UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
New Tools for Chemically Directed Glycoproteomics and Xe-based MRI Contrast Agents

Permalink
https://escholarship.org/uc/item/3cx274vd

Author
Palaniappan, Krishnan K.

Publication Date
2012

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3cx274vg
https://escholarship.org
http://www.cdlib.org/

New Tools for
Chemically Directed Glycoproteomics
and
129Xe-based MRI Contrast Agents

by

Krishnan Kanna Palaniappan

A dissertation submitted in partial satisfaction of the
requirements for the degree of

DocTor oF PHILOSOPHY
in
CHEMISTRY
in the
GRADUATE Division
of the

UNIVERSITY OF CALIFORNIA AT BERKELEY

Committee in charge:
Professor Carolyn R. Bertozzi, Co-Chair

Professor Matthew B. Francis, Co-Chair
Professor David V. Schaffer

Fall 2012



New Tools for
Chemically Directed Glycoproteomics
and '*Xe-Based MRI Contrast Agents

Copyright 2012

by
Krishnan Kanna Palaniappan



Abstract

New Tools for Chemically Directed Glycoproteomics and
129Xe-Based MRI Contrast Agents

by
Krishnan Kanna Palaniappan
Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor Carolyn R. Bertozzi, Co-Chair
Professor Matthew B. Francis, Co-Chair

In recent years, technological advancements in the fields of mass spectrometry (MS)
and molecular imaging have enabled scientists to ask and answer questions that once seemed
impossibly challenging. For example, advancements in mass spectrometry have made it possible
to provide a quantitative description of a human cell proteome, where both the identities and
absolute abundances of thousands of proteins are simultaneously and reproducibly calculated.
Equivalently, advancements in molecularimaging have made it possible to monitor the dynamics
of posttranslational modifications, such as glycosylation, in living organisms.

Inspired by these advancements, this dissertation is divided into two sections that describe
chemical approaches for both identifying and imaging biomolecules in living systems. In the
first section, the biomolecules of interest are glycoproteins, and | describe chemical tools and
computational strategies for identifying glycoproteins through MS. After a brief discussion of
the importance of protein glycosylation in Chapter 1, | survey chemical methods that facilitate
the study of glycoproteins through MS in Chapter 2. A major theme that emerges from this
discussion is that although glycoproteins are highly abundant biomolecules, they exist as a
complex mixture of enormously diverse structures, which has made identifying any one member
of the population a great analytical challenge.

In Chapter 3, | introduce the concept of chemically directed proteomics. This method is
used to direct MS analysis to specific species of interest (regardless of abundance) by chemically
tagging them with an identifiable isotopic signature. Towards extending chemically directed
proteomics beyond chemical labeling, in Chapter 4 | explore metabolic strategies to incorporate
an isotopic signature directly into glycans using a specific mixture of monosaccharide isoto-
pologs.

In the second section, the focus is molecular imaging, and | describe how viral nanopar-
ticles can be used as molecular scaffolds to develop high sensitivity contrast agents for magnetic
resonance imaging (MRI). After a brief discussion of the advantageous role that viral nanopar-
ticles have played in the development of gadolinium-based contrast agents in Chapter 5, | then
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Abstract

focus on a new class of contrast agents known as xenon biosensors. In Chapter 6, | describe
the utility of xenon-based MRI for in vivo image and illustrate that through the combination of
hyperpolarization and chemical exchange saturation transfer detection, xenon biosensors can
achieve low detection thresholds.

Towards improving the detection sensitivity of xenon MRI further, biosensors can be
assembled onto supramolecular scaffolds such as viral nanoparticles. In Chapter 7, | discuss the
development of a bacteriophage MS2-based xenon biosensor-the first viral capsid function-
alized as a '*Xe-based MRI contrast agent. Subsequently, in Chapter 8, | extend the application
of viral capsids from spherical bacteriophage to filamentous bacteriophage by generating an
M13 bacteriophage-based xenon biosensor. Bacteriophages where chosen because they are
routinely used in phage display techniques for identifying new epitope-targeting groups such
as peptides and antibody fragments. Accordingly, in Chapter 9, | describe the development of
a phage-based xenon biosensor that possesses antibody fragments for targeted imaging of
cancer cells in vitro.

In summary, this dissertation describes a number of chemical approaches for both iden-
tifying and imaging biomolecules within biologically relevant environments. In the future,
it will be exciting to watch as these tools are further refined and improved upon to address
outstanding questions in disease biology. In particular, there are a number of research projects
underway to identify cancer-related cell surface glycoproteins that can serve as biomarkers for
disease states. Additionally, efforts are underway to apply phage-based xenon biosensors to
lung cancer detection and imaging in vivo.



This dissertation is dedicated to the friends and family who have
helped me reach the light at the end of the tunnel.
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SECTION I: NEW TOOLS FOR CHEMICALLY DIRECTED
GLYCOPROTEOMICS



Chapter 1: The Biological Relevance of Protein Glycosylation

1.1 Introduction

Protein glycosylation mediates a diversity of cellular processes. Impressively, more than
50% of eukaryotic proteins are glycosylated according to a bioinformatics survey of the Swiss-Prot
database. However, the biological significance of many of these structures remains unknown,
partly due to the difficulty in studying glycosylation using traditional biochemical tools.

Unlike DNA transcription and RNA translation, glycosylation is not template-driven;
instead, glycoproteins are generated through enzymatic addition of monosaccharides (Figure
1-1) and complex oligosaccharides onto protein scaffolds post-translationally, a process that can
produce significant diversity and complexity.>® The attached carbohydrates, termed glycans,
endow the protein with new properties including cellular localization, substrate specificity,
and thermodynamic stability.*® Glycoproteins on the cell surface facilitate cell recognition,
signaling, and adhesion, with known roles in host-pathogen interactions, inflammation, and
cancer metastasis (Figure 1-2).”° Additionally, intracellular glycosylation can respond dynami-
cally to extracellular signals, with known roles in regulating nutrient and growth factor sensing,
cell cycle progression, and stress responses.”'? Moreover, changes in protein glycosylation—
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Figure 1-1.  The structure and graphical representation of the nine common monosaccharide building blocks
found in vertebrates.

N-acetylneuraminic acid is the most common form of sialic acid. This figure was adapted from Essentials of Glycobiology, 2nd
Ed.?

— 2 —



Chapter 1: The Biological Relevance of Protein Glycosylation

including the glycan structure, the site of modification, and the protein abundance—can
modulate organismal phenotypes including growth, development, and disease.*"* Importantly,
aberrant glycosylation is well recognized as a hallmark of many diseases and their progression,
including microbial pathogenesis, immune deficiencies, neurodegenerative diseases, and many
cancers.'®" This has been validated by the more than 15 glycoproteins that currently serve as
clinically approved biomarkers.”' Consequently, a large effort has been invested towards the
accurate characterization of a cell’s glycoproteome.

1.2 Complexity of the Glycoproteome

Characterizing the glycoproteome is a challenging endeavor. This results from the lability,
diversity,and heterogeneous nature of the nine-monosaccharide building blocks that are present
in glycans (Figure 1-1): D-glucose (Glu), N-acetyl-D-glucosamine (GIcNAc), D-glucuronic acid
(GlcA), D-galactose (Gal), N-acetyl-D-galactosamine (GalNAc), D-xylose (Xyl), D-mannose (Man),
L-fucose (Fuc), and sialic acid (Sia), primarily N-acetylneuraminic acid (NeuNAc). Additionally,
glycans can be used to create a variety of glycoconjugates (e.g., glycosphingolipids, glycosyl-
phosphatidylinositol-anchored glycoproteins, proteoglycans, and glycoproteins) depending on
the type of biomolecule (e.g., lipids or proteins) they are attached to.2?22
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Figure 1-2.  Glycoproteins mediate many biological events.

Glycan-binding proteins on the same cell or on neighboring cells can recognize glycans displayed on cell-surface glycopro-
teins. These interactions mediate diverse aspects of cell communication and recognition. Additionally, intracellular glycosyla-
tion can regulate cell physiology in response to extracellular signals in a dynamic fashion.
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The complete collection of glycoproteins from an organism, known as the glycoproteome,
can be characterized based on the amino acid attachment side between the glycan and the
protein core. These include Clinked (through tryptophan), S-linked (through cysteine), N-linked
(through asparagine) and O-linked glycosylation, with the last two being the most common and
the subject of this dissertation.?*?’

1.2.1 N-linked glycosylation

In N-glycosylation, glycans are attached to the nitrogen atom of an asparagine residue
found primarily within the consensus sequence Asn-Xaa-Ser/Thr (where Xaa is any amino acid
except proline).® N-linked glycosylation is frequently found on proteins that are translated into
the endoplasmic reticulum (ER) where a pre-assembled oligosaccharide, Glc,Man GIcNAc,, is
enzymatically transferred onto a nascent protein.” Subsequently, the N-glycan precursors are
enzymatically deglycosylated into a core pentasaccharide structure (Figure 1-3A, in red) and
then further edited by glycosyltransferases in the Golgi to yield a plethora of mature glycoforms
with compositions largely dependent on cell type and protein localization (Figure 1-3A, in green
and purple). Additionally, there are several glycosidases specific for N-glycans, including the
endoglycosidase peptide N-glycosidase F (PNGaseF), an amidase that converts asparagine into
aspartic acid by cleaving the entire glycan from the polypeptide background.*

1.2.2 O-linked glycosylation

In contrast to N-glycosylation, there is greater structural diversity and fewer biochemical
or genetic tools available for studying O-glycosylation. In O-linked glycosylation, glycans are
attached to the hydroxyl oxygen of serine, threonine, tyrosine, or hydroxylysine residues.?® Then,
depending upon the identify of the first monosaccharide appended, there are many subclasses
of O-glycans, including O-glucosylation, O-fucosylation, O-mannosylation, O-GlcNAcylation and
mucin-type O-glycosylation (O-GalNAc).2

Mucin-type O-Glycans represents a large percentage of all cellular O-glycosylation.? They
are characterized by a structurally conserved core GalNAc residue linked in an o configuration to
either a serine or threonine residue (Figure 1-3B, in red). Their synthesis is initiated in the Golgi by
a family of glycosyltransferases known as the polypeptide-N-acetyl-galactosaminyl transferases
(ppGalNACT), of which there are 21 isoforms.® Subsequently, the o-GalNAc residue can be elab-
orated by a series of glycosyltransferases to generate complex, branched structures that can be
found as secreted or cell surface glycoconjugates (Figure 1-3B, in green).?' Although a consensus
sequence for glycosylation has not been identified, a hallmark of mucins is the presence of
heavily glycosylated regions clustered together in domains that are rich in serine, threonine,
and proline residues.>? This conformation of dense and highly branched glycosylation causes
the peptide backbone of mucins to adopt an extended conformation, allowing mucins-type
O-Glycans to extend above the cell surface.* Unfortunately, there is no equivalent to PNGaseF
for the liberation of all O-glycans from their protein scaffold; the only glycosidase specific for
O-linked glycans cleaves the O-linked disaccharide Gal-a1,3-GalNAc.**

Another unique subclass of O-glycosylation, O-GlcNAcylation, is characterized by the
addition of a single GIcNAc residue linked in a B configuration to either serine or threonine
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residues (Figure 1-3C).2>3¢ The modification is unique because it is found exclusively on proteins
located in the cytoplasm and nucleus of mammalian cells, it is not further elaborated, and it is
rapidly reversible.*” Similar to mucin-type O-Glycans, a consensus sequence for O-GIcNAcylation
has not been identified. Conceptually, O-GIcNAcylation is analogous to phosphorylation, as it
is appended or removed from hundreds of protein substrates in response to biological cues.®®
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Figure 1-3.  Glycan structures display a range of complexity.

(A) Example of an N-linked glycan, with the conserved pentasaccharide (Man GIcNAc,) core structure highlighted in red. This
can be further elaborated with N-acetyllactosamine (green), sialic acid (purple), or many other monosaccharides. (B) Example
of a mucin-type O-linked glycan, with the conserved core a-linked GIcNAc residue highlighted in red. This monosaccharide
can be elaborated; depicted is the Sialyl Lewis X antigen (green). (C) Example of the O-GIcNAc modification, characterized by
a single B-linked GIcNAc monosaccharide.
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However, unlike phosphorylation, only two enzymes are responsible for all O-GlcNAc cycling:
O-GlcNAc transferase and O-GIcNAcase.>’

1.3 Summary of Section I: New Tools for Chemically Directed Glycoproteomics

A necessary first step in establishing the biological importance of protein glycosylation
is identifying relevant and interesting glycoproteins. However, the complexity of the glycopro-
teome has made it difficult to study protein glycosylation using traditional tools and methods.
This has led to the development of new approaches and technologies, in particular the appli-
cation of mass spectrometry (MS)-based proteomics. In combination with chemical tools,
chemical proteomics has recently emerged as a fruitful interdisciplinary approach to identifying
and studying glycoproteins.

In this section of my dissertation, | describe chemical tools and computational strategies
for interrogating the glycoproteome by MS. First, in Chapter 2, | review key contributions from
chemical biology that have enabled these advancements in glycoproteomics, summarizing
methods for the enrichment of glycoproteins from complex mixtures, the identification of sites
of glycosylation, and the identification of protein-glycan interactions (i.e., functional glycopro-
teomics). A major theme that emerges from this discussion is that although glycoproteins are
highly abundant biomolecules, they exist as a complex mixture of enormously diverse struc-
tures, which has made identifying any one member of the population a great analytical chal-
lenge. Consequently, a critical aspect of characterizing the glycoproteome is reduction of sample
complexity; in the next five chapters, | discuss several strategies that are based on this premise.

In Chapter 3, the concept of chemically directed proteomics is introduced as a unique
strategy to address a major challenge in proteomics experiments: identifying proteins of low
abundance. For example, in human serum, protein concentrations can span twelve orders of
magnitude. Under these conditions, even the best enrichment strategies and the most sophisti-
cated instruments (with the largest dynamic range) can be inadequate to survey low abundant
species. Alternatively, through chemically directed proteomics, we can direct MS analysis to the
species of interest (regardless of their abundance) by chemically tagging them with an identi-
fiable signature. Termed isotopic signature transfer and mass pattern prediction (IsoStamp), the
technique exploits the perturbing effects of a dibromide motif on a peptide’s isotopic envelope.
The dibromide tag was used in a proof-of-principle study to develop a computational pattern-
searching algorithm capable of identifying dibromide-labeled peptides in complex mass
spectra with high sensitivity and fidelity. Following pattern identification, peptide ions bearing
a recoded isotopic envelope were selectively subjected to tandem MS through the implemen-
tation of an inclusion list containing m/z values and retention times. Thus, isotopic pattern rather
than ion abundance was used to drive this directed proteomics method. With this tool in hand,
we applied it to glycoproteomics in a number of ways.

While the isotopic signature of a halogenated chemical tag can effectively highlight labeled
peptides within a complex LC-MS dataset, some biomolecules are not amenable to chemo-
specific modification. To address this limitation, and expand the utility of chemically directed
proteomics, in Chapter 4 we explore metabolic strategies to incorporate an isotopic signature
directly into glycans without chemical labeling. We introduce a strategy to embed a precisely
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defined mixture of sugar isotopologs into eukaryotic glycans to mimic the isotopic signature of
a dibromide motif without the need for bromine atoms. We use the method to detect occupied
N-glycosites in the yeast proteome. Peptides bearing the recoded envelopes were specifically
targeted for fragmentation, facilitating high-confidence site mapping.

Collectively, the techniques described in this section demonstrate that a chemical biology
approach to glycoproteomics is a powerful interdisciplinary combination to interrogate the
glycoproteome.
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2.1 Introduction

Mass spectrometry (MS)-based proteomics is a powerful tool to interrogate biological
systems. Over the past decade, the in-depth and quantitative characterization of a number of
proteomes has advanced our understanding of basic cellular processes. For example, we now
have an accurate representation of the protein content of a cell and subcellular structures, as
well as the connectivity and dynamics between those components.* Accomplishing this has
required collecting information-rich data sets that contain a comprehensive and quantitative
catalog of the components of complex biological mixtures. This was made possible through
a number of advances in MS technologies (i.e., mass resolution, mass accuracy, sensitivity,
speed, and fragmentation) and computational methods.*'® However, in order to align MS-based
proteomics with the current and future needs of understanding complex biological processes,
proteins also need to be distinguished by their function, activity, and interactions with other
biomolecules."

Of the many ways a cell regulates the functional activity of its proteome, post-translational
modifications (PTMs) are paramount. The challenge lies in identifying and characterizing these
PTMs. To address this problem, developments at the interface of chemical biology and chemical
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Figure 2-1. Schematic of the bottom-up shotgun proteomics method.

(A) A mixture of proteins is subjected to proteolytic digestion producing (B) a mixture of peptides. (C) The peptides are sepa-
rated using LC and (D) full-scan mass spectra are collected at regular intervals. (E) Typically, ions are selected from each full
scan for fragmentation (i.e., tandem MS) in a data-dependent fashion (i.e., based on ion abundance). (F) These fragment mass
spectra are subjected to a database search to produce peptide and protein identifications.
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proteomics have contributed tools and techniques to characterize a proteome with respect to
specific PTMs."*"> Of the more than 300 known protein modifications, glycosylation is one of the
most abundant and complex PTMs, and was one of the first to be probed with chemical tools.'s'®
For example, protein glycosylation has been studied using lectin arrays, perturbation with small
molecules, and chemical synthesis.!”2°

In this chapter, | review key contributions from chemical biology in the development of
tools for interrogating the glycoproteome by MS. After a discussion of the challenges associated
with glycoproteomics, | describe chemical approaches for the enrichment of glycoproteins from
complex mixtures, emphasizing methods that either exploit chemical properties of carbohy-
drates or introduce unnatural functional groups via metabolic labeling and chemoenzymatic
tagging. Next, | discuss strategies for identifying sites of protein glycosylation. | conclude with a
discussion of chemical tools that will enable functional glycoproteomics to identify how proteins
interact with each other in a glycosylation dependent manner. Ultimately, | hope to demonstrate
that the integration of chemical approaches with existing proteomics platforms will provide an
efficient route to interrogate the glycoproteome.

2.2 Challenges in Studying Protein Glycosylation by MS

The complexity and heterogeneity inherent to protein glycosylation imparts an analytical
and computational challenge when using traditional methods to study this class of PTM.
While a number of biochemical techniques are available to establish low-resolution structural
information, including the use of glycan-binding proteins, radioactive labeling, antibodies, or
enzymatic deglycosylation, they suffer from a combination of low throughput, low sensitivity,
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or cumbersome manual analysis. Analytical methods such as NMR spectroscopy, liquid chroma-
tography, and electrophoresis can also be used to characterize glycans or monosaccharides, but
their utility is limited by the complexity of the sample.”’

An alternative to these methods, liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS), has emerged as an ideal technology for studying protein glycosylation.
For example, there are a number of excellent reviews of MS-based proteomic analysis of glyco-
proteins.??? The most common and successful implementation of this technology is the tech-
nique of bottom-up shotgun proteomics, illustrated in Figure 2-1.573° In this method, proteins
are converted into a mixture of peptides, which are then separated by LC and analyzed by MS.
Peptide ions in the full-scan mass spectrum are selected for tandem MS, typically on the basis of
ion intensity, to generate a fragment ion mass spectrum. Comparison to a proteome database
is used to assign the tandem mass spectrum to its most likely peptide sequence and ultimately
parent protein.®*!

Despite the wide use of bottom-up shotgun proteomics, studying protein glycosylation by
MS is challenging for a number of reasons. Glycosylation is a labile PTM and requires special tech-
nical skill to ensure that the glycan is not lost during sample handling or tandem MS analysis.*
Moreover, in complex biological samples such as human serum, protein concentrations can
span up to 12 orders of magnitude, and many interesting glycoproteins, such as biomarkers
for disease states, are present in low abundance, increasing the difficulty of detection (Figure
2-2).334 Adding to the challenge, glycoproteins usually exist as complex mixtures of glycosylated
variants (glycoforms), with both microheterogeneity (i.e., differences in glycan structures at one
modification site) and macroheterogeneity (i.e., differences in sites of modification). Furthermore,
many monosaccharides occur as structural isomers with the same mass (Figure 1-1). These vari-
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Figure 2-3. The glycoproteome can be analyzed in several ways using MS.

Although glycoproteins enriched from complex mixtures can be subjected to glycoproteomics methodologies for identifi-
cation, they can also be further simplified before MS analysis. For example, intact glycoproteins can be deglycosylated into
proteins and glycans, which can then be separately analyzed through proteomics and glycomics methodologies, respectively.
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ations complicate identification and pose problems for standard bioinformatics software that
cannot cope with the enormous variability in glycoproteins.3¢

Considering these formidable obstacles, reduction of sample complexity via enrichment
is a primary goal for the successful identification and characterization of glycoproteins by MS.
Once enriched, glycoproteins can be analyzed using glycoproteomics methodologies for iden-
tification. Alternatively, glycoproteins can be separated into glycans and proteins as a strategy
to further reduce sample complexity, and each component can be analyzed separately through
glycomics and proteomics methodologies, respectively (Figure 2-3). Here, | will focus on the
analysis of intact glycoproteins and proteins after glycan release; strategies for glycan analysis
(i.e., glycomics) have been summarized in a number of excellent reviews.2*374

2.3 Enrichment of Glycoproteins and Glycopeptides

Reducing the interference from more abundant and unglycosylated species is a prereq-
uisite for successfully applying LC-MS/MS for the in-depth analysis of glycoproteins in complex
mixtures. Traditionally, enrichment was achieved by affinity purification using antibodies and
lectins that targeted specific classes of glycoproteins.**** Lectins are carbohydrate-binding
proteins isolated from various plants, bacteria, and animal sources and have played an important
role in isolating and purifying glycoproteins. This is especially true for N-glycosylation where
lectins have been extensively used for enrichment.?? For example, the lectins Sambucus nigra
agglutinin (SNA) and Aleuria aurantia (AAL), which bind sialic acid or fucose residues, respectively,
were immobilized on a solid support and used to enrich N-linked glycoproteins from human
plasma for biomarker detection.* In a similar manner, a combination of three lectins, placed in
an ultrafiltration spin filter rather than immobilized to a solid support (i.e., filter aided sample
preparation), were used to identify over 2000 N-linked glycoproteins from four mouse organs.*

In contrast, the greater diversity of glycan structures in O-linked glycosylation restricts the
utility of lectins. One approach relied on serial lectin affinity chromatography in which N-linked
glycopeptides were first removed using the lectin Concanavalin A (ConA), and then GalNAc
containing peptides were enriched using the lectin Jacalin.*® For O-GIcNAcylation, the most
common lectin enrichment method uses wheat germ agglutinin (WGA),* which has also been
used in a long column format, termed lectin weak-affinity chromatography (LWAC), to enrich for
O-GlcNAcylated peptides.*® In addition to lectins, pan-specific antibodies have been developed
to recognize O-GIcNAc, some of which have been successfully used for enriching glycoproteins
from complex mixtures.***° Unfortunately, lectins and antibodies used for enrichment are limited
by their low substrate binding affinity and/or cross-reactivity with similar glycan structures.
Additionally, in the case of O-glycosylation, global enrichment is not possible due to the large
diversity of glycan structures. Consequently, improved enrichment methods are needed that
can be applied across whole classes of glycosylation and glycoconjugates.

Due to the limitations and lectin and antibody-based enrichement strategies, there is
growing interest in the use of chemical tools for tagging, marking, and enriching subproteomes
for analysis by MS.>*? Initially, chemical probes were developed to target specific amino acids.**
The progenitors of this approach were the isotope-coded affinity tag and isobaric tags for relative
and absolute quantitation, which were used to label cysteine residues or reactive amines, respec-
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tively, for quantitative comparative proteomics.>*** Subsequently, chemical probes that targeted
specific classes of enzymes were developed to extract functionally active components of the
proteome. Termed activity-based protein profiling (ABPP), specific families of enzymes were
covalently modified with small molecule probes that contained a chemical warhead specific for
their active site, allowing for identification and characterization. ABPP has been applied to many
classes of enzymes, including proteases, glycosidases, kinases, and phosphatases.">>*" Most
recently, this concept was applied to PTMs so that the functionally relevant states of proteins
could be identified by MS.141>58

Rather than viewing glycosylation as a limitation, chemical proteomics can take advantage
of the PTM for marking, enriching, and identifying glycoproteins by MS. One approach is to specif-
ically label a glycoprotein (or glycopeptide) at its site(s) of glycosylation with a chemical reporter.
The reporter will serve as a handle for either direct analysis or subsequent covalent modification
with a secondary probe for enrichment. The selection of a chemical reporter and secondary
probe are important in order to ensure that the reaction between the two reactive groups is
specific, efficient, and can take place in a biological environment, i.e. a bioorthogonal chemical
reaction (Figure 2-4).>>¢°There are three main strategies for introducing a bioorthogonal chemical
reporter at sites of glycosylation. The first relies on exploiting chemical reactivity unique to the
structure of a monosaccharide (for example, the cis-diol in sialic acid). The second method relies
on metabolic labeling where an unnatural monosaccharide is incorporated directly into glycans
using the cell’s native machinery. Finally, the third approach relies on using purified enzymes to
chemoselectively append a chemical reporter onto a specific monosaccharide in vitro. Each of
these strategies will be discussed as they relate to the enrichment of glycoproteins for MS.

2.3.1 Enrichment by exploiting chemical properties of glycans

An early approach for the enrichment of glycoproteins from complex mixtures utilized the
cis-diol functionality characteristic of many monosaccharides. Since cis-diols can form covalent
adducts with boronic acids or can be converted into an aldehyde after oxidative cleavage, the
use of appropriate secondary reagents allows for enrichment of glycosylated species.

2.3.1.1 Boronic acid adduct formation with cis-diols

Boronic acid functionalized materials, which form covalent adducts with cis-diols, are one
enrichment strategy that exploits the chemical properties of glycans.®’ When boronic acids are
attached to a solid support, such as agarose particles, magnetic beads, or a mesoporous silica
matrix, boronic esters are formed with glycans under basic conditions, enriching both O-linked
and N-linked glycoproteins.52% Following release under acidic conditions, glycoproteins can be
analyzed and identified by tandem MS. After proof-of-principle experiments to enrich a defined
mixture of glycoproteins, boronic acid functionalized materials were used to detect glycopro-
teins in human blood samples.®*

2.3.1.2 Periodate oxidation to introduce the aldehyde functionality

Another approach that exploits chemical properties of glycans is the sodium periodate-me-
diated oxidative cleavage of cis-diols to introduce an aldehyde group. Serving as the chemical

— 14 —
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Figure 2-4. Bioorthogonal reactions with aldehyde-, ketone-, azide-, or alkyne-functionalized monosaccha-
rides.

After appending an enrichment probe (red star) to glycoproteins or glycopeptides, they can be enriched from complex
mixtures and identified by MS. (A) Aldehydes and ketones can condense with amine nucleophiles, including hydrazide
compounds (top) and aminooxy compounds (bottom), to form stable hydrazone or oxime linkages, respectively. (B) Azides
can undergo the Staudinger ligation (top) with triarylphosphines, or a[3+2] cycloaddition with either terminal alkynes through
the Cu-catalyzed azide-alkyne cycloaddition reaction (CuAAC, middle) or strained alkynes in the absence of Cu (Cu-free click
chemistry, bottom). (C) Alkynes can undergo a [3+2] cycloaddition with azides through the CuAAC reaction.
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reporter, the aldehyde can be condensed with amine nucleophiles, including hydrazine and
aminooxy compounds, to form covalent linkages under physiological conditions (Figure 2-4A).
Aebersold and coworkers were the first to implement this strategy by using hydrazide-func-
tionalized beads to enrich periodate-oxidized glycoproteins from human serum (Figure 2-5A).°
With a covalent bond between glycoproteins and the solid support, nonglycosylated proteins
could be washed away and nonglycosylated portions of bound glycoproteins could be digested
away using trypsin. In order to select for a specific class of glycosylation, PNGase F was used
to selectively release N-linked glycopeptides for their subsequent identification by tandem MS.
Termed the hydrazide capture technology, 145 glycopeptides, mapping to 57 N-linked glycopro-
teins, were identified in human serum samples. The Aebersold group also developed a variant
of this method, where glycoproteins were first digested into peptides and then oxidized with
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Figure 2-5.  Enrichment of glycoproteins through carbonyl chemistry.

(A) Schematic of the hydrazide capture technology. First, glycoproteins are subjected to mild oxidants, most commonly
sodium periodate, the cis-diols in glycans can be oxidatively cleaved to introduce an aldehyde group (highlighted in purple).
Second, the aldehyde can be condensed with a hydrazide-functionalized solid support to covalently capture and enrich
glycoproteins. Finally, the protein can be released from the solid support allowing for identification by LC-MS. In addition
to a general method for glycoprotein enrichment, the hydrazide capture technology can be applied to glycopeptides and
can target glycans containing specific monosaccharides including (B) sialic acid and (C) galactose, using optimized sodium
periodate conditions or galactose oxidase, respectively.
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sodium periodate.®® A number of subsequent studies have applied either one of these methods
to identify N-linked glycoproteins in human plasma, cerebrospinal fluid, islet cells, platelet
cells, saliva, and the microsomal fraction of an ovarian cancer cell line.*”7® There are, however,
two limitations to the hydrazide capture technology. The first is the potential cross-reactivity
between hydrazide-functionalized beads and naturally occurring carbonyl-containing biomole-
cules in cell lysates (including glucose, pyruvate, and pyridoxal-5-phosphate), which can reduce
the sensitivity for glycoprotein enrichment. The second is the lack of specificity in the monosac-
charides that become oxidized and the class of glycoproteins that become enriched (i.e., both
O-linked and N-linked glycoproteins will display oxidized glycans). While the general strategy
used by Aebersold and others to address these issues was through enzymatic release of captured
glycopeptides (i.e., PNGase F specifically cleaves N-glycans), others have made modifications to
the hydrazide capture technology that expand its utility.”*”®

To improve the sensitivity of glycoprotein enrichment with the hydrazide capture tech-
nology, Wollscheid et al. introduced aldehyde groups onto cell surface glycoproteins, where
aldehydes and ketones are traditionally absent, by subjecting live cells to optimized sodium
periodate oxidation conditions without compromising cell viability.”*’® This allowed for the
newly generated aldehydes to react with a hydrazide-functionalized enrichment probe
(biocytin hydrazide) without the need to lyse cells and expose naturally occurring carbonyl-con-
taining biomolecules. Following proteolytic digestion of labeled-cell lysates, glycopeptides
from cell surface glycoproteins were captured with streptavidin beads. After enzymatic release
using PNGase F, N-linked glycopeptides were identified by tandem MS. This method, termed
cell surface capturing (CSC) technology, was used to identify the differences between the cell
surface N-glycoproteome of T and B cells. In the same work, CSC technology was integrated
with stable isotope labeling by amino acids in culture for quantitative glycoproteomics. This
was used to monitor the dynamics in the cell surface N-glycoproteome during T-cell activation
and during mouse embryonic stem cell differentiation into a neural lineage. More recently, the
CSC technology was used to profile the cell surface N-glycoproteome of a mouse myoblast cell
line, a mouse beta-cell line, a hepatoma cell line, myeloid leukemia cells, and pluripotent stem
cells.”"77-8 While the CSC technology reduces cross-reactivity between the enrichment probe
and native carbonyl-containing biomolecules, the use of PNGase F restricts the method from
identifying O-linked glycoproteins.

Although the hydrazide capture technology can be used to enrich multiple classes of glyco-
proteins, it has been limited to studying N-glycosylation due to the lack of methods to efficiently
release and recover O-linked glycoproteins. Larson and coworkers addressed the limitation by
using optimized sodium periodate oxidation conditions to selectively oxidize the cis-diol in sialic
acid residues, a terminal monosaccharide found on both N- and O-linked glycoproteins (Figure
2-5B).>7¢ After oxidized glycoproteins were captured on hydrazide beads and nonglycosylated
peptides were digested off using trypsin, both N- and O-linked glycopeptides were released
using mildly acidic conditions that cleave sialic acid residues. When used to identify glycopro-
teins in human cerebrospinal fluid, 36 N-linked and 44 O-linked glycopeptides were identified,
mapping to 45 glycoproteins, many of which were previously known. To distinguish between N-
and O-linked glycopeptides, as well as characterize some of the glycan structures, second-gen-
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Figure 2-6. Enrichment of glycoproteins through the bioorthogonal chemical reporter strategy.

(A) Metabolic oligosaccharide engineering (MOE) can be used to introduce a chemical reporter (i.e., azide or alkyne; purple
triangle) directly into glycans. First, unnatural monosaccharides can be accepted by the cells’ natural machinery and incorpo-
rated into cell-surface, secreted, and/or intracellular glycoproteins. Subsequently, a bioorthogonal chemical reaction can be
performed to specifically label glycans with a probe molecule (red star). (B) List of azide- and alkyne-functionalized unnatural
monosaccharides (chemical reporters highlighed in purple) used for metabolic labeling of glycans (natural monosaccharides
are shown in the left column). Although structures are shown in their peracetylated form, after entering cells by passive

diffusion, cytosolic esterases will cleave the acetyl groups.
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eration fragmentation (i.e.,, MS®) and manual inspection of mass spectra were required. One of
the challenges encountered was discerning the N- from the O-glycans because of the overlap
in monosaccharide residues amongst those structures. More recently, this sialic acid specific
enrichment strategy was used to identify both N- and O-linked glycoproteins in human urine
and mouse serum.?"8 In a similar fashion, Paulson and coworkers demonstrated that they could
selectively introduce aldehydes into cell surface sialic acid residues using mild sodium periodate
oxidation conditions while maintaining cell viability.” After reacting oxidized glycoproteins with
an aminooxy-biotin enrichment probe, in the presence of aniline as a catalyst, they demonstrate
high efficiency labeling. Biotin labeled glycoproteins were captured onto streptavidin beads
and then nonglycosylated peptides were digested off using trypsin to identify putative glyco-
proteins while N-linked glycopeptides were cleaved off using PNGase F to identify the sites of
glycosylation.®

Recently, the hydrazide capture technology was extended to the O-GIcNAc modification.
Medzihradszky and coworkers demonstrated that at elevated temperatures and high concen-
trations of sodium periodate, the trans-diol of GIcNAc could be oxidatively cleaved to introduce
aldehydes.®* After capturing oxidized glycoproteins on a hydrazide-functionalized resin, and
digesting off nonglycosylated peptides using trypsin, glycopeptides were released by hydrazone
cleavage using hydroxylamine and mildly acidic conditions. When applied to subcomplexes of
the proteasome from Drosophila melanogaster, they identified 12 O-GIcNAcylated peptides,
mapping to 5 glycoproteins.

In addition to the O-GIcNAc modification, Hattori and coworkers demonstrated that the
hydrazide capture technology could be used to enrich two types of O-linked glycosylation unique
to collagen, galactosyl-hydroxylysine (GHL) and glucosyl-galactosyl-hydroxylysine (GGHL).#
Instead of chemically oxidizing the glycans with sodium periodate, which was previously shown
to destroy the glycans, they used the enzyme galactose oxidase, which can oxidize terminal
galactose and GalNAc residues at the C-6 position to generate an aldehyde (Figure 2-5C). They
applied this technique to enrich for glycopeptides from bovine type | and type Il collagens. After
oxidized glycopeptides were enriched on hydrazide resin and eluted under acidic conditions,
37 GHL/GGHL glycopeptides, 13 from type | and 24 from type Il collagen, were identified by
tandem MS. Recently, Paulson and coworkers extended the utility of galactose oxidase to live
cells. They demonstrated that aldehydes could be selectively introduced into terminal galactose
and GalNAc residues on cell surfaces. After oxidation, glycoproteins were enriched and identified
following aniline-catalyzed ligation with an aminooxy-biotin probe.®

In general, the hydrazide capture technology has become a valuable chemical enrichment
strategy for studying N-glycosylation. With the integration of quantitative methods, this tech-
nology has led to the identification of thousands of new substrates across many organisms.
While some efforts have been made to extend the technology for O-glycosylation, the lack of
efficient chemical and enzymatic tools for release has limited its utility.

2.3.2 Enrichment by metabolic labeling with unnatural monosaccharides

Metabolic oligosaccharide engineering (MOE) is an emerging strategy for glycoprotein
profiling.'*'>233886 After Reutter and coworkers discovered that the acyl side chain on N-ace-
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tyl-D-mannosamine (ManNAc) was amenable to derivatization,®” Bertozzi and coworkers
exploited carbohydrate metabolic pathways to introduce bioorthogonal chemical reporters
directly into glycansin live cells or organisms as a method to visualize and profile glycan dynamics
(Figure 2-6A).2%# The azide and alkyne are two powerful chemical reporters: their small size
allows them to readily pass through a cell’s natural carbohydrate biosynthesis machinery, their
unique chemical reactivity is amenable to a number of bioorthogonal reactions, and unlike
aldehydes and ketones, they are generally absent in biological environments.”?% In MOE, the
first step is labeling glycans with an unnatural monosaccharide analogue bearing a chemical
reporter, either an azide or alkyne (Figure 2-6B). In the second step, functionalized glycans are
reacted with azide/alkyne-selective probes through either the Staudinger ligation with triaryl-
phosphines,®® the copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) with linear alkynes,”"
or “copper-free click chemistry” with strained alkynes (Figures 2-4B and 2-4C).** This strategy
has led to metabolic labeling using a number of membrane-permeable per-O-acetylated azide-
or alkyne-functionalized monosaccharides, including analogues of GIcNAc,*” ManNAc,?°%8°
sialic acid,'*®'°" GalNACc,'%>"* and fucose®'%%1%, Once the protected monosaccharides enter a cell
through passive diffusion, non-specific esterases cleave the O-acetyl groups, allowing the func-
tionalized monosaccharides to enter their respective salvage pathways.

2.3.2.1 Labeling with GIcNAc analogues

Intracellular O-GIcNAcylation is highly dynamic and typically substiochiometric. Conse-
quently, enrichment methods are necessary in order to identify O-GIcNAcylated substrates,
and bioorthogonal chemical reporters have played a key role. Specifically, O-GIcNAc modified
proteins have been metabolically labeled with either azide or alkyne chemical reporters by
feeding cells either per-O-acetylated N-azidoacetylglucosamine (Ac,GIcNAz, 2.2) or per-O-
acetylated N-alkynylacetylglucosamine (Ac,GIcNAlk, 2.3), respectively. Subsequently, reaction
with the appropriately derivatized enrichment probe allowed for the identification of hundreds
of O-GIcNAcylated proteins. In the first example, Zhao and coworkers fed Drosophila S2 cells
Ac,GlcNAz, reacted cytosolic extracts with a phosphine-biotin probe through the Staudinger
ligation and captured labeled proteins on streptavidin beads.”” After bound proteins were
digested off the beads with trypsin and analyzed by tandem MS, 41 putatively O-GIcNAcylated
proteins were identified, 10 of which were previously known. In a follow-up report, the same
group applied an identical strategy to identify O-GlcNAcylated proteins in Hela cells. With
an optimized protocol in place, 199 putatively O-GIcNAcylated proteins were identified, 23 of
which were confirmed using reciprocal immunoprecipitation.'® Unfortunately, the slow reaction
kinetics of the Staudinger ligation can hinder the capture of low abundance glycoproteins, which
is characteristic of a substoichiometric PTM such as O-GlcNAcylation. To compensate for this
limitation, alternative bioorthogonal reactions have been coupled to metabolic labeling with
GIcNAc analogues.

