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Abstract

IDENTIFICATION OF PROTEOLYTIC CLEAVAGE AND ARGININE MODIFICATIONS BY
CHEMICAL LABELING AND MASS SPECTROMETRY

Maheshika S.K. Wanigasekara, PhD

The University of Texas at Arlington, 2017

Supervising Professor: Dr. Saiful M. Chowdhury

Post-translational modification of proteins plays a significant role in the regulation of
cellular processes. During the translation, process proteins undergo different modifications,
which are known as post-translational modifications (PTMs). Due to their low abundances, PTM
analysis presents several challenges; therefore, efficient and sensitive PTM detection methods
are required. Arginine is an essential amino acid in a cell, which undergoes several kinds of
PTMs. Finding these functional arginine residues in a protein is a challenging task. The task
was successfully addressed, and the findings are not only reported herein, but an assessment
was recently reported covering the new chemical labeling methods developed for identifying
functional arginine residues of proteins by comparing two widely used arginine labeling
reagents—1,2-cyclohexanedione (CHD) and phenylglyoxal (PG). This dissertation combined the
author's and her research team’s previous studies with bio-orthogonal chemistry and
guantitative mass spectrometry-based proteomics to develop a new approach for the selective
enrichment of reactive arginine residues in proteins in complex samples. The primary
achievement was the development of a novel arginine-specific, azide-tagged CHD analog,
which enables labeling of reactive arginine residues for further studies. For large-scale samples,
the workflow from this labeling process is adaptable for gel-based pre-separation. This research
established a promising strategy for the effective profiling of reactive arginine residues in large-
scale studies. N-terminal modifications of proteins can interpret the functions and stability of

proteins, affecting their expression, activation, or degradation. Moreover, selective enrichment



of N-terminal peptides from a complex mixture is a difficult challenge in the proteomics field.
Currently we are working with two novel reagents, which have innovative properties to enrich
the N-terminal peptides and to generate marker ions from the N-term-labeled peptides during
tandem mass spectrometry. These studies will significantly contribute to proteomics and to

further research in the bio-analytical mass spectrometry field.
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Chapter 1

Introduction
1.1 Thesis Organization
During the past few decades, mass spectrometry-based methods have become an important
technique to identify post-translational modification. Determination of post-translational
modifications helps to identify the molecular functions of the proteins. After chemical
modification followed by trypsin digestion, the peptide mixture is analyzed by liquid
chromatography (LC) with a full-scan tandem (MS/MS) mass spectrometry mode (LC/MS/MS).
The mass addition can signify a protein modification in the MS analysis. The peptides generated
are then fragmented in the tandem mass spectrometer to yield fragments that can be matched
to protein amino acid sequences to characterize the specific peptide. This dissertation is
focused on identification of proteolytic cleavage and arginine modifications by chemical labeling
and mass spectrometry. The dissertation has a total of four chapters. The first chapter describes
the basics of the proteomics and the mass spectrometric field. Chapter 2 focuses on the
evaluation of chemical labeling methods for identification of functional arginine residues in
proteins by mass spectrometry. The continuation work mentioned in chapter 2 is further
discussed in chapter 3 with the newly synthesized arginine reactive enrichment reagent.
Chapter 4 traces the development of a novel mass spectrometry- cleavable reagent that
enables identification of the proteolytic cleavage approach. Chapter 5 presents a general

summary of this work and discusses future directions of the projects featured in this dissertation.

1.2 Post-Translational Modifications

Protein biosynthesis occurs in ribosomes. It begins at the DNA level. After the translation, step
amino acid residues in the proteins undergo modifications known as post-translational
modifications (PTMs). PTMs refer to the covalent processing of proteins. The term denotes not

only the changes of the protein chain due to the addition or removal of chemical moiety to the



amino acid residues but also the proteolytic cleavage, the process of breakdown of proteins into
smaller polypeptide chains or amino acids as another type of PTM.! PTMs play a crucial role in
many intracellular processes such as protein-protein interactions, cell signaling, cell division and
many cellular processes, which affect protein stability, structural integrity, metabolism etc.?
There are more than 200 PTMs that have been identified, which may affect the diverse
functions of proteins.® The analysis of proteins and their PTMs is particularly important for the

study of diseases diagnostics and prevention.*® Table 1-1 shows the most common PTMs, the

modified amino acid residue, and mass addition.

Table 1-1 Most common PTMs

Type of PTM Modified Amino Acid Mass Addition (Da)
Residue
Phosphorylation Tyr(W), Thr(T),Ser(S) +80
Methylation Arg(R), Lys(K) +14
Oxidation Met(M) +16,+32

Acetylation N-terminus +42
Nitration Tyr(W) +45
Deamidation Asn(N),GIn(Q) +1

Arginine
Modification

Figure 1-1 Common post-translational modifications (PTMs)




PTMs have been traditionally identified by Edman degradation, Western blotting & amino acid
analysis.” Over the past several decades technological innovations have positioned mass
spectrometry (MS) as an indispensable tool to analyze PTMs.® Despite the availability of
versatile mass spectrometry-based techniques, PTM analysis is still a challenging task. MS
offers many advantages for characterization of PTMs, including (i) high sensitivity, high
resolution, and high mass accuracy, (ii) the ability to identify the specific site of modification and
(i) to facilitate detections of PTMs in complex mixtures of proteins, as well as (iv) to quantify the
abundance of PTMs. The modification can be defined by the comparison of mass changes.

This dissertation is focused on Arginine modification and proteolytic cleavage.

1.3 Proteins

Proteins are macromolecules in the human body. Amino acids are the building blocks of protein,
which form when the two amino acids linked through the peptide bonds. Amino acid consists of
an amine group (NH,), carboxylic group (COOH), variable R group as the side chain, and a
hydrogen atom attached to the central carbon atom (Figure 1). The simplest amino acid found
with hydrogen as the R group is glycine. The R groups are what make the different amino acids

with different substituents.

H H (0

C C OH

Side Chain

Carboxyl Group

Amino Group

Figure 1-2 Basic structure of an amino acid
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There are 20 essential amino acids identified in the human body. Protein structures are
classified under four different types. The linear sequence of the amino acids make the
polypeptide chain refer to the primary structure. The secondary structure represents the
structural conformation of the amino acids. There are two main types of secondary structures,
the alpha (a) helix structure and the beta (B) pleated (or folded) sheet, depending on the pattern
of hydrogen bonds between the amine hydrogen and carbonyl oxygen atoms in the peptide
backbone. The a-helices are right-handed, coiled structures which are stabilized by hydrogen
bonds as well B-sheets, which come in two forms—parallel 3-sheets where the strands are
pointing in an identical direction and in the anti-parallel B-sheets which point in opposite
directions. Folding of the secondary structure leads to the 3D structure of the protein known as
tertiary structure. Hydrogen bonds, ionic bonds, hydrophobic interactions and disulfide bonds
offer a stability which holds the tertiary structure protein together. Protein quaternary structures
exist with multiple polypeptide chains known as subunits. In addition, it defines the folding and

arrangement of these subunits.

1.4 Arginine

In the early 19" century, few amino acids had been discovered. Asparagine was the first amino
acid discovered in 1806 when French scientists, Louis-Nicolas Vauquelin and Pierre Jean
Robique, isolated it from asparagus juice. In 1886 Arginine was discovered by a German
chemist Ernst Schultze, who isolated it from a lupin seedling extract. The basic structures of
arginine contain an amino group at the N-terminal and a carboxylic group at the C-terminal; the
side chain consists of a three-carbon aliphatic chain with a guanidine group. In physiological

conditions, the guanidine group exists as a protonated ion with a pKa value of about 13.6.



NH O

HQNJ\

H OH
NH»

Figure 1-3 Structure of arginine amino acid

1.5 Arginine PTMs

In both prokaryotes and eukaryotes, the arginine residues, which are embedded in the proteins
having Post-translational modifications (PTMs) have been considered potential targets for
biomarkers. Under current studies researchers have identified four enzymatic PTMs such as
methylation, phosphorylation, citrullination and ADP-ribosylation, which are highly regulated
during normal cellular functions.®'® Two non-enzymatic PTMs known as carbonylation and
advanced glycation end products (AGE) which affect human aging causing the loss of activities
in metabolites.”” The most widely studied arginine PTM is methylation. Modifications of arginine
residues can affect several cellular processes where the unique structure of arginine with its
positively charged guanidine group tends to network with other proteins and nucleic acids by
forming hydrogen bonds."

In general, the positional proteomic workflow as an enrichment strategy can be a positive
selection or negative selection. In early studies, the protein termini were modified with a tag
which enabled a targeted enrichment of the pool of digested peptides. Later, researchers
worked with the newly generated termini and followed their depletion, which resulted in

enrichment of the target termini.***°



1.6 Proteolytic Cleavage

A crucial problem we are facing today is cellular protein modifications, which change the protein
structure and function by driving many intra- and extracellular events. Edman degradation is
used for N-terminal sequencing of proteins by serially removing one residue at a time from the
N-terminal end of each protein and identifying the N-termini. This method cannot be utilized for
sequencing the N-terminally blocked proteins. Sensitivity can be achieved by using radioactive
reagents. Nevertheless, the radioactive waste needs careful disposal methods, and these
methods are vulnerable due to significant amounts of required material and the inability to
identify infrequent PTMs.*® The key determinants for analyzing N-terminal sequences are found
in the evaluation of the potential cleavage of N-Terminus, the evaluation of protein degradation,
the ability to identify proteins or peptides and peptide sequencing to determine amino acid
sequence changes in selected peptides. Analysis of the N-termini of proteins is essential for the

identification of target proteins and for understanding their roles in cell.

N-termini Proteolysis Enrichment - LC-MS/MS
Labellng
Labeled Labeled
' Peptlde

Figure 1-4 — Schematic diagram of positional proteomics workflow

Recently several methods have been reported to isolate the N-terminal peptides. These
methods need multiple analyses that require time consuming purification each protein from a
complex protein mixture with low sensitivity. During or after the translation of protein synthesis,
proteolysis in the body is involved in the complicated process, which regulates intracellular and
extracellular signal transduction. This may cause removal of the N-terminal methionine and
signal peptide. Removal of signal peptides will generate new N-termini. Several studies have

found ways to isolate the N-terminal peptides by MS coupled with gel separation and blotted



proteins. Gevaert et al. developed a peptide isolation method based on diagonal electrophoresis
and diagonal chromatography.'’ Recent publications on N-terminal peptide enrichment methods
involve disulfide bond reduction and alkylation of proteins followed by the maodification of lysine
residues to homoarginine via a guanidination reaction. The capture of N-terminal peptides is
achieved by tryptic digestion followed by direct or reverse purification of original and newly
formed N-terminal peptides by immobilized amine reactive reagents. This research focused on
direct and reverse N-terminal purification strategies by the performic acid oxidation of the
disulfide bonds as well as reduction and alkylation with dithiothreitol and iodoacetamide. A
classical bottom-up workflow was used where the protein was digested with a protease enzyme

and resulting peptides were analyzed by tandem mass spectrometry.

1.7 Mass Spectrometry

Mass spectrometry is an extremely useful analytical technique, which plays a major role in the
proteomic field. A mass spectrometer can generate multiple ions from the analyte of interest and
then sort them according to their specific mass-to-charge ratio (m/z) for detection in proportion
to their abundance.'® In 1912, Joseph John (J.J) Thomson invented first mass spectrometer.®
Initially the apparatus was used to measure the atomic weight of elements and to record the

natural relative abundance of elemental isotopes by physicists. A mass spectrometer is

composed of three main components: an ion source, a mass analyzer and a detector.

Figure 1-5 Schematic of the main components of a mass spectrometer
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The system provides a vacuum chamber, where ionization occurs. The gaseous ions then move
into and electric field where ion sources change them into charged molecules. The most
common ion sources are electrospray ionization (ESI) and matrix assisted laser
desorption/ionization (MALDI). In my experiments, | used both the MALDI-QIT-TOF, where ions
formed an ion source inside the vacuum, and the LTQ Velos Pro dual-pressure ion trap, which
uses an atmospheric pressure ion source. Both ionization techniques provide soft ionization
methods, which do not fragment the sample analyte. Therefore, these two techniques are ideal

to analyze biological samples such as proteins, lipids, nucleotides etc.?*?!

1.8 Soft lonization Methods

Matrix-assisted laser desorption ionization (MALDI) is the most widely employed soft ionization
technique in mass spectrometric analysis. In 1985, Franz Hillenkamp, Michael Karas, and their
coworkers invented the technique.???® In 2002, Koichi Tanaka received the Nobel Prize in

Chemistry for his contribution towards the development of soft ionization methods.?*

The sample is uniformly mixed with the appropriate matrix. After mixing, the spotted sample is
co-crystallized. A focused laser beam irradiation causes the vaporization of matrix which
provides nondestructive vaporization of the sample analyte. Matrices are organic compounds
having low vapor pressure and low molecular weight with volatile properties. Depending on the
type of molecules being analyzed, it is very challenging to choose the best matrix. The matrix
can be 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA) and 3,5-

dimethoxy-4-hydroxycinnamic acid (sinapinic acid).

