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ABSTRACT OF THE DISSERTATION

Shining the Light on Aging and Isomers Using Photodissociation and Radical
Chemistry

by

Dylan L. Riggs

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology
University of California, Riverside, June 2019

Dr. Ryan R Julian, Chairperson

Biological aging is a complex and nuanced chemical process that proceeds along
numerous routes at the molecular level. Spontaneous deamidation of asparagine
and isomerization of aspartic acid are among the most prevalent age-related
chemical modifications and are associated with a growing list of human diseases.
Although both degradation pathways are common throughout the body, they are
often unnoticed because the resulting chemical modification is relatively minor and
is exceptionally difficult to detect. Structural characterization is further complicated

because both deamidation and isomerization produce four isomers of aspartic acid



(L-Asp, D-Asp, L-isoAsp, and D-isoAsp). To better understand the aging process,
we utilized radical directed dissociation (RDD) in conjunction with mass
spectrometry to identify and quantify the products of deamidation and
isomerization. We began by outlining intrinsic factors that govern the deamidation
rate, and external factors that influence product outcomes to develop models of
peptide and protein aging. Subsequent studies revealed the specific structural and
functional perturbations associated with the unnatural isomers present in aged
proteins. To further expand our isomer detection capabilities, we applied our
radical based fragmentation method to the glutamine deamidation, which exhibits
several parallels to asparagine deamidation, but has remained largely
uncharacterized. Importantly, we demonstrate that radical chemistry generated
diagnostic and informative fragment ions for both glutamic acid and isoglutamic
acid. We apply this technique in a manner that is amenable to shotgun proteomics
and reveal several key differences between the two aging processes. Finally, we
tailor our radical based analytical methodology toward the analysis of isomeric
glycans. After successfully discriminating a comprehensive family of isomeric
glycans with RDD, we demonstrate similar capabilities with 213 nm ultraviolet
photodissociation, and outline how such a versatile approach may unify the closely

related fields of glycomics and proteomics.
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CHAPTER 1

Developing Methods to Explore Molecular Aging

Introduction

The completion of the Human Genome Project at the turn of the 215 century
ushered in a new and exciting era of scientific discovery. As the world’s most
ambitious collaborative scientific endeavor, the sequencing effort offered an
unprecedented level of potential to many previously disconnected fields of study.
Along with the great promise, however, came the more nuanced understanding
that an organism’s genetic blueprint is only one component of the very complicated

biochemical processes associated with life.

Unlike DNA, which is characterized by an elegant and highly ordered series
of repeating building blocks, lipids, carbohydrates, and proteins can be somewhat
more chaotic. Much of our effort has been directed toward making sense of the
structural complexity that underlies this chaos. For reasons discussed below, the
primary focus of this dissertation is on proteins, although the work in chapter three
outlines our recent efforts towards the analysis of carbohydrates, and the
methodologies we are developing have shown similar promise in the analysis of

lipids.t



Proteins

By many metrics, proteins are the most important biomolecules on Earth.
Relative to nucleic acids, the original catalysts of life,? proteins differ in several key
ways that enable drastic improvements in terms of structural variety, chemical
specificity, and biological function. Like nucleic acids, proteins are initially
constructed as linear polymers from a fixed pool of twenty canonical amino acid
building blocks which constitute the primary structure of a protein. This larger pool
of building blocks greatly increases the functional permutations relative to DNA
and RNA which are limited to four bases each. Additionally, proteins derive
complexity from the highly flexible and dynamic nature of secondary structure.
While DNA is nearly universally associated with the iconic double helix, protein
structure is far more variable. Barring intervention, or with the help of chaperone
proteins, nascent polypeptide chains are prone to spontaneous rearrangement to
form ‘secondary structures’, with a-helical structures forming as an energetic
minimization and B-sheets forming as a means to avoid entropic penalties in the
aqueous environment of the cell. Collectively, these secondary structures
associate to define a given proteoform, which can be rigid as is often the case in
structural proteins, or highly flexible and dynamic as is often observed in signaling
proteins. Perhaps more significantly, proteins are subjected to post-translational

modifications (PTMs) as a higher order level of regulation.

Conventionally, post-translational modifications are covalent modifications

that fine-tune protein products to a specific subset of cellular functions. The



importance of these modifications is exemplified in the various roles associated
with PTMs, which range from cellular communication, signal transduction/signal
amplification, cellular localization, to molecular recycling and even cell death.3#
Collectively, PTMs allow for a complicated and nuanced cellular communication
system, where two protein molecules, derived from the same genetic code, may
be subjected to vastly different fates. Because PTMs profoundly affect protein
behavior, they are tightly controlled and dysregulation is strongly associated with
numerous disease states.® As such, a considerable portion of the proteome is
known to be associated with at least one PTM.® As the tools for analyzing the
proteome (namely, mass spectrometry) have become more rapid, more sensitive,
and more detailed, we have begun to identify PTMs at a rate that far exceeds our
understanding of PTMs.” Nonetheless, it has become abundantly clear that protein
structure is closely tied to function, that small perturbations to structure can have
disproportionately large impacts on protein behavior, and that the proteome is
simultaneously robust enough to withstand dozens of genetically derived
mutations from generation-to-generation, but also so fragile that a single amino

acid substitution can be fatal.8°

Among these intended and highly regulated post-translational modifications
are a collection of spontaneous chemical degradations such as isomerization and
deamidation that compromise protein integrity over time. These decay pathways
arise from the inherent instability of amino acids, primarily at asparagine, aspartic

acid, and serine, and are compounded by the harsh chemical environment within



the cell.1%1! Unlike traditional PTMs, age-related decay is often spontaneous and
non-enzymatic; as a result, these degradation pathways are unregulated and
typically irreversible. Because these deterioration pathways operate at rates
slower than typical protein turnover,'° they are often overlooked and remain poorly
characterized. We have begun investigating amino acid isomers generated from
several distinct pathways to better understand the structural and functional

consequences of these age-related decomposition products.

Isomerization, which refers to the rearrangements of atoms or bonds within
a molecule, is in some respects the smallest chemical change that a protein can
undergo. With that subtlety comes an assumption of insignificance, however there
is a growing body of evidence that highlights the importance of isomeric integrity.
Deamidation, like isomerization, is a relatively minor change, and one that is often
grouped with isomerization because the products of both reactions are isomeric
amino acids. Both deamidation of asparagine and isomerization of aspartic acid
proceed as the backbone nitrogen of the C-terminal neighboring amino acid attack
the side chain of asparagine or aspartic acid to yield a cyclic succinimide

intermediate (Figure 1.1).
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Figure 1.1. Asparagine deamidation and aspartic acid isomerization proceed
through the same cyclic succinimide intermediate. Both reactions yield four

potential isomeric products (L-Asp, D-Asp, L-isoAsp, and D-isoAsp).

The succinimide-mediated degradation pathway can be accessed by
aspartic acid directly or through asparagine which generates the succinimide
following deamidation. Interestingly, the succinimide ring is formed over an order
of magnitude faster via deamidation than through direct aspartic acid cyclization;
therefore, deamidation of asparagine is a major source of aspartic acid isomers in
the body.1? Because asparagine enters the succinimide ring more quickly, and is
generally easier to detect, the kinetics of deamidation have been most thoroughly

explored.2 The role of pH,3 temperature,}* primary structure,'®> and secondary



structure® in determining the deamidation rate has been investigated, and it is
clear that backbone flexibility, backbone amide acidity, and side chain sterics all
govern the rate of the reaction.'’” Importantly, the trends observed for deamidation
rates and behaviors have proven useful in predicting isomerization results, and the
two reactions share many parallels.'® Nonetheless, the isomeric products remain

exceptionally difficult to characterize for both deamidation and isomerization.® 20

Isomers

Regardless of the origin, the four isomeric products of aspartic acid are
known to exhibit significant impacts on protein structure and function and are often
associated with drastic biological effects. For instance, in addition to triggering
autoimmune responses,?! isoaspartic acid is widely associated with protein
aggregation.??23 This association is most notable in the lens crystallin proteins
where isomerization is thought to seed cataract formation®* and in B-amyloid
peptides which are linked to Alzheimer’s Disease.?>?6 Recently, we have also
revealed that isomerization can severely attenuate enzyme activity, both for
kinases and for proteases.?”? While isomerization is broadly considered to be a
subtle, or minor change, a close look at the specific atomic rearrangement
localized to the isomerization site reveals how this ‘minor’ change can have major
ramifications. Figure 1.2 depicts the four isomers of aspartic acid, aligned along
the peptide backbone. Notably, the side-chain inversion associated with L- to D-

chiral inversion is evident, but perhaps more strikingly, the dramatic backbone kink



associated with isoAsp formation is also revealed. From this perspective, it is more
apparent why, and how, isomerization exhibits such damaging effects within the

cell.

L-Asp D-Asp L-isoAsp D-isoAsp

Figure 1.2. Skeletal and three-dimensional representations of the four Asp
isomers reveal that the structural rearrangements associated with isomerization

are not subtle.

RNase U2 represents a particularly informative example of how the
relatively minor structural changes at an individual residue can have pronounced
structural and functional impacts on the whole protein. RNAse U2 has long been
known to lose activity as it deamidates.?®* More recently, x-ray crystal structures of
the native and deamidated enzymes have detailed the specific structural
modification responsible for the loss of enzyme activity. Following deamidation, the
native a-helix is partially unfolded as L-isoAsp is generated (Figure 1.3).%° While

these crystal structures provide an excellent example of the impacts of this age-



related degradation, they also demonstrate the difficulty in studying isomers. In the
PDB deposition, the RNAse U2 chain C is missing electron density from Asp29 to
Asp34, due to ‘disorder in the region’ that ‘led to ambiguous electron densities’.°
One likely explanation for this observation is isomeric impurities within the
crystallized material, (ie some inseparable combination of L-Asp, D-Asp, L-iSOAsp,

and D-isoAsp).

Figure 1.3. Crystal structures of RNAse U2 as modelled from PDB entries 3AGN
and 3AHS. a) The native structure contains a deamidation-prone Asn at position
32 in an a-helix. b) Following deamidation, the isoAsp generated unwinds the helix
and reduces enzyme activity. ¢) Ambiguities in the electron density prevent

atomistic characterization within the C-chain of the RNAse U2 crystal.

Interestingly, the powerful effects of unnatural amino acids have long been
utilized by nature. For instance, tree frogs (Phyllomedusa sauvagei) secrete the D-
alanine form of the opioid dermorphin (YAFGYPS) through their skin in what is
likely a defense mechanism. This D- isomer containing peptide is a powerful

opioid, ~1,000 times more potent than morphine, while the L-alanine version is



completely benign.3 Similar D-amino acid containing peptides have been
observed across a wide range of life on earth including antibiotic peptides,
platypi,®? spiders, and numerous marine organisms.33 While individual D- amino
acids are known neurotransmitters,® D- amino acids within a human protein are
unnatural, and are exclusively associated with protein damage and aging. We are
primarily interested in understanding deamidation and isomerization as it arises
through natural aging processes and have been developing mass spectrometry-

based approaches to aid in this endeavor.

Mass Spectrometry

Electrospray ionization is a wonderful and convenient approach to
introducing non-volatile biological molecules into the gas phase. One particularly
impactful application of electrospray ionization is at the interface of liquid
chromatography and mass spectrometry (LCMS). This, now seemingly ubiquitous
union of two powerful techniqgues has become the preferred workhorse of
proteomics and revolutionized the experimental approach to asking “what’s in this

cell?”.

By separating analytes in time and delivering the output as a liquid stream
ready to be ionized, liquid chromatography is an ideal preface to mass
spectrometry, and one that interfaces seamlessly. Analytes (hamely digested

proteins) can be successively delivered to the mass spectrometer, rapidly



analyzed whole, before being dissociated and then sequenced based on
fragmentation patterns. With great regularity, new advances in LCMS are
accelerating the speed, depth, accuracy, and quantitation of protein and post-
translational modification identification. For instance, in 2014 the Coon lab reported
comprehensive coverage of the yeast proteome (~4,000 proteins) in just one hour,
a state-of-the-art accomplishment,®® but still had the foresight to predict an
impending identification rate doubling within a few years. This identification
doubling was recently realized by the Mann and Cox labs (albeit through different
than predicted means) who reported a single-shot proteomics experiment
detecting 10,000 proteins in just 100 minutes.%® Given this flux of proteomic
information achievable with a modern LCMS setup, it is no surprise that our ability

to catalog proteomic information far surpasses our ability to understand it.”

Fragmentation

LCMS based proteomic studies are founded on peptide fragmentation.
Conventionally, collision induced dissociation (CID) is employed to fragment
polypeptides along the peptide backbone, ideally yielding consecutive losses of

whole amino acids at every position (Figure 1.4).
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Figure 1.4. Peptide fragment nomenclature. While CID often produces b/y ions,

RDD generates additional backbone and sidechain cleavages.

Following fragmentation, the peptide sequence can be deduced from the
differences in fragment masses, and the finite number of permutations of amino
acids that can yield the observed intact mass. While this approach has numerous
advantages over conventional biochemical approaches to protein identification, it
has several notable pitfalls as well. Namely, isomers are, by definition, identical in
mass. Most proteomic studies disregard isomers entirely, with the exception of
leucine and isoleucine which can be determined from the associated protein’s
gene if needed. However, long-lived proteins present a notable exception. As the
biological lifetime of a protein increases, spontaneous age-related modifications
such as isomerization and deamidation become almost inevitable. For instance,

racemization, a form of isomerization where only chirality is inverted, has been
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found to be the most abundant PTM in long-lived proteins,” but is completely

invisible to conventional proteomic studies.

