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ABSTRACT

The purpose of this research is to utilize liquid chromatography-mass spectrometry (LC-
MS) to investigate significant questions concerning hydrophilic post translational modifications
(PTMs). PTMs are modifications which take place following protein biosynthesis, such as
glycosylation and the deamidation of asparagine. There are hundreds of PTMs which have been
discovered and possibly many more which have yet to be discovered. The many possible
combinations of proteins and PTMs create daunting challenges in proteomic analysis compared
to the analysis of the 20 unmodified amino acid residues, and LC-MS is a powerful analytical
tool capable of aiding in overcoming these challenges and performing significant analysis of
hydrophilic PTMs.

The most diverse PTM, glycosylation, is of great importance leading to possible bio-
markers for investigation and the production of possible biotherapeutics. In 2016, a hew protocol
was published describing a new technique for releasing Asparagine (Asn)-linked glycans from a
peptide backbone for the large scale preparation of Asn-linked glycans which is much cheaper
and faster than standard protocols. The release of Asn-linked glycans from their peptide

backbone is essential in the characterization of the structure of these glycans. Here, the validity



and practicality of this protocol was compared to an established technique, the use of peptide: N-
glycosidase F (PNGase F), for the release of Asn-linked glycans on much smaller scale.

Another well-studied modification is the deamidation of Asparagine (Asn) residues to
form aspartic acid (Asp) and iso-aspartic acid (i-Asp). The biological consequences of Asn
forming i-Asp include the mutation of the secondary structure and conformation of a protein.
The biological consequences demonstrate the importance of identifying the formation of
deamidation products, especially the formation of i-Asp, accurately. The deamidation of
asparagine residues is often detected after trypsin digestion, and when products from this
reaction are seen they are often presumed to have been present in the native protein. Here, the
possibility of the conditions of trypsin digestion playing a role in causing the deamidation of

immunoglobulin G (IgG) peptides was investigated.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Liquid chromatography coupled to mass spectrometry (LC-MS) provides many
opportunities to broaden the understanding of post translational modifications (PTMs). Simply
put, PTMs are the possible modifications that can follow protein biosynthesis. The abundance
and complexity of the different PTMs add to the challenge in understanding the complete
biome.1?

The most common PTM is glycosylation which has proven to play key roles in cell
signaling, cell-pathogen interactions, cellular regulation, and much more. The emerging field of
glycomics has proven to be a new frontier in discovering a new realm of possible biotherapeutics
and bio-markers. The characterization of the structure of glycans is essential, but in order to fully
characterize asparagine (Asn)-linked glycans they must be released from the peptide backbone.
Asn-linked glycans can be released for analysis typically utilizing one of two methods,
enzymatic release techniques or chemical release technigues. A new chemical release technique
utilizing the sodium hypochlorite (NaOCI) found in bleach was published in 2016 for a large-
scale preparative method to release Asn-linked glycans.® In Chapter 1, the validity and
practicality of utilizing NaOCI to release Asn-linked glycans for small-scale analysis will be
explored by Hydrohilic Interaction Liquid Chromatography-Selective Reaction Monitoring
(HILIC-SRM).

The deamidation of Asn, another well-studied hydrophilic PTM, can lead to the

formation of iso-aspartic acid (i-Asp) which can alter protein secondary structure, conformation,



and function of a protein by extending the protein backbone by a -CH>- group. The deamidation
of asparagine residues is often detected after trypsin digestion, and when products from this

reaction are seen they are often presumed to have been present in the native protein. In Chapter
3, deamidation rates of immunoglobulin G (IgG) peptides will be characterized to determine the

effects of the conditions of a trypsin digestion on the deamidation of IgG peptides.



LITERATURE REVIEW
PTMs

PTMs, such as glycosylation and the deamidation of Asn, play important roles in adding
heterogeneity to the human biome. There have been hundreds of PTMs discovered, each adding
different traits to a protein’s structure, conformation, or function.!? Possible functions which can
be controlled by a protein’s PTMs include protein modulation, solubility, and cell signaling.* The
the importance of these PTMs that demonstrates the need for them to be investigated, but the
limitless possible combinations of PTMSs on a protein substrate result in an exponential increase
in challenges in proteomic analysis. °® However, the challenges that stem from these
combinations of PTMs have also lead to an increase in creative opportunities in the
pharmaceutical industry for potential therapeutic targets, possibly with the aid of either
monoclonal antibodies (MABs) or Fc-fusion proteins.” A lack of knowledge and understanding
of PTMs coupled with all of the possible therapeutic benefits emphasizes the importance of PTM
analysis.
Glycans and Glycosylation

The most common and the most diverse PTM in eukaryotes, occurring in nearly half of
human genes, is glycosylation.® Glycosylation is the addition of at least one monosaccharide to a
protein substrate (Table 1.1). Over the past several decades the role of glycans and glycosylation
have been determined to be of great importance in many areas including the structure, stability,
and proper folding of a protein.®° Other roles include the mediation of pathopsychological
events, the mediation of cell-cell reactions, mediation of cell-pathogen reactions, as a cellular
regulation switch, and as a cellular nutrient sensor.**6 Some examples of their importance are

the consequences of glycan mutations leading to many carbohydrate-deficient glycoprotein



syndromes (CDGS) which have been identified since the 1980s through glycan profiling, where
differences in glycan profiles have been used for diagnosis.” %’

The field of glycan research has emerged in recent years leading to the investigation of
the possible role of glycosylation and specific glycans in various types of cancer and other
disorder such as CDGS." 820 As the importance of glycosylation and their resulting glycans
have become known, attempts to possibly produce and use glycans as drugs and other
therapeutics have become the proverbial goals.?*?* Although there are a number of types of
glycans present in the biome which are being researched, two of the most common forms of
glycosylation being investigated are asparagine (Asn)-linked glycans and oxygen(O)-linked
glycans.

Asn-Linked Glycosylation

The most common glycosylation is Asn-linked glycosylation. Asn-linked glycosylation
typically occurs on the asparagine residue in the presence of Asn-X-serine/threonine (Ser/Thr),
where X is any amino acid except proline. The synthesis of Asn-linked glycosylation begins in
the rough endoplasmic reticulum (RER) before terminating in the golgi apparatus.?>-2® Beginning
in the RER, a dolichol-phosphate complex is the precursor of the synthesis until the complex is
extended to Dolichol-(phosphate)2-GIcNAc2-Mans. The complex is then “flipped” from the
cytoplasm to the lumen of the RER where the complex is further extended with the addition of
four Man and three Glucose (Glc) residues by Dolichol-phosphate-Man and Dolichol-phosphate-
Glc complexes respectively. The dolichol -phosphate-glycan complex is then transferred to an
Asn residue before undergoing protein folding and moving to the golgi apparatus. The protein
folding also plays the role of quality control which sends the glycan to the cytoplasm for protein

degradation if there are errors in the glycoprotein. As the protein-glycan complex continues



through the golgi apparatus, monosaccharides are constantly removed and added by a variety of
transferases and transporters, such as alpha mannosidase 11, UDP-Gal and CMP-Sialic Acid
Transporter. The completed Asn-linked glycan is terminated in the golgi apparatus as one of the
three categories of Asn-linked glycans. (Figure 1.1). All three types of Asn-linked glycans have
one distinct feature where they all contain a single core that is present in all Asn-linked glycans,
consisting of [GlcNac]2[Man]s (Figure 1.2).2” However, following the core the glycans can differ
greatly, and with the links to abnormalities in Asn-linked glycosylation profiles being linked to
diseases such as Cancer and Alzheimer’s disease, the analysis of Asn-linked glycans is of utmost
importance that Asn-linked glycans continue to be researched and analyzed.?%2°
O-Linked Glycosylation

Another product of glycosylation are O-linked glycosylation. Although O-linked
glycosylation is not as prevalent as Asn-linked, O-linked glycosylation is just as important as
Asn-linked. O-linked glycans has been shown to be responsible for protein solubility,
conformation, stability, and much more.® This importance to investigate O-linked glycans also
brings up the biggest challenge. Compared to Asn-linked glycosylation, the core of O-linked
glycans is much more diverse, as there is no standard core.'-*2 For example, in eukaryotes there
are eight different cores for O-linked glycans compared to the single core for all Asn-linked
glycans.® Further differences between O-linked and Asn-linked glycosylation is the synthesis
pathway. While Asn-linked glycans are synthesized in the RER and golgi apparatus, O-linked
glycosylation is primarily synthesized only in the golgi apparatus.!! O-linked glycosylation is an
important PTM to understand, but the analysis of O-linked glycans also provides a myriad of

investigative challenges which are not present in the analysis of Asn-linked glycans.



Analysis of Glycans

The need to characterize glycans, both Asn- and O-linked glycans, has led to the
emergence of the field of glycomics, the study of glycosylation. Advances in glycan release and
glycan analysis techniques have emerged over the last several decades to aid in glycan research
for the complete characterization of glycans. The advancements in the field of glycomics and the
possible roles of glycosylation in cancer and other diseases as possible bio-markers or
therapeutic targets demonstrate why the ability to analyze glycosylation and glycans is of utmost
importance.?t-2*

Glycan Release

The characterization of Asn-linked glycans typically involves releasing them from their
protein, and this glycan release can be accomplished either chemically or enzymatically. One of
the oldest glycan release techniques is a chemical release method. Hydrazinolysis has been
utilized for the release of both Asn-linked and O-linked glycans; however, although cheaper than
enzymatic methods, chemical release techniques are dangerous being highly toxic and volatile.
They can also lead to the loss of information that can be found by preserving the peptide
backbone, as the peptide backbone is degraded.34-3 As well-established as the chemical release
method is, there are several alternative techniques to release Asn-linked glycans by the use of
enzymes.

The enzymatic release of Asn-linked glycans is a time consuming and expensive process
utilizing enzymes, such as endoglycosidase H (Endo H). Endo H was one of the first
commercially available enzymatic release techniques.®® Endo H, along with other glycosidases,
such as endoglycosidase F, release specific Asn-linked glycans by cleaving glycosidic bonds

(Figure 1.3).443 The use of these enzymes has been commonly utilized to cleave N-linked



glycans, and the methods are efficient; however, there are drawbacks. The major drawback to the
endoglycosidases is their inability to release intact glycans, but there are alternative release
techniques that are solutions to this problem.

A proven alternative to the endoglycosidases is digestion with a peptide: N-glycosidase
(PNGase). The PNGases, including Peptide: N-Glycosidase F (PNGase F) and Peptide: N-
Glycoamidase A (PNGase A) have been some of the most widely utilized methods for releasing
N-linked glycans due to their abilities to cleave complete glycans, by cleaving the bond between
the Asn residue and GIcNAc while preserving their original peptide backbone (Figure 1.4).444°
Each peptide:N-glycoamidase has unique benefits, but neither is without drawbacks. PNGase A,
does not have the ability to cleave larger, more complex glycans, such as those containing sialic
acids.>® 4648 PNGase F, on the other hand, is capable of cleaving all Asn-linked glycans, with the
exception of glycans containing a 1,3-core fucose (typically observed in plants).*®5! In spite of
the cost and time consuming nature of enzymes, PNGase F is one of the most preferred methods
for the release of N-linked glycans for simplicity and ability to release intact glycans while
preserving the information that can be learned from the peptide backbone.

Derivatization

The ability to analyze released Asn-linked glycans by mass spectrometry provides a great
deal of complications compared to the analysis of proteins. Several of these complications are
the complexity and diversity compared to a 20 amino acid backbone and a lack of UV
absorbance for quantitation analysis. One of the major complications is low ionization efficiency.
Where basic amino acids, such as lysine and arginine provide a site of protonation in positive ion

mode for proteins, no such site exists on a glycan. There are several derivatization techniques,



which are modifications designed to mitigate some of these complications, and one of these
derivatizations is permethylation.

Permethylation has been around since the 1960s, and is one of the oldest and one of the
most important derivatization techniques(Figure 1.5).52 Permethylation protocols have become
more established in recent decades, but the end result of replacing hydroxyl groups with more
stable, hydrophobic methoxy groups is the same.>*>° Since permethylation leads to increased
hydrophobicity, permethylation also leads to both an increased volatility of the analyte and
increased ionization efficiency. This hydrophobicity also increases the suitability of glycans for
reverse phase (RP) chromatography, a chromatographic separation technique which will be
covered later.tt: 53-54 5658 The permethylation of the hydroxyl groups can also bring stability to
acidic residues in positive mode.>® Furthermore, permethylation can aid in prevention of analyte
rearrangement in the gas phase, which makes structure identification a more manageable task.%"-
%1 These major benefits for glycan analysis demonstrate the importance of permethylation as a
derivatization tool.

The utilization of permethylation in glycan analysis is beneficial, but there are still some
drawbacks to this technique. First, is the compatibility of this method in that this method is not
suitable for all analytes.®? Even when analytes are compatible with the technique the
permethylation reaction is tricky, and complete conversion of all hydroxyl groups to methoxy
groups may vary from glycan to glycan. However, despite the challenges of using
permethylation, permethylation remains a valuable technique in the analysis of glycans.

Another valuable tool, reductive amination, in the derivatization of glycans depends on
the structure of the glycan analyte. Reductive amination can be applied if the glycans being

analyzed contain a free-reducing end. Reductive amination is the use of an adduct containing a



free amine (NH-) to bind to the free-reducing end of a glycan (Figure 1.6). Two of the more
well-established labelling adducts are the fluorescent tags 2-aminobenzamide(2-AB), and more
recently, procainamide (ProA). Both of these labels are powerful tools for analyzing free
glycans.

The first major benefit to the use of these labels is their ability to provide absolute
quantification. The ultraviolet (UV) analysis of these two labels is very straight forward and
reliable. By Beer’s Law (A=ebc); where A is the absorbance, ¢ is the extinction coefficient, b is
the path length, and c is the concentration of the tagged-glycan; the determination of absolute
abundance of a glycans tagged with either label is easily determined.53%° The second major
benefit of these tags, as with the permethylation method above is the increased hydrophobicity of
the glycan analyte. Lastly, and to a mass spectrometrist most importantly, are the amine groups
in the labels which are not used to bind to the glycan analytes. These amine groups greatly
increase the overall ionization efficiency of the glycans by supplying a much more attainable
destination for protons in the ‘+” mode. Glycan labeling, as well as permethylation of glycans,
are remarkably powerful analytical tools in the analysis of glycans.