A MALDI ionization source can be paired with different types of mass analyzers. The simplest
device is the linear TOF mass analyzer. A TOF mass analyzer consists of ion acceleration,

focusing optics, and a flight tube, which will accelerate the set of ions’ journey to the detector.



TOF analysis is based on the measured m/z ratios of ions based on time it takes for ions to fly

into the analyzer and strike the detector.

Laser Irradiation

Desorption Desolvation @ ®

—*—o.‘

® Matrix @ Sample

Figure 1-6 Simple flow chart of matrix-assisted laser desorption ionization (MALDI) in mass
spectrometry

The figure is adapted from http://nptel.ac.in/courses
Electrospray lonization (ESI)

ESI is a very powerful soft ionization technique, which will not fragment the analyte of interest
where we can analyze the intact molecular ion.?>?® This can be easily coupled with the high-
performance liquid chromatography (LC) system. So, this is known as an ideal technique to
analyze different types of biological samples. ESI involves spraying a sample solution through a
capillary. Before delivering the ions into the mass spectrometer, with the help of the electrical

2728 35 shown in Fig. 1-

energy, the ionic species in solution are converted into a gaseous phase,
7. High voltage was applied in between the electrospray tip and the counter electrode. This
allows the spraying of charged droplets from the end of the tip with a surface charge of the
same polarity to the charge on the tip. Because the same charges repel each, other charged

droplets repelled from the electrospray tip towards the counter electrode end up forming a

Taylor cone. During this time, the sample droplet shrinks until it reaches the point where the



surface tension can no longer bear the charge at which point Coulombic repulsion occurs and
the droplet fission (Coulombic explosion as noted in Fig. 1-7) leads to the formation of smaller

droplets (a plasma of ionized atomic particles).
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Figure 1-7 Electrospray ionization method in mass spectrometry

This figure is adapted from http://www.bris.ac.uk

These atomic particles can either be singly or multiply charged. Their emitted ions are collected
by a skimmer and delivered to the mass analyzer. During this acceleration time the charge

droplets are going through pressure gradient and potential gradient in the analyzer region.
1.9 lon Activation

Tandem mass spectrometry is also known as the MS/MS studies which can be used for
structure determination of molecules. In proteomics field peptide sequencing is widely applied. It
facilitates characterization of protein structures and the PTMs associated with the proteins.
There are several ion activation methods. In CID the ion activation takes place when the

selected ions collide with neutral gas in the collision cell.?"?%3
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Figure 1-8 Interpretation of b and y ion formation in peptides

Peptide fragmentation nomenclature was introduced by Roepstorff and Fohlman in 1984.%
Alphabet numbers are used to denote the fragment ions based on the cleavage in the peptide
backbone relative to N-terminus or C-terminus. In collision induced dissociation (CID)
fragmentation, the C—N bond cleaves and yields by fragment ions. AS depicted in the Figure 1-8
the numerical subscript represents the number of amino acids in the fragment ions. CID
fragmentation dominates the other fragmentation techniques. Electron activation methods like
electron transfer dissociation (ETD) are responsible for generating c- and z-type fragments by
cleavage at the N-Ca bond in the peptide. For large-scale evaluation, multiple activation

methods can be performed for the further confirmation.

1.10 Mass Analyzers

A mass analyzer is the heart of the mass spectrometer component that separates the ionized
ions and is based on charge-to mass-ratios. Among the many applications of mass
spectrometry, the ones that are encountered the most are quadrupole mass analysis, time of
flight mass analysis and ion trap mass analysis. In proteomics analysis, common ion-trapping
mass analyzers are used. There are two key trapped-ion mass analyzers: dynamic trapping

mass analyzers with 3D quadrupole ion traps, and static trapping mass analyzers, i.e., ion

11



cyclotron resonance mass spectrometers. Consequently, both operate on the same principle of

storing ions in the trap and ejecting them via DC and RF electric fields in a series of timely

varying manners. Both have their own advantages and limitations. Both can provide high resolution and

high sensitivity. The drawback is ion decomposition due to spending more time in the trap, which can

also lead to undesirable interactions. Thus, tandem mass spectrometry studies have been established

with various types of mass analyzers depending on the type of application.

32-35

Table 1-2 Comparison of the characteristics of commonly used mass spectrometers in
proteomics studies

Mass
accuracy Mass MS/MS Dynamic
Instrument | lon source (ppm) Resolution range Capability Range
50-2000,
LTQ ESI 500 2000 200-4000 MS™*3 1E3
Q-q-Q ESI 1000 1000 10-4000 MS™*3 1E4
Q-q-LIT ESI 500 2000 5-2800 MS/MS 6 E6
No upper
TOF MALDI 20 20000 limit MS™*3 4E6
Fragmentation
achievable by
No upper | post-source-
TOF-TOF MALDI 20 20000 limit decay 1E4
No upper
Q-g-TOF ESI/MALDI 20 20000 limit MS/MS 1E4
50-2000,
FTICR ESI/MALDI 2 750000 200-4000 MS"™13 1E4
ESI/MALDI 50-2000,
Orbitrap 5 1000000 | 200-4000 MS"™*3 1E3

1.11 Detectors

After the mass separation, the ionized molecules are accelerated toward the detector where
they were detected and later converted into a digital output. There are various detectors used in
mass spectrometry. The most frequently used detectors are the electron multiplier detector,

conversion dynodes, and the Faraday cup collector.
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Chapter 2
Evaluation of chemical labeling methods for identifying functional
arginine residues of proteins by mass spectrometry

2.1 Abstract

Arginine residues undergo several kinds of post-translational modifications (PTMs). These
PTMs are associated with several inflammatory diseases, such as rheumatoid arthritis,
atherosclerosis, and diabetes. Mass spectrometric studies of arginine-modified proteins and
peptides are very important, not only to identify the reactive arginine residues but also to
understand the tandem mass spectrometry behavior of these peptides for assigning the
sequences unambiguously. Herein, we utilize tandem mass spectrometry to report the
performance of two widely used arginine labeling reagents 1,2 cyclohexanedione (CHD) and
phenylglyoxal (PG) with several arginine-containing peptides and proteins. Time course labeling
studies were performed to demonstrate the selectivity of the reagents in proteins or protein
digests. Structural studies on the proteins were also explored to better understand the reaction
sites and position of arginine residues. We found that CHD showed better labeling efficiencies
compared to PG. Reactive arginine profiling on a purified albumin protein clearly pointed out the
cellular glycation modification site for this protein with high confidence. We believe these
detailed mass-spectrometric studies will provide significant input to profile reactive arginine
residues in large-scale studies; therefore, targeted proteomics can be performed at the short

listed reactive sites for cellular arginine modifications.
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Figure 2-1 Graphical abstract

2.2 Introduction

Post-translational modifications (PTMs) are a series of covalent procedures that process
proteins. These procedures result in the cleavage of amino acid sequences as well as an
addition or removal of chemical moieties to amino acid residues. Mass spectrometry (MS) is an
indispensable tool to characterize PTMs. Arginine is one of the most common natural amino
acids, and it plays a major role as a recognition site for other proteins or RNA. These
recognition sites are the key to enzyme activities and structures.*® Changes in protein
modification may cause proteins to go from active to inactive states or alter their activities and
cause numerous cellular events in disease states. Glycation is a non-enzymatic modification
involved with the addition of carbohydrate/reducing sugar moiety to the amine group of the
protein. Accumulation of advanced glycation end products (AGE) is an indication of serious
complications in the diagnosis and treatment of diabetes.®"*® AGE products exhibit a wide range
of chemical structures, and therefore, carry out different biological activities. Major chemically
characterized AGE is evident in the formation of imidazolone, which is a glycation end product

formed from 3-deoxyglucosone (3-DG) reacting with the guanidino group of arginine.*

14



According to Patthy and Smith, arginine residues of proteins play a significant role in ensuring
electrostatic interactions between enzymes and the negatively charged cell surface.***! Several
arginine PTMs have been identified recently by proteomic and mass spectrometric methods.?*?
Various studies have investigated arginine reactivity toward several reagents and a few
mechanisms have been proposed for chemical detection of arginine groups.** Very few

studies have been conducted with mass spectrometry.*™

Residue-specific chemical
modification of proteins is a powerful strategy to identify functional amino acid residues of
proteins.** Chemical modifications of proteins by arginine selective reagents are beneficial in
identification of these functional residues. Phenylglyoxal, 2,3-butanedione, 4-hydroxy-3-
nitrophenylglyoxal and camphorquinone (CQ) were found to be the reagents of choice for
arginine modifications in proteins and peptides for structural probing with mass
spectrometry.***? This covalent labeling of amino acids has been a helpful tool to study
protein structure and protein-protein interaction by the degree of variation in their reactivity.>*>*
Mainly, this interaction depends on the accessibility of reagents towards amino acids, the
reactivity of reagents, and the reactivity of amino acids.®*® Friess et al. introduced a
computational method to selectively identify arginine residues by considering accessibility
parameters,* and they did a study on lysozyme, ribonuclease-A, myoglobin, and adenylate

kinase. Friess et al.*®

also applied their computational parameter-based accessibility
methodology to much larger proteins such as aldolase and albumin.*® Probing arginine residues
in proteins by using MS and a chemical labeling concept was performed by Leitner and Lindner
in 2003.°” They examined the reactivity of arginine residues in model proteins, ubiquitin,
cytochrome ¢, myoglobin, ribonuclease-A and lysozyme, by using 2,3-butanedione and an aryl
group boronic acid. Toi et al. showed the initial interest in dicarbonyl compound 1,2-
cyclohexanedione and benzyl.*®*° They showed how under alkaline conditions, benzyl and 1,2-
cyclohexanedione undergo condensation reactions. In 1970, Yankeelov et al. found that

butanedione is another diketone which can be used as an arginine modification reagent.®
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Leitner and Lindner presented an alternative covalent labeling technique based on dicarbonyl
modification that specifically targets arginine residues in peptides and proteins, but it also
includes a novel cyclization step in the method.**® Seeking an alternative to dicarbonyls,
Akinsiku et al. introduced the RNA foot printing organic compound, kethoxal, as a reagent to
modify guanidinium groups under neutral pH conditions.®® To map modification sites and
characterization of functional arginine residues, we compared two commonly used chemical
labeling strategies, which can identify the target sites effectively in the complex mixtures of

proteins.

This dissertation presents an explanation of the MS fragmentation pattern of modified peptides
with two arginine specific reagents, CHD (1,2-cyclohexanedione) and phenylglyoxal (PG). Our
work demonstrated that CHD is a superior labeling reagent compared to PG in peptides and
protein labeling studies. We also showed the labeling efficiencies of these reagents in mono-
and diarginyl peptides as well as their mass spectrometric fragmentation. Reactive arginine
residues were identified in pure protein albumin using CHD at various time points. Intact protein
labeling studies pointed out the reactive arginine residues, which showed that effective labeling
could be accomplished in previously identified cellular PTM locations. Although several studies
have been done on arginine labeling reagents, a comprehensive mass spectrometry study on
the labeled peptides is lacking. In this study, we demonstrated a mass-spectrometric study with
two widely used arginine selective reagents. This study contributes significantly to targeted
proteomics studies for finding cellular arginine reactive residues, which are susceptible to

covalent modifications due to disease processes.
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2.3 Materials and methods

2.3.1 Chemicals and materials

Bovine serum albumin (BSA), ubiquitin (from bovine erythrocytes), lysozyme (from hen egg
white), 1,2-cyclohexanedione(CHD), phenylglyoxal monohydrate (PG), formic acid (FA),
acetonitrile (ACN), lodoacetamide (IAM), ammonium bicarbonate (NH;HCO3) and sodium
hydroxide (NaOH) pellets were purchased from Sigma Aldrich (St. Louis, MO, USA).
Dithiothreitol was obtained from Bio-Rad (Hercules, CA). MALDI matrix 2,5-dihydroxybenzoic
acid (DHB) was purchased from ProteoChem (Loves Park, IL USA). Sequencing-grade modified
trypsin was used for proteolysis and obtained from Promega (Madison, WI, USA). Samples
were desalted by Pierce C18 Tips from Thermo Fisher Scientific (Rockford, IL, USA).
Bradykinin, neurotensin (NT) and substance P were purchased from ANASPEC (Fremont, CA).
Pierce concentrators, such as 10K MWCO (Molecular Weight Cut-Off) were used to remove

excess CHD.