In addition to the Staudinger ligation, the CUAAC reaction has also been used to covalently
modify GIcNAz labeled glycoproteins. For example, Lemonie and coworkers reacted nuclear and
cytosolic extracts from Ac,GlcNAz-fed MCF-7 cells with a biotin-alkyne probe through the CUAAC
reaction.”” After enrichment of glycoproteins with a streptavidin column and in-gel digestion
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with trypsin, 32 putatively O-GIcNAcylated proteins were identified by tandem MS, 14 of which
were previously known. Subsequently, the authors wanted to demonstrate that Ac,GIcNAlk-fed
cells could also yield O-GIcNAcylated substrates after enrichment using a biotin-azide probe.
However, they did not observe any metabolic labeling with Ac,GIcNAIk. In contrast, Pratt and
coworkers recently demonstrated that Ac,GIcNAIk could be used for metabolic labeling, albeit
under low-glucose cell growth conditions.”® To identify O-GlcNAcylated proteins, they reacted
whole cell lysates from Ac,GIcNAlk-fed NIH3T3 cells with a cleavable biotin-azide tag (azido-
diazo-biotin) through the CUAAC reaction. After glycoproteins were enriched with streptavidin
beads they were selectively released using sodium dithionite to reductively cleave the diazo
bond. Following in-gel digestion with trypsin, 374 putatively O-GlcNAcylated proteins were iden-
tified by tandem MS, 95 of which were previously known, and three of which were confirmed by
immunoprecipitation.

2.3.2.2 Labeling with ManNAc analogues

Sialic acid-containing glycoproteins have also been metabolically labeled with both
azide and alkyne chemical reporters. Sialic acid, a terminal monosaccharide found on both N-
and O-linked glycans, is biosynthesized from ManNAc; consequently, metabolic labeling with
ManNAc analogues that contain either an azide or alkyne will transfer the chemical reporter
onto sialic acid residues. In an early example, Wong and coworkers fed prostate cancer cells
(PC3 cells) per-O-acetylated N-alkynalacetylmannosamine (Ac,ManNAlk, 2.6) and then reacted
whole cell lysates with a biotin-azide probe through the CuAAC reaction.'®® After enrichment of
sialic acid-containing glycoproteins using streptavidin beads, non-glycosylated peptides were
removed by on-bead tryptic digestion and then N-linked glycopeptides were released through
enzymatic digestion with PNGase F. Following tandem MS analysis of the PNGase F released
peptides, 219 N-linked glycopeptides were identified, corresponding to 108 glycoproteins, of
which 69 were previously known.

Semmes and coworkers also combined MOE with MS to identify sialic acid-containing
glycoproteins involved in prostate cancer.® They fed highly metastatic (ML2 cells) and nonmet-
astatic (N2 cells) PC3-derived cell lines with per-O-acetylated N-azidoacetylmannosamine
(Ac,ManNAz, 2.5) and then performed the CuAAC reaction on intact cells with a biotin-alkyne
tag. After whole cell lysates were prepared and biotin-labeled glycoproteins were captured
onto streptavidin beads, glycoproteins were released by boiling and were subjected to in-gel
digestion with trypsin. Following tandem MS, 36 putative glycoproteins unique to N2 cells and
44 putative glycoproteins unique to ML2 cells were identified. Interestingly, a large number of
the enriched glycoproteins from ML2 cells were involved in cell movement, migration, and cell
invasion, characteristics typical of metastasis. In this workflow, an attempt was made to reduce
non-specific enrichment by performing the bioorthogonal chemical reaction on intact cells,
rather than cell lysates. However, the considerable cell death that can occur when performing
the CuAAC reaction with live-cells (i.e., with 1 mM copper) resulted in a large amount of contam-
inating proteins, compromising the utility of live-cell labeling.

The most recent example of metabolic labeling of cancer cells with ManNAz was performed
by Bai and coworkers."" They fed three different cancer cell lines (A549 lung adenocarcinoma,
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Hela cervical carcinoma, and SW1990 pancreatic adenocarcinoma) Ac,ManNAz, performed the
CuAAC reaction on intact cells using a cleavable biotin-alkyne probe (alkyne-disulfide-biotin),
prepared whole cell extracts, and then captured biotinylated proteins on magnetic streptavidin
beads. After chemical release with dithiothreitol (DTT), glycoproteins were digested with trypsin
and analyzed by tandem MS. Collectively, 310 putative N- and O-linked glycoproteins were iden-
tified, 56 of which were predicted to be cell surface proteins. One particular protein, NrCAM, a
cell adhesion molecule, was only found in the lung adenocarninoma cell line. To verify this result,
immunohistochemistry was performed on tissue samples representative of all three cancers,
and NrCAM staining was only seen in the cancerous lung tissue sample.

2.3.2.3 Labeling with GalNAc analogues

Of all the classes of glycosylation, mucin-type O-glycosylation is one of the most chal-
lenging to characterize by MS. Fortunately, despite the large diversity of glycan structures found
on mucins, all of them are initiated by an a-GalNAc residue. Consequently, one solution for
accessing mucin-type glycoproteins is through metabolic labeling with GalINAc analogues that
contain either an azide or alkyne so that bioorthogonal reactions can be used for enrichment and
identification. In the first example, to identify prostate cancer biomarkers, Bertozzi and coworkers
fed PC3 cells per-O-acetylated N-azidoacetylgalactosamine (Ac,GalNAz, 2.8) and then performed
the Staudinger ligation on live cells using a membrane-impermeable phosphine-FLAG probe."?
By performing the bioorthogonal reaction on live cells, rather than cell lysates, this strategy
targeted cell surface glycoproteins while minimizing potential contamination from intracellular
glycoproteins. After whole cell lysates were prepared, FLAG-labeled glycoproteins were enriched
by immunoprecipitation with an anti-FLAG antibody and then subjected to in-gel digestion with
trypsin. Following tandem MS, 71 putative cell surface or secreted glycoproteins were identified,
29 of which were previously identified using ManNAlk labeled PC3 cells.®® Two particular glyco-
proteins, CD146 and integrin beta-4, were known markers of cancer metastasis. In addition to
GalNAz, the alkyne variant, per-O-acetylated N-alkynalacetylgalactosamine (Ac,GalNAlk, 2.9),
has also been used to metabolically label O-glycans, but it has not been applied to glycoprotein
profiling.*®

In addition to labeling mucin-type O-glycans on cell surfaces, GalNAz can also label intra-
cellular O-GIcNAcylated substrates. Based on the promiscuity in sugar-donor selection by the
enzyme UDP-Galactose 4-epimerase (GALE), which interconverts UDP-GIcNAc and its C-4 epimer
UDP-GalNAc, GalNAz can be converted to GIcNAz. Bertozzi and coworkers demonstrated this
metabolic cross talk by feeding Jurkat cells Ac,GalNAz and then reacting whole cells lysates with
a phosphine-FLAG-His6 tag through the Staudinger ligation.””® After enrichment of glycopro-
teins by sequential pulldowns with an anti-FLAG antibody followed by metal affinity chroma-
tography, 18 putatively O-GIcNAcylated proteins were identified, most of which were previously
known. This cross talk between GalNAz and GIcNAz requires careful sample preparation to
minimize cross contamination between nucleocytosolic proteins and proteins translated in the
ER/secretory pathway.

Recently, metabolic labeling with GaINAz was utilized to showcase a new method for iden-
tifying changes in protein glycosylation among different biological samples. The method is a
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modified version of difference gel electrophoresis (DIGE),"® in which two samples are labeled
with distinct fluorophores (but identical in charge and close in mass) and then combined and
analyzed on a 2-dimensional gel. After excising fluorescent gel spots that correspond to incon-
gruity in the two fluorescent signals, protein abundance changes between the samples (i.e., due
to a stimulus) can be identified by in-gel digestion and tandem MS. By integrating DIGE with MOE,
we were able to rapidly monitor changes in glycoprotein levels in complex biological samples.
Termed “glyco-DIGE,” the technique was first used to examine organelle-specific protein O-Glc-
NAcylation (unpublished work by Mike Boyce).* After feeding Jurkat cells Ac,GalNAz, mitochon-
drial and cytosolic extracts were separately labeled with an alkyne-Cyanine dye (either Cyanine
3 or Cyanine 5) through the CuAAC reaction followed by 2-dimensional gel separation. After
in-gel digestion of a series of fluorescent spots unique to the mitochondria, tandem MS analysis
identified them as the voltage-dependent anion channel 2 (VDAC2) protein, a mitochondrial
outer membrane protein with crucial roles in glucose metabolism and apoptosis regulation.

2.3.2.4 Labeling with fucose analogues

Protein fucosylation plays an important role in a number of cell signaling pathways,
commonly residing at the periphery of N- and O-glycan structures. To study fucosylation the
bioorthogonal chemical reporter strategy can be used with either azide- or alkyne-function-
alized analogues.”'%>1% However, low labeling efficiencies (through the fucose salvage pathway)
of the unnatural fucose analogues have hindered their use in glycoproteomics applications. To
overcome this obstacle, Narimatsu and coworkers generated Namalwa cells that stably over-
expressed two key enzymes in the fucose biosynthetic pathway, L-fucokinase/GDP-fucose
pyrophosphorylase (FKP) and o-1,3-fucosyltransferase 9 (FUT9)."> After demonstrating that
overexpression of these enzymes allowed robust metabolic labeling with an alkynyl fucose
(FucAlk) analogue, they used metabolic labeling with chemical reporters to identify fucosylated
glycoproteins. Specifically, after whole cell lysates of per-O-acetylated alkynyl fucose (Ac,FucAlk,
2.12)-fed Namalwa cells (+FKP, +FUT9) were reacted with a biotin-azide probe through the
CuAAC reaction, the protein mixture was digested and glycopeptides were captured on strepta-
vidin beads. Following selective enzymatic release of N-linked glycopeptides using PNGase F, 42
glycopeptides were identified, representing 36 glycoproteins.

The advantage of the bioorthogonal chemical reporter strategy for glycoprotein
enrichment through MOE is twofold. First, the chemical reporter is directly embedded into the
glycan, allowing for glycosylation-specific enrichment using appropriate secondary probes.
Unlike lectins or antibodies, which display weak binding and cross-reactivity, bioorthogonal
reactions with azide- or alkyne-functionalized monosaccharides allow for stringent enrichment
conditions. Second, the unnatural monosaccharides can be dosed to cells or animals in a
time-dependent manner (along with a stimulus) to reveal the dynamics and signal-dependent
changes in glycosylation against a background of steady-state protein glycosylation. However,
as illustrated in the case of fucose labeling, low metabolic incorporation of unnatural mono-
saccharides can limit their utility for MOE-based glycoproteomics. More generally, some struc-
tural perturbations might not be accommodated by all enzymes in a particular carbohydrate’s
biosynthetic pathway. Additionally, the activities of epimerases, which convert one monosac-
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charide into another, have to be carefully investigated for each unnatural monosaccharide. As
an alternative to MOE, bioorthogonal chemical reporters can be installed onto glycans through
chemoenzymatic tagging.
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Figure 2-7. Enrichment of glycoproteins through chemoenzymatic tagging followed by bioorthogonal ligation.

(A) Schematic showing how chemoenzymatic tagging can be used to introduce a chemical reporter onto glycoproteins in
vitro. Using a mutant galactosyl transferase, Y298L GalT, UDP-Galactose analogues (2.14 or 2.15) are appended onto the
O-GIcNAc monosaccharide. Subsequently, a bioorthogonal chemical reaction can be performed to specifically label glycans
with a probe molecule (red star). (B) Structures of two UDP-Galactose analogues, with either a ketone or azide functionality
(highlighted in purple), used to tag O-GIcNAcylated substrates. (C) The structure of an azide-functionalized trisaccharide used
to identify glycoprotein targets of a viral trans-sialidase.
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2.3.3 Enrichment by chemoenzymatic tagging with unnatural monosaccharides

Glycoproteins can be enriched after chemoenzymatic tagging with bioorthogonal chemical
reporters. In this approach, glycans are enzymatically appended with a functionalized monosac-
charide in vitro and then covalently ligated to an enrichment probe through a bioorthogonal
reaction (Figure 2-7A). A challenge lies in finding or designing appropriate glycosyltransferases
that can both accept unnatural sugar donors and act on their substrates extracellularly. The
reward for identifying such enzymes is high efficiency labeling of glycoproteins independent of
cell type.

2.3.3.1 Chemoenzymatic tagging of O-GIcNAc

Chemoenzymatic tagging of glycans was first developed for improving the detection
of O-GIcNAcylated proteins. After the discovery of this intracellular glycosylation by Hart and
coworkers using 3*H-UDP-Gal and the enzyme B-1,4-galactosyltransferase 1 (GalT1), which
transfers Gal from UDP-Gal to any terminal GIcNAc residue, the need for non-radioactive
detection methods became necessary in order to expand the substrate scope of this PTM #1617
Work by Qasba and coworkers made this possible after they identified the key amino acids
that dictated GalT1’s sugar donor specificity."® Upon generating a single-point mutant of
GalT1 (Y289L), which enlarged the donor substrate-binding pocket, the enzyme could tolerate
UDP-GalNAc and structural analogues at the 2-position. Hsieh-Wilson and coworkers capitalized
on this substrate tolerance by enzymatically installing either the ketone or azide chemical
reporters onto O-GIcNAcylated substrates using the Y289L GalT1 mutant enzyme and the UDP
analogue of the ketone isostere of GalNAc (UDP-2-keto-Gal, 2.14) or UDP-GalNAz (2.15), respec-
tively (Figure 2-7B)."*"2' Subsequently, reaction with an appropriate bioorthogonal enrichment
probe facilitated the identification of hundreds of O-GIcNAcylated glycoproteins.

In the first large-scale glycoproteomics application using the chemoenzymatic tagging
strategy, Hsieh-Wilson and coworkers prepared nuclear and cytosolic extracts of rat brains,
incubated the lysate with UDP-2-keto-Gal and the Y289L GalT1 mutant, and then treated the
samples with an aminooxy biotin tag to form an oxime linkage.'? After tryptic digests were
prepared, biotin-labeled glycopeptides were enriched by avidin chromatography and identified
by tandem MS. Using this approach, 25 putatively O-GIcNAcylated proteins were identified, 2
of which were previously known. Later, Hart and coworkers used the same enrichment strategy
to identify 35 O-GIcNAc sites on 25 O-GlcNAcylated proteins in human erythrocytes.'” In a
follow-up study, Hsieh-Wilson and coworkers monitored the dynamics of in vivo O-GlcNAcylation
in rat brains by developing a quantitative variant of the chemoenzymatic tagging strategy.** In
this method, rat brain lysates representing two different states (with or without neuronal stim-
ulation) were chemoenzymatically labeled using UDP-2-keto-Gal and aminooxy biotin before
proteolytic digestion. Glycopeptides were then labeled with either isotopically light or heavy
versions of formaldehyde and sodium cyanoborohydride to reductively alkylate primary amines.
After isotopic labeling, samples were combined and enriched using monomeric avidin chroma-
tography. Analysis by tandem MS identified 83 O-GIcNAcylated peptides; 13 of these increased
upon stimulation. There are, however, two limitations in this enrichment strategy, both inherent
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to the use of an aminooxy probe: non-specific background labeling and slow reaction kinetics
with ketones at physiological pH. To overcome these limitations, alternative bioorthogonal reac-
tions have been utilized instead.

In addition to an oxime-forming reaction, CuUAAC reactions can be coupled to chemo-
enzymatic tagging for improved enrichment of glycoproteins. To demonstrate this strategy,
Hsieh-Wilson and coworkers incubated rat forebrain lysates with UDP-GalNAz and the Y289L
GalT1 mutant before performing the CUAAC reaction with a tetramethyl-6-carboxyrhodamine
(TAMRA)-alkyne probe.™ After enrichment of TAMRA labeled proteins by immunoprecipitation
and in-gel digestion of fluorescently labeled bands, 213 putatively O-GIcNAcylated proteins
were identified by tandem MS, 67 of which were previously known. Palmisano and coworkers
also utilized a chemoenzymatic strategy to append GalNAz onto O-GIcNAcylated peptides for
enrichment and identification. However, during the chemical ligation step, the CUAAC reaction
was performed with a phospho-alkyne tag so that titanium dioxide chromatography could be
used to simultaneously enrich phosphopeptides and glycopeptides.'* Using this strategy, 12
O-GlcNAcylated peptides (9 proteins) and 485 phosphopeptides were identified in mouse brain
tissue. After optimizing conditions to favor glycopeptide enrichment by extensive dephosphor-
ylation of lysates, 20 O-GIcNAcylated peptides and 23 phosphopeptides were identified.

One general challenge to both metabolic labeling and chemoenzymatic tagging is that
the enrichment probe used for chemical ligation is not always ideal for tandem MS. Typically,
after covalent modification with an enrichment probe, glycosylated substrates increase in mass
without an accompanying increase in charge. At the same time, depending on the enrichment
method (i.e., biotin/avidin), it can be difficult to efficiently release captured substrates.'”® Conse-
quently, enrichment probes that are amenable to bioorthogonal reactions and better suited for
MS have been developed. As one solution, Hart and coworkers synthesized a photocleavable
biotin-alkyne probe to react with GaINAz-tagged O-GIcNAcylated peptides from tau-containing
protein fractions from rat brain lysates. After affinity enrichment using avidin chromatography,
glycopeptides were released upon exposure to UV light (365 nm) and identified by tandem MS.'”
Additionally, the photocleavage reaction reduced the mass of the tagged peptide and generated
a basic aminomethyltriazole tag, both favorable features for tandem MS. This strategy resulted
in two large O-GIcNAc proteome profiling studies: one of mitotic spindle and midbody proteins
(141 glycosites in 64 glycoproteins) to investigate the interplay between O-GlcNAcylation and
phosphorylation during mitosis,'?® and the other of cerebrocortical brain tissue (458 glycosites in
274 glycoproteins) from wild-type mice and an Alzheimers disease model.'*?

2.3.3.2 Chemoenzymatic tagging of sialic acid

Another glycoproteomics application using chemoenzymatic tagging focused on iden-
tifying glycoproteins targeted by a trans-sialidase from Trypanosoma cruzi*® A long-standing
challenge in the field was identifying cell surface glycoproteins on host immune cells that act as
acceptors for released sialic acid residues. The difficulty was in distinguishing between sialic acid
residues transferred by the trans-sialidase or from those that occur naturally on a cell’s surface.
To address this issue, Campetella and coworkers used an azide-functionalized trisaccharide,
SiaNAz-02,3-Lac-3-OMe (Figure 2-7C, 2.16), as the sialic acid donor and incubated it with Jurkat
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cells and the trans-sialidase enzyme. After labeling, the Staudinger ligation was performed on
live cells using a phosphine-FLAG probe. Cell lysates were prepared and FLAG-labeled glycopro-
teins were enriched by immunoprecipitation with an anti-FLAG antibody and then subjected to
in-gel digestion with trypsin. Following MS analysis, CD45 isoforms were identified as the main
acceptor glycoprotein, with integrins also acting as minor acceptors.

2.3.3.3 Chemoenzymatic tagging of higher-order glycans

Thus far, the enrichment of glycoproteins by chemoenzymatic tagging has been applied
to a limited diversity of glycans. To expand the applicability of the technique, two chemoezy-
matic strategies have been developed to target N-acetyllactosamine (LacNAc, Gal--1,4-GIcNAc),
a prevalent O-linked disaccharide. In the first approach by Qasba and coworkers, a mutant
bovine o-1,3-galactosyltransferase was designed to tolerate UDP-GalNAz and UDP-2-keto-Gal,
and transfer the unnatural monosaccharides onto LacNAc residues.”! In the second approach,
by Wu and coworkers, a wild-type o-1,3-fucosyltransferase from H. pylori was found to tolerate
GDP-fucose analogs, including GDP-6-azido-fucose (GDP-FucAz), and it was used to transfer
the azidosugar onto LacNAc residues.®> Another disaccharide, fucose-a-1,2-galactose (Fuc-c-
1,2-Gal), can also be chemoenzymatically tagged. Hsieh-Wilson and coworkers demonstrated
that the bacterial glycosyltransferase BgtA, which transfers GaINAc from UDP-GalNAc onto the
(-3 position of Gal in Fuc-a-1,2-Gal, can accept the UDP analogues of 2-keto-Gal or GalNAz as
donor sugars.”** Although these chemoenzymatic tagging strategies have not been coupled to
MS for identifying glycoproteins, preliminary results suggests that it should be possible.

While chemoenzymatic tagging provides a route for high-efficiency labeling of glycopro-
teins with bioorthogonal chemical reporters, it has its limitations. Unlike metabolic labeling,
which can be used to capture the dynamics of glycosylation in vivo, chemoenzymatic tagging
can only report on steady-state glycosylation. This distinction should be kept in mind when
selecting the appropriate chemical enrichment method for a given study.

2.4 Identifying Sites of Glycosylation

An important aspect to fully characterizing a functional proteome is identifying PTMs and
their locations on proteins. Tandem MS has become an invaluable tool for this task, although
considerable challenges remain. While computational methods can adequately identify peptides
that contain a particular PTM, they are less reliable at localizing the site of modification and
assigning metrics of confidence in those site assignments.”** This is particularly true for glyco-
sylation, where locating the modified amino acid is an essential step towards discovering the
biological role of a glycan. Unfortunately, the unambiguous assignment of glycosylation sites is
difficult to achieve, particularly in cases involving low protein abundance or low site occupancy,
a phenomenon that is typical in complex biological samples. Adding to the technical challenge
of site mapping, glycosylation reduces ionization efficiency and, in turn, detectability via MS.'?

Most strategies for enriching for glycosylated peptides (see previous section) do not
overcome the challenges associated with pinpointing the exact sites of glycosylation. In this
section, we will discuss techniques to identify sites of glycosylation. In the first approach, sites of
glycosylation are marked through enzymatic or chemical deglycosylation, allowing for the use of
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traditional tandem MS techniques for the indirect detection of the glycan. In the next approach,
advances in tandem MS fragmentation methods (i.e., electron transfer dissociation (ETD)) are
utilized for the direct analysis of intact glycopeptides. In the final approach, homogenous and
well-defined glycans are created to improve confidence in the site of modification and reduce
the computational challenges that accompany analysis of glycopeptide tandem mass spectra.

2.4.1 Deglycosylation methods

A common method for mapping sites of glycosylation relies on enrichment of glycopep-
tides either before or after removal of the glycan moiety, followed by tandem MS to sequence
the peptides. Removing the glycan can expedite the process of site identification in a number
of ways. First, after deglycosylation, peptides can be identified through traditional tandem MS
methods using collision-induced dissociation (CID). In general, CID of an intact glycopeptide
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Figure 2-8. Examples of enzymatic and chemical deglycosylation.

(A) N-linked glycans can be enzymatically deglycosylated using endoglycosidases, most commonly PNGase F (top), which
converts asparagine into aspartic acid after cleaving off the entire glycan. If performed in the presence of ®O-labeled water,
the heavy oxygen will mark the site of glycosylation. Alternatively, EndoH cleaves between the two innermost GIcNAc resides,
leaving a single peptide-bound GIcNAc residue to mark the site of glycosylation. Unlike for N-glycans, there is an absence
of universal glycosidases that can act on all O-glycan structures. To circumvent this limitation, chemical deglycosylation
strategies have been developed. (B) Schematic of beta-elimination followed by Michael addition with DTT (BEMAD). First,
beta-elimination with a base, most commonly NaOH, converts glycosylated serine or threonine residues into dehydroalanine
or dehydrobutyric acid, respectively. Second, Michael addition with amine or thiol nucleophiles, most commonly DTT, can
covalently mark the site of glycosylation.
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results primarily in glycan cleavage and fragmentation, leaving the peptide backbone intact.
While it is possible to optimize CID conditions settings to improve peptide backbone frag-
mentation, a mixture of carbohydrate side chain and peptide cleavage events typically occur,
complicating manual and computational assignments of tandem mass spectra.’**'*¢ With instru-
ments that allow for multiple stages of tandem MS, i.e.,, MS" expriments, CID of the peptide ion
resulting from glycan loss (i.e, MS?) can be performed to gain peptide sequence information.”
However, the decrease in fragment ion abundance with additional stages of tandem MS limits
the utility of this approach to the most abundant precursor ions. Moreover, removing glycans
from glycoproteins increases a protease’s access to the amino acid backbone, allowing for more
complete proteolytic digestion. For these reasons, deglycosylation is an important step in the
identification of both N- and O-glycosites.

2.4.1.1 Deglycosylation methods for N-glycosylation

The most successful method for mapping N-glycosites relies on tandem MS analysis of
an enzymatically deglycosylated N-linked glycopeptide. The enzymatic deamination of glyco-
sylated Asn residues by PNGase F results in complete removal of the entire N-glycan and a
0.98-Da mass increase, marking the site of glycosylation for identification using high-resolution
tandem MS measurements (Figure 2-8A)."*” Furthermore, the existence of a highly conserved
consensus sequence for N-glycosylation provides a means to validate the identification of a
given site. To further increase confidence in glycosite assignment, a strategy based on stable
isotope labeling, where enzymatic deamination was performed in the presence of isotopically
enriched '®0O-water, imparting a 2.98-Da mass shift to the peptide, was developed.® Kaji et al.
used this strategy to identify N-glycosites in Caenorhabditis elegans by enriching glycopeptides
using the lectin ConA and then performing PNGase F cleavage in the presence of 0-labeled
water. Their method, termed isotope-coded glycosylation site-specific tagging, generated the
first large-scale map of N-glycosites.®® Similar strategies have been used in many subsequent
studies to identify N-glycosites in other organisms, including mice* and Trypanosoma cruzi.*°
Unfortunately, complete removal of N-glycans with PNGase F can lead to instances of incor-
rectly mapped glycosites. During the course of PNGase F treatment, spontaneous deamination
of non-glycosylated Asn residues can yield false positive identifications.*"'*

To reduce the chances of ambiguity that can accompany indirect detection of N-glycosites,
an alternative approach relies on the partial rather than the complete removal of N-glycans.
For instance, treating N-linked glycoproteins or peptides with the enzyme endoglycosidase H
(Endo H) will preserve a single N-linked GIcNAc residue (Figure 2-8A).*3'%* Truncated N-linked
glycopeptides, like their completely deglycosylated counterparts, can be sequenced by tandem
MS using standard CID because the N-glycosidic bond is stable under CID conditions."*® Unfor-
tunately, the presence of the single monosaccharide suppresses ionization of the glycosylated
peptide,'*'?” potentially biasing data-dependent tandem MS data acquisition against glyco-
peptide ions in complex mixtures. In general, ion suppression due to glycosylation is a major
challenge for glycosite mapping. Therefore, the introduction of strategies that are capable of
selecting low-abundance ions for tandem MS will greatly benefit the field of glycoproteomics.

We recently developed a directed proteomics strategy for identifying low-abundance


file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 
file:///Users/kanna/Documents/Research/UCB/Thesis/Chapter%202-GlycoMS/l 

Chapter 2: A Chemical Approach to Glycoproteomics

species in complex mixtures and improving confidence in the site of glycosylation.!* In this
approach, the mass spectrometer is instructed to fragment specific ions, independent of their
abundance. Termed isotopic signature transfer and mass pattern prediction (IsoStamp), the
technique exploits the perturbing effects of a dibromide motif on a peptide’s isotopic envelope
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Figure 2-9. A dibromide motif can be chemically or metabolically embedded onto a peptide, perturbing the
peptide’s isotopic envelope.

(A) The isotopic envelopes of an AVERAGEPEPTIDE, a dibromide (Br,), and a dibromide-labeled AVERAGEPEPTIDE were simu-
lated to illustrate the effect of two bromine atoms on a peptide’s isotopic envelope. This pattern can be recognized with high
sensitivity and specificity in complex mass spectra. (B) An iodoacetamide-derivatized dibromide tag (and its mass spectrum)
was used for chemical modification of peptides through alkylation of cysteine residues. The mass spectrum of the tag is
shown. (C) A GIcNAc Isomix was used to metabolically install the dibromide motif directly into glycoproteins for high-confi-
dence glycosite mapping. A three-component GIcNAc isomix was designed to mimic the 1:2:1 peak intensity distribution of
the dibromide triplet pattern by adjusting the concentration of each synthesized isotopolog.
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(this method is discussed in detail in Chapter 3),'“® and is an extension of isotopic distribution
encoding tagging."”” As illustrated in Figure 2-9A, the isotopic envelope of an average peptide
changes significantly upon modification with two bromine atoms. Two bromine atoms produce
a symmetrical triplet in a mass spectrum, with major peaks at M, M + 2 and M + 4, at a relative
intensity ratio of 1:2:1, due to the abundances of the "Br,, Br®'Br, and *'Br, isotopic pairings. The
isotopic envelope of the dibromide-tagged peptide then reflects the parent peptide’s intrinsic
isotopic distribution convoluted with (or “recoded” by) the dibromide pattern.

We developed a chemical labeling strategy to install the dibromide motif onto a peptide
using a dibrominated tyrosyl iodoacetamide analog capable of alkylating cysteine residues
(Figure 2-9B). This tag was then used in a proof-of-principle study to develop a computational
pattern-searching algorithm capable of identifying dibromide-labeled peptides in complex
samples with high sensitivity and fidelity. Following pattern identification by the algorithm, a
directed proteomics analysis of dibromide-labeled peptides is performed, where inclusion lists
containing m/z values and retention times of precursor ions bearing a recoded isotopic envelope
are used to trigger tandem MS. Thus, the IsoStamp approach utilizes isotopic pattern rather
than ion abundance to drive directed proteomics.

While the isotopic signature of a halogenated chemical tag can effectively highlight labeled
peptides within a complex LC-MS dataset, some biomolecules are not amenable to chemospe-
cific modification. To address this limitation and expand the utility of the IsoStamp method, we
demonstrated that it is possible to impart a similar perturbation to a peptide’s isotopic envelope
without chemical tagging (this method is discussed in detail in Chapter 7)."*8 Instead, we showed
that a dibromide-like isotopic signature could be directly embedded into N-glycans through
metabolic labeling. To mimic the dibromide pattern, a stoichiometrically defined mixture of
GIcNAc isotopologs, referred to as a GIcNAc isomix (Figure 2-9C), was prepared by combining
three GIcNAc isotopologs in a 1:2:1 molar ratio. The isomix was then fed to a recently generated
yeast strain with an engineered salvage pathway for GIcNAc."® The isomix was metabolically
installedinto all yeast N-glycans by virtue of the fact that eukaryotic N-glycans contain a conserved
GIcNAc-B1,4-GlcNAc disaccharide at their reducing end (see Figure 1-3B). Subsequently, yeast
lysates were prepared and digested with either trypsin or chymotrypsin, and glycopeptides were
then enriched using a modified version of FASP.#'%® During the process, N-glycans were trun-
cated to a single GIcNAc residue with Endo H, preserving the isotopic signature of the GIcNAc
isomix. Glycopeptides bearing the isomix signature were subjected to a directed proteomics
workflow in which precursor ions were selected for CID using a 4-Da isolation window (IW). A
broad IW was used to preserve the isomix signature in fragment ions bearing the GIcNAc isomix
modification, increasing confidence in glycosite assignment in cases with multiple potential sites
of glycosylation. Using this directed strategy, 133 N-glycosites spanning 58 glycoproteins, 50%
of which were previously biochemically validated as N-glycosylated, were identified within the
yeast proteome. The isomix method offered an enhanced level of confidence for mapping sites
of glycosylation because of the unique isotopic envelope of an isomix-containing peptide.

2.4.1.2 Deglycosylation methods for O-glycosylation
Deglycosylation strategies would also be useful for mapping O-glycosites. However,
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unlike for N-glycans, deglycosylation of O-glycans is less straightforward due to the absence of
enymatic tools that can act on all O-glycan structures. To circumvent this limitation, chemical
deglycosylation strategies have been developed. One method relies on periodate oxidation
followed by treatment with base to eliminate monosaccharides.”®"' Through multiple rounds
of treatment, carbohydrates can be sequentially eliminated until just the amino acid backbone
remains.”> Another approach, hydrazinolysis, utilizes anhydrous hydrazine to release either
all glycans (N- and O-linked), or selectively just O-glycans using milder reaction conditions.”
Another strategy uses anhydrous trifluoromethanesulfonic acid (TFMSA) for either the partial
or complete deglycosylation of either N- or O-linked glycans, respectively, depending on the
temperature of the reaction.®™ When TFMSA is used at 0 °C, peripheral carbohydrates are elimi-
nated while the peptide-linked O-GalNAc residues (for mucin-type O-glycans) or the N-GIcNAc
residues (for N-glycans) are preserved. At higher temperatures (25 °C or greater), complete degly-
coslation of O-glycans is possible.®™ As TFMSA is a strong acid, scavengers such as anisole can be
added to the reaction mixture to prevent degradation of the peptide backbone.”™ The compat-
ibility of these chemical deglycosylation methods with large-scale, global glycoproteomics
studies remains to be proven as they have primarily been used to identify sites of glycosylation
on single, purified glycoproteins or a defined glycopeptide mixture.

Beyond the chemical methods that trim or eliminate glycans from the amino acid backbone,
one deglycosylation strategy has found its way into global glycosite mapping of complex protein
mixtures. The method relies on base-mediated B-elimination of O-glycans, converting glyco-
sylated serine or threonine residues into dehydroalanine or dehydrobutyric acid, respectively
(Figure 2-8B). The resulting amino acid mass change can be used as a marker when searching
tandem mass spectra.”®"*” Alternatively, the generated o,3-unsaturated carbonyl functionality
can be used for Michael addition with amine or thiol nucleophiles. By replacing the eliminated
glycan with a chemical tag that was stable to CID fragmentation and/or allowed for enrichment,
the method was quickly applied to a number of glycosite mapping studies. Initially, the approach
was demonstrated using nucleophiles that also served as the base, such as methylamine, ethyl-
amine, and dimethylamine. In most cases, this was used for the identification of O-glycosites in
simple mixtures of glycopeptides or in purified mucin-type glycoproteins such as MUC1.1%81¢0
Later, a two-step variant was developed using sodium hydroxide as the base followed by dith-
iothreitol (DTT) as the nucleophile. Termed B-elimination followed by Michael addition with
dithiothreitol (BEMAD),'®' the approach was quickly expanded to include a variety of nucleop-
hiles besides DTT, including butanethiol as well as biotin-pentylamine and biotin-cystamine for
enrichment of the deglycosylated peptides (Figure 2-8B).1221231¢2 Differential isotopic labeling for
comparative quantitative analysis of glycosites was also possible by performing Michael addition
with isotopically light DTT (d0) or heavy DTT (d6).'®®* The BEMAD method has primarily been
used to identify sites of O-GlcNAcylation in samples ranging from purified protein complexes to
mammalian whole cell lysates.”* Among the challenges in implementing the BEMAD method,
base treatment must be optimized to minimize nonspecific B-elimination of hydroxyl groups
from serine or threonine residues as well as minimize damage to the peptide backbone. Addi-
tionally, because other O-linked PTMs are base labile, such as phosphorylation, careful controls
and sample preparation are necessary in order to ensure that the correct PTM is identified.
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Despite their employment to map sites of glycosylation, chemical deglycosylation methods
suffer from a number of drawbacks. Most notably, the sometimes harsh conditions (i.e., high
concentrations of acids and bases at elevated temperatures) that are needed can adversely effect
amino acids in the polypeptide backbone, causing nonspecific cleavage or unknown modifica-
tions to amino acid residues. Although it is possible to optimize some of these techniques for the
analysis of glycopeptides in complex mixtures, alternative methods that make use of advances
in tandem MS fragmentation techniques can be utilized for the direct characterization of intact
glycopeptides, thereby increasing the confidence of glycosite assignment.

2.4.2 Electron-transfer dissociation

Advances in tandem MS fragmentation methods have improved the characterization of
labile PTMs. With the development of fragmentation techniques that do not utilize high internal
energy to fragment ions (i.e., CID), intact glycopeptides could be analyzed by tandem MS using
electron-capture dissociation (ECD)'**'%> or electron-transfer dissociation (ETD).3>'*¢ Unlike
CID, which typically results in glycan cleavage and minimal peptide backbone fragmentation,
ECD and ETD can retain labile PTMs and preferentially fragment the peptide backbone. This is
especially helpful in O-glycosite identification because under CID conditions the glycan will be
eliminated before peptide fragmentation, making it difficult to identify the site of glycosylation.
Using ECD or ETD, both N- and O-glycosites have been located in glycoproteins from a variety of
biological samples.**

Although both ETD and ECD have been used for glycosite identification, ETD is especially
popular because it can be used with lower-cost and widely used ion trap mass spectrometers
instead of expensive Fourier transform ion cyclotron resonance mass spectrometers. When
considering integration with enrichment methods, ETD has emerged as the fragmentation
method of choice. In particular, for globally mapping sites of O-GIcNAcylation, ETD has been
coupled with glycopeptide enrichment through the use of antibodies®, LWAC*¢%170 and
chemoenzymatic tagging'?*'#'28 to unambiguously map a number of O-GIcNAc sites in a wide
range of biological samples.”*® Additionally, a global profiling of N-glycosites in Campylobacter
jejuni was also made possible through the use of ETD.""