Monoclonal Antibodies (MABS)

One possible source of glycoproteins are mABs, which are antibodies that are identical
immune cells that are clones of a single parent cell. First developed in 1975, but not licensed
until 1986, mAB offer a way to specifically target mutagens and defects, since they are
antibodies that are capable of targeting a single epitope.’®’2 Today, mABs have become some of
the highest selling pharmaceuticals in the world. As of 2017(based on SEC filings and company
websites), half of the top 10 selling pharmaceuticals are mABs, lead by adalimumab with over

$18 billion in sales worldwide. Research continues to focus on improving the efficacy of mABs



by improving their effects, as well as investigating the addition of modifications which could be
beneficial.*-"
Immunoglobulin G (IgG)

The top selling monoclonal antibody worldwide is adalimumab, which is an 1gG that is
utilized for the treatment of rheumatoid arthritis and Crohn’s disease.”>” Overall 1gGs make up
75% of human serum antibodies, broken down to four subclasses based on abundance (IgG1,
1gG2, 1gG3, and 1gG4). The basic structure of any I1gG is a Y-shaped structure consisting of a
heavy chain and a light chain, bound by disulfide bonds (Figure 1.7). Amongst the Y-shape,
there are two distinct regions. The first of these two regions is the Fc-region, which is a constant
region which does not change amongst a particular class of 1gGs. For example, all IgG1s have
the same F. region. The second region is the Fap region, which consists of the variable region for
any 1gG. This variable region is responsible for the binding specificity of a particular binding
analyte.

Deamidation

Other PTMs are the deamidation of either Asn or glutamine (GIn). Deamidation produces
either aspartic acid (Asp) and iso-aspartic acid (i-Asp) in the case of Asn or glutamic acid (Glu)
and iso-glutamic acid in the case of GIn (Figs 1.8-1.9). Deamidation of both Asn and GIn are
well-studied PTMs with the rates of deamidation being investigated under a variety of different
conditions, including different pHs and temperatures. 7 Although both Asp and GlIn are both
susceptible to deamidation, the rate of deamidation of Asn is much more rapid than the rate of
deamidation for GIn. Another major factor that affects the rate of deamidation and can lead to a
much faster rate of deamidation is the neighboring effect. The neighboring affect is where an

amino acid consisting of a smaller side chain on the C-terminus side of the deamidating residue
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contains minimal steric hindrance leading to a faster rate of deamidation.® Therefore,
deamidation at a site consisting of a Asn followed be a Gly on the C-terminus side would contain
the fastest rate of deamidation.

The possibility of deamidation forming n-Asp also include the possibility of the
formation of the i-Asp residue.8282 There is also the possibility for the interconversion of n-Asp
to i-Asp. The formation of i-Asp produces an additional -CH>- moiety to the peptide backbone
which can alter the secondary structure, conformation, and function of a protein.®384 This protein
modification has also been shown to have major biological ramifications, such as Alzheimer’s
disease and other neurodegenerative diseases.®> Due to the complications in a protein’s
integrity from the deamidation of Asn, any observance of this modification in commercial drugs
could raise doubts of the quality and effectiveness of protein-based pharmaceuticals, especially
those which are stored under conditions conducive to the deamidation of Asn.2%% The possible
consequences of i-Asp formation explains the importance for accurate quantitation for the
formation of i-Asp.

Attempting to accurately quantitate the two deamidation products independently is a
challenge in mass spectrometry. Unlike when they are compared to their Asn counterpart, which
differs by 1Da to the molecular, the two deamidated species have the same mass. Using
Hydrophilic Interaction Liquid Chromatography (HILIC) has shown the ability to separate a
peptide containing n-Asp and a peptide containing i-Asp with baseline resolution.®® With LC-MS

the accurate quantitation of i-Asp is possible.
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Instrumentation
lonization Techniques
Mass spectrometry, at its core, is an instrumental method which allows for the analysis of the
mass-to-charge ratios of analytes of interest. In order to perform this analysis, ions need to be
produced by providing or removing electrons. This ionization process can be accomplished in
several different ways, and two of the most popular ionization techniques are matrix-assisted
laser desorption ionization(MALDI) and electrospray ionization (ESI).
MALDI
One of the most common and robust soft ionization techniques, where minimal internal
energy is transmitted to the sample during ionization, is the use of MALDI. MALDI is the use of
a laser to ionize an analyte of interest which has been co-crystallized with a selected matrix, such
as a-Cyano-4-hydroxycinnamic acid and spotted on a MALDI plate. A laser is fired at the co-
crystallized matrix-analyte mixture, and the energy from the laser is absorbed by the matrix
followed by the desorption and ionization of sample analytes in the matrix. This results in the
target analyte being placed into the gas phase. This technique has been utilized for the
characterization of many biomolecules, including proteins and permethylated glycans.%**°
MALDI is typically coupled to a time-of-flight (ToF) analyzer. A Tof analyzer consists
of a long tube under vacuum where an ion (or group of ions) can be accelerated and the time the
ion(s) takes to reach a detector can be measured. An ion or group of ions is accelerated at the
same time with the same amount of energy. Since the velocity of the ions is constant following

acceleration, the m/z ratio can be calculated based on velocity. The m/z ratio of an ion can be
calculated by the equation t = k,/m/z, where t is time for the ion to reach the detector, k is an

instrument calibration factor, and m/z is mass to charge ratio. Advancements in ToF analyzers,
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by the addition of reflectrons which alter the path of an ion based on mass, has lead to high mass
accuracy and mass resolution.® The coupling of MALDI to a ToF analyzer produces a robust
instrument with high mass resolution and high mass accuracy in the analysis of a variety of
biomolecules.®’

ESI

Another soft ionization technique, just like MALDI, is ESI. ESI was first developed in
the 1960s and first coupled to MS instruments in the 1980s. ESI is where a sample analyte,
which has been dissolved in a polar solvent, is ionized by aerosolization producing charged
droplets which are driven toward the instrument. ® As these droplets move through the source
the solvent is vaporized and the charged analyte ions eventually desorb into the gas phase. The
ions are then guided to the mass spectrometer.®® Just like with MALDI, ESI is capable of
analyzing most biomolecules, like DNA and glycoconjugates.'-12 However, salt and other
adducts and/or impurities can provide challenges in their analyses.

There are several major advantages of this soft ionization technique compared to
MALDI. One such advantage is the ability for the ionization to yield predominantly multiply
charged ions thereby allowing for the analysis of larger molecules.%®1% Furthermore, this soft
ionization is also much less harsh on the labile nature of specific monosaccharides in glycan
analysis, such as salicylic acid. Although insource fragmentation is still possible even with ESI,
analysis can be performed without permethylation.'% The second major advantage to ESI is the
ability for quantification. Since ESI does not need the analyte to be co-crystallized with a matrix
in a heterogeneous mixture, there is little to no discrepancy in what is sampled among replicates.

This leads to high reproducibility in ESI, and there is no need to deduce where the sweet spot for
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sampling is, as is the case with MALDI.% For many reasons, ESI offers many advantages which
are major improvements upon ionization capabilities.
Analyzers

Several different variations of mass analyzers are commercially available at many
different price points. Depending on the analyzer that is utilized several factors; such as
sensitivity, mass accuracy, mass resolution, and even cost can all vary greatly. Each different
type of analyzer has benefits and disadvantages, and the type of data needed to be acquired will
determine which analyzer is required. Three of the more popular analyzers in PTM analysis are a
quadrupole ion trap(QIT), a quadrupole-time-of-flight (Q-ToF), and a triple quadrupole (QQqQ).
Linear Trap Quadrupole (LTQ)

LTQs and other QITs are mass spectrometers which have a high sensitivity, due to their
ability to capture ions, and are some of the oldest analyzers utilized in mass spectrometry. All
QIT instruments are set up similarly with four, precisely placed, parallel electrical rods. Two of
these rods share alternating radio frequency(rf) potentials and the other two rods share
alternating direct current(dc) potentials. As ions are pulsed through the quadrupole, the
alternating potentials filter out ions which do not fit in a narrow m/z window that is set for
analysis.’?"1% A major advantage of QIT instruments is their ability to be utilized as a either a
true ion trap or just a mass filter. 1% Furthermore, the size, cost efficiency, and robustness of QIT
instruments help explain their appeal. However, there is an important disadvantage to QIT
instruments. These instruments tend to have low mass accuracy and low mass resolution.
Although this drawback has been shown to be improved by attaching an analyzer to the back of
the quadrupole, for example a ToF analyzer, for multi-stage MS/MS analysis.'*°

Q-ToF
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The benefits of a QIT can be combined with the beneficial mass accuracy and mass
resolution which comes with the use of a time-of-flight detector. Although not utilized in this
research, Q-ToF instruments were first described in 1996, and the use of a Q-ToF instrument
analysis for MS/MS analysis began to be utilized as early as the 1980s.'1'2 The main layout of
this instrument is two quadrupoles aligned orthogonally with a ToF analyzer (Figure 1.10). There
is also a third quadrupole in front of the main quadrupole analyzer, running an rf-only frequency,
which allows for ion focusing by collisional cooling of the ions and which allows for the quality
of the ion beam to remain high.** Amongst the other two quadrupoles the first quadrupole is the
ion filter portion of the instrument and the second quadrupole is the collision cell in an MS/MS
analysis. During a full MS analysis, all quadrupoles are rf-only and the analysis is performed in
the ToF analyzer. The Q-ToF’s high mass accuracy and resolution compared to a normal QIT
instrument that allows the Q-ToF instruments to remain one of the more popular analyzers for
the analysis of peptides, glycans, and other PTMs.*°
QQ

A challenge when attempting to analyze PTMs has always been their low abundance, and
this is a challenge that would not be expected to be solved utilizing a QqQ instrument, an
analyzer consisting of 2 quadrupole mass filters with a collision cell in between (Figure 1.11). A
QqQ has the major drawbacks of low mass accuracy, mass resolution, speed, and sensitivity
compared to what can be achieved by a LTQ or Q-ToF instrument for MS1 and product ion
experiments. However, a QqQ instrument has the benefit of being able to conduct a selective
reaction monitoring (SRM) experiment. An SRM experiment is capable of increasing the
sensitivity of low abundant analytes by performing a targeted analysis as selected parent ions

pass through the first quadrupole, fragment in the collision cell, and the fragment ions are
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selectively filtered prior to the ions reaching the detector.''*1® SRM experiments have been used
to analyze PTMs such as glycans and glycopeptides.'’12° Besides the benefit of an SRM
experiment, the triple quadrupole has the unique advantage of being highly quantitative as the
detector counts every ion that reaches the detector above the thresh-hold, which is typically the
largest negative aspect of mass spectrometry.'?° These traits allow this analyzer to be uniquely
suited for the quantification of low abundant PTMs.
Liquid Chromatography

Although much information can be deduced by mass spectrometry alone, when ESI is
coupled to liquid chromatography the analytical capabilities increase by performing a separation
of analytes which can better isolate analytes and concentrate analytes prior to mass spectrometric
analysis. Three of the most readily utilized chromatographic techniques, which have been
utilized successfully for the analysis of PTMs, are RP, porous graphite carbon (PGC), and
HILIC. A Halo-Penta-HILIC column was utilized for this research.
RP

RP chromatography is a well-studied chromatographic technique with the premise that a
RP column is capable of separating hydrophobic analytes. A hydrophobic analyte, such as
peptides, are adsorbed onto the stationary phase and eluted as the mobile phase becomes less
aqueous. A mobile phase consisting of acetonitrile and water is typically utilized, which makes
this technique compatible with ESI and less likely to be subject to too much backpressure as
would be the case with more viscous solvents. The most utilized stationary phase in RP
chromatography is the octadecyl carbon chain (Cis) silica bonded column, which has covalently
bonded alkyl chains that create a hydrophobic stationary phase. The mechanism and driving

forces for this adsorption/desorption reaction are still not fully understood.*?* However, this
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analytical technique remains popular due to the simplicity to use RP, the versatility of RP, and
the capabilities to analyze a large variety of hydrophobic analytes.5% 122123

This technique has been vastly improved leading to more reproducible and predictable
retention time.*2* The major improvements include additives to the mobile phase such as
ammonium formate or formic acid, to increase the ionization efficiency lower the pH to control
which charge states of the analytes.'?>?¢ Although greatly improved the ability to separate
hydrophilic analytes, like glycans, is still difficult without derivatization.>
PGC

Although not utilized in this research, PGC chromatography; is an important
chromatographic technique which has been used for the analysis of PTMs. The first variation of
PGC was first realized in 1979, but an improved process to produce stable and
chromatographically reproducible PGC was established in the early 1980s.27-128 The stationary
phase of PGC is made up of sheets of hexagonally arranged carbon atoms which are linked by
the same conjugated bonds which are present in any large aromatic hydrocarbon.*?° PGC is very
parameter driven with the size of the carbon, the structure of carbon, as well as other column
factors such as pH and column temperature capable of drastically affecting retention on the PGC
CO|Umn.130_131

PGC is a unique technique which is capable of separating not only non-polar,
hydrophobic, analytes, but PGC is capable of separating polar analytes.323 PGC’s unique
ability to retain polar compounds, such as glycans, was coined the “polar retention effect on
graphite.” This theory has been described as the delocalization of electrons in the carbon
producing a polar surface, which can then retain hydrophilic compounds.*?® However, the

mechanism is not entirely understood, and there can be unexpected retention times. Furthermore,
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contaminations in the samples can further lead to a loss of retention of sample analyte. Additives,
like ion-pairing reagents, have proven beneficial in improving reproducible results.*** Due to all
of the benefits in the analysis of hydrophilic analytes, like glycans, PGC is an important tool in
the analysis of these analytes; however, the biggest challenge to PGC is the limitation in method
development, as improvements are limited to the development of newer PGC stationary phases.
HILIC

HILIC, one of the newer chromatographic techniques, has been around since 1975 before
being fully described in 1990.%*5137 HILIC is a separation technique which shares characteristics
from several chromatographic techniques. Although the full mechanism of HILIC is not fully
understood, the mechanism involves the binding of your hydrophilic analyte to a thin water layer
on the surface of stationary phase, which is then eluted by increasing the percentage of aqueous
buffer in the mobile phase. Two of the major characteristics of HILIC are elements of ion
exchange chromatography and normal phase chromatography. First, the stationary phase for
HILIC is polar, similar to the stationary phase in normal-phase chromatography, which allows
for the separation of polar analytes. Second, unlike RP chromatography, HILIC(although not to
the extent of ion exchange chromatography) can partially separate charged analytes 1383
Besides these two prominent characteristics there is also a third major characteristic of HILIC,
the mobile phase. The mobile phase of HILIC is most closely linked to RP chromatography.
Both RP and HILIC share similar buffer systems, with the elution of analytes on HILIC being
characterized as the reverse of RP chromatography, where samples are loaded on a column in
high organic buffers and a gradient elution takes place with increasing aqueous buffer,135 140-141

The different characteristics of HILIC make HILIC a unique chromatographic technique.
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HILIC is generally related to RP chromatography; however, unlike RP chromatography
HILIC is more suited for the separation analytes which are hydrophilic, such as glycans.
However, similarly to RP chromatography, HILIC is adequately suited to be coupled to ESI with
predictable elution times.'#? Recently, retention time prediction models utilizing HILIC for the
analysis of peptides, glycans, and glycopeptides have been established.®® 143144 The capabilities
for the analyses of hydrophilic compounds has allowed HILIC to be utilized in the analysis of
not only peptides like RP chromatography, but carbohydrates, other polar pharmaceuticals, and

other hydrophilic PTMs, 139 141145

19



References

1. Prabakaran, S.; Lippens, G.; Steen, H.; Gunawardena, J., Post-translational modification:
nature's escape from genetic imprisonment and the basis for dynamic information encoding.
Wiley Interdiscip. Rev.-Syst. Biol 2012, 4 (6), 565-583.