2.3.2 Protein digestion

To the bovine serum albumin (1 mM, 5 pL) solution 1 M DTT was added to make the final
concentration of 10 mM; then, the solution was incubated at 56 °C for 45 min. The temperature
was lowered to 45 °C for 10 min and then to 25 °C for 10 min. 1 M IAM solution was added to
make the final concentration of 55 mM and was incubated at RT in the dark for 30 min. We used
trypsin as the enzyme for digestion. Prior to digestion, the sample was diluted with 50 mM
NH;HCOg; then, protease solution was added to the resulting solution at a ratio of protein:
trypsin (100:1) and incubated at 37 °C for 12 h. The solution was acidified with 0.1% formic acid

to stop further digestions. Afterward, samples were desalted by using Pierce C18 ZipTips.
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2.3.3 Labeling of arginine residues in peptides

The labeling reaction was evaluated using an established method. To evaluate the labeling
efficiency of the arginine selective reagent CHD, the reaction was carried out with three model
peptides, bradykinin, substance P (C-term amide), and neurotensin in 200 mM NaOH medium.
The rate of the reaction of phenylglyoxal (PG) with arginine increased with an increasing pH
from 7.5 to 11.5. There are lots of side reactions possible when we increase the pH. PG studies
done with different pH and higher pH levels exhibited degradation of products. The model
reaction with arginine was much faster in bicarbonate, dimethylamine or trimethylamine buffer
than in N-methylmorpholine, borate, phosphate or tris buffer. To minimize the product
degradation and to compare CHD and PG reactivities towards arginine residues, we carried out

the PG reaction in 0.125 M KHCO; at pH 8.5.
2.3.4 Chemical modification of intact bovine serum albumin (BSA) and lysozyme

Modification of proteins using 1,2-cyclohexanedione was performed according to the procedure
outlined by Toi et al.*® The reaction mixture contained 1 mM BSA in 200 mM sodium hydroxide
(NaOH) solution and was kept at 37 °C under agitation at different protocol time points (30 min,
1h,6h,12 h, 18 h, 24 h). The guanidino group of arginine reacts with 1, 2-cyclohexanedione
(CHD) in alkaline aqueous medium and forms a CHD-arginine covalent product (Fig. 2-2). The
condensation of CHD with the guanidino group of arginine results in an imidazolidinone. Excess
CHD was removed using a 10K molecular-weight cutoff (MWCQO) concentrator. After that,
proteins were digested following the digestion procedure mentioned above. The digested
covalent product solution was fully dried and then the desalted sample was analyzed with the

MALDI-QIT-TOF mass spectrometer.

18



Modification was performed under agitation at different time points, such as 30 min, 1 h, 6 h, 12

h, 18 h and 24 h. Chemical modification of lysozyme was also performed at 37 °C for different

time intervals as established in the protocol time points.
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Fig. 2-2 The structures of the modifications resulting in the label peptides with 1,2-
cyclohexanedione and phenylglyoxal. 1-1,2-cyclohexanedione, II-phenylglyoxal, la-Arginine-
CHD covalent product, lla-partial modified arginine-PG covalent product (aPG —single and

2aPG —double), lIb-one full arginine-PG covalent products (addition of two PG products).
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2.4 Results and Discussion

2.4.1 Modification by CHD

Bradykinin, neurotensin, and substance P were reacted with 30 M excesses of 1,2-
cyclohexanedione in 200 mM NaOH. Under the conditions mentioned in the preceding
subsection, an arginine-CHD covalent product was formed. After modification, the product mass
for each peptide showed a significant mass shift. The reactivity of CHD towards arginine was
revealed by this mass shift. Bradykinin is a peptide with the amino acid sequence of
RPPGFSPFR (monoisotopic mass, 1059.5614 Da) containing two arginine residues, located in
the C-terminal and the N-terminal end of the peptide. After reaction with CHD, we determined
that the modifications of the two arginine residues were 100% complete (Fig. 2-3A). The
modified mass for bradykinin (R*PPGFSPFR*) was m/z 1248.6500 (M + H + 2CHD)". For
bradykinin the mass shift was calculated, and the observed m/z was matched with a [peptide
mass (1059.5614) + mass addition (188.0838) + H (1.0078) = 1248.6530] mass accuracy of
-2.4 ppm (structure in page S2, supplementary data). The added mass corresponds to the
addition of two arginine-CHD covalent products. Another peptide used in this study was
substance P (C-term amide) which contains only one arginine residue in the N-terminal side of
the peptide (RPKPQQFFGLM, monoisotopic mass 1346.7281 Da). Modification of the arginine
residue (R*PKPQQFFGLM) gave a modified ion mass of m/z 1441.7913(M + H + CHD)" (Fig. 2-
3B) with a mass accuracy of 9.4 ppm (page S5, supplementary data). As expected, we
observed 94.0519 Da mass additions for the single arginine residue in substance P, which
matched the calculated mass of a single arginine-CHD covalent product (theoretical, 94.0419
Da). Neurotensin is an N-terminal blocked peptide which was also used for these labeling
studies. The amino acid sequence of neurotensin is pyroglu-LYENKPR*R*PYIL (monoisotopic
unmodified mass 1671.9097 Da), and it has two arginine residues which are adjacent to each

other. Modification with CHD showed a peak at m/z 1861.0154(M + H + 2CHD)", which proved
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that both arginine residues were derivatized by CHD (Fig. 2-3C). For neurotensin, we observed
the same mass shift with the addition of two CHD molecules (188.0979 Da, theoretical 188.0838
Da), and the mass accuracy was found to be 7.6 ppm (Table 2-1, supplementary data). All the
mass accuracy data for CHD along with the structures of their modified peptides, was provided
in the supplementary data. Arginine residues in these peptides were completely derivatized by
CHD. The product ions were then used to expound the location of modified peptides by

determining the amino acid sequences of the precursor peptides.

To better understand the CHD modified sites, modified peptide MS/MS spectra were presented
in Fig. 2-4. Fig. 2-4A showed a MS/MS spectrum for the modified peptide in Fig. 2-4A (top panel
at m/z 1248.6500). This peak was assigned to the CHD modified peptide bradykinin with
sequence R*PPGFSPFR*, having two modified arginine residues. In this spectrum, we clearly
saw the b and y fragment ions of the modified peptide. Fragment ions (b2*) observed at m/z
348.20, m/z 428.23 (b3-NHs*) and the b5* ion at m/z 649.50 contained the CHD-modified
arginine mass on the side of the N-terminal. The symbol * in the figures designates the peptide
fragments with the modified arginine residues. The fragmentation pattern of the peptides as
shown in Fig. 3A, provide a clear proof about the CHD mass addition (94.04 Da) to the peptides.
Unmodified fragment ion b2 (m/z 254.16) for the peptide bradykinin showed a clear mass
difference of 94.04 Da from the modified fragment b2* which corresponds to the CHD
modification at the N-terminal arginine residue (Fig. S8,A). All the y fragment ions y2* (m/z
416.23), y3*(m/z 513.28), y4*(m/z 600.31), y5*(m/z 747.38), y6*(m/z 804.40), y7*(m/z 901.45),
y7-H,O*(m/z 883.44) and y8*(m/z 998.51) confirmed another CHD modified arginine mass at
the C-terminal end. By comparing with the unmodified-peptide y fragment ions in Fig. S8, A [y5,
(m/z 653.34), y7, (m/z 807.41) and y8, (m/z 904.47)], we found the mass difference was 94.04
Da. This MS/MS spectrum confirmed the selective addition of CHD in two different arginines in

the bradykinin peptide.
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Fig. 2-3 MALDI-QIT-TOF MS spectra of modified peptides with two different arginine-reactive

reagents: (A) CHD modified bradykinin at m/z 1248.6500 (M + H + 2CHD)"; (B) CHD modified

substance P at m/z 1441.7913 (M + H + CHD)"; (C) CHD modified neurotensin at m/z

1861.0154 (M + H + 2CHD)"; (D) PG maodified bradykinin at m/z 1176.5950 [(M + H + aPG)];

1292.6224 [(M + H+2aPG)")], and 1310.6318 [(M + H + PG)']; (E) PG modified substance P at

m/z 1463.7602 [(M + H+aPG)"), and 1597.7944 [(M + H + PG)")]; (F) PG modified neurotensin

m/z 1788.9444 (M + H + aPG)*] and 1904.9695 [(M + H + 20PG)"]. The mass addition for CHD

is 94.0519 Da for one CHD, and aPG is 116.0262 Da. (aPG - single partial modification of PG,

2aPG - double partial modification of PG, PG - one full PG modification).
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Fig. 2-4. MALDI-QIT-TOF MS/MS spectra of modified peptides with two different arginine
reactive reagents: (A) MS/MS spectrum of CHD modified bradykinin at m/z 1248.6500 (M + H +
2CHD)"; (B) MS/MS spectrum of CHD modified substance P at m/z 1441.7913 (M + H + CHD)";
(C) MS/MS spectrum of CHD modified neurotensin at m/z 1861.0154 (M + H + 2CHD)"; (D)
MS/MS spectra of different PG modified bradykinin at m/z 1176.5950 [(M + H + aPG)](bottom),
1292.6224 [(M + H+2aPG)") (middle)] at 1310.6318 [(M + H + PG)"](top); (E) MS/MS spectra of
PG modified substance P at m/z 1463.7602 [(M + H+aPG)")](bottom) and m/z 1597.7944 [(M +
H + PG)"](top); (F) MS/MS spectra of PG modified neurotensin at m/z 1788.9444 (M + H +

aPG)"](bottom) and 1904.9695 [(M + H + 2aPG)*](top). (The symbol * in the figures designates
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the peptide fragments with the modified arginine residues).
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Detailed interpretation of the mass spectrum confirmed the assignment of modification sites in a
model peptide substance P (Fig. 2-4B). Observation of fragment b2* b3-NHs*, b7* and b10*
further demonstrated that these fragments contained CHD modified arginine residue mass. The
mass difference 94.04 Da between the modified fragment b10* (m/z 1293.71) and the
unmodified fragment b10 (m/z 1199.67) indicated the addition of one CHD molecule to the
arginine residue (m/z 1293.71- m/z 1199.67 = 94.04 Da). Unmodified peptide MS/MS are also
provided in Fig. 2-16B. The MALDI-QIT-TOF MS/MS data obtained for CHD-modified peptide
neurotensin, are shown in Fig. 2-4C. Fragment ions b8*, b11*, y5* y5-NHs*, y6*, y7*, y8*, yo*
and y10-H,O* were identified with the addition of modified masses. When we compared these
fragments with the unmodified fragment ions of the peptide neurotensin in Fig. 2-16C, it was
found that the mass differences between the modified and the unmodified fragments b8, b11,
y7, y8 and y9 were 188.08 Da. This data clearly shows the formation of arginine-CHD covalent
products at both arginine residues. The MS/MS spectra of unmodified neurotensin were also
evaluated (Fig. 2-16, C). It is clear from the b and y ions that both adjacent arginines were
selectively modified with CHD. The evidence presented in this study suggests that the addition
of 94.04 Da can always be used as a signature for the formation of arginine-CHD covalent
product at a single arginine residue and 188.08 Da mass addition for arginine-CHD covalent
products at the two arginine residues. All b and y fragment ions were also provided in the

supplementary data as an MS Office Excel file.

2.4.2 Arginine modification of peptides by phenylglyoxal (PG)

The same procedure was followed to compare the reactivity of phenylglyoxal (PG), which is an
another arginine reactive reagent. The reaction was carried out in 0.125 M KHCO; buffer.

Incubation of 1 mM peptides with 30 mM PG produced various modified products with the model
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peptides. After the reaction of PG with bradykinin (Fig. 2D), we saw a mixture of different
products at m/z 1176.5950, m/z 1292.6224 and m/z 1310.6318. The m/z 1176.5950 [(M +
H+aPG, see Fig. 2-1 for nomenclature)] matched with the mass addition of a single partial PG
molecule (m/z 1176.5950 [peptide mass (1059.5614) + H (1.0078) + mass addition (116.0262)
= 1176.5954, mass accuracy -0.33 ppm]). Moreover, we observed double partial PG
modification [(M + H+2aPG)" = m/z 1292.6224] and also the full PG molecule after reaction with
peptides (m/z 1310.6318[(M + H + PG)" = peptide mass (1059.5614) + H (1.0078)+ mass
addition (250.0630) = 1310.6322, mass accuracy = -0.3 ppm]). We also observed two modified
products after substance P reacted with PG (Fig. 2E); a peak at m/z 1463.7602 [(M + H+aPG)]
for addition of single partial PG molecule and another peak at m/z 1597.7944 [(M + H+2 PG)"]
of low intensity for the addition of full PG molecules. A peak with addition of water was also

observed next to m/z 1463.7602.