Because ETD produces fragment ions that are different from those produced by CID,
optimal data collection settings and appropriate data analysis software are necessary in order to
successfully collect and interpret ETD tandem mass spectra.'”? With respect to precursor ion frag-
mentation, ETD (and ECD) is less efficient than CID and generates more extensive fragmentation
for higher charge state precursor ions with m/z values of less than 1000. Consequently, samples
that contain glycopeptides with trimmed glycans and which ionize as high charge states are
ideal.?*?® Data analysis can be equally challenging. Darula et. al recently demonstrated that after
reinterrograting an ETD dataset of mucin-type glycopeptides with a new version of the Protein
Prospector data analysis software, which implemented a modified scoring strategy based on
the expected frequency of different fragment ions in ETD spectra, they more than doubled the
number of identified glycopeptides (and glyosites).”?
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2.4.3 Homogenous and well-defined glycans

Mucin type O-glycosylation, which represents a complex form of protein glycosylation,
has been notoriously difficult to study by MS. Currently, a whole glycoproteomic analysis for
identifying O-glycosites on mucins is not possible due to the computational challenge of consid-
ering all possible glycan structures. Instead, there are several examples in which O-glycans
from purified glycoproteins have been characterized, including those on MUC1, beta-amyloid
precursor protein, and immunoglobin A1.22774777 Alternatively, there have also been a few
examples of semi-global O-glycosite mapping where lectins were used to enrich glycoproteins
to generate samples with limited glycan diversity. First implemented by Medzihradszky and
coworkers, they started with a tryptic digest of bovine serum proteins and enriched for O-linked
glycopeptides using the lectin Jacalin. Using ETD, they were able to identify 26 O-glycosites;
subsequently, they increased their site-list after reanalyzing the same dataset with an optimized
algorithm.'”?'78 Recently, the same group coupled an additional chromatography step, either
ion-exchange or electrostatic repulsion hydrophilic interaction chromatography, following the
lectin affinity enrichment. The additional fractionation resulted in a significant improvement to
the ETD analysis, and 124 O-glycosites mapping to 51 glycoproteins were identified, of which 16
were previously known.!”®

As an alternative strategy, Clausen and coworkers took a genetic engineering approach to
identify and study mucin-type glycosylation. They developed a cell line, termed “simple cells,”
which produce truncated but homogenous O-linked glycans.’® “Simple cells” were generated
by silencing the chaperone protein cosmic, which resulted in the production of only GaINAc-
o-Ser/Thr or Sia-2,6-GalNAc-a-Ser/Thr truncated glycans. With a near homogenous population
of simplified O-linked glycoproteins, after lectin affinity chromatography for glycopeptides and
tandem MS with ETD, 350 O-glycosites mapping to 107 glycoproteins were identified, of which
30% were previously known. Next, the same group extended the “simple cells” technology to
identify substrates of specific glycosyltransferases, focusing on the substrates of one ppGalNACT
isoform. By performing a comparative glycoproteomics experiment between wild-type and
ppGalNACT knockout “simple cells” in epithelial hepatocellular carcinoma cells, 73 unique sites
of glycosylation for the GaINAc-T2 isoform were identified.”® By eliminating the computational
burden of considering numerous glycan masses at each serine or threonine residue, the “simple
cell” technology facilitated O-linked glycopeptide identification in complex mixtures using
ETD-based tandem MS.

2.5 Functional Glycoproteomics

An important aspect of connecting glycoproteins to cellular functions will include building
interaction networks that delineate the connectivity between glycoproteins and their binding
partners. One approach to address this is through the use of chemical crosslinking probes that
can “fix” glycoprotein interactions at a given time and then identify those interactions with
MS. However, because currently existing chemical crosslinking probes target amino acids on
proteins, interactions that are dependent on glycosylation will be lost.'*? Additionally, these
interactions should be studied in a physiologically relevant environment in order to discern
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biologically relevant interactions.'®®* Consequently, there is a need to capture glycoprotein inter-
action partners in a glycosylation-dependent manner and in the context of living cells.
Recently, Wollscheid and coworkers developed a general method to identify the cell surface
glycoprotein receptor for a given protein ligand.’® Termed ligand-based receptor-capture (LRC)
technology, this method built upon their previously developed CSC technology.” The LRC
technology relied on a trifunctional chemoproteomics (TRICEPS, 2.17) probe (Figure 2-10A) that
contained an N-hydroxysuccinimide ester for conjugation to a ligand protein, a trifluoroace-
tylated hydrazine for condensation with aldehydes introduced into glycans through oxidation,
and a biotin moiety for affinity enrichment. Given that many cell surface proteins are glyco-
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Figure 2-10. Chemical tools for crosslinking glycoproteins or glycan-binding proteins.

(A) A trifunctional chemoproteomics (TRICEPS) probe for capturing the cell-surface glycoprotein receptor of a specific ligand.
(B) The structures of aryl azide-functionalized sialic acid residues or (C) diazirine-functionalized monosaccharides (functional
groups highlighted in purple) used for metabolically labeling glycans with photocrosslinkers. Although structures are shown
in their peracetylated form, after entering cells by passive diffusion, cytosolic esterases will cleave the acetyl groups.
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sylated, after the TRICEPS probe was conjugated to a specific ligand it was incubated with sodium
periodate-treated cells or tissue samples. This allowed ligand-receptor interactions to become
stabilized through covalent capture between the hydrazine functionality on the TRICEPS probe
and aldehydes introduced on the receptor’s oxidized glycans. After labeling, cells were lysed,
digested with trypsin, and TRICEPS-modified glycopeptides were captured with streptavidin
beads. Following the release of N-linked glycopeptides by PNGase F treatment and analysis by
quantitative tandem MS, the enrichment of a receptor, relative to a negative control sample,
indicated a true ligand-receptor interaction. To validate and demonstrate the versatility of LRC
technology, a number of well-characterized ligands, including insulin, transferrin, apelin-17,
epidermal growth factor, and the antibody trastuzumab were conjugated to the TRICEPS probe,
and in each case only the known cell surface receptor was enriched and identified by MS. To
discover new interactions, LRC technology was used to identify cell surface receptors targeted
by vaccinia virus. After the intact virus was conjugated to the TRICEPS probe and incubated with
Hela cells, cell surface glycoproteins were enriched and analyzed by tandem MS. The process
identified seven receptor proteins, four of which were novel. Collectively, the LRC technology
provided a route towards identifying the specific glycoprotein receptor for a given protein ligand.

2.5.1 Glycan-binding proteins

In addition to building glycoprotein networks based upon protein-protein interactions,
there is also a need to identify glycan-binding proteins. Unfortunately, many glycan-mediated
complexes have low affinities and are short-lived, which has made traditional purification tech-
niquesimpractical. Instead, the formation of covalent complexes between a glycan andits binding
protein, while still in a native environment, has provided an alternative approach to access these
biologically important interactions. At the forefront of this technology are photocrosslinking
reagents, which can be divided into two categories: (1) synthetic glycans or glycopeptides with
photoreactive crosslinkers added exogenously to cells, and (2) metabolic incorporation of photo-
crosslinking monosaccharides. Early work in this area focused primarily on the first approach,
where glycans, glycopeptides, or glycolipid probes containing a photocrosslinking group were
synthesized and then used to characterize or identify glycan-binding proteins, including the
asialoglycoprotein receptor, the adhesion factor BabA on H. pylori, and the B-subunit of cholera
toxin.'’®>® Additional efforts in this area are summarized in two excellent reviews.?*'® |n this
section | will focus on the second approach, where unnatural monosaccharides functionalized
with a photocrosslinking moiety can be introduced directly into glycans through MOE (Figure
2-10). Importantly, by placing photocrosslinking reagents at specific sites within cellular glyco-
conjugates, crosslinking can take place in the biologically relevant environment of the glycan-
binding protein with minimal perturbation.'®3

Situated at the periphery of complex glycans, sialic acid residues are known to partic-
ipate in many biological recognition events, acting as sentinels for carbohydrate-binding
proteins that sample the cell surface for their specific binding partner.'® Consequently, sialic
acid residues have served as an ideal target for the metabolic incorporation of a photocross-
linking moiety. Specifically, two different sialic acid analogs bearing an aryl-azide photocross-
linker have been synthesized and metabolically incorporated into cellular glycans (Figure 2-10B).
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The first, reported by Bertozzi coworkers, was per-O-acetylated 5-aryl azide-N-acetylneruaminic
acid (Ac,-5-AAz-NeuNAc, 2.18)." Later, Paulson and coworkers also functionalized sialic acid
with an AAz, synthesizing per-O-acetylated 9-aryl azide-N-acetylneruaminic acid (Ac,-9-AAz-
NeuNAc, 2.19)."° The photocrosslinking capabilities of this molecule were used to identify the cis
ligands of the glycoprotein CD22, which is a sialic acid-binding protein (or siglec) found on the
surface of B cells. Although early in vitro assays identified two glycoproteins that bound CD22
in a glycan-dependent manner (i.e., CD45 and surface IgM (slgM)), the Paulson group sought to
identify CD22’s glycan-dependent cis ligands in a native cellular environment. After culturing
B cells with Ac,-9-AAz-NeuNAc and treating the sample to ultraviolet (UV) irradiation, which
activated the photocrosslinker to bind to any nearby sialic acid-binding proteins, cell lysates
were prepared and CD22 was immunoprecipitated. Surprisingly, immunoblotting for CD45 or
slgM, the previously reported glycoproteins that bound CD22, were negative. Instead, on the cell
surface, CD22 bound neighboring CD22 molecules, forming homomultimeric complexes.

To integrate this glycan-mediated photocrosslinking technology with MS, Paulson and
coworkers next identified the trans ligands of CD22.*° After incubating a CD22 fusion protein
with B cells that were metabolically labeled with 9-AAz-NeuNAc, the glycan-dependent trans
ligands of CD22 were covalently captured after UV irradiation. Following immunoprecipitation
of CD22 protein complexes, quantitative tandem MS identified 27 candidate glycoproteins. After
a series of validation experiments were performed in a native cellular environment, only a subset
of these glycoproteins (i.e., CD45, slgM, and Basigin) were found to be the true trans ligands for
CD22. Collectively, these results highlighted the utility of photocrosslinking reagents to resolve
glycan-dependent protein interaction networks. Importantly, the placement of a crosslinker
directly into a glycan made it possible to identify these interactions within their native cellular
environment.

Although photocrosslinking monosaccharides allows for direct access to glycan-mediated
interactions, the size and position of the photocrosslinkinvg group are important considerations.
For example, large photocrosslinkers on monosaccharides can impact glycan recognition and
metabolic incorporation efficiencies.''*2 To address these issues, Kohler and coworkers synthe-
sized a number of alternative photoactivatable crosslinking monosaccharides by exploiting
the diazirine (Figure 2-10C), which is a small photoactivatable functional group.'®® Specifically,
the diazirine was introduced onto the N-acyl side chains of both sialic acid and ManNAc,
generating two new unnatural monosaccharides for metabolic labeling, per-O-acetylated
5-diazirine-N-acetylneruaminic acid (Ac,-5-DAz-NeuNAc, 2.20) and per-O-acetylated N-diazir-
ine-acetylmannosamine (Ac,ManNDAz, 2.21), respectively.>"** After demonstrating that both
monosaccharides could be efficiently incorporated into cell surface glycoproteins in the form
of sialic acid, the Kohler group validated the photocrosslinking capabilities of the diazirine. First,
analogous to the Paulson work, they observed that metabolic labeling of B cells with either
Ac.-5-DAz-NeuNAc or Ac,ManNDAz, followed by UV-irradiation, resulted in CD22 homomulti-
meric complexes.”* Next, the Kohler group used their diazirine-functionalized monosaccharides
to crosslink ganglioside-protein interactions.®>'*® After culturing Jurkat cells with Ac, ManNDAz,
adding a known ganglioside binding protein, cholera toxin subunit B (CTxB), and then UV irra-
diating cells, a new toxin-containing species was formed. Following MS analysis, the crosslinked
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complex was identified as CTxB bound to the ganglioside GM1, as expected.

More recently, the Kohler group attempted to introduce the diazirine functionality onto
the N-acyl side chain of GIcNAc, synthesizing per-O-acetylated N-diazirine-acetylglycosamine
(Ac,GIcNDAz, 2.22)" Unfortunately, they discovered that GIcNDAz was not a compatible
substrate for the GIcNAc salvage pathway because of two metabolic barriers. To overcome these
barriers they had to introduce a diazirine-functionalized phosphosugar (GIcNDAz-1-P) where the
phosphate was protected with S-acetyl-2-thioethyl (Ac-SATE) as well as create a point mutant in
the enzyme (AGX1) that converts the phosphosugar into a UDP-sugar. Using this combination of
synthetic chemistry and genetic engineering, they demonstrated that Hela cells cultured with
Ac,GIcNDAZ-1-P(Ac-SATE), (2.23) could produce O-GIcNDAz-modified proteins. In the future,
the Kohler group plans to use these photoreactive monosaccharides for global-scale proteomic
experiments.

Although photocrosslinking monosaccharides have been used in relatively few studies
and in limited-scale proteomics experiments, their ability to capture glycan-dependent interac-
tions within a native cellular environment is a unique characteristic. By increasing the diversity
of monosaccharides functionalized with crosslinkers, a wider range of glycan-dependent inter-
action partners can be identified. Furthermore, by improving the computational tools necessary
to analyze proteomic datasets from cross-linked proteomes,'*® it will become possible to identify
the sites of crosslinking within the glycan-binding protein.

2.6 Summary and Outlook

Chemical tools have enabled tremendous growth in glycobiology, reducing experimental
barriers that once restricted access to studying protein glycosylation. In particular, chemical
proteomics has allowed the glycobiology community to identify glycoproteins and glycan struc-
tures associated with a number of biological processes. Continued advances in the field will be
enabled by utilizing tools of genetics, biochemistry, chemical synthesis, computer science, and
even physics, as interdisciplinary approaches often prove most impactful in the development of
new techniques. For example, mining microbial genomic information may lead to the discovery
of uncharacterized glycosidases capable of simplifying O-linked glycans.”®® The synthesis of
new chemical probes for enrichment that feature characteristics ideal for tandem MS (i.e., fixed
charge, hydrophobicity, and low molecular weight) may facilitate the identification of previously
unknown glycoproteins. The development of new mass spectrometers and tandem MS technol-
ogies may allow techniques such as ETD to become more sensitive and routine so that a greater
part of the research community can have access to these tools.

As the glycoproteomics toolbox grows with these developments, so will the possible
applications and solvable questions. For example, one major obstacle in the field is the inability
to accurately inventory all glycoforms of a glycoprotein in a given biological system. This will
require major advancements in both instrumentation and computational tools such that both
the glycan and the amino acid composition of a glycopeptide can be analyzed simultaneously.
Another significant achievement would be integrating spatial resolution into glycoproteomics
datasets. Although MS is inherently a high-throughput technology capable of identifying
hundreds of proteins in a given sample with high accuracy and reproducibility, the spatial rela-
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tionship between those proteins is typically lost. In the case of glycobiology, currently it is only
possible to either identify the cellular location of a few glycoproteins using fluorescently labeled
antibodies or lectins (i.e., immunohistochemistry), or identify the cellular location of classes of
glycosylation per sample (i.e., imaging glycans with fluorescently labeled chemical reporters).
However, it would be very useful to be able to simultaneously identify a glycoprotein (with its
glycan) and its specific cellular localization. This will most likely require the development of
novel chemical tools that can integrate with MS-imaging technology.?**?°" Once achieved, it will
become possible to monitor the dynamics of glycoprotein restructuring, with respect to cellular
localization, over the course of development, external stimulation, etc.

Clearly, there are many opportunities to contribute towards the field of glycobiology. In
particular, there is a bright future for chemical glycoproteomics, and in the next several chapters
| will describe a collection of chemical and computational tools that | have developed with this
goal in mind.
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Chapter 3: Isotopically Recoding Peptides for Chemically Directed
Proteomics

3.1 Introduction

Common goals of mass spectrometry (MS)-based proteomics experiments are to identify,
characterize, and quantify proteins and their posttranslational modifications from biological
samples.” A popular strategy for protein identification is the bottom-up shotgun proteomics
approach (Figure 2-1). In this method, a mixture of proteins is subjected to proteolytic digestion,
the resulting peptides are separated by liquid chromatography (LC) and detected by MS, and
their parent proteins are inferred from the assigned peptide sequences.? To convert MS data
acquired from proteolytic digests into protein identifications, tandem MS can be used to obtain
sequence information for individual peptides, followed by comparison to an in silico proteolytic
digest of an organism’s proteome.*” Typically, only the most abundant peptides are selected for
fragmentation, while data for those peptides in relatively low quantities are not obtained.'

An inherent problem in shotgun proteomics  1,pe 3.71.
is identifying proteins of low abundance, such as halogens.
biomarkers for disease states, againstabackground The natural abundances of stable isotopes of
of proteins whose concentrations can span Up t0  fight seotopes, wile bromine and colorine red o)
12 orders of magnitude (Figure 2_2)_6,7 Directed have high abundances of their heavy isotopes.

The unique isotopic abundance of

proteomics strategies seek to address the sample Stable Natural
complexity problem by focusing the analysis Element Isotopes | Abundances
on a defined protein subset.®™ In one approach, Hydrogen H 99.99%
proteins of interest are selectively enriched prior H 00.01%
to proteolytic digestion, thereby forgoing the Carbon ¢ 98.93%
shotgun method altogether."'? Alternatively, there BC 01.07%
is growing interest in the use of chemical tags that : '

. Nitrogen “N 99.64%
perturb the mass envelope of target peptides so as o ,
to render them more detectable. The progenitors 00.36%

16
of this approach are the isotope-coded affinity tag el < 99.76%
(ICAT) and isobaric tags for relative and absolute 0 00.04%
quantitation (iTRAQ), techniques now commonly 0 00.20%
used for quantitative comparative proteomics.”*" Phosphorus 31p 99.99%
Chemical tags have also been elegantly employed Sulfur e 94.99%
to mark sites of protein posttranslational modifi- 345 04.25%
cations'® including glycosylation,” lipidation,'® Bromine 798y 50.69%
and pho.sphorylati.on.21 Tags. haz\zle glso been u§ed 8By 49.31%
for. Iapellng protein N-tgrmlql, sites of C){stelne Chiorine s5C ———
oxidation,”® enzyme active sites,** and points of .
C 24.24%

cross-linking.?

Austin Pitcher, Brian Smart, David Spiciarich, and Anthony lavarone contributed to the work presented in this chapter.
Portions of the work described in this chapter have been reported in a separate publication.®
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Figure 3-1.  Directed proteomics seeks to focus MS analysis on a target protein subset.

(A) A mixture of proteins in which a small number are chemically tagged (star) is subjected to proteolytic digestion producing
(B) a mixture of peptides. (C) The peptides are separated using LC and (D) full-scan mass spectra are collected at regular
intervals. (E) The tagged species can be selected for fragmentation (i.e., tandem MS) using an inclusion list. (F) These fragment
mass spectra are subjected to database searching to produce peptide and protein identifications.

The halogens bromine and chlorine can be advantageous components of chemical tags
for MS by virtue of their unique isotopic distributions. Unlike the proteogenic elements, which
exist as one predominant isotope, bromine and chlorine have two abundant isotopes that create
unique patterns in a mass spectrum: "°Br and #'Br are naturally found in a 1:1 ratio, and **Cl and
Cl are naturally found in a 3:1 ratio (isotopic abundances of proteogenic elements are given in
Table 3-1).26 While this feature has been well exploited in the field of small molecule and metab-
olite characterization,??" its use in proteomics-related applications has been limited. The first
example by Goodlett, Aebersold and coworkers used a dichloride tag to discriminate between
peptides with and without cysteine from digested protein samples.?? Likewise, N-terminal
labeling of peptides with a monobromide tag facilitated sequence identification by tandem
MS.** Recently, Hang and coworkers used a monobromide cleavable tag to enrich for newly
synthesized proteins in bacteria.>* In addition to their distinctive isotopic signatures, bromine
and chlorine have a negative mass defect that can endow a modified peptide with a unique
fractional mass, which Amster and coworkers made artful use of for peptide mass fingerprinting
analysis.*>’ To date, halogen profiling methods have not been extended to directed proteomic
analysis of samples as complex as human cell or tissue lysates. To achieve this goal would require
the ability to discriminate a halogen tag'’s signature on peptides over a wide mass range, in
multiple charge states, and against a background of >100,000 peptides, capabilities that present
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methods lack.?®

Here we report that a dibromide tag in concert with a novel computational pattern-
searching algorithm enables detection of labeled peptides from complex biological samples
with unprecedented sensitivity and fidelity. The overall approach, termed isotopic signature
transfer and mass pattern prediction (abbreviated IsoStamp), was employed as illustrated in
Figure 3-1. Cell lysates containing a chemically-tagged protein (orange star) were digested with

trypsin and the resulting peptides were
analyzed by LCG-MS in full-scan mode.
Tagged peptides could then be selec-
tively fragmented using a directed
proteomics strategy. Unlike an inten-
sity-driven data-dependent LC-MS/
MS analysis, the IsoStamp method is
not limited to identifying peptides
of relatively high abundance. By
rendering labeled peptides detectable
in a full-scan mass spectrum, IsoStamp
is an enabling tool for chemically-di-
rected proteomics, maximizing the
identification of peptides of interest
from information-dense MS data.

3.2 Results and Discussion

3.2.1 Bromine and chlorine impart
unique isotopic signatures to labeled
molecules

Mass spectra of low molecular
weight (MW) compounds bearing a
single bromine or chlorine atom show
two major ions, M and M + 2, with
equal or skewed peak heights, respec-
tively. Compounds with two halogen
atoms produce symmetrical (2x Br)
or skewed (2x Cl) triplets with major
peaks at M, M + 2 and M + 4. These
unique isotopic patterns are evident
in the mass spectra (Figure 3-2B) of
halogenated tyrosine analogs 3.4, 3.7,
3.12, and 3.13 shown in Figure 3-2A,
which were synthesized as iodoacet-
amide derivatives (Schemes 3.1-3.3). In

A

Br

Cl

313

B

i
M M+1 M+2 M+3 M+4 M+5

Figure 3-2.  Structures and mass spectra of halogenated tags

used to label proteins.

(A) The structures of four halogen tags synthesized as iodoacet-
amide-derivatized tyrosine analogs for alkylating cysteine residues. (B)
The mass spectra of each halogen tag, revealing their unique isotopic
envelopes. Interesting peaks appear at the M+2 and M+4 positions in
the isotopic envelopes (highlighted in orange). For example, the dibro-
mide tag (3.4) appears as a triplet while the monobromide tag (3.7)

appears as a doublet.
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Scheme 3-1. Synthesis of dibromide tag 3.4.

Br Br Br
Br AcOH 1) Na,CO,, DMF NaI DMF
o
2) CI/\”/CI
o)

HBr-NH2 Clﬁ(

341 3.2 3.3 3.4

Scheme 3-2. Synthesis of monobromide tag 3.7.
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Scheme 3-3. Synthesis of dichloride and monochloride tags, 3.12 and 3.13, respectively.
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principle, the uniqueness of the triplet patterns associated with the dibromide and dichloride
motifs could facilitate the identification of tagged peptides from complex proteolytic digests.
However, in larger molecules (i.e., MW > 1000) the isotopic patterns are obscured due to the
influence of heavy isotopes of C (°C, 1%), H (°H, 0.02%) and N (*N, 0.1%) on the overall mass
envelope. To illustrate the point, we alkylated the surface-exposed cysteine residues of
bovine serum albumin (BSA) with tags 3.4, 3.7, 3.12, and 3.13, digested the modified protein,
and analyzed the peptides by LC-MS (Figure 3-3A). Representative data corresponding to the
tryptic peptide SLHTLFGDELC*K are shown in Figure 3-3B. The isotopic envelope of each tagged
peptide reflects the parent peptide’s intrinsic isotopic distribution, as seen in the mass spectrum
of the iodoacetic acid-alkylated version (Figure 3-3A), convoluted (or recoded) with a halogen
pattern (Figure 3-2B). These data illustrate that the dibromide tag imparts a more distinctive
signature on a peptide’s mass envelope than the other halogen tags. Computational simulations
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suggested a similar advantage of the dibromide tag for peptides of MW up to at least 5,000 Da.
Still, the complexity of a tagged peptide’s mass spectrum prevents manual searching for isotopic
envelopes in complex mixtures. Instead, labeled peptides are detected computationally using a
pattern-searching algorithm.

A
710.84 SLHTLFGDELC*K

SH Q 711.34
I\)kOH 1) Trypsin Q
+ S\)J\OH
or 2)LC-MS (/V 711.84
_ . Halogen Tags A 712.34
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Figure 3-3. Halogenated tags impart distinct isotopic patterns to peptides.

(A) In a model experiment, BSA was alkylated on cysteine residues with iodoacetic acid or halogen tags and then digested
with trypsin. (B) Mass spectra of the modified BSA tryptic peptide corresponding to residues 89-100, where C* refers to a
cysteine residue alkyated by either iodoacetic acid or one of the halogen tags.
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While several peak-picking and isotope distribution prediction algorithms exist,?>3*3
they are not designed, or have not been demonstrated, to search for any user-defined isotope
pattern amongst the sample complexity present in mammalian whole cell lysate. Additionally,
some of these approaches require restraints and/or prior knowledge regarding the sequences of
the targeted peptides. While such information is useful for many applications, including multiple
reaction monitoring,®'® we sought to develop a versatile computational algorithm capable of
extracting any isotopic signature from complex MS data without imposing any restrictions
based on the structure or reactivity of the chemical tag, or on the amino acid composition of the
labeled peptides.

3.2.2 Development of a pattern-searching algorithm

The algorithm described here analyzes peaks from a full-scan mass spectrum and matches
real data with simulated data generated by convoluting each predicted peptide’s isotopic
envelope with the pattern produced by a given tag. The algorithm receives two inputs from the
user: (1) a centroided mzXML data file and (2) a parameter file that includes the MW and isotopic
pattern of the tag, charge states to be considered in the search, and weighting factors used
to tune selectivity and sensitivity. The output comprises the m/z value and retention time of
tagged species, which form an inclusion list for subsequent directed LC-MS/MS analysis.

The algorithm has two key steps. First, the full-scan MS data are analyzed to identify
putative isotopic signature matches for a given elemental composition. Key to this step is a
data-dependent approximation of the contributions of non-halogens to the observed isotopic
envelope, while allowing for the inevitable imperfections in MS data derived from complex
protein samples. In the second step, the putative matches from the first step are analyzed using
a graph-theoretic construct to reduce false positives. Peaks contributing to a putative pattern
match are tracked as a function of LC elution time and number of charge states detected to add
confidence that they were derived from a real species.

3.2.2.1 Step I:Identifying putative pattern matches

The algorithm takes a list of peaks from , )
he full 9 P d divid Table 3-2.  The averagine peptide.
the full-scan mass spectrum an vides The numbers shown (number of atoms of each element type per
them into sets that are possibly isotopically Da of peptide), allow the elemental composition of a peptide to
. be predicted from its molecular weight.
related. Each of these sets is searched for

the presence of a desired isotopic pattern Element | Number per Da peptide’ (+ std. dev.)
as follows. First, each peak in the chosen Hydrogen 0.07100 + 0.00470
data set is presumed to represent a peptide. Carbon 0.04350 + 0.00520
Knowing the charge state and m/z for that Nitrogen 0.01260 + 0.00180
hypothetical peptide, the program predicts Oxygen 0.01380 + 0.00170
its mass and estimates its elemental compo- sulfur? s

sition using the “averagine” approximation
(Table 3-2).%
We confirmed the accuracy oftheaver- 2Because of its rarity in peptides, there is a high error associated

: : with predicting the number of sulfur atoms in relatively small
agine method by comparing the root mean peptides.

'Calculated from a random selection of 5000 human tryptic
peptides with a sequence length greater than 6 amino acids.
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Figure 3-4. The averagine model accurately predicts peptide elemental composition.

A boxplot of the RMSD intensity difference between the isotopic envelopes for 20,000 human tryptic peptides, based on
their actual elemental composition, with their averagine predicted elemental compositions (“Null” pattern) based on MW
(molecular weight), or with an error of £10% in MW, or with the addition of the indicated halogen tag. The bottom and top of
the red box represent the 25t and 75" percentile of data, respectively, the black bar in the red box is the median, and the ends
of the whiskers represent the full range of data, except for outliers, which are depicted as open circles.

squared deviation (RMSD) between the isotopic envelope calculated for the elemental compo-
sitions of 20,000 human tryptic peptides, with the isotopic envelope calculated for an averagine
predicted elemental composition based on accurate molecular weight (MW), i.e. “Null” pattern
(Figure 3-4). In calculating the RMSD, m/z was assumed to be identical; relative peak heights, i.e.
the isotopic pattern, were compared. Under this context, the “Null” pattern had a median devi-
ation of less than 4% from the actual pattern. If the molecular weight (MW) is incorrect by 10%,
the averagine model still produces an accurate estimation of the actual elemental composition,
and consequently the actual isotopic envelope. However, as we consider peptides that contain
halogenated tags, the averagine prediction of elemental composition from a given MW becomes
less accurate as we proceed from a monochloride-, to a dichloride-, to a monobromide-, and
finally to a dibromide-labeled peptide. The consequence of this deviation from the averagine
model is visually depicted in Figure 3-3, where the isotopic envelope associated with a halogen
labeled peptide is markedly different from that of an unlabeled peptide. The pattern-searching
algorithm utilizes these differences.

From the estimated elemental composition, an isotopic pattern of the unlabeled hypo-
thetical peptide is predicted. Then, the isotopic pattern of a chemical tag (i.e., tags 3.4, 3.7, 3.12,
and 3.13) is convoluted with the hypothetical peptide’s isotopic envelope, generating a reference
pattern that is compared with the actual data set to determine a fitness score. The program also
samples reference patterns that model untagged peptides and instrument noise. Additional
reference patterns can be incorporated to account for common sources of false positives in a
sample-dependent manner.

Each reference pattern (R) is scaled in the intensity dimension to produce an optimal
alignment with the data (D). This is accomplished by determining the scaling factor £ by a binary
search such that the sum of the squared difference (SSD) between each peak in the reference
pattern (r, € R) and its counterpart in the actual data set (d, € D) is minimized:
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SSD =3 (d; = kr) 31

After intensity alignment, the score for the entire pattern is then calculated as:

d<—kr|
Score = e (3-2)
core Hf( oT2 ]

i

where ¢ is a measure of peak intensity variance and f is a scoring function for each peak that
produces a value in the range [0,1]

f(x)=max[ erfc(x),& | 0<e<<l (3-3)

in which erfc(x) is the complement of the Gaussian error function and the parameter is a
measure of the tightness of the peak matching in the intensity dimension. The lower bound
of € is imposed on the function to reduce round-off errors in floating point arithmetic and to
allow for robustness against contaminating peaks when used in a Bayesian system. In short, this
system allows the identification of isotopic envelopes in actual MS data that do not perfectly
match theoretically determined isotopic envelopes by virtue of overlapping peaks from other
molecular species.

After scores of all patterns of interest have been determined, the best match is found
using a Bayesian approach:

P (data‘ pattern, )P (patterni ) 3 Score(patterni |data)P ( pattern, )
2 P (data|pattern j ) P (patternj ) - z Score (pattern i \ data) P (pattern i )
j i

P (patterni |data) = (3-4)

where the P(pattern) terms are user-defined weighting factors that describe the probability that
any peak in the dataset is caused by a molecular species with the isotopic distribution described
by pattern, and were determined experimentally. These weighting factors allowed us to increase
the specificity of the program for a selected pattern, thereby eliminating false positives, or
conversely, increasing the number of hits, though potentially at the cost of more false positives.

3.2.2.2 Step 2: Reducing false positives with a graph-theoretic approach

Naive pattern matching, as described above, can produce a significant number of false
positive matches depending on the complexity of the data. However, information from neigh-
boring spectra is known to reduce false positive detections while enhancing the true positive
identifications.*"* Therefore, our algorithm exploits two features of LC-MS data: (1) peptides are
often detected in multiple charge states and (2) in several adjacent scans. To integrate these
features into the pattern matching algorithm, a graph-theoretic approach was employed
wherein each potential match was treated as a node in a graph. Edges were drawn between two
nodes if the nodes could have come from the same molecular species, and if the nodes have
sufficiently similar LC elution times. After edges are built, the graph is decomposed into disjoint
subsets, where all nodes in a given subset could have been produced by the same peptide. Each
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Figure 3-5. The dibromide motif can be recognized at low signal-to-noise ratios.

(A) Representative full-scan mass spectrum from LC-MS data derived from a trypsin digest of 150 femtomoles of dibromide-la-
beled BSA in 10 pg of Jurkat whole cell lysate. (B) The inset-spectrum shows a dibromide-labeled peptide LKPDPNTLC*DEFK at
a S/N of 2.5:1. C* refers to a cysteine residue alkylated with dibromide tag 3.4.

of these subsets is then scored on a number of factors, including the number of nodes in the set
and the number of unique charge states detected. Because matches that were made by chance
are unlikely to score highly using these criteria, this process filters false positive matches. Using
a modern desktop computer (3.66 GHz, 4 GB RAM), an average LC-MS data file can be searched
using standard settings in less than two minutes.

3.2.3 Application of IsoStamp to a model LC-MS experiment

As mentioned previously, the complexity of unfractionated cell or tissue lysates renders
the identification of low abundance proteins by shotgun proteomics a challenging endeavor.
We therefore sought to test the sensitivity of IsoStamp in identifying a single labeled protein
from whole cell lysates. BSA was chosen as a model protein for labeling because it contains 35
cysteine residues that are spread throughout the entire protein. The protein comprises 50 tryptic
peptides of which 24 possess cysteine residues, including 15 with a single cysteine residue (no
missed cleavages and a mass range of 600 to 2500 Da).

We generated detergent lysates of Jurkat cells, a human T-lymphoma cell line, and added
known amounts of BSA that had been alkylated on cysteine residues with dibromide tag
3.4. After digestion with trypsin, the sample was separated by in-line reversed-phase LC and
analyzed on an LTQ-Orbitrap XL mass spectrometer. Figure 3-5A shows a representative full-scan
mass spectrum from the LC-MS data collected for a sample derived from 150 femtomoles of
3.4-labeled BSA in 10 ug of Jurkat whole cell lysate, representing 0.1% of the total protein content.
When the full-scan mass spectrum was searched using the pattern matching software, we
identified several halogen-labeled BSA peptides, collectively reflecting 32% coverage of single
cysteine-containing peptides (Appendix A.5). The mass envelope of one such peptide, LKPD-
PNTLC*DEFK (residues 139-151), illustrates the unique isotopic pattern for a dibromide-labeled
peptide (Figure 3-5B). Notably, the pattern (in black) was computationally found four orders of
magnitude below that of the most abundant ion, at a signal-to-noise ratio (5/N) of 2.5:1, despite
the presence of intervening peaks (light gray) within the envelope. Using conventional shotgun
proteomics methodologies in samples of this complexity, peaks at such a low level of intensity
may be excluded from tandem MS analysis.”
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3.2.4 Thedibromide tag is superior to the other halogenated tags with respect to sensitivity and false
positive identifications A

A central feature of the IsoStamp
algorithm is that the user can tune its
parameters to balance sensitivity against
false positive identifications. Using BSA
as a substrate, we compared the perfor- Mono-
mance of the dibromide tag to the other bromide
halogenated tags. To determine the 0 30 60 90 120 150
relative number of false positives, we first Relative Number of False Positives
established searching parameters that
found 50% of true halogen-labeled BSA
peptides in a sample that contained 3
picomoles of halogen-labeled BSA in 10
ug of Jurkat whole cell lysate. The true
positives were defined by a manual search
of LC-MS data (explained in the Methods
section) and are listed in Appendix A.6. The
relative number of false positives was then
determined by searching MS data derived
from 10 pg of Jurkat whole cell lysate
without BSA (and thus no real positives, -15 —1_'0 —o'_5 0.0 o'_5
Figure 3-6A). Compared to the dibromide Log (Amount of BSA/pmol)

tag, the dichloride tag prOduF?d great.er Figure 3-6. The dibromide motif is superior to other halo-
than 30-fold more false positives while gen motifs with respect to the number of false positives and
the monobromide tag produced greater sensitivity.

than 120-fold more false positives. Overall, (A) Number of false positives identified in Jurkat whole cell lysate
. . without BSA using searching conditions that found 50% of true
the dibromide tag outperformed the positives in samples containing each halogen tag. (B) Sensitivity

dichioride and monobromide tags by a ngenderedly each halogen g nasdeterminec by rating 10
substantial margin. lysate and analyzing the tryptic digest by LC-MS.
To determine the sensitivities of the

halogen tags, we found searching parameters for each tag that fixed the maximum number of
false positive identifications at 100. We then performed a titration experiment where known
quantities of halogen-labeled BSA were added to 10 pg of Jurkat whole cell lysate. Each mixture
was digested with trypsin, subjected to LCG-MS analysis, and the resulting data were searched
for the tag'’s isotopic pattern. The proportion of single cysteine-containing BSA peptides iden-
tified as a function of protein concentration is shown in Figure 3-6B, where each computational
match was manually verified (the computational detection rate for each peptide can be found
in Appendix A.5). At all protein concentrations, dibromide-labeled peptides were detected at a
higher frequency than peptides labeled with other tags. While the data appear to converge at
low protein concentrations, this may reflect the detection limits of the instrument rather than
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Figure 3-7. Receiver operating characteristic curves (ROC) for the IsoStamp algorithm.
Each plot shows the results of varying key parameters of the graph-theoretic algorithm (to adjust sensitivity and specificity)

and then searching LC-MS datasets containing the indicated quantity of either (A) dibromide-, (B) monobromide-, or (C)
dichloride-labeled BSA in the presence of 10 ug of Jurkat whole cell lysate.

capabilities of the pattern-searching algorithm. Overall, the dibromide isotopic signature was
detected approximately twice as often as the dichloride and three times as often as the mono-
bromide signatures, emphasizing its potential for recoding isotopic envelopes.

In order to simultaneously compare the sensitivity and selectivity of the halogen tags,
receiver operating characteristic (ROC) plots were generated (Figure 3-7). These curves illustrate
how the true positive rate (i.e., sensitivity) varies with respect to the false positive rate (i.e., selec-
tivity). As illustrated, the ROC plots demonstrate that the IsoStamp algorithm can be tailored
for each halogen tag, optimizing sensitivity and selectivity in each case, with the dibromide tag
showing the best overall performance, even at low concentrations.

It should be noted that we were unable to determine the sensitivity and the relative
number of false positives for the monochloride tag; reasonable searching parameters (i.e., with
an acceptable number of false positives) to detect 50% of true positives in a sample containing 3
picomoles of monochloride-labeled BSA in 10 ug of Jurkat whole cell lysate could not be found
due to the minimal perturbation of this tag on the natural isotopic pattern of peptides (see
Figures 3-3B and 3-4).
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3.2.5 Development of the IsoStamp method for directed shotgun proteomics

After establishing the advantage of using a dibrominated tag for detecting labeled
peptides in complex mixtures, we next tested the utility of the tag in a model directed shotgun
proteomics experiment. As illustrated in Figure 3-8, the experiment was performed as follows.
First, we added known amounts of dibromide-labeled BSA to 10 ug of Jurkat whole cell lysate.
The mixture was digested with trypsin and then subjected to LC-MS analysis in full-scan mode
on an LTQ-Orbitrap XL mass spectrometer. Data were processed to identify and inventory all
dibromide-labeled peptides, generating an inclusion list that contained the M+2 mass of a
labeled peptide’s isotopic envelope and a retention time window. Then, the same sample was
subjected to an LC-MS/MS experiment using the inclusion list to trigger fragmentation only if a
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Figure 3-8. Schematic of the IsoStamp method for performing a directed proteomics experiment.