To identify and distinguish the products of isomerization and deamidation,
the Julian lab has developed a method for isomer proteomics which is founded on
radical directed dissociation (RDD). Unlike traditional dissociation techniques,
RDD utilizes a covalent modifier (para-iodobenzoic acid, or 4IB) which is
photolabile. Modified analytes are sprayed into a modified ion trap mass
spectrometer and isolated. Upon laser irradiation of the ion cloud, the carbon-
iodine bond in 41B is homolytically cleaved producing a radical at a fixed location
on the analyte which leads to a series of radical-mediated bond cleavages through
hydrogen abstraction.®83° Because radical migration is structurally sensitive, even
subtle differences between isomers leads to marked differences in fragmentation.
RDD has proven to be exceptionally capable of discriminating isomeric peptides,*°
and has been instrumental in identifying novel sites of isomerization, including

sequence and structurally specific hotspots in the lens proteins. 184142

Applications of Radical Chemistry

Radical directed dissociation is utilized in chapter two to systematically
characterize the products of deamidation in a series of model peptides. In these
foundational studies, we explored the influence of external and internal factors on

deamidation rates and isomer production. Importantly, we discovered that the
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peptide sequence and buffer condition bear little influence on the deamidation
product profile. However, we also identified several factors that promote
racemization. In addition to providing important insight into the deamidation
process, these experiments established the utility of RDD based calibration curves,
which can be used to quantify isomers in coeluting LC peaks based on relatively
minor differences in fragmentation. This was an important development which
established that quantitation was possible even in the absence of unique

fragments which were previously demonstrated by Yuangi Tao.*°

This capability was further utilized in chapter four to characterize the
isomeric products arising from the very similar glutamine deamidation pathway.
Comprehensive studies in this area have remained exceptionally elusive and
difficult to carryout due to the very long timescale associated with glutamine
deamidation. For instance, while the most rapid asparagine deamidation
sequences (GNG) have half-lives of ~1 day, the corresponding glutamine
deamidation (GQG) has a half-life exceeding 1 year.*® Nonetheless, we were
inspired by observations of Glu deamidation in the lens, and recent reports of Glu
deamidation within the brain** to apply our approach toward characterizing this
aging process. Our initial efforts were focused on utilizing RDD to discriminate
isomers glutamic acid. Based on previous mechanistic studies on RDD,® we
suspected that the structural rearrangement associated with isoGlu would
suppress the side chain losses associated with canonical Glu. In fact, the side

chain losses were found to be unique to canonical glue residues and therefore
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diagnostic, but perhaps more importantly we identified additional fragmentation
channels that positively identify isoGlu. The utility of this approach allowed us to
investigate the sequence effects on glutamine deamidation, identify several
parallels between asparagine deamidation and glutamine deamidation, and further

study glutamic acid isomerization.

Ultimately, mass spectrometry and radical directed dissociation has proven
an invaluable tool at every step toward the detection and characterization of age-
related protein damage. Our work began with model peptide systems and followed
a natural progression to full protein analysis and protein-substrate interactions
before recently culminating with live cell studies. And while our attention has
primarily focused on proteins, it must be mentioned that a complete biological and
cellular understanding would be incomplete without giving merit to the most
ubiquitous biomolecules on Earth, carbohydrates. In collaboration with the Pagel
lab at the Fritz Haber Institute of the Max Planck Society, we demonstrate in
chapter three that radical chemistry is particularly useful for characterizing isomeric
carbohydrates which are known to be exceptionally challenging to analyze.
Importantly, this work was performed in parallel using our conventional radical
direction dissociation platform, as well as an emerging 213 nm photodissociation
method which employs a commercially available laser for radical generation and
should therefore be accessible to a broader range of chemists and biologists

interested in studying these challenging, but important, chemical modifications.
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CHAPTER 2

Sequence and Solution Effects on the Prevalence of D-isomers
Produced by Deamidation

Abstract

Deamidation of asparagine is a spontaneous and irreversible post-translational
modification associated with a growing list of human diseases. While pervasive,
deamidation is often overlooked because it represents a relatively minor chemical
change. Structural and functional characterization of this modification is
complicated because deamidation of asparagine yields four isomeric forms of Asp.
Herein, radical directed dissociation (RDD), in conjunction with mass spectrometry,
is used to identify and quantify all four isomers in a series of model peptides that
were subjected to various deamidation conditions. Although primary sequence
significantly influences the rate of deamidation, it has little impact on the relative
proportions of the product isomers. Furthermore, the addition of ammonia can be
used to increase the rate of deamidation without significantly perturbing isomer
populations. Conversely, external factors such as buffer conditions and
temperature alter product distributions but exhibit less dramatic effects on the
deamidation rate. Strikingly, the common laboratory and biologically significant
bicarbonate buffer is found to strongly promote racemization, yielding increased
amounts of D-Asp and D-isoAsp. These outcomes following deamidation have
broad implications in human aging and should be considered during the

development of protein-based therapeutics.
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Introduction

Post-translational modifications (PTMs) behave as powerful regulatory elements
that often define protein function through covalent modification. Because PTMs
profoundly affect protein behavior, they are typically tightly controlled, and
dysregulation is strongly associated with numerous diseases.! Deamidation is an
exception among PTMs due to its non-enzymatic and spontaneous nature.
Consequently, it is both unregulated and irreversible. The inevitable nature and
predictable rate of this modification prompted the idea that deamidation may have
been engineered as a molecular clock that signals protein aging and turnover.?
Although there are select examples of deamidation serving functional roles, it is
generally considered to represent degradation® and is associated with a growing
list of age-related, neurological, aggregation-prone, and autoimmune diseases.*

While the implications of asparagine deamidation are becoming increasingly
apparent, the specific structural outcomes have not been well-defined because the
reaction yields four isomeric products: L-Asp, D-Asp, L-isoAsp, and D-isoAsp (see
Scheme 2.1). All deamidation pathways introduce a negatively charged side chain
under physiological conditions, but each of the four isomers is additionally likely to
impact structure and function in distinct ways. Although L-Asp and D-Asp differ by
only a single chiral center (thus making peptide epimers when present in pairs that
otherwise have the same sequence), D-amino acids are known to have a profound

impact on peptide function. For instance, the D-Ala epimer of the peptide opioid
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dermorphin (YAFGYPS) is ~1,000 times more potent than morphine while the L-
Ala epimer is biologically inactive.®> Unlike dermorphin, which is enzymatically
modified in tree frogs (Phyllomedusa sauvagei), D-amino acids accumulate in
human proteins due to aging. Recently, racemization was reported to be the most
abundant PTM in aged lens proteins.® Furthermore, D-Ser epimers have been
shown to contribute to the toxicity of R-amyloid in vivo.” In addition to yielding
racemized Asp, deamidation produces isoAsp, which incorporates a methylene
group into the peptide backbone (Scheme 2.1). Isoaspartic acids are associated
with protein aggregation,®® most notably in the lens crystallin proteins where
isomerization may induce aggregation'® and promote cataract formation''*? and
in B-amyloid peptides linked to Alzheimer’s Disease.?1314 Additionally, isoaspartic
acids are known to trigger autoimmune responses,® which may be involved in
diseases such as multiple sclerosis.'® Importantly, the B cell response triggered by
iISOAsp peptides from cytochrome c has been reported to be cross-reactive,
targeting both the isoAsp peptides and the native protein in mice.!” Low levels of

deamidation may, therefore, trigger the removal of the entire protein population.

Scheme 2.1 Deamidation proceeds via an intramolecular nucleophilic attack. The
succinimide (Suc) intermediate is prone to racemization and hydrolysis yielding

four Asp isomers.
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As a spontaneous process, the importance of deamidation extends outside the
cell. Deamidation is a source of heterogeneity in recombinant protein production.®
These structural changes have been shown to alter protein folding transitions®®
and may contribute to protein aggregation.?® Degradation can continue during
storage,* making deamidation an important consideration for therapeutic
formulations.?! Protein-based bioconjugates represent an increasingly popular
choice for pharmaceuticals,??2% accentuating the need for better understanding of
effective protein lifetime and degradation byproducts. For example, perturbations
to complementarity-determining regions (CDRs) of antibodies can drastically

reduce antigen binding efficacy,?* as demonstrated by deactivation of monoclonal

21



immunoglobulin y2 following a single isomerization.?®> Furthermore, deamidation is
facilitated by the solvent exposed and flexible nature of CDRs.

Under physiological conditions, deamidation proceeds through a succinimide
intermediate that is formed as the backbone nitrogen (on the C-terminal side)
attacks the side chain carboxyl group of asparagine?® (Scheme 2.1). Therefore,
peptide flexibility?” and the amino acid on the C-terminal side of asparagine
strongly influence the deamidation rate.? Catalysis by ammonia and increased
temperature can accelerate deamidation.?® Once formed, the asymmetric
succinimide ring can be hydrolyzed to yield Asp or isoAsp with the isoAsp products
being favored at a ratio of about 3:1.2% The ring is prone to racemization prior to
hydrolysis, and the resulting products include both the L- and D- stereoisomers of
Asp and isoAsp. Asp residues are also susceptible to succinimide ring formation,
ultimately yielding the same four products, but this reaction is significantly slower.

Despite the ease in detecting deamidation (which results in a 0.984 Da mass
shift) via mass spectrometry (MS), high-throughput analysis of the four isomers
generated by deamidation remains challenging.?® Most chromatographic methods
are limited to reporting the ratio of the Aspl/isoAsp, although some isomeric
peptides have been fully resolved via ultra-performance liquid chromatography
(UPLC).'? Additionally, ion mobility MS (IMS-MS) has been successfully employed
to characterize peptide epimers®® and R-amyloid isomers.3! Mass spectrometry-
based dissociation techniques can be used to detect isoAsp residues based on

diagnostic c- and z- fragment mass shifts generated by electron capture
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dissociation (ECD),*? and electron transfer dissociation (ETD).*® Like ECD and
ETD, radical directed dissociation (RDD) is a gas-phase radical-based dissociation
technique, but RDD differs by generating radicals via site-specific
photodissociation.®* Radical migration facilitates cleavage of the peptide backbone
as well as amino acid sidechains.3®> Importantly, these radical migration pathways
are structurally sensitive.3® RDD has previously been used to distinguish peptide
epimers based on fragmentation patterns®’ and identify Asp isomers via tandem
LC-MS.38 Despite these recent advances, there are few cases where deamidation
has been systematically studied, likely due to time constraints and difficulty with
distinguishing and quantifying the products.

Presented herein is a systematic evaluation of the four Asp isomers generated
via deamidation, with a focus on the influence of primary peptide sequence, side
chain chemistry, and solvent conditions. Short peptides were selected to test
deamidation in the absence of confounding factors such as higher-order structure.
We analyzed a series of hexapeptides that vary in sequence by a single amino
acid C-terminal to asparagine. The sequence variations include glycine which is
side-chain deficient, alanine which is apolar and has a minimal steric footprint,
serine which is polar but sterically unimposing, and finally histidine which is polar,
basic, and bulky. The peptides were deamidated under physiological, catalytic
buffer, and high heat conditions. By detecting and quantitating all four isomers, the
trends associated with these deamidation conditions can be identified. Importantly,

D-asp and D-isoAsp were detected in appreciable amounts under all conditions
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and were found to significantly increase when deamidation was carried out in

bicarbonate buffer or under elevated temperature conditions.

Results and Discussion

Mass Spectrometry. All experiments were conducted with a series of synthetic
peptides that varied in sequence by a single amino acid, 4IB-VKLNXG (where X =
G, H, S, A and 4IB = para-iodobenzoic acid). The half-lives for these peptides at
37 °C in 50 mM Tris at pH 7.8 are 1.4, 6.8, 41, and 73 days, respectively. Based
on related experiments conducted previously,? these sequences should be among
the fastest to deamidate while still offering a variety in side chain chemistry. In
addition, 4IB was added to each N-terminus to provide a photocleavable radical
precursor for RDD experiments (see supporting information for structures). Tris
has long been among the buffers of choice to study deamidation in vitro due to its

modest influence on deamidation.3°

Following sufficient incubation to deamidate a majority of the sample, peptides
were separated and analyzed via LCMS. Typical results are shown in Figure 2.1a,
which depicts the ion chromatogram (extracted from full MS scans for the m/z of
the intact deamidated peptide) for 4IB-VKLDSG after incubation for 6 months. Only
two peaks are apparent, though four Asp isomers could be generated by the
pathways illustrated in Scheme 1. Given that the structural differences between L-
Asp and D-Asp or L-isoAsp and D-isoAsp are quite subtle, it is likely that isomers
have co-eluted. Tandem MS can provide additional information on this possibility

in the form of fragmentation profiles.
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RDD tandem MS results are shown in Figures 2.1b—1d for locations denoted 1-4,
respectively, in Figure 2.1a. In RDD experiments, a radical is generated
photolytically, and the product is subjected to collisional activation. Migration of the
radical is structurally sensitive, leading to observation of distinct fragmentation
patterns for isomers. Indeed, close examination of the spectra shown in Figures
2.1b-1d reveals notable differences. The standard method for quantifying such
differences is to calculate an Risomer Value, which is obtained from the ratios of
product ions changing the most between two spectra (see supporting information
for additional details).*° Risomer values for all possible pairs from Figures 2.1b and
1c were calculated, which identified the xs and c4-56L-CO2 fragments as those
undergoing the greatest relative changes. These fragments yield an Risomer Value
of 6.3, which is well above the threshold for isomer identification (> 2.4). A similar
analysis revealed an Risomer Value of 6.1 for the diagnostic fragments labeled in
Figures 2.1d and le. Fully annotated spectra are available in the supporting

information.
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Figure 2.1. (a) LCMS chromatogram of the 4IB-VKLDSG deamidation products
which yields only two chromatographic peaks. (b—e) RDD tandem mass spectra
on [4IB-VKLDSG+H]1+ from the leading and trailing edges of the peaks in (a) show

differences in fragment intensities that reveal co-eluting isomers within both peaks.