For neurotensin we also saw a mixture of product ions at m/z 1788.9444 [(M + H + aPG)’] for
the addition of a single partial PG molecule and also for the addition of double partial PG
molecules [m/z 1904.9695 [(M + H + 2aPG)"] (Fig. 2-2F). Full nomenclature of aPG (single
partial PG modification), 2aPG (single partial PG modification in two different residues) and PG
(full double madifications in arginine residues) are mentioned in Fig. 2.1. All the mass accuracy
along with the structure of their modified peptides are provided in the supplementary data for

PG.

In the MS/MS, spectra of modified peptides with PG (Fig. 2-4D, E, F) were analyzed to confirm
the identification of the modified site. In Fig. 3D, the bottom MS/MS spectrum is for the parent
ion m/z 1176.5950, which showed a single partial modification of PG at the arginine in the first
arginine residue (R*PPGFSPFR). CID fragment ions b3-NHs*, b6* and b8* contained the
partially modified arginine masses. The addition of the single partial PG molecule having a mass

of 116.02 Da at the arginine residue can be confirmed by considering the unmodified peptide
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fragments and modified peptide fragments. The mass difference between the modified fragment
b8* and unmodified peptide fragment b8 showed the addition of a single partial PG modification
at the arginine residue (m/z 1002.58—-m/z 886.46 = 116.12) (Fig. 2-16, A). Unmodified peptide
fragments y3, y5, y6, y7, and y8 were also identified and confirmed the modification on the N-

terminal (Fig. 3D, bottom).

Peak at m/z 1292.6224 signifies the double partial PG modification at the two separate arginine
residues. This modification was confirmed by the tandem mass spectrometry studies (Fig. 2-4D
middle panel). The presence of partial PG modification at the N- terminal arginine was
confirmed by the fragment ions b2*, b3-NHs*, b6* and b8*. Additionally, the series of y fragment
ions (y3*, y4*, y5*, y6*, y7*, y8*) indicated another PG modification at the arginine on the C-
terminal of the peptide. By further analysis of the unmodified fragment ions (Fig. 2-16A), we
clearly saw the mass addition of 116.12 Da for the fragment ions of the precursor m/z
1292.6224, which confirmed the addition of two partial PG (2aPG) molecules to both arginine

residues.

One full PG modification at a single arginine residue illustrated a peak at m/z 1310.6318 in the
MS spectrum in Fig. 2-4D. The existence of y5* and y7-H,O* ion in the MS/MS spectrum (Fig.
3D, top panel) suggested that the PG modified product was formed at the arginine on the C-
terminal. lon fragment b4 defined the unmodified peptide fragment. If we compare Fig. 3D
(modified peptide) with Fig. S8A (unmodified peptide), the mass difference between the
modified fragment ion y5* and unmodified fragment ion y5 was 250.00 Da (m/z 903.34-m/z
653.34). Thus, it is very clear that mass addition was for the double partial PG maodification at
the single arginine residue. Fig. 3E provides a detailed interpretation of the MS/MS spectra of
modified substance P, which contains one arginine residue. The data clearly shows the single
partial PG modification and the full PG modification at the arginine residue. It is evident from the

modified peptide presented at Fig. 3E and the unlabeled peptide In Fig. 2-18B that a signature
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mass addition of 116.12 Da was present for most of the b series ions, which verifies the

existence of a single partial PG modification at the arginine residues.

In Fig. 3F, for the modified neurotensin peptide, the bottom MS/MS spectrum is for the parent
ion m/z 1788.9444, which shows a single partial modification of PG at the arginine in the 8th
position-pyroglu-LYENKPRR*PYIL. This modification was confirmed by the MS/MS spectrum of
the parent ion. A series of b and y fragment ions were observed (b3, b5, b6, b8*, bl0*, y10-
H,O*, bll* and y5* y7* y7-NHz* y8* y9* y9-NHs*, yl1l0-H,O*). Fragmentation of the
unmodified peptide gave ion mass for y5 at m/z 661.40 (see the supplementary Fig. 2-16C).
Moreover, the presence of y5* ion at m/z 777.52 at the modified peptide in Fig. 3F (bottom
panel) indicates that the modification is at the eighth position from the N-terminal of the peptide
of the parent ion. The difference between the modified peptide fragment ion y5 and unmodified
peptide fragment ion y5 is 116.12, which is the mass addition for a partial PG modification.
Other PG modified products observed at m/z 1904.9695 can be explained by considering the
CID fragmentation pattern (Fig. 3F top spectrum) of the parent ion. We observed the fragment
ions at b3, b5, b7*, b8*, b8-NH3*, b11* and y5*, y6*, y7*, y8*, y8-NHs* and y11-H,0*. Identified
fragment ions at b7* (m/z 1128.64), b8* (m/z 1400.86), y5* (m/z 777.52) and y6* (m/z 1049.74)
indicate that the double partial PG modification took place rather than one full PG modification
at a single arginine, which also gave the mass of m/z 1904.9699, after subsequent water loss
during the reaction (exact mass 1921.9727 Da [M + H]'-H,0O = 1904.9699). This finding can be
used to verify the double partial modification at the two arginine residues in neurotensin. As

mentioned before, an MS Office Excel file was provided with the fragment ions.

In contrast to the CHD maodification, when we used PG as a modifying reagent and the labeling
was not complete in one hour, we observed a mixture of product ions. Our studies always

showed that one PG molecule reacted with one arginine residue. Increasing the time to 24
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hours showed modification of all residues except arginine (data not shown). Clearly, CHD is

more efficient in labeling arginine residues than phenylglyoxal.

2.4.3 Arginine modification of intact bovine serum albumin (BSA) by CHD

To identify the major sites of CHD modification in BSA, we carried out the reaction for the whole
protein and the digests of protein. The same procedure was followed for bovine serum albumin
fraction V, a serum protein of MW 66432 Da (UniProt P02769). After reaction at the different
protocol time intervals (30 min, 1 h, 6 h, 12 h, 18 h, and 24 h), we saw selective labeling of
arginine residues in BSA by CHD. According to the mass spectra (Fig. 2-5) of intact BSA
modification studies, we identified three tryptic peptides, AWSVARLSQK (unmodified mass m/z
1145.6425), AWSVARLSQKFPK (unmodified mass m/z 1517.8587 with one missed cleavage)
and peptide LGEYGFQNALIVRYTRK (unmodified mass m/z 2028.10246), which were modified
after reacting with CHD. Both MALDI-QIT-TOF and LC-ESI-IT-TOF experiments were
performed to confirm this labeling. In Fig. 2-5, the time course of MALDI-QIT-TOF-MS spectra
was shown. In Fig. S1, ESI-MS/MS studies were conducted to reveal characteristics of the
selected peptides. Our time course studies pointed out that the modifications were mostly on
Arg-241, Arg-433 and Arg-436 residues. Tandem mass spectrometry of peptides
AWSVAR*LSQK (m/z 1239.6831) and AWSVAR*LSQKFPK (m/z 1611.5463) confirmed the

modification of Arg-241 residues (Fig. 5 and Fig. S1).

The most abundant peak in Fig. 2-5 was at m/z 1239.6831, which related to the modified
peptide AWSVAR*LSQK. This peak was assigned to the modification of Arg-241. The MS/MS
spectrum (Fig. 2-6A) of this modified peptide generated many fragment peaks. The majority can
be assigned to b and y fragments of the peptide. The fragment ions b6*, b7*, b8*, b9*, y7* and

y8* contained the modified arginine residue. We observed the same peptide with one missed
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cleavage at m/z 1611.5463. The MS/MS spectrum of the parent ion m/z 1611.5463 gave the

fragments b6*, b7*, b9* and b10* which contained the modified residue.
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Fig. 2-5. MALDI-QIT-TOF MS spectra of modified bovine serum albumin (intact) with 1,2-
cyclohexanedione at different time intervals: (A) 24 h, (B) 18 h, (C) 12 h, (D) 6 h, (E) 1 h, and (F)

30 min.

Both the MS/MS spectra given in Fig. 2-6A & B gave a fragment ion b5, which is an unmodified
peptide fragment. As expected the fragmentation data from the two peptides AWSVAR*LSQK
and AWSVAR*LSQKFPK demonstrate the mass addition 94.04 Da and verifies the formation of
an arginine-CHD covalent product (Fig. 2-6A & B). ESI-LC-MS/MS of this modified peptide (Fig.
2-16-C) also showed that the fragment ions b8*, b9*, y10*, y8* and y6* were modified with CHD.
After careful inspection of MS/MS spectra of peptide LGEYGFQNALIVR*YTR*K [m/z 2216.1813
and 740.0601 (3+)], we confirmed the modification of Arg-433 and Arg-436, respectively. Arg-
241 is known as a glycation site in human serum albumin.

29



A (M+CHD+H)* =1239.6831
b5 b6 _b7 b8 b9
b3-H,0 & W3 "L_ﬂﬂq;la'(
100 y8 y7
b6*
z
§
£ bs b9+H,0
H b7* b9*
=
&
y§-H,01 bs-H,0*
b6-H,0% [ .
bd-H,0 / bs ’l
/ b9-WH,*
y8*
y ‘ L llylo-H7°
200 400 600 800 1000 1200 1400 1600 1800 2000
Mass/Charge
B (M+CHD+H)* =1611.5463
b5 b6 b7 b8 b9 b10
Aw sva|riL]s]alk] F ¢ k
b6*
100 b11-H,0*
bS
b9*
b7*
£ b10*
£
- b12+H,0
&
&
200 400 600 800 1000 1200 1400 1600 1800 2000

Mass/Charge

Fig. 2.6. MALDI-QIT-TOF MS/MS spectra of modified bovine serum albumin (BSA) peptides

with 1,2-cyclohexanedione (A) MS/MS spectrum of peptide AWSVAR*LSQK at m/z 1239.6831

(B) MS/MS spectrum of peptide AWSVAR*LSQKFPK at m/z 1611.5463 ESI-MS/MS of peptide

AWSVAR*LSQK are shown in Fig.S1 at m/z 413.8566(3+). (The symbol * in the figures

designates the peptide fragments with modified arginine residues.
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The work presented by Ahmed et al. in 2002* showed the locations of arginine glycated
residues in human serum albumin (HSA). They were identified by tryptic peptide mapping by
cationic electrospray LC-MS. In their report, they described the sites of modification of HSA by
methylglyoxal under physiological conditions. They clearly pointed out the tryptic peptides
containing arginine residues converted to MG-H1 residues in human serum albumin modified
minimally by methylglyoxal. They reported modification of arginine residue at Arg-218. The
peptides which contain the R218 have the amino acid sequence of AWAVAR(218)LSQR. We
were able to identify this same peptide AWSVARLSQK with the 1,2-cyclohexanedione
modification with BSA. The numbering of BSA, starting with the signal peptide, gives the
arginine residue number as R241. But if the numbering starts from the pro-peptide, we get the
number R217 because the amino acid sequence of human serum albumin and bovine serum
albumin is significantly different. In human serum albumin, the peptide sequence, which
contains a glycated arginine, is AWAVAR(218)LSQR, and in bovine serum albumin, the same
peptide sequence is ALKAWSVAR(217)LSQK. However, in the study based on a search of
reactive arginine residues in BSA, unmodified peptide peaks were also detected, along with
modified peptides, (Fig. S9A). The two unmodified peptides YLYEIAR (m/z 927.7405) and
RHPYFYAPELLYYANK (m/z 2045.2526) were identified. As shown in Fig. S9B & C, the b and y
ion fragments in the CID-MS? spectrum provides evidence of the unmodified peptides. The CHD
labeling study clearly helped us find reactive residues, which are susceptible to modifications in
the disease process. Moreover, a quantitative study on this kind of work can be performed with
the isotope labeling method followed by a protease treatment. In that case, a different protease

such as Lys-C can be utilized; this avoids the cleavage at the arginine residues.

We also obtained the same reactions in a digest of bovine serum albumin (BSA) control

experiments in BSA peptides. They showed more reactivities in arginine residues compared to
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the intact protein studies. These experiments were also provided in the supplementary data in

detail (page S1 in the supplementary data and Figs. S3 and S4).
2.4.4 Arginine modification in lysozyme

According to Patthy and Smith, all 11 arginine residues in egg white lysozyme were getting
modified with CHD.* Arg-5 is the most reactive arginine residue, and according to the x-ray
diffraction studies, it is included in the a helical structure. It is also found that Arg-5 has relative
importance in maintaining an active conformation®®. Therefore, there is a strong interest in
characterizing the immunochemical features of Arg-5. We showed the mass spectrum of the
peptide from the reactive sites derived from intact lysozyme labeling and have provided
documentation in the supplementary data (Figs. S5, S6). For the whole egg white lysozyme, we
found Arg-5 was also modified (VFGR*CELAAAMK, m/z at 1389.7098, unmodified
monoisotopic mass 1295.6598 Da, difference 94.05 Da). These modification results are
consistent with the results of Patthy and Smith using 1,2-cyclohexanedione in the borate buffer.
*IFig. S10-A, displays a MALDI-QIT-TOF mass spectrum of modified hen egg lysozyme with
1,2-cyclohexanedione. Along with the modified peptides, the peaks at m/z 1045.6924 and m/z
1675.8520 correspond to the unlabeled peptides GTDVQAWIR and IVSDGNGMNAWVAWR,
respectively. The CID-MS/MS spectra of the unlabeled peptides are shown in Fig. S10,B&C.
The b and y fragment ions observed in the CID-MS/MS experiment confirmed the presence of

unlabeled arginine residues in the peptides.