The IsoStamp method improves shotgun proteomics by allowing tagged peptides to be detectable in full-scan mass spectra,
facilitating an inclusion-list driven directed LC-MS/MS experiment. (A) First, a mixture of proteins in which a small number are
chemically tagged (star) is subjected to proteolytic digestion producing (B) a mixture of peptides. (C) Then, the peptides are
separated using LC and full-scan mass spectra are collected at regular intervals. (D) Tagged peptides are identified using a
pattern-searching algorithm and inventoried into an inclusion list (rt = retention time). (E) The same sample is then subjected
to a directed LC-MS/MS experiment where tandem MS is only performed on precursor ions defined in the inclusion list. (F)
Finally, fragment mass spectra are subjected to database search to produce peptide and protein identifications.
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Figure 3-9. Optimization of liquid chromatography conditions to achieve better separation of peptides.
(A) Early attempts at the separation of peptides by reverse-phase chromatography suffered from poor sample separation

and inconsistent results. (B) Improvements in chromatography were achieved by optimizing the procedure used to generate
homemade capillary columns, changing column lengths from 10- to 15-cm, and adjusting the gradient conditions.

listed ion appeared in the correct retention time window and at an abundance above a specified
threshold. This approach allowed us to focus the analysis on peptides of interest, using recoded
mass envelopes as an indicator, and allowing for direct site mapping.

However, before we were able to implement the IsoStamp method for directed
proteomics, there were several challenges to overcome. First, in order to achieve nanoliter flow
rates, we manually pulled fused silica capillaries and packed them with C18 resin. Although this
kept column costs low, it also introduced batch-to-batch variability and inconsistent results
during chromatography (Figure 3-9A). However, by using a micropipette puller, increasing the
length of C18 resin from 10-cm to 15-cm, optimizing mobile phase gradients based on sample
complexity, and operating at higher pressures, we were able to improve peptide separation
using the homemade capillary columns (Figure 3-9B). These improvements also satisfied another
requirement for the IsoStamp method, reproducible chromatography between the full-scan and
the directed experiment in order to ensure that peptides would elute at the time indicated on
the inclusion list (Figure 3-10).

The advantage of using a time-resolved inclusion list for directed proteomics was empiri-
cally determined and is illustrated in Figure 3-11. Without time information (Figure 3-11A), where
peptide ions were selected for fragmentation based solely on m/z values, the fragmented ions
appeared randomly across the entire m/z range rather than overlapping with the elution profile
of the peptide ions. In contrast, when using a time-resolved inclusion list (Figure 3-11B), there
was a high correlation between the peptide ion elution profile and the ions selected for frag-
mentation. This led to higher quality fragmentation spectra that were more likely to contain
relevant information. As a validation of the IsoStamp method, Figure 3-12 demonstrates how
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Figure 3-10. The IsoStamp method requires reproducible chromatography between the full-scan and the direct-
ed experiments.

An example of a full-scan chromatogram (from which the inclusion list is generated) and the corresponding directed chro-
matogram (where tandem MS is performed), illustrating the high level of reproducibility between the two sequential chro-
matography steps.

all of its components (i.e, chemical labeling, optimized and synchronized chromatography,
computational-pattern searching, and time-based selection of m/z values for fragmentation)

successfully worked together.
3.2.6 Application of IsoStamp to a model directed shotgun proteomics experiment

After optimizing the IsoStamp method for directed proteomics, we were able to success-
fully perform a model directed LC-MS/MS experiment using dibromide-labeled BSA in the
presence of 10 pg of Jurkat whole cell lysate. For the data analysis from this experiment, we
focused on single cysteine-containing peptides. An example of one precursor ion from the
inclusion list (m/z = 883.26) clearly displayed the dibromide pattern (Figure 3-13A), and its site of
modification was identified after isolating the full isotopic envelope (highlighted in yellow) and
performing collision-induced dissociation (CID) fragmentation (Figure 3-13B). A database search
identified the ion as BSA peptide YIC*DNQDTISSK (residues 286-297). Fragment ions that contain
the dibromide tag also display the perturbed isotopic envelope, as shown for the y, *ion (Figure
3-13Q), strengthening confidence in the site of modification (i.e., C¥).

Next, we compared the number of single cysteine-containing BSA peptides identified
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Figure 3-11. A time-resolved inclusion list improves the performance of the IsoStamp method.

(A) Without a time-resolved inclusion list, peptide ions selected for fragmentation (blue squares) appear randomly across the
entire m/z range rather than overlapping with the elution profile of the peptide ions (black dots, where the color intensity
correlates to ion intensity). (B) However, with a time-resolved inclusion list, peptide ions selected for fragmentation reproduc-
ibly overlap with the peptide elution profile. This leads to fragmentation spectra that are more likely to generate high-confi-
dence peptide identifications.
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using either the directed approach or a conventional data-dependent approach (DDA) in which
peptides do not bear a detectable tag.? The directed approach identified more single cyste-
ine-containing peptides at all tested concentrations of labeled BSA in 10 ug of Jurkat whole
cell lysate (Figure 3-13D and Appendix A.7). The results of this analysis highlight the ability of
chemically-directed proteomics methods to increase both the number of distinct peptides and
the number of low-abundance peptides identified in complex mixtures. Because the unique
isotopic signature can be maintained in the MS2 spectra by using a wide isolation window, modi-
fication sites are readily identified, which can facilitate studies of posttranslational modifications
(a feature utilized in Chapter 7).

3.2.7 Application of IsoStamp to the identification of small proteins

The impressive performance of the dibromide tag motivated us to explore its use in the
identification of large peptides or small proteins. In addition to improving coverage and confi-
dence in protein identifications, the analysis of high MW fragments enables studies of multiple
posttranslational modifications (PTMs) that might occur on a single protein molecule, such as
glycosylation.* Towards this goal, we labeled the small protein Barstar from B. cenocepacia (11.7
kDa, including an N-terminal 6xHis tag) with dibromide tag 3.4 on a single cysteine residue intro-
duced by site-directed mutagenesis (126C). To verify labeling, we subjected dibromide-labeled
Barstar to a tryptic digestion and analyzed the peptide mixture by LC-MS on an LTQ-Orbitrap XL
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Figure 3-12. An example of raw data that validate the IsoStamp method for directed proteomics.

(A) A portion of the inclusion list from the ORB17286 data file, which lists the m/z values (the M+2 peak in the isotopic envelope)
and retention time windows (+1.5 min) for all putative dibromide-labeled peptides. One peptide ion selected for fragmen-
tation is highlighted in the red box. (B) A zoomed-in region of the ORB17286 full-scan chromatogram shows a dibromide-la-
beled peptide (isotopic envelope highlighted in yellow) that was selected for fragmentation because the instrument found
an expected m/z value (687.3143, highlighted in teal), within error, and within the specified retention time window (red box).
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mass spectrometer. After pattern-searching, we identified the single cysteine-containing Barstar
peptide with a recoded isotopic envelope (Figure 3-14A). Next, the purified intact protein (100
picomoles) was analyzed by LC-MS. Shown in Figure 3-14B are the mass spectra of unlabeled
(top) and dibromide-labeled (bottom) Barstar in the +9 charge state.

Using the averagine system, we predicted the mass envelopes of the protein with and
without the dibromide tag and depicted the peak intensities in the form of red and blue curves,
respectively. An overlay of the two curves suggests that addition of the dibromide tag should
cause a detectable widening of the mass envelope (Figure 3-14B). In order to score how well
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Figure 3-13. IsoStamp using the dibromide tag in a model directed shotgun proteomics experiment.

(A) The isotopic envelope of a precursor ion that was selected for fragmentation (883.26, highlighted in blue) and its isolation
window (highlighted in yellow). (B) The CID fragmentation spectra and the peptide assignment for the 883.26 ion (C* refers to
a cysteine residue alkylated with dibromide tag 3.4). (C) The y, * fragment ion, which contains the dibromide tag, also displays
a perturbed isotopic envelope. (D) Numbers of unique peptides detected using a data-dependent verses a directed approach.
The indicated amounts of BSA were added to 10 ug of Jurkat whole cell lysate prior to digestion and LC-MS/MS analysis.
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Figure 3-14. The dibromide tag can be detected on purified small proteins.

(A) After pattern-searching a tryptic digest of dibromide-labeled Barstar, we identified the single cysteine-containing Barstar
peptide with a recoded isotopic envelope. (B) The averagine predicted isotopic envelope with (red) and without (blue) the
dibromide tag fit to mass spectra of Barstar (top) and dibromide-labeled Barstar (bottom). Barstar’s predicted MW = 11.7 kDa.
Spectra shown are from the +9 charge state.

m/z Barstar-labeled

the averagine predictions matched the experimental data, we calculated the RMSD between
the peak intensities from the MS data and each of the predicted mass envelopes (details can be
found in the Methods section). Although the RMSD difference is small, the averagine model is
able to distinguish the dibromide-labeled from the unlabeled protein. These results suggest that
masses approaching 12 kDa are most likely at the limit of detection for the IsoStamp technology.
Efforts are underway to refine the computational analysis so that we can identify a similarly sized
protein at lower concentrations and in the presence of a complex mixture.

3.3 Conclusions

In summary, we have shown that recoding a peptide’s isotopic envelope, in combination
with a sophisticated pattern-searching algorithm, can enhance the performance of shotgun
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proteomics. The IsoStamp method, an extension of Isotopic Distribution Encoding Tagging,*
exploits the recoding effects of a dibrominated chemical tag on a peptide’s isotopic envelope.
While building additional halogens into a tag could yield an even more distinguishable isotopic
signature, sensitivity for their detection may be compromised, as the same total signal intensity
will be split among more peaks. The dibromide signature strikes a balance by enabling high-fi-
delity pattern matching with good sensitivity.

The ability to detect the dibromide pattern depends primarily on two instrument param-
eters: the m/z resolution and the desired sensitivity. It is possible to match the dibromide pattern
on lower resolution instruments provided that the isotopic pattern itself is recreated faithfully.
Alternatively, pattern matching on a higher mass-resolution instrument requires less fidelity in
the isotopic pattern itself. The type of instrument that can be used is also dependent on the
acceptable false positive rate, as higher acceptable false positive identifications will permit the
use of lower resolution instruments. To test the sensitivity of detecting dibromide-labeled BSA
at resolutions lower than 60,000, we performed LC-MS analysis on a Waters QTof mass spec-
trometer with a resolution of 10,000 (Figure 3-15). Known quantities of dibromide-labeled BSA
added to 10 pg of Jurkat whole cell lysate were digested and then subjected to LC-MS analysis.
After the data were searched for dibromide-labeled peptides, we found that the performance
at a resolution of 10,000 on a QTof instrument was similar to results at a resolution of 60,000 on
a Orbitrap instrument.

The IsoStamp method can be employed in any proteomics experiment in which a tag is
covalently bound to target peptides; in principle, any dibrominated tagging reagent can be used.
This concept pertains to many quantitative
labeling approaches (i.e., ICAT, iTRAQ), where
an isotopically-labeled tagging reagent is
used to impart peptides with a defined mass
shift or a particular reporter mass. Impor-
tantly, the IsoStamp method is distinct from
these approaches. First, the perturbing
effects of halogens on the isotopic envelope
of a peptide are substantially greater that
those of heavy H, N, C or O isotopes. Second,
IsoStamp relies solely on this isotopic pertur-
bation to identify a labeled peptide, with , , ,
no requirement of a defined mass shift or a -1.5 -1.0 -0.5 0.0 0.5
specific reporter mass fragment. We view Log (Amount of BSA/pmol)
IsoStamp as complementary to quantitative  figyre 3-15. The dibromide motif can be detected using
approaches, where the two proteomics tools both QTof and Orbitrap mass spectrometers.

can be merged into one experiment with the A comparison of the sensitivity of detecting dibromide-labeled
fli . . . BSA peptides was performed between a Waters QTof (blue
use of light and heavy dibromide tags. Prelim-  sqyare) mass spectrometer and an LTQ Orbitrap XL (red circle)

i i ici H mass spectrometer. Sensitivity was determined by titrating
Inary evidence for this Integration can be seen 3.0 to 0.03 picomoles of dibromide-tagged BSA into 10 pg of

in Figure 3-16 where a heavy dibromide tag Jurkat whole cell lysate and analyzing the digest by LC-MS. At
(3.14) was combined with the Iight dibromide all concentrations both instruments perform almost identically.
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Figure 3-16. Quantitative IsoStamp.

(A) The structure of a heavy (+10 Da) dibromide tag (3.14) and a light dibromide tag (3.4) synthesized as an iodoacetamide-deri-
vatized tyrosine analogs. (B) BSA labeled with a 1:1 mixture of dibromide tags 3.4 and 3.14, respectively, was digested with
trypsin and subjected to LC-MS analysis. After pattern-searching, a pair of light- and heavy-labeled peptides were found.

tag (3.4) to label BSA, and both light- and heavy-labeled peptides were observed.

More generally, we view IsoStamp as an enabling tool for chemical proteomics. The
method can be incorporated into any proteomics experiment requiring a chemical tag, including
emerging bioorthogonal ligation strategies that install uniquely reactive functionalities at sites
of posttranslational modifications.'® Affinity-based proteomics experiments in which tags are
covalently bound to enzyme active site residues,?* and protein chemical crosslinking studies*
can also benefit from integration of the IsoStamp method. In all cases, including a dibromide
signature in the covalently bound tag will improve detection and identification of labeled
peptides.

Finally, the computationally detectable isotopic envelope pattern central to the IsoStamp
method can be generated in ways other than covalent chemical labeling with bromine atoms.
For example, metabolic labeling with a mixture of isotopolog substrates, molecules that differ
only in their isotopic composition, could be used to biosynthetically endow biomolecules with
similarly distorted isotopic envelopes. Consequently, we envision numerous future applications
of IsoStamp in glycomics and metabolomics in addition to proteomics.

3.4 Materials and Methods

3.4.1 General procedures and materials

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
— 74 —
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used without further purification unless otherwise noted. All reaction flasks were oven dried
prior to use and moisture-sensitive reactions were performed in flame-dried flasks Emder aN,
atmosphere. Analytical thin layer chromatography (TLC) was performed with 60 A silica gel
plates (EMD) and visualized by staining with cericammonium molybdate, ninhydrin, or by absor-
bance of UV light at 254 nm. Flash chromatography was performed with 60 A 230-400 mesh
silica (Silicycle). Organic extracts were dried over MgSO,, and solvent was removed by reduced
pressure with a R-114 rotovapro (Buchi) equipped with a self-cleaning dry vacuum pump (Welch).
If necessary, products were further dried by reduced pressure with an Edwards RV5 high vacuum
pump.

Water used in biological procedures was distilled and deionized using a Milli-Q Gradient
ultrapure water purification system (Millipore). Dulbecco’s phosphate-buffered saline (PBS) was
obtained from HyClone Laboratories and fetal bovine serum (FBS) was obtained from Omega
Scientific.

3.4.2 Instrumentation

NMR. All 'H and "C spectra are reported in ppm and referenced to solvent peaks. Spectra
were obtained on Bruker AVB-400 or AVQ-400 spectrometers. Coupling constants (J) are
reported in Hz.

Absorbance spectra. Absorbance readings were collected on a Molecular Devices Spec-
traMax 190 UV-Vis absorbance plate reader, a CARY 100 Bio UV-Visible Spectrophotometer, or a
Thermo Scientific Nanodrop 2000 spectrophotometer.

High performance liquid chromatography (HPLC). Purification of small molecules was
performed using reversed-phase (RP) HPLC on a Rainin Dynamax SD-200 system equipped with
a Varian UV-Vis detector (model 345) and a Microsorb C18 analytical column (4.6 x 250 mm) at a
flow rate of T mL/min, a semipreparative column (10 x 250 mm) at a flow rate of 4 mL/min, or a
preparative column (21.4 x 250 mm) at a flow rate of 20 mL/min. HPLC samples were filtered with
a Pall Life Sciences Acrodisc CR 13 mm syringe filter equipped with a 0.2 um PTFE membrane
prior to injection.

Electrospray ionization (ESI) MS. High-resolution ESI mass spectra were obtained at
the QB3 Mass Spectrometry Facility (UC Berkeley) using an LTQ Orbitrap XL hybrid mass spec-
trometer (Thermo Fisher). Low-resolution ESI mass spectra were obtained using an LTQ-XL mass
spectrometer.

Full-scan LC-MS on an LTQ Qribtrap XL. Samples were subjected to RP chromatography
with an Agilent 1200 LC system that was connected in-line with an LTQ Orbitrap XL hybrid mass
spectrometer. External mass calibration was performed prior to analysis. A binary solvent system
consisting of buffer A (0.1% formic acid in water (v/v)) and buffer B (0.1% formic acid in acetoni-
trile (v/v)) was employed.

For peptide samples, the mass spectrometer was outfitted with a nanospray ionization
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source. The LC was performed using a 100 um fritted capillary (New Objective) pre-column self-
packed with 1 cm of 5 um, 200 A Magic C18AQ resin (Michrom Bioresources) followed by a 100
um fused silica capillary (Polymicro Technologies) self-packed with 10 cm of 5 um, 100 A Magjic
C18AQ resin (Michrom Bioresources). After injection of the sample and a 10 min loading step
in 2% buffer B, a gradient was employed from 10% to 40% buffer B for 62 min, followed by a
washing step in 99% buffer B for 10 min. A solvent split was used to maintain a flow rate of
200 nL/min at the column tip. Mass spectra were recorded in a single stage of MS in positive
ion mode over the m/z scan range of 400 to 2000 using the Orbitrap mass analyzer in full-scan,
profile mode, at a resolution of 60,000 (at 400 m/z).

For the intact Barstar samples, the mass spectrometer was outfitted with an lon Max elec-
trospray ionization source. The LC was equipped with a Poroshell 300SB-C8 column and a 100 _L
sample loop. For each run, after 100 to 200 picomoles of protein was injected onto the column,
analyte trapping was performed for 5 min with 0.5% B, followed by a linear gradient from 30%
to 95% B over 19.5 min, and finished with a washing step in 95% B for 5 min. The flow rate
was maintained at 90 uL/min. Mass spectra were recorded in positive ion mode over the m/z
scan range of 500 to 2000 using the Orbitrap mass analyzer in full-scan, profile mode. Raw mass
spectra were processed using Xcalibur (version 4.1, Thermo) and measured charge state distri-
butions were deconvoluted using ProMass (version 2.5 SR-1, Novatia), using the default “small
protein” parameters and a background subtraction factor of 1.5.

Full-scan LC-MS on a Waters QTof Premier. Samples were subjected to RP chromatog-
raphy with a nanoAcquity ultraperformance LC (UPLC, Waters) system that was connected in-line
with a Waters QTof Premier mass spectrometer. External mass calibration was performed prior to
analysis using sodium formate cluster ions. A binary solvent system consisting of buffer A (0.1%
formic acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)) was employed.

For peptide samples, the UPLC column exit was connected to a Universal NanoFlow
Sprayer that was mounted in the ion source of the mass spectrometer. LC was performed using
a 20 mm x 180 um C18 trapping column (5 um particles, Waters) followed by a 100 mm x 100
pum C18 analytical column (1.7 um particles, Waters) and a 10 uL sample loop. After injection of
the sample and a 5 min loading step in 0% buffer B, a gradient was employed from 25% to 45%
buffer B for 60 min, followed by a washing step in 95% buffer B for 5 min. The flow rate was
maintained at 500 nL/min at the column tip. The Tof analyzer was operated in “V” mode. The
mass resolving power was 1.0 X 104 (measured at m/z = 771). Mass spectra were processed using
MassLynx software (version 4.1, Waters).

Tandem LC-MS/MS on an LTQ Qribtrap XL. Samples were subjected to RP chromatography
with an Agilent 1200 LC system that was connected in-line with an LTQ Orbitrap XL hybrid mass
spectrometer. External mass calibration was performed prior to analysis. A binary solvent system
consisting of buffer A (0.1% formic acid in water (v/v)) and buffer B (0.1% formic acid in aceto-
nitrile (v/v)) was employed. The mass spectrometer was outfitted with a nanospray ionization
source. The LC was performed using a 100 um fritted capillary (New Objective) pre-column self-
packed with 1 cm of 5 um, 200 A Magic C18AQ resin (Michrom Bioresources) followed by a 100
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um fused silica capillary (Polymicro Technologies) self-packed with 15 cm of 5 um, 100 A Magic
C18AQ resin (Michrom Bioresources). After injection of the sample and a 20 min. loading step
in 2% buffer B, a gradient was employed from 10% to 35% buffer B for 120 min, followed by a
washing step in 99% buffer B for 15 min. A solvent split was used to maintain a flow rate of 200
nL/min at the column tip.

lodoacetamide-labeled BSA samples were subjected to a data-dependent acquisition
method, where each full-scan mass spectra was recorded in positive ion mode over the m/z scan
range of 400 to 1800 using the Orbitrap mass analyzer in profile mode at a resolution of 60,000
(at 400 m/z). The ten most intense peaks were selected for collision induced dissociation (CID)
fragmentation in the linear ion trap. Dynamic exclusion and charge state screening were enabled,
rejecting ions with an unknown or +1 charge state. An isolation window of 3, a threshold of 500
ion counts, and activation energy of 35 were used when triggering a fragmentation event.

Dibromide-labeled BSA samples were subjected to an inclusion-list driven targeted acqui-
sition method. The first step was collecting only full-scan mass spectra in positive ion mode
over the m/z scan range of 400 to 1800 using the Orbitrap mass analyzer in profile mode at a
resolution of 60,000 (at 400 m/z). The data were searched for the presence of dibromide-labeled
peptides and each labeled species was recorded in an inclusion list, which contained the m/z
value (M+2 ion in the labeled peptide’s isotopic envelope) and a retention time window for each
labeled peptide. The same sample (and same injection volume) was then reanalyzed using an
inclusion-list driven selection of precursor ions for fragmentation. The inclusion list was entered
into the global mass list, and for each full-scan mass spectra up to eight CID fragmentation
events could take place in the linear ion trap. Dynamic exclusion and charge state screening
were enabled, rejecting ions with an unknown or +1 charge state. An isolation window of 4, a
threshold of 500 ion counts, and activation energy of 35 were used when triggering a fragmen-
tation event.

3.4.3 Chemical synthesis

General procedure for the preparation of halogenated tyrosine salts (3.2, 3.5, 3.8, 3.9).
Starting with L-tyrosine (3.1), halogenated tyrosine salts were prepared according to literature
procedures.*#°

General procedure for the preparation of iodoacetamide derivatives of halogenated
tyrosine analogs (3.4, 3.7, 3.12, 3.13). To the halogenated tyrosine salt (100 mg) in anhydrous
DMF (250 pL) was added anhydrous sodium carbonate (2 equiv.) and the mixture was left to
stir for 0.5 h at RT under a N, atmosphere. Chloroacetyl chloride (1 equiv.) was added dropwise
over 5 min and the reaction was stirred at RT under a N, atmosphere for 1 h before the reaction
was transferred to a separatory funnel with ethyl acetate (15 mL). The organic layer was washed
with 1 M HCI (5 mL) and the layers separated. The aqueous layer was extracted twice with ethyl
acetate (5 mL) and the combined organic extracts were dried over MgSO, prior to removal of
solvent by rotary evaporation to generate compounds 3.3, 3.6, 3.10 and 3.11. The crude material
was then dissolved in anhydrous DMF (0.5 mL) and sodium iodide was added (6 equiv.). The
mixture was stirred at RT in the dark under a N, atmosphere for 24 h before the mixture was
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transferred to a separatory funnel with ethyl acetate (15 mL). The organic layer was washed with
water (5 mL) and the layers were separated. The aqueous layer was extracted twice with ethyl
acetate (5 mL) and the combined organic extracts were dried over MgSO,. The crude product
was purified by RP HPLC using a C18 column and a water/acetonitrile solvent system with 0.1%
TFA with a gradient of 15% to 60% acetonitrile over 50 min. All fractions were kept in foil until the
solvent was removed by rotary evaporation to yield a white solid. Compound 3.4. '"H NMR (400
MHz, CD,0OD): 6 = 7.36 (s, 2H), 4.59-4.55 (m, 1H), 3.73 (d, J = 9.6 Hz, 1H), 3.64 (d, J = 9.6 Hz, 1H), 3.11
(dd, J =14, 4.8 Hz, 1H), 2.89-2.83 (m, 1H). Compound 3.7.'H NMR (400 MHz, CD,0D): 6 =733 (d, J
=2 Hz, 1H), 7.03 (dd, J = 8.4, 2 Hz, 1H), 6.80 (d, J = 8.4 Hz, 1H), 4.57-4.54 (m, TH), 3.72 (d, /= 10 Hz,
1H), 3.65 (d, /= 10 Hz, TH), 3.09 (dd, J = 14, 4.8 Hz, 1H), 2.88-2.83 (m, TH). Compound 3.12. '"H NMR
(400 MHz, CD,OD): 6 = 7.16 (s, 2H), 4.56-4.53 (m, 1H), 3.73 (d, J = 9.6 Hz, 1H), 3.64 (d, /= 9.6 Hz, TH),
3.11 (dd, J = 14, 4.8 Hz, 1H), 2.89-2.83 (m, 1H). Compound 3.13.'H NMR (400 MHz, CD,OD): 6 = 7.17
(d,J=2Hz, 1H), 6.99 (dd, J = 8.4, 2 Hz, 1H), 6.81 (d, J = 8.4 Hz, 1H), 4.58-4.54 (m, 1H),3.72(d, /=10
Hz, 1H), 3.65 (d, J = 10 Hz, 1H), 3.09 (dd, J = 14, 4.8 Hz, 1H), 2.89-2.83 (m, TH).

Heavy dibromide tyrosine analog (3.14). Starting with heavy (+10 Da) L-tyrosine (*C9, °N1;
Cambridge Isotopes) an identical synthesis to 3.4 was followed. The crude product was purified
by RP HPLC using a C18 column and a water/acetonitrile solvent system with 0.1% TFA with a
gradient of 20% to 35% acetonitrile over 40 min. All fractions were kept in foil until the solvent
was removed by rotary evaporation to yield a white solid. Since *C and "N could complicate 'H
NMR spectra, *C signals were decoupled. '"H NMR (400 MHz, CD,ODy: 6=735(s,2H),4.08 (q, /=
71 Hz, 1H),3.73 (d, 1H, J=12Hz), 3.64 (dd, 1H, J=4, 10 Hz), 3.08 (d, /= 4.1 Hz, TH), 2.92-2.81 (m, TH).

3.4.4 Experimental

Cell culture. Jurkat cells were maintained according to ATCC guidelines, grown in a 5%
Co,, humidified atmosphere at 37 °C in RPMI-1640 media (Invitrogen Life Technologies) supple-
mented with 10% FBS, penicillin (100 units/mL), and streptomycin (0.1 mg/mL).

BSA labeled with cysteine-alkylating tags. A 100 ug aliquot of a 2 mg/mL solution of
BSA in 250 mM ammonium bicarbonate was reduced by adding DTT to a concentration of 2.5
mM and placed at 55 °C for 30 min. After cooling to RT, the halogenated tag was added to a
concentration of 10 mM from a 500 mM solution in DMF. The reaction proceed for 1 h in the dark
before quenching with 5 uL of 1 M DTT for 30 min. Excess tag was removed by size exclusion
chromatography using a Bio-Rad Micro Bio-Spin 6 column.

Preparation of Jurkat whole cell lysate. Jurkat cells were lysed in a buffer containing
1% TritonX-100, 20 mM Tris pH 7.4, 150 mM NaCl and protease inhibitors (inhibitor cocktail IlI
from Calbiochem). Following lysis, the sample was precipitated using 9 volumes of acetone and
placed at -20 °C for 4 h followed by centrifugation at 13,000 rpms for 20 min at 4 °C. The super-
natant was removed and the pellet was resolubilized in 8 M urea buffered to pH 8.0. A BCA assay
(Thermo Scientific Pierce) was performed to determine protein concentration. Samples were
diluted to 1 mg/mL and stored at -20 °C.
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Serial dilutions of tag-labeled BSA in Jurkat whole cell lysate. For full-scan LC-MS analysis,
tag-labeled BSA samples were serially diluted into 10 yL of 1 mg/mL Jurkat whole cell lysate at
amounts of 3.0, 1.50, 0.80, 0.30, 0.15, 0.08, and 0.03 picomoles. For data-dependent or directed
LC-MS/MS analysis, either iodoacetamide or dibromide-labeled BSA samples, respectively, were
serially diluted into 20 pL of 1 mg/mL Jurkat whole cell lysate at amounts of 6.0, 3.0, 1.60, and 0.60
picomoles (amounts were doubled so that two sequential injections could be performed). The
samples were trypsin digested (50:1 protein/enzyme) at 37 °C for 16 h and desalted using C18 zip
tips (Millipore) or C18 spin columns (Nest group) according to the manufacturer’s instructions.

Barstar mutagenesis and purification. A plasmid containing the Bacillus amyloliquefaciens
protein Barstar as a 6xHis fusion in a pQE30 expression vector was obtained from D. Tirrell (Cali-
fornia Insititue of Technology). A construct encoding the single point mutant 126C was prepared
using the Quickchange protocol (Stratagene).

Forward 5" - GGG GAA CAA ATC AGA AGT TGC AGC GAC CTC CACCAG AC -3’

Reverse 5" — GTC TGG TGG AGG TCG CTG CAA CTT CTG ATT TGT TCC CC -3’

The mutant was expressed and purified analogously to the wild-type protein.”' The
purified 126C Barstar mutant was verified by ESI-HRMS, calcd for C., H, N, O, S, [Avg. mass]:
11667.13 Da, found 11667.2 Da.

Barstar labeled with a dibromide tag. A 50 pL aliquot of a 0.4 mg/mL solution of 126C
Barstar in 250 mM ammonium bicarbonate was reduced by adding DTT to a concentration of
2.5 mM and placed at 55 °C for 30 min. After cooling to RT, dibromide tag 3.4 was added to a
concentration of 10 mM from a 500 mM solution in DMF. The reaction proceed for 1 h in the
dark before quenching with 5 uL of 1 M DTT for 30 min. Following labeling, the protein was
precipitated using 9 volumes of acetone and placed at —20 °C for 1 h followed by centrifugation
at 13,000 rpms for 20 min at 4 °C. The supernatant was removed and the pellet was resolubilized
in 250 mM ammonium bicarbonate buffer.

Tryptic digestion of dibromide-labeled Barstar. Dibromide-labeled Barstar was digested
with trypsin (50:1 protein/enzyme) at 37 °C for 13 h and desalted using C18 zip tips (Millipore)
according to the manufacturer’s instructions.

Preparation of light-heavy dibromide tag mixture. Stock solutions of 200 mM light
dibromide tag (3.4) and 500 mM heavy dibromide tag (3.14) in DMF were prepared. The solu-
tions were combined to produce a 1:1 light:heavy mixture of the dibromide tags. The mixture
was analyzed by direct infusion on an LTQ-XL mass spectrometer set to zoom scan, with the
signal averaged over 20 scans. The isotopic ratios were then adjusted by the iterative addition of
the desired tag until an approximately 1:1 peak intensity ratio was observed empirically.

BSA labeled with a light-heavy dibromide tag. BSA was labeled with the light-heavy
dibromide tag mixture following the identical protocol for labeling BSA with the halogenated
cysteine alkylating tags. The sample was then digested with trypsin (50:1 protein/enzyme) at 37
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°Cfor 15 h and desalted using Millipore C18 zip tips according to the manufacturer’s instructions.
3.4.5 Data analysis

True positive determination. This was done by performing an in silico digestion of BSA (up
to two tryptic missed cleavages and a mass range of 600 to 4000 Da) and calculating the masses
of tag-labeled single cysteine-containing peptides. From this list of theoretical masses, LC-MS
data from samples composed of 30 picomoles of halogen-tagged BSA were manually searched
by obtaining an extracted ion chromatogram (EIC) for each predicted mass (in up to 5 charge
states). Each EIC was used to determine the visual presence of the appropriate halogen pattern.
Peptides were considered a true positive if at least one charge state of the predicted mass value
with the appropriate isotopic signature was observed (see Appendix A.6).

Full-scan data analysis and inclusion list generation. All full-scan LC-MS data were
collected in profile mode. Noise reduction and peak detection were performed using software
developed in-house based on the method described by Du et al., which made use of a continuous
wavelet transform.>> The centroided mzXML files were then searched for the presence of a desired
isotopic pattern using software developed in-house following the algorithm described in the
main text (additional details, including source code, can be found in Austin Pitcher’s thesis). The
output was an inclusion list that contained the m/z values and a retention time window of three
minutes for each tagged species.

Data analysis of tandem mass spectra. Tandem mass spectra were searched using
Proteome Discoverer 1.2 (Sequest, Thermo-Fisher) against the human database (UniProtKB/
Swiss-Prot, November 2009) with the Bovine Serum Albumin sequence appended (Uniprot
P02769), allowing for three missed cleavages, one non-tryptic termini, and the following variable
modifications: methionine oxidation and either cysteine carboxyamidomethylation or cysteine
labeling with dibromide tag 3.4 (allowing for all three isotopologs). Precursor ion tolerance was
set to 10 ppm and fragment tolerance was set to 0.8 Da. An FDR of 1% was used for filtering
iodoacetamide-labeled peptide assignments. For dibromide-labeled peptide assignments the
additional high intensity isotope peaks associated with each fragment ion that contained the
dibromide tag lowered Sequests’s XCorr calculation. Therefore, an FDR of 8% and a delta of 10
ppm for the precursor mass were used to narrow the search results, and each correct assignment
was manually verified.

Generation of ROC plots. To generate ROC plots for each halogen tag we made the
following four assumptions:

1. Total positives (P) were defined for each sample of halogen-labeled BSA based on the
total expected peptides to be found, as defined from manual searching of 30 picomoles of BSA
in the absence of lysate (see Appendix A.6). This was 25 for dibromide-, 19 for dichloride-, and 24
for monobromide-labeled BSA.

2. True positives (TP) were determined from a computational search for each single cyste-
ine-containing BSA peptide from searching a sample containing the indicated quantity of halo-



Chapter 3: Isotopically Recoding Peptides for Chemically Directed Proteomics

gen-tagged BSA in the presence of 10 ug of Jurkat whole cell lysate. In order to vary the TP
values we adjusted tolerances for key parameters of the graph-theoretic algorithm.

3. Total Negatives (N) were defined as the total number of peptides in the digested sample
that are not labeled with a halogen tag (i.e., the number of peptides in trypsinized Jurkat whole
cell lysate). For this calculation we approximated that there are 35,000 proteins in the human
genome and that we would expect a total of 10 tryptic peptides per protein, giving 350,000 total
peptides.

4, False Positives (FP) were determined as the difference between all ions that were compu-
tationally identified and the number of true positive ions. Unfortunately, we could not convert
the number of ions into the number of peptides because we don’t know what peptides each ion
represents. In contrast, when determining the TP we could convert ions into peptides because
we were only considering peptides from BSA. In order to vary the FP values we adjusted toler-
ances for key parameters of the graph-theoretic algorithm.

Therefore, the ROC plots were generated as:

True Positive Rate (TPR) = TP
False positive rate (FPR) = FP

peptides/Ppeptides

ions’ ~ “peptides

Thisimplied that the calculated FPRis an over approximation (since we reportions/peptides
instead of peptides/peptides), and the actual FPR is expected to be better than reported.

Analysis of dibromide-labeled intact-Barstar with the averagine model. To determine
whether the dibromide tag’s isotopic signature can be detected on large peptides, we labeled
the small protein Barstar with dibromide tag 3.4 on a single cysteine residue introduced by
site-directed mutagenesis (126C). The labeled intact protein was then analyzed by LC-MS on an
LTQ-Orbitrap XL mass spectrometer.

Using the averagine model, we predicted the mass envelope of Barstar with and without
the dibromide tag and depicted the peak intensities in the form of red and blue curves, respec-
tively. In order to score how well the averagine predictions matched the experimental data, we
calculated the RMSD between the peak intensities from the MS data and each of the predicted
mass envelopes.

The averagine-based models for isotopic envelopes of Barstar labeled with or without the
dibromide tag 3.4 were predicted based on the MW of Barstar (monoisotopic mass of 11659.84
Da). Models (reference pattern, R) were fit against centroided experimental data by first deter-
mining the value of a scaling factor k such that the reference pattern could be optimally aligned
with the data (D) in the intensity dimension. This was accomplished by performing a binary
search such that the SSD between each peak in the reference pattern (r, € R) and its counterpart
in the actual data set (d, € D) is minimized according to Equation 3-1. After intensity alignment,
the score for the fit was calculated as:

Score = Hf[|do_\/ir ] (3-5)

i=1
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o is a measure of peak intensity variance and f is a scoring function for each peak that produces
a value in the range [0,1]

f(x)=1-¢gerfc(x)+e, 0<e<<l (3-6)

in which erfc(x) is the complement of the Gaussian error function and the parameter is a measure
of the tightness of the peak matching in the intensity dimension. In the case of measuring
goodness of fit for the Barstar data, the score was calculated using values of € = 10°, 6 = 25%
(RMS intensity), and N = 16. Because scores produced in this manner are typically very small, the
log values of the scores were compared and are presented in Table 3-3.

Table 3-3.  RMSD values for averagine models of dibromide-labeled Barstar.

Model Unlabeled Barstar Labeled Barstar
Averagine -17.2 -35.5
Averagine + Br, 217 -20.5
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Chapter 4: Mapping Yeast N-glycosites with Isotopically Recoded
Glycans

4.1 Introduction

Determining the functions of post-translational modifications (PTMs) is a challenge in
post-genomic biology. Locating modified sites is often an essential first step toward ascertaining
the biological roles of PTMs, and liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) has emerged as a choice technology for this purpose. For example, LC-MS/MS
has been successfully utilized in recent proteomic surveys of phosphorylation,"? acetylation,**
ubiquitination,>® and glycosylation’° sites. Modifications such as these can profoundly impact
a protein’s molecular biology. Unambiguous assignment of PTM locations using existing LC-MS/
MS methodology is sometimes difficult to achieve, particularly in cases involving low protein
abundance or low site occupancy. Adding to the technical challenge of site-mapping, PTMs
such as glycosylation are known to reduce ionization efficiency and, therefore, detectability via
mass spectrometry."® In highly complex proteomic samples, low-intensity ions generated from
glycopeptides may be overlooked due to instrument-dependent limitations on the rate at which
ions can be selected for fragmentation during data-dependent acquisition." In this chapter, |
describe a directed proteomic approach in which LC-MS/MS analysis is focused specifically on
peptides bearing N-glycosylation, a common PTM found in all major phylogenetic branches of
life (Figure 4-1). In contrast to data-dependent methods that select a subset of relatively intense
ions for fragmentation, this approach is specifically designed to provide intensity-independent
fragmentation priority to peptides most likely to bear N-glycans and boost confidence in correct
PTM site assignment.

In eukaryotes, N-glycosylation is a PTM frequently found on proteins that are translated
in the endoplasmic reticulum (ER). Structurally conserved N-glycan precursors are synthesized
via the dolichol pathway and transferred onto nascent proteins; the glycosylated Asn residues
are typically found within a subset of the polypeptide’s N-X-S/T motifs where X denotes a
non-proline residue.”'¢ Biologically, N-glycans contribute to the folding, trafficking, and thermo-
dynamic stability of proteins exposed to ER, vacuolar, and Golgi lumens as well as those destined
for exposure to the extracellular milieu."”’® The N-glycan precursors are enzymatically edited to
yield a plethora of mature glycoforms with compositions largely dependent on cell type and
protein localization. Sometimes, specific N-glycan structures are required for protein function,
while in other cases, N-glycans primarily contribute to protein stability and solubility.” As a
class, the N-glycosylation modification is biologically essential; chemical or genetic disruption
of N-glycan biosynthesis is lethal and aberrant N-glycosylation is associated with several human
disease states.?%?!

