform a trypsin digest before performing a PNGase F deglycosylation on
IgGs. The rate of PNGase F deglycosylation on trypsin digested 1gG glycopeptides is 3-4 times
faster than on intact IgG, thus the answer to the age-old question is, yes, researchers should
perform a trypsin digest before performing a PNGase F deglycosylation on 1gGs. The use of a
normal amount of PNGase F would digest intact 1gG, just at a slower rate. This data suggests
that researchers who try to complete a rapid PNGase F glycan release in under 5 minutes may
encounter issues with complete deglycosylation. The differences in deglycosylation rate

performed on trypsin digested IgGs and intact 1gGs suggest that deglycosylation should be
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performed on 1gGs digested with trypsin to ensure complete deglycosylation in the fastest time to
avoid quantitation errors.

Chapter 6 expands on previous research and investigates the kinetics of PNGase F
deglycosylation reaction for multiple preps, where three PNGase F enzyme preparations were
compared (one amidase and two recombinant versions). The importance of obtaining complete
glycan release for accurate quantitation led us to determine if there was a difference in the rate of
deglycosylation between the three PNGase F preps. Statistically significant differences in the
rate of deglycosylation performed using three different PNGase F enzyme preps on trypsin
digested 1gGs was determined and the rate of PNGase F deglycosylation with prep 3
deglycosylated IgG tryptic glycopeptides at a rate 34 times faster than prep 1, and PNGase F

prep 1 deglycosylated IgG tryptic glycopeptides at a rate 5 times faster than prep 2.
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