2.4.5 Structural analysis of reactive arginine residues

To evaluate the correlation between the modification site and the protein structure, we
conducted the analysis of reactive residues (PyMOL version 1.3, 2009-2010) in the published

crystal structure of proteins. In Fig. 2-7, we show the structural model of CHD modified proteins.
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Fig. 2-7. Crystal structure of proteins, BSA (PDB file 4F5S) and lysozyme (PDB file 7LYZ). (A)
Modified sites of whole BSA with CHD, (B) modified sites of digested BSA, and (C) all arginine

residues in hen egg lysozyme, and (D) most reactive arginine 5 in hen egg lysozyme

In Fig. 2-7A, we show the modified sites of BSA in the intact protein analysis. A few selective
residues such as arginine 241, 433 and 436 were labeled quickly while digested protein showed
more nonspecific labeling (Fig. 6B). All arginine residues in hen egg lysozyme are shown in Fig.
2-7C and most reactive residues (Arg 5) are shown in Fig. 2-7D. We carefully analyzed the
structures and mainly saw the arginine residues in the surface of the protein getting modified.
This labeling study will clearly pinpoint solvent accessible arginine and their local environment. If

there are strong interactions with other residues, they will not be available for reactions. There
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are some concerns about the structural studies using CHD due to buffer and pH. Some of the
residues are identified which were also identified on the cellular level with other methods. We
believe this structural information will be extremely useful for further exploration of enzyme
activities by exploring these residues. These results provide strong evidence that CHD labeling

is very selective and efficient in the proteins.

2.5 Conclusions

In this study we showed a clear-cut demonstration that the arginine selective reagent CHD is a
better labeling reagent than PG for finding reactive residues in proteins and for analyzing
enzyme activities and protein modification sites without ambiguities. The work presented here
demonstrates the effectiveness of mass spectrometry analysis of modified peptides. Model
peptides were labeled with CHD and PG which contained single and double arginine residues.
Detailed MS/MS spectra of modified peptides are shown. We also demonstrated the reactivity of
reagents in intact proteins by time course labeling studies. Time course labeling studies clearly
pointed out reactive arginine residues in BSA proteins and lysozyme. This study is also useful
for selectively identifying the protein glycation sites in a BSA protein. This mass-spectrometric
study is beneficial due to its high-confidence identification of the reactive sites, which can be

validated in large-scale samples by targeted proteomics using mass spectrometry.
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2.8 Supporting information

2.4.6 Arginine Modification in BSA Digests by CHD

To find the reactive arginine residues with CHD in a digest of BSA, we successfully derivatized
the BSA peptides with CHD. In the BSA peptides and CHD reactions, we saw where new
arginines were modified along with the same arginine residues, which were modified before.
More peptides were assigned for the arginine-CHD covalent product compared to the intact
BSA protein. It was expected that intact proteins would provide the arginine residues, which are
more reactive; whereas, digested peptides mostly label all the arginine residues. For the digests
of BSA, Arg-168, Arg-360 and Arg-371 are getting modified in addition to other arginine
residues, which were modified in intact BSA (Fig. 2-S8). We have seen how the peptide
AWSVAR*LSQK (m/z 1238.6831) and AWSVAR*LSQKFPK (m/z 1611.5463) were modified,
which were the most reactive arginine in intact BSA studies (Arg-241 residue) (see Fig. 2-5). In
addition to this, peptide LGEYGFQNALIVR*YTR*K (m/z 2216.2021), which was modified at Arg-
433, and Arg-436 residues and peptides R*HPEYAVSVLLR*(m/z 1627.9174) were seen
modified at Arg-360 and Arg-371 (Fig. 2-S3). Modification by CHD on Arg-168 residue was
confrmed by a respective mass shift and MS/MS of the modified peptide
R*HPYFYAPELLYYANK at m/z 2139.0937 (Fig 2-S6). All the MS/MS fragmentation patterns of

modified peptides gave clear evidence for the modified sites (Fig. 2-S9). It is also clear from the
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studies of intact BSA and digested BSA that reactivity signature is different in intact BSA. Highly

reactive arginine residues were clearly modified in intact BSA at first.
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Figure 2-S1. ESI-LC-MS/MS spectra of the modified BSA (intact labeling) with CHD in 1 h time
intervals. (A) Retention time of modified BSA peptide AWSVAR*LSQK at m/z 413.8975(+3), (B)
mass spectrum of that region, and (C) MS/MS of m/z 413.8975 (M+3H+CHD*)**, which confirm
the modified peptide sequence. (The symbol * in the figures designates the peptide fragments

with the modified arginine residues).
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Figure 2-S2. ESI-LC- MS/MS spectra of modified bovine serum albumin (intact labeling)
peptides with 1, 2-cyclohexanedione: (A) MS spectrum of LGEYGFQNALIVR*YTR*K at m/z
740.0601(+3) and (B) MS/MS spectrum of LGEYGFQNALIVR*YTR*K at m/z 740.0601
(M+3H+2CHD)*" (The symbol * in the figures designates the peptide fragments with the

modified arginine residues).
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Figure 2-S3. MALDI-QIT-TOF MS spectra of digested bovine serum albumin with 1, 2-
cyclohexanedione in different time intervals. (A) 24 hours, (B) 18 hours, (C) 12 hours, (D) 6

hours, (E) 1 hour, and (F) 30 min
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Figure 2-S4. MALDI-QIT-TOF MS/MS spectra of digested bovine serum albumin peptides with
1, 2-cyclohexanedione. (A) MS/MS spectrum of peptide AWSVAR*LSQK at m/z 1239.6875, (B)
MS/MS spectrum of LGEYGFQNALIVR*YTR*KI at m/z 2216.2021, (C) MS/MS spectrum of
peptide R*HPEYAVSVLLR*(m/z 1627.9174), and (D) MS/MS spectrum of peptide
R*HPYFYAPELLYYANK (m/z 2139.0937). (The symbol * in the figures designates the peptide

fragments with the modified arginine residues).

38



Table 2-1 Comparison of the mass accuracy of CHD and PG modified peptides

Mass Mass Mass accuracy Mass accuracy
accuracy of | accuracy | with PG-Single with PG-Double Mass accuracy with
Unmodified with partial partial PG —Full PG
Peptide peptide/ppm CHD/ppm | modification/ppm | modification/ppm | modification/ppm
Bradykinin 3.3 -24 -0.33 0.5 -03
Substance P 25 9.3 -1.3 NA -28
Neurotensin 16 7.6 0.39 -0.2 NA
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Figure 2-S5. MALDI-QIT-TOF MS spectra of modified hen egg

lysozyme with 1,2-

cyclohexanedione in different time intervals. (A) 24 hours, (B) 18 hours, (C) 12 hours, (D) 6

hours, (E) 1 hour, and (F) 30 minutes.
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Figure 2-S6. MALDI-QIT-TOF MS/MS spectra of modified hen egg lysozyme peptides with 1,2-
cyclohexanedione. (A) MS/MS of VFGR*CELAAAMK at m/z 1389.8278, and (B) MS/MS of
VFGR*CELAAAMK at m/z 1483.7881. (The symbol * in the figures designates the peptide

fragments with the modified arginine residues).
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Table 2-2 Comparison of the relative intensity changes with the reaction time

Kinetic plot for Bovine serm albumin reation with 1,2 Cyclohexanedione

AWSVAR*LSQK - (M+H)+ = 1239.68
MALDI-QIT-TOF DATA

Time (hr)
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Figure 2-S7. Kinetic plot of the relative peak intensity (normalized) vs. time for the modified

peptide AWSVAR*LSQK in MALDI-QIT-TOF.
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Figure 2-S8. MALDI-QIT-TOF MS/MS spectra of pure peptides. (A) MS/MS spectrum bradykinin
at m/z 1060.5727, (B) MS/MS spectrum of substance p at m/z 1347.7394, and (C) MS/MS

spectrum of neurotensin at m/z 1672.8907.
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Figure 2-S9. (A) MALDI-QIT-TOF MS spectrum of modified bovine serum albumin (intact) with

1,2-cyclohexanedione, (B) MALDI-QIT-TOF MS/MS spectrum of unlabeled peptide YLYEIAR at

and (C) MALDI-QIT-TOF MS/MS spectrum of unlabeled peptide

RHPYFYAPELLYYANK at m/z 2045.2526. (The symbol * in the figures designates the peptide

fragments with the modified arginine residues).
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Figure 2-S10. (A) MALDI-QIT-TOF MS spectrum modified hen egg lysozyme (intact) with 1,2-

cyclohexanedione (B) MALDI-QIT-TOF MS/MS spectrum of unlabeled peptide GTDVQAWIR at

m/z

IVSDGNGMNAWVAWR at m/z 1675.8520. (The symbol * in the figures designates the peptide

fragments with the modified arginine

Mass/Charge

residues).
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Chapter 3

Enrichment and identification of reactive arginine residues in proteins

by bio-orthogonal click chemistry and mass spectrometry

3.1 Abstract

Modification of arginine residues using dicarbonyl compounds is a common method to identify
functional arginine residues of proteins or to inactivate enzymes. Arginine also undergoes
several kinds of post-translational modifications (PTMs) in these functional residues. Identifying
these reactive residues globally is a very challenging task. Several dicarbonyl compounds have
been utilized and the most effective ones are phenylglyoxal and cyclohexanedione. However,
tracking these reactive arginine residues in a protein or in large-scale protein samples using the
labeling approach is very challenging. Thus, we enriched modified peptides to provide reduced
sample complexity and confident mass-spectrometric data analysis. To enrich arginine labeled
peptides efficiently, we developed a novel arginine selective enrichment reagent. For the first
time, we conjugated an azide tag in a widely used dicarbonyl compound cyclohexanedione. This
provided us with the ability to enrich modified peptides using a bio-orthogonal click-chemistry
and biotin-avidin affinity chromatography. We tested the reagent in several standard peptides
and proteins. Three standard peptides, bradykinin, substance P and neurotensin were labeled
efficiently with a cyclohexanedione-azide reagent. Enrichment success of the modified peptides
was tested by spiking the peptides in a myoglobin digest. A protein, RNase A, was also labeled
with the reagent and after click-chemistry and biotin-avidin affinity chromatography; we identified
two selective arginine residues. We believe this strategy will be an efficient way to identify

functional and reactive arginine residues globally in complex protein mixtures.
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3.2 Introduction

Arginine is one of the basic amino acids of proteins and its role in the functionality of protein
structures, enzyme activity, and protein interactions is very important. Arginine goes through
several kinds of posttranslational modifications during the cellular processes. Among them,
glycation is a non-enzymatic modification of proteins, which is the result of the addition of a
sugar molecule to a protein by Maillard reactions. In this reaction, nucleophilic amino groups of
amino acids react with carbonyl groups of the sugar to form a Schiff-base product. This unstable
Schiff base intermediate rearranges to a stable adduct known as an Amadori product, which is a
keto-amine compound. This irreversible covalent modification can occur particularly at protein
arginine residues by carbonyl compounds resulting in the formation of advanced glycation end-
products (AGEs).*®%*% AGEs buildup on tissue proteins, which leads to many pathologies
including diabetes mellitus, Alzheimer’s disease and atherosclerosis.®®®® AGEs can be formed
not only from the reducing sugars but also from dicarbonyl compounds such as glyoxal and
methylglyoxal, which are intermediates of several cellular processes. These dicarbonyl
compounds are more selective to the guanidine, amino, and thiol group of proteins and nucleic

acids.®®

Methylglyoxal modifications have also been observed in arginine residues in
recombinant antibody developed for protein therapeutics.’® Muranova et al. has reported a study
on the effects of methylglyoxal modification on the human heat shock protein HspB6 (Hsp20).
Their experiment was performed under two different conditions, and it was found that at low
MGO, HspB6 molar ratio, the main MGO modified sites were Arg-13, Arg-14, Arg-27, and Arg-
102. Muranova et al. could see that all the arginines and lysines residues were modified at high
MGO: HspB6 ratio.”* Methylglyoxal reacts with arginine, and arginyl residues in proteins were
reported by Takashi in 1977, by Cheung and Fonda in 1979 and in 1993 by Selwood and