2. Walsh, C. T.; Garneau-Tsodikova, S.; Gatto, G. J., Protein posttranslational
modifications: The chemistry of proteome diversifications. Angew. Chem.-Int. Edit. 2005, 44
(45), 7342-7372.

3. Song, X. Z.; Ju, H.; Lasanajak, Y.; Kudelka, M. R.; Smith, D. F.; Cummings, R. D.,
Oxidative release of natural glycans for functional glycomics. Nature Methods 2016, 13 (6), 528-
+.

4. Duan, G. Y.; Walther, D., The Roles of Post-translational Modifications in the Context of
Protein Interaction Networks. PLoS Comput. Biol. 2015, 11 (2), 23.

5. Mann, M.; Jensen, O. N., Proteomic analysis of post-translational modifications. Nat.
Biotechnol. 2003, 21 (3), 255-261.

6. Zhao, Y. M.; Jensen, O. N., Modification-specific proteomics: Strategies for
characterization of post-translational modifications using enrichment techniques. Proteomics
2009, 9 (20), 4632-4641.

7. Jenkins, N.; Murphy, L.; Tyther, R., Post-translational modifications of recombinant
proteins: Significance for biopharmaceuticals. Mol. Biotechnol. 2008, 39 (2), 113-118.

8. Apweiler, R.; Hermjakob, H.; Sharon, N., On the frequency of protein glycosylation, as
deduced from analysis of the SWISS-PROT database. Biochim. Biophys. Acta-Gen. Subj. 1999,

1473 (1), 4-8.

20



9. Gallagher, P. J.; Henneberry, J. M.; Sambrook, J. F.; Gething, M. J. H.,
GLYCOSYLATION REQUIREMENTS FOR INTRACELLULAR-TRANSPORT AND
FUNCTION OF THE HEMAGGLUTININ OF INFLUENZA-VIRUS. J. Virol. 1992, 66 (12),
7136-7145.

10. Qiu, Z. Y.; Hobman, T. C.; McDonald, H. L.; Seto, N. O. L.; Gillam, S., ROLE OF N-
LINKED OLIGOSACCHARIDES IN PROCESSING AND INTRACELLULAR-TRANSPORT
OF E2 GLYCOPROTEIN OF RUBELLA-VIRUS. J. Virol. 1992, 66 (6), 3514-3521.

11. Abeijon, C.; Hirschberg, C. B., SUBCELLULAR SITE OF SYNTHESIS OF THE N-
ACETYLGALACTOSAMINE (ALPHA-1-0) SERINE (OR THREONINE) LINKAGE IN
RAT-LIVER. J. Biol. Chem. 1987, 262 (9), 4153-4159.

12. Dwek, M. V.; Brooks, S. A., Harnessing changes in cellular glycosylation in new cancer
treatment strategies. Curr. Cancer Drug Targets 2004, 4 (5), 425-442.

13. Fuster, M. M.; Esko, J. D., The sweet and sour of cancer: Glycans as novel therapeutic
targets. Nat. Rev. Cancer 2005, 5 (7), 526-542.

14. Hart, G. W.; Housley, M. P.; Slawson, C., Cycling of O-linked beta-N-acetylglucosamine
on nucleocytoplasmic proteins. Nature 2007, 446 (7139), 1017-1022.

15. Lauc, G., Sweet secret of the multicellular life. Biochim. Biophys. Acta-Gen. Subj. 2006,
1760 (4), 525-526.

16.  Varki, A., Nothing in glycobiology makes sense, except in the light of evolution. Cell
2006, 126 (5), 841-845.

17.  Jaeken, J.; Vanderschuerenlodeweyckx, M.; Casaer, P.; Snoeck, L.; Corbeel, L.;
Eggermont, E.; Eeckels, R., FAMILIAL PSYCHOMOTOR RETARDATION WITH

MARKEDLY FLUCTUATING SERUM PROLACTIN, FSH AND GH LEVELS, PARTIAL

21



TBG-DEFICIENCY, INCREASED SERUM ARYLSULFATASE-A AND INCREASED CSF
PROTEIN - NEW SYNDROME. Pediatr. Res. 1980, 14 (2), 179-179.

18. Cummings, R. D.; Kornfeld, S., THE DISTRIBUTION OF REPEATING GALBETA-
1,AGLCNACBETA-1,3 SEQUENCES IN ASPARAGINE-LINKED OLIGOSACCHARIDES
OF THE MOUSE LYMPHOMA CELL-LINES BW5147 AND PHAR2.1 - BINDING OF
OLIGOSACCHARIDES CONTAINING THESE SEQUENCES TO IMMOBILIZED
DATURA-STRAMONIUM AGGLUTININ. J. Biol. Chem. 1984, 259 (10), 6253-6260.

19.  Jaeken, J.; Matthijs, G.; Barone, R.; Carchon, H., Carbohydrate deficient glycoprotein
(CDG) syndrome type I. J. Med. Genet. 1997, 34 (1), 73-76.

20.  Yousefi, S.; Higgins, E.; Zhuang, D. L.; Pollexkruger, A.; Hindsgaul, O.; Dennis, J. W.,
INCREASED UDP-GLCNAC-GAL-BETA-1-3GALNAC-R (GLCNAC TO GALNAC)BETA-
1,6-N-ACETYLGLUCOSAMINYLTRANSFERASE ACTIVITY IN METASTATIC MURINE
TUMOR-CELL LINES - CONTROL OF POLYLACTOSAMINE SYNTHESIS. J. Biol. Chem.
1991, 266 (3), 1772-1782.

21. Bennett, C. S.; Dean, S. M.; Payne, R. J.; Ficht, S.; Brik, A.; Wong, C. H., Sugar-assisted
glycopeptide ligation with complex oligosaccharides: Scope and limitations. J. Am. Chem. Soc.
2008, 130 (36), 11945-11952.

22. Bernardes, G. J. L.; Castagner, B.; Seeberger, P. H., Combined Approaches to the
Synthesis and Study of Glycoproteins. ACS Chem. Biol. 2009, 4 (9), 703-713.

23. Hsieh-Wilson, L. C., Bioorganic chemistry - A sweet synthesis. Nature 2007, 445 (7123),
31-33.

24, Seeberger, P. H.; Werz, D. B., Synthesis and medical applications of oligosaccharides.

Nature 2007, 446 (7139), 1046-1051.

22



25.  Samuelson, J.; Banerjee, S.; Magnelli, P.; Cui, J.; Kelleher, D. J.; Gilmore, R.; Robbins,
P. W., The diversity of dolichol-linked precursors to Asn-linked glycans likely results from
secondary loss of sets of glycosyltransferases. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (5),
1548-1553.

26. Kornfeld, R.; Kornfeld, S., ASSEMBLY OF ASPARAGINE-LINKED
OLIGOSACCHARIDES. Annu. Rev. Biochem. 1985, 54, 631-664.

27.  Zaia, J., Mass Spectrometry and the Emerging Field of Glycomics. Chem. Biol. 2008, 15
(9), 881-892.

28.  Scott, D. A.; Norris-Caneda, K.; Spruill, L.; Bruner, E.; Kono, Y.; Angel, P. M.; Mehta,
A. S.; Drake, R. R., Specific N-linked glycosylation patterns in areas of necrosis in tumor tissues.
Int. J. Mass Spectrom. 2019, 437, 69-76.

29.  Sihlbom, C.; Davidsson, P.; Sjogren, M.; Wahlund, L. O.; Nilsson, C. L., Structural and
quantitative comparison of cerebrospinal fluid glycoproteins in Alzheimer's disease patients and
healthy individuals. Neurochem. Res. 2008, 33 (7), 1332-1340.

30. Varki, A., BIOLOGICAL ROLES OF OLIGOSACCHARIDES - ALL OF THE
THEORIES ARE CORRECT. Glycobiology 1993, 3 (2), 97-130.

31.  Opdenakker, G.; Dillen, C.; Fiten, P.; Martens, E.; Van Aelst, I.; Van den Steen, P. E.;
Nelissen, I.; Starckx, S.; Descamps, F. J.; Hu, J. L.; Piccard, H.; Van Damme, J.; Wormald, M.
R.; Rudd, P. M.; Dwek, R. A., Remnant epitopes, autoimmunity and glycosylation. Biochim.
Biophys. Acta-Gen. Subj. 2006, 1760 (4), 610-615.

32. Schachter, H., The joys of HexNAc. The synthesis and function of N-and O-glycan

branches. Glycoconjugate J. 2000, 17 (7-9), 465-483.

23



33.  Ajit Varki, R. D. C., Jeffrey D Esko, Hudson H Freeze, Pamela Stanley, Carolyn R
Bertozzi, Gerald W Hart, and Marilynn E Etzler., Essentials of Glycobiology. 2nd ed.; Cold
Spring Harbor Laboratory Press: Cold Spring Harbor (NY), 2009.

34. Iyer, R. N.; Carlson, D. M., ALKALINE BOROHYDRIDE DEGRADATION OF
BLOOD GROUP-H SUBSTANCE. Arch. Biochem. Biophys. 1971, 142 (1), 101-&.

35. Lloyd, K. O.; Kabat, E. A.; Licerio, E., IMMUNOCHEMICAL STUDIES ON BLOOD
GROUPS .38. STRUCTURES AND ACTIVITIES OF OLIGOSACCHARIDES PRODUCED
BY ALKALINE DEGRADATION OF BLOOD-GROUP LEWISA SUBSTANCE .
PROPOSED STRUCTURE OF CARBOHYDRATE CHAINS OF HUMAN BLOOD-GROUP
A BHLEA AND LEB SUBSTANCES. Biochemistry 1968, 7 (8), 2976-&.

36.  Patel, T.; Bruce, J.; Merry, A.; Bigge, C.; Wormald, M.; Jaques, A.; Parekh, R., USE OF
HYDRAZINE TO RELEASE IN INTACT AND UNREDUCED FORM BOTH N-LINKED
AND O-LINKED OLIGOSACCHARIDES FROM GLYCOPROTEINS. Biochemistry 1993, 32
(2), 679-693.

37. Takasaki, S.; Mizuochi, T.; Kobata, A., HYDRAZINOLYSIS OF ASPARAGINE-
LINKED SUGAR CHAINS TO PRODUCE FREE OLIGOSACCHARIDES. Methods Enzymol.
1982, 83, 263-268.

38. Tarentino, A. L.; Maley, F., COMPARISON OF SUBSTRATE SPECIFICITIES OF
ENDO-BETA-N-ACETYLGLUCOSAMINIDASES FROM STREPTOMY CES-GRISEUS
AND DIPLOCOCCUS-PNEUMONIAE. Biochem. Biophys. Res. Commun. 1975, 67 (1), 455-
462.

39. Elder, J. H.; Alexander, S., "ENDO-BETA-N-ACETYLGLUCOSAMINIDASE-F -

ENDOGLYCOSIDASE FROM FLAVOBACTERIUM-MENINGOSEPTICUM THAT

24



CLEAVES BOTH HIGH-MANNOSE AND COMPLEX GLYCOPROTEINS. Proceedings of
the National Academy of Sciences of the United States of America-Biological Sciences 1982, 79
(15), 4540-4544.

40. Freeze, H. H.; Varki, A., ENDO-GLYCOSIDASE-F AND PEPTIDE N-
GLYCOSIDASE-F RELEASE THE GREAT MAJORITY OF TOTAL CELLULAR N-
LINKED OLIGOSACCHARIDES - USE IN DEMONSTRATING THAT SULFATED N-
LINKED OLIGOSACCHARIDES ARE FREQUENTLY FOUND IN CULTURED-CELLS.
Biochem. Biophys. Res. Commun. 1986, 140 (3), 967-973.

41. Plummer, T. H.; Tarentino, A. L., FACILE CLEAVAGE OF COMPLEX
OLIGOSACCHARIDES FROM GLYCOPEPTIDES BY ALMOND EMULSIN PEPTIDE - N-
GLYCOSIDASE. J. Biol. Chem. 1981, 256 (20), 243-246.

42.  Tarentino, A. L.; Quinones, G.; Changchien, L. M.; Plummer, T. H., MULTIPLE
ENDOGLYCOSIDASE-F ACTIVITIES EXPRESSED BY FLAVOBACTERIUM-
MENINGOSEPTICUM ENDOGLYCOSIDASES-F2 AND ENDOGLYCOSIDASES-F3 -
MOLECULAR-CLONING, PRIMARY SEQUENCE, AND ENZYME EXPRESSION. J. Biol.
Chem. 1993, 268 (13), 9702-9708.

43. Trimble, R. B.; Tarentino, A. L., IDENTIFICATION OF DISTINCT
ENDOGLYCOSIDASE (ENDO) ACTIVITIES IN FLAVOBACTERIUM-
MENINGOSEPTICUM - ENDO-F1, ENDO-F2, AND ENDO-F3 - ENDO-F1 AND ENDO-H
HYDROLYZE ONLY HIGH MANNOSE AND HYBRID GLYCANS. J. Biol. Chem. 1991, 266
(3), 1646-1651.