The c4-56L-CO:2 fragment corresponds to a c4 backbone fragment which has

additionally lost CO2 and 56 Da from the leucine sidechain (i.e. 56L). Such multiple
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dissociation events and side chain losses are common in RDD.35 Predicting the
fragments that will yield the maximum Risomer Values is not trivial because changes
in fragment abundances are due to differences in three-dimensional structure (not
sequence). Collision-induced dissociation (CID) was also used to generate
fragmentation spectra for all peptides examined herein, but as a less structurally
sensitive method, CID usually yields lower Risomer Values. The identity of each
isomer in Figure 2.1a can be determined by comparing spectra from the leading
and trailing edge of each peak to synthetic standards. The spectrum in Figure 2.1b
best matches that from D-Asp, while Figure 2.1¢c matches L-Asp. The dominant
isomer represented at each labeled point in Figure 2.1a therefore correspond to 1
= D-Asp, 2 = L-Asp, 3 = D-isoAsp, and 4 = L-isoAsp. A full list of diagnostic peaks

and Risomer Values used for quantitation is provided in the supporting information.

Although the Risomer values readily confirm co-elution, they do not allow
guantitation of each isomer. Results from the synthetic standards for L-Asp and D-
Asp isomers of 4IB-VKLDSG are shown in Figures 2.2a and 2b, where again the
xs and cs-56L-CO2 abundances differ significantly between the spectra. By plotting
the difference/sum of the two diagnostic peaks as a function of the percent L-Asp,
the calibration curve shown in Figure 2.2d was generated. Figure 2.2c shows the
averaged fragmentation pattern obtained from the entire LC peak at ~23.5 minutes
in Figure 2.1. While similar to both standards, Figure 2.2c is not a perfect match to
either Figure 2.2a or 2b because it contains contributions from both isomers. In

order to quantify the amount of each isomer present, the data from Figure 2.2c
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was mapped onto the calibration curve shown in Figure 2.2d. The LC peak at 23.5

minutes in Figure 2.1 contains 88% L-Asp and 12% D-Asp.
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Figure 2.2. (a,b) Standards of the L-Asp and D-Asp isomers of 41B-VKLDSG are
distinguished by diagnostic fragment peaks. c¢) The average fragmentation
abundance for the LC peak that contains both isomers. d) A calibration curve
generated from purified standards reveals the LC peak contains 88% L-Asp (red

square).

This methodology was repeated using both RDD and CID for each peptide.
Calibration curves were generated using the fragmentation method that afforded
the best isomer discrimination. Interestingly, 4I1B-VKLNAG separates into three
fully resolved peaks, representing D-Asp, L-Asp, and L-/D- isoAsp. Quantitation

via peak area matched the results derived from the RDD calibration curve for the
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ratio of L-Asp and D-Asp to within 0.5% agreement (see supporting information),

offering independent confirmation of our approach.

80 A %S 68.2%

L-Asp D-Asp L-isoAsp D-isoAsp

Figure 2.3. Deamidation products at 37 °C in 50mM Tris at pH 7.8. Averages are

indicated with dashed lines.

The results obtained in Tris at pH 7.8 for all four peptide sequences are
summarized in Figure 2.3. Despite having considerably different half-lives and side

chain chemistry, the results from all four peptides exhibit similar trends. L-isoAsp
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is generated at 68.2% on average and is confirmed to be the dominant product for
each peptide sequence, in agreement with previous findings.*! In comparison, L-
Asp represents only 20.3% of the total deamidation products on average. A similar
preference for the iso-variant is observed between D-isoAsp and D-Asp, with D-
ISOAsSp present in at 9.1% on average compared to 2.4% for D-Asp. The paucity of
D-Asp is easily rationalized because its formation requires both racemization of
the succinimide ring and hydrolysis to open the ring via the less favorable
mechanism. On the other hand, the abundance of D-isoAsp is significant and

illustrates that racemization during deamidation should not be ignored.

Although deamidation always results in the mutation of asparagine to aspartic
acid, the observation that ~80% of the total deamidation products represent
unnatural amino acids may explain the widespread immunogenic responses
associated with deamidation in vivo.*>** For the same reason, deamidation in
protein therapeutics is likely to have undesirable effects ranging from loss of
activity to altered immunogenicity.444 The high abundance of D-isoAsp may also
be cause for a re-examination of previous conclusions discounting its importance.
For example, the presumed-to-be negligible abundance of D-isoAsp was
previously used to rationalize the substrate specificity of the repair enzyme, protein
L-isoaspartate methyltransferase (PIMT), which can bind L-isoAsp and D-Asp but
not D-isoAsp residues.® Given that D-Asp is significantly less abundant than D-
iISOAsp, PIMT specificity is likely due to other factors. One potential explanation is

that PIMT requires the a-nitrogen atom to be positioned ‘behind’ the methyl-
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accepting carboxyl group as is the case for L-isoAsp and D-Asp, but not L-Asp or

D-isoAsp.41
Buffer Conditions.

The influence of buffer, pH, temperature, and ammonia (a known catalyst)28
were explored, and the results are summarized in Figure 2.4. To simplify
comparison, the relative abundances of each isomer are plotted together for all
conditions that were examined. The first grouping for each isomer represents data
acquired at 37 °C in 50mM Tris at pH 7.8 and is derived from the results shown in
Figure 2.3 (replotted for easy comparison). For all remaining experiments
ammonia was added (indicated by the green box) as ammonium hydroxide to a
final concentration of 100mM ammonia in Tris and CHES at each pH or as 100mM
ammonium bicarbonate for the carbonate buffer. Ammonia has been reported to
accelerate deamidation through general base catalysis,28 but its influence on
deamidation products has not been previously determined. Although rates are
accelerated (as discussed in greater detail below), the addition of ammonia and a
slight increase to pH 8.8 do not significantly influence the distribution of Asp
isomers generated by deamidation in Tris buffer (compare Figure 2.4, Tris 7.8 and

Tris 8.8).

Results obtained in CHES buffer at pH 8.8 and 9.8 are also shown in Figure
2.4. Although CHES buffer and Tris are chemically dissimilar and have pKa's of 9.5

and 8.1 respectively,*® there is little influence on the overall distribution of Asp
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isomers produced by the two buffers. Furthermore, increasing the pH to 9.8 does
not have a significant impact on the results, though minor variations in product
abundance are noted. Intracellular pH can vary by over 3 pH units, ranging from
4.7 to 8.0.4 Our data indicate that even the most basic intracellular conditions are

unlikely to strongly influence succinimide-mediated deamidation products.

The effect of heating was explored by raising the temperature to 80 °C in CHES
at pH 9.8 (these results are marked with an asterisk in Figure 2.4). Increasing the
temperature impacts the resulting isomer distribution by decreasing the amounts
of L-Asp and L-isoAsp while increasing the proportion D-Asp and D-isoAsp at the
same time. These results suggest that higher temperature leads to greater
racemization of the intermediate succinimide ring, leading to greater production of
the D-isomers. After racemization, ring-opening again favors formation of the iso-
products. Consequently, elevated temperatures used previously to accelerate
deamidation in vitro may have been biased towards the production of the D-
isomers.?®48 Interestingly, the increase in D-Asp observed at elevated
temperatures may have prompted an evolutionary adaptation in the
hyperthermophile Pyrococcus furiosus, which expresses a variant of PIMT that
repairs D-Asp containing peptides with 120-fold higher affinity relative to the

human enzyme.*® D-isoAsp, however, is still not a substrate for this variant.

Experiments with bicarbonate buffer at pH 7.7 also revealed altered isomer

product distributions. Although the amount of L-Asp generated is comparable to
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other buffers, the production of L-isoAsp is significantly reduced. This observation
suggests that ring-opening to produce L-isoAsp is specifically disfavored by the
presence of bicarbonate. The isomer abundance that would typically end up in the
L-isoAsp channel is redirected to the D-isomers, which are both more abundant
relative to other buffer conditions. These results from bicarbonate differ from those
obtained at 80 °C because the increased yield of D-isomers derives from only L-
iISOAsp rather than from a diminution of both L-isomers. The enhanced
racemization observed in bicarbonate is of particular interest because bicarbonate
has been the buffer of choice for many deamidation and digestion studies.>0-52
Bicarbonate also plays a prominent role in the native blood-buffer system.% It is
surprising that bicarbonate buffer yields the highest amount of racemization
despite having the lowest initial pH (7.7). Carboxylic acids have been reported to
stabilize deamidation transition states. We attribute the increase in racemization

to noncovalent interactions with bicarbonate that disfavor formation of L-iSOAsp.

Though spontaneous and pervasive, deamidation is typically slow under
physiological conditions, which has deterred large-scale comprehensive studies
and favored examination of sequences that deamidate quickly. Evaluation of
deamidation can also be complicated by spontaneous degradation for certain
peptide sequences.28°* These limitations could potentially be overcome if the rate
of deamidation could be accelerated without biasing the products or favoring other
degradation pathways. Our results suggest that both Tris and CHES based buffer

systems can be used with ammonia as a catalyst over a wide pH range without
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significantly influencing the distribution of Asp isomers that will be formed.
However, caution should be taken if elevated temperature, bicarbonate or other
untested buffers are to be used. Although the ratio of (total isoaspartic acids)/(total
aspartic acids) has long been the metric of choice for deamidation studies due to
the relative ease of analysis, our data reveal that the overall product distribution
can shift significantly without changing the isoAsp/Asp ratio. For instance, the
iISOAsp/Asp ratio for CHES 9.8 at 37 °C is 3.3 while the ratio at 80 °C is 3.4 despite
the noted increase in D-isomers. Chirally distinct isomers are likely to have
different biological impacts, emphasizing the importance of quantitating all four

isomers.
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Figure 2.4. Total product outcomes from 6 different buffer conditions. Clockwise

from top left: L-Asp, L-isoAsp, D-isoAsp, D-Asp). Averages are depicted with

horizontal bars. Green box indicates ammonia catalysis. The asterisk indicates 80

°C.

Rate Enhancement.

The degree of rate enhancement relative to Tris (pH 7.8, 37 °C) is shown as a

fold increase in Figure 2.5 for each buffer and peptide sequence. On average, Tris
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8.8 was found to be 17x faster than Tris 7.8, where potential acceleration derives
from both increased pH and ammonia catalysis. Comparing CHES at 8.8 and 9.8
reveals that increasing the buffer by one pH unit yields only a modest increase in
the rate, from 1.2x to 2.0x faster (relative to Tris 7.8). This observation suggests
that the bulk of the acceleration between the Tris samples is due to the presence
of ammonia. This rate enhancement, along with the modest effect on isomer
product distributions shown above, suggests ammonia is a viable catalyst for

deamidation studies.

The most dramatic average rate increase (81x) was observed by increasing the
temperature to 80 °C in CHES. At this temperature, over three-quarters of 41B-
VKLNGG was deamidated within 30 minutes, making it difficult to determine the
deamidation rate accurately. The reported rate increase for this peptide in Figure
2.5 is likely accompanied by significant uncertainty, though deamidation clearly
occurs rapidly. Although elevated temperature appears to provide the greatest
increase in deamidation rate, higher temperature also influences the product

distribution, and yields increased racemization.
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Figure 2.5. Deamidation rate increases relative to Tris 7.8 for each accelerated
buffer condition. The green box indicates ammonia catalysis. The asterisk

indicates 80 °C.

Strikingly, the rate of acceleration varies greatly among different peptide
sequences. Most notably, the histidine-containing peptide is least affected by the
addition of ammonia. This result is particularly interesting because peptides with
asparagine followed by histidine have previously attracted attention due to their

rapid deamidation rates despite the bulky nature of histidine. Ultimately, this rate
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enhancement has been attributed to the ability of the histidine sidechain to act as
a general base.? If true, the addition of ammonia, which also enhances the rate of
deamidation by general base catalysis,28 would not be expected to have a
significant effect, in agreement with the results in Figure 2.5. Importantly, the
histidine peptide does deamidate more quickly at increased temperature, which
has little effect on acid/base chemistry but increases the energy available to the
system. This observation further confirms that the basic side chain of histidine

likely explains the lack of response to the addition of ammonia.

Curiously, the rate of deamidation does not increase as significantly with
ammonia for 41B-VKLNGG in bicarbonate, though increases for this peptide were
comparable to the other non-histidine residues in all other conditions. This result
may suggest that carbonate interacts strongly with the backbone, inhibiting access
to the required transition state. The absence of a sidechain for the glycine peptide

may increase interactions between carbonate and the backbone.

Methods

Materials. Organic solvents and reagents were purchased from Fisher Scientific
or Acros Organics and used without further purification. Water was purified to 18.2
MQ using a Millipore 147. FMOC-protected amino acids and Wang resins were
purchased from Anaspec, Inc or Chem-Impex International.

Peptide Synthesis. Peptides were synthesized manually following an

accelerated FMOC-protected solid-phase peptide synthesis protocol.>®> Para-
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iodobenzoic acid (41B) was attached to the N-terminus of the nascent polypeptide
during synthesis. Following synthesis, peptides were purified using a Phenomenex
Jupiter Proteo C12 4 um 90 A 250 mm x 4.6 mm column. Purified peptides were
stored frozen in 50/50 acetonitrile/water (v/v).