Many existing LC-MS/MS approaches for mapping N-glycosites depend on enzymatic
removal of the entire N-glycan following stringent sample enrichment to remove non-glyco-
sylated peptides prior to analysis.”'® These methods rely on detection of a 0.98 Da mass increase

Mark Breidenbach and Austin Pitcher contributed to the work presented in this chapter.
Portions of the work described in this chapter have been reported in a separate publication.®
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resulting from the enzymatic deamination of glycosylated Asn residues by Peptide:N-glyco-
sidase F (PNGase F). Enzymatic deamination is often performed in the presence of '®0O-labeled
water, imparting a 2.98 Da mass shift to the peptide to increase confidence in site assignment.’
Unfortunately, complete removal of N-glycans with PNGase F can lead to instances of incorrectly
mapped glycosites. During the course of PNGase F treatment, spontaneous deamination of
non-glycosylated Asn residues and other instances of PNGase F-independent incorporation of 'O
can potentially yield false positives.???* This drawback has led to the development of alternative
strategies utilizing partial rather than total removal of N-glycans; for instance, treating samples
with the enzyme endoglycosidase H (Endo H) preserves a single core GIcNAc residue, leaving
direct evidence of N-glycosylation.?*?> Unfortunately, the presence of a single sugar residue on
peptides can considerably suppress ionization efficiency,®" potentially biasing data-dependent
LC-MS/MS data acquisition against glycopeptide ions. Despite this limitation, detection of the
retained glycan by LC-MS/MS provides unequivocal evidence for glycosite assignment instead of
indirect evidence that the N-glycan modification once existed at a given site. Therefore, LC-MS/
MS methods that could select low-abundance ions for fragmentation could greatly benefit
glycosite mapping.

In Chapter 3, | described a strategy for addressing the challenge of identifying low-abun-
dance species in complex mixtures based on a directed LC-MS/MS approach (illustrated in Figure
3-8).%¢ Termed isotopic signature transfer and mass pattern prediction (IsoStamp), the technique
exploited the perturbing effects of a dibrominated chemical tag on a peptide’s isotopic envelope.
Once covalently modified with the tag, dibrominated peptides could be readily detected with
high sensitivity and fidelity in high-resolution LC-MS data using a novel computational pattern-
searching algorithm. Pattern identification allowed directed proteomic analyses of labeled
peptides in complex biological samples using an inclusion list to trigger fragmentation.
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Figure 4-1. N-Glycan structural diversity among different taxa.

Although N-glycans can display great structural diversity, with extensive branching and linkages, at their core is a structurally
conserved disaccharide (GIcNAc-31,4-GIcNAc) that is maintained across many organisms. Adapted from Essentials of Glycobi-
ology, 2nd ed.”®
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While the isotopic signature of a halogenated tag can effectively highlight labeled peptides
within a complex LC-MS dataset, its utility is restricted to those situations in which the desired
subset of peptides can be chemospecifically modified. To address this limitation, we demonstrate
thatitis possible toimpart a similar perturbation to a peptide’s isotopic envelope by metabolically
embedding a dibromide-like isotopic signature directly into glycans. We mimic the dibromide
isotopic signature with a stoichiometrically defined mixture of GIcNAc isotopologs, referred to as
a GIcNAc isomix. The isomix is metabolically installed into structurally conserved N-glycan core
positions, marking them with a uniquely identifiable isotopic signature. We employed the tech-
nique to map occupied N-glycosites on proteins from whole Saccharomyces cerevisiae lysates.
Via preferential fragmentation of isotopically recoded glycopeptides, we identified numerous
N-glycosites within the yeast proteome, nearly doubling the number that was previously known.
The isomix method offers an enhanced level of confidence for mapping glycosylation sites that
was not previously available to LC-MS/MS analyses because of the unique isotopic envelope of
an isomix-containing peptide. Here, we showcase the utility of isotopic recoding by surveying
metabolically labeled N-glycans in yeast, but we believe the technology is extendable to other
PTMs and organisms through a variety of labeling strategies.

4.2 Results and Discussion

4.2.1 Metabolic recoding of N-glycan cores

Duetotherelative ease with which certain S. cerevisiae biosynthetic pathways can be manip-
ulated, we chose to metabolically install an unnatural, dibromide-like isotopic signature into
glycans. Universal isotopic recoding of N-glycans required metabolic replacement of a conserved
sugar residue found in all such structures with a mixture of isotopologs. All eukaryotic N-glycans
possess a conserved GIcNAc-31,4-GIcNAc disaccharide at the peptide-proximal position, thus a
GIcNAc isomix can potentially label all N-glycans in the cell’s glycoproteome. However, to retain
the isotopic ratio during metabolism, the GIcNAc isomix must be converted without isotopic
dilution to the key metabolic intermediate uridine diphosphate-GIcNAc (UDP-GIcNAc), the donor
nucleotide-sugar used in construction of N-glycan cores. Specifically, cytosolic UDP-GIcNAc
serves as the donor substrate for Alg7p in the biosynthesis of GIcNAc-diphosphodolichol; the
GIcNAc residue in this precursor is ultimately covalently linked to Asn in the process of N-glyco-
sylation.?” Thus, control over a cell’s uridine diphosphate-GIcNAc (UDP-GIcNAc) pool is critical for
execution of the isomix method. We recently generated a S. cerevisiae strain (gnalA) that depends
on an engineered salvage pathway for procuring precursors of UDP-GIcNAc.? This strain lacked
the ability to perform de novo UDP-GIcNAc biosynthesis and instead generates UDP-GIcNAc
exclusively by salvaging GIcNAc added to the culture media. In previous work, we exploited this
yeast strain to achieve high-efficiency replacement of GIcNAc residues with unnatural GIcNAc
analogs, which are alternative substrates for the engineered salvage pathway.?®

In this work, we supplemented cultured gnalA yeast with a GIcNAc isomix designed to
emulate the isotopic signature of two bromine atoms. As shown in Figure 4-2A, the dibromide
pattern is a symmetrical triplet, with major peaks at M, M + 2 and M + 4 at a relative intensity
of 1:2:1, due to the relative abundances of the 79Brz, 7°Br®Br, and 81Br2 isotopic pairings. To
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replicate this pattern, a three-part isomix consisting of N-acetyl-D-glucosamine (4.1), N-[1,2-*C ]
acetyl-D-glucosamine (4.2), and N—[1,2—’3C2]acetyI—D—[1—’3C;‘5N]glucosamine (4.3), mixed in a 1:2:1
molar ratio (Figure 4-2B), was prepared and added to the gnalA yeast culture medium (Figure
4-2C). The isomix is internalized via the GIcNAc-specific transporter Ngt1 borrowed from C.
albicans, and cytosolic GIcNAc is subsequently phosphorylated by the heterologously expressed
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Figure 4-2. Metabolic incorporation of a GIcNAc isomix into yeast N-glycans.

(A) The dibromide triplet pattern, with a 1:2:1 relative peak intensity distribution, results from the natural abundances of
7°Br and ®'Br isotope pairings. (B) A three-component GIcNAc isomix mimics the 1:2:1 peak intensity distribution of dibro-
mide by adjusting the concentration of each synthetically made isotopolog. (C) The GIcNAc isomix enters the gnalA yeast
hexosamine biosynthetic pathway via a heterologous salvage pathway.?® The isomix signature is subsequently embedded
into UDP-GIcNAc and any glycoconjugates that utilize UDP-GIcNAc in their construction, including the structurally conserved
cores of N-glycans. Following cell lysis, proteolysis, partial enrichment of N-glycopeptides, and partial deglycosylation with
Endo H, the distinctive isotopic signatures of N-glycopeptides are detected computationally using pattern-matching soft-
ware.® Masses of putative N-glycopeptide ions are granted fragmentation priority in subsequent LC-MS/MS analyses for
N-glycosite identification. The N-glycan precursor illustrated here is composed of 2 core GIcNAc residues (blue squares) and

10 mannose residues (green circles).



Chapter 4: Mapping Yeast N-glycosites with Isotopically Recoded Glycans

A GIcNAc Isomix Unlabeled Peptide Isomix-labeled Peptide
112.55 656.32 758.87
(z=2)
>
@ - 759.87
o - 757.86
< | =2 113.56 (2-2)
()
=
©
[0}
m L
’[’l J /’l h |
m/z
B 758.87
>
2 759.87
Q
< 757.87
o (z=2)
=
©
[0}
. |
1
m/z
2+
c 62181.21 Y Yo Yo Ys ¥7 Y6 ¥sYa Y5
. SIS TfEfLy
@ b, b, b, by b,b, by b, b,
2 b,* :
= 447 33 ; by
o b,* Ys v, 1222.29
= 56019  |638-34 ys 107025
m 957.25 .
() . H + b 2+ N N . 11
2 Y, i g b I b, 1335.34
20817 vy 528.22(p11 93, b, ||e9221 i 1093.34
: . 879.40 e
I L l I w1 L I i adal l. l i ‘ ul i l
m/z Ve
by ... 957.25
560.19 |
A bg*
525.22 992.21
1l I | | 1 | ‘ || Li || II II.

Figure 4-3. The perturbing effect of a GIcNAc isomix on a peptide’s isotopic envelope.

(A) Simulated isotopic envelopes (z = 2) for the GIcNAc isomix (red trace), an unlabeled peptide from the glycoprotein Ygp1
(NSSSALNITELY, blue trace), and the same peptide labeled with the GIcNAc isomix (violet trace). The isotopically recoded
peptide has a visually distinctive distribution of peak intensities. (B) In experimental LC-MS data, the isotopic envelope of the
precursor ion corresponding to the NSSSALNITELY glycopeptide is shown. The modified Asn residue is in lowercase. High-
lighted in teal is the precursor ion that was selected from the inclusion list and the 4 Da isolation window used for fragmenta-
tion is shown in yellow. (C) The CID fragmentation spectra and the peptide a55|gnment for the 758.87 ion (lowercase n refers
to the N-glycosite). Fragment ions that lack the GIcNAc isomix (such as the y," and b,* fragment ions) have narrow isotopic
envelopes, while fragments |ncIud|ng the GIcNAc isomix (such as the y * and' b, fragment ions) show a perturbed isotopic
envelope characteristic of the isomix signature.
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human kinase NAGK. The resulting GIcNAc-6-phosphate isomix is converted to a UDP-GIcNAc
isomix and subsequently installed into N-glycan cores by endogenous yeast machinery.

4.2.2 Directed proteomic analysis of N-glycosylated peptides

Samples for LC-MS/MS analysis were generated from lysates of gnalA S. cerevisiae cultures
grown to both mid-log and stationary phases in chemically defined, minimal medium. Tryptic
and chymotryptic peptides were prepared from the lysates using a modified version of Filter
Aided Sample Preparation (FASP)."®* During this process, mannose-containing glycopeptides
were partially enriched by binding to the lectin concanavalin A (Con A) and N-glycans were trun-
cated to a single GIcNAc residue with the glycosidase Endo H. To achieve sufficient resolution
for isotopic envelope pattern matching, peptides were analyzed on a Thermo-Finnigan LTQ
Orbitrap XL mass spectrometer.

Recoded peptide envelopes bear distinctive peak intensity distributions, as illustrated
in the simulated isotopic envelopes shown in Figure 4-3A. The envelope of an isomix-labeled
glycopeptide reflects the peptide’s intrinsic envelope convolved with that of the GIcNAc isomix.
The unique pattern resulting from this convolution serves as the basis for detecting putative
glycopeptides in complex samples. Importantly, experimentally observed isomix-containing
glycopeptide envelopes, as exemplified in Figure 4-3B, matched our expectations based on
simulations (Figure 4-2A). This allowed us to computationally search (using the IsoStamp algo-
rithm)® for the characteristic isomix signature in yeast peptides subjected to LC-MS analysis.
Typically, we detected 4,000-5,000 candidate glycopeptide ions (in charge states z=1 to z=5)
per sample. However, we did not expect all candidate precursors targeted for fragmentation to
yield unique, high-confidence glycosites. In some cases, high sample complexity contributed to
co-eluting ions of similar masses and identical charge states, generating false positive identifi-
cations during the automated pattern search routine.?® Additionally, the precursor inclusion list
inherently contains redundancy. For example, several legitimate, isomix-bearing glycopeptides
were observed in multiple charge states between z=1 and z=5. Also, we frequently observed
more than one peptide covering the same glycosite. The combination of these factors accounts
for the discrepancy between the putative glycopeptide precursor ions and the high-confidence
glycosites we report here. Regardless, the m/z values and retention times of putative glyco-
peptide ions bearing the isomix signature were used to construct a time-resolved inclusion
list for directed fragmentation. Notably, even with the inclusion of a lectin-based glycopeptide
enrichment step during sample preparation, the overwhelming majority of high-intensity
ions in our samples appeared to be unglycosylated, as indicated by visual and computational
inspection of their isotopic envelopes.

Our directed proteomics approach (see Figure 3-8) required duplicate, back-to-back
injections for directed fragmentation of glycopeptides. The first injection was used exclusively
to search for GIcNAc isomix signatures in LC-MS data to identify likely glycopeptide ions and
inventory them into an inclusion list. In the subsequent injection, candidate glycopeptide ions
were subjected to fragmentation by collision induced dissociation (CID)*® only if the ion abun-
dance exceeded a defined threshold and the ion appeared in the correct retention time window.
Importantly, the Asn-GIcNAc linkage is resistant to standard CID conditions used to fragment the
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Figure 4-4. The perturbing effect of two GIcNAc isomix residues on a peptide’s isotopic envelope.

Simulated isotopic envelopes for the Ygp1 peptide (QIIVTGGQVPITNSSLTHTNYTR) which contain (A) zero, (B) one, or (C) two
GlcNAc isomix residues (modified sequons are highlighted in red). (D) In experimental LC-MS data, we observed a doubly-gly-
cosylated form of the Ygp1 peptide with an isotopic envelope that closely matched the simulation.
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peptide backbone.®

lons bearing the isomix signature were subjected to CID fragmentation in order to
determine peptide identity and verify N-glycosylation. lons selected for fragmentation were
isolated in either a narrow (2 Da) or broad (4 Da) isolation window (IW). While a broad IW covers
most peaks in an isomix-labeled glycopeptide’s envelope (Figure 4-3B), it has the disadvantage
of potentially including unrelated ions in the fragmentation spectrum. Conversely, the use of
narrow IWs could yield higher quality fragmentation spectra because fewer unrelated ions will
be isolated. However, in practice, the use of a 4 Da IW resulted in the highest number of MS/MS
identifications despite the potential decrease in the precursor ion fraction isolated.> Indeed,
we observed no detrimental effects on peptide assignments in datasets collected using a 4 Da
verses a 2 Da IW. Instead, the use of a broad IW on ions bearing the isomix signature often
provided additional information in the fragmentation spectra that was critical to resolving
glycosite positional ambiguity. The broad IW was particularly useful for glycosite assignment in
the case of peptides containing more than one Asn residue. As illustrated in Figures 4-3B and
4-3C, when the full isotopic envelope of a candidate glycopeptide was isolated for fragmen-
tation using a broad IW, we preserved the isomix signature in all peptide fragments bearing the
GIcNAc isomix modification. In contrast, unglycosylated fragments yielded unperturbed mass
envelopes. This information was used to resolve cases of ambiguous glycosite assignments that
resulted from automated database search engines. In some cases, doubly glycosylated peptides
were observed; the presence of two N-glycosites on one peptide introduced a doubly convolved
isomix signature resulting in a widened isotopic envelope with a distinctive “stair-step” pattern
in peak intensities (Figure 4-4).

4.2.3 Isomix-directed fragmentation increases confidence in glycosite identification

The unified list of high-confidence N-glycosites in the yeast proteome (summarized in
Table 4-1) reflects a combination of results from multiple experiments, conducted with tryp-
sinized and chymotrypsinized samples, obtained from both stationary and mid-log phase
cultures. A complete list of the observed tryptic and chymotryptic peptides containing these
glycosites with their corresponding statistical indicators of quality can be found in Appendex
B.2. We detected a total of 133 N-glycosites, 12 of which were previously reported in the Uniprot
Knowledgebase.* Taken collectively with glycosite information from the Uniprot database (as of
January 2012), there are now 196 experimentally mapped N-glycosites spanning 72 proteins in S.
cerevisiae; 121 novel sites distributed over 52 proteins are reported here. Importantly, 50% of the
proteins in Table 4-1, highlighted in gray, have been biochemically validated as N-glycosylated.
Proteins were considered biochemically validated if they had previously mapped N-glycosites or
if there was experimental observation of a gel shift following enzymatic deglycosylation.?®333>
The high correlation between our proteomic observations and the plethora of biochemical
validation data for yeast serves as an excellent indicator that the isomix technique yielded a
reliable list of N-glycoproteins. Moreover, our results suggest the gnalA S. cerevisiae likely share
similar N-glycosite occupancy patterns with the BY4743 strain*® from which the gnalA haploid
was derived.

For comparative purposes, we also subjected our samples to traditional intensity-driven
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Table 4-1.  Occupied high confidence N-glycosites detected in the yeast proteome.

Peptides covering these glycosites are detailed in Appendix B.2. Biochemically validated N-glycoproteins are highlighted in
gray.?®3335 Proteins with mapped or partially mapped N-glycosites are indicated in bold text.?

Stystematic Name| Uniprot ID | Standard Name Occupied N-glycosites
YBR023C P29465 CHS3 Asn 323
YBR0O74W P38244 Asn 121
YBRO78W P38248 ECM33 Asn 209, 267, 279, 328
YBR092C P24031 PHO3 Asn 162, 315, 356, 390"
YBR093C P00635 PHO5 Asn 315, 356," 390"
YBR139W P38109 Asn 339
YBR162C P38288 TOS1 Asn 236
YBR171W P33754 SEC66 Asn 12
YBR229C P38138 ROT2 Asn 173,907
YBR286W P37302 APE3 Asn 85, 96, 115, 150, 162, 371, 427
YCL043C P17967 PDI1 Asn 117, 155, 425
YCL045C P25574 EMC1 Asn 106, 420
YCRO11C P25371 ADP1 Asn 165
YDLO95W P33775 PMT1 Asn 390

YDRO55W Q12355 PST1 Asn 210, 242
YDR434W Q04080 GPI17 Asn 299
YELOO1C P40006 IRC22 Asn 93, 121
YELO02C P33767 WBP1 Asn 60, 332
YELO40OW P32623 UTR2 Asn 261
YELO60C P09232 PRB1 Asn 594
YFRO18C P43599 Asn 179
YGL022W P39007 STT3 Asn 539
YGRO14W P32334 MSB2 Asn 1088
YGR189C P53301 CRH1 Asn 177, 201
YGR282C P15703 BGL2 Asn 202
YHR028C P18962 DAP2 Asn 63, 139
YHR101C P38813 BIG1 Asn 144
YHR188C P38875 GPI16 Asn 184
YHR202W P38887 Asn 305
YILO15W P12630 BAR1 Asn 268, 366, 398
YJLO02C P41543 OST1 Asn 99, 400
YJL171C P46992 Asn 51,99, 122, 174, 219, 249, 267, 300
YJL172W P27614 CPS1 Asn 176, 228
YJL192C P39543 SOP4 Asn 35
YKLO39W P32857 PTM1 Asn 132
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Stystematic Name| Uniprot ID | Standard Name Occupied N-glycosites
YKLO46C P36091 DCW1 Asn 203, 240
YLRO66W Q12133 SPC3 Asn 173
YLR084C Q12465 RAX2 Asn 333, 524, 640
YLR413W Q06689 Asn 194, 299
YLR450W P12684 HMG2 Asn 150
YMLO52W P54003 SUR7 Asn 47
YML130C Q03103 ERO1 Asn 53,468
YMR006C Q03674 PLB2 Asn 80, 193, 491
YMR008C P39105 PLB1 Asn 78, 123, 170, 388, 513, 541

YMRO58W P38993 FET3 Asn 244, 265, 292, 359, 381
YMR200W Q03691 ROT1 Asn 139
YMR238W Q05031 DFG5 Asn 245
YMR297W P00729 PRC1 Asn 124, 479
YMR307W P22146 GAS1 Asn 40, 57, 95, 149, 165, 253, 409
YNL160W P38616 YGP1 Asn 58/61, 87,94, 100, 106, 118, 172, 239, 286
YNL327W P42835 EGT2 Asn 103, 161
YNR067C P53753 DSE4 Asn 886
YOLO11W Q08108 PLB3 Asn 56, 82, 547
YOLO30W Q08193 GAS5 Asn 24, 60, 166, 299, 344
YOL154W Q12512 ZPS1 Asn 28, 57,217
YOR320C Q12096 GNT1 Asn 425
YPL123C Q02933 RNY1 Asn 37
YPL154C P07267 PEP4 Asn 144, 345

*Sequence ambiguity between PHO3 and PHOS.

data-dependent LC-MS/MS, in which the ten most intense ions in each full scan mass spectrum
were selected for CID fragmentation. Significantly, the intensity-dependent analyses typically
identified approximately 60% of the glycosites found via isomix-directed fragmentation. For
instance, in the case of trypsinized lysate prepared from a stationary-phase culture, 52 unique
glycosites spanning 25 proteins were identified using directed fragmentation. The same sample,
subjected to data-dependent fragmentation, yielded only 30 N-glycosites in 16 proteins and
contained extensive site overlap with the directed dataset. This difference illustrates the advan-
tages of directed, intensity-independent approaches for proteomic analyses. Despite being
outperformed by a directed proteomic analysis here, the widely used data-dependent fragmen-
tation approach remains a powerful method, and its performance would undoubtedly benefit
from more stringent glycopeptide sample enrichment and improved chromatographic reso-
lution of peptides.

Glycoproteins identified in this study were categorized by the manually curated onto-
logical annotations maintained by the Saccharomyces Genome Database.?” An analysis of cellular
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Figure 4-5. Ontological analysis of high confidence N-glycoproteins.

N-glycoproteins were categorized according to the manually curated ontological annotations including (A) cellular compo-
nent, (B) molecular function, and (C) biological process maintained by the Saccharomyces Genome Database.?

localization (Figure 4-5A) reveals that the majority of the N-glycoproteins identified in Table 4-1
typically reside in the yeast ER, plasma membrane, vacuole, and cell wall. Several proteins localize
to substructures within these organelles, especially those involved with cytokinesis and cellular
budding. While many of the identified glycoproteins lack known molecular functions, our list
was highly represented by peptidases, glycosidases, and glycosyltransferases (Figure 4-5B). With
respect to biological function, highly represented categories include vacuolar proteases and
proteins involved in cell wall construction, reshaping, and maintenance (Figure 4-5c). Several ER-
and Golgi-resident proteins participating in the processes of N- and O-linked glycosylation were
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also detected. Overall, the onto-
logical distribution of glycoproteins
reported here is consistent with our
expectations for N-glycoproteins in
yeast.

In addition to the ontological
consistency for our list of N-glycopro-
teins, we detected no plausible cases
in which the N-glycan modification
was present outside the canonical
N-X-S/T motif. While non-canonical
N-glycosites have been reported in  Figure4-6. Relative frequencies of residues surrounding yeast
higher eukaryotes,'*® it is possible N-glycosites.

that the acceptor substrate promis- Sequences of the 133 unique glycosylation sites detected by directed
LC-MS/MS are aligned on the modified Asn residue. Relative heights of the

cuity of the oligosaccharyl trans- surrounding amino acids are adjusted based on the frequencies of their
ferase (OST) complex, which cata- occurrence.
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Figure 4-7. Example of spectral misassignment from data-dependent analysis of an isomix-labeled sample.

(A) The isotopic envelope of a precursor ion selected for data-dependent fragmentation lacks the characteristic GIcNAc isomix
signature, in contrast to that illustrated in Figure 4-3. The envelope’s monoisotopic peak is highlighted in teal and the 4 Da IW
is shown in yellow. (B) The CID fragmentation spectrum and SEQUEST assignment to the indicated Akl1 peptide appear both
statistically and visually reasonable (XCorr = 2.90, FDR < 5%). However, the lack of an isomix signature in the precursor and
fragment ions serves as a basis for rejecting the assignment.
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lyzes the N-glycosylation modification, differs amongst species. A plot of the relative residue
frequencies for the 133 occupied glycosites mapped here revealed a strong, 71% versus 29%,
preference for threonine over serine within the canonical motif (Figure 7-6), consistent with
N-glycosites mapped in other eukaryotic proteins by non-proteomic methods.** Additionally,
positions surrounding the motif are dominated by hydroxylated and small hydrophobic
residues, consistent with expectations for solvent-exposed, loop regions of proteins. Charged
residues, especially aspartate, are present in slightly higher frequency on the C-terminal side of
the sequon, but not at the -2 position as observed in the case of bacterial N-glycosites.*® Collec-
tively, these data reveal a typical acceptor substrate sequence for the yeast OST.

While LC-MS/MS is currently amongst the best available methods for mapping PTMs such
as glycosylation, high-confidence correlations between fragmentation spectra and peptide
sequences is not always simple.*’ The utility of tandem MS analysis is ultimately limited by the
quality of fragmentation spectra. Because fragmentation spectra are rarely perfect, statistical
methods for increasing confidence in peptide assignment remains an active areas in research in
the field of proteomics.*** Advancements in instrumentation are also reducing the possibility
of incorrect spectral assignment. Next-generation hardware designed to allow rapid, sensitive,
and highly accurate analyses of both precursor and fragment ion masses will undoubtedly
reduce false positives in proteomic hit lists.** Complementing high mass accuracy, isotopic
recoding of PTMs provides an additional restraint for spectral assignment. As illustrated in Figure
4-3, precursor and fragment ions corresponding to recoded peptides bear a unique isotopic
signature that could be used as a basis for accepting or rejecting a computationally-assigned
spectral match. Indeed, several peptides in our data were computationally matched to peptides
based on favorable statistical indicators, such as high SEQUEST XCorr values, but were ultimately
rejected because they lacked the characteristic isomix signature in their isotopic envelopes. As
illustrated in Figure 4-7, a peptide isolated for CID fragmentation via data-dependent selection
was assigned to a GIcNAc-containing peptide from the cytosolic kinase Akl1 with high confidence.
However, manual inspection of the precursor ion’s isotopic envelope revealed no evidence of
the isomix signature, casting doubt on the assignment. The lack of a standard N-X-S/T sequon in
this peptide and the cytosolic location of Akl1 are also consistent with spectral misassignment.
Thus, we believe isotopic recoding of PTMs can serve as a valuable tool for rejecting incorrect
spectral assignments that would otherwise pass undetected into LC-MS/MS hit lists.

4.3 Conclusions

We have demonstrated that a metabolically embedded isotopic signature, designed
to emulate the perturbing effects of a dibrominated chemical tag, can serve as the basis for
directed proteomic analysis of a biologically important class of PTM. This approach has two
major benefits. First, the ions selected for fragmentation need not be among the most intense
in the sample. Second, recoded envelopes contain easily detectable cues indicating whether or
not fragmentation spectra have been correctly assigned to a peptide, a feature that is particu-
larly useful for verifying the site of a PTM. We used an isomix-based directed proteomics strategy
to build a relatively small but high-confidence list of N-glycosites in yeast.

Systematically mapping N-glycosylation sites in S. cerevisiae provides a wealth of infor-
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mation pertaining to native glycoprotein structure and topology. It is well known that the mere
presence of a standard N-X-S/T sequon is not sufficient to guarantee glycan attachment to a
nascent polypeptide. A number of extenuating factors, ranging from local protein structure to
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Figure 4-8. Isomix-based projects ideas.

(A) Exploration of new two-component GIcNAc isomix solutions for directed proteomics applications. (B) Identification of
O-GlcNAcylated substrates through enzymatic tagging with the galactosyltransferase enzyme and a UDP-Galactose isomix,
followed by directed proteomics. (C) Utilizing heavy-atom containing bioorthogonal enrichment tags, premixed at the appro-
priate ratio to mimic a dibromide pattern, can eliminate the need of bromine atoms for isotopically recoding chemically

enriched peptides.
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nutrient availability, ultimately determine which sequons are glycosylated. In the case of soluble
proteins, fully or partially occupied glycosites are an excellent indicator of sequon surface acces-
sibility. In the case of integral membrane proteins (IMPs), occupied glycosites confirm that a given
Asn is ER-lumenal upon translation and can be used to confirm or reject IMP topological predic-
tions. In our data, we detected 25 glycosylated IMPs, and in all cases the occupied glycosites
confirm TMHMM topology predictions* of lumenal versus extracellular domains. Additionally,
glycosite mapping is a prerequisite for quantitative, comparative analysis of glycan occupancy.
While we do not attempt to quantify glycan occupancy in this study, a high-confidence glycosite
map serves as the foundation for investigating how glycosite occupancy changes with cell
state and growth conditions; such a study can be conducted using established quantitative MS
approaches focused on newly verified glycosites and is a subject of interest for future investiga-
tions.

By using isotopically recoded glycans, we successfully placed fragmentation priority on
glycopeptide ions regardless of their relative intensities. As a result, rigorous sample enrichment
for N-glycopeptides was not essential using the isomix strategy. Nonetheless, we speculate that
imperfect enrichment with ConA allowed for the presence of many high-abundance, non-glyco-
peptides in our sample, suppressing ionization and the successful detection and fragmentation
of low-abundance, poorly ionizing glycopeptides within the yeast proteome. Isotopic recoding is
not intended to replace or eliminate enrichment from proteomics workflows; rather, we believe
it has the potential to increase the information obtained from a given sample. We expect that
enhanced glycopeptide enrichment strategies in conjunction with cellular fractionation and
improved chromatographic resolution of peptides will permit detection of additional glycosites;
the S. cerevisiae proteome has been reported to contain at least 350 N-glycosylated proteins.®

The concept of isotopically recoding PTMs for directed LC-MS/MS analysis can be extended
well beyond N-glycosite mapping (Figure 4-8). By utilizing endogenous or engineered salvage
pathways, unnatural isotopic signatures could be metabolically installed into a variety of PTMs.
The relative malleability of glycan biosynthetic pathways, along with an extensive assortment of
commercially available stable monosaccharide isotopologs, makes glycan-based PTMs partic-
ularly well suited for isotopic recoding. Ultimately, this approach is limited by the elemental
composition and metabolic origin of the PTM being studied; while a stable, three-component
GIcNAc isomix can be readily prepared and incorporated by cells, a similar phosphate-based
isomix is less feasible. Importantly, there is no requirement that the isotopic signature strictly
mimic that of a dibrominated probe (Figure 4-8A); a variety of isotopic mixtures could impart
sufficient perturbation to a peptide’s isotopic envelope to allow for successful directed LC-MS/
MS analyses. Initial efforts to explore this idea were performed using a two-component isomix
to reduce the potential synthetic challenges associated with synthesizing multiple isotopologs.
We first simulated the isotopic signatures of peptides labeled with different ratios of a two-com-
ponent GIcNAc isomix (Figure 4-9). Based on these models and our understanding of how our
pattern-searching algorithm can extract isotopic signatures from complex mass spectra (see
Chapter 3 and Austin Pitcher’s thesis for more information), we found that a 1:2 or a 1.75:1 peak
intensity ratio of compounds 4.1:4.4 could work as well as the three-component isomix. Towards
evaluating this theory, the two-component GIcNAc isomix solutions were prepared (Figure 4-10)
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and preliminary directed LC-MS/MS analysis was promising (data not shown). However, further
work in optimizing the pattern-searching algorithm for these new isotopic signatures are needed
before proceeding further.

Importantly, the approach of isotopic recoding for directed proteomics is not limited to the
genetically modified S. cerevisiae strain utilized in this study. Albeit more challenging, we believe
that pathway engineering in higher eukaryotes, with the aim of gaining compositional control
over specific nucleotide-sugar pools, is feasible. While metabolic introduction of an unnatural
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Figure 4-9. Simulations of a two-component Isomix.

(A) Reference simulation for an isotopically recoded peptide using the three-component GIcNAc isomix. (B-D) In comparison,
isotopic envelopes of unlabeled or isomix-labeled peptides using a two-component isomix at different ratios were simulated.
The dotted red line indicates the relative peak intensity of the most intense peak of the recoded isotopic envelope compared
to the unlabeled peptide’s isotopic envelope.
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Figure 4-10. Preparation of two-component GIcNAc isomix solutions.

A two-component GIcNAc isomix was prepared using either a (A) 1:2 or (B) 1.75:1 ratio of N-acetyl-D-glucosamine and N-ace-
tyl-D-[1-*C;*N]glucosamine, respectively.

isotopic signature was showcased here, it is important to emphasize that similar perturbations
of isotopic envelopes can also be obtained via enzymatic or chemospecific labeling of specific
PTMs. For example, we are investigating the possibility of in vitro enzymatic transfer of isomix-
bearing probes to O-glycosylated peptides obtained from mammalian cells; this approach would
obviate the need for metabolically embedding the isomix signature (Figure 4-8B). Additionally,
chemospecific labeling can be performed using a variety of bioconjugation and bioorthogonal
reactions*® using a specific mixture of heavy-atom containing probes, such as enrichment tags
(Figure 4-8C). Collectively, we believe the concept of isotopic recoding will be a powerful tech-
nology for those interested in profiling PTMs, including but not limited to N-glycans, using meta-
bolic, enzymatic, and chemical labeling methods alike, substantially bolstering confidence in the
data obtained from LC-MS/MS datasets.

4.4 Materials and Methods

4.4.1 General procedures and materials

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. N-acetyl-D-glucosamine (4.1) was
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purchased from Sigma. All reaction flasks were oven dried prior to use and moisture-sensitive
reactions were perform(ced under a N, atmosphere. Analytical thin layer chromatography (TLC)
was performed with 60 A silica gel plates (EMD) and visualized by staining with cericammonium
molybdate, ninhydrin, or by absorbance of UV light at 254 nm. Flash chromatography was
performed with 60 A 230-400 mesh silica (Silicycle). Organic extracts were dried over MgSO,,
and solvent was removed by reduced pressure with a R-114 rotovapro (Buchi) equipped with a
self-cleaning dry vacuum pump (Welch). If necessary, products were further dried by reduced
pressure with an Edwards RV5 high vacuum pump. Lyophilization was performed on a FreeZone
instrument (LABCONCO) equipped with an Edwards RV2 pump. Peptide sample volumes were
reduced using a UVS400 Universal Vacuum System speed vacuum (Model SPD121P, Ther-
moFisher).

Water used in biological procedures was distilled and deionized using a Milli-Q Gradient
ultrapure water purification system (Millipore). Dulbecco’s phosphate-buffered saline (PBS) was
obtained from HyClone Laboratories and fetal bovine serum (FBS) was obtained from Omega
Scientific.

4.4.2 Instrumentation

Absorbance spectra. Absorbance readings were collected on a Molecular Devices Spec-
traMax 190 UV-Vis absorbance plate reader, a CARY 100 Bio UV-Visible Spectrophotometer, or a
Thermo Scientific Nanodrop 2000 spectrophotometer.

Electrospray ionization (ESI) MS. Low-resolution ESI mass spectra were obtained using an
LTQ-XL mass spectrometer.

Directed LC-MS/MS on an LTQ Qribtrap XL. Prior to analysis, samples were resuspended
in 50 uL of water and 2.5-5 pL aliquots were subjected to reverse-phase liquid chromatography
with an Agilent 1200 LC system connected in-line to a LTQ Orbitrap XL hybrid mass spectrometer.
External mass calibration was performed prior to analysis. A binary solvent system consisting of
buffer A (0.1% formic acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)) was
employed. The mass spectrometer was outfitted with a nanospray ionization source. The LC
was performed using a 100-um fritted capillary (New Objective) pre-column self-packed with
1 cm of 5 um, 200 A Magic C18AQ resin (Michrom Bioresources) followed by a 100-um fused
silica capillary (Polymicro Technologies) self-packed with 15 cm of 5 um, 100 A Magic C18AQ
resin (Michrom Bioresources). After sample injection and a 20 min loading step in 2% buffer
B, peptides were eluted using a gradient from 7% to 35% buffer B over 150 min, followed by a
washing step in 99% buffer B for 20 min. A solvent split was used to maintain a flow rate of 400
nL min™ at the column tip.

Samples were subjected to an inclusion-list driven directed acquisition method. First, we
collected only full-scan mass spectra in positive ion mode over the m/z scan range of 400 to
1,700 or 1,800 using the Orbitrap mass analyzer in profile mode at a resolution of 60,000 (at 400
m/z). Noise reduction and peak detection were performed using software developed in-house
making use of a continuous wavelet transform.?¢*° The centroided mzXML files were then pattern
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searched for recoded envelopes.? The output was an inclusion list that contained the m/z value
(M+2 ion in the labeled peptide’s isotopic envelope) and a retention time window (£ 1.5 min,
empirically determined) for each labeled peptide. The same sample, stored at 4 °C, was then
reanalyzed with identical chromatographic conditions using an inclusion-list driven selection
of precursor ions for fragmentation. In relatively rare instances we observed a chromatographic
anomaly causing substantially shifted peptide elution profiles; in these cases the experiment
was repeated. For each full-scan mass spectrum up to eight CID fragmentation events were
performed in the linear ion trap. Dynamic exclusion and charge state screening were enabled
to reject ions with an unknown or +1 charge state. An isolation window of 2 or 4 Da, a minimum
threshold of 500 ion counts, and activation energy of 35 were used when triggering a fragmen-
tation event.

4.4.3 Chemical synthesis

Synthesis of GIcNAc isotopologs (4.2, 4.3). The synthesis of heavy N-acetyl-D-glucos-
amine from D-glucosamine hydrochloride was performed in a single synthetic step as previ-
ously described.”® To a solution of the D-glucosamine hydrochloride salt (150 mg, 0.6 mmol) in
water, Dowex 200-400 mesh (OH") anion-exchange resin was added, and the pH was adjusted
to 7.5. The resin was removed by filtration, yielding a D-glucosamine solution in 6 mL of water.
C,-sodium acetate (1.1 eq, Cambridge Isotope Laboratories) as a pre-dissolved solution in water
and 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (1.1 eq) as a pre-dissolved solution in 10
mL ethanol were added to the D-glucosamine solution. The total reaction volume was brought
to 40 mL by addition of ethanol. The reaction was covered in foil and stirred for 36 h at RT to
afford compound 4.2. This reaction was repeated using 1-*C,”>*N-D glucosamine hydrochloride
(4.4, Isotech) as the starting material to afford compound 4.3. For both compounds 4.2 and 4.3,
after removal of the solvent by rotary evaporation, the residue was purified by silica gel chroma-
tography using 3:4:10 water:pyridine:ethyl acetate, dried with MgSO,, lyophilized, and stored at
-20°C. Compound 4.2. ESI-MS(+) calcd for BC,”CH NO, [M+H+Na]*: 446.15 Da, found 446.11 Da
[M+H]*. Compound 4.3. ESI-MS(+) calcd for 13C3”C5H1515N06 [M+H+Nal*: 448.15 Da, found 448.11
Da [M+H]".