44, Staudacher, E.; Altmann, F.; Marz, L.; Hard, K.; Kamerling, J. P.; Vliegenthart, J. F. G.,

ALPHA-1-6(ALPHA-1-3)-DIFUCOSYLATION OF THE ASPARAGINE-BOUND N-

25



ACETYLGLUCOSAMINE IN HONEYBEE VENOM PHOSPHOLIPASE-A2. Glycoconjugate
J.1992, 9 (2), 82-85.

45. Taga, E. M.; Waheed, A.; Vanetten, R. L., STRUCTURAL AND CHEMICAL
CHARACTERIZATION OF A HOMOGENEOQOUS PEPTIDE N-GLYCOSIDASE FROM
ALMOND. Biochemistry 1984, 23 (5), 815-822.

46. Braulke, T.; Hille, A.; Huttner, W. B.; Hasilik, A.; Vonfigura, K., SULFATED
OLIGOSACCHARIDES IN HUMAN LYSOSOMAL-ENZYMES. Biochem. Biophys. Res.
Commun. 1987, 143 (1), 178-185.

47. Takahashi, N.; Nishibe, H., ALMOND GLYCOPEPTIDASE ACTING ON
ASPARTYLGLYCOSYLAMINE LINKAGES - MULTIPLICITY AND SUBSTRATE-
SPECIFICITY. Biochimica Et Biophysica Acta 1981, 657 (2), 457-467.

48.  Takahashi, N.; Toda, H.; Nishibe, H.; Yamamoto, K., ISOLATION AND
CHARACTERIZATION OF TAKA-AMYLASE A APOPROTEIN DEGLYCOSYLATED BY
DIGESTION WITH ALMOND GLYCOPEPTIDASE IMMOBILIZED ON SEPHAROSE.
Biochimica Et Biophysica Acta 1982, 707 (2), 236-242.

49. Tretter, V.; Altmann, F.; Marz, L., PEPTIDE-N4-(N-ACETYL-BETA-
GLUCOSAMINYL)ASPARAGINE AMIDASE-F CANNOT RELEASE GLYCANS WITH
FUCOSE ATTACHED ALPHA-1- 3 TO THE ASPARAGINE-LINKED N-
ACETYLGLUCOSAMINE RESIDUE. Eur. J. Biochem. 1991, 199 (3), 647-652.

50.  Plummer, T. H.; Elder, J. H.; Alexander, S.; Phelan, A. W.; Tarentino, A. L.,
DEMONSTRATION OF PEPTIDE-N-GLYCOSIDASE-F ACTIVITY IN ENDO-BETA-N-

ACETYLGLUCOSAMINIDASE F PREPARATIONS. J. Biol. Chem. 1984, 259 (17), 700-704.

26



51.  Tarentino, A. L.; Gomez, C. M.; Plummer, T. H.,, DEGLYCOSYLATION OF
ASPARAGINE-LINKED GLYCANS BY PEPTIDE - N-GLYCOSIDASE-F. Biochemistry
1985, 24 (17), 4665-4671.

52. Hakomori, S. I., RAPID PERMETHYLATION OF GLYCOLIPID +
POLYSACCHARIDE CATALYZED BY METHYLSULFINYL CARBANION IN
DIMETHYL SULFOXIDE. J. Biochem. (Tokyo) 1964, 55 (2), 205-&.

53.  Ciucanu, l.; Costello, C. E., Elimination of oxidative degradation during the per-O-
methylation of carbohydrates. J. Am. Chem. Soc. 2003, 125 (52), 16213-16219.

54, Ciucanu, I.; Kerek, F., A SIMPLE AND RAPID METHOD FOR THE
PERMETHYLATION OF CARBOHYDRATES. Carbohydr. Res. 1984, 131 (2), 209-217.
55. Gunnarsson, A., N-ALKYLATION AND O-ALKYLATION OF
GLYCOCONJUGATES AND POLYSACCHARIDES BY SOLID BASE IN DIMETHYL
SULFOXIDE/ALKYL IODIDE. Glycoconjugate J. 1987, 4 (3), 239-245.

56.  Walker, S. H.; Lilley, L. M.; Enamorado, M. F.; Comins, D. L.; Muddiman, D. C.,
Hydrophobic Derivatization of N-linked Glycans for Increased lon Abundance in Electrospray
lonization Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2011, 22 (8), 1309-1317.

57.  Wilm, M., Principles of Electrospray lonization. Mol. Cell. Proteomics 2011, 10 (7), 8.
58.  Zaia, J., Mass spectrometry of oligosaccharides. Mass Spectrom. Rev. 2004, 23 (3), 161-
227.

59. Mechref, Y.; Kang, P.; Novotny, M. V., Differentiating structural isomers of sialylated
glycans by matrix-assisted laser desorption/ionization time-of-flight/time-of-flight tandem mass

spectrometry. Rapid Commun. Mass Spectrom. 2006, 20 (8), 1381-1389.

27



60. Harvey, D. J.; Mattu, T. S.; Wormald, M. R.; Royle, L.; Dwek, R. A.; Rudd, P. M.,
"Internal residue loss": Rearrangements occurring during the fragmentation of carbohydrates
derivatized at the reducing terminus. Anal. Chem. 2002, 74 (4), 734-740.

61. Lemoine, J.; Chirat, F.; Domon, B., Structural analysis of derivatized oligosaccharides
using post-source decay matrix-assisted laser desorption ionization mass spectrometry. J. Mass
Spectrom. 1996, 31 (8), 908-912.

62. Varki, A., DIVERSITY IN THE SIALIC ACIDS. Glycobiology 1992, 2 (1), 25-40.

63.  Ahn,J.; Bones, J.; Yu, Y. Q.; Rudd, P. M.; Gilar, M., Separation of 2-aminobenzamide
labeled glycans using hydrophilic interaction chromatography columns packed with 1.7 mu m
sorbent. J. Chromatogr. B 2010, 878 (3-4), 403-408.

64. Higel, F.; Demelbauer, U.; Seidl, A.; Friess, W.; Sorgel, F., Reversed-phase liquid-
chromatographic mass spectrometric N-glycan analysis of biopharmaceuticals. Anal. Bioanal.
Chem. 2013, 405 (8), 2481-2493.

65. Klapoetke, S.; Zhang, J. A.; Becht, S.; Gu, X. L.; Ding, X. Y., The evaluation of a novel
approach for the profiling and identification of N-linked glycan with a procainamide tag by
HPLC with fluorescent and mass spectrometric detection. J. Pharm. Biomed. Anal. 2010, 53 (3),
315-324.

66. Kozak, R. P.; Tortosa, C. B.; Fernandes, D. L.; Spencer, D. I. R., Comparison of
procainamide and 2-aminobenzamide labeling for profiling and identification of glycans by
liquid chromatography with fluorescence detection coupled to electrospray ionization-mass
spectrometry. Anal. Biochem. 2015, 486, 38-40.

67. Nishimura, T.; Nomura, M.; Tojo, H.; Hamasaki, H.; Fukuda, T.; Fujii, K.; Mikami, S.;

Bando, Y.; Kato, H., Proteomic analysis of laser-microdissected paraffin-embedded tissues: (2)

28



MRM assay for stage-related proteins upon non-metastatic lung adenocarcinoma. J. Proteomics
2010, 73 (6), 1100-1110.

68.  Xu, M.Y. Qu,Y.; Jia, X. F.; Wang, M. L.; Liu, H.; Wang, X. P.; Zhang, L. J.; Lu, L. G,
Serum proteomic MRM identify peptide ions of transferrin as new fibrosis markers in chronic
hepatitis B. Biomed. Pharmacother. 2013, 67 (7), 561-567.

69.  Zauner, G.; Koeleman, C. A. M.; Deelder, A. M.; Wuhrer, M., Protein glycosylation
analysis by HILIC-LC-MS of Proteinase K-generated N- and O-glycopeptides. J. Sep. Sci. 2010,
33 (6-7), 903-910.

70. Kohler, G.; Milstein, C., CONTINUOUS CULTURES OF FUSED CELLS SECRETING
ANTIBODY OF PREDEFINED SPECIFICITY. Nature 1975, 256 (5517), 495-497.

71. Leavy, O., Therapeutic antibodies: past, present and future FOREWORD. Nat. Rev.
Immunol. 2010, 10 (5), 297-297.

72. Little, M.; Kipriyanov, S. M.; Le Gall, F.; Moldenhauer, G., Of mice and men:
hybridoma and recombinant antibodies. Immunol. Today 2000, 21 (8), 364-370.

73. Harding, F. A.; Stickler, M. M.; Razo, J.; DuBridge, R. B., The immunogenicity of
humanized and fully human antibodies Residual immunogenicity resides in the CDR regions.
mAbs 2010, 2 (3), 256-265.

74.  Teicher, B. A.; Chari, R. V. J., Antibody Conjugate Therapeutics: Challenges and
Potential. Clin. Cancer Res. 2011, 17 (20), 6389-6397.

75. Colombel, J. F.; Sandborn, W. J.; Rutgeerts, P.; Enns, R.; Hanauer, S. B.; Panaccione, R.;
Schreiber, S.; Byczkowski, D.; Li, J.; Kent, J. D.; Pollack, P. F., Adalimumab for maintenance of
clinical response and remission in patients with Crohn's disease: The CHARM trial.

Gastroenterology 2007, 132 (1), 52-65.

29



76. Keystone, E. C.; Kavanaugh, A. F.; Sharp, J. T.; Tannenbaum, H.; Hua, Y.; Teoh, L. S.;
Fischkoff, S. A.; Chartash, E. K., Radiographic, clinical, and functional outcomes of treatment
with adalimumab (a human anti-tumor necrosis factor monoclonal antibody) in patients with
active rheumatoid arthritis receiving concomitant methotrexate therapy - A randomized, placebo-
controlled, 52-week trial. Arthritis Rheum. 2004, 50 (5), 1400-1411.

77.  Weinblatt, M. E.; Keystone, E. C.; Furst, D. E.; Moreland, L. W.; Weisman, M. H.;
Birbara, C. A.; Teoh, L. A.; Fischkoff, S. A.; Chartash, E. K., Adalimumab, a fully human anti-
tumor necrosis factor a monoclonal antibody, for the treatment of rheumatoid arthritis in patients
taking concomitant methotrexate - The ARMADA trial. Arthritis Rheum. 2003, 48 (1), 35-45.
78. Robinson, N. a. R., AB, Molecular Clocks. Althouse Press: 2004; p 419.

79.  Robinson, N. E.; Robinson, A. B., Molecular clocks. Proc. Natl. Acad. Sci. U. S. A. 2001,
98 (3), 944-949.

80.  Capasso, S., Estimation of the deamidation rate of asparagine side chains. J. Pept. Res.
2000, 55 (3), 224-229.

81.  Aswad, D. W.; Paranandi, M. V.; Schurter, B. T., Isoaspartate in peptides and proteins:
formation, significance, and analysis. J. Pharm. Biomed. Anal. 2000, 21 (6), 1129-1136.

82.  Yang, H. Q.; Zubarev, R. A., Mass spectrometric analysis of asparagine deamidation and
aspartate isomerization in polypeptides. Electrophoresis 2010, 31 (11), 1764-1772.

83.  Gupta, R.; Srivastava, O. P., Deamidation affects structural and functional properties of
human alpha A-crystallin and its oligomerization with alpha B-crystallin. J. Biol. Chem. 2004,

279 (43), 44258-44269.

30



84.  Soulby, A. J.; Heal, J. W.; Barrow, M. P.; Roemer, R. A.; O'Connor, P. B., Does
deamidation cause protein unfolding? A top-down tandem mass spectrometry study. Protein Sci.
2015, 24 (5), 850-860.

85. Kim, E.; Lowenson, J. D.; MacLaren, D. C.; Clarke, S.; Young, S. G., Deficiency of a
protein-repair enzyme results in the accumulation of altered proteins, retardation of growth, and
fatal seizures in mice. Proc. Natl. Acad. Sci. U. S. A. 1997, 94 (12), 6132-6137.

86. Roher, A. E.; Lowenson, J. D.; Clarke, S.; Wolkow, C.; Wang, R.; Cotter, R. J.; Reardon,
I. M.; Zurcherneely, H. A.; Heinrikson, R. L.; Ball, M. J.; Greenberg, B. D., STRUCTURAL
ALTERATIONS IN THE PEPTIDE BACKBONE OF BETA-AMYLOID CORE PROTEIN
MAY ACCOUNT FOR ITS DEPOSITION AND STABILITY IN ALZHEIMERS-DISEASE. J.
Biol. Chem. 1993, 268 (5), 3072-3083.

87.  Shimizu, T.; Matsuoka, Y.; Shirasawa, T., Biological significance of isoaspartate and its
repair system. Biol. Pharm. Bull. 2005, 28 (9), 1590-1596.

88.  Shimizu, T.; Watanabe, A.; Ogawara, M.; Mori, H.; Shirasawa, T., Isoaspartate formation
and neurodegeneration in Alzheimer's disease. Arch. Biochem. Biophys. 2000, 381 (2), 225-234.
89.  Aswad, D. W.; Paranandi, M.; Guzzetta, A. W.; Hancock, W. S., DEAMIDATION AND
ISOASPARTATE FORMATION IN PROTEIN PHARMACEUTICALS - THE CASE OF
TISSUE PLASMINOGEN-ACTIVATOR. Abstr. Pap. Am. Chem. Soc. 1993, 205, 129-BIOT.
90.  Gervais, D., Protein deamidation in biopharmaceutical manufacture: understanding,
control and impact. J. Chem. Technol. Biotechnol. 2016, 91 (3), 569-575.

91. Hermeling, S.; Crommelin, D. J. A.; Schellekens, H.; Jiskoot, W., Structure-

immunogenicity relationships of therapeutic proteins. Pharm. Res. 2004, 21 (6), 897-903.

31



92. Liu, D. T. Y., DEAMIDATION - A SOURCE OF MICROHETEROGENEITY IN
PHARMACEUTICAL PROTEINS. Trends Biotechnol. 1992, 10 (10), 364-369.

93. Badgett, M. J.; Boyes, B.; Orlando, R., The Separation and Quantitation of Peptides with
and without Oxidation of Methionine and Deamidation of Asparagine Using Hydrophilic
Interaction Liquid Chromatography with Mass Spectrometry (HILIC-MS). J. Am. Soc. Mass
Spectrom. 2017, 28 (5), 818-826.