Deamidation. Peptides were deamidated in various conditions to explore the
impact of buffer, pH, ammonia catalysis, and temperature. 50 mM Tris pH 7.8 at
37 °C results are quantitated and used as reference values for subsequent
comparisons which include 50 mM Tris pH 8.8 + 100 mM NHs at 37 °C, 50 mM
CHES pH 8.8 + 100 mM NHs at 37 °C, 50 mM CHES pH 9.8 + 100 mM NHs at 37
°C, 100 mM ammonium bicarbonate at 37 °C, and 50 mM CHES + 100 mM at 80
°C. For the Tris and CHES buffers at pH 8.8 and 9.8, ammonium hydroxide was
added at 381 mM and 128 mM respectively to yield a final concentration of 100
mM unprotonated ammonia.

Analysis. Following deamidation, peptides were analyzed via LCMS. An Agilent
1100 binary pump was used with a 5 um 100 A C5 50 mm x 2 mm column
(Phenomenex) interfaced to a Thermo Fisher Scientific LTQ mass spectrometer
with a standard electrospray ionization source. Deamidated peptides were eluted
with an isocratic mixture of 18% acetonitrile and 82% water with 0.1% formic acid
(v/v). Synthetic standards were prepared as ~10uM samples in 49.5/49.5/1
methanol/water/acetic acid (v/v) and infused into a modified LTQ linear ion trap
using the standard electrospray ionization source. The LTQ was modified with a

quartz window to allow fourth harmonic (266 nm) laser pulses from a Nd:YAG laser
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to irradiate the trapped ion cloud which allows for photoinitiated radical directed
dissociation.>®

Risomer Values. Isomers are distinguished based on MS" fragmentation spectra.
To quantitatively evaluate the differences between two spectra, Risomer Values are
calculated using Equation 1 where R1 and Rz refer to the ratios of a pair of fragment

ions that vary the most in abundance between two different MS" scans.

R
Risomer = R_: (1)

Identical fragmentation patterns result in Risomer values of 1 thereby indicating no
discrimination, while larger values reflect a higher degree of discrimination. Values
>2.4 obtained via LCMS are indicative of analytes that can be distinguished based

on fragmentation patterns.3®

Conclusions

Although deamidation yields similar product trends among vastly different
buffer conditions and peptide sequences, it is noticeably sensitive to specific
extrinsic factors. Both bicarbonate buffer and high temperature strongly promote
racemization, while increasing pH from 7.8-9.8 has a surprisingly limited effect.
Importantly, we have observed that D-isomers, which are often ignored, are
generated in appreciable quantities under all conditions. These results establish
the innate deamidation tendencies for all four Asp products and demonstrate that

isomer distributions are susceptible to external influences. Furthermore, this

40



methodology should be able to quantify isomers for many classes of peptides,
including isomers identified in proteomics experiments targeting long-lived proteins
relevant to aging, human disease, and biological therapeutics. Understanding the
products of deamidation, and the factors that alter them should facilitate more
reliable prediction and control of degradation products. This information may
become integral for engineering proteins that minimize the detrimental effects of

deamidation and isomerization.
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Figure 2.S1. Typical LCMS chromatograms depicting the separation of the

deamidation products for all four peptide sequences in Tris 7.8 at 37 °C.



In the case of 4IB VKLNAG (d), the LC vyields three fully resolved peaks
representing D-Asp, L-Asp and L-/D- isoAsp. The results from calculating peak

area are in good agreement with the results obtained via RDD:
Peak area: 15.1% L-Asp, 2.7% D-Asp

RDD: 15.6% L-Asp, 2.3% D-Asp
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Figure 2.S2. Calibration curves for each of the coeluting isomers with the
dissociation method indicated. The y-axis is labeled as the difference/sum of the
two diagnostic fragment ions observed m/z. For the SG peptide L-isoAsp vs D-
iISoAsp comparison (f) the linear fit (blue) exhibits systematic error of a few percent
at high L-isoAsp percentages — to reduce this error, a polynomial fit (black) is used

instead.

Fragment assignments for calibration curves are as follows:
41B VKLDGG:
L-Asp vs D-Asp: 473.3 = z5*, 604.3 = [M'+H]-43L-CO2*. Risomer = 2.97

L-isoAsp vs D-isoAsp: 361.2 = y4*,414.3 = KLDG". Risomer = 2.56

41B VKLDHG:
L-Asp vs D-Asp: 306.8 = as-56L2*, 358.3 = [M'+2H]-56L2*. Risomer = 3.12

L-isoAsp vs D-isoAsp: 357.3 = KLD*, 551.3 = y5-H20". Risomer = 4.18
41B VKLDSG:
L-Asp vs D-Asp: 477.3 = ¢4-56L-CO2*,545.4 = X5*. Risomer = 4.59
L-isoAsp vs D-isoAsp: 678.5 = [M'+H]-43L*, 703.5 = [M'+H]-H20". Risomer =

3.88

41B VKLDAG: 559.3 = as-CO2".
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L-Asp vs D-Asp: 529.4 = as-56L-H20", 630.4 = c5-H20". Risomer = 9.25

L-isoAsp vs D-isoAsp: 559.3 = as-CO2", 630.4 = ¢5-H20". Risomer = 3.68
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Figure 2.S4. Figure 2.1 from the main text with additional fragment labels. *
indicates the radical precursor produced via photodissociation. The same Figure
2.labels apply: (a) LCMS chromatogram of the 41B-VKLDSG deamidation products
which yields only two chromatographic peaks. (b-e) RDD tandem mass spectra on
[41B-VKLDSG+H]** from the leading and trailing edges of the peaks in (a) show

differences in fragment intensities that reveal co-eluting isomers within both peaks.
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Risomer SCOres

To quantitatively determine the difference between two fragmentation spectra, R
values are used. R values refer to the ratio of relative abundances for two fragment
peaks within an MS" spectrum. In this study, R values are always reported for pairs
of isomers, thus Risomer Values are presented as defined by Equation 1 where R1
represents the R value for isomer 1, and Rz represents the R value of isomer 2.

Thus, Risomer SCOres represent a ratio of R values between two spectra.

Ry

Risomer = R_z (1)

Identical fragmentation patterns result in result in Risomer Values of 1 thereby
indicating no discrimination, while larger values reflect a higher degree of
discrimination. The relevant threshold for Risomer Values has previously been
determined for LCMS analysis by use of a standard t test.*° Risomer values > 1.9 for
CID and >2.4 for RDD are outside the 99% confidence interval and therefore

positively identify isomers. See reference 39, and 40 for additional examples.
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CHAPTER 3

Ultraviolet Photodissociation Initiated Radical Chemistry Enables
Facile Glycan Isomer Identification

Abstract

Glycans are fundamental biological macromolecules, yet despite their
prevalence and recognized importance, a number of unique challenges hinder
routine characterization. The multiplicity of OH groups in glycan monomers easily
afford branched structures and alternate linkage sites, which can result in isomeric
structures that differ by minute details. Herein, radical chemistry is employed in
conjunction with mass spectrometry to enable rapid, accurate, and high throughput
identification of a challenging series of closely related glycan isomers. The results
are compared with analysis by collision-induced dissociation, higher-energy
collisional dissociation, and ultraviolet photodissociation (UVPD) at 213 nm. In
general, collision-based activation struggles to produce characteristic
fragmentation patterns, while UVPD and radical-directed dissociation (RDD) could
distinguish all isomers. In the case of RDD, structural differentiation derives from
radical mobility and subsequent fragmentation. For glycans, the energetic
landscape for radical migration is flat, increasing the importance of three-
dimensional structure. RDD is therefore a powerful and straightforward method for

characterizing glycan isomers.
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Introduction

Glycans are ubiquitous biomolecules that serve vital functions across the entire
spectrum of life on Earth.! Despite their simple origins, arising from carbon dioxide
and water to form simple sugars via photosynthesis, assembled glycans can be
exceptionally diverse and complex. Unlike DNA and proteins, which assemble in a
consistent fashion into linear polymers formed from chemically distinct monomers,
glycans can adopt branched structures with a diverse regio- and stereochemistry.
For example, a standard hexose has five highly similar connectivity sites, each
with isomeric linkage configurations.? As a result of these extra dimensions of
structural variability, glycan complexity scales far more rapidly than that of DNA or
proteins.

Changes to any stage of glycan assembly can impact the assembled polymer
properties. As an example, the most abundant organic compound on Earth,
cellulose, is an inedible component of cell walls,® while starch, which provides the
bulk of human energy needs,* differs only by the configuration of the glycosidic
bonds linking their glucose monomers. Although cellulose and starch neatly
demonstrate the importance of glycan polymorphism, these isolated carbohydrate
repeats represent only a small subset of biologically relevant glycans.

Commonly, glycans are attached to cell surfaces or biomolecules to enable or
modulate a certain function.®> Perhaps the most well-known example of this is the
ABO blood group system, which originates from the glycan structure of antigens

on the surface of red blood cells; these glycans govern an individual’s ability to
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receive a blood transfusion. Arguably, the ABO system was the first form of
personalized medicine, predating the human genome project by a full century.®
Although these extra dimensions of structural variability enable remarkable
diversity in chemical characteristics, this comes with the cost of complicating
analysis. Consequently, advances in the field of glycomics, which comprises the
study of isolated and conjugated glycan biomolecules, have not kept pace with the
closely related fields of proteomics and genomics due to paucity of analytical tools
capable of handling this extra complexity.1

Glycan structure is defined by the monomeric sugar building blocks in the same
manner that DNA and proteins are dependent on nucleic acid and amino acid
content, respectively. However, glycans can form branched structures with a more
a complex regio- and stereochemistry. Figure 3.1 depicts a succinct family of
oligomers with systematic variations in connectivity, configuration, and
composition. Glycan analysis is convoluted by the isomeric nature of the building
blocks, which results in compositional isomers (i.e., isomers 1 and 2 as well as 4
and 5). Further complication arises because there are two possible configurations
at each anomeric center, a and R (see isomers 2 and 3 as well as 5 and 6). Finally,
the monomers can be linked with a different regiochemistry for example by (1—3)
or (1—4) glycosidic bonds (compare isomers 1-3 with 4-6). This collection of
oligomers represents an extreme set of isomers and serves as a rigorous

benchmark for evaluating new analytical methods.”2
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linker that remains consistent between the oligomers is not shown.
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An ideal analytical technique should be able to differentiate all isomers shown
in Figure 3.1 in a rapid, robust, and high-throughput manner. Although, nuclear
magnetic resonance (NMR) has been successfully employed for glycan structural
analysis, the characterization is often incomplete, relatively slow, and requires
large amounts of purified material.®1%1 Mass spectrometry (MS) offers
advantages in speed and sensitivity, and tandem mass spectrometry-based
fragmentation (MS") excels at sequence determination in peptides.’? MS has also
shown tremendous promise in glycan structural elucidation,*®1* but extending
characterization beyond sequence information often requires odd-electron
dissociation such as electron capture dissociation,’® electron transfer
dissociation,*®17 electronic excitation dissociation,*® or electron detachment
dissociation.’® Furthermore, glycans exhibit poor adsorption behavior on
conventional reversed phase LC columns?® which limits the potential for
meaningful separation. Recently, by utilizing porous graphitized carbon and
nanoflow liquid chromatography, the Lebrilla group has achieved quantitative
analysis of glycopeptides, including several isomers.2 Alternatively, coupling ion
mobility to mass spectrometry has been recognized as a powerful tool for
differentiating isomers without the need for solution phase separation.??4 Of
particular relevance to the current study, the recent ion mobility report by Pagel et
al. revealed that differences in connectivity and configuration result in changes to
three-dimensional shape, enabling isomeric glycan separation,8 however

compositional isomers remained indistinguishable.
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In the absence of separation, a variety of fragmentation-based methods have
proven valuable in the structural characterization of glycans. Ultraviolet
photodissociation (UVPD) has been demonstrated to improve sequence coverage
of linear?® and various branched glycans,?® in addition to identifying native glycan
isomers from ovalbumin.?” Similarly, tunable Infrared multiple photon dissociation
(IRMPD) has been utilized to determine disaccharide linkage configuration,?® as
well as de novo sequencing.?® Improvements to IRMPD in regard to spectral
resolution can be made by utilizing cold-ion infrared spectroscopy vibrational
fingerprinting,3°3! which can distinguish even the most similar compositional
isomers, but the method also requires specialized equipment that is not widely
available.7 Finally, the Beauchamp group has pioneered a dual reagent approach
that enables acid-catalyzed glycan sequencing and radical-based discrimination
of several glycan isomers.3233 These advances, and others, have positioned MS
at the center of glycan profiling efforts even though complete characterization
remains challenging.®*

The present work seeks to explore the utility of novel fragmentation methods for
discriminating glycan isomers. Radical directed dissociation (RDD), which
generates a radical upon UV laser photodissociation inside a mass spectrometer,®
has been previously demonstrated to have excellent structural sensitivity.36-38 |n
RDD, a radical is generated in a site-specific manner, making subsequent radical
migration via hydrogen abstraction highly sensitive to three-dimensional structure.