4.4.4 Experimental

Preparation of GIcNAc isomix. Stock solutions of 10 mM N-acetyl-D-glucosamine (4.1),
N-[1,2-°C Jacetyl-D-glucosamine (4.2), and N-[1,2-°C Jacetyl-D-[1-"C;*N]glucosamine (4.3) in
water were prepared. The solutions were combined to produce a mixture of the GIcNAc isoto-
pologs at a 1:2:1 molar ratio, respectively. The mixture was analyzed by direct infusion on a
Thermo-Finnigan LTQ-XL mass spectrometer set to zoom scan, with the signal averaged over
20 scans. The isotopic ratios were then adjusted by the iterative addition of the desired isotopes
until a near-perfect 1:2:1 peak intensity ratio was observed empirically (Figure 4-2B). The isomix
sample was lyophylized and stored at -20 °C.

Preparation of two-component GlcNAc isomix solutions. Two-component isomix solu-
tions were prepared analogously to the three-component GIcNAc isomix using stock solutions
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of 10 mM N-acetyl-D-glucosamine (4.1) and N-acetyl-D-[1-*C;*]glucosamine (4.4) in water. The
solutions were combined to produce a mixture of the GIcNAc isotopologs at either a 1:2 or 1.75:1
peak intensity ratio. The isomix samples were lyophylized and stored at -20 °C.

Cell culture. Cultures of gnalA S. cerevisiae (MATa ura3A yflo17c:KanMX4) were grown
in CSM (MP Biomedicals) with 2% dextrose as the carbon source and a 100 uM GIcNAc isomix
supplement at 30 °C until the OD, = 1 for mid-log phase or the OD_ = 8 for stationary phase
harvests. A 100 uM regular GIcNAc supplement was used for negative controls.

Preparation of yeast lysate. Yeast cells were pelleted by centrifugation and flash-frozen in
LN, and stored at -80 °C. Whole-cell lysates were prepared from 2 g aliquots of log- and station-
ary-phase cell pellets, each resuspended in 20 mL of lysis buffer (PBS, 1% w/v Rapigest surfactant,
1 mM dithiothreitol). Rapigest, an acid-labile surfactant, was prepared following the synthesis
reported in US patent #7229539. Cells were lysed with 10 passes through a homogenizer (Avestin
Emulsiflex-C3) set to a maximum pressure of 30,000 psi and crude extracts were clarified in a
Sorvall SS-34 rotor spun at 19,500 rpm for 30 min at 4 °C. Clarified lysates were filtered through a
0.2 um Steriflip filter (Millipore) and total protein concentrations were measured colorimetrically
using the DC assay (Biorad). Lysates were aliquoted into small portions, flash frozen in LN,, and
stored at —80 °C until needed.

FASP processing of lysates. Milligram-scale aliquots of log-phase and stationary-phase
lysates were prepared for MS analysis via a modified version of the previously described Filter-
Aided Sample Preparation (FASP) methodology.'®# Lysates (1.2 mg of total protein/sample) were
diluted to a total volume of 2 mL with freshly prepared buffered urea (7 M urea in 100 mM
Tris pH 7.4 and 2.5 mM dithiothreitol). Samples were loaded into 30-KDa NMWCO Amicon Ultra
centrifugal filtration devices (Millipore), spin-concentrated, and adjusted to a final volume of 600
uL with buffered urea. Cysteine residues were alkylated by addition of 50 pL of freshly-prepared
500 mM iodoacetamide followed by incubation for 1 h at RT in the dark. Samples were sequen-
tially washed and spin-concentrated with 1 mL of buffered urea (two washes) followed by PBS
with 2.5 mM dithiothreitol (three washes). Final volumes were adjusted to 1 mL with PBS. Tryptic
digests were obtained by addition of 5 ug of sequencing-grade trypsin (Promega) and incubation
for 12 h at 37 °C. Chymotryptic digests were performed by addition of 5 ug of sequencing-grade
chymotrypsin (Promega) followed by incubation for 12 h at 25 °C. Peptides were recovered by
centrifugation through 30-KDa NMWCO filters. Peptide samples were diluted to a total volume
of approximately 2 mL with 2X ConA binding buffer (40 mM Tris pH 7.4, 1 M NaCl, 2 mM CaCl,,
2mM MnCl). A’ 5 mg/mL stock solution of C. ensiformis ConA (Sigma) was prepared in 1X ConA
binding buffer, and 2.5 mg of ConA were added to the digested peptides followed by incubation
for 1 h at RT. The lectin-peptide mixtures were transferred to fresh 30-KDa NMWCO Amicon
Ultra filters that had been pre-washed with 1X ConA binding buffer. ConA-bound peptides
were washed by spin-concentration and diluted 4x with 1 mL of EndoH buffer (50 mM sodium
citrate pH 5.3, 0.5 M sodium chloride, 1 mM calcium chloride, 1 mM manganese chloride). ConA-
bound peptides were incubated with 5 uL (5000 units) of EndoH, (New England Biolabs) for 3 h
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at 37 °C. Deglycosylated peptides were collected via centrifugation into siliconized eppendorf
tubes. Samples were briefly acidified with trifluoroacetic acid to pH = 2 in order to hydrolyze any
remaining Rapigest detergent, and insoluble debris was removed by centrifugation. Samples
were desalted using Sep-Pak C , cartridges (Waters) and solvent was removed by speed-vac
before storing at -20 °C until MS analysis.

4.4.5 Data analysis

Database searches. Peptide identities were obtained using the SEQUEST search algo-
rithm®' within Proteome Discoverer 1.2 (Thermo-Fisher). CID spectra were searched against the
sequence database generated from all systematically named S. cerevisiae ORFs (downloaded
March, 2011)* augmented with sequences from the common repository of adventitious proteins
(cRAP, from The Global Proteome Machine Organization, downloaded March, 2011) and the Ngt1
(C.albicans) and NAGK (H. sapiens) protein sequences, totaling 6739 entries. Indexed databases for
tryptic and chymotryptic digests were created allowing for two missed cleavages, one non-en-
zymatic terminus, one fixed modification (cysteine carboxyamidomethylation, +57.021) and the
following variable modifications: methionine oxidation (+15.995) and asparagine GlcNAcylation
(only the M + 2 isotopolog, +205.086 Da). Precursor ion tolerance was set to 10 ppm and CID
fragment tolerance was set to 0.8 Da. The criteria used for filtering search results included using
SEQUEST score function (XCorr) cutoffs assigned by a 5% maximum false discovery rate (FDR)
obtained from decoy database searches (using reversed sequences from each of the 6739 entries
in our database), an 8 ppm maximum allowed precursor ion mass deviation, and a 40 amino acid
maximum allowed peptide length. Approximately 70% of the peptides reported here were iden-
tified within a 1 % maximum FDR. Importantly, all precursor ion and fragmentation spectra were
visually inspected for the isomix signature by authors both myself and Mark Breidenbach; only
peptides agreed upon by both of us were considered valid identifications. Precursor ion isomix
signatures were also visually verified in the corresponding full-scan datasets. In cases where the
isomix signature was identifiable in the low-resolution fragmentation spectra, this additional
information was used to verify correct glycosite assignment, especially in peptides containing
multiple Asn residues. For datasets collected with an IW of 2, we used the full-scan only dataset
(i.e., the LC-MS run which was subjected to pattern searching) to confirm the isomix signature.
In cases where multiple peptide sequences covered a single glycosite, a representative peptide
sequence was selected based on CID spectral quality. Factors such as protein biological function
and the presence of a canonical N-glycosylation consensus motif (N-X-S/T) were not used as
criteria for accepting or rejecting peptides. Instances of ambiguous PTM assignment within a
peptide were resolved by manual inspection of fragment envelopes as necessary. In one case,
highlighted in Appendix B.3, the exact site could not be resolved amongst two possibilities. The
primary data associated with this manuscript may be downloaded from the Tranche repository
(https:/proteomecommons.org/tranche/); hash codes are available in Appendix B.1.

Images of simulated peptide envelopes were created with Isotopica (http://coco.protein.
osaka-u.ac.jp/isotopica/) and the N-glycosylation consensus site frequency plot was generated
with Weblogo (http://weblogo.berkeley.edu/logo.cgi).
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Chapter 5: Viral Nanoparticles as Contrast Agents for Magnetic Reso-
nance Imaging

5.1 Introduction

Molecular imaging is a powerful technology for the visualization, characterization, and
quantification of specific molecular markers at the subcellular, cellular, or organismal level." It
offers a non-invasive approach to study biological systems with temporal resolution and within
a physiologically relevant environment. Although a number of imaging modalities have been
developed, including computed tomography (CT), ultrasound, optical imaging, magnetic reso-
nance imaging (MRI), single-photon-emission CT (SPECT), and position emission tomography
(PET), MRl is well-suited for clinical imaging applications.? For example, MRI is non-invasive, has
good depth of penetration (greater than 10 cm), and affords high spatial resolution (submilli-
meter) and functional images of multiple organ systems.? However, the detection of events at the
cellular and subcellular levels often require nanomolar or subnanomolar sensitivity, precluding
the use of conventional MRI techniques in molecular imaging applications due to their poor
detection sensitivity."

New imaging agents are necessary to leverage the clinical utility of MRI for targeted
molecular imaging in vivo.* These agents need to generate target-specific signals that can be
recorded at a high resolution, with exquisite sensitivity and specificity, while minimally perturbing
and remaining inert to the biological system.> Accordingly, advancements to overcome the two
major limitations of MRI probes—Ilow sensitivity and low selectivity—could lead to significant
progress in enabling the use of magnetic resonance for biomolecular sensing and molecular
imaging applications.? Through a number of technological advancements in the fields of biology,
chemistry and physics, significant progress has been made to address these challenges, with the
ultimate goal of developing systems capable of accurately detecting disease-relevant markers
in vivo.

5.2 Viral Nanoparticles as MRI Contrast Agents

Signal amplification strategies can be used to overcome the low sensitivity of classical MRI
probes. One approach for signal amplification relies on the use of naturally occurring biomole-
cules such as viral nanoparticles.®*

Viral nanoparticles are a powerful class of biomolecules for the construction of nanoscale
materials.® Two common viral capsid geometries include icosahedral and helical, as illustrated
in Figure 5-1. Examples of icosahedral viruses include cowpea chlorotic mottle virus (CCMV),
cowpea mosaic virus (CPMV), bacteriophage MS2 (MS2), bacteriophage QB (QB), and bacterio-
phage P22 (P22). Briefly, CCMV capsids, which self-assemble from 180 identical protein subunits,
are hollow, spherical structures that are 28 nm in diameter.® CPMV capsids self assemble from
two different protein subunits, each of which is comprised of 60 identical monomer proteins,
to produce spherical structures that are 30 nm in diameter.""'> MS2 capsids, composed of 180
monomers, are a hollow and porous structure with a diameter of 27 nm.”® The assembled
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capsid contains 32 pores, each approximately 2 nm wide, which facilitate access to the capsid
interior without disassembly. Closely related to MS2 are QB viral capsids, which form spherical
structures that are 28 nm in diameter."* P22 viral capsids self assemble from 420 identical coat
proteins and between 60 and 300 identical scaffold proteins into a 58 nm hollow procapsid
spherical structure.” Upon heating, the procapsid can undergo a morphological transformation
by expanding to 64 nm and releasing 12 pentamers, generating 10 nm pores, and “wiffleball”
morphology.'®* Human adenoviruses assemble from a number of protein subunits include the
capsid, the fiber, the penton base , and the hexon proteins into spherical structures that are 91
nm in diameter.” In contrast to these structures, an example of a helical virus includes the Ff
class of filamentous bacteriophage (including fd and M13). These phage modulate their length
in proportion to the length of their encapsulated single-stranded DNA.'®"°

5.2.1 Advantages of viruses for biomedical imaging

There are several advantages to using viral nanoparticles as scaffolds for biomedical
imaging. First, viruses are biocompatible materials with inherent targeting capabilities, naturally
evolved to target and deliver their cargo to specific target cells. Second, a virus’s capsid is a
protein shell that can be viewed as a precisely defined nanoscale material. By targeting specific
amino acids that constitute the capsid’s monomer proteins, high-precision materials can be built.
Additionally, the capsid’s inherent multivalency allows for the attachment of a large number of
molecules to a single virus. And finally, viral capsids are robust and often monodisperse nanopar-
ticles.

When considering the characteristics of viral capsids in relationship to desired properties
of MRI contrast agents, viral nanoparticles can greatly extend the capabilities of current agents.
This has lead to the integration of paramagnetic lanthanide complexes with viral capsids to
generate capsid-based contrast agents in two primary ways: (1) modulation of magnetic relax-
ation using the well-established class of gadolinium chelates, or (2) modulation of bulk magne-
tization through chemical exchange saturation transfer (CEST) methods.

5.2.2 Paramagnetic metal chelates as T1-based contrast agents

Paramagnetic complexes of metal ions have been successfully used as MRI contrast agents
since the late 1980s due to their ability to shorten the longitudinal relaxation time (T,) of nearby
water protons. Of these, Gadolinium(lll) (Gd**) is the most frequently used metal. However,
because free Gd** ions are highly toxic in vivo, they must be sequestered in biocompatible
ligands with high affinity before clinical approval.?>#> Commercially used ligands discussed in
this section include: tetraazocyclododecane tetracetic acid (DOTA) and diethylenetriaminopen-
taacetic acid ligand (DPTA), which bind Gd** ions with dissociation constants of 1022.2% In the
following section, examples of MRI contrast agents that incorporate Gd** ions or Gd**-Ligand
complexes onto viral capsids in order to improve T, relaxation rates are described.

In 2005, Douglas, Young, and coworkers were the first to functionalize a viral capsid as an
MRI contrast agent.* Their efforts were focused on CCMV, a metal binding virus with a natural
affinity for calcium (Ca?*) ions. Based on structural data, there was evidence for 180 metal-binding
sites, each located at the interface between protein subunits on the interior of the assembled
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Cowpea Cholorotic Mottle Virus (CCMV) Cowpea Mosaic Virus (CPMV)
180 Coat Proteins 120 Coat Proteins
28 nm Diameter 30 nm Diameter

Bacteriophage MS2 (MS2)
180 Coat Proteins
27 nm Diameter

Adenovirus (Ad)
Multiple Coat Proteins
91 nm Diamter

Bacteriophage P22 (P22)
420 Coat Proteins
58 nm Diameter

\ 6
f P p8 (2700 copies) p7,

p3 Ff Filamentous Bacteriophage

Multiple Coat Proteins
6.5 nm Wide, 930 nm in Length

Figure 5-1.  Structural comparison of viral capsids used to build MRI contrast agents.

Examples of icosahedral and helical viral capsids that have been used as nanoscale materials for the construction of multiva-
lent MRI contrast agents. All structures are shown to scale except for Ff phage (the double slash indicates that the phage is
much longer than shown when scaled to the minor coat proteins); for reference, bacteriophage MS2 has a diameter of 27 nm.
All structural renderings were generated using UCSF Chimera.

— 116 —



Chapter 5: Viral Nanoparticles as Contrast Agents for Magnetic Resonance Imaging

capsid.?>? The authors demonstrated that in Ca?*-free CCMV capsids, Gd** ions could bind at
the metal-binding sites, creating CCMV-[Gd**]  nanoparticles. Using a Forster resonance energy
transfer (FRET)-based assay,? the binding afﬁnlty of Gd** was calculated with competition exper-
iments using Terbium (Th**) bound at the metal binding sites (Tb** can undergo FRET with tryp-
tophan residues). While Ca?* had a relatively low binding constant (2 mM), the lanthanides bound
more tightly, and Gd** had a dissociation constant of 31 uM. Following metal binding studies,
the T, relaxivity value of CCMV-[Gd**] = nanoparticles was calculated per Gd** ion (250 mM's™
at 20 MHz). This value was significantly greater than the T, relaxivity of free Gd** ions (GdCL,) in
solution due to the decreased tumbling rate of the large nanoparticle. Additionally, because the
CCMV-[Gd*] | nanoparticles contained about 140 Ga** ions each, the total T, particle relaxivity
was 35,000 mM”'s™ at 20 MHz, a gain due to multivalency. Although these were large relaxivity
values, the clinical utility of CCMV-[Gd**] | nanoparticles was limited by its weak affinity for Gd**,
since free Gd** ions are highly toxic in vivo and must be sequestered in biocompatible ligands
with high affinity before clinical approval.**** Despite this limitation, CCMV-[Gd**] = nanopar-
ticles demonstrated that with improved Gd** chelation, viral capsids have a great potential as a
scaffold for MRI contrast agents.

To generate viral capsids with both high Gd** affinity and high relaxivity rates, Douglas,
Young, and coworkers attached Gd** chelators to CCMV.?” This was accomplished through two
approaches: genetic engineering and chemical modification. In the genetic engineering strategy,
a nine-residue Ca**-binding peptide (CAL) from calmodulin was fused to the N-terminus of the
CCMV capsid protein. This allowed Ga** ions to bind on the external surface of the capsid (CCMV-
[CAL(GA*)L. ). The T, relaxivity value of this construct, per Gd** ion, was similar to CCMV-[Gd*']
(210 mMTs™ at 61 MHz) which can be attributed to the minimal rotational freedom for Gd3+ i |ons
coordinated to the viral capsid. Using the same FRET-based assay, the dissociation constant of
Gd3** from CCMV-CAL was approximately 82 + 14 nM, a 380-fold improvement over CCMV-[Gd?*]
.- However, in comparison to the dissociation constant for clinically approved Gd** chelators (in
the range of 10?9),%° the CAL peptide bound Gd** ions too weakly for in vivo applications.

As an alternative strategy, Douglas, Young, and coworkers chemically modified CCMV with
the clinically approved Gd** chelator DOTA, which has a dissociation constant of 10%° for Gd**
ions.?® DOTA was conjugated to the exterior surface of CCMV by targeting lysine residues with
an N-hydroxysuccinamide ester (NHS)-functionalized DOTA analogue (5.1, Figure 5-2A). While
the T, relaxivity value of this construct, CCMV-[DOTA(Gd*)], ., was lower than CCMV-[CAL(Gd**)]
6. Per Gd** ion (46 mM's™ at 61 MHz (Table 1)), it was a 10-fold improvement compared to free
DOTA(Gd**) complexes.?”?® One explanation was although DOTA(Gd?**) complexes attached to
the CCMV capsid experienced a reduced tumbling rate, conjugation through a flexible lysine
residue allowed for more local mobility than Gd** ions locked into the inter-subunit binding
pocket of the CAL peptide. This additional motion, independent of the much slower rotational
motion of the virus, could decrease relaxivity gains imparted by the viral capsid. Additionally,
it was possible multiple water molecules could coordinate to a Gd** ion when it was bound to
the CAL peptide compared to the single water molecule the DOTA ligand could accommodate.
Overall, by conjugating Gd** chelates to CCMV, nanoparticles with both high relaxivity rates and
high Gd** binding affinities were generated.
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In addition to CCMV, other viruses have been used as paramagnetic metal-binding scaf-
folds for T,-based contrast agents. In 2006, Kirshenbaum and coworkers chemically conjugated
the coat protein of bacteriophage MS2 with the clinically approved Gd** chelator DPTA.? DPTA
was conjugated to the exterior surface of MS2 by targeting lysine residues with an isothiocy-
anate-functionalized DPTA analogue (5.3, Figure 5-2A). Although the T, relaxivity value of this
construct, MSZ-[DPTA(Gd3+)]Ext_, was lower than its CCMV analogue (CCMV-[DOTA(GdA**)L. .) per
Gd** ion (14 mM's' at 64 MHz (Table 1)), it was a 3-fold improvement over free DPTA(Gd3+) 28,29
A likely factor contributing to the low relaxivity value was the additional rotational freedom
imparted by the flexible lysine residues serving as linkers for the DPTA ligands. However, with
over 500 Gd** ions per virus, the total T, particle relaxivity was 7,200 mM"'s™ at 64 MHz, empha-
sizing the advantage of multivalent scaffolds when constructing an MRI contrast agent.
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Figure 5-2. Chemical structures of metal chelates conjugated to viral capsids to generate MRI contrast agents.

(A) Examples of functionalized gadolinium chelates used for T1-generating contrast agents. (B) Examples of functionalized
lanthanide chelates used for PARACEST measurements.

Both CPMV and bacteriophage QB have also been used to construct MRI contrast agents.
In 2007, Finn, Manchester, and coworkers attached Gd** ions to both viruses using two compli-
mentary strategies: either through coordination to chemically conjugated DOTA chelates,
or through affinity to polynucleotides encapsulated within the viral capsid.*® For chemical
modification of the viral capsids, the copper-catalyzed azide-alkyne cycloaddition (CuCCA)*'3
reaction (i.e., “click chemistry”) was used to covalently attach an alkyne-modified DOTA ligand
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(5.2, Figure 5-2A) to the exterior surface of capsids through azide-functionalized lysine residues
(CPMV—[DOTA(Gd3+)]Ext. and QB—[DOTA(Gd3+)]Ext.). In the case of CPMV, Ga** ions were also attached
to the interior of the capsid by exploiting their inherent affinity to the encapsulated viral RNA
(CPMV-[Gd*1], ). Combining the two strategies produced a hybrid CPMV nanoparticle with
DOTA(Gd**) complexes on the exterior and RNA-Gd** complexes in the interior of the virus
(CPMV-[Gd3+]Int‘[DOTA(Gd3+)]Ext). Interestingly, all 4 constructs had similar T, relaxivity values per
Gd** ion (between 11.9 and 15.5 mM’s™ at 64 MHz), exhibiting a 2- to 3-fold improvement over
free DOTA(Gd?*) or DPTA(Gd?**) complexes.” Two explanations for the minimal gain in relaxivity
were the slow exchange kinetics of water with Gd** ions chelated to the DOTA ligand or the
limited access to the interior of the CPMV capsid. However, the large number of Gd** ions per
viral capsids generated large T, particle relaxivities (between 1,230 and 4,150 mM"'s™ at 64 MHz),
highlighting the advantage of a multivalent protein scaffold.

To functionalize the interior surface of MS2 viral particles with Gd** ions, Francis, Raymond,
and coworkers explored selective bioconjugation strategies to chemically modify MS2 with a
HOPO ligand.*** HOPO was site-specifically conjugated to the interior surface of MS2 by first
converting tyrosine residues into an aldehyde through diazonium chemistry.?**” In a second
step, an aminooxy-functionalized HOPO analogue (5.5, Figure 5-2A) was condensed with
the aldehyde to form a stable oxime linkage (MSZ-[HOPO(Gd“)]Int.). As a comparison, exter-
nally modified MS2 constructs were created by converting surface exposed lysine residues
to aldehydes using NHS-ester chemistry followed by condensation with HOPO ligands 5.5
(MSZ—[HOPO(Gd3+)]EXL). The internally modified MS2 nanoparticles offered a number of advan-
tages, including an unmodified external surface for functionalization with targeting groups and
improved solubilization of the hydrophobic HOPO ligands at greater than 50% capsid modifi-
cation. Additionally, the T, relaxivity per Gd** ion was greater for the internally modified MS2
than the externally modified MS2 (31 mM™s™ verses 23.2 mM's, respectively, at 60 MHz). The
approximately 1.3-fold improvement in relaxivity could result from the decreased rotational
freedom of tyrosine residues compared to lysine residues, both of which served at linkers for the
HOPO ligands. These results also represented a 4- to 5-fold improvement in relaxivity compared
to free HOPO(Gd**) complexes and demonstrated water transport across the capsid shell of MS2
was fast on the NMR timescale. Subsequently, these two MS2-HOPO constructs were analyzed
using nuclear magnetic resonance dispersion (NMRD) spectroscopy.*

Inspired by the improvement in relaxivity of the internally modified MS2 construct
(MSZ—[HOPO(Gd3+)]|m'), the Francis group further improved this viral capsid-based contrast agent
by increasing the bioconjugation efficiency of a more rigid linker that connected a HOPO ligand
to the MS2 capsid coat protein.®® HOPO ligands bearing a maleimide group through either a
flexible linear linker (5.6, Figure 5-2A) or a rigid, chiral cyclohexyl linker (5.7 or 5.8, Figure 5-2A)
were synthesized and then conjugated to the interior surface of MS2 by targeting a single surface
exposed cysteine residue,***° which generated MSZ—[HOPO—Lin(Gd3+)]mt., MS2-[HOPO-R,R(Gd?**)]
. and MS2-[HOPO-S,5(Gd*)] , respectively. The high efficiency of cysteine chemistry led to
near quantitative modification of MS2 capsids, resulting in nearly 180 copies of each HOPO
ligand. As predicted, the T, relaxivity per Gd** ion was greater for the construct based on the rigid
cyclohexyl linker 5.8 compared to the flexible linear linker 5.6 (41.2 mMs” verses 32.6 mM's™,
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respectively, at 60 MHz), and is one of the highest reported relaxivity values for high-affinity Gd**
complexes. The approximately 1.3-fold improvement in relaxivity resulted from the decreased
rotational freedom of the linker. Interestingly, there was a significant difference in the T, relax-
ivity per Gd** ion between the two enantiometic cyclohexyl ligands (5.7 and 5.8) when attached
to MS2. Through molecular modeling studies this difference was attributed to the orientation
of the HOPO ligand with respect to the protein surface: the R,R linker 5.7 was directed towards
the protein surface, limiting access of water molecules to the metal center. These results demon-
strated that a rational approach could be used to design future viral capsid-based MRI contrast
agents with improved relaxivity properties.

The use of chemically modified viral capsids for high relaxivity MRI contrast agents has
also been applied to bacteriophage P22. Recent work by Douglas and coworkers demonstrated
that the interior cavity of P22 could be modified with a branched oligomer containing multiple
DTPA(Gd?**) complexes.*" DTPA was conjugated to the interior surface of the “wiffleball” form of
P22 following a CUAAC reaction between an azide-functionalized DPTA ligand (5.4, Figure 5-2A)
and alkyne-functionalized cysteine residues. Through sequential “click reactions” with DPTA
ligands (5.4), oligomerization proceeded off of the internal surface of the capsid and facilitated
a large payload of Gd** chelating ligands (i.e., 1900) inside the capsid. Although the T, relaxivity
per Gd** ion of this construct, P22-[DPTA(Gd3+)]|m', was similar to other viral capsids conjugated
to either DOTA or DPTA ligands (21.7 mM™'s™ at 28 MHz), the total T, particle relaxivity was 41,300
mM's™ at 28 MHz, one of the highest reported. The large volume of bacteriophage P22 conferred
a significant multivalency advantage compared to CCMV, CPMV, or both bacteriophage QB and
MS2, which translated to a higher loading capacity of Gd** chelating ligands and consequently
higher relaxivity rates per particle.

In addition to these impressive gains in relaxivities, the biocompatibility of viral capsid-
based contrast agents have been established, supporting their use in vivo. Specifically, the biodis-
tribution, toxicology, and pathology of CPMV and QB derivatized with Gd** ions were investi-
gated in living mice.*>* Although MRI was not performed, these were the first examples of viral
capsid-based MRI contrast agents tested in vivo, and they demonstrated that the nanoparticles
were nontoxic, cleared rapidly from plasma, and accumulated primarily in the liver. In the case of
QB particles, the pharmacokinetics of DOTA constructs conjugated internally (via an unnatural
amino acid)® or externally (via lysine residues)*® were investigated. Interestingly, QB nanopar-
ticles with high levels of external modification were cleared from circulation approximately
10-times faster than internally-modified nanoparticles. This drastic change in pharmacokinetics
was attributed to the reduction of positive charge on the virus’s external surface (because of
lysine acylation). Subsequently, biodistribution and toxicity studies performed with radiolabeled
CCMV** and MS2%4 viral capsids showed similar broad tissue and organ distribution, and low
toxicity at the injected concentrations. Collectively, these results suggest that viral capsids are
safe and biocompatible nanoparticles for applications in molecular imaging.

In the future, utilizing viral capsid-based MRI contrast agents for molecular imaging appli-
cations will require combining the design principles garnered from all these studies using para-
magnetic chelates and nanoparticles for improving local relaxivity rates. For example, moving
towards larger viruses (i.e., greater functionalizable surface area) to achieve higher relaxivity
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rates will only be part of the solution. Beyond the capability to introduce a large number of
Gd** ions per viral capsid, efforts will need to focus on translating the reduced tumbling rate of
a viral particle onto coordinated Gd** ions. For example, viral particles with Gd** ions directly
coordinated to the virus had T, relaxivity values that were 10-15 fold higher than viral particles
with Gd** ions indirectly coordinated to the virus through a linker (i.e., amino acid side chain,
polynucleotides, etc.). In general, by rigidifying the linker so only the rotational motion of the
viral particle is translated to the Gd** ion, rather than it experiencing any additional local motion,
improved T, relaxivity values. However, there has to be a balance between locking the Gd** ion
in place while allowing for sufficient access to the metal and exchange of water molecules.

The next goal will be to integrate targeting capabilities into these contrast agents for
targeted molecular imaging.

5.2.3 Paramagnetic metal chelates as CEST-based contrast agents

In addition to relaxivity-based contrast agents, chemical exchange saturation transfer
(CEST) agents are an alternative approach for MRI contrast enhancement.**8 The CEST method
relies on chemically exchangeable protons that resonate at a distinct chemical shift such that
they can be distinguished from the bulk water proton signal. Applying radiofrequency pulses at
the appropriate frequency can selectively saturate these exchangeable protons, and when they
transfer into the bulk proton pool, will decrease the bulk magnetization of the system. Accord-
ingly, the intensity of the water proton signal will diminish after a saturation pulse at the appro-
priate frequency. Substantial enhancement of this effect is possible by optimizing the saturation
time, allowing for the detection of low concentration target.

Althoughbiologicaland chemicalenvironments containanumberofdifferentexchangeable
protons, including ~OH and —NH groups, the chemical shifts of these protons are typically very
close to the bulk water signal, which makes selective saturation of the exchangeable proton
difficult. Fortunately, paramagnetic metal complexes with a slowly exchanging water molecule
can facilitate a measurable CEST effect.

Paramagnetic ions can be utilized to shift the bound water frequency further away from
the bulk water, allowing distinct saturation of the exchangeable protons. These paramagnetic
CEST agents (i.e., PARACEST) consist of paramagnetic chelates that are specifically designed to
exhibit exchangeable proton or bound water peaks.* Unlike the paramagnetic metal complexes
used as T -shortening contrast agents (discussed in the previous section), which rely on rapidly
exchanging water molecules to generate contrast, a CEST-compatible complex requires slower
water exchange, such as a Gd** tetramide DOTA complex.

One of the main limitations with CEST and PARACEST agents for MRI are their inherent
insensitivities. Consequently, nanoscale carriers have been developed to improve the limit
of detection. In 2008, Sherry and coworkers were the first to functionalize a viral capsid as a
PARACEST agent.>® They conjugated DOTA-tetraamide to the exterior surface of Adenovirus by
targeting lysine residues with either an isothiocyanate-functionalized analogue (5.9, Figure 5-2B)
or an NHS-ester functionalized analogue (5.10, Figure 5-2B). After optimizing the conjugation
efficiency to maximize the number of ligands per particle while retaining the virus’s infectious
biological activity (730 ligands and 72% activity, respectively), they performed thallium-based

— 121 —



Chapter 5: Viral Nanoparticles as Contrast Agents for Magnetic Resonance Imaging

PARACEST measurements at concentrations in the low micromolar range and observed a 12%
decrease in bulk water signal relative to controls. Surprisingly, there are no other examples of
signal amplification with viral capsids for PARACEST contrast agents. Instead, the combination
of CEST and non-proton nuclei have been extended to signal amplification strategies with viral
capsids.

5.2.4 Xenon-based biosensors as contrast agents

Despite the advancements made for proton-based MRI contrast agents, the fundamental
limits to the gain in sensitivity had prompted alternative approaches using alternative nuclei,
including *C, *He, and '*°Xe.>*3 Of these, xenon is an attractive option for MRI-based molecular
imaging for reasons discussed in Chapter 6.

5.3 Summary of Section Il: New Tools for **Xe-based MRI Contrast Agents

The application of viral nanoparticles to medical imaging has greatly expanded the types
of contrast agents available for targeted molecular imaging. Accordingly, in this section of my
dissertation, | describe how viral nanoparticles can be used as molecular scaffolds for the devel-
opment of high sensitivity contrast agents for MRI. First, in Chapter 6, | describe the utility of
xenon-based MRI for in vivo imaging and illustrate that through the combination of hyperpolar-
ization and chemical exchange saturation transfer detection, xenon biosensors can achieve low
detection thresholds.

Towards improving the detection sensitivity of xenon MRI further, biosensors can be
assembled onto supramolecular scaffolds such as viral nanoparticles. In Chapter 7, | discuss the
development of a bacteriophage MS2-based xenon biosensor-the first viral capsid function-
alized as a '*Xe-based MRI contrast agent. Subsequently, in Chapter 8, | extend the application
of viral capsids from spherical bacteriophage to filamentous bacteriophage by generating an
M13 bacteriophage-based xenon biosensor. Bacteriophages where chosen because they are
routinely used in phage display techniques for identifying new epitope-targeting groups such
as peptides and antibody fragments. Accordingly, in Chapter 9, | describe the development of
a phage-based xenon biosensor that possesses antibody fragments for targeted imaging of
cancer cells in vitro.
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6.1 Introduction

Although proton-based magnetic resonance imaging (MRI) provides access to clinical
imaging with excellent spatial resolution, it is not well-suited to imaging void spaces (i.e., lungs),
low abundance molecular markers of disease, or environments where unique proton spin
densities are low. To address this limitation, xenon-based MRI has emerged as an attractive
alternative option. For example, the first demonstration of pulmonary void-space imaging was
accomplished in 1994 by Albert et al., who used xenon to image a mouse lung.! Subsequently,
there have been many examples of xenon-based imaging of the lung, brain, and other tissues in
both mice and humans."¢ Although these examples established the clinical relevancy of xenon,
there were still challenges associated with delivering xenon to specific locations of interest, a
prerequisite for targeted molecular imaging applications. In this Chapter, | will discuss the advan-
tages of employing xenon for molecular imaging by first describing its unique physical prop-
erties and then describing a general strategy for its targeted detection.

6.2 Physical Properties of Xenon

Xenon is a chemically inert noble gas with two NMR-active isotopes, '**Xe and "'Xe.
However, the focus here will be on '*Xe, the spin ' isotope, which is both highly abundant
(26.4% natural abundance)’ and possesses several advantageous physical properties that make
it a unique candidate for molecular imaging.®®

First, xenon is soluble in many solvents, including nonpolar organic solvents such as
hexanes and benzene, as well as polar aqueous solvents including water, aqueous buffers, and
blood plasma.'®"" Thus, xenon will uniquely partition between blood and tissue, a feature that
can be utilized for specific imaging applications.*%' In this section, all of the NMR experiments
use a 2% xenon gas mixture at 70-85 psia in an aqueous buffer. Under these conditions, the
dissolved xenon concentration (26.4% of which is '*Xe) is approximately 500 uM and 350 uM at
25 °Cand 37 °C, respectively (using an Ostwald solubility coefficient of 0.11 at 25 °C and 0.083 at
37 °C for xenon in water).'%"

Another advantage of xenon is its ability to respond to very subtle changes in its local envi-

Gas
Reference
Xe@DMSO Xe@water Xe@Cryptophane A l

ppm

| | |
T 200 T 100 0
Xe@blood Xe@myoglobin

Figure 6-1. Xenon is extremely sensitivity to its local environment.

Examples of chemical shift values for xenon in different molecular environments, including solvents, biomolecules, and
synthetic molecules (e.g., Crytophane A, highlighted in red). Chemical shifts are reported in reference to xenon gas.

— 127 —



Chapter 6: Physical Properties and NMR-based Detection of Xenon

ronment. Xenon possesses a large and highly polarizable electron cloud, which translates into
a large chemical shift range that is sensitive to the local electronic and magnetic environment.”
Unlike protons, which have a chemical shift range of approximately 15 ppm, xenon exhibits a
range of approximately 250 ppm. It can display very distinct and well-resolved chemical shifts
depending upon the solvent in which it is dissolved, or even through non-covalent association
with small molecules and proteins (see Figure 6-1 for examples). This attribute allows for the
potential to simultaneously observe multiple xenon interactions at once.® Additionally, *Xe
NMR spectra are typically less complex than those from ™H or 3C NMR, usually showing only a
few, easily interpretable signals.

Finally, **Xe is amenable to hyperpolarization, a technique that artificially modulates the
spin population distribution into a nonequilibrium state.® Through a two-step process called
spin-exchange optical pumping, polarization can be transferred from a strongly polarized
alkaline metal to '®Xe nuclei.”>'® In its hyperpolarized (hp) state, the *Xe NMR signal can be
increased by greater than 10,000-fold.*">"” Consequently, even low concentrations of dissolved
xenon can produce NMR signals comparable to that of water protons (which have a concen-
tration of 110 M), but without any confounding background signal.

These favorable properties of xenon have already led to many in vivo imaging studies,
demonstrating the biocompatibility of xenon-based MRI."¢ For example, hp '*Xe gas was used
to image the mouse lung,''® the alveolar surface area in human lungs,? and the human chest.?
In addition to lung imaging, tissue perfusion studies have been performed to image the rat
brain' and the human head and brain.>* Polarized xenon has even been injected into rat tissue
for rapid and localized delivery.?® Additionally, compared to paramagnetic metals currently used
as contrast agents for proton-based MRI (e.g., gadolinium), xenon has considerably lower in vivo
toxicity.”'

While these characteristics position xenon as a powerful contrast agent for molecular
imaging, unlike proton-based MRI, which can utilize endogenous proton nuclei in water or
fat for generating images, xenon must be introduced into biological environments. However,
without a compatible targeting agent, xenon gas will nonspecifically partition itself in a complex
biological environment.”? To address this limitation, host-molecules that interact strongly with
xenon can be employed to improve xenon’s detection and facilitate targeting.

6.3 Detection of Xenon with Cryptophane-A

Since xenon can nonspecifically interact with biomolecules, including proteins and
lipids, xenon-binding molecules are necessary to achieve targeted molecular imaging.?>?* Due
to xenon’s non-polar character, a number of molecules with hydrophobic cavities have been
proposed as xenon-binding hosts, including cyclodextrins, calixarenes, porous materials, hemi-
carcerands (including cryptophanes), and proteins.'”? Of these, the most well-studied molecule,
with respect to xenon binding, are the cryptophanes.