94, Hillenkamp, F.; Karas, M., MASS-SPECTROMETRY OF PEPTIDES AND PROTEINS
BY MATRIX-ASSISTED ULTRAVIOLET-LASER DESORPTION IONIZATION. Methods
Enzymol. 1990, 193, 280-295.

95.  Spengler, B.; Kirsch, D.; Kaufmann, R.; Karas, M.; Hillenkamp, F.; Giessmann, U., THE
DETECTION OF LARGE MOLECULES IN MATRIX-ASSISTED UV-LASER
DESORPTION. Rapid Commun. Mass Spectrom. 1990, 4 (9), 301-305.

96. Mamyrin, B. A.; Karataev, V. I.; Shmikk, D. V.; Zagulin, V. A., MASS-REFLECTRON
A NEW NONMAGNETIC TIME-OF-FLIGHT HIGH-RESOLUTION MASS-
SPECTROMETER. Zhurnal Eksperimentalnoi Teor. Fiz. 1973, 64 (1), 82-89.

97.  Pieles, U.; Zurcher, W.; Schar, M.; Moser, H. E., MATRIX-ASSISTED LASER-
DESORPTION IONIZATION TIME-OF-FLIGHT MASS-SPECTROMETRY - A POWERFUL
TOOL FOR THE MASS AND SEQUENCE-ANALYSIS OF NATURAL AND MODIFIED
OLIGONUCLEOTIDES. Nucleic Acids Res. 1993, 21 (14), 3191-3196.

98. Yamashita, M.; Fenn, J. B., ELECTROSPRAY ION-SOURCE - ANOTHER
VARIATION ON THE FREE-JET THEME. J. Phys. Chem. 1984, 88 (20), 4451-4459.

99. Dole, M.; Mack, L. L.; Hines, R. L., MOLECULAR BEAMS OF MACROIONS. J.

Chem. Phys. 1968, 49 (5), 2240-&.

32



100. Balazy, M., Eicosanomics: targeted lipidomics of eicosanoids in biological systems.
Prostaglandins Other Lipid Mediat. 2004, 73 (3-4), 173-180.

101. Gut, I. G., DNA analysis by MALDI-TOF mass spectrometry. Hum. Mutat. 2004, 23 (5),
437-441.

102. Harvey, D. J., Matrix-assisted laser desorption/ionization mass spectrometry of
carbohydrates and glycoconjugates. Int. J. Mass Spectrom. 2003, 226 (1), 1-35.

103.  Griffiths, W. J.; Jonsson, A. P.; Liu, S. Y.; Rai, D. K.; Wang, Y. Q., Electrospray and
tandem mass spectrometry in biochemistry. Biochem. J. 2001, 355, 545-561.

104. Kebarle, P.; Peschke, M., On the mechanisms by which the charged droplets produced by
electrospray lead to gas phase ions. Anal. Chim. Acta 2000, 406 (1), 11-35.

105. Wheeler, S. F.; Domann, P.; Harvey, D. J., Derivatization of sialic acids for stabilization
in matrix-assisted laser desorption/ionization mass spectrometry and concomitant differentiation
of alpha(2 -> 3)- and alpha(2 -> 6)-isomers. Rapid Commun. Mass Spectrom. 2009, 23 (2), 303-
312.

106. Cohen, A. M.; Mansour, A. A. H.; Banoub, J. H., Absolute quantification of Atlantic
salmon and rainbow trout vitellogenin by the 'signature peptide’ approach using electrospray
ionization QqToF tandem mass spectrometry. J. Mass Spectrom. 2006, 41 (5), 646-658.

107. Downard, K., Mass Spectrometry: A foundation course. Royal Society of Chemistry:
2004.

108. Melbourne, R. K.; Prestage, J. D.; Maleki, L., ANALYTIC POTENTIAL IN A LINEAR
RADIOFREQUENCY QUADRUPOLE TRAP WITH CYLINDRICAL ELECTRODES. J.

Appl. Phys. 1991, 69 (5), 2768-2775.

33



109. March, R. E., Quadrupole ion trap mass spectrometry: a view at the turn of the century.
Int. J. Mass Spectrom. 2000, 200 (1-3), 285-312.

110. Shevchenko, A.; Chernushevich, I.; Ens, W.; Standing, K. G.; Thomson, B.; Wilm, M.;
Mann, M., Rapid 'de novo' peptide sequencing by a combination of nanoelectrospray, isotopic
labeling and a quadrupole/time-of-flight mass spectrometer. Rapid Commun. Mass Spectrom.
1997, 11 (9), 1015-1024.

111. Glish, G. L.; Goeringer, D. E., TANDEM QUADRUPOLE-TIME-OF-FLIGHT
INSTRUMENT FOR MASS-SPECTROMETRY MASS-SPECTROMETRY. Anal. Chem.
1984, 56 (13), 2291-2295.

112. Glish, G. L.; McLuckey, S. A.; McKown, H. S., IMPROVED PERFORMANCE OF A
TANDEM QUADRUPOLE TIME-OF-FLIGHT MASS-SPECTROMETER. Analytical
Instrumentation 1987, 16 (1), 191-206.

113. Morris, H. R.; Paxton, T.; Dell, A.; Langhorne, J.; Berg, M.; Bordoli, R. S.; Hoyes, J.;
Bateman, R. H., High sensitivity collisionally-activated decomposition tandem mass
spectrometry on a novel quadrupole/orthogonal-acceleration time-of-flight mass spectrometer.
Rapid Commun. Mass Spectrom. 1996, 10 (8), 889-896.

114.  Krutchinsky, A. N.; Chernushevich, 1. V.; Spicer, V. L.; Ens, W.; Standing, K. G.,
Collisional damping interface for an electrospray ionization time-of-flight mass spectrometer. J.
Am. Soc. Mass Spectrom. 1998, 9 (6), 569-579.

115. Lange, V.; Picotti, P.; Domon, B.; Aebersold, R., Selected reaction monitoring for

guantitative proteomics: a tutorial. Mol. Syst. Biol. 2008, 4, 14.

34



116. Shi, T.J.; Su, D.; Liu, T.; Tang, K. Q.; Camp, D. G.; Qian, W. J.; Smith, R. D.,
Advancing the sensitivity of selected reaction monitoring-based targeted quantitative proteomics.
Proteomics 2012, 12 (8), 1074-1092.

117. Carr, S. A,; Huddleston, M. J.; Bean, M. F., SELECTIVE IDENTIFICATION AND
DIFFERENTIATION OF N-LINKED AND O-LINKED OLIGOSACCHARIDES IN
GLYCOPROTEINS BY LIQUID-CHROMATOGRAPHY MASS-SPECTROMETRY. Protein
Sci. 1993, 2 (2), 183-196.

118. Huang, Y.; Nie, Y.; Boyes, B.; Orlando, R., Resolving Isomeric Glycopeptide
Glycoforms with Hydrophilic Interaction Chromatography (HILIC). J Biomol Tech 2016, 27 (3),
98-104.

119. Huddleston, M. J.; Bean, M. F.; Carr, S. A., COLLISIONAL FRAGMENTATION OF
GLYCOPEPTIDES BY ELECTROSPRAY IONIZATION LC MS AND LC MS MS -
METHODS FOR SELECTIVE DETECTION OF GLYCOPEPTIDES IN PROTEIN DIGESTS.
Anal. Chem. 1993, 65 (7), 877-884.

120. Tao, S. J.; Huang, Y. N.; Boyes, B. E.; Orlando, R., Liquid Chromatography-Selected
Reaction Monitoring (LC-SRM) Approach for the Separation and Quantitation of Sialylated N-
Glycans Linkage Isomers. Anal. Chem. 2014, 86 (21), 10584-10590.

121. Andrade-Eiroa, A.; Le-Cong, T.; Nguyen, M.; Dagaut, P., Reverse-High Performance
Liquid Chromatography Mechanism Explained by Polarization of Stationary Phase. CCAAS
(Chem) 2011.

122. Pompach, P.; Chandler, K. B.; Lan, R.; Edwards, N.; Goldman, R., Semi-Automated
Identification of N-Glycopeptides by Hydrophilic Interaction Chromatography, nano-Reverse-

Phase LC-MS/MS, and Glycan Database Search. J. Proteome Res. 2012, 11 (3), 1728-1740.

35



123. Prater, B. D.; Connelly, H. M.; Qin, Q.; Cockrill, S. L., High-throughput immunoglobulin
G N-glycan characterization using rapid resolution reverse-phase chromatography tandem mass
spectrometry. Anal. Biochem. 2009, 385 (1), 69-79.

124. Meek, J. L., PREDICTION OF PEPTIDE RETENTION TIMES IN HIGH-PRESSURE
LIQUID-CHROMATOGRAPHY ON THE BASIS OF AMINO-ACID-COMPOSITION.
Proceedings of the National Academy of Sciences of the United States of America-Biological
Sciences 1980, 77 (3), 1632-1636.

125. Boersema, P. J.; Mohammed, S.; Heck, A. J. R., Hydrophilic interaction liquid
chromatography (HILIC) in proteomics. Anal. Bioanal. Chem. 2008, 391 (1), 151-159.

126. Kumar, G. P.; Kiran, S., STRATEGIES AND PROSPECTS OF NASAL DRUG
DELIVERY SYSTEMS. Int. J. Pharm.I Sci. Res. 2012, 3 (3), 648-658.

127.  Knox, J. H.; Kaur, B.; Millward, G. R., STRUCTURE AND PERFORMANCE OF
POROUS GRAPHITIC CARBON IN LIQUID-CHROMATOGRAPHY . Journal of
Chromatography 1986, 352, 3-25.

128. Knox, J. H.; Unger, K. K.; Mueller, H., PROSPECTS FOR CARBON AS PACKING
MATERIAL IN HIGH-PERFORMANCE LIQUID-CHROMATOGRAPHY. J. Lig.
Chromatogr. 1983, 6, 1-36.

129. Knox, J. H.; Ross, P., Carbon-based packing materials for liquid chromatography -
Structure, performance, and retention mechanisms. In Advances in Chromatography, Vol 37,
Brown, P. R.; Grushka, E., Eds. Marcel Dekker: New York, 1997; Vol. 37, pp 73-119.

130. Gaudin, K.; Chaminade, P.; Baillet, A., Eluotropic strength in non-aqueous liquid

chromatography with porous graphitic carbon. J. Chromatogr. A 2002, 973 (1-2), 61-68.

36



131. Pabst, M.; Altmann, F., Influence of electrosorption, solvent, temperature, and ion
polarity on the performance of LC-ESI-MS using graphitic carbon for acidic oligosaccharides.
Anal. Chem. 2008, 80 (19), 7534-7542.

132. Chaimbault, P.; Elfakir, C.; Lafosse, M., Comparison of the retention behavior of
polyethoxylated alcohols on porous graphitic carbon and polar as well as apolar bonded-silica
phases. J. Chromatogr. A 1998, 797 (1-2), 83-91.

133. Elfakir, C.; Lafosse, M., Porous graphitized carbon and octadecyl-silica columns in the
separation of some alkylglycoside detergents. J. Chromatogr. A 1997, 782 (2), 191-198.

134. Gyllenhaal, O.; Karlsson, A., Packed-column supercritical fluid chromatography for the
analysis of isosorbide-5-mononitrate and related a compounds in bulk substance and tablets. J.
Biochem. Biophys. Methods 2000, 43 (1-3), 135-146.

135.  Alpert, A. J., HYDROPHILIC-INTERACTION CHROMATOGRAPHY FOR THE
SEPARATION OF PEPTIDES, NUCLEIC-ACIDS AND OTHER POLAR COMPOUNDS.
Journal of Chromatography 1990, 499, 177-196.

136. Linden, J. C.; Lawhead, C. L., LIQUID-CHROMATOGRAPHY OF SACCHARIDES.
Journal of Chromatography 1975, 105 (1), 125-133.

137. Palmer, J. K., VERSATILE SYSTEM FOR SUGAR ANALYSIS VIA LIQUID-
CHROMATOGRAPHY. Anal. Lett. 1975, 8 (3), 215-224.

138. Garbis, S. D.; Melse-Boonstra, A.; West, C. E.; van Breemen, R. B., Determination of
folates in human plasma using hydrophilic interaction chromatography-tandem mass
spectrometry. Anal. Chem. 2001, 73 (22), 5358-5364.

139. Oyler, A. R.; Armstrong, B. L.; Cha, J. Y.; Zhou, M. X.; Yang, Q.; Robinson, R. |,;

Dunphy, R.; Burinsky, D. J., Hydrophilic interaction chromatography on amino-silica phases

37



complements reversed-phase high-performance chromatography and capillary electrophoresis for
peptide analysis. J. Chromatogr. A 1996, 724 (1-2), 378-383.

140. Guo, Y.; Gaiki, S., Retention behavior of small polar compounds on polar stationary
phases in hydrophilic interaction chromatography. J. Chromatogr. A 2005, 1074 (1-2), 71-80.
141. Li, R. P.; Huang, J. X., Chromatographic behavior of epirubicin and its analogues on
high-purity silica in hydrophilic interaction chromatography. J. Chromatogr. A 2004, 1041 (1-2),
163-169.

142. Cubbon, S.; Bradbury, T.; Wilson, J.; Thomas-Oates, J., Hydrophilic interaction
chromatography for mass spectrometric metabonomic studies of urine. Anal. Chem. 2007, 79
(23), 8911-8918.

143. Badgett, M. J.; Mize, E.; Fletcher, T.; Boyes, B.; Orlando, R., Predicting the HILIC
Retention Behavior of the N-Linked Glycopeptides Produced by Trypsin Digestion of
Immunoglobulin Gs (1gGs). J Biomol Tech 2018, 29 (4), 98-104.

144. Betchy, E.; Boyes, B.; Orlando, R., Development of a Hydrophilic Interaction Liquid
Chromatography Retention Model for Procainamide Tagged N-linked Glycans. Chromatography
Today 2017.

145.  Alpert, A. J.; Shukla, M.; Shukla, A. K.; Zieske, L. R.; Yuen, S. W.; Ferguson, M. A. J.;
Mehlert, A.; Pauly, M.; Orlando, R., HYDROPHILIC-INTERACTION CHROMATOGRAPHY

OF COMPLEX CARBOHYDRATES. J. Chromatogr. A 1994, 676 (1), 191-202.

38



Tables and Figures
Table 1.1: Common Monosaccharides Present in Eukaryotic Asn-Linked Glycans. Symbols

adopted from Symbolic Nomenclature For Glycans (SNFG).