RDD can readily distinguish all isomers in Figure 3.1. Comparisons are made
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between 213 nm UVPD, RDD, and traditional dissociation techniques, such as
collision-induced dissociation (CID) and higher-energy collisional dissociation
(HCD). Finally, the mechanistic and energetic basis for differences in

fragmentation are elucidated.
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Experimental Section

Synthesis of oligosaccharides 1-6 was performed using automated solid-phase
glycan assembly.3? Briefly, different compositions are generated by the sequential
assembly of building blocks. Each assembly step consists of a defined procedure
involving coupling, washing and deprotection. The connectivity is controlled by the
choice of protecting groups that exclusively enable the formation of a glycosidic
bond at a specific position. Configurational selectivity is aided by participating
protecting groups. After the synthetic route is completed, the crude molecules are
cleaved from the resin, confirmed by MS- and NMR-analysis and additionally
validated via HPLC. Before and after deprotection, the oligosaccharides were
purified by preparative HPLC and again confirmed using the analytical techniques

described above.

A simple nanoelectrospray source was built in-house to accommodate small
volumes of glycan analytes. A ~10 cm length of silica (360 pum outer diameter x
100 um inner diameter) is pulled to a ~5 um emitter using a Sutter P-2000 laser tip
puller. Empty emitters are loaded by applying vacuum to one end of the emitter
while the opposite end is submerged in sample. The emitter is housed in a
stainless-steel union and 1-2 kV is applied to the conductive union. A second
capillary is joined in the union to provide a reservoir of solvent which prevent air
from entering the emitter. Upon applying voltage, the sample electrosprays
spontaneously (i.e., without a mechanical pump) at a rate of ~50 nL/min.

Underivatized oligomers were electrosprayed from a solution of 50/50/1

62



methanol/water/acetic acid (v/v) and analyzed as [M+H]* cations. Modified

oligomers were analyzed as [M+Na]* cations.

Oligomers were modified with para-iodobenzoate (41B) via amide bond formation
between the linker amine to the 4IB carboxylic acid, to provide a photocleavable
C-lI bond for radical directed dissociation. Succinimidyl-4I1B was synthesized
following previously established protocols.35 Oligomer modification was carried
out in 1.5 mM borate buffer at pH 8.6 in a 37 °C incubator. Succinimidyl-4IB was
added from a 2.5 mM stock at a molar ratio of ~25:1. The majority of the oligomer
is found to be modified within one hour. The modified oligomers were diluted into

50/50/1 methanol/water/acetic acid (v/v) and electrosprayed without further work-
up.

RDD was performed using a Thermo Fisher LTQ linear ion trap. The LTQ has been
modified with a quartz window to allow fourth harmonic (266 nm) pulses from a
Continuum Minilite 11 Nd:YAG laser to irradiate the trapped ion cloud. The modified
analyte is isolated in an MS? step and irradiated with a single pulse from the laser.
The radical analyte generated via photodissociation is subsequently isolated in an
MS3 step and activated via CID with a relative energy of 15. UVPD was performed
on a Thermo Fisher Orbitrap Velos Pro. The orbitrap has been modified with a
quartz window to allow photodissociation experiments on ions trapped in the HCD
cell using a 213 nm laser from CryLas GmbH operating at 1 kHz. UVPD was

performed with 100 laser pulses. Traditional CID and HCD was also performed on
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the Orbitrap with relative collision energies of 25 and 30 respectively. During CID

and HCD operation, the laser is not in use.

Oligomers are distinguished using MS" fragmentation patterns. To quantitatively
determine the differences between two spectra, Risomer Values are calculated using
Equation 1 where R1 and Rz refer to the ratios of two pairs of fragment ions that
vary the most in relative abundance between different MS" spectra. Identical
fragmentation patterns result in Risomer values of 1 thereby indicating no

discrimination, while larger values reflect a higher degree of discrimination.
R; == 1
rsomer RZ ( )

Bond dissociation energy calculations were performed using Gaussian 09 Rev.
B.01.%0 Structural optimizations and energy calculations were performed with
hybrid density functional theory B3LYP at the 6-31G(d) basis set. All BDEs were
calculated by the isodesmic reaction method using experimentally determined
BDEs.*14? Galactose was modelled as shown in Figure 3.5, with a simple ether

representing the glyosidic linkage.
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Results and Discussion

We begin by examining the most common MS/MS method, CID. Collisional
activation of protonated glycans 1-6 yields a limited number of fragments that are
found in similar abundances, (Figure 3.2, left panel) in agreement with previous
results.*3 Disappointingly, the fragmentation patterns for all six oligomers are quite
similar. The spectra are dominated by the loss of one and two galactose rings,
observed at 428 and 266 m/z respectively. Fragmentation sites and the resulting
fragment-ion m/z values for each isomer are shown on the right side of Figure 3.2.
Less abundant water losses are also noted, but the origins of these fragments are
ambiguous due to the high number of hydroxyl groups in any given saccharide.
Higher-energy collisional dissociation (HCD) vyields similar fragmentation
pathways, with a preference for the loss of two rings (Figure 3.2, middle). Because
glucose and galactose are isobaric, each resulting in 162 Dalton (Da) losses, the
fragmentation patterns for 4 and 5 are indistinguishable. Similarly, comparisons
between 5 and 6 indicate that the losses are insensitive to the anomeric

configuration.
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Figure 3.2. Collisional activation fragmentation spectra (CID and HCD) of isomers
1-6 and peak identifications for each oligomer. T indicates a fragment containing a
double bond. The [M+H]*! precursor observed at 590 m/z is indicated with an

arrow.
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Despite the similarity between spectra in Figure 3.2, there are subtle differences
in the relative intensities for some fragments in both CID and HCD. For example,
within the CID spectra, the ratio of 428 m/z to 266 m/z is inverted between 2 and
6. Changes such as this can be used to quantitate the difference between similar
spectra. Commonly, the ratio of fragment intensities that change most between
spectra are used to discriminate isomers using R-values.** R-values reflect the
degree of difference for the fragment ions that vary the most in intensity between
a pair of independently collected fragmentation spectra (the equation is provided
in the Experimental section). Higher R-values indicate greater differences between
spectra. We have previously established the statistically significant R thresholds
for CID fragmentation.3® Given these thresholds, some of the isomers in Figure 3.2
should be distinguishable by CID or HCD. For instance, comparing the 428 m/z
and 266 m/z peaks for 2 and 6 yields a R-value of 4.5, which is well above the
threshold of 1.9 for CID. Conversely, the largest difference between 2 and 3 results
in an R-value of 1.6, which is insignificant (see the Sl for a complete list of R-
values). To simplify comparison between different fragmentation methods, we
report the minimum R-value after cross-comparison of all isomers, which indicates
whether all isomers can be distinguished, and the median value which reflects the
magnitude of differences typically observed. The minimum R-value for CID is 1.6,
and the median is 2.1. These values indicate minimal capability for distinguishing
isomers with CID. Interestingly, HCD fares slightly better at discriminating the

oligomers even though similar fragment ions are produced. Some of the difference
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is attributed to production of a protonated sugar monomer, observed at 163 m/z,
which is not observed during CID. For HCD, the minimum R-value is 1.4, while the
median is 3.1. Neither technique was able to discern all six isomers. Furthermore,
quantitation in mixtures would likely not be possible with such low R-values.*®
The scarcity of fragments and overall similarity between CID and HCD point to
a fundamental limitation of collisional activation, which often relies on a mobile
proton to facilitate fragmentation.*® The limited number of fragmentation sites
observed for the oligomers suggest that the glycosidic bonds are susceptible to
proton mediated fragmentation, while the remainder of the molecule is relatively
inert. This may be due, in part, to the polycyclic nature of glycan oligomers, which
requires a minimum of two cleavages to observe cross-ring fragmentation. In
effect, the oligomers are resistant to double fragmentation by CID and HCD.
UVPD is an emerging dissociation technique*’“® that can access both
vibrational and excited-state electronic dissociation.*® In order to utilize UVPD and
radical dissociation, the oligomers were modified with para-iodobenzoate (41B),
which favors loss of iodine upon UV excitation.3®> The 213 nm UVPD spectra for
41B modified oligomers is presented in the left panel of Figure 3.3. UVPD was
carried out with 100 shots of 213 nm light at ~1.5 pJ/pulse, resulting in ~50%
photodissociation yield. Several differences between the oligomers are visually
apparent, with the a- linked isomers, 3 and 6 yielding intense -I' peaks at 715 m/z
while all other oligomers preferentially generate the 554 m/z fragment. Less

abundant cross-ring cleavage fragments are also observed at 582 and 420 m/z for
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several isomers, along with the less favorable glycosidic bond cleavage products
at 536 and 537 m/z. Importantly, the relative abundance of -I°, and radical directed
fragmentation pathways varies greatly among the different isomers resulting in an
R-value minimum of 5.9, and a median of 149.7. This represents a substantial
improvement in isomer discrimination for every comparison relative to CID and

HCD (see Sl for complete score comparisons).
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Figure 3.3. Radical fragmentation spectra afforded by UVPD and RDD. Peak

identifications for each oligomer. The dot indicates radical products, the dagger

indicates that the product forms a double bond. The [4IB M+Na]*' precursor

observed at 842 m/z during UVPD, and the -I' radical precursor observed at 715

m/z during RDD, is indicated with an arrow.
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213 nm irradiation preferentially yields homolytic C-I bond cleavage (labeled -
I), but several oligomers undergo spontaneous subsequent fragmentation,
indicating that the radical is formed close to the cleavage site, enabling facile
migration. Radical migration occurs via hydrogen abstraction, and even subtle
differences in the isomer structure lead to pronounced differences in the UVPD
spectra. For instance, the abundance of the 554 m/z fragment, which arises from
loss of one galactose ring and the glycosidic bond oxygen, is found to be very
favorable for 3-, but not a-, glycosidic bonds (note the low abundance of 554 for a-
oligomers 3 and 6. These data indicate that the linker configuration has a
considerable impact on the radical mobility, which is governed by the three-
dimensional structure and proximity of abstractable hydrogen atoms. Although
additional cleavage products from either side of the glycosidic linkage are also
present, the abundances are generally low.

Collisional activation of the radical generated by loss of iodine following UVPD
yields an RDD spectrum. Even a cursory examination of the spectra afforded by
RDD (Figure 3.3 middle panel) reveals striking differences in fragment intensities
and obvious isomer discrimination. RDD vyields far greater abundance and variety
of radical-derived fragments relative to UVPD alone. Collisional activation
gradually heats the radical ion, thereby enabling migration and exploration of the
proximal structural features. Importantly, the relative abundances of fragment ions
vary significantly between isomers, often by more than an order of magnitude.

These remarkable differences enable unambiguous discrimination of each isomer.
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Importantly, RDD yields a minimum R-value of 10.9 and a median of 170.9. Again,
these values represent significant improvements over collisional activation, and
notable increases over UVPD.

Furthermore, all six isomers can be fully distinguished by examining just four
RDD peaks, as shown in Figure 3.4. Many isomers exhibit quite distinct 552:554
peak ratios, with (1—4) linked oligomers preferentially forming the 554 Da
fragment, while the (1—3) linkage provides a competitive pathway for generating
the 552 Da fragment. Unsurprisingly, comparisons between the compositional
isomers (1 vs. 2) and (4 vs. 5), which differ only by the orientation of a single
hydroxyl group, are the most difficult to discern. However, isomers 1 and 2 are
readily distinguished by the relative abundance of the 582 and 698 m/z fragments.
When comparing 4 vs. 5, the nearby 582 ring cleavage fragment can be monitored
to supplement the 552:554 ratio. Oligomer 4 is characterized by a 554:582 ratio of
~1, while oligomer 5 produces a ratio of 3.6. Together, these three fragments
readily identify and discriminate each of the oligomers, and further hint at the
mechanistic basis of isomeric discrimination. Proposed mechanisms for each of

these diagnostic fragments are provided in the SI.
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Many of the R-values produced by UVPD and RDD represent some of the
largest we have observed, and are far greater than typical values obtained for
peptide isomers.44455051 Although initially perplexing, we posit that the relative
chemical uniformity exhibited by glycans (relative to peptides) impacts hydrogen
abstraction and therefore radical migration. Two of the most important parameters
that govern hydrogen abstraction are bond dissociation energy and sterics. For
migration to occur, the radical and hydrogen must be in close proximity, and the
bond dissociation energy (BDE) must be sufficiently low. Distance and sterics are
primarily functions of three-dimensional structure, while the BDE is influenced by
local chemical environment (i.e., the functional group). In contrast to peptides,
which are composed of diverse chemical side chains, glycans are made up of
relatively few unique functional groups.

To explore potential radical migration pathways, we calculated the C—H BDEs
for every abstractable hydrogen in galactose, and the results are shown in Figure
3.5. In short, isodesmic reactions were used with quantum mechanical calculations
at the B3LYP/6-31G(d) level of theory, as described previously.5? In contrast to
peptides, where BDEs vary from 319 kJ mol? to 527 kJ mol?, the range for
galactose is only 372 kJ mol*to 396 kJ mol. This indicates that with respect to
hydrogen abstraction, the energetic landscape is relatively flat for glycans.
Therefore, every C-H bond represents a competitive site for migration and offers
an energetically favorable hydrogen for abstraction when accessible by the 4IB

radical, which has a BDE of 474 kJ mol*.52 This effectively diminishes the
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energetic considerations for radical migration within glycans, thereby elevating the

importance of three-dimensional structure.

372.5 ‘1;)'86.9

Figure 3.5. Bond dissociation energies (kJ mol?) for C-H bonds in galactose.