Cryptophanes are small, hydrophobic, cage-like molecules developed in the early 1980s by
Collet and coworkers.?*?> They consist of two cyclotriveratrylene caps and three linkers holding
the caps together. A variety of cryptophane derivatives with unique xenon binding properties
have been synthesized by varying substitutions on the cyclotriveratrylene caps or the length of
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the linkers connecting the caps together.?>% Of these, cryptophane-A (CryA, 6.1), which consists
of methoxy-functionalized cyclotriveratrylene caps connected through three ethyl linkers, was
the first of the cryptophane family of molecules to be used as a xenon-binding host for NMR
studies (Figure 6-2A).#?® With a xenon binding affinity of 3900 M (in organic solvent)®® and a
residence time in the millisecond range (30-300 ms in aqueous solution), 2*3° CryA provides
optimal xenon complexation and exchange kinetics for NMR measurements.

CryA molecular cages are ideal hosts for NMR studies because they minimally relax xenon
while giving rise to a unique chemical shift that is well resolved from that of free xenon in solution
(i.e, Xe@water). Due to the highly sensitive chemical shift response of *Xe to its local envi-
ronment, two distinct resonance frequencies representing the Xe@CryA and Xe@water pools
can be individually detected at approximately 60 ppm and 190 ppm downfield from the *Xe
gas chemical shift (0 ppm), respectively (Figure 6-2B). It should be pointed out, however, that only
approximately 1% of dissolved xenon is associated with CryA in solution.?"*? Consequently, high
micromolar concentrations of CryA or long acquisition times for signal averaging are required

A

Complexati

%ange
~4 A ~5 A (Inner Dlameter) ~ 30 ms
L k
Hyperpolarized (hp) 6.1, X = OMe

Xenon Cryptophane-A (CryA)

B
Xe@water
Xe@CryA
A I\
350 300 250 200 150 100 50 0

129Xe Chemical Shift (ppm)

Figure 6-2. Direct detection of xenon through complexation with Crytophane-A molecular cages.

(A) The chemical structure of Crytophane-A (6.1, CryA), and a schematic depicting how it interacts with a pool of hp **Xe
nuclei (depicted in green). The chemical shift of '*Xe changes to approximately 60 ppm after complexation with CryA (Xe@
CryA) in water. After approximately 30 ms (at room temperature), xenon will exchange with the bulk pool of free xenon in
solution (i.e., Xe@water). (B) A theoretical '*Xe NMR spectrum of hp '®Xe and CryA in water reveals two peaks, one from xenon
dissolved in water (Xe@water, approximately 191 ppm) and the other from xenon bound to CryA (Xe@CryA, approximately 60
ppm), both in reference to xenon gas (at 0 ppm). Due to the low occupancy of xenon molecules in CryA, the Xe@water peak is
typically much more intense than the Xe@CryA peak.
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to directly observe the Xe@CryA signal, neither of which are ideal for molecular imaging.3>*
An alternative method for detection, with improved sensitivity, is based on chemical exchange
between the difficult to detect CryA-encapsulated xenon pool (Xe@CryA) and the easy to detect
pool of free xenon in solution (Xe@water).

6.4 Indirect Detection of Xenon by hyperCEST

The increased sensitivity of xenon detection gained through hyperpolarization alone is
insufficient to achieve the subnanomolar threshold necessary for molecular imaging applica-
tions. One strategy to overcome this limitation is to amplify the weak signal intensity of the
Xe@CryA pool by exploiting the temporary residence time of CryA-encapsulated xenon nuclei.?*
Xenon bound by CryA are in continuous exchange with the more abundant pool of dissolved
xenon nuclei that are present in the surrounding aqueous environment (Figure 6-2A).2%3* This
property, in combination with the distinct chemical shifts representing the Xe@CryA and Xe@
water pools, serves as the basis of an indirect detection scheme through chemical exchange
saturation transfer (CEST). Specifically, the small Xe@CryA spin pool is saturated (i.e., depo-
larized) by frequency-selective radiofrequency (RF) pulses, and then transferred back to the bulk
xenon spin pool through chemical exchange (Figure 6-3A). By applying RF pulses at the Xe@
CryA chemical shift for a period that is long compared to the mean xenon residence time inside
CryA (the inverse of the dissociation rate and greater than 30 ms or 5 ms at 25 °C and 37 °C,
respectively), the CEST mechanism allows a single CryA cage to saturate the magnetization (i.e.,
depolarize) of hundreds of Xe@water nuclei. Consequently, as the depolarized Xe@CryA nuclei
exchange back into the bulk xenon spin pool, the intensity of the Xe@water peak will diminish.

The integration of CEST with hp '*Xe, termed hyperCEST, was developed by the Pines lab
in 2006.% The complementarity of hyperpolarization and CEST arises from the fact that the bulk
spin pool is typically made up of a low concentration of highly polarized ?°Xe spins as opposed
to a high concentration of weakly polarized 'H spins (for proton-based CEST). Consequently,
each xenon biosensor only has to saturate a modest number of Xe@water spins to elicit signif-
icant contrast. Furthermore, to minimize relaxation-based contrast loss, the hyperCEST detection
scheme can be employed quickly relative to the long T, relaxation times of *Xe (approximately
4 to 10 s in oxygenated blood at 1.5 T and 60 s in aqueous solvents at 4.7 T).3"38

Performing hyperCEST measurements is relatively straightforward. Following delivery of
hp '*°Xe to the sample,*'*? two RF saturation pulses are applied: an on-resonant saturation pulse
at the Xe@CryA frequency and an off-resonant pulse at a frequency equal to the separation
between the Xe@water and Xe@CryA signal, but on the opposite side of the Xe@water signal
(see Figure 6-3B). After each saturation pulse is applied, the Xe@water signal is recorded, and
then the difference between the off- and on-resonant Xe@water signals is calculated; any differ-
ences between the two signals corresponds to the presence of a Xe@CryA pool. To generate
a saturation response profile, this process is repeated using different on-resonant saturation
pulses (and their corresponding off-resonant pulses), and the change in the Xe@water signal is
recorded as a function of the offset frequency of the RF saturation pulses applies. The presence
of xenon populations exchanging with Xe@water appear as a negative peak, indicating satu-
ration (Figure 6-4). For an aqueous solution containing CryA, a region of saturation centered at
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60 ppm is expected. Impressively, the hyperCEST method improved the detection sensitivity of
CryA-encapsulated xenon into the submicromolar to nanomolar range, without the need for
long acquisition times.363°

6.5 Xenon Biosensors

A family of imaging agents that leverage xenon’s unique physical properties and detection
methods, generally called xenon biosensors, were developed by Pines and coworkers for both
targeted imaging and biological sensing applications.**** They consist of a xenon-binding host
molecule, CryA, attached to one or more biomolecules, including targeting groups for local-

Complexation

O X' Xueo 0
WL ) e

Saturation Pulse o O_ X X o
Exchange
Hyperpolarized (hp) 6.1, X = OMe ~40ms

Xenon Cryptophane-A (CryA) Depolarized

Xenon

Off-resonant

HyperCEST
Result

On-resonant

On-resonant

.
S

.
.
.
.
.

400 350 300 250 200 150 100 50 0
25Xe Chemical Shift (ppm)

Figure 6-3. Sensitivity-enhanced detection of xenon using hyperCEST.

(A) A schematic depicting how hp *Xe (depicted in green) can be selectively depolarized (depicted in orange) when bound
by CryA by applying frequency-selective radiofrequency pulses (i.e., saturation pulse). Following chemical exchange with free
hp '®Xe (green) from the bulk pool of xenon in solution, over time there will be an accumulation of depolarized ?°Xe (orange).
After several cycles of selective saturation, by measuring the difference between the initial and final bulk magnetization, an
indirect, but sensitive, measurement of Xe@CryA is possible. (B) A schematic depicting how to measure hyperCEST contrast.
HyperCEST experiments require two acquisitions to verify that a source of contrast is from CryA encapsulated xenon: an
on-resonant saturation pulse at the Xe@CryA frequency, and an off-resonant pulse at a frequency equal to the separation
between the Xe@water and Xe@CryA signal, but on the opposite side of the Xe@water signal. By measuring the Xe@water
signal after each saturation pulse, any difference between the off- and on-resonant Xe@water signals corresponds to the
presence of a Xe@CryA spin pool.
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Figure 6-4. The hyperCEST response can be plotted as a saturation response profile.
An illustration of a theoretical saturation response profile, also known as a Z-spectrum, for a solution of hp *Xe and CryA in

water. Using the hyperCEST detection method, the presence of a xenon signal at a particular frequency (i.e., Xe@water or Xe@
CryA) results in a negative peak, indicating saturation at that frequency.

ization or substrate molecules for sensing.*® The first demonstration of this idea was with a bioti-
nylated CryA construct (6.2, Biotin-CryA) that employed a peptide linker for aqueous solubility
(see Figure 6-5A). Interestingly, upon binding to its target substrate, streptavidin agarose beads,
several '*Xe peaks appeared in the region of the Xe@CryA chemical shift demonstrating xenon'’s
ability to simultaneously sense free Biotin-CryA and streptavidin-bound CryA (Figures 6-5B and
6-5C).3%%> Next, a series of peptide-based biotinylated xenon biosensors were developed to
explore the relationship between the molecular composition of a biosensor and the character-
istics of its protein-bound resonances.?>3¢4! This work not only helped improve the detection
of xenon biosensors, but also established their compatibility with biomolecules. Subsequently,
xenon biosensors were used in a number of sensing applications, including the detection of DNA
hybridization,** enzymatic cleavage by matrix metalloproteinase-7,** ligand binding to human
carbonic anhydrase**and an o, 3, integrin,* and peptide complex formation with a major histo-
compatibility complex protein.*

The next major milestone for xenon biosensors was achieved when Dmochowski and
coworkers established their cellular compatibility.**” Although '??Xe NMR experiments could not
be performed directly with cells due to low signal sensitivity, they demonstrated cell viability
after peptide-mediated uptake of crytophanes using CryA conjugated to a cell penetrating
peptide. More recently, Berthault and coworkers performed '?Xe NMR measurements in the
presence of live cells after targeting them with micromolar concentrations of a transferrin-func-
tionalized biosensor.”® This study detected biosensor binding to cells by directly measuring
the Xe@CryA signal. Unfortunately, the combination of an insensitive direct detection method
with a biosensor displaying low binding specificity are not ideal for molecular imaging applica-
tions. Accordingly, to transition xenon biosensors into targeted molecular MRI contrast agents,
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Figure 6-5. Xenon biosensors are targetable, sensitive, and responsive MRI contrast agents.

(A) The chemical structure of the first xenon biosensor (6.2), which contained CryA, a positively charged peptide for water
solubility, a polyethylene glycol linker, and a biotin group for targeting. (B) Cartoons of a xenon biosensor (1), a biosensor
bound to its target (2), and a multivalent biosensor bound to its target (3). (C) The theoretical saturation response profiles for
each biosensor illustrated in B. While signal for the biosensor alone (1) appears at a region of saturation centered at 60 ppm,
after binding its target there is a slight, but resolvable frequency shift (2). A multivalent biosensor, which contains multiple
CryA cages, can be employed to increase the signal sensitivity of the target-bound biosensor (3).
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biosensors with high specificity and detection sensitivity at subnanomolar concentrations are
necessary.

6.6 Signal Amplification Through Scaffolding on Viral Nanoparticles

To both improve xenon detection sensitivity beyond that achievable with the hyperCEST
method alone and utilize the targeting capability of xenon biosensors, we have turned to
multivalent systems. A concept initially applied to both gadolinium- and CEST-based contrast
agents for 'H-based MRI,**” by increasing the payload of CryA cages per biosensor molecule,
a multivalent approach will enable an increased local concentration of CryA cage at the site of
biosensor binding. Accordingly, low concentrations of biosensor will correlate with much higher
concentrations of CryA cages, allowing for improved detection sensitivity (Figures 6-5B and
6-5C, number 3).

We first demonstrated this scaffolding strategy for xenon biosensors using branched
dendrimers.>® However, these polyamidoamine (PAMAM) dendrimers could only encapsulate up
to 11 CryA cages though electrostatic interactions. The low number of noncovalently bound CryA
cages left room for improvement. Subsequently, we used viral nanoparticles—both spherical
(see Chapter 7) and rod-like viral capsids (see Chapter 8)—to construct targetable biosensors,
where the addition of hundreds of CryA cages onto a single biomolecule resulted in constructs
that were detectable by hyperCEST at subpicomolar concentrations.>*¢° Most recently, we have
combined the targeting capabilities of antibodies with the multivalent scaffolding potential of a
viral capsid to generate a xenon biosensor that can differentiate between healthy and cancerous
cell-types for live-cell imaging with 2?Xe NMR (see Chapter 9).

6.7 Summary and Outlook

Chemical approaches have enabled tremendous growth in molecular imaging. In the
case of 'Xe MRI, the combination of Cryptophane-A cages and biosensors has resulted in
many successful targeted imaging and biological sensing applications. In the future, it will be
exciting to apply these tools towards problems at the interface of human health and disease. In
particular, many disease states are not characterized by a single biomarker, but rather a specific
combination of many biomarkers. Accordingly, simultaneously visualizing multiple biomarkers,
in vivo, would represent a significant achievement. And xenon'’s ability to respond to very subtle
changes in its local environment coupled with its large chemical shift make it well suited for this
application.

Clearly, there are many opportunities to contribute towards the development of MRI
contrast agents. In particular, there is a bright future for xenon-based biosensors, and in the next
several chapters | will describe a collection of viral capsid-based xenon biosensors that enable
targeted molecular magnetic resonance imaging.
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Chapter 7: A *Xe-based MRI Contrast Agent Assembled on the MS2
Viral Capsid

7.1 Introduction

Sensitivity improvement of targeted contrast agents is crucial for progress in molecular
imaging. In particular, the primary contrast agents for magnetic resonance imaging (MRI) either
modulate magnetic relaxation (e.g., gadolinium-based contrast agents)' or reduce bulk magneti-
zation via exchange of saturated nuclei from a magnetically distinct site (e.g., chemical exchange
saturation transfer (CEST)-based agents).>®* While most contrast agents manipulate strong
proton signals from abundant water and fat, there are advantages to using exogenous nuclei. In
particular, xenon is inert, relaxes slowly, can be reversibly dissolved in solution, and is amenable
to hyperpolarization by optical pumping.**¢

Recently developed MRI contrast agents called xenon biosensors’ have demonstrated
the ability to utilize the complementary sensitivity enhancements of both hyperpolarized (hp)
129Xe and CEST detection.? Xenon biosensors employ cryptophane-A molecular cages (CryA)° to
reversibly bind xenon atoms that have been dissolved into environments such as aqueous tissue.
To improve the detection sensitivity of xenon-based contrast agents further, multiple copies of

-
FNNE ERENgY
Cysteine Residue (C) Lysine Residue (K)

Figure 7-1.  Crystal structure renderings of bacteriophage MS2.

(A) The interior and exterior surfaces of bacteriophage MS2, a hollow and porous spherical viral capsid with icosahedral
symmetry, are shown. The diameter of the capsid is 27 nm and there are 32 pores, each approximately 2 nm in diameter. (B)
Chemical structures of a cysteine or lysine residue for orthogonally targeting the interior or exterior surfaces of MS2, respec-
tively, for chemical functionalization.

Tyler Meldrum, Kristen Seim, and Wesley Wu contributed to the work presented in this chapter.
Portions of the work described in this chapter have been reported in a separate publication.>
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CryA have been assembled onto supramolecular scaffolds, such as a branched dendrimer.”® In
this Chapter, we extend this scaffolding concept to biological nanoparticles, and present the first
example of viral capsids functionalized as 'Xe-based MRI contrast agents.

This was accomplished by transforming a spherical viral capsid, bacteriophage MS2, into
a multivalent xenon biosensor. The MS2 viral capsid, composed of 180 identical monomers, is a
hollow and porous structure with a diameter of 27 nm (Figure 7-1)." After expression in E. coli,
the coat protein monomers spontaneously assemble into genome-free, noninfectious capsids
with icosahedral symmetry.>"® The assembled capsids contain 32 pores, each approximately 2
nm wide, which facilitate access to the capsid interior without disassembly. Through a number of
bioconjugation strategies, both the interior and exterior surfaces of the capsid can be selectively
modified to a high degree, enabling the simultaneous integration of many contrast agent mole-
culesin the interior and cell-specific targeting units on the exterior of a single capsid molecule.'*¢

7.2 Results and Discussion

By targeting specific amino acid residues of the wt  N87C
MS2 coat protein for covalent modification, it is possible MS2  MS2
to orthogonally functionalize the interior and exterior — 4+ — + AF488-Maleimide
surfaces of the MS2 virus. For example, we previ- 148 —
ously demonstrated the attachment of gadolinium gi:
chelates,"" positron emission tomography (PET) radio- 50 —

isotopes,?**' drug molecules,*” and fluorescent dyes* 36 —

to the interior of intact capsids. Additionally, we have Fluorescence

installed peptide-'? polymer-?* and aptamer-based™ 22—
groups on the exterior of intact capsids. Furthermore, 16— -—
characterization of MS2 viral capsids labeled with radio- 6 —

isotopes in both mice and rats indicate they are biocom- 148 —
patible, with broad tissue distribution, long circulation 98 —

times, and minimal toxicity.?>?' Taken together, dual 23 :
modification of MS2 viral capsids with CryA cages on 36—
the interior and targeting groups on the exterior could Coomassie
provide access to targetable contrast agents for xenon- 22—
based MRI applications in vivo. 16 —
5[ WPy

7.2.1 Construction of an MS2-CryA biosensor through
interior capsid modification

Figure 7-2. The interior surface of MS2

We chose to attach CryA cages to the interior capsids was modified after introduction of a

. . . cysteine residue.
surface of the MS2 capsid, leaving the exterior surface Y o
AF488-maleimide labeled N87C MS2 more effi-

free for future functionalization with targeting groups. ciently than wt MS2, indicating that the reaction is
: ; : ; dependent on a solvent exposed cysteine residue.
The s:trategy fqr interior modlﬁcatlon was based on R samples were analyzed by SDS-PAGE
cysteine alkylation. Although wild-type (wt) MS2 coat followed by Vicsiucalization using ﬂug)rescence
. . ; . imaging (t ie staini ttom).
proteins contain two cysteine residues (C46 and C101) '™a9n9 (top)and Coomassie staining (bottom)
near the exterior surface of the capsid, they have

— 141 —



Chapter 7: A 129Xe-based MRI Contrast Agent Assembled on the MS2 Viral Capsid

Scheme 7-1. Retrosynthesis of CryA-maleimide peptide 7.1.
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limited reactivity due to poor solvent accessibility. Therefore, an optimally located asparagine
residue on the capsid coat protein was mutated to a cysteine residue (N87C)."® The reactivity
of the cysteine mutant is illustrated in Figure 7-2, where N87C MS2, but not wild-type (wt) MS2,
became fluorescently labeled in the presence of Alexa Fluor 488 maleimide (AF488-maleimide),
indicating that the reaction is dependent on a solvent exposed cysteine residue.

In order to attach CryA cages to cysteine residues on MS2 coat proteins, it was necessary
to solubilize CryA in aqueous solutions (for compatibility with protein bioconjugation) and func-
tionalize it with a cysteine specific reactive group. Based on the design of early xenon biosensors,
which used peptide linkers to solubilize and functionalize CryA cages (i.e., compound 6.1),%
our first target was maleimide-functionalized CryA-peptide 7.1 (Scheme 7-1). We envisioned
that peptide 7.1 could be obtained from CryA (6.1) and a maleimide-functionalized peptide 7.2.
Peptide 7.2 could then be prepared using standard solid phase peptide synthesis (SPPS) with a
maleimide-functionalized lysine residue (7.6).

The synthesis of lysine derivative 7.6 proceeded as expected with moderate yields (Scheme
7-2). However, the presence of an unprotected maleimide group on the amino acid analogue
proved problematic during standard SPPS reaction conditions (Scheme 7-3). Specifically, piper-
idine used in the deprotection step to remove an N-terminal Fluorenylmethoxycarbonate (Fmoc)
protecting group also reacted with the maleimide group, producing peptide 7.9 instead of the
desired peptide product 7.10. Other methods for Fmoc removal were also problematic.

At the same time that the maleimide-functionalized CryA-peptide (7.1) was being synthe-
sized, another gradate student synthesized a water-solubilizing small molecule (7.11) for conju-
gating the hydrophobic molecule Taxol to cysteine residues in MS2.?? This linker contained a
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Scheme 7-2. Synthesis of maleimide-functionalized lysine derivative 7.6.
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Scheme 7-3. Attempted synthesis of CryA-maleimide peptide 7.1.
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Scheme 7-4. Synthesis of CryA-maleimide 7.12.
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maleimide group to react with cysteine residues, taurine to increase aqueous solubility, and
a free amine to react with a carboxylic acid on the hydrophobic molecule. Using compound
7.11, maleimide-functionalized CryA (7.12, CryA-maleimide) was synthetized using standard
amide-bond forming conditions (Scheme 7-4) and showed sufficient aqueous solubility for
bioconjugation reactions.

To construct an MS2-based xenon biosensor, CryA-maleimide 7.12 was reacted with N87C
MS2 for 4 h at RT in phosphate buffer (Figure 7-3A). The resulting MS2-CryA biosensor was
purified by size-exclusion chromatography, which confirmed that the viral capsids were fully
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Figure 7-3. Construction and characterization of an MS2-CryA biosensor.

(A) The MS2-CryA biosensor was constructed by alkylating a single cysteine residue (N87C MS2) introduced to the capsid inte-
rior with a maleimide-functionalized cryptophane-A cage derivative (7.12, CryA-Maleimide). (B) Characterization of MS2-CryA
by electrospray ionization mass spectrometry of MS2 monomer proteins. Expected mass of the N87C MS2 monomer [M+H]*
= 13719 Da. Expected mass of MS2-CryA labeled monomer [M+H]* = 14973 Da. Integration of these peaks estimated a 70%
conversion, corresponding to about 125 copies of CryA cages per biosensor.
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Figure 7-4. The hyperCEST response profile of the MS2-CryA biosensor was similar to a concentration matched
sample of unscaffolded CryA-Maleimide.

Comparison of the saturation response profile for a solution of 7.0 nM MS2-CryA biosensor (1.0 uM in CryA) stabilized with 5%
isopropyl alcohol and a CryA-concentration matched solution of unscaffolded CryA-Maleimide (7.12, 1.0 uM) revealed similar
levels of contrast. Shown are the saturation peaks corresponding to the Xe@CryA chemical shift at approximately 60 ppm and
the Xe@water chemical shift at 192 ppm (referenced to the Xe gas chemical shift).

assembled, and then characterized by both reversed-phase HPLC (not shown) and electrospray
ionization mass spectrometry (Figure 7-3B). While the MS2 monomer protein was modified with
a single CryA cage, the assembled capsid was approximately 70% modified, corresponding to

approximately 125 copies of CryA cages per biosensor.
7.2.2 Characterization of the MS2-CryA biosensor by '**Xe NMR

Xenon gas was introduced into a solution of xenon biosensors in phosphate buffer using
a continuous-flow bubbling system (as illustrated in Figure 8-3A).> The output from a xenon
polarizer (spin exchange optical pumping) was connected to a 5-mm NMR tube modified with
inlet and outlet arms, allowing for direct delivery of hp ?°Xe into the solution via a capillary
running to the bottom of the NMR tube. While this method facilitated the rapid dissolution of
xenon gas, bubbling through a solution of capsids could introduce complications, including
foaming and the mechanical stress of bubbles on capsid integrity. However, we found that
the addition of a small amount of isopropyl alcohol (5% v/v) to biosensor solutions minimized
foaming and maintained MS2-CryA biosensor stability (as verified by size exclusion chromatog-
raphy).

129Xe NMR measurements were performed using a 7 nM solution of MS2-CryA biosensor
in phosphate buffer containing 5% v/v isopropyl alcohol. This corresponded to approximately
1 uM CryA, so for comparison, a 1 uM solution of unscaffolded CryA-maleimide (7.12) was also
prepared. The saturation response profile of each sample was recorded by measuring the Xe@
water signal as a function of the offset frequency of a radiofrequency (RF) saturation pulse train.
This revealed the presence of any xenon populations exchanging with Xe@water (Figure 7-4). As
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Figure 7-5.  hyperCEST contrast was measured as a function of saturation time and biosensor concentration.

The hyperCEST contrast for a dilution series of the MS2-CryA biosensor was measured as a function of saturation time: (A)
700 pM MS2-CryA, (B) 70 pM MS2-CryA, (C) 7 pM MS2-CryA, and (D) 0.7 pM MS2-CryA. Saturation was applied using a train of
2500 to 5000 Hz bandwidth dSNOB pulses, and the normalized Xe@water signal for both the on- and off-resonant pulses were
plotted. Decay in signal intensity in the off-resonant saturation profiles was visible because experiments were not corrected
for relaxation. Exponential fits are given as solid lines and the 90% confidence interval as dashed lines.
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expected, a region of saturation centered at 60 ppm, characteristic of the Xe@CryA spin pool, was
seen for both the MS2-CryA biosensor and the unscaffolded CryA-maleimide samples. Despite
a slight downfield shift and broadness in the Xe@CryA response of the MS2-CryA biosensor, its
contrast was in good agreement with that of the concentration-matched unscaffolded CryA-ma-
leimide sample and it was still possible to achieve strong hyperCEST effects by using saturation
pulses with intentionally large bandwidths.

Scheme 7-5. Synthesis of aminooxy-functionalized lysine derivative 7.16.
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Scheme 7-6. Synthesis of aminooxy-functionalized CryA peptide 7.18.
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The hyperCEST contrast of the biosensor solution was then measured as a function of
saturation time and biosensor concentration to determine the detection threshold (Figure 7-5).
Starting with a 700 pM solution of MS2-CryA, dilutions to 70 pM, 7 pM, and 0.7 pM were prepared
in phosphate buffer. The hyperCEST contrast of these solutions were quantified by comparing the
Xe@water signal after saturating at 126.9 ppm upfield from the Xe@water chemical shift to that
of a symmetrically placed control RF pulse train applied 126.9 ppm downfield from Xe@water, for
incremental saturation times. CEST contrast was visible in the saturation time curves for all four
concentrations of the MS2-CryA biosensor, and the decrease in residual signal for each concen-
tration was accurately represented by an exponential decay. Impressively, the 0.7 pM MS2-CryA
solution represents one of the lowest detectable concentrations of a xenon biosensor, with a
mean hyperCEST contrast of 8.9 + 3.4%. The increased sensitivity over a recently reported 10 nM
biosensor solution (Schroder et al.*) was likely due to the incorporation of approximately 125
CryA cages per biosensor molecule and to various technical improvements, including enhanced
saturation transfer methods applicable to systems with broad NMR line widths.?”

To further characterize the MS2-based biosensor platform, we wanted to explore the
kinetics of both xenon exchange and saturation, properties that might be affected by the
geometry of the MS2 capsid and that could influence saturation transfer-based detection tech-

O
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o ° 0o
wt MS2 (Exterior) 713 ald-MS2
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ald-MS2 (Exterior) 7.18 MS2-CryA_,, Biosensor

Figure 7-6.  Construction of an externally modified MS2-CryA, , biosensor

Lysine residues on the exterior of wt MS2 capsid proteins were modified with CryA cages through two sequential biocon-
jugation reactions. (A) First, lysine residues were converted to aldehydes using the activated-ester 7.13. (B) Next, the alde-
hyde-functionalized capsids (ald-MS2) were reacted with an aminooxy-functionalized CryA peptide (7.18) to yield the
MS2-CryA_  biosensor.
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niques. Towards this goal, we constructed an MS2-CryA biosensor where the external surface
was modified with CryA (i.e., MS2-CryA, ) for comparison to the internally functionalized MS2
biosensor.

7.2.3 Construction of an MS2-CryA biosensor through exterior capsid modification

The strategy for modification of the exterior surface of MS2 viral capsids was based on
lysine acylation. Although the wt MS2 coat protein contains three lysine residues between both
the interior and exterior surfaces of the capsid, the two residues located on the exterior surface
(K106 and K113) are more solvent accessible. These lysine residues were modified with CryA
cages through two sequential bioconjuation reactions. First, lysine residues were converted to
aldehydes using the activated-ester 7.13 as illustrated in Figure 7-6A.'®*2* Characterization of the
aldehyde-functionalized MS2 capsids (ald-MS2) by mass spectrometry revealed that most coat
proteins contained up to two aldehydes with a minor population containing three aldehydes
(Figure 7-7A).

Next, ald-MS2 was reacted with an aminooxy-functionalized CryA peptide (7.18) to form
a stable oxime product (Figure 7-6B). Synthesis of peptide 7.18 was approached analogously
to the maleimide-functionalized CryA peptide 7.1. Briefly, the aminooxy-functionalized lysine
residue 7.16 was first synthesized according to Scheme 7-5. Next, the aminooxy-functionalized
CryA peptide 7.18 was accessed using SPPS (Scheme 7-6).
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Figure 7-7.  Characterization of ald-MS2 and the MS2-CryA_ , biosensor by mass spectrometry.

(A) Characterization of aldehyde-functionalized MS2 capsids by electrospray ionization mass spectrometry of MS2 monomer
proteins. Expected mass of the unmodified MS2 monomer [M+H]* = 13732 Da. Expected mass of one-, two-, or three-aldehyde
containing MS2 monomers [M+H]" = 13864 Da, 13996 Da, and 14128 Da, respectively. (B) Characterization of MS2-CryA_
by electrospray ionization mass spectrometry of MS2 monomer proteins. Expected mass of the unmodified MS2 monomer
[M+H]* = 13732 Da. Expected mass of one-, two-, or three-CryA containing MS2 monomers [M+H]* = 15502 Da, 17272 Da, and
19042 Da, respectively.
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Upon completion of the two bioconjugation
reactions with MS2 viral capsids, the resulting wt  ald
MS2-CryA_ , biosensor was purified by size-exclusion MS2 MS2
chromatography, which confirmed that the viral * + Cmpd7.18
capsids were fully assembled, and then characterized
by both reversed-phase HPLC (not shown) and electro- ?j :
spray ionization mass spectrometry (Figure 7-7B). On 50 —
average, each MS2 monomer protein was modified

148 _

with either one or two CryA cages, with a minor popu- %= Coomassie
lation containing three cages. The existence of three 22 —

populations of MS2 monomer proteins modified with 16 — 3

1, 2 or 3 CryA cages was verified and quantified using - ;:ﬁ
SDS-PAGE and optical densitometry analysis (Figure 6 — [ ~ unmodified

7-8). On average, MS2 capsids were approximately 72%
modified, corresponding to approximately 130 copies
of CryA cages per biosensor.

Figure 7-8. Characterization of the MS2-Cry-
A, biosensor by SDS-PAGE and densitometry.

Only aldehyde-functionalized MS2 were labeled
L . with the aminooxy-functionalized CryA peptide
7.2.4 Characterization of the MS2-CryA, . biosensor by (7.18). Up to three modifications, corresponding
129%e NMR to either one-, two-, or three-CryA containing MS2
monomers, were observed (labeled as +1, +2, or

+3, respectively). Using optical densitometry, MS2

To evaluate the effect of the geometry of the MS2  capsids were approximately 72% modified, corre-

viral capsid on saturation transfer-based detection 22323 I'One% gﬁ,szﬁ‘;{,‘ﬁx'mate'y 130 copies of CryA
of hp Xe, we compared Xe NMR measurements

between CryA-concentration matched solutions of the MS2-CryA and MS2-CryA_  biosensors.
Specifically, NMR measurements were performed using a 7 nM solution of both the MS2-CryA
and MS2-CryA_, biosensors in phosphate buffer containing 5% v/v isopropyl alcohol. The satu-
ration response profile of each sample was recorded by measuring the Xe@water signal as a
function of the offset frequency of a radiofrequency (RF) saturation pulse train. This revealed
the presence of any xenon populations exchanging with Xe@water (Figure 7-9). As expected,
a broad region of saturation centered at 60 ppm, characteristic of the Xe@CryA spin pool, was
seen for both the MS2-based biosensors. However, the increased signal from the externally
modified sample suggests that xenon exchange through the pores of the MS2 viral capsid may
be slightly retarded. Similarly, when the hyperCEST contrasts of both MS2-based biosensors were
measured as a function of saturation time, a similar response was observed, with a slight sensi-
tivity advantage to the MS2-CryA_  biosensor (Figure 7-9B). It is likely that while the 2 nm pores
of MS2 viral capsids allowed for sufficiently fast exchange of xenon nuclei, such that depolarized
xenon nuclei located within the capsid could exchange with the bulk pool of hyperpolarized
xenon located outside the capsid, a small bottleneck is created. However, more experiments are
necessary in order to resolve this issue.
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Figure 7-9. The MS2-CryA,  biosensor displayed slightly greater sensitivity than the internally modified MS2-

CryA biosensor.

(A) Comparison of the saturation response profiles for solutions of 7.0 nM MS2-CryA_ and 7.0 nM MS2-CryA stabilized with 5%
isopropyl alcohol revealed a small signal increase in the externally modified MS2-based biosensor. Shown are the saturation
peaks corresponding to the Xe@CryA chemical shift at approximately 60 ppm and the Xe@water chemical shift at 192 ppm
(referenced to the Xe gas chemical shift). (B) Similarly, when the hyperCEST contrasts of both MS2-based biosensors were
measured as a function of saturation time, a similar response was observed, with a slight sensitivity advantage observed for

the MS2-CryA_ biosensor.
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7.3 Conclusions

The incorporation of many xenon-binding molecules into a single MS2 viral capsid
significantly lowers the detection threshold of binding targets and improves the solubility and
biocompatibility of xenon biosensors. Although this is not the first application of a scaffold to
produce an amplified xenon biosensor,”° it has many more CryA cages per targeting unit and
demonstrated greater sensitivity than many previous multivalent scaffolds. While some multi-
valent gadolinium-based scaffolds produce greater contrast in proton-based MRI studies, there
is growing concern over the in vivo toxicity of gadolinium-based contrast agents.?® Additionally,
although other contrast mechanisms that rely on enzymes® or zeolites®*® show potential as
sensitive molecular sensors, they rely on direct detection of xenon, which necessitates both high
concentration and high polarization of ?*Xe in the sample.

We are currently exploring complimentary strategies to signal amplification through
multivalency to further increase the detection sensitivity of xenon biosensors. For example,
detection sensitivity could be increased by physical extraction of xenon through a phase
change,' by increasing the isotopic abundance of '*°Xe, or by increasing the xenon polarization.*'
Alternatively, viral capsids that can accommodate more CryA cages could lead to higher per
agent sensitivities (see Chapters 8 and 9). We anticipate that a combination of these techniques
will eventually permit detection of biological targets at femtomolar concentrations, finding
applications in portable analytical devices and greatly enhancing sensitivity for in vivo analytes.

7.4 Materials and Methods

74.1 General procedures and materials

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. Fmoc protected amino acids were
obtained from Novabiochem. All reaction flasks were oven dried prior to use and moisture-sen-
sitive reactions were performed in flame-dried ﬂask§ under a N, atmosphere. Analytical thin
layer chromatography (TLC) was performed with 60 A silica gel plates (EMD) and visualized by
staining with ceric ammonium molybdate, ninhydrin, or by absorbance of UV light at 254 nm.
Flash chromatography was performed with 60 A 230-400 mesh silica (Silicycle). Organic extracts
were dried over MgSO,, and solvent was removed by reduced pressure with a R-114 rotovapor
(Buchi) equipped with a self-cleaning dry vacuum pump (Welch). If necessary, products were
further dried by reduced pressure with an Edwards RV5 high vacuum pump.

Water used in biological procedures was distilled and deionized using a Milli-Q Gradient
ultrapure water purification system (Millipore). Dulbecco’s phosphate-buffered saline (DPBS)
was obtained from Sigma. Alexa Fluor 488 maleimide (AF488-maleimide) was obtained from
Invitrogen.

74.2 Instrumentation

NMR. All 'H and C spectra are reported in ppm and referenced to solvent peaks. Spectra
were obtained on Bruker AVB-400, AVQ-400, AV-500, or AV-600 spectrometers. Coupling
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constants (J) are reported in Hz.

Absorbance spectra. Absorbance readings were collected on a Molecular Devices Spec-
traMax 190 UV-Vis absorbance plate reader or a Thermo Scientific Nanodrop 2000 spectropho-
tometer.

Gel Analyses. Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE)
was accomplished on a Mini-Protean apparatus (Bio-Rad) with 10-20% gradient polyacrylamide
gels (BioRad), following the protocol of Laemmli.>? Protein samples were mixed with SDS loading
bufferinthe presence of 1,4-dithiothreitol (DTT) and heated to 95 °Cfor 10 minto ensure reduction
of disulfide bonds and complete denaturation unless otherwise noted. Commercially available
molecular mass markers (Bio-Rad) were applied to at least one lane of each gel for calculation
of the apparent molecular masses. Visualization of protein bands was accomplished by staining
with Coomassie Blue. For fluorescent protein conjugates, visualization was accomplished on a
Typhoon 9410 imaging system using appropriate excitation and emission filters prior to staining.

High performance liquid chromatography (HPLC). Purification of small molecules was
performed using reversed-phase (RP) HPLC on a Rainin Dynamax SD-200 system equipped with
a Varian UV-Vis detector (model 345) and a Microsorb C18 analytical column (4.6 x 250 mm) at a
flow rate of T mL/min, a semipreparative column (10 x 250 mm) at a flow rate of 4 mL/min, or a
preparative column (21.4 x 250 mm) at a flow rate of 20 mL/min. HPLC samples were filtered with
a Pall Life Sciences Acrodisc CR 13 mm syringe filter equipped with a 0.2 um PTFE membrane
prior to injection.

Modified and unmodified MS2 bacteriophage were analyzed by RP-HPLC on an Agilent
1100 Series HPLC System (Agilent Technologies) with an inline diode array detector (DAD) and a
Jupiter 5 um C18 300 A (Phenomenex) at a flow rate of 1.0 mL/min. Samples were centrifuged
prior to injection to pellet insoluble material.

Modified and unmodified MS2 bacteriophage were analyzed by size exclusion chromatog-
raphy on an Agilent 1100 Series HPLC System (Agilent Technologies) with an inline diode array
detector (DAD). Chromatography was accomplished using a Zorbax GF-250 column (Agilent)
with isocratic (0.5 mL/min) flow and an aqueous mobile phase (10 mM Na,HPO,, pH 7.2).

Matrix assisted laser desorption-ionization time-of-flight (MALDI-TOF) MS. MALDI-TOF
MS was performed on a Voyager-DE system from PerSeptive Biosystems (Applied Biosystems).
Protein samples were co-crystallized using saturated solutions of sinapinic acid in 60% acetoni-
trile, 40% water with 0.1% trifluoroacetic acid. Peptide samples were co-crystallized using satu-
rated solutions of a-Cyano-4-hydroxycinnamic acid (CHCA) in 60% acetonitrile, 40% water with
0.1% trifluoroacetic acid.