52,72,73

Thornalley.
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Brock et al. first addressed the study of site specificity in AGE formation on ribonuclease, and
they found that the main site of carboxymethylation was at Lysine-four.”* In 2004, Cotham et al.
reported that the glyoxal-derivative formation takes place mainly at arginine-39 and arginine
85. Identifying the specific binding sites of proteins play a significant role in drug discovery.
Chemical modification is a powerful technique for identifying these reactive residues. The
reactivity of arginine towards dicarbonyl groups were recently evaluated thoroughly by our
research groups.” In the cellular process, these dicarbonyl compounds mainly modify arginine
residues, which are functional, reactive or surface accessible. Locating these modifications in
large-scale samples is very challenging due to sample complexity after digestion. This
dissertation study was aimed at the development of an enrichment strategy of the reactive
arginine containing peptides. We introduced an azide tag in the widely known arginine reactive
reagent, cyclohexanedione (CHD); hence, reactive peptides can be enriched utilizing bio-
orthogonal click chemistry. Adding an enrichment tag in dicarbonyl compounds is very
challenging due to the difficulty of synthesis. To the best of our knowledge, for the first time, we
have developed an arginine selective reagent with an azide functionality. Azides are known to
be bio-orthogonal reagents, which do not undergo any side reactions with the functional groups
present in the proteins.”®"" It selectively reacts with alkynes to form a triazole product under the
azide-alkyne cycloaddition reactions to click chemistry.”®’® We performed the chemical labeling
of the arginine residues in peptides and proteins using our arginine selective reagent. Finally,
chemically modified peptides were then enriched by affinity purification with avidin—biotin
coupling. We demonstrated selective labeling of reactive arginine residues in RNase A protein.
We believe this chemical approach will help us study reactive or functional arginine’s in proteins

in large-scale studies so targeted proteomics studies can evaluate PTMs on these residues.
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3.3 Experimental section

2.3.1 Materials.

Ribonuclease A from bovine pancreas (RNase A), ubiquitin (from bovine erythrocytes),
ammonium bicarbonate (NH4;HCO3), formic acid (FA), sodium hydroxide (NaOH) pellets,
acetonitrile (ACN), and iodoacetamide (IAM) were purchased from Sigma Aldrich (St. Louis,MO,
USA). Biotin-PEG4-Alkyne was from Click Chemistry Tools, Scottsdale, AZ. For proteolysis,
seguencing-grade modified trypsin was purchased from Promega (Madison, WI, USA). For
disulfide bond reduction, dithiothreitol was obtained from Bio-Rad (Hercules, CA). Pierce C18
Zip Tips from Thermo Fisher Scientific (Rockford, IL, USA) were used to desalt the samples.
Phosphate buffer saline (PBS) came from VWR (Suwanee GA). Three model peptides
bradykinin, neurotensin, and substance P were purchased from ANASPEC (Fremont, CA). To
remove excess CHD-Azide, Pierce concentrators with 3K MWCO were utilized. Pierce Ultra
Link® monomeric avidin was obtained from Thermo Fisher Scientific (Rockford, IL). All SDS—

PAGE supplies were purchased from Bio-Rad (Hercules, CA).

3.3.2 Sample preparation

3.3.2.1 Chemical modification of arginine residues in peptides

Bradykinin, neurotensin, and substance P were purchased from ANASPEC (Fremont, CA).
Recently, we reported an assessment of our chemical labeling method to identify
functional/reactive arginine residues of proteins by mass spectrometry by utilizing two widely
used arginine reactive reagents. We followed the same labeling protocol mentioned in our
recently published article. For each peptide sample (1 mM, 5 pl) we added 5 pl of 30 mM CHD-
Azide reagent in 200 mM Sodium hydroxide solution. The reaction was allowed to continue for 2
hours at 37 °C under agitation. After the reaction, the samples were dried in a Speedvac at 30

°C for 1 h. The two dried samples were then reconstituted in 0.1% FA. After that samples were
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vortexed and desalted using the Thermo Scientific Pierce C18 Zip Tips. Desalted samples were

then used for the analysis after dilutingl:1 MeOH:H,O with 2% acetic acid.

3.3.2.2 Chemical modification of arginine residues in proteins

Each protein sample was reduced and alkylated using 2 pl of 10 mM dithiothreitol (Bio-rad, CA)
and 10 ul of 10 mM iodoacetamide (Sigma-Aldrich, MO), respectively. Each sample was then
diluted with 200 mM sodium hydroxide followed by the addition of 5 pl of 30 mM CHD-Azide
solution. The reaction was carried out at 37 “C for 24 hours. Trypsin digestion was performed
overnight at 37 °C. Samples were transferred into the pierce concentrators (3 kDa MWCO) for
centrifugal ultrafiltration to remove the excess CHD-Azide reagent. Cleared protein samples
were digested with trypsin, using 1:100 enzyme-to-protein ratio, for 16 h at 37 °C with frequent
mixing. After trypsin digestion the peptide mixture was fully dried and reconstituted in a PBS
buffer. At the same time, the azide-containing peptide sample was prepared for the click
chemistry reaction by adding 2 uybL of 100 mM  water-soluble tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) click ligand, 400 uL of 50 mM CuSOQ,, and 80 pL
of 50 mM Tris (2-carboxyethyl) phosphine(TCEP). The enrichment reagent, Biotin-PEG4-
Alkyne, was added in a 1:20 molar ratio of peptide and allowed to react for two hours at room
temperature in a rotor. The click-labeled sample was then incubated with 30 yL of monomeric
avidin beads. Prior to the incubation, the avidin beads were washed with 1x PBS buffer three
times. Sample was then incubated with the avidin beads at room temperature for 4 hr. The
beads were washed again with the PBS buffer three times, twice with 25 mM NaCl and three
times with water. Finally, the captured peptides were eluted from the avidin beads using the

elution solution, which contains 50:50 acetonitrile: H,O and 0.4% TFA.
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3.3.2.3 The feasibility of click chemistry-based peptide enrichment

To study the feasibility of click chemistry-based peptide enrichment, we performed a spiking
study. The CHD-azide modified substance P (ImM 5ul) was spiked into a tryptic digest of
myoglobin (1 mM, 5 ul). After the click labeling reaction, the CHD-azide modified peptides were
captured by avidin beads following the same protocol mentioned above. Then, the click labeled
biotinylated peptide was eluted using the same elution solution containing 50% acetonitrile/50%

H,O and 0.4% TFA.
3.3.2.4 Instrument Set up

The samples were analyzed on the Thermo Scientific Velos Pro dual-pressure linear ion trap
mass spectrometer operated in positive ion mode and controlled by Xcalibur™ software
(Thermo Fisher Scientific, San Jose, CA, USA). Peptides were loaded onto a Dianex Acclaim®
PepMap™ C18 column with an inner diameter (i.d.) of 75 um, particle size of 3 um, pore size of
100 A and a length of 15 cm bed for the separation. Reverse phase chromatographic
separations of the loaded peptides were performed on the Dianex Ultimate 3000 RSLC nano
chromatography (Thermo Fisher Scientific) system across a 65-min run with a flow rate of 300
nl/min. A multi-step gradient was used consisting of 4% B for 3 min, 4 to 30% B in 30 min, 30%
to 60% B in 55 min, (A, 0.1% formic acid in water; B, 95%: 5%: 0.1% Acetonitrile: water: formic
acid 0.1% formic acid). The mass spectrometer was operated in nhormal scan modes and a full
MS spectrum was obtained. Peptides were identified in the data dependent acquisition (DDA)
mode to obtain the tandem mass spectra (MS/MS) for the ten most abundant ions (normalized
collision energy of 40%, activation Q of 0.25, and activation time of 10 ms). In DDA analysis,
singly charged ions were rejected. To observe the fragmentation behavior of the CHD-Azide
modification at the peptide level, a direct infusion analysis was performed for untreated and

CHD-Azide-treated peptide samples using ESI-Thermo Velos-MS. The HESI source was
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operated in positive ion mode using ESI probe voltage at 2.5 kV, with a capillary temperature or
250 °C, sheath gas=95, and S-lens RF =62. Before the injection, the peptide samples were
diluted with 1:1 MeOH: H,0: 2% acetic acid and were then injected into the mass spectrometer

through the syringe pump where they were ionized and analyzed.

The software Proteome Discoverer (version 1.3, Thermo Scientific, USA) was used to extract
peaks from spectra and to match them to the RNase A sequence (UniProt P02769). Trypsin
was selected as the cleaving proteases, allowing a maximum of three missed cleavages.
Peptide and fragment ion tolerances were set to 5 ppm and 0.7 amu, respectively. Cysteine
carbamidomethylation was set as the fix modification (+57.02147). The MS/MS spectra of
modified peptides were manually inspected for the confident mapping of the modification sites.
Synthesis: Detailed steps of synthesis are provided on pages 9 to 12 in the supplementary data.
Briefly, 1,6- dibromohexane was first reacted with p-methoxy benzyl alcohol, under basic
conditions, to prepare 1-((6-bromohexyloxy)methyl)-4-methoxybenzene. After this, 4-(6-((4-
methoxybenzyl)oxy)hexyl)-2-oxocyclohexyl acetate was synthesized by coupling 2-
oxocyclohex-3-en-1-yl acetate with the freshly prepared-((6-bromohexyloxy)methyl)-4-
methoxybenzene. This new coupling product was deprotected under oxidative conditions to
expose its terminal hydroxyl group, which was tosylated and subsequently substituted with
sodium azide to produce the expected alkyl azide intermediate. Finally, an acetyl deprotection
was performed followed by a Swern oxidation reaction to produce the CHD-Azide final

compound.

3.4 Results and Discussions

3.4.1 Modification of Peptides by CHD-Azide reagent

A chemical labeling scheme and arginine residue enrichment in proteins are shown in Figure 3-

1. At first, chemical labeling of arginine residues in peptides/proteins using CHD-azide was
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performed. The structure of CHD-azide is shown in the same scheme (see also Figure 3-S1).
After that, proteins were digested, and resultant peptides were coupled using a clickable
biotinylated reagent, biotin-PEG4-alkyne (Figure S1). After click labeling, the CHD-azide labeled
peptides were enriched using biotin-avidin affinity chromatography. LC-MS/MS analysis of
enriched peptides provided the identity and location of the CHD-azide reacted products. ESI-MS
analysis of the modified model peptides is shown in Figure 3-2. The three model peptides we
used in our studies include bradykinin (RPPGFSPFR, monoisotopic mass 1059.5614 Da),
substance P (RPKPQQFFGLM monoisotopic mass 1346.7281 Da) and N-terminal blocked
peptide, neurotensin (pyroglu-LYENKPRRPYIL monoisotopic unmodified mass 1671.9097 Da).
These three model peptides contained two arginine residues at the two terminal ends, a single
arginine at the N-terminal end and two adjacent arginine residues in the middle of the peptide,
respectively. CHD-azide modified bradykinin mass was given in Figure 2A at m/z 749.92
[M+2H]*" and at m/z 500.34 [M+3H]*". Details of mass addition are shown (created with
ChemDraw) in Figure 3-S2A, B. We also compared the fragmentation pattern of unmodified and
modified peptides (see the supplementary data for comparison, Figure S3). The modified
peptide clearly shows complete labeling of the two arginines by this CHD-azide reagent.
Furthermore, the modification with neurotensin yielded two peaks at m/z 1056.60 for the doubly
charged ion and for the triply charged ion at m/z 704.76 (Figure 3-1B). The mass difference
between the unmodified neurotensin mass at m/z 837.45 and m/z 558.66 confirmed dual CHD-
azide incorporation to the two adjacent internal arginine residues in the peptide (Figure S2B and
S3B). The results were further confirmed by tandem mass spectrometry studies after careful

inspection of all MS/MS spectra from modified peptides.
3.4.2 Tandem mass spectrometry studies of the peptides

CHD-azide modification at the two-arginine containing peptide bradykinin R*PPGFSPFR* was

characterized by the CID tandem mass spectrometry spectra (Figure 3-2A). Fragmentation of
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the doubly charged molecular ion at m/z 749.92 (Figure 3-2B) and unmodified parent ion at m/z
530.85 are given in the supplementary information Figure S3, respectively. The mass difference
438.14 Da, revealed that the two-arginine residues are modified with the CHD-Azide. For the
formation of a single CHD-azide adduct, the mass addition is 219.07 Da. The annotated MS/MS
spectrum in Figure 3-2B gave the modified b and y ion series (detailed m/z of fragment ions are
provided in an MS Office Excel file). It is notable that the addition of 219.14 Da to modified ion
fragments corresponds to the formation of two CHD-azide adducts with the two arginine
residues. Figure 1D shows the MS/MS spectrum obtained after reaction between CHD-azide
and neurotensin. This data further supported the conclusion that the two arginine residues are
modified by CHD-azide. Most of the b and y ion fragments were observed with high abundance
(please see the MS Office Excel files for the fragment ion mass). The above deduction was
confirmed by the mass difference between the unmodified fragments and the modified fragment
ions (see supplementary Figure 3-S3B). The MS? data provided confirmed the arginine

selectivity and modification sites with high confidence.
3.4.3 The feasibility of click chemistry-based peptide enrichment