Collectively, these results demonstrate the remarkably utility of RDD in
discriminating a full suite of isomeric oligomers. In contrast to traditional
dissociation techniques, which exhibit a limited selection of favorable dissociation
channels, radical migration proceeds to numerous sites, with hydrogen abstraction
being dictated by oligomer structure. This structural sensitivity leads to
unparalleled isomer discrimination while retaining the rapid and high throughput
nature of mass spectrometry analysis. Importantly, the radical chemistry depicted
can be carried out using 213 nm solid state lasers that are currently available on

commercial mass spectrometers.
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Conclusions

Both radical directed dissociation and UVPD exhibit excellent isomer
discrimination for a complete family of glycan oligomers. The radical migration
pathways and bond fragmentation tendencies reveal specific structural alterations
that emerge as a function of glycan connectivity, configuration, and composition.
Importantly, isomeric discrimination is accomplished via mass-spectrometry based
fragmentation which is rapid, robust, and requires minimal amounts of sample.
This work directly addresses the long-term roadmap goal of glycan structural
determination established by the National Academy of Sciencesl by providing a
high-throughput methodology that is accessible to non-experts and can be
implemented in a wide variety of labs. Furthermore, demonstrating that this
established proteomic approach is amenable to glycomics, and can be
implemented on commercially available instruments, may ease the union of these

two closely related but often isolated fields.
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Supporting Information

Radical Fragmentation Mechanisms:

Radical directed dissociation (RDD) is highly dependent on three-dimensional
structure. Many potential dissociation pathways exist for molecules with the
structural complexity of the glycans studied herein. Below we provide a few
pathways that are likely important in the present experiments to serve as illustrative
examples of the type of chemistry that yields structural selectivity. Scheme 3.1a
depicts one likely mechanism that results in glycosidic bond cleavage yielding the
552 Da fragment, which is preferentially generated for (1—3) linked isomers (2 is
shown). Radical migration begins as hydrogen is abstracted from the internal
galactose ring adjacent to the glycosidic linkage. Subsequently, the linkage is
broken as the C-4 carbon of the internal sugar forms a double bond with the linker

oxygen resulting in the observed 552 Da product.

The mechanism to produce the 554 Da fragment, which is the dominant product
for (1—4) linked isomers, is illustrated in Scheme 3.1b where 6 is shown. There
are redundant pathways to produce the 554 Da product, so we have depicted just
one possible mechanism. In this case, the first hydrogen is abstracted from the
terminal sugar at the C-2 position. The rings are cleaved from one another as a
double bond forms between C-1 and C-2 of the terminal sugar. Finally, a second
hydrogen is abstracted from the terminal sugar, resulting in the 554 Da fragment.

Although it is apparent that the second hydrogen is abstracted from the terminal
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sugar ring, the exact location is ambiguous and is therefore drawn in a generic

manner.

H oH OH OH 552 Da
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Scheme 3.S1. Radical directed dissociation mechanisms that cleave the

glycosidic linker to produce 552 and 554 Da fragments.

Although both pathways are initiated by hydrogen atom abstraction, the origin of
the hydrogen atom is distinct. In the case of the 554 Da fragment, a hydrogen is
first abstracted from the terminal carbohydrate ring (furthest in sequence from the
41B chromophore where the radical is generated via photodissociation). In
contrast, the 552 fragment is produced following hydrogen abstraction from the
internal carbohydrate ring. Considering that both (1—3) and (1—4) isomers
generate 552 and 554 m/z products (albeit in vastly different abundances), it is
apparent that the discrepancies in fragmentation abundance are a function of

three-dimensional structure rather than bond-strength chemistry. This notion is

78



supported by the quantum mechanical calculations, which indicate the C-H bond
dissociation energies are comparable at each position on the ring (see Figure 3.5
in the main text). Observing that (1—3) linked oligomers abstract hydrogen from
the terminal ring less frequently than their (1—4) counterparts suggests the final
ring may be too distant from the 4IB radical starting location. Conversely, the
(1—4) linked oligomers preferentially abstract from the terminal carbohydrate ring,
indicating that the terminal ring must be close in space to 4IB (i.e., the structure is
compact). This radical migration preference is in good agreement with previous
ion mobility data, which showed the (1—4) linked oligomers are more compact
than the (1—3) isomers. (Hofmann, J., Hahm, H. S., Seeberger, P. H., and Pagel,
K. (2015) Identification of carbohydrate anomers using ion mobility-mass

spectrometry. Nature 526, 241-244.)

A similar discrepancy in the availability of a given hydrogen for abstraction is
witnessed when comparing the compositional isomers, 4 and 5. While these
oligomers are known to be exceptionally difficult to discern, resulting in overlapping
collisional cross sections and indistinguishable collisionally activated
fragmentation spectra, the structural sensitivity of radical migration is able to tease
out the minute structural difference. The two isomers differ only in the relative
orientation of the hydrogen and hydroxyl group on C-4 of the monosaccharide at
the non-reducing end. Scheme 3.2 depicts 4 and illustrates how the relative
orientation of a single hydrogen impacts production of the cross-ring cleavage

products observed at 582 m/z. Oligomer 4 terminates with glucose, which has an

79



axial hydrogen (indicated by an ‘up’ bond in red) while oligomer 5 terminates in
galactose, where the hydrogen would be equatorial. The RDD fragmentation
behavior indicates that the hydrogen is more easily abstracted in the axial position,
leading to formation of a double bond between C4 and C5 with concurrent
homolytic cleavage of the C5-O bond. The radical oxygen formed by this bond
cleavage subsequently forms a double bond with C1 as the C1-C2 bond breaks.
The net result is a fractured glucose ring, with C1 and O remaining bound to the

oligomer, while the remainder of the ring is lost as a radical fragment.

g g g W

Scheme 3.S2. The radical directed cross ring cleavage mechanism that produces
the 582 Da fragment is affected by the relative orientation of an axial versus

equatorial hydrogen.

Due to the nature of the problem in discriminating highly similar isomers, the results
are, of necessity, relevant to particular structures. Therefore, we expect that the
discrimination afforded by RDD and UVPD must be founded on empirical data
rather than categorical assignments (ie fragmentation trends are unlikely to be
generalizable across distinct sets of isomers). While we have observed consistent
trends within this family of isomers, it is likely that these trends reflect the high

degree of structural similarity within this glycan family, rather than a more universal
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structural constraint imposed by any given isomerism. For instance, we would not
suggest that all (1—4) linked oligomers are more compact than their (1—3)
isomers. The methodology presented herein may best lend itself to direct
comparisons between analytes to positively identify isomers. Finally, based on the
magnitude of differences between the fragmentation spectra, and the high signal-
to-noise, we expect that a spectral library may prove fruitful for isomer

identification.
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R-Values:

CID R-Values

Oligomer

# 1 2 3 4 5 6

1 1.65 1.66 2.11 1.90 3.27
2 1.65 1.57 2.93 2.64 4.64
3 1.66 1.57 2.31 2.09 3.59
4 2.11 2.93 2.31 1.60 2.40
5 1.90 2.64 2.09 1.67 1.85
6 3.27 4.64 3.59 2.36 1.85
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HCD R-Values

Oligomer

# 1 2 3 4 5 6

1 2.02 2.34 3.11 3.22 3.69
2 2.02 2.10 4.68 5.63 6.46
3 2.34 2.10 2.49 4.02 3.37
4 3.11 4.68 2.49 1.89 1.38
5 3.22 5.63 4.02 1.89 1.74
6 3.69 6.46 3.37 1.38 1.74
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UVPD R-Values

Oligomer

# 1 2 3 4 5 6

1 5.90 346.56 | 105.38 | 7.40 337.00
2 5.90 167.04 | 48.13 37.17 149.72
3 346.56 167.04 2954.00 | 5039.00 | 37.28
4 105.38 48.13 | 2954.00 6.91 244.87
5 7.40 37.17 |5039.00 | 6.91 454.96
6 337.00 149.72 | 37.28 244.87 | 454.96
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RDD R-Values

Oligomer

# 1 2 3 4 5 6

1 1190 |75.29 |419.45 |82.11 | 256.80
2 11.90 1751 |828.75 | 170.93 | 507.40
3 75.29 17.51 849.50 | 606.52 | 184.68
4 419.45 828.75 | 849.50 10.90 | 118.63
5 82.11 170.93 | 606.52 | 10.90 60.85
6 256.80 507.40 | 184.68 | 118.63 | 60.85

Table 3.S1. R-values for each oligomer as obtained by each dissociation method.

Note: For demonstrative purposes, the main body of the text references an R-value
of 4.5 which is obtained by comparing the peaks at 266 and 428 m/z when
discussing CID for isomers 2 and 6. However, comparing the peaks at 428 and

572 m/z results in a marginally higher R-value of 4.6 which is reported here.
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CHAPTER 4

Exploration of Glutamine Deamidation: Products, Pathways, and
Kinetics

Abstract

Spontaneous chemical modifications play an important role in human disease
and molecular aging. Deamidation and isomerization are known to be among the
most prevalent chemical modifications in long-lived human proteins and are
implicated in a growing list of human pathologies, but the relatively minor chemical
change associated with these processes has presented a longstanding analytical
challenge. Although the adoption of high-resolution mass spectrometry has greatly
aided the identification of deamidation sites in proteomic studies, isomerization
(and the isomeric products of deamidation) remain exceptionally challenging to
characterize. Herein, we present a liquid chromatography/mass spectrometry-
based approach to rapidly characterize the isomeric products of glutamine
deamidation using diagnostic fragments that are abundantly produced and
capable of unambiguously identifying both Glu and isoGlu. Importantly, the
informative fragment ions are produced through orthogonal fragmentation
pathways, thereby enabling the simultaneous detection of both isomeric forms
within a mixture and making this method amenable to shotgun proteomics.
Furthermore, the diagnostic fragments associated with isoglutamic acid pinpoint
the location of the modified residue. The utility of this technique is demonstrated

by characterizing the isomeric products produced during in vitro aging of a series
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of glutamine-containing peptides. Sequence-dependent product profiles are
obtained, and deamidation-linked racemization is confirmed by observation of D-
isoGlutamic acid. Finally, comparisons are made between glutamine deamidation
which is relatively poorly understood, and asparagine deamidation which has been

more thoroughly studied.
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Introduction

Asparagine and glutamine are uniquely unstable amino acids that
spontaneously deamidate under physiological conditions.!? Deamidation can
modulate protein function,® and in some cases may be beneficial.* Nonetheless, it
is more commonly perceived as an unwanted chemical modification that is
disruptive to normal cellular function,® and is potentially a critical quality attribute
in biological therapeutics.® Regardless of the origin, deamidation represents an
important spontaneous degradation that can alter protein behavior and is
associated with numerous age-related diseases,’ including Alzheimer’s,8910

multiple sclerosis,'! prion-related encephalopathies,'? and cataracts.314

The mechanism of asparagine deamidation has been thoroughly studied,® but
glutamine deamidation is likely to follow an analogous chemical trajectory.1¢ Both
amino acids can deamidate through direct hydrolysis of the side chain, yielding the
corresponding acidic amino acid (aspartic acid or glutamic acid). However,
asparagine deamidation more commonly proceeds through a succinimide
intermediate which forms as the backbone nitrogen of the C-terminal neighboring
residue attacks the amide side chain. The resulting cyclic intermediate is
susceptible to hydrolysis at two locations, yielding the isomeric products aspartic
acid and isoaspartic acid (Asp and isoAsp). Additionally, the succinimide ring is
racemization prone,!’ therefore four potential products are possible: L-Asp, L-
iISOAsp, D-Asp, and D-isoAsp. The corresponding mechanism for glutamine

deamidation could yield a glutarimide intermediate and, in theory, could produce
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the corresponding four isomers of glutamic acid (L-Glu, D-Glu, L-isoGlu, and D-
isoGlu) as depicted in Scheme 4.1. However, experimental evidence for all four
isomers is lacking, leaving open the question as to whether D-isomers form during

glutamine deamidation.
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Scheme 4.1. Deamidation of glutamine and isomerization of glutamic acid can
both proceed through the glutarimide intermediate, potentially yielding four

isomers of glutamic acid.

Deamidation causes a mass shift of 0.984 Dalton that can be distinguished from
isotopic shifts with high-resolution mass spectrometry.'® Additionally, mass

spectrometry techniques employing electron-transfer dissociation and electron-
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capture dissociation have been utilized to identify isoAsp!® and isoGlu?° residues
by producing peptide fragments with characteristic mass-shifts. However,
deamidation and isomerization are still considered to be among the most
challenging chemical modifications to study.?! In particular, the heterogeneous
nature and chemical similarity of deamidation products has contributed to the
difficulty in identifying the specific structural perturbations responsible for protein
dysfunction. One of the most illustrative examples of the impact of deamidation
arises in RNase U2, which has long been known to lose activity as it deamidates.??
More recently, crystal structures of the native and deamidated enzymes have
revealed that the native a-helix is partially unfolded when Asn32 deamidates to
produce L-isoAsp.?> An even more pronounced loss of function has been
described in a therapeutic monoclonal antibody wherein a single iSOAsp
deactivates the entire antigen binding region.?* Recently, in vitro aging has proven
to be a valuable approach for predicting in vivo degradation.?® For these reasons,
deamidation and isomerization are important modifications in biological aging and

merit consideration when designing biological therapeutics.?%:2

Despite the growing interest in spontaneous degradation and protein aging,
glutamine deamidation studies remain sparse. Although the first report of
glutarimide formation during in vitro aging was reported nearly 3 decades ago,®
many of the subsequent aging studies have focused on asparagine deamidation
and/or aspartic acid isomerization. For instance, studies on asparagine have

elucidated the role of pH, temperature, and secondary structure, while glutamine
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remains relatively unexplored.?2° This is likely due to the timescale associated
with glutamine deamidation® and the difficulty associated with detecting isomers
via conventional proteomics. While the most rapid asparagine deamidation
reactions have half-lives of ~1 day, the corresponding glutamine deamidation has
an associated half-life of nearly 2 years.3! Still, glutamine warrants further attention
because it is known to be biologically significant, especially in extremely long-lived
proteins such as the crystallins found in the eye lens,??33 and in brain proteins
where Glu and isoGlu have recently been detected.34 Interestingly, within the lens
crystallin proteins, deamidation at specific glutamine sites has been reported to be
more abundant than nearby asparagine deamidation sites,3>3¢ although the overall
extent of asparagine deamidation remains higher.3® Unlike asparagine, some
portion of the total deamidation observed at glutamine may be due to enzymatic
activity, as tissue transglutaminase (TTG) has been associated with deamidation
and crosslinking in R-crystallins in vitro.3” TTG likely plays a role in lens aging,®
and is associated with cataractogenesis however a detailed understanding of this
enzyme is still emerging. Nonetheless, glutamine deamidation in the lens
increases with age, and it is associated with aggregation, loss of function, and

insolubility.