Monosacchrids | Nomendatrs ———|symbol

Mannose Man O
N-Acetylglucosamine GIcNACc .
Galactose Gal O
Fucose Fuc A
Sialic Acid NeuAc ’
Glucose Glc .
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Figure 1.1: Synthesis of Asn-Linked Glycans. The synthetic pathway of Asn-linked glycans

beginning in the RER with a dolichol-phosphate complex and terminating in the golgi apparatus.
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Figure 1.2: Categories of Asn-linked glycans. The three categories of Asn-linked glycans.
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Figure 1.3: Endo H Cleavage Site. Probable cleavage site of Asn-Linked glycan (Blue line) on

a glycosidic bond by Endo H.
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Figure 1.4: Cleavage of Amide bond by PNGase F. Cleavage of an amide bond between the

Asparagine residue and the first GICNAc.
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Figure 1.5: Permethylation Reaction. The formation of a permethylated carbohydrate utilizing

iodomethane.
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Figure 1.6: Procainamide (ProA) and Reductive Amination Reaction. An example reductive
Amination reaction utilizing ProA is shown (left) demonstrating the formation of the Schiff Base

and the reduction by NaBHsCN, along with the structure of ProA (Right).
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Figure 1.7: Structure of 1gG. A general layout of an 1gG, showing both the light and heavy

chains and their respective orientation in the Fa, and F¢ regions
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Figure 1.8: Deamidation of Asparagine. The amino acid asparagine loses an ‘NH3’ to form a

succinimide intermediate before hydrolyzing to form either aspartic acid or iso-aspartic acid.
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Figure 1.9: Deamidation of Glutamine. The amino acid glutamine loses an ‘NH3’ to form a

glutarimide intermediate before hydrolyzing to form either glutamic acid or iso-glutamic acid
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Figure 1.10: Schematic of a Quadrupole Time-of Flight Instrument. A general schematic of
a Q-ToF instrument is shown with the q0, Q1, and Q2 quadrupoles coupled to a time-of-flight

analyzer, consisting of a reflectron.
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Figure 1.11: Schematic of a Triple quadrupole Instrument. A schematic depicting the set-up
used for an SRM experiment where the ions are formed by electrospray ionization and
transferred through the q0 to the first quadrupole(Q1). In Q1, the parent ions are filtered, and the
selected parent ion is transferred to the collision cell (q2) where they are fragmented by collision
induced dissociation. The fragments are transferred to the final quadrupole (Q3) and filtered

prior to detection.
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CHAPTER 2
N-LINKED GLYCAN RELEASE EFFICIENCY: A QUANTITATIVE COMPARISON

BETWEEN NAOCL AND PNGASE F RELEASE PROTOCOLS

Fischler, David A. and Orlando, Ron. To be Submitted to J. Biomol. Tech.
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Abstract:

There are several methods, both chemical and enzymatic, to release Asparagine(N)-linked
glycans prior to structural characterization. One of the most common release methods uses the
enzyme peptide: N-glycosidase (PNGase F), which is costly and time consuming. A less
expensive and quicker alternative chemical procedure has been reported where sodium
hypochlorite (NaOCI) is used to hydrolyze the peptide-glycan bond, yielding the intact glycan
with a free reducing terminus.® In this study, liquid chromatography-selective reaction
monitoring (LC-SRM) was used to quantitatively compare the efficiency of the NaOCI release
protocol to that of the PNGase F procedure. These experiments demonstrate that the distribution
of glycans released using the two different protocols is very similar; however, the absolute

recovery of N-linked glycans was less than 20x lower with the chemical procedure.

Keywords:
Glycomics, N-Linked Glycans , Peptide:N-glycosidase (PNGase F), Release efficiency, Sodium

Hypochlorite (NaOCI)
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Introduction:

Glycosylation is a post-translational modification that affects both the structure and
function of glycoproteins. The glycans attached to proteins are involved with a wide range of
biological functions. Specifically, asparagine(N)-linked glycosylation has been demonstrated to
be of great importance in the regulation of a protein’s folding, structure, and stability as well as
intracellular transport.2- Due to the many roles that glycans play, the characterization of their
structures is important. One step in the characterization of glycoprotein glycans involves their
release from the peptide backbone. Released glycans can be structurally analyzed to identify
changes in glycan structure/abundance that may be used for diagnosis of medical disorders, in a
field called glycomics.*” The released glycan libraries can also be used to construct micro-arrays
to test for glycan binding proteins.® The ability to release glycans, plays a major part in
understanding the overall biological importance of glycosylation.

The study of N-linked glycans relies on the ability to release the complete, intact glycans
from their glycoproteins, and one of the oldest and most well-studied methods for the release of
N-linked glycans is the chemical release technique hydrazinolysis.® Hydrazinolysis uses
anhydrous hydrazine to cleave the intact glycan from the peptide backbone.% ° However, utilizing
hydrazine is a very toxic and volatile method. Besides the dangers, the use of hydrazine can also
lead to unwanted modifications of the released glycans which need to be rectified post-release,
such as loss of N-acetylation and the loss of the free reducing end.® ®*! These drawbacks to the
use of hydrazine explains why hydrazinolysis is not a commonly practiced release technique.

Enzymes have also been used to cleave N-linked glycans from their peptides. One class
of enzymes are the endoglycosidases which cleave a glycosidic bond in the N-linked glycans.

Although efficient, these enogycosidases are limited to the types of glycans they can cleave.
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Endoglycosidase H (Endo H), which was one of the first commercially available
endoglycosidases, only releases glycans that are high mannose or hybrids.*? Endo F (usually sold
as a combination of Endo F1, F2, and F3) cleaves high mannose and hybrids like Endo H (F1
and F2), while Endo F (F3)is also capable of releasing bi- and tri-antennary complex glycans.>16
In addition to the limitations imposed by the type of glycans cleaved, another issue arises from
the inability to release complete, intact glycans since these enzymes cleave an internal glycosidic
bond which could make characterization of glycans containing a core fucose difficult, as the
fucose would remain on the n-acetylglucosamine(GIcNAc) attached to the peptide. Despite the
limitations the use of endoglycosidases is still a utilized glycan release method.

Digestion with a peptide:N-glycosidase (PNGase), such as peptide:N-Glycosidase F
(PNGase F) and glycopeptidase A (PNGase A), is one of the most commonly utilized methods
for the release of N-linked glycans as these enzymes are able to release intact N-linked glycans.
Unlike endoglycosidases which cleave the glycosidic bond between two sugars, these enzymes
hydrolyze the amide linkage between the core GICNAc and the asparagine residue of a
glycoprotein. PNGase A is less commonly used but, has the ability to cleave high mannose,
hybrid, and short complex glycans, with the additional ability to cleave glycans containing a 1,3-
core fucose.r”*® Although a drawback to PNGase A is the inability to release larger, more
complex glycans, such as those containing a sialic acid residue.’®?> PNGase F, similar to
PNGase A, keeps the peptide backbones intact and is capable of cleaving nearly all N-linked
glycans.'* 225 The one exception is that PNGase F is unable to cleave 1,3-core fucosylated
species (usually found in plants).?® Enzymes such as PNGase F and PNGase A are expensive

and time consuming; however, the simplicity and a lack of unwanted reactions has led to the

release of glycans with a PNGase to become the preferred method.
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A chemical release technique using the sodium hypochlorite (NaOCI) in bleach was
recently reported in the literature and suggested as an alternative to PNGase F for the large scale
processing of N-linked glycans.! Song et. al. demonstrated that the NaOCI chlorinates the
glycan-peptide amide bond forming a N-chloroamide. A pericyclic reaction leads to a glycan-
isocyanate intermediate, which is further hydrolyzed yielding the intact glycan with a free
reducing terminus.* The protocol established by Song et. al. is much cheaper and quicker than
using PNGase F. The researchers demonstrated that the MALDI-TOF-MS profiles obtained
when the NaOCI protocol was used to release N-linked glycans from standard glycoproteins
were the same as those obtained using the traditional enzymatic release without unwanted
modifications. Here, we evaluated if the NaOCI approach could provide similar results to the
PNGase F release on a smaller, non-preparative scale. These comparisons were made on the N-
linked glycans released from bovine fetuin using either the NaOCI or PNGase F procedures.
Materials and Methods:

Sample Preparation

Fetal bovine fetuin (1.8mg) (Sigma Aldrich, St. Louis, MO) and 180ug of a maltohexaose (6
GU) standard (Sigma Aldrich, St. Louis, MO) were re-suspended in 600uL of H20. Six equal
fractions (Three replicates for each preparation) were aliquoted and dried. The glycans were then
released following the assigned protocols.

PNGase F: Each sample was re-suspended with 15ug (20:1 (w/w)) of TCPK treated trypsin
(Sigma Aldrich, St. Louis, MO) in 60uL of 200mM ammonium bicarbonate buffer. The samples
were incubated overnight at 37°C. The samples were then heated for five minutes at 100°C to
deactivate the trysin. 1uL(500units) of PNGase F (New England Bio., Ipswich, MA) was then

added to the samples, and the samples were incubated for another 12 hours at 37°C. The PNGase
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F samples were then cleaned using a C18 extraction column (Avantor Performance Materials,
Center Valley, PA) and dried.

NaOCI release!: Samples were re-suspended in 15uL of H,O(20mg/mL), and 2.18uL of Clorox
bleach (6.85% NaOCI) was added while stirring. The samples were stirred for 15 minutes at
room temperature. Formic acid (0.5uL) was then added to quench the reaction, and the samples
were stirred for an additional five minutes. The samples were then spun down on a benchtop
microcentrifuge. The supernatant was collected for each sample and dried. The samples were
then cleaned on a PD MiniTrap® G10 desalting column (GE Healthcare, Chicago, IL) and a C18
extraction column (Avantor Performance Materials, Center Valley, PA) before being dried.

The samples, from both the chemical and enzymatic release protocols, containing the released N-
linked glycans of fetuin, were re-suspended in 20pL of H2O, and 30uL of procainamide (ProA)
labelling solution (400mM procainamide HCL and 1M sodium cyanoborohydride in 70/30
DMSO/acetic acid (v/v)) was added to each sample. The samples were incubated overnight at
37°C and then diluted with 250uL of H>O before being cleaned on a PD MiniTrap® G10
desalting column (GE Healthcare, Chicago, IL). All samples containing the ProA-labelled N-
linked glycans were dried.

LC-MS/MS Settings and Instrumentation

Data was acquired on a Nexera LC-30AC LC System (Shimadzu, Columbia, MD) that was
coupled to a 4000 Q Trap MS/MS System (Applied Biosciences, Framingham, MA). The mobile
phase consisted of solvents A (94.9%H-0, 5% acetonitrile (ACN), 0.1%formic acid, and 50mM
ammonium formate) and B (100% ACN). All solvents were HPLC grade (Sigma Aldrich, St.
Louis, MO). A gradient elution was run from 68%B to 52%B over 16 minutes on a Halo®

Penta-HILIC, 2.1X150mm with 2.7um pore size, (Advance Material Tech, Wilmington, DE) at a
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flow rate of 0.4mL/min with the column being heated to 60°C. A selected reaction monitoring
(SRM) method was set up where retention times were scheduled based on previous data. For the
SRM, a total of six ProA-labelled glycan transitions were scheduled (Table 2.1): a maltohexaose
standard (6GU), a bi-antennary, mono-sialylated complex glycan (A2G2S1); a bi-antennary, bi-
sialylated complex glycan(A2G2S2); a tri-antennary, bi-sialylated complex glycan (A3G3S2); a
tri-antennary, tri-sialylated complex glycan (A3G3S3); and a tri-antennary, tetra-sialylated
complex glycan (A3G3S4).2” All samples were re-suspended in 25uL of H20. The sample
(12uL) was mixed with 48uL of ACN and 15uL were injected for each run. Each replicate was
run in triplicate.

For the glycan degradation analysis, a SRM was also performed, and transitions representing
losses of either sialic acids, GICNAc, mannose, Galactose, or any combination of these
monosaccharide losses were investigated.

Data Analysis of SRM

All of the peaks of the HILIC-SRM traces representing the five scheduled glycans along with the
peak representing the scheduled internal standard were integrated using Analyst® 1.5 software
(Applied Bioscience, Framingham, MA).

Results and Discussion:

A guantitative comparison of the two different N-linked glycan release techniques was
performed to gauge the effectiveness of the chemical, NaOCI, technique on a scale more suitable
for glycan analysis. Samples were analyzed by LC-SRM to give information on both the
glycans’ structures as well as their absolute quantities. An analysis of the relative comparison of

the released glycans for each method was first done to compare the glycan profile obtained using
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the two methods. In addition, an internal standard was utilized so the absolute recovery of all the
released glycans combined could be compared amongst the two release techniques.

The LC-SRM analysis produced chromatographic traces of the five most abundant,
highly-sialylated, glycans (Figure 2.1). Although the 6GU standard was represented by a single
peak the N-linked glycans were observed as multiple peaks. This peak-splitting is due to the
branching of sialic acids. Sialic acids can be bound to galactose in either an alpha(2,3) or an
alpha(2,6) linkage. As observed in the LC-MS traces in Figure 2.1, the number of peaks
represented in the SRM trace is the number of sialic acids present in the glycan plus 1. The only
exception of the five analyzed glycans is A3G3S4, where two of the sialic acids are locked into
either their linkage position. With the LC-SRM traces acquired the abundance of each glycan
could be measured for both relative and absolute quantitation.

A glycan profile was produced by calculating the relative abundance of the N-linked
glycans. In order to determine a glycan profile for each technique, the sum of the abundance for
each glycan was divided by the sum of the abundance from all N-linked glycans for that replicate
and multiplied by 100. The relative percent of all N-linked glycans for all replicates were
averaged for both release techniques. The difference in the relative abundance of the five fetuin
N-linked glycans between the two different release protocols were within the experimental error
of the measurement. Additionally, no evidence of sialic acid loss was observed (Figure 2.2). For
this small scale analysis, the relative quantitation of the NaOCI technique appeared to be
comparable to the use of PNGase F.

The comparison of the relative quantitation of N-linked glycans described above
demonstrates similar results to the published protocol, but a deeper investigation into the

absolute recovery of glycans was performed. The absolute recovery of N-linked glycans was
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calculated by the sum of the abundance of all five released glycans from a single replicate being
divided by the ion counts of the peak representing the 6GU for that replicate. An average of the
ratios for each replicate was calculated for each of the release techniques. The average ratios
were 3.12 and 0.14 for the PNGase F protocol and NaOCI release protocol respectively (Figure
2.3). These calculations corroborate the conclusions that can be drawn from the LC-SRM traces
obtained by glycans released from the two release protocols where the recovery of glycans
released by the two methods was significantly different (Figure 2.4). The absolute recovery of
glycans was greater than 20x smaller for the NaOCI technique.