Next, we tested click labeling and biotin-avidin affinity enrichment of CHD-azide modified
peptides using a commercially available biotin-PEG4-alkyne reagent. Biotin-PEG4-alkyne is not
a suitable reagent for mass-spectrometric fragmentation due to the PEG and biotin group, but
can be utilized at the protein level for enrichment. Due to the solubility, we decided to use this
reagent to provide feasibility of enrichment at the protein level as well as the peptide level. To
test the feasibility, a substance P modified peptide was spiked in a mixture of myoglobin digest.
After click labeling in this complex mixture, we affinity purify the peptide by avidin. Further
analysis of CHD modification followed by click chemistry of substance P peptide indicated that
the CHD modified peptide was successfully enriched by biotin-avidin purification. MS/MS was

performed on the [M+H]** ion at m/z 1012.88. The fragmentation behavior of the enriched
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peptide is shown in Figure 3-3 (see MS Office Excel files for fragments m/z’s). The enriched
CHD-azide modified peptide containing the clickable part gave most of the b fragment ions
(Figure 3-3). The modified fragment ion series indicated that the addition is 457.58 Da, which
corresponds to the BiotinPEG4-Alkyne attached to the CHD-Azide modification site. This
together with the fact that unmodified ions b2, b7, b8, b10 and CHD modified fragments b2*,
b7*, b8* bl10* as well as the CHD-azide click modified fragments b2#, b7#, b8# and b10# can
be used to justify modification at the arginine residue (Figure 3-S4A, B). The mass difference
between b2 and b2* is 219.14 Da, which clearly shows the CHD-azide modification at the
arginine residue. The mass shift between b2* and b2# fragment ion of the enriched peptide is
457.58 Da, giving a strong evidence of the reaction of biotin-PEG4-alkyne with the azide group.
Biotin and PEG functionality sometimes complicates the fragmentation spectra. Our future
strategy is also to develop or use a cleavable click reagent to remove these groups before
mass-spectrometric analysis. Based on the outcome results noted on the model peptides, we
decided to carry out the CHD-azide modification reaction with the RNase A protein to
investigate the CHD-azide adduct formation on arginine residues. This model protein system
was studied to demonstrate the applicability of this chemical labeling method for locating

functional arginine residues in the enzyme.
3.4.4 Modification of RNase A Protein by CHD-Azide compound

To identify the amino acids modified by CHD-azide, the digested peptides of the modified
protein samples were analyzed by nano LC-MS/MS. We were able to identify the modified
arginine residues in the RNase A protein. Two amino acid sequences were identified with the
chemical modification at the arginine residues. Specifically we found two peaks at m/z 469.28
[M+2H]** and m/z 1003.17 [M+3H]**, which corresponded to a peptide with amino acid
sequence SR*NLTK and a large peptide, DR*CIKPVNTFVHESLADVQAVC!SQK with two

carbamidomethyl modification at two cysteine residues, respectively. To confirm further the
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modification, we investigated the tandem mass spectrometry data of the RNase A protein with
the CHD-azide treated MS/MS data. The results in Figure 4A demonstrated the fragmentation of
unmodified peptide SRNLTK. The difference between untreated and treated RNase A peptide
SRNLTK was 219.14 Da, which suggested that the Arg- 33 was modified by CHD-azide. As
presented in Figure 4B, the peptide SR*NLTK confirmed the Arg-33 modification by the CHD-
azide compound. The precursor ion at m/z 469.93 generated CID fragment ions corresponding
to b2*-NHjs;, b3*, b4*, b5* y1, y2, y3, y4 and y5*-H,0. In addition, we saw unmaodified peptide
SRNLTK at m/z 360.90 give fragment ions b4, b5, y1, y2, y3-H,0, and y6-NH;. To compare the
unmodified with the modified peptide SRNLTK, the ion mass at m/z 471.27 (b4) and b4* (CHD-
Azide modified) fragment ion mass of the modified peptide SR*NLTK at m/z 690.41 clearly
showed the mass addition of 219.14 Da. Closer examination of another fragment ion b5* of the
modified peptide at m/z 791.45 with b5 of the unmodified peptide at m/z 572.32 showed the
characteristic mass addition of 219.13 Da, suggesting that the CHD-azide modification was at
Arg-33. Under identical tandem mass spectrometry conditions, we saw the Arg-39 modification
in peptide DR*C*KPVNTFVHESLADVQAVC*SQK, as shown in Figure S5A. As expected, the
CID data of the precursor ion peak m/z 1003.17 produced few fragment ions of this large
peptide with several modifications of DR*C!IKPVNTFVHESLADVQAVC!ISQK (*-CHD-Azide, !-
carbamidomethylation of cysteine). In this peptide the 219.16 Da increase in the peptide mass
between the unmodified peptide and the CHD-azide modified peptide confirmed that the Arg-39
was also modified by the CHD-azide. The tandem mass spectrometry data produced by both
seguences were matched against the molecular calculator software (omics.pnl.gov) to confirm
the identity of the peptides. The appearance of the most abundant b and y ions of peptide
DR#C!KPVNTFVHESLADVQAVCISQK with the CHD-azide modification (Figure 3-S5B) also
confirmed the modification at Arg-39. However, the quality of the tandem mass spectrometry
was poor due to the side chain PEG and biotin of the enrichment reagent. As displayed in
Figure S5B, some of the b and y ions are absent or they occur at very low intensity m/z values,
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since the peptide is having two carbamidomethyl modified cysteine residues along with the
CHD-azide-click modified peptides. The difference between the ion fragment b17%" from a click
modified peptide at m/z 882.56 (Figure 3-S5B) and CHD-azide modified b17** at m/z 730.68
(Figure 3S-5A) confirmed the mass addition of 457.58 Da, the MW of the biotinylated click
reagent. Our data showed that the Arg-33 and Arg-39 are the most reactive arginine residues

h38€° on identification of functional

present in RNase A. Our findings agree with Patthy and Smit
arginine residues in ribonuclease A and lysozyme. The data also agree with Brock et al.’s mass
spectrometric analysis studies on the detection and identification of arginine modifications on
methylglyoxal-modified ribonuclease.”®,®* These findings were displayed with the crystal
structure of RNase A protein with all arginine residues labeled and the selective arginine
residues labeled and enriched with our CHD-Azide and bio-orthogonal enrichment strategy
(Figure 3-5, A and B). The challenge associated with the CHD type compounds are the high pH
of reaction condition. Several researchers have frequently used CHD due to its labeling
efficiency compared to phenyl and methylglyoxal. Fortunately, it was determined that even with

high pH conditions, the CHD azide and bio-orthogonal enrichment strategy is quite capable of

labeling functional arginine residues.
3.5 Conclusions

In this study, we utilized a chemical approach for selective enrichment of the reactive arginine
residues in proteins. To the best of our knowledge, for the first time, we developed an arginine
selective reagent with enrichment functionality utilizing a cyclic 1,2 dicarbonyl compound. We
incorporated an azido group in 1,2 cyclohexanediones so arginine labeled peptides can be
enriched with a clickable biotinylated reagent. We tested the chemical labeling methods in
several standard peptides with arginine residues in different positions in the sequence.
Complete labeling was used and verified as complete in those peptides. We demonstrated

affinity enrichment with a commercially available clickable biotinylated reagent. The peptide was
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spiked in a protein digest successfully with its affinity purified after click labeling. Furthermore,
we tested labeling efficiency of this reagent on RNase A protein to identify and validate the
reactive arginine residues. Two functional arginine residues were selectively identified and
enriched using this labeling and enrichment approach. We utilized a commercially available
clickable biotinylated reagent to evaluate the enrichment of CHD-azide labeled peptides. Due to
PEG and biotin functionality in this compound, we have seen poor fragmentation in the click-
modified large and small peptides. Nevertheless, we have successfully demonstrated the
attachment of CHD-azide and click-adducts after enrichment. We are in the process of
employing a cleavable clickable-biotinylated reagent so the modified peptide can be removed
from the avidin beads by chemical cleavage. Thus, fragmentation complexity can be reduced
from the click-labeled mass spectra. Our approach demonstrated that CHD-azide labeling and
the click-based enrichment method is a reliable analytical technique to determine the
reactive/functional arginine residues. This study will pinpoint the reactive arginine targets for the

biomarker development with high confidence.
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Figure 3-1. ESI-MS and MS/MS spectra of modified peptides with CHD-Azide reagent. (A) CHD-
azide modified bradykinin at m/z 749.92(M+2H+CHD-Azide)** and m/z 500.34 (M+3H+CHD-
Azide)*", (B) MS/MS spectrum of CHD-azide modified bradykinin at m/z 749.92 (M+2H+CHD-
Azide)*, (C) CHD-azide modified neurotensin at m/z 1056.60 (M+2H+CHD-azide)** and m/z
704.76 (M+3H+CHD-Azide)*", and (D) MS/MS spectrum of CHD-Azide modified neurotensin at
m/z 704.76 (M+3H+CHD-Azide)*". Please see the supplementary data for unmodified spectra

for comparison. *denotes CHD-azide modified sites.
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Figure 5A Figure 5B

Figure 3-4. Crystal structure of RNase A protein (PDB file 4J5Z). (A) All arginine residues in

RNase A and (B) modified sites of RNase A with CHD-azide.
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Chapter 4
A novel mass spectrometry cleavable reagent that enables identification of proteolytic

cleavage

4.1 Abstract

Proteolytic cleavage is an irreversible post-translational modification where the proteases break
the peptide bonds in proteins. Recent efforts have focused on identifying the proteolytic
cleavage sites, which have become very vital as proteolysis has an all-encompassing ubiquitous
involvement in pathogenic processes. One of the approaches is to focus on the analysis of
theprotein n-termini. The current literature indicates that a different strategy is required to
identify the protein n-termini. Our method employs a solid phase capture and releasing
technique, which allows selective isolation of protein n-terminal peptides and identification in
mass spectrometry (MS). Not only does the advent of the solid phase reagent provide a more
efficient way to achieve enrichment, but it also improves MS analysis of the protein n-terminal.
MS is a high-throughput analytical tool for characterization of proteins. Our method allows high
throughput profiling of protein n-termini from a complex mixture of proteins. The key to
identifying the protein n-terminal is to view and define the signature fragment mass using

tandem mass spectrometry data.

4.2 Introduction

In the biosynthetic pathway of protein production, amino acids are assembled in a step-wise
fashion starting from the N-terminal to the C-terminal. The protein N-terminal contains all the
information about the fate of the mature protein.® Early studies on N-termini identification of
mature protein was based on Edman degradation.?* Understanding of protein functions and the

physiological process of protein n-termini studies has been a goal of mass spectrometry for
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decades. Most strategies are based on bottom up proteomics where the protein of interest
enzymatically digested prior to the MS detection.®*®* Traditional bottom up proteomic strategies
were two-fold: The first proteomic strategy was based on direct selection or the positive
selection approach and the second strategy was based on counter depletion or the negative
selection approach.®>® In the direct selection approach for protein analysis, the N-termini was
derivatized using different tags after the e-amino groups on side chain of lysine residues were
acetylated or guanidinated and concentrated as n-termini peptides. After comparing the direct
selection approach with the general chromatographic separation technique with acetylation,
Chen et al. introduced an SCX (strong cation exchange) method to separate acetylated N-
termini from original N-termini by the charge difference.®® When a protein is enzymatically
digested with trypsin, the cleavage happens at the C-terminal of the arginine and lysine when
there is no proline next to the lysine and arginine. The resulting peptides have a positive charge
on N-termini and another positive charge on the C-termini. The net charge is two positive
charges. The acetylated peptide has a single charge on the C-terminal. The counter depletion
approach was used in the combined fractional diagonal chromatography (COFRADIC) where
we can detect both the acetylated and unmodified peptides.!’ In the COFRADIC method, the
protein was initially reduced to an alkylate followed by the acetylation. Both the lysine primary
amines and n-termini primary amines are blocked. Then the proteins are digested with trypsin
and SCX is used to separate the internal peptides. A reverse phase liquid chromatography was
followed to fractionate the peptide mixture. Next all the peptides preset in the fraction were
derivatized using 2,4,6-trinitrobenzenesulfonic acid (TNBS). The internal peptides become more
hydrophobic and shift the elution rate compared to the secondary chromatographic run by the
alteration of the TNBS reaction. To enhance the N-terminal peptides separation from the
extraneous peptides, TMPP was also used as a labeling reagent. In their studies, they used

three different proteases in order to obtain a reliable confirmation of the protein N-termini.%
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Xu et al. introduced N-CLAP (N-terminal omics by Chemical Labeling of the Alpha Amine of
Proteins) strategy where the cleavage sites in proteins can be readily identified by selectively
labeling the N-termini amino terminal over the lysine sidechain amino groups.®* Protein primary
amines were modified with phenyl isothiocyanate. After a single Edman degradation step was
completed, the neo N-termini were biotinylated using sulfo-NHS-SS-biotin. Finally, the reduction
was conducted with TCEP and an analysis of the N-terminal methionine processing is

conducted using LC MS and tandem mass spectrometry.