We have previously utilized radical-directed dissociation (RDD) in conjunction
with reverse-phase liquid chromatography to identify and characterize
isomerization and deamidation.3%4%411n a recent study on cataractous human lens

samples, we detected glutamine deamidation and were intrigued by the
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observation of tandem MS peptide fragments arising from the Glu sidechain that
appeared to diminish across a LC peak, hinting at the possibility of Glu/isoGlu
coelution.*? In this study, we develop a liquid-chromatography/mass spectrometry
approach to rapidly identify and characterize the products of glutamine
deamidation and glutamic acid isomerization. In particular, we improve on existing
techniques by providing a means for positive identification of canonical Glu as well
as isoGlu, while interfacing with a common reverse phase liquid chromatography
setup. After validating the approach using synthetic glutamic acid isomers, we
apply the technique to a series of model peptides subjected to in vitro aging. We
discuss similarities to asparagine deamidation, and aspartic acid isomerization,

and identify several important differences.

Experimental Section

Materials. Organic solvents and reagents were purchased from Fisher
Scientific, Sigma-Aldrich, or Acros Organics and used without further purification.
FMOC-protected amino acids and Wang resins were purchased from Anaspec,
Inc or Chem-Impex International. Glutamic acid isomers were purchased from
CarboSynth.

Peptide Synthesis. Peptides were synthesized manually following an
accelerated FMOC-protected solid-phase peptide synthesis protocol.*® Para-
iodobenzoic acid (41B) was attached to the N-terminus during synthesis.

Following synthesis, peptides were purified using a Phenomenex Jupiter Proteo
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C12 4 um 90 A 250 mm x 4.6 mm column. Purified peptides were stored frozen
in 50/50 acetonitrile/water (v/v).

Aging Studies. Crystallin proteins were extracted from human lens tissue and
modified with 41B as previously described.*? Briefly, human lens cortices and
nuclei were separated using a trephine before homogenization. The water
soluble and water insoluble proteins were subsequently fractionated by
centrifugation, digested with trypsin, and analyzed by LCMS. Aliquots of each
digest were modified with 4IB to facilitate RDD. Synthetic peptides were
deamidated at 37 °C in microcentrifuge tubes submerged in a sand-bath style
incubator. The initial deamidation studies were performed in 0.1M Tris buffer at
pH 7.7. Accelerated studies were conducted in 0.2M Tris with the addition of
300mM NHs at pH 8.7. The isomerization study was carried out in 0.2M
ammonium acetate at pH 5. Aliquots were collected at various time-points and
stored frozen as lyophilized powder until analysis.

Analysis. Following aging studies, peptides were analyzed via LCMS. An
Agilent 1100 binary pump was used with a Thermo BetaBasic-18 3 um C18 150
mm x 2.1 mm column interfaced to a Thermo Fisher Scientific LTQ mass
spectrometer with a standard electrospray ionization source. Samples were
eluted using water with 0.1% formic acid as mobile phase A, and acetonitrile with
0.1% formic acid as mobile phase B. Synthetic standards were prepared as ~10
MM samples in 49.5/49.5/1 methanol/water/acetic acid (v/v) and infused into a

modified LTQ linear ion trap using the standard electrospray ionization source.
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The LTQ was modified with a quartz window to allow fourth harmonic (266 nm)
laser pulses from a Nd:YAG laser to irradiate the trapped ion cloud which allows
for photoinitiated RDD.** Following photodissociation, the radical peptide
population was isolated and activated by CID to promote radical migration.
Risomer SCOres. To distinguish isomers based on fragmentation patterns, we
utilize an approach first developed by Tao et al.*® Briefly, Risomer SCOres were
calculated using equation 1 where R1 and Rz refer to the ratios of a pair of
fragment ions that change the most between two spectra. Identical fragmentation
patterns would yield an Risomer Score of 1, indicating no discrimination, while the
magnitude of the Risomer SCOre increases with larger differences between the

spectra.

R
Risomer = R_: 1)

We have previously determined that values >2.4 for RDD are statistically
significant and are indicative of isomers that can be distinguished based on

fragmentation patterns.3°

Results and Discussion

We previously identified numerous sites of isomerization and deamidation within
the crystallin proteins of the human lens.*® Our isomer proteomics approach
employs LC/MS" and RDD to access unique and structurally sensitive
fragmentation pathways which are capable of discerning peptide isomers. By
evaluating the peptide fragmentation patterns, we are often able to identify isomers

even when complete chromatographic separation is not possible. For instance,
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during the analysis of a fraction from a 72-year-old water-insoluble cortex, the 41B
modified peptide 8AVHLPSGGQYK?® from yS-crystallin was found to be heavily
deamidated at Q93, but the deamidated peak is only partially resolved
chromatographically (Figure 4.1a). Examination of the RDD data reveals that the
fragmentation pattern at the beginning of the LC peak differs from the latter scans
within the peak. In particular, the -59E and -72E glutamic acid side chain losses
are notably absent in the leading shoulder of the peak but are observed in the
trailing edge of the peak (Figure 4.1b). These side chain losses are commonly
observed for glutamic acid but cannot be generated when the side chain is
modified as in the case of isoglutamic acid (see supporting information Figure 4.S1
and reference “4¢ for additional mechanistic details.) We hypothesized that
systematic differences in the radical fragmentation behavior for glutamic acid and

isoglutamic acid could explain these observations.
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Figure 4.1. (a) The yS-crystallin AVHLPSGGQYK peptide is found to be
deamidated in 72-year-old human lens tissue, yielding a broad peak at ~54
minutes. (b) The full MS are identical, however the RDD fragmentation patterns
differ from the leading and trailing edge of the peak, indicating coeluting isomers.
Notably, the -59E and -72E glutamic acid side chain losses are absent in the

leading edge of the peak but appear in the trailing edge.

To evaluate the fragmentation patterns of glutamic acid isomers, we
synthesized all four potential isomers of 4IB-VHLGGEGYK and performed RDD
on the [M+2H]?* ions of each peptide. This synthetic peptide is derived from the
yS-crystallin peptide sequence, with modifications to the sequence to facilitate in

vitro aging (discussed below).! Figure 4.2 highlights the key differences and
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similarities between the fragmentation patterns. Fragments common to all four
isomers are labelled in black, while fragments that positively identify Glu are
labelled in blue, and those that are unique to isoGlu are labelled in red. Relative
intensities in all four spectra are normalized to the base peak, which is common to

all four isomers.
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Figure 4.2. RDD fragmentation enables unambiguous identification of Glu and
isoGlu containing peptides. Fragments common to all isomers are labelled in black.
Fragments that positively identify Glu are labelled in blue, while fragments unique

to isoGlu are labelled in red.

Several diagnostic fragments are apparent in Figure 4.2. For instance, L- and
D-Glu can be identified by the abundant Glu side chain losses labelled -59E2* and
-72E?* that are absent in the isoGlu-containing peptides. Conversely, both isoGlu

peptides produce mass-shifted backbone fragments which are characteristic of the
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unnatural ethylene group in the peptide backbone. Notably, these backbone mass-
shifts are abundantly observed in peptides derived from both N-terminal (‘as’ -
26’and ‘as - 14’) as well as the C-terminal (s’ + 14’ and ‘x3 + 26’) fragments. This
observation is useful because fragment ions may be favored for one terminus in a
typical LCMS run (i.e. C-terminal fragments are more commonly observed for

tryptic peptides). Full spectra are provided in the supporting information.

The fragments observed in Fig. 2 arise from radical migration pathways
localized at the Glu and isoGlu residues and are therefore expected to be largely
sequence independent. RDD pathways that would yield the observed fragments
are illustrated in Scheme 4.2. Migration of the initially formed radical to the B-
carbon position of canonical Glu (depicted in red in Scheme 4.2a) leads to
formation of normal a/x ions following B-scission. However, for isoGlu peptides, the
B-carbon of the new side chain no longer contains an abstractable hydrogen.
Instead, fragmentation at isoGlu is mediated by radical migration to the a-carbon
and y-carbon positions, which produces fragmentation within the unnatural
backbone. Abstraction of the a-hydrogen leads to cleavage between the two
ethylene carbons, yielding ‘a - 14’ and ‘x* + 14’ backbone fragments (Scheme
4.2b). Alternatively, y-hydrogen abstraction facilitates cleavage between the
backbone ethylene and the a-carbon, producing x* + 26’ and ‘a’- 26’ fragment ions
as depicted in Scheme 4.2c. In both cases, the fragments are unique to isoGlu
containing peptides and pinpoint the location of the unnatural backbone

modification.
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Scheme 4.2. (a) Radical fragmentation pathways depict formation of an a-type and
x'-ion pair at the canonical Glu residue following B-hydrogen abstraction. (b,c)

Lacking a B-hydrogen, isoGlu residues yield mass-shifted a- and x-type ions

following a- or y- hydrogen abstraction.

After establishing the mechanism for isomer discrimination, we aimed to test the

utility of this approach by aging Gln containing peptides in vitro. 41B-VHLGGQGYK
(referred to as GQG) was aged in 100 mM Tris buffer at pH 7.7, 37 °C and

monitored by LCMS. The chromatogram in Figure 4.3a depicts the 176-day (~6
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month) aging time-point where the glutamine-containing precursor peak at ~44
minutes is followed by two deamidated product peaks. After 176 days, the peptide
is 19.6% deamidated, corresponding to a half-life of 559 days, which is comparable
to aging studies under similar conditions.! Of the deamidation products, the Glu
peak represents 5.5% of the total peptide signal, while the isoGlu peak represents
14.1%, yielding a ratio of 2.6 which parallels previous observations for asparagine
deamidation where ring cleavage favors the formation of the unnatural isomer (i.e.
isoAsp or isoGlu).*® The aging experiment was repeated after increasing the pH to
8.9 with ammonia, which is known to accelerate asparagine deamidation’ without
significantly altering the product profile.#! The results are shown in Figure 4.3b,
and the deamidation reaction is found to be greatly accelerated for glutamine as
well. After just two weeks, the peptide is 9.4% deamidated, representing a 12-fold
increase in rate relative to Tris alone. Interestingly, the isoGlu:Glu ratio is slightly
elevated to 3.3 in the accelerated sample, suggesting that direct hydrolysis (which
cannot form isoGlu) may contribute more to deamidation over the longer 176-day
period. To confirm the deamidation product identities, RDD was employed
continuously throughout the LCMS run. The characteristic fragmentation pattern
of the first deamidated peak is shown in Figure 4.3c where the -59E and -72E
fragments confirm the presence of the canonical Glu residue. Conversely, the
second deamidated peak generated the diagnostic isoGlu mass-shifted backbone

fragments, as shown in Figure 4.3d. Full spectra are available in the SlI.
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Figure 4.3. (a) Incubation of the 4IB-VHLGGQGYK peptide yields 19.6%
deamidated products after 176 days. (b) Addition of ammonia greatly accelerates
the deamidation process, yielding 9.4% deamidation within 14 days. (c) RDD
confirms that the leading deamidation peak contains the canonical Glu residue,

while the latter peak contains the isoGlu product.
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The amino acid residue immediately C-terminal to glutamine or asparagine is
known to strongly influence the ring formation rate.! To expose the impact of ring
formation kinetics on the deamidation products, we incubated 4I1B VHLGGQAYK
and 4IB VHLGGQSYK (referred to as GQA and GQS respectively) in ammonia
accelerated tris buffer. The deamidation results after 127 days are shown in Figure
4.4. To simplify comparisons, the accelerated 41B VHLGGQGYK deamidation
results are repeated in Figure 4.4. Interestingly, the product profile is inverted; the
GQA peptide preferentially yields the canonical Glu product, while isoGlu is a minor
product. A nearly identical product ratio is observed for the GQS peptide. In the
case of the GQS peptide, only one product peak was observed via LCMS however
the RDD spectra contained -59E and -72E side chain losses indicative of Glu in
addition to the shifted a-type and x-type backbone fragments unique to isoGlu. The
presence of both sets of fragments indicates that the deamidation products are
coeluting, which is unsurprising given the close chemical similarity of the peptide
isomers and further highlights the challenge in characterizing deamidation
products via liquid chromatography. The product ratios were deconvoluted based
on calibration curves for the diagnostic isoGlu fragments. Additional details and

data are available in the SI.
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Figure 4.4. Relative deamidation product ratios following ammonia accelerated
deamidation for 4IB-VHLGGQGYK (t=14d), 4I1B-VHLGGQAYK (t=127d), 4IB-

VHLGGQSYK (t=127d).