A possible reason for the reduction in N-linked glycan recovery in the NaOCI protocol
could be degradation, potentially via a base peeling reaction due to the high pH used in this
release. Losses of a GICNAC residue on the reducing terminus were observed by LC-SRM
analysis of the NaOCI released glycans, but these amounts were less than 10% in abundance
compared to intact, released glycans (Figure 2.5). Similar LC-SRM analysis of a PNGase F
released glycans did not contain peaks corresponding to these degradation products. Further
base peeling degradation products were not observed by LC-SRM analysis. While the
degradation products of base peeling did lead to minimal sample reduction, the level of these
degradation products does not correspond to the large difference determined in the absolute
recovery discussed in the preceding paragraph.

The NaOCI release protocol was published for large scale processing of N-linked glycan
release, and was shown to release the same N-linked glycans as the more commonly applied
PNGase F approach.! Although the overall glycan profile of fetuin using the NaOCI protocol
showed no significant difference compared to the fetuin glycan profile from PNGase F release,

the absolute recovery of glycans was more than 20x smaller from the NaOCI protocol. While the
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NaOCI procedure is much cheaper and quicker, the low recovery of glycans using the NaOClI

procedure implies that this approach is not suitable with small amounts of sample.
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Tables and Figures:
Table 2.1: Nomenclature, Structure, and Scheduled Transitions for ProA-labelled N-linked

glycans of Fetuin and the ProA-labelled 6GU standard

Parent lon Fragment lon |Retention

Nomenclature |Structure Time (min)
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Figure 2.1: SRM Traces of Highly Sialylated N-Linked Glycans of Fetal Bovine Fetuin. A
representative XIC trace of each of the five most abundant N-linked glycans (A:A2G2S1, B:
A2G2S2, C: A3G3S2, D: A3G3S3, and E: A3G3S4) demonstrating peak-splitting due to the

possible alpha(2,3) or alpha(2,6) linkage of a sialic acid residue.
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Figure 2.4: SRM LC Traces of the 6GU standard and the N-linked glycans from fetuin

released using the PNGase F and NaOCI protocol. LC-SRM traces of the 5 most abundant

glycans of fetuin (A2G2S1 (Red), A2G2S2 (Green), A3G3S2 (Pink), A3G3S3 (Gray), and

A3G3S4 (Light Blue)) and 6GU(Dark Blue) from LC-SRM analyses following the PNGase F

release (Top) and NaOCI release (Bottom) protocols.
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Figure 2.5: Loss of GIcNAc residue on the Reducing ends following NaOCI release of N-
linked Glycans. A representative LC-SRM trace of the 5 most abundant glycans minus a
GIcNAC residue (A2G2S1 (Dark Blue), A2G2S2 (Red), A3G3S2 (Green), A3G3S3 (Gray), and

A3G3S4 (Light Blue)) is demonstrated following the LC-SRM analysis on the NaOClI release

sample.
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CHAPTER 3
THE EFFECTS OF THE TRYPSIN DIGESTION CONDITIONS ON THE DEAMIDATION

RATES OF ASPARAGINE RESIDUES OF IMMUNOGLOBULIN G (IGG) PEPTIDES

Fischler, David A. and Orlando, Ron. To be Submitted to J. Biomol. Tech.
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Abstract:

The Deamidation of the side chains of asparagine (Asn) is a well-studied post translational
modification. The amine group on the side chain is replaced by a hydroxyl group. One of the
products of deamidation of Asn is an iso-aspartic acid (i-Asp) residue, which adds an additional -
CHo.- moiety to the peptide backbone. This modification can alter the secondary structure,
conformation, and function of the protein. Deamidation of Asn residues is often detected after
trypsin digestion, and in instances where products from this reaction are seen they are presumed
to have been present in the native protein. The pH used for digestion can lead to deamidation,
which can increase the difficulty in the quantitation of the level of deamidation products in the
intact protein. The rate of Asn deamidation under tryptic digest conditions was evaluated in this
research to see if the digest conditions could cause the detection of erroneously high values for

protein deamidation products.

Keywords:
Post Translational Modifications (PTM), Deamidation, Isomerization, Asparagine, Trypsin,

Immunoglobulin G (IgG).
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Introduction:

The deamidation of the side chain of asparagine (Asn) is a well-known and well-studied
post translational modifications (PTM). The amide of the residues’ side chain is replaced with a
hydroxyl group leading to a 1 Da increase in the mass (Figure 3.1). This reaction results in the
formation of either normal aspartic acid (n-Asp) or iso-aspartic acid (i-Asp).}? The i-Asp residue
produced in deamidation, or by the isomerization of n-Asp, produces an additional -CH>- moiety
in the peptide backbone, which can have major repercussions on the secondary structure and
conformation of a protein. ** Further biological consequences stemming from the additional -
CHz- in the peptide backbone can include protein unfolding and the alteration of a protein’s
function.>® Additionally, the increased levels of i-Asp have also been linked to the onset of
Alzheimer’s disease and other neurological disorders.”*° The presence of i-Asp formation in a
biotherapeutic is a major concern in the pharmaceutical industry since the presence of i-Asp can
affect a drug’s efficacy and is known to be immunogenic.!**® The ability to accurately quantify
the amount of i-Asp is of utmost importance.

The possible formation of i-Asp from the isomerization of n-Asp was investigated. Two
peptides were investigated which each contained a likely site of the isomerization of n-Asp.
Neither peptide demonstrated detectable i-Asp formation during these experiments. The
formation of i-Asp from the isomerization of n-Asp is slow enough that the isomerization of n-
Asp does not affect the accurate quantitation of the deamidation products of Asn.

Asn-containing peptides containing at least one Asn followed by a glycine (Gly) residue
on the c-terminus of Asn were analyzed for the quantitation of the deamidation products. The -
Asn-Gly- motif was chosen due to the fact most of the common sites of deamidation, including

an Asn followed by either a Gly, a serine, a threonine, or a n-Asp have been well-studied with
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the most likely site being the Asn-Gly motif based on size and steric hindrance.'® Three peptides
with possible site(s) of deamidation consisting of the Asn-Gly motif will be the focus of this
study.

The identification and accurate quantitation of the products of Asn deamidation in intact
proteins provides a challenge for mass spectrometry. In mass spectrometry, the mass of both i-
Asp and n-Asp are the same making the accurate quantitation of both i-Asp and n-Asp
independent of each other difficult. However, utilizing Hydrophilic Interaction Liquid
Chromatography (HILIC), the baseline separation of the unmodified peptide containing Asn, the
same peptide containing n-Asp, and the same peptide containing i-Asp is possible.l” Utilizing
HILIC, coupled to mass spectrometry, allows for the accurate quantification of the abundances
of i-Asp and n-Asp independently.

The deamidation of asparagine residues is often detected after trypsin digestion, and
when products from deamidation are seen they are often presumed to have been present in the
native protein.'® However, the pH used for digestion can facilitate deamidation thereby making
the quantitation of the abundance of deamidation products in the intact protein difficult. Here, the
rate of deamidation of Immunoglobulin G (IgG) peptides undergoing tryptic digestion were
evaluated using HILIC-Selective Reaction Monitoring (HILIC-SRM) to determine if the
digestion conditions could cause erroneously high values.

Materials and Methods:
Sample Preparation

IgGs (4.2mg), isolated from human serum (Sigma Aldrich, St. Louis, MO) using a

protein G column (GE), were mixed with 2.1nmol [Glu']-Fibrinopeptide B human (Glu-Fib)

(Sigma Aldrich, St. Louis, MO) and re-suspended in 600uL of H20. Six equal fractions (Three
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trials for each pH condition) were aliquoted and dried. Three fractions were utilized for pH 8.0
and three fractions were utilized for pH 6.0.
pH 8.0:

Each sample was resuspended in 160pL of 200mM ammonium bicarbonate (Sigma
Aldrich, St. Louis, MO) (pH=8.0) and 200uL of 10mM DL-dithiothreitol (Sigma Aldrich, St.
Louis, MO) in 1200mM ammonium bicarbonate was added. The samples were incubated at room
temperature for 1 hour. 55mM iodoacetamide (Sigma Aldrich, St. Louis, MO) in 100mM
ammonium bicarbonate was added, and the samples were incubated 1 hour at room temperature
in the dark. An aliquot of 14ug (50:1, protein: trypsin) of trypsin (Promega, Madison, W1) was
then added to each vial, and the samples were incubated at 37°C. At each time point (0.5 hour, 1
hour, 2 hours, 4 hours, 10 hours, 15 hours, and 22 hours) a 100uL aliquot was removed and
frozen immediately in a dry ice/acetone bath. The samples were then lyophilized.
pH 6.0:

The same procedure was followed as the pH 8.0 samples with the exception that the
100mM ammonium bicarbonate was replaced by 50mM ammonium acetate (pH=6.0).

Liquid Chromatography-Mass Spectrometry (LC-MS) Settings and Instrumentation

Data was acquired on a Nexera LC-30AC LC System (Shimadzu, Columbia, MD) that
was coupled to a 4000 Q Trap MS/MS System (Applied Biosciences, Framingham, MA). The
mobile phase consisted of solvents A (94.9%H20, 5% acetonitrile (ACN), 0.1%formic acid, and
50mM ammonium formate) and B (100% ACN). All solvents were HPLC grade (Sigma Aldrich,
St. Louis, MO). A gradient elution was run from 78%B to 62%B over 20 minutes on a Halo®
Penta-HILIC, 2.1X150mm with 2.7um pore size, (Advance Material Tech, Wilmington, DE) at a

flow rate of 0.4mL/min with a column temperature of 60°C.
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A selected reaction monitoring (SRM) method was set up where retention times were
scheduled based on previous data for several peptides that should or should not contain possible
sites of deamidation (Supplementary Table 3.S1). All samples were re-suspended in 35uL of
70% ACN, 30%, H-0, 0.1%FA. A sample of 15uL was injected for each run.

Data Analysis of HILIC-SRM

Peaks representing all scheduled 1gG tryptic peptides and the peak representing the
scheduled internal standard (Glu-Fib) were integrated using Analyst® 1.5 software (Applied
Bioscience, Framingham, MA) to determine the abundance of each peptide. Each peptides’
abundance was divided by the abundance of the internal standard Glu-Fib for that replicate,
giving a Relative Response (RR).

Kinetic Modelling Software

An additional method of analysis of deamidated peptides was the kinetics modelling simulator
Tenua. Tenua is an open-source chemical kinetics simulation program based on KINSIM by
Barshop, Wrenn, and Frieden.*®

Results and Discussion

The goal of this project was to determine the rates of deamidation of Asn residues as well
as the rate of trypsin digestion to determine if the deamidation of Asn residues can occur during
the digestion. A trypsin digestion was performed on IgG proteins at pH 8.0, and the resulting
tryptic peptides with Asn, i-Asp, and n-Asp were analyzed by hydrophilic interaction liquid
chromatography-selective reaction monitoring (HILIC-SRM) at various time points to evaluate
how their abundances changed over time. A similar digestion experiment and Kinetics analysis
was performed where the conditions of the trypsin digestion were at pH 6.0 as this pH is known

to minimize deamidation of Asn residues.
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The relative response (RR) of each analyzed peptide was calculated by comparing each
peptide’s abundance to an internal standard, [Glu*]-Fibrinopeptide B human (Glu-Fib). Using
RR provides the ability to compensate for run-run variations in instrument performance since
both the analyte peptide and internal standard are detected in the same LC-SRM experiment.

Trypsin digestion of a protein follows pseudo first-order kinetics. The slope of a natural
log versus RR plot for a first-order reaction corresponds to the rate constant (k) for the reaction,
in this case the k for the production of each tryptic peptide. The HILIC-SRM data of three
peptides (EPQVYTLPPSR, TTPPVLDSDGSFFLY SK, FNWYVDGVEVHNAK) that do not
contain a likely site(s) of deamidation were investigated, and In (RR) versus time plots were
created for each peptide (Figure 3.2). The early time points(<10hours) of these plots have a
linear trend which is expected for a first-order reaction. The slopes of the inclines at these early
time-points were measured to determine the rate of peptide production for each of the three
replicates of each peptide. The k of all three replicates of a single peptide were averaged for each
peptide (Table 3.1). The data suggests that the rates of peptide production for these three
peptides are on average 0.23 hrt. The lack of change in the RR for these three peptides after the
10 hour time point, suggests that the digestion is complete as these peptides are no longer being
produced.

Three 1gG peptides (VVSVLTVLHQDWLNGK, VVSVLTVVHQDWLNGK, and
GFYPSDIAVEWESNGQPENNYK) that contain probable sites of Asn deamidation were also
investigated. In the HILIC-SRM traces of the three peptides, the abundance of both deamidation
products increased with digestion time. As demonstrated by the HILIC-SRM traces of the
peptide VVSVLTVLHQDWLNGK (Figure 3.3), there is only one peak in the HILIC-SRM trace

that corresponds to the unmodified peptide at the earliest time point (0.5 Hours). After 4 hours of
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digestion peaks corresponding to the deamidation products of the native peptide (i.e. Asn to
either n-Asp or i-Asp) were detected. The HILIC-SRM peaks corresponding to the deamidation
products are even more prominent after 22 hours of trypsin digestion. The increased level of
deamidation products as the length of digestion increases suggests that the conditions used for
the digestion cause deamidation of Asn.

The RR of each product peptide was averaged for each time point for the three peptides
that undergo deamidation (Figure 3.4). As demonstrated in Figure 3.4, two of the peptides
(VVSVLTVLHQDWLNGK and VVSVLTVVHQDWLNGK) had no detectable deamidation
products at the earliest time point (0.5 hours), and the lack of deamidation at the early time point
suggests that these Asn residues had not undergone deamidation in the native protein. One
peptide (GFYPSDIAVEWESNGQPENNYK) contained deamidation products at the earliest
time-point (0.5 hours) suggesting that the site had undergone partial deamidation in the native
protein. These results suggest that the conditions of a trypsin digestion(pH=8.0) can lead to
elevated levels of deamidation products.