Various potent approaches exist for profiling thespecificity of the proteases.”*®* Post-
translational modifications play a key role in biological processes.**%® Proteolytic cleavage is a
ubiquitous posttranslational modification. MS became an indispensable tool to analyze post-
translational modifications. During the proteolytic process the signal peptides can be removed

during translocation or N-terminal methionine residues are clipped off during translation.?°

Numerous methods have been reported to isolate N-termini of proteins.'® In general these
approaches involve an enrichment step combined with specific detection steps. A significant
advantage of our novel solid phase reagent over the others is that it is comprised of dual

properties, which can be enriched and made mass spec cleavable in itself.***

Mahrus et al. established a positive selection method to globally identify the proteolytic cleavage
sites in proteins.’® In their method, they used a modified subtiligase enzyme which cleaves the
biotinylated peptides of the protein N-termini. For the biotinylation, they used a biotinylated
peptide glycolate ester, which contains both a TEV protease cleavage site and a subtiligase
cleavage site. Following the enzymatic digestion with trypsin, biotinylated proteins were
captured using avidin beads. Recovered peptides with TEV protease were, analyzed with 1D or
2D LC/MS/MS. Limitations of this method includes the specificity of the subtiligase enzyme and

the efficiency of ligation. The positive selection method allows high throughput profiling of
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unmodified primary amines of the protein N-termini. A major drawback of this type of method is
its inability to study the naturally modified n-termini. Over the positive selection technique,
negative selection can be used to enrich both unmodified and naturally modified protein N-

termini. 103104

In recent years, COFRADIC and TAILS methods have been extensively used in the positional
proteomics field. Moment et al. has introduced a new technique for the enrichment of protein N-
termini through the phosphor tagging approach (PTAG).'*® N-terminal and lysine amino groups
are initially completely derivative with formaldehyde at the protein level and after the digestion,
the enrichment of phosphor tagged internal peptides were directed using titanium dioxide affinity
chromatography. This method supported identification of 753 unique N-terminal peptides in N.
meningitides in and 928 unique N-terminal peptides in S. cerevisiae. Krefeld et al. have
developed a negative selection method using the terminal amine isotope labeling of substrates
(TAILS) for identification and quantification of N-terminal peptides and proteolytic events.*® All
the selective enrichment techniques prone to the side reactivity and the sample loss.'%’ After the
digestion, the sample mixture contains lot of internal peptides which cover the N-terminal
peptides. In view of the challenges, mass spectrometry-cleavable reagents associated with

enrichment methods have been developed.
4.3 Materials and methods

Myoglobin (from equine heart), acetonitrile (ACN), ammonium bicarbonate (NH4HCO3),
lodoacetamide (IAM) and formic acid (FA) were purchased from Sigma Aldrich (St. Louis, MO,
USA). Guanidination reaction was performed using isomethylurea hemisulfate, which was
obtained from Acros Organics (Morris Plains, NJ, USA). For reduction, dithiothreitol was
acquired from Bio-Rad (Hercules, CA) and lodoacetamide (IAM) for the alkylation from Sigma

Aldrich (St. Louis, MO, USA). For proteolysis sequencing-grade modified trypsin obtained from
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Promega (Madison, WI, USA) The samples were desalted by C18 ZipTip from Thermo Fisher
Scientific (Rockford, IL, USA).Three model peptides bradykinin, neurotensin, and substance P
were purchased from ANASPEC (Fremont, CA). To remove the excess solid phase reagent,
Pierce concentrators of 3K MWCO were utilized. For the enrichment, Pierce UltraLink®
monomeric avidin was purchased from Thermo Scientific (Rockford, IL). Nano-purified water

was used in all experiments from the Mili-Q water dispenser.

4.3.1 Spiking Studies

To demonstrate the enrichment strategy, 1mM 5ul of myoglobin was used for the guanidination
reaction. The stock solution for the guanidination was prepared by using O-methylisourea by
dissolving 50 mg of O-Methylisourea in 51 uL of water. Protein solution was mixed with 30 pL of
7 N NH4OH and 5 ul of O-methylisourea stock solution. To avoid the incomplete guanidination, a

fresh stock solution was prepared prior to each reaction.

The resulting protein mixture was incubated at 65°C for 30 min in thermomixer (Eppendorf).
1 mM 5 L of bradykinin peptide and the 30mM PFP-RINK-biotin in NaHCO; was then spiked
into the guanidinated protein sample. This mixture was incubated for two hours at 37 °C for the
labeling of N-termini for the protein and peptide. After the labelling, the protein sample was
digested with trypsin followed by an additional guanidination step to assure all lysine conversion
to homoarginine. Protein digestion was performed as follows. Guanidinated and the Bradykinin
spiked protein sample was diluted with 50 mM NH4HCOs;. Then sequence grading trypsin was
added to the 1:100 enzymes to substrate ratio respectively. Afterwards the sample was
incubated at 37°C overnight. After the reguanidination step, the sample was concentrated using
a Speed Vac. A dried peptide sample was reconstituted in PBS buffer and selective enrichment
of n-termini modified peptides was performed using traditional affinity chromatography. Initially

monomeric avidin beads were washed three times with PBS buffer. Then, the sample was
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transferred to the digested peptide sample into the avidin containing Eppendorf tube. The
sample was incubated in a rotor at room temperature for one hour. The supernatant was
collected into a separate Eppendorf tube. The beads were washed with PBS, NaCl, and water
sequentially. Once done with the extensive washing, the beads were incubated with the elution
buffer for 1 hr at room temperature. Tagged peptides were then selectively eluted with a higher
organic solution from avidin beads. Eluted samples were evaporated to dryness with a

SpeedVac rotary evaporator and reconstituted in 0.1% formic acid for MS analysis.

Affinity Linker Reactive

group Group

MS/MS
labile bond

Figure 4-1 Conceptual modular design of the mass spectrometry cleavable reagent
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Figure 4-5 (A) Mass spectra of Bradykinin derivatized with PFP-RINK-biotin, (B) MS/MS

spectrum of the ion m/z 864.5, and (C) MS3 spectrum of ion m/z 1159.61.
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4.4 Results and Discussion

Mass spectrometry analysis of biotinylated peptides was performed using a Nanospray-ESI- MS
and MS/MS with a Thermo Scientific Velos Pro dual-pressure linear ion trap mass spectrometer
operated in positive ion mode and controlled by Xcalibur software (Thermo Fisher Scientific,
San Jose, CA, USA). Using the nano-HPLC system Ultimate 300 coupled to the LTQ Velos Pro
mass spectrometer (Thermo Fisher, San Jose, CA), mass spectra were acquired over the range
m /z 200-2000. Reverse phase chromatographic separations of the biotinylated peptides were
performed with a 65 min run with a flow rate of 300 nl/min. A multi-step gradient was used
containing 4% B for 3 min, 4 to 30% B in 30 min, 30% to 60% B in 55 min (A, 0.1% formic acid
in water; B, 95%: 5%: 0.1% Acetonitrile: water: formic acid 0.1% formic acid) on a Dianex
Acclaim® Acclaim PepMap™ C18 column (Thermo Fisher Scientific) with an inner diameter (i.d.)
of 75 um, particle size of 3 pm, pore size of 100 A and a length of 15 cm bed for the peptide
separation. The column temperature was set to 35 °C. Automatic gain control (AGC) was 1*E6,
normalized collision energy (NCE) was 35%, and a data dependent scan was used from MS/MS

top 10 with S/N 5.

As described during the LC MS analysis observation of ion at m/z 864.51 indicates the potential
existence of the precursor ion having the doubly charged PFP-RINK-biotin modified Bradykinin.
The doubly charged precursor ion was isolated for the CID fragmentation. The MS/MS spectrum
shown in Figure 4-3C shows the efficient cleavage of the CID cleavable bond. It generates the
reporter ion mass at m/z 569.18. As indicated in Figure 4-3b the ions generated at m/z 432.18,
904.58, 1003.52, 1142.61, 1159.61, which represent biotin linker reporter ion fragment, biotin
linker reporter ion, y8" of Bradykinin peptide, linker with one arginine loss in the peptide, linker
with a loss of a single water molecule, peptide with the group of the linker respectively. This
MS/MS data further confirmed the Bradykinin modification with the PFP Rink biotin. As depicted

in Figure 4-3C the MS® spectrum of the further fragmented 1159.61 ion supported the
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assignment of the amino acid sequence for the confident identification of the bradykinin peptide.
The observation of a series of b and y ions is lacking due to the high intense peak at m/z
1003.42, which is the arginine loss from the peptide attached to the group of the linker. lon at
m/z 1141.59 is formed when a single water molecule is lost from the peptide with the group of

linkers.

The MS? and the MS?® spectra clearly show that our novel enrichment reagent is reacting with

the N-termini of the peptide.

Traditionally biotin-avidin interaction is used for specific enrichment of molecules of interest from
complex biological mixtures. Introducing a biotin group into the structure of the enrichment
reagent provides an affinity tag that can be used for specific pulldown studies. Currently we are

working on the HCD fragmentation studies of the peptide,
4.5 Conclusions

Based on the excellent performance of our solid phase reagent we believe that this enrichment
strategy will improve the mass spectrometric identification of the n-termini of proteins. In
addition, this approach significantly reduces the sample complexity compared to the traditional

approaches and allows elucidating the proteolytic cleavage pathways.
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Chapter 5

Summary and Future Work
Through the development of our method we were able to identify the reactive arginine residues
in protein bovine serum albumin. For further analysis of the modified peptide, we performed an
enrichment study with a newly synthesized arginine reactive reagent. This eliminated the
sample complexity. However, the biotin alkyne reagent used in the enrichment strategy gave
potential issues on the sample cleanup process and on the LC MS separation. Therefore, new
methods are needed for faster analysis steps and for improved enrichment strategies. To obtain
a better quality data, we are currently working on two different biotin alkyne reagents. Diol
Biotin-Alkyne is one azide reactive reagent we used in our new studies. The reagent consists of
a biotin group and a vicinal diol where the cleavage can be done using sodium periodate.
Another reagent we used is an alkyne activated photo cleavable compound containing a biotin
moiety linked to a terminal alkyne group. The captured azide modified peptides were then
released by exposing to UV light. These reagents are capable of effectively pulling down the
click-functionalized peptides from a complex mixture. Click Chemistry is a powerful reliable
selective reaction. The concept was introduced by K. B. Sharpless in 2001. Copper-catalyzed
azide-alkyne cycloaddition (CuAAC) is catalyzed by copper followed by the triazole formation
when the alkyne and azide reacts together. Partial work on these two reagents has been done.
We believe future work in this aspect will improve our click-based enrichment method. We
studied the chemical labeling of arginine residues and found the functional arginine residues. It
is critical to find out the chemically modified arginine residues in a complex sample mixture.
Moreover, after the enrichment studies, successful cellular level studies with a complex matrix
are planned in the future. The amount of methylglyoxal accumulation is high in diabetes patients
andl ends up as a more advanced glycation end product (AGEs) formation. This increases the

severity of the complications of diabetes. Our future goal is to identify the CHD adduct and to
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utilize our targets to design a quantitative approach for this modification using multiple reaction
monitoring (MRM) mass spectrometry. We plan to determing whether these modified arginine

residues are more prone to form AGE adducts through profiling, and we will design a

gquantitative experiment using MRM.
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Figure 5-1 General scheme for enrichment of CHD-azide modified peptides using chemical

derivatization method in RAW 264.7 macrophage cell
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Figure 5-2 General scheme for enrichment of N-termini modified peptides using a complex

mixture of samples

Our study on the proteolytic cleavage site identification highlights a new method
to analyze the protein N-termini. This method facilitates the enrichment of only the N-termini
peptide. By comparing to the general strategies, we envisage our method will provide a versatile
analysis and further confirmation with the tandem mass spectrometry analysis. After we
determine the utility of the novel capture reagent, we will demonstrate the proposed enrichment
strategy in large-scale samples. Capture and release methods will be demonstrated for the N-
terminal peptide enrichment in macrophages, and these raw macrophage cells will be
stimulated with lipo-polysaccharide ligand prior to the modification. Hence, we will show the

applicability of our method in real biological samples.
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