Interestingly, the GQG peptide which parallels asparagine deamidation results
by preferentially generating isoGlu seems to represent an exception among this
set of glutamine containing peptides. Both the GQA and GQS peptides, which are
considerably slower to deamidate, predominately produce the canonical Glu
residue. We attribute this difference primarily to the local flexibility afforded by the
GQG peptide which is flanked by glycine on either side, and may therefore facilitate
ring formation. While asparagine deamidation is known to proceed primarily
through the succinimide intermediate, direct hydrolysis has previously been found
to be a competing pathway in glutamine deamidation, especially as the bulkiness
of the neighboring amino acids increased.! Because alanine and serine are among
the least bulky side-chain neighbors, we did not expect to observe significant levels

of direct hydrolysis in the GQA and GQS peptides, however the isoGlu products
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are clearly disfavored. This reveals that even in the presence of ammonia which
greatly accelerates ring formation, direct hydrolysis remains a competitive pathway
for glutamine deamidation in all but the most flexible peptides. This finding may
help explain why isoGlu has remained so difficult to identify in biological samples,

despite the comparatively common observation of glutamine deamidation.

As a final comparison between Glu and Asn deamidation, we were interested in
exploring the potential of D- isomer production during glutarimide formation. The
succinimide ring formed during asparagine deamidation is known to be
racemization prone,!’ yielding D-isomers with ~10% relative abundance
independent of peptide sequence and deamidation rate.*! Clarke and Houk
previously rationalized the formation of D- isomers by comparing the proton affinity
of the succinimide a-carbon using ab initio quantum mechanics calculations
(RHF/6-31+G*) and density-functional theory (B3LYP/6-31+G*)!” where they
found the succinimide to be 18 kcal/mol more acidic than its amide counterpart,
corresponding to a pKa shift of 10.8 pH units. A comparable effect is expected for
the glutarimide ring which is chemically similar. To evaluate this possibility, L-
isoGlu and D-isoGlu synthetic standard were used to construct a calibration curve.
Plotting the fragmentation pattern observed for the 41B-VHLGGEGYK isoGlu peak
after 37 days under accelerated conditions corresponds with 86% L-isoGlu (see
Figure 4.S5 in the Sl). The differences in fragmentation between the L-isoGlu and
D-isoGlu are subtle, this coupled with the low overall signal observed for the

deamidated products makes quantitating the chiral isomers exceptionally
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challenging. As such, there is a non-negligible amount of error associated with the
measurement. Nonetheless, the fragmentation data suggest that the level of
racemization occurring during glutamine deamidation is comparable to previous

observations with asparagine deamidation.*!

Although we only detected racemization for the isoGlu products of the GQG
peptide, we cannot rule out the possibility of racemization occurring within the other
sequences. The isoGlu products of the GQG sequence are likely to produce the
largest quantity of D- isomer products and are therefore easiest to detect. This is
based on the mechanistic reasoning that all of the isoGlu products are derived from
the ring (where racemization is most likely to take place), while only some of the
Glu product arises from the ring (with the remainder arising from direct hydrolysis).
Furthermore, the GQG sequence produced the most isoGlu among the sequences
we examined; the greater overall signal is beneficial for detecting the small fraction

of D-isomers present.

Given the similarities to the succinimide pathway, which can be accessed from
both Asn and Asp, we considered the potential of glutamic acid isomerization via
the glutarimide intermediate. Drawing from the known pH dependence of
asparagine deamidation (which is favored under neutral to basic conditions)*” and
aspartic acid isomerization (which is favored under acidic conditions),*® we
incubated 41B-VHLGGEGYK in ammonium acetate, at pH 5. The aging data
following 2 months of incubation (61 days) is shown in Figure 4.5.

Chromatographically, only one peak is observed (Figure 4.5a), suggesting that no
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isoGlu has formed within this timeframe. During the majority of the peak, only one
species is present in the full mass spectrum at 595.2 m/z, matching the doubly
protonated L-Glu precursor (Figure 4.5b left panel), however a minor second peak
appears at 586.2 m/z (-18Da) toward the trailing end of the peak (Figure 4.5b right
panel), consistent with the observation of the glutarimide ring. To verify the identity
of the -18 Da peak, we performed RDD (Figure 4.5c). The -18 Da loss is found to
be localized on peptide fragments which contain the Glu residue, as expected
following formation of a glutarimide ring. Notably, this reaction was found to
proceed ~37x slower than the corresponding deamidation reaction at pH 7.7. This
confirms that Glu can form the glutarimide ring in an analogous manner to Glin,
and establishes another parallel between the two aging processes. It is expected
that same combination of isomers would be produced following the re-opening of

this glutarimide ring, which is identical to that produced during deamidation.
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Figure 4.5. Aging results for 4IB-VHLGGEGYK peptide under acidic conditions.
(a) Only one peak is observed by LCMS, suggesting that no isoGlu has formed
within 61 days. (b) Trace amounts of a coeluting species at -18 Dalton, consistent
with the glutarimide, is observed during the trailing edge of the main peak. (c) RDD

fragmentation confirms the presence of the glutarimide intermediate.

Conclusion
Asparagine and glutamine deamidation share many similarities and have been

grouped together as nearly equivalent aging processes, but our in vitro aging
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studies have revealed important differences. As previously reported with
asparagine, ammonia is effective at accelerating glutamine deamidation. Yet,
glutamine peptides are found to be more variable in terms of the product profiles
which seem to be more strongly influenced by primary sequence (and likely
flexibility). Even under accelerating conditions, direct hydrolysis was found to be a
competitive process and may account for a larger percentage of the overall
deamidation at glutamine. Nonetheless, it is clear that isoGlu merits consideration
for certain sequences (i.e. QG motifs) or otherwise flexible regions in extremely
long-lived proteins. Ultimately, RDD was found to excel at discriminating Glu from
isoGlu, with positive identifications enabled by the -59E and -72E fragments which
are unique to the canonical Glu side chain, and mass shifted backbone fragment
pairs at ‘x’+ 14’ and ‘x+ 26’, and ‘as"- 26’ and ‘a - 14’ which can be used to pinpoint
the location of an isoGlu residue. Additionally, we have demonstrated that the level
of isoGlu in an aged sample can be quantitatively assessed post hoc by use of a
calibration curve. While the combination of ammonia acceleration with RDD-based
isomer characterization is poised to enable more comprehensive in vitro aging
studies, the technique may prove most useful in the analysis of complex aged
human tissue such as the eye lens and brain where long-lived proteins are
abundant and often highly deamidated. RDD benefits greatly by enabling positive
identification of both Glu and isoGlu through orthogonal fragmentation channels,

and in a way that is directly applicable to shotgun proteomics.
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Supporting Information

Radical Fragmentation Pathways:
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Figure 4.S1. The -59E and -72E side chain losses associated with glutamic acid
in radical directed dissociation arise from a-hydrogen and y-hydrogen abstraction.

These side chain losses are not possible in isoglutamic acid.
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Full RDD spectra:
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Figure 4.S2. Full RDD spectra for the 41B-VHLGGEGYK isomer standards. Label

colors match Figure 4.2 in the main text.
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Figure 4.S3. RDD spectra for the leading and trailing edge of the deamidated

product peak generated upon incubation of 41B-VHLGGQGYK for 127 days. The

diagnostic fragments confirm the presence of both Glu and isoGlu.
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Figure 4.S4. The RDD spectra averaged across the coeluting deamidation product

peak for the 41B-VHLGGQSYK peptide contains both sets of diagnostic fragments,

revealing the presence of both Glu and isoGlu.

118



O < n
- <t - O
3 3 . O LN S
O -3 O >[N O \
[ap} 2 = \
lmm o (0] '\
Q0 <3 }
@] N »n N~ N
M~ o - 5 e 0
e SN N
=) m o ﬂv \
2G WU;M o = \nIHl < ./
N 40 W;G = o \
o L oy o ~NE Y
N 6 3 ~ \
- n_mu ..l |m
o A
| W/_, S = \
h|._u AN
-~ A
[qV] —..
5 L
.,.r N
L O L © \
3 Y N \
’r—
Al
f T T T I T T T : : __. o
o m _.nnw % (=2 -] o o Te] Lo ] Te) o o o o o

o o ~ 0 « M~ o0 N

On_v
0 3 2 1
11 1 1 wocmcsms_mw
- mo:mncsp<m>:m_mm o 9PUEPUNQY SANBISY -eouepunqy dAleleY o n@%wm ejoy

119

% isoGlu



Figure 4.S5. Ammonia accelerated deamidation results for (a) 41B-VHLGGQGYK
(t=14d), (b) 4IB-VHLGGQAYK (t=127d), (c) 4IB-VHLGGQSYK (t=127d). (d) A
calibration curve based on RDD fragmentation can be used to characterize the

coeluting Glu and isoGlu isomers produced by the GQS peptide (red circle).
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Figure 4.S6. Calibration curves for each diagnostic fragment produce consistent
results when evaluating the amount of isoAsp in the GQS deamidated product

peak. Avg iSOAsp = 17.48%, stdev = 1.45%.

To assess the product ratios in the GQS peptide, we generated calibration
curves which plot the abundance of each isoGlu diagnostic fragment ion as a
function of isoGlu concentration. The curve depicting the ‘as’ - 26’ fragment is
shown in Figure 4.56. The deamidated product peak produces the diagnostic ‘as’
- 26’ fragment ion with 3.5% relative abundance, indicating that the peak contains
19.2% isoGlu. The average value obtained from the four diagnostic fragment
curves is 17.48% with a standard deviation of 1.45%. Accounting for the relative
peak area, this corresponds to a total product profile of 21.2% Glu and 5.0% isoGlu
in the 127-day aged GQS sample and an isoGlu:Glu ratio of 0.23, similar to the

0.24 ratio observed for the GQA peptide.
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Figure 4.S.5. RDD fragmentation patterns for synthetic forms of 41B-VHLGGEGYK
in the L-isoGlu form (a) and D-isoGlu form (b) with significant differences in the
relative abundances of the as-14 and -106Y fragments. The RDD fragmentation
for the LC peak corresponding to the isoGlu products following deamidation of the
41B-VHLGGQGYK peptide (c). A calibration curve quantitates the level of L-isoGlu
within the LC peak by plotting the difference/sum of the relative abundance for the

two diagnostic peaks (d).

The fragmentation patterns of L-isoGlu synthetic standard were compared with
the D-isoGlu standard (Figures S.5a,b) for 41B-VHLGGEGYK. For this peptide, the
as-14 and -106Y (tyrosine side chain loss) fragment ion abundances differ at a

subtle, but statistically significant level. Comparing the ratio of these two peaks
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between the L-iso and D-iso standards yields an Risomer Score of 3.0 which is above
our threshold of 2.4 to differentiate two isomers. Importantly, the fragmentation
pattern obtained for the deamidated isoGlu product LC peak is not an exact match
to either pure standard, consistent with isomer coelution (Figure 4.S.5c). To
guantify the amount of L-isoGlu and D-isoGlu, we generated a calibration curve by
plotting the difference divided by the sum of the two fragment ion abundances that
yield the Risomer SCcOre (Figure 4.S.5d). The fragmentation pattern reveals that the
LC peak contains 86% L-isoGlu, and 14% D-isoGlu which is comparable to the

levels of racemization detected in previous studies on asparagine deamidation.
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CHAPTER 5

Concluding Remarks

Aging is an inevitable phenomenon which has daunted mankind since the
dawn of history and has inspired stories of a mystical fountain of youth which date
back thousands of years. Despite this longstanding interest, the molecular
underpinnings of aging remain enigmatic. Many of the recognized aging processes
are elusive and analytically challenging to assess. As the instrumental tools for
exploring such pathways continue to advance, the development of appropriate
methodologies promises to be a fruitful endeavor that will offer rewarding insight
into natural biological systems while also providing a framework to guide

biomolecular engineering.

Briefly, we have capitalized on the structural sensitivity associated with
radical migration through the development and utilization of radical directed
dissociation, which takes places following photodissociation inside an ion trap
mass spectrometer. This capability, when coupled with liquid chromatography, has
allowed us to fully characterize the isomeric products of deamidation and
isomerization. In doing so, we established baseline product profiles associated
with succinimide ring cleavage. This information allowed us to identify common
laboratory practices and conditions that promote racemization, provided
mechanistic insight into the deamidation process, and further allowed us to validate

approaches toward accelerating in vitro aging studies as outlined in chapter two.

127



We followed up our initial studies by exploring the even more enigmatic
process of glutamine deamidation. We outline the mechanistic underpinnings that
lead to diagnostic fragmentation channels, allowing for facile discrimination of Glu
and isoGlu residues. Furthermore, we outline several similarities between
asparagine and glutamine deamidation, however we also identified several key

differences.

Finally, the scope of our radical based technique was expanded in chapter
three to evaluate a comprehensive family of isomeric carbohydrates. This work
establishes a framework for glycan identification using radical chemistry.
Importantly, we demonstrate that a commercially available mass spectrometer is
capable of benefitting from radical chemistry and outline a path toward bridging the

closely related but often isolated fields of proteomics and glycomics.

Ultimately, we have employed mass spectrometry as an exceptionally
informative stand-alone approach, but also benefitted greatly by pairing it with
orthogonal and complementary techniques. Our recent aging studies have opened
exciting new avenues for isomer proteomics that are poised to continue to make
meaningful contributions to our rapidly expanding appreciation of molecular and

human aging.
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