The formation of i-Asp can also arise from the isomerization of n-Asp. In order to
investigate if the formation of i-Asp is attributable to the formation of i-Asp from deamidation of
Asn rather than the isomerization of n-Asp, two possible sites of n-Asp isomerization (consisting
a n-Asp-Gly motif) were investigated. The HILIC-SRM traces of both peptides
(FNWYVDGVEVHNAK and TTPPVLDSDGSFFLY SK) demonstrated that i-Asp was not
detectable after 22 hours of trypsin digestion (Figure 3.5). The lack of i-Asp suggests that the
rate of isomerization of n-Asp to i-Asp is slow enough that isomerization did not cause

interconversion of the deamidation products.
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A kinetic analysis of the deamidation of Asn residues during a trypsin digest has
challenges. For a proper kinetics analysis, the mass spectrometer should be set up to optimally
detect both the native and deamidated peptide products. For the quantitation of the formation of
the deamidation products and the consumption of the Asn-containing peptide, SRM experiments
were performed to measure the abundance of the three product peptides. The same transition was
utilized for the three product peptides for the SRM experiments. Since the mass difference of the
native peptides and the deamidated peptides differ by 1Da, the detection efficiency of fragment
ions could differ greatly between the native and deamidated products. This possible limitation of
the SRM technique used here could create a challenge for the quantitation of the deamidated
peptides and a thorough kinetics study.

The kinetics of peptide deamidation were analyzed by natural log versus time plots. The
natural log of the RR versus time after the addition of trypsin was plotted, for three peptides
which contained a site of deamidation of the Asn residue, beginning with the 10-hour time point
(Figure 3.6). Data obtained after the 10-hour time point was used to simplify the analysis since
the trypsin digestion is not complete before this time point. The slopes of a natural log of the RR
versus time plot for a first order reaction, such as deamidation, correspond to the k. For the
deamidation reaction, a rate constant can be obtained for both the rate of formation of the
deamidated products and for the rate of consumption of the Asn-containing peptides. The rate of
consumption of the reactant should be equivalent to the sum of the rates of formation of the
deamidated products. However, that expectation was not observed in the natural log versus time
plots (Table 3.2). A possible explanation is that the second mass analyzer was not set to pass the
proper fragment ion and thus the detection efficiency of the deamidated species was significantly

lower than the native species.
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The experimental data was further modeled in the kinetic simulator Tenua (Figure 3.7).
The modelling produced values of k for the formation of the deamidated products. As expected,
the values of k determined from the modelling software were consistent with those obtained from
the In (RR) versus time plots (Table 3.2). Additionally, the models for each of the three peptides
fit reasonably well (Figure 3.8). The peptide GFYPSDIAVEWESNGQPENNYK was the
weakest fit of the three peptides. The weak fitting of the GFYPSDIAVEWESNGQPENNYK
peptide was likely due to the existence of a second possible, albeit much slower, site of
deamidation on the peptide GFYPSDIAVEWESNGQPENNYK.

A trypsin digest with a lower pH (pH=6.0) was investigated after attributing significant
deamidation to the conditions(pH=8.0) of the trypsin digestion since the rate of deamidation is
known to decrease with pH. No deamidation products were observed for two of the three
peptides previously analyzed after 22 hours of trypsin digestion at a pH of 6.0 in the HILIC-
SRM traces (Figure 3.9). The lack of deamidated products suggests that the decrease in the pH of
the digestion conditions slows the deamidation of Asn significantly. The peptide
GFYPSDIAVEWESNGQPENNYK had detectable peptides with n-Asp and i-Asp under these
conditions after 0.5 hours; however, there was no detectable increase in the abundance of the n-
Asp and i-Asp containing peptides after 22 hours (Figure 3.10). The presence of deamidated
peptides at the initial (0.5 hours) time point further supports that deamidation is present at this
site in the intact protein. Performing the digestion at a pH of 6.0, resulted in no further
deamidation on the peptide GFYPSDIAVEWESNGQPENNYK during the digestion. For all
three peptides, the rates of deamidation of Asn are slow enough that the deamidation attributable
to the digestion conditions are no longer present in the HILIC-SRM traces after 22 hours of

trypsin digestion.
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The rates of peptide production during the trypsin digestion at pH 6.0 were also
investigated. If the rate of peptide production is significantly slower and requires increased
incubation times, the solution of lowering the pH may not be beneficial. An identical analysis
was performed on the same three peptides, from the initial rate of trypsin digestion analysis,
which lacked possible site(s) of deamidation (Table 3.1). The data suggests that the rates of the
peptide production are significantly faster when the digestion is performed at a pH of 6.0. Since
lowering the pH of the digestion slows down deamidation and increases the speed of proteolysis,
the lower pH is a beneficial alteration to a trypsin digestion protocol.

The possible role trypsin digestion conditions could play in the deamidation of Asn
residues was investigated. This study concluded trypsin digestion of an intact protein at a pH 8.0
can cause deamidation of Asn residues. Increasing the incubation time resulted in a larger the
abundance of unwanted, deamidated products. These conclusions suggest that potentially
inaccurate quantitation of Asn deamidation products on native proteins following a bottom-up
analysis is of real concern. However, altering the pH during a trypsin digestion demonstrated the
possibility of halting the deamidation process during the trypsin digestion. The ability to curtail
the effects of deamidation that come from the conditions of the trypsin digest would allow the
presence of n-Asp and i-Asp, when they are native to the complete intact protein, to be properly

identified and quantitated.
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Tables and Figures:

Table 3.1: Reaction Coefficients (k) of Trypsin Digestion for pH 6 and pH 8.

P-value <0.05 for all peptides between pH 6.0 and pH 8.0

Peptide k at pH 6.0 (hr?) k at pH 8.0 (hr?)
EPQVYTLPPSR 0.96 £0.03 0.23 £0.03
FNWYVDGVEVHNAK 0.62 + 0.08 0.26 £ 0.01
TTPPVLDSDGSFFLYSK 0.82 +0.08 0.19+0.02
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Table 3.2: Rates of Deamidation formation (n-Asp and i-Asp) and Consumption (Asn) for

Asn-Containing Peptides by Software Modeling (Tenua) and In (RR) vs Time Plots.

Peptide Rate Constant (k) from Rate Constant from In
Tenua (hr?) (RR) vs. Time (hr?)

VVSVLTVLHQDWLNGK

n-Asp 0.04 0.04

i-Asp 0.06 0.06

Asn 0.06

VVSVLTVVHQDWLNGK

n-Asp 0.06 0.06

I-Asp 0.05 0.05

Asn 0.09

GFYPSDIAVEWESNGQPENNYK

(‘NG’ Motif)

n-Asp 0.04 0.05

i-Asp 0.09 0.10

Asn 0.01
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Figure 3.1: Deamidation of Asparagine (Asn). The mechanism of the deamidation of Asn,
producing both normal aspartic acid(n-Asp) and iso-aspartic acid (i-Asp). The additional -CHa-

moiety is represented by a red circle.

85



R)

=1
z
0
5 10 15 20 25
-1 . . .
A) Time Since Addition of Trypsin (Hours)
25
2 -
1.5
- 1
[==
=
£ 05
.
0
0 5 10 15 20 25
-0.5
-1 ) ) - :
Time Since Addition of Trypsin (Hours)
B)
2
1.5
1
3
o4
E
10 15 20 25
C) o Time Since Addition of Trypsin(Hours)

Figure 3.2: Trypsin Digestion of Peptides Lacking Possible Site(s) of Deamidation at pH=8.
Average first order plots of the natural log of the RR versus time for three peptides lacking a
possible site(s) of Asn deamidation (A: EPQVYTLPPSR, B: FNWYVDGVEVHNAK, and C:

TTPPVLDSDGSFFLY SK) containing best-fit line based on the slope of the inclines.
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Figure 3.3: HILIC-SRM traces of Deamidated Peptides. HILIC-SRM traces of a single,

representative peptide (VVSVLTVLHQDWLNGK; Parent lon: 905.0 Fragment lon: 997.7)

containing a site of deamidation at several different time-points (A: 0.5 hours, B: 1 Hour, C: 2

Hours, D: 4 hours, E: 10 Hours, F: 15 Hours, and G: 22 hours) following the addition of trypsin.
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Figure 3.4: The Relative distribution of Deamidated Products in Peptides Consisting of
site(s) of Deamidation, demonstrating Native Deamidation versus Deamidation Following
Trypsin Digestion at pH 8.0. A relative comparison of the Asn, n-Asp, and i-Asp containing
peptides for each for each individual 1gG peptide (A: VVSVLTVLHQDWLNGK, B:
VVSVLTVVHQDWLNGK, and C: GFYPSDIAVEWESNGQPENNYK) consisting of at least 1
site of deamidation. The three peptide products following a trypsin digestion for each peptide are
represented (A peptide consisting of Asn (Blue), n-Asp (Orange), and i-Asp (Gray)). Error bars

represent standard error of the mean.
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Figure 3.5: HILIC-SRM traces of Peptide Consisting of Possible Site(s) of n-Asp
Isomerization. SRM traces of two peptides with 1 possible site of n-Asp isomerization (A:
FNWYVD*GVEVHNAK and B:TTPPVLDSD*GSFFLYSK) after 22 hours following the

addition of trypsin at pH 8. Transitions( A: Parent lon: 839.4 Fragment lon: 1067.6 and B:

Parent lon: 937.5 Fragment lon: 1150.5.
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Figure 3.6: LN(i-Asp and n-Asp) vs Time Plots. In(RR) vs. time plots for the deamidation
products(Asn (Gray),i-asp(Orange),n-Asp(Blue)) of three peptides (A:
VVSVLTVLHQDWLNGK, B: VVSVLTVVHQDWLNGK, and C:

GFYPSDIAVEWESNGQPENNYK) with a site of deamidation.
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Figure 3.7: Tenua Kinetic Models for Parallel, First Order Reaction (A) and For

Continuous, Parallel First Order Reactions(B). k2 and ks are the rate of rate of formation of n-

Asp by deamidation, and rate of formation of i-Asp by deamidation respectively.
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Figure 3.8: Kinetic Simulations from Tenua. Kinetic data from Tenua of three deamidated
peptides (A: VVSVLTVLHQDWLNGK B: VVSVLTVVHQDWLNGK C:
GFYPSDIAVEWESNGQPENNYK) was simulated (Asn=Blue line, n-Asp=0range Line, i-
Asp=Gray Line). Experimental data was overlaid over their respective models (Asn=Blue
Markers, n-Asp=0range Markers, i-Asp=Gray Markers)
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Figure 3.9: HILIC-SRM traces of Representative Peptide with at least 1 Possible Site of
Deamidation following Trypsin Digestion performed under Different Digestion Conditions.
SRM traces of a single peptide with 1 site of deamidation (VVSVLTVLHQDWLNGK) after
after 22 hours following the addition of trypsin under different conditions (A: pH=8.0 and B:

pH=6.0). SRM Transition: Parent lon: 905.0, Fragment lon: 997.7.
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Figure 3.10: HILIC-SRM traces of Peptide Suspected of Native Deamidation following
Trypsin Digestion under different conditions (pH 6.0 and pH 8.0). SRM traces of a single
peptide with 1 site of deamidation (GFYPSDIAVEWESNGQPENNYK) after 0.5 and 22 hours
following the addition of trypsin at pH 8.0. (A: 0.5 Hours and B: 22 Hours). SRM Transitions,

Parent lon: 1273.1, Fragment lon: 1089.3.
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Supplementary Materials

Table 3.S1: Scheduled Transitions for Analyzed 1gG peptides and the GluB standard.

‘N’- Possible Site of Asparagine Deamidation

D*- Possible Site of Aspartic Acid Isomerization

Peptide Parent lon Fragment lon Retention Time
(min)
Glu-Fib 785.5 684.4 (y6) 23.0
GFYPSDIAVEWESNGQPENNYK | 1273.1 1089.3 (y17) 25.0
VVSVLTVLHQDWLNGK 905.0 997.7 (y8) 14.5
VVSVLTVVHQDWLNGK 898.0 997.7 (y8) 15.3
EPQVYTLPPSR 643.8 456.5 (y4) 175
TTPPVLDSD*GSFFLYSK 937.5 1150.5 (y10) 15.5
FNWYVD*GVEVHNAK 839.4 1067.6 (y10) 18.8
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CHAPTER 4
CONCLUSIONS

The purpose of this work was to analyze specific hydrophilic post translational
modifications (PTMs) utilizing liquid chromatography-mass spectrometry (LC-MS) in order to
investigate significant questions pertaining to hydrophilic PTMs. Hundreds of PTMs have been
discovered and analyzed due to their potential biological significance. LC-MS has been proven to
be a powerful analytical tool for the abilities to perform structural analysis and characterization.
In this work two specific examples of hydrophilic PTM analysis, N-linked glycans and
deamidation, were investigated.

Chapter 2 investigated a recently published protocol which described a procedure for
chemically releasing Asparagine (N)-linked glycans from their peptide backbone for large scale
processing utilizing sodium hypochlorite (NaOCI). This newly published protocol was
quantitatively compared to peptide: N-Glycosidase F (PNGase F) for the release of N-linked
glycans for a small scale glycan anlaysis. Initially, a glycan profile of the the five most abundant
glycans of fetal bovine fetuin were compared, and the results indicated that the profiles of released
N-linked glycans from both techniques were indistinguishable from eachother. However, in the
analysis of the absolute recovery of the released glycans, the recovery of glycans where the NaOCI
was performed released greater than 20x less N-linked glycans than the PNGase F procedure.
Although NaOCI is a much cheaper and fster alternative the low recovery of glycans using the

NaOCI procedure implies that this approach is not suitable with small amounts of sample.
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Chapter 3 explored the potential of the conditions of trypsin digestions to be complicit in
the identification of deamidation of asparagine (Asn) in proteomics analyses. Often the
presumption is that deamidation of Asn present in a bottom up analysis of a protein is indicative
of deamidation which is native to a the protein. This includes the formation of iso-aspartic acid (i-
Asp), which can have significant biological consequences. However, the conditions of a trypsin
digest, including high pH, are conducive to deamidation. The conditions could possibly cause the
quantitation of i-Asp formation to produce erroneous results. Chapter 3 demonstrated that the
conditions of a trypsin digestion do in fact play a significant factor in the deamidation of asparagine
(Asn) residues, forming both aspartic acid (Asp) and i-Asp residues in immunoglobulin G (IgG)
peptides during a trypsin digestion. Furthermore, altering the pH of the digestion conditions was

shown to significantly decrease the process of deamidation.
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