Electrospray ionization (ESI) MS. High-resolution ESI mass spectra were obtained at
the QB3 Mass Spectrometry Facility (UC Berkeley) using an LTQ Orbitrap XL hybrid mass spec-
trometer (Thermo Fisher). Low-resolution ESI mass spectra were obtained using an LTQ-XL mass
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Spectrometer.

Liquid chromatography coupled to mass spectrometry (LC-MS) was performed with an
Agilent 1100 Series HPLC (Agilent Technologies) system that was connected in-line with an API
150EX mass spectrometer (Applied Biosystems). The mass spectrometer was outfitted with a
Turbo lonspray ionization source. A binary solvent system consisting of buffer A (0.1% formic
acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)) was employed at a flow
rate of 250 uL/min. The LC was performed using either a Zorbax 300SB-C8 column (Agilent) or a
Jupiter 5 p C18 300 A column (Phenomenex).

129Xe NMR. All ?°Xe NMR data were acquired on a 7.05 T vertical bore spectrometer (Varian)
equipped with a 26 channel shim set and a dual-tuned ('H/'**Xe) radiofrequency saddle coil
(i.d. = 5 mm). ®Xe was hyperpolarized (P = 4%) via spin-exchange optical pumping with a MITI
XenoSpin polarizer (GE Healthcare, formerly Nycomed Amersham). The gas mixture for polar-
ization consisted of 2% xenon (natural abundance), 10% nitrogen, and 88% helium. After polar-
ization, gas flowed through plastic tubing directly into a 5-mm NMR tube outfitted with gas
inlet and outlet arms (see Figure 8-3 for a diagram). Prior to each pulse sequence repetition, the
xenon mixture was bubbled at a flow rate of approximately 0.3 SLM to saturate the solution with
hyperpolarized '*°Xe, followed by a 4 s wait period to allow the solution to settle and bubbles to
clear. Saturation consisted of a train of dSNOB pulses,* with pulse duration and power calculated
using the pxshape tool included in the VNMR software package (Varian Inc.).

74.3 Chemical synthesis

2,5-dioxopyrrolidin-1-yl-3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propanoate (7.4). A
mixture of B-alanine (7.3, 910 mg, 10.2 mmol) and maleic anhydride (1000 mg, 10.2 mmol) in dry
N,N-dimethylformamide (DMF, 12 mL) was stirred at RT for 2.5 h until all solids were dissolved.
The solution was cooled in an ice bath and then N-hydroxysuccinimide (NHS, 1445 mg, 12.56
mmol) and N,N"-dicyclohexylcarbodiimide (DCC, 4125 mg, 20 mmol) were added. The solution
was stirred for 10 min after which it was removed from the ice bath and stirred at RT overnight.
The reaction was filtered and extracted with ethyl acetate (3x). The combined organic layers
were washed with water (1x), 5% sodium bicarbonate (3x) and brine (1x). The organic phase was
dried over MgSO, and concentrated under vacuum. The white solid was purified by recrystalli-
zation using CH_Cl, and petroleum ether to afford a white solid (935 mg, 35%). '"H NMR (300 MHz,
CDCI3): 6=6.74 (s, 2H), 3.94 (t, /= 7.0 Hz, 2H), 3.02 (t, J = 7.0 Hz, 2H), 2.82 (s, 4H).

Fmoc-Lys[maleimide]-COOH (7.6). To a stirred solution of the ester 7.4 (305 mg, 1.1 mmol)
and the trifluoroacetic acid (TFA) salt of Fmoc-Lysine (7.5, 352 mg, 0.955 mmol) in dry dichloro-
methane (CH,CL, 20 mL) was added N,N-diisopropylethylamine (DIPEA, 0.5 mL, 2.86 mmol).
The solution was stirred at RT overnight. The reaction was diluted with addition of CH,Cl, and
washed with saturated NH,CI (1 x 40 mL). After the aqueous phase was extracted with CH,CL 3
x 20 mL), the organic phases were combined, dried over MgSO,, and then concentrated under
vacuum. Purification by silica gel chromatography with 1:9 ethyl acetate:hexanes + 1% acetic

acid gave the desired maleimide functionalized amino acid as an off-white residue. Precipitation
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in water afforded compound 2 as a white solid (270 mg, 55%). ESI-MS(+) calcd for C,H,,N.O,
[M+H]*: 520.20 Da, found 519.1 Da [M+H]".

Maleimide-functionalized CryA peptide (7.1). First, a water solubilizing tetraglutamic
acid peptide (7.7) was prepared on polystyrene Wang resin (1.2 mmol/g, 100-200 mesh) using
standard Fmoc solid-phase peptide synthesis (SPPS) with N -Fmoc protected amino acids, DIPEA,
and HOBT/HBTU ester activation in DMF. A 5-fold excess of amino acid was used for the coupling
steps, which involved gentle rotation for 3 h. Fmoc removal was achieved with 20% piperidine
in DMF (2 x 10 min). Next, the maleimide functionality was installed by coupling 7.6 using the
above coupling conditions for 5 h to generate compound 7.8. Following deprotection with 20%
piperidine in DMF and coupling to Fmoc-6-aminohexanoic acid (Fmoc-Ahx-COOH) using the
same coupling conditions as above, the undesirable peptide 7.9 was formed instead of 7.10.
Verified by MALDI-MS.

Maleimide-functionalized CryA (7.12). To a solution of (5)-2-(2-amino-6-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)hexanamido)ethanesulfonate* (7.11, 6.0 mg, 13.9 umol) in DMF (2 mL)
was added CryA cage (6.1, 26.1 mg, 27.8 umol, supplied by Kang Zhao, Tianjin University, China).
O-(Benzotriazol-1-yl)-N,N,N’,N’- tetramethyluronium hexafluorophosphate (HBTU, 13.2 mg, 34.8
pumol) was added as the coupling reagent with 1-hydroxybenzotriazole (HOBT, 4.7 mg, 34.8
umol) and DIPEA (12.1 uL, 69.5 pmol). The reaction mixture was allowed to stir for 2 h at RT. Water
(2 mL) was added and the resulting solution was first purified on a Phenomenex Strata X-AW 33
pum polymeric weak anion column (conditioned with methanol; equilibrated with 5% formic acid
in methanol and then with 0.1% formic acid in methanol; washed with DMF and then 0.1% formic
acid in methanol; and eluted with 5% ammonium hydroxide in acetonitrile). The white solid was
then purified by RP-HPLC on a C18 semipreparative column affording compound 7.12 as a white
solid (12.6 mg, 72.3%). '"H NMR (500 MHz, DMSO): §, 6.82 (m, 14H), 6.56 (s, 1H), 4.62 (m, 3H), 4.50
(m, 7H), 4.11 (m, 16H), 3.77 (s, 3H), 3.72 (m, 14H), 3.64 (s, 3H), 3.33 (m, 6H), 1.23 (m, 2H).

4-formyl-benzoate-N-hydroxysuccinimide ester (7.13)."®2 To a stirred solution of p-form-
ylbenzoic acid (200 mg, 1.33 mmol) in dry tetrahydrofuran (THF, 13 mL) cooled on an ice bath
were added NHS (230 mg, 2.0 mmol), DCC (310 mg, 1.5 mmol), and DIPEA (520 uL, 3.0 mmol).
The solution was stirred for 30 min after which it was removed from the ice bath and stirred at
RT for 4 h. The reaction was diluted with the addition of CH,Cl, and then filtered through a pad
of Celite. Purification by silica gel chromatography using 1:3 ethyl acetate:hexanes + 1% acetic
acid afforded the desired ester as a white solid. 'H NMR (400 MHz, CDCI3): 6 =10.14 (s, TH), 8.31
(d, J=8.3 Hz, 2H), 8.03 (d, J = 8.7 Hz, TH), 2.94 (s, 4H). ESI-MS calcd for C_H,NO, [M+H]: 247.05 Da,
found 247.04 Da [M+H].

N’-Boc-aminooxyacetyl-N-hydroxysuccinimide ester (7.15). To a stirred solution of
N-Boc-aminooxyacetic acid (7.14, 500 mg, 2.62 mmol) in CH,CL, (30 mL) cooled on an ice bath
were added NHS (332 mg, 2.88 mmol) and DCC (594 mg, 2.88 mmol). The solution was stirred for
5 min after which it was removed from the ice bath and stirred at RT for 45 min. The reaction was
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diluted with the addition of CH,CL,, filtered through a pad of Celite, and the filtrate was washed
with saturated NaHCO, (2 x 40 mL). The organic phase was dried over MgSO, and concentrated
under vacuum. The white solid was used without further purification. 'H NMR (400 MHz, CDCL,):
6 =767 (1H, s), 4.78 (2H, s), 2.88 (4H, s), 1.49 (9H, s). *C NMR (151 MHz, CDCI3): 6 = 168.8, 165.2,
156.4, 82.8, 71.0, 28.3, 25.8. ESI-HRMS calcd for C H, N,O, [M+Na]: 311.0858 Da, found 311.0852
Da [M+Na].

Fmoc-Lys[Boc-aminooxyacetyl]-COOH (7.16). To a stirred solution of the ester 7.15 (700
mg, 2.43 mmol) and the TFA salt of Fmoc-Lysine (7.5, 1.24 g, 2.67mmol) in dry CHZCI2 (30 mL)
was added DIPEA (1.59 mL, 9.17 mmol). The solution was stirred at RT for 11 h. The reaction
was diluted with the addition of CH,Cl, and washed with saturated NH,ClI (1 x 40 mL). After the
aqueous phase was extracted with CH,Cl, (3 x 20 mL), the organic phases were combined, dried
over MgSO,, and then concentrated under vacuum. Purification by silica gel chromatography
using 1:4 ethyl acetatethexanes + 1% acetic acid gave the desired aminooxy functionalized
amino acid as an off-white residue. Resolving the residue in CH_Cl, and adding it drop-wise to a
solution of hexanes precipitated the product as a white solid (757 mg, 58%). '"H NMR (600 MHz,
CDCl,): 6 = 8.27 (1H, broad s), 7.75 (2H, d, J = 7.8 Hz), 7.60 (2H, dd, J = 7.2 Hz, 11.4 Hz), 7.38 (2H, t, J
=72Hz),729 2H,t,J =72 Hz), 5.82 (1H, s), 4.46-4.32 (2H, m), 4.29 (2H, s), 418 (1H, t, J = 7.2 Hz),
3.40-3.29 (2H, m), 1.93-1.75 (2H, m), 1.63-1.54 (2H, m), 1.44, (9H, s), 1.41-1.27 (2H, m). *C NMR (151
MHz, CDCL,): 6 = 1749, 169.9, 158.2, 156.5, 144.0, 141.5, 127.9, 127.3, 125.4, 120.2, 83.5, 76.1, 67.2,
54.0, 47.4, 38.6, 31.7, 28.8, 28.3, 22.2. ESI-HRMS(#) calcd for C, H, N,O, [M+H+Na]*: 564.2324 Da,
found 564.2307 Da [M+H+Na]*.

Aminooxy-functionalized CryA peptide (7.18). First, a water solubilizing tetraglutamic
acid peptide (7.7) was prepared on polystyrene Wang resin (1.2 mmol/g, 100-200 mesh) using
standard Fmoc solid-phase peptide synthesis (SPPS) with N -Fmoc protected amino acids, DIPEA,
and HOBT/HBTU ester activation in DMF. A 5-fold excess of amino acid was used for the coupling
steps, which involved gentle rotation for 3 h. Fmoc removal was achieved with 20% piperidine
in DMF (2 x 10 min). Next, the aminooxy functionality was installed by coupling 7.16 using the
above coupling conditions for 5 h to generate compound 7.17. Finally, the peptide was capped at
the N-terminus using a 2.5 fold excess of CryA (6.1) using the above coupling conditions for 12-20
h. The product was cleaved using a cocktail of TFA:water:triisopropylsilane (95:2.5:2.5) for 2.5 h
and then precipitated in methyl tert-butyl ether. The crude product was purified by RP-HPLC
using a C18 column from 40% to 60% buffer B over 30 min to yield peptide 7.18. A stock solution
of the aminooxy-functionalized CryA-peptide was prepared by dissolving the purified solid in
DPBS and adjusting the pH with sodium hydroxide until the solution became clear. ESI-MS(+)
calculated for C_. H _N.O_._. (M+H)*: 1656.6 Da found 1656.5 Da (M+H)".

81 97 7729

74.4 Experimental

Expression and purification of MS bacteriophage. Wt and N87C MS2 were expressed and
purified according to previously published protocols.'>'322
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Labeling N87C MS2 with AF488-maleimide. Wt and N87C MS2 were reacted with Alexa
Fluor 488 maleimide (AF488-maleimide) using the following final reaction concentrations: 555
nM MS2 (either wt or N87C), 10 mM AF88-maleimide in 10 mM phosphate buffer, pH 7.2. The
reaction was briefly mixed and allowed to react at RT for 15 min. Samples were subjected to
SDS-PAGE analysis.

MS2-CryA biosensor construction (internal modification). To a solution of N87C MS2 (2
nmol, 6.7 pL, 300 uM) in 60 uL of 10mM phosphate buffer at pH 7.2 was added the CryA-ma-
leimide construct 7.12 (50 nmol, 5.3 yL, 9.4 mM in DMF). The reaction mixture was incubated
at RT for 4 h followed by purification by size exclusion chromatography. The amount of MS2
before and after purification was estimated using SDS-PAGE and optical densitometry analysis.
A control reaction was run with wt MS2, which lacked the N87C mutation, to test the reac-
tivity of the native cysteine residues in the presence of 7.12. No appreciable reaction product
was observed when wt MS2 was subjected to the conditions described above.** The purified
MS2-CryA biosensor was spin-concentrated using Micro centrifugal filter devices with an Ultracel
YM-100 membrane (Millipore) as directed by the manufacturer. ESI-MS(+): 14973 Da (avg. mass),
found 14976 Da (avg. mass).

Generation of aldehyde-functionalized MS2 (ald-MS2). Lysine residues on MS2 capsid
proteins were converted into aldehydes by combining 250 uL of 1.5 uM wt MS2 (in 10 mM
phosphate buffer, pH 7.5) with 13.5 uL of 50 mM 7.13 (in DMF). After incubation for 3 h at RT,
the resulting ald-MS2 was purified by gel filtration using an lllustra Nap-5 column. The purified
ald-MS2 was spin-concentrated using Micro centrifugal filter devices with an Ultracel YM-100
membrane (Millipore) as directed by the manufacturer and stored at 4 °C until needed. ESI-MS(+):
13732 Da (unmodified, avg. mass), 13864 Da (one aldehyde, avg. mass), 13996 Da (two aldehydes,
avg. mass), 14128 Da (three aldehydes, avg. mass); found 13733 Da, 13863 Da, 13997 Da, and 14131
Da.

MS2-CryA biosensor construction (external modification). MS2 protein capsids were
modified with CryA cages using the following final reaction conditions: 500 nM ald-MS2, 1 mM
aminooxy-functionalized CryA-peptide (7.18), and 100 mM aniline in 10 mM phosphate buffer,
pH 7.5. After 24 h at RT, the resulting MS2-CryA_  construct was purified by gel filtration using
an lllustra Nap-5 column. The extent of CryA cage labeling was verified and quantified using
SDS-PAGE and optical densitometry. Purified MS2-CryA_ . biosensors were stored at 4 °C until
needed. ESI-MS(+): 13732 Da (unmodified, avg. mass), 15502 Da (one CryA cage, avg. mass), 17272
Da (two CryA cages, avg. mass), 19042 Da (three CryA cages, avg. mass); found 13732 Da, 15504
Da, 17273 Da, and 19049 Da.

Characterization of MS2-based biosensors by LC-MS. Approximately 0.2 nmol of
MS2-based biosensors were analyzed by LC-MS using a binary solvent system consisting of buffer
A (0.1% formic acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)). The elution
gradient was 30% buffer B for the first T min, ramping to 70% buffer B over 20 min, then to 95%
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buffer B over the next 1 min, and a 10 min wash with 95% buffer B, at a flow rate of 250 uL/min.
Extracted ion chromatograms were deconvoluted with Analyst software (Applied Biosystems) to
generate protein mass reconstructions.

Preparation of MS2-CryA biosensor solutions for 2?Xe NMR. All MS2-based biosensor
solutions were prepared in 0.9 mL of 10 mM phosphate buffer at pH 7.2 containing 5% v/v
isopropyl alcohol.

hyperCEST settings for '*Xe NMR. Saturation response profiles were recorded by
measuring the Xe@water signal as a function of the offset frequency of the saturation pulse
train. Saturations consisted of a train of shaped RF pulses, known as dSNOB pulses. For the satu-
ration response profile, a train of 100 Hz bandwidth was used (the pulse length (Tpulse) was 28.2
ms, the maximum RF intensity (B1,max) was 6.65 WT, and the total saturation time (t_ ) was 10 s).

To investigate the MS2-CryA biosensor concentration dependence on hyperCEST contrast
and determine a detection threshold, plots of residual signal versus saturation time were
generated for a dilution series of the biosensor (700 pM, 70 pM, 7 pM, 0.7 pM). A train of 2500 to
5000 Hz bandwidth dSNOB pulses was applied (Tpulse =940 ys, B, =352 yT), and the number
of pulses was varied to change the total saturation time. Contrast was quantified by comparing
the Xe@water signal from two separate saturations, one after application of the pulse train
on-resonance at the frequency of Xe@CryA, and the second after application equidistant from,
but on the opposite side of the Xe@water peak (off-resonance). The exact parameters for each
saturation curve are presented in Table 7-1.

Table 7-1.  Pulse parameters for detection of MS-CryA biosensors.

Both off- and on-resonant saturation experiments were performed using d-SNOB pulses. The constant
T refer to exponential fits of the data, modeled by the function f(t) = exp(-t/1), with the error denoting
the 90% confidence intervals. Using the fitted data, 20 s contrast indicates the contrast observed after
saturation time t = 20 s under the indicated saturation conditions.

Temp | Bandwidth | Duration | Delay | B1 L T 20s
Samp|e o off_ res on-res
(°C) (Hz) (ps) (ms) | (kHz) (sM (s | contrast

Buffer 40 3000 940 0 3962 | 36.432 36.852 -0.006
+ 1.5055 | £2.2294 | +0.040

700 pM 37 5000 562.8 945 | 6.280 | 28.241 14.161 0.505
MS2-CryA +1.0158 | £ 0.4649 | +0.013
70 pM 37 2500 1130 1.37 | 3.147 | 32.169 19.158 0.344
MS2-CryA +1.3789 | £0.7147 | £0.031

7 pM 40 3000 940 0 3.962 | 31.615 23.346 0.201
MS2-CryA +1.3571 | £0.9579 | +0.036
0.7 pM 40 5000 562.8 0 6.280 | 31.897 27.756 0.089
MS2-CryA +1.1681 | £1.1372 | =0.034
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74.5 Data analysis

NMR data analysis. Data processing included application of an apodization filter and
Fourier transformation (NMRPipe software), and integration and normalization of the area under
the peak corresponding to Xe@water (Matlab, The Math Works Inc.). Saturation profiles were
fitted to exponential functions and error analysis was performed using the nlinfit and niparci
functions of Matlab.
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Chapter 8: A '**Xe-based MRI Contrast Agent Assembled on the M13
Bacteriophage Viral Capsid

8.1 Introduction

Molecular imaging aims to detect the presence of biomolecules and map their spatial
distribution in vivo. Of particular interest are tissue biomarkers, where the early detection of
disease-specific markers, when they exist at very low concentrations, can maximize the diag-
nostic and prognostic value of molecular imaging. In the case of magnetic resonance imaging
(MRI), due to its inherent lack of signal sensitivity, it is difficult to generate contrast between
normal and diseased tissue during these early disease stages with conventional techniques.
Consequently, exogenous contrast agents are often employed to generate unique contrast,
since many contrast agents can be detected at low concentrations, enhancing signal sensitivity.

The most common agents, principally gadolinium chelates,' enhance water relaxation
through paramagnetic interactions. Other types of agents include paramagnetic shift reagents
(e.g., anisotropic lanthanide chelates) which enable chemical exchange saturation transfer (CEST)
contrast (i.e., PARACEST),? super-paramagnetic iron oxide (SPIO) field perturbation agents,* and
agents incorporating or composed of non-proton nuclei, including thermally polarized (**F)* and
hyperpolarized nuclei (®*C, *He, '*°Xe, "N, '°F).>® Despite improvements, these MRI contrast agents
still lack the sensitivity of positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) nuclear medicine techniques in which radioactive tracers can
be detected at sub-nanomolar concentrations,'® the necessary detection threshold for clinically
relevant molecular imaging applications.

Recently developed MRI contrast agents called xenon biosensors" have demonstrated
the ability to utilize the complementary sensitivity enhancements of both hyperpolarized (hp)
129Xe and CEST detection.”? The resulting hyperCEST contrast mechanism has demonstrated
detection thresholds of these biosensors that are several orders of magnitude lower than those
of the previously mentioned MRI agents, down to 10 nM.® Xenon biosensors employ crypto-
phane-A molecular cages (CryA)** to reversibly bind xenon atoms that have been dissolved
into environments such as aqueous tissue. To improve the detection sensitivity of biosensors
further, multiple copies of CryA have been assembled onto supramolecular scaffolds, including
branched dendrimers™ and viral capsids (see Chapter 7).'6

In this Chapter, the application of viral capsids for '*?Xe-based MRI contrast agents was
extended to filamentous bacteriophage. This class of viral capsids was used as a scaffold for
constructing a contrast agent for two reasons. First, filamentous phage, such as the M13 and
fd types, are routinely used in phage display techniques for identifying new epitope-targeting
groups such as peptides and antibody fragments."'® Consequently, established phage display
techniques can produce M13 or fd phage that have high binding affinities for application-spe-
cific targets such as biomarkers of disease. Second, the single-stranded DNA of the M13 bacte-
riophage is coated with approximately 2700 identical copies of its major coat protein (p8), upon

Todd Stevens and Matt Ramirez contributed to the work presented in this chapter.
Portions of the work described in this chapter have been reported in a separate publication.*
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which a large number of CryA cages can be covalently attached using site-specific protein
bioconjugation techniques (Figure 8-1A).°*2The result is an increase in CryA payload per targeted
biomarker that is bound by the modified phage. Additionally, phage modification also presents
an opportunity to decorate the CryA-bearing scaffold with polyethylene glycol (PEG), which can
aid in the solubility and biocompatibility of the agent. The extent to which the hyperCEST-based
contrast scales with the number of CryA cages per agent is dependent on several parameters,
including changes in the xenon exchange dynamics and bound '**Xe linewidths (due to slower
molecular tumbling of the macromolecular scaffold), and thus must be investigated.

The purpose of this study was to investigate the feasibility of using M13 filamentous bacte-
riophage modified with CryA molecular cages as a '*?Xe-based MRI contrast agent, to compare
the hyperCEST response of this phage-based agent relative to unscaffolded CryA-ONH, (8.2),
and to establish an in vitro concentration threshold for detecting CryA-modified M13.

A
Bacteriophage M13
s N ) \! 7
s p8 (2700 copies) p7.,9
p3
B 1) 8.1, PEG-5k{ONH,)
CH 100 mM Pyridoxal 10 mM Aniline R’O‘N
3 H Phosphate (PLP) H pH6.0,1h H
N—p8 > N—p8 > J\f( N—p8
HoN »  H;C ~ H3C
o pH 6.5, 18 h o 2)18.02, CMry: o
wt-p8 k-p8 pHrg iy p8-PEG-5k
N-terminal Ala N-terminal Ketone - or
p8-CryA

N

X

Mot~ O HO

g o\kx
07 ~OH g

X X 0
8.1, PEG-5k-ONH, 8.2, X = OMe @ O «
CryA-ONH, =

Figure 8-1.  Structure and construction of an M13-CryA biosensor.

(A) Cartoon of M13 filamentous bacteriophage with significant proteins labeled with arrows. The double slash indicates that
the phage is much longer than shown when scaled to the minor coat proteins. (B) Chemical scheme illustrating the transam-
ination and attachment of synthetic molecules to M13 phage. The N-termini of the p8 proteins (blue ovals) were transam-
inated to yield thousands of ketones along the length of the capsids. The ketones were then reacted with aminooxy-func-
tionalized PEG polymers (8.1, PEG-5k-ONH,), followed by reaction with aminooxy-functionalized cryptophane A cages (8.2,
CryA-ONH,), to construct the M13-based biosensor.

0O

N
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Scheme 8-1. Synthesis of aminooxy-functionalized CryA peptide 8.2 (CryA-ONH).
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8.2 Results and Discussion

8.2.1 Construction of an M13-CryA biosensor

Synthetic components can be introduced onto the surface of filamentous phage through
several bioconjugation strategies.””?*** Recently, we applied an N-terminal specific biocon-
jugation method for modifying filamentous phage containing scFvs with fluorophores and
polymers and verified that modified phage maintained their cell binding properties.?>?>2¢ Based
on this success, we utilized the same N-terminal specific chemistry to construct an M13-based
xenon biosensor (Figure 8-1B). First, the N-termini of the coat proteins were transaminated
using pyridoxal 5-phosphate (PLP) to introduce ketone groups. The ketone-containing M13
phage (k-M13) were purified through a series of precipitations and resuspensions. To improve
solubility and bioavailability of the construct, some of the ketone groups were reacted with an
aminooxy-functionalized 5 kDa polyethylene glycol polymer (PEG-5k-ONH,, 8.1).”” Following gel
filtration purification, the PEG-modified M13 (M13-PEG) was reacted with an aminooxy-func-
tionalized CryA peptide (CryA-ONH,, 8.2) to modify some of the remaining N-terminal ketone
groups. CryA-ONH, was synthesized using solid phase peptide synthesis (SPPS, see Scheme 8-1).
The resulting M13-PEG-CryA conjugate, termed the M13-CryA biosensor, was purified by gel
filtration chromatography. The dual modification with both PEG and CryA was required to ensure

— 164 —


l 
l 
l 
l 
l 
l 
l 

Chapter 8: A 129Xe-based MRI Contrast Agent Assembled on the M13 Bacteriophage...

the aqueous solubility of the phage following a high level of modification with hydrophobic
CryA cages. This was accomplished by controlling the amount of PEG-5k modification (approxi-
mately 28%, Figure 8-2) to allow sufficient access to unreacted ketone groups by CryA-ONH,. The
amount of CryA modification was balanced with PEG-5k modification to achieve the goal of both
high CryA payload and aqueous solubility of the construct. Ultimately, the M13-CryA biosensor
reflected a compromise between these two objectives.

The M13-CryA biosensor was characterized by reversed-phase HPLC (Figure 8-2) and elec-
trospray ionization mass spectrometry (not shown). On average, the M13-CryA biosensors were
approximately 39% modified with CryA cages, corresponding to approximately 1050 copies/
phage. Subsequently, the construct was dissolved in Dulbecco’s phosphate-buffered saline

- wt-p8

M13

s wt-p8 and k-p8

p8-PLP adduct

N

k-M13

p8-PEG-5k

Relative Intensity

M13-PEG

p8-PEG-5k and p8-CryA -

67% M13-CryA Biosensor

8 10 12 14 16
Time (min)

Figure 8-2. Characterization of modified M13 phage by RP-HPLC.

Wt M13, ketone-labeled M13 (k-M13), PEG-modified M13 (M13-PEG), and M13-CryA phage were denatured and subjected to
RP-HPLC analysis. Only the major coat protein, p8, could be detected. The chromatograms revealed the p8-PEG and p8-CryA
modifications had overlapping retention times. On average, the p8 coat proteins of the M13-CryA biosensor were approxi-
mately 28% modified with PEG-5k (760 copies) and approximately 39% modified with CryA (1050 copies).
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(DPBS, pH 7.4) to evaluate its hyperCEST response profile.
8.2.2 Characterization of the M13-CryA biosensor by 'Xe NMR

Xenon gas was introduced into a solution of xenon biosensors using a continuous-flow
bubbling system (illustrated in Figure 8-3A).? The output from a xenon polarizer (spin exchange
optical pumping) was connected to a 5-mm NMR tube modified with inlet and outlet arms,
allowing for direct delivery of hp *Xe into the solution via a capillary running to the bottom of
the NMR tube (illustrated in Figure 8-3B). While this method facilitated the rapid dissolution of
xenon gas, bubbling through a solution of phage introduced complications, including foaming
and the mechanical stress of bubbles on phage integrity. To determine the compatibility of
xenon bubbling with the M13-CryA biosensor, we assessed the stability of the biosensor’s satu-
ration response profile in comparison to unscaffolded CryA-ONH,. As expected, for a 2.5 uM
solution of unscaffolded CryA-ONH, (2.5 uM in CryA) in DPBS (Figure 8-4A), a region of saturation
centered at 60 ppm, characteristic of Xe@CryA, was observed. However, for a 1.2 nM solution of
M13-CryA biosensor (2 uM in CryA) in DPBS (Figure 8-4B), while a region of saturation centered at
60 ppm was also observed, the signal intensity decreased with time (i.e., the maximum signal at
the beginning of the experiment, depicted in green circles, is greater than the signal at the end

A

Optical Pumping
Apparatus

Gas Mix
(2% Xe, 10% N, 88% He)

Flow Control
(0.5 SLM)

Figure 8-3. Schematic of the NMR experimental setup allowing for continuous gas flow.
(A) The simplified flow path of the xenon gas mixture, including polarization via a spin exchange optical pumping polarizer,
introduction of the gas into the biosensor solution via bubbling through a small capillary, and valves for pausing gas flow

during NMR acquisitions. (B) A zoomed in view of the bubbling setup using a modified 5 mm NMR tube allowing for contin-
uous gas flow.
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of the experiment, depicted in red circles). To minimize the potential stress that bubbling could
cause the phage protein, organic solvent (5% v/v dimethyl sulfoxide) was added to reduce the
solution’s surface tension and propensity to foam (Figure 8-4C). While the addition of organic
solvent appeared to stabilize the Xe@CryA signal of the M13-CryA biosensor, the absolute
signal intensity decreased, presumably due to the low tolerance of phage solubility in some
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Figure 8-4. The M13-CryA biosensor was unstable under a continuous gas flow system without addition of a
hydrophilic-lipophilic surfactant.

Comparison of the saturation response proﬁle for a solution of (A) unscaffolded CryA- ONH, (8.2,2.2 uM in CryA) in phosphate
buffer and the M13-CryA biosensor (2 uM in CryA) in (B) phosphate buffer, (C) 5% DMSO fn phosphate buffer, or (D) 0.002%
Pluronic F-68 in phosphate buffer revealed that the M13-CryA biosensor was only stable under bubbling with the addition of
Pluronic F-68. Shown are the saturation peaks corresponding to the Xe@CryA chemical shift at approximately 60 ppm and the
Xe@water chemical shift at 192 ppm (referenced to the Xe gas chemical shift). As illustrated, the saturation response around
the Xe@CryA peak decreases over time rather than remaining constant.
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Figure 8-5. The hyperCEST response profile of the M13-CryA biosensor was similar to a concentration matched
sample of unscaffolded CryA-ONH,.

Comparison of the saturation response profile for a solution of 2.3 nM M13-CryA biosensor (2.2 uM in CryA) stabilized with
0.002% Pluronic F-68 and a CryA-concentration matched solution of unscaffolded CryA-ONH, (8.2, 2.2 uM) revealed nearly
identical contrast. Shown are the saturation peaks corresponding to the Xe@CryA chemical shift at approximately 60 ppm and
the Xe@water chemical shift at 192 ppm (referenced to the Xe gas chemical shift) acquired at 293 K.

organic solvents. After testing several additives that reduce the surface tension of water, we
found that the addition of a small amount (0.002% v/v) of a low hydrophilic-lipophilic balance
(HLB) surfactant (Pluronic F-68) could both minimize foaming and maintain M13-CryA biosensor
stability in solution during xenon bubbling (Figure 8-4D).

2Xe NMR measurements with filamentous bacteriophage modified with CryA were
performed using a 2.3 nM solution of M13-CryA biosensor in DPBS containing 0.002% v/v Pluo-
ronic F-68. This corresponded to approximately 2.2 uM CryA, so for comparison, a 2.2 uM solution
of unscaffolded CryA-ONH, was also prepared. The saturation response profile of each sample
was recorded by measuring the Xe@water signal as a function of the offset frequency of a radiof-
requency (RF) saturation pulse train at 293 K. This revealed the presence of any xenon popula-
tions exchanging with Xe@water (Figure 8-5). As expected, a region of saturation centered at 60
ppm, characteristic of Xe@CryA, was seen for both the M13-CryA biosensor and the unscaffolded
CryA-ONH, samples. Despite a 2.4 ppm downfield shift and broadness in the Xe@CryA response
of the M13-CryA biosensor compared to that of the unscaffolded CryA-ONH, (full width at half
minimum was 37.6 ppm and 13.2 ppm, respectively), the maximum contrast for both curves
were in good agreement (17% and 19%, respectively).

The hyperCEST contrast of the biosensor solutions was then measured as a function of
saturation time using the same saturation pulse but at two different temperatures, 293 K and
310 K (Figure 8-6A). Interestingly, the chemical shifts of Xe@CryA and Xe@water were shifted
downfield 2.8 ppm and 0.4 ppm, respectively, when heating the samples from 293 K to 310
K (see Table 8-1 in the Materials and Methods section). Nevertheless, the M13-CryA biosensor
and the unscaffolded CryA-ONH, displayed comparable contrast in a temperature dependent
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manner; contrast was generated more rapidly at the elevated temperature due to the faster
chemical exchange dynamics (e.g. residual signal after 5 s of saturation was 90% and 42% for
293 Kand 310 K, respectively).

To further characterize the M13-CryA biosensor, hyperCEST contrast was measured as a
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Figure 8-6. HyperCEST contrast was measured as a function of saturation time and biosensor concentration.

(A) The hyperCEST contrast for a solution of 2.3 nM M13-CryA biosensor and a CryA-concentration matched solution of
unscaffolded CryA-ONH, (8.2, 2.2 uM) was measured as a function of saturation time at 293 and 310 K. Saturation was applied
using a train of 500 Hz bandwidth dSNOB pulses, and the normalized residual signal was plotted (equivalent to 1 — hyperCEST
contrast). Longer saturation times produced more contrast for both samples. Shown is the mean contrast (n = 4) fit to an expo-
nential decay. Error bars represent the standard deviation. (B) The hyperCEST contrast for a dilution series of the M13-CryA
biosensor was measured as a function of saturation time at 310 K. Saturation was applied using a train of 3000 Hz bandwidth
dSNOB pulses, and the normalized residual signal was plotted. Shown is the mean contrast (n = 4) fit to an exponential decay.
Error bars represent the standard deviation. (C) Dose-response curves showing hyperCEST contrast as a function of M13-CryA
biosensor concentration for saturation times of (a) 10s, (b) 15 s, and (c) 20 s. The response is roughly logarithmic.
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Figure 8-7. The hyperCEST response of a 230 fM solution of the M13-CryA biosensor.

The hyperCEST response of 230 fM M13-CryA biosensor using a train of 3000 Hz bandwidth dSNOB pulses applied at the
Xe@CryA chemical shift (“on-resonance”) and at an equal distance on the downfield side of the Xe@water chemical shift
(“off-resonance”). An outlying on-resonance data point is shown by the dashed line. Both groupwise and paired Student’s t
tests showed significant contrast (4.8%, or 3.7% with inclusion of the outlier) between the data sets corresponding to the two
saturation frequencies (p < 0.01).

function of biosensor concentration and saturation time (Figure 8-6B). For all four concentra-
tions of the M13-CryA biosensor used in the dilution series, CEST contrast was clearly visible in
the saturation time curves, and the decrease in residual signal for each concentration was accu-
rately represented by an exponential decay with saturation time. For these very dilute solutions,
the CEST contrast for a given saturation time decreased roughly logarithmically with decreasing
M13-CryA concentration (Figure 8-6C).

Impressively, when a 230 fM M13-CryA biosensor solution was evaluated, statistically signif-
icant contrast was observed (Figure 8-7). Despite the presence of an outlying on-resonance
data point (greater than 3 standard deviations from the group mean; Figure 8-7, right side of
dashed line), a mean contrast of 3.7% was measured (p < 0.01 for groupwise and paired t tests).
Excluding the outlying point resulted in a mean contrast of 4.8%.

The improved per-CryA sensitivity in the current study (@ 230 fM M13-CryA biosensor
loaded with 1050 CryA copies per M13 phage yields 242 pM CryA concentration) relative to
previous reports using CW-based saturations™ highlights the utility of using dSNOB trains
with higher B, strengths for saturating exchanging xenon signals.” We hypothesize that the
sensitivity gain may arise from semi-coherent inversions of the slowly exchanging xenon spins
(Tyeacrya S approximately 6 ms at 310 K) when using short and strong dSNOB pulses, thus increasing
the dynamic range of the altered magnetization being passed back to the bulk Xe@water pool.

When considering specific absorption rate (SAR) constraints for in vivo applications of '**Xe-
based biosensors, it is favorable to note that due to the low gyromagnetic ratio of '*Xe relative to
'H, the peak B, field strengths reported must be divided by 3.62 when comparing to SAR-equiv-
alents of saturations applied at 'H carrier frequencies for experiments such as PARACEST and
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magnetization transfer (i.e., SAR is proportional to ®,>= (yeB ), o *= (yeB )). Furthermore, some
preliminary results suggest that lower duty cycle dSNOB saturation trains using inter-pulse delays
may allow for much lower power deposition with only modest reductions in CEST contrast.?

8.3 Conclusions

This work demonstrated that M13 filamentous bacteriophage is an effective molecular
scaffold for multivalent CryA assembly, resulting in a '**Xe-based contrast agent that can be
detected at concentrations as low as 230 fM. This detection threshold represents the best
per-agent sensitivity demonstrated for an NMR or MRI contrast agent to date. Additionally, we
verified that CryA produces similar levels of hyperCEST contrast whether in M13-scaffolded or
unscaffolded forms, which helps to maximize the per-agent sensitivity of the M13-CryA biosensor

The dramatic sensitivity demonstrated by the M13-CryA biosensor makes it an advanta-
geous choice for further development towards targeted molecular MRI applications. In Chapter
9, we exploit this observation to investigate the utility and biocompatibility of antibody-targeted
versions of phage-based CryA biosensors for molecular imaging applications.

8.4 Materials and Methods

8.4.1 General procedures and materials

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. Pyridoxal 5-phosphate (PLP) mono-
hydrate was obtained from Aldrich. All reaction flasks were oven dried prior to use and mois-
ture-sensitive reactions were performed in flame-dried flasks under a N, atmosphere. Analytical
thin layer chromatography (TLC) was performed with 60 A silica gel plates (EMD) and visualized
by staining with cericammonium molybdate, ninhydrin, or by absorbance of UV light at 254 nm.
Flash chromatography was performed with 60 A 230-400 mesh silica (Silicycle). Organic extracts
were dried over MgSO,, and solvent was removed by reduced pressure with a R-114 rotovapor
(Buchi) equipped with a self-cleaning dry vacuum pump (Welch). If necessary, products were
further dried by reduced pressure with an Edwards RV5 high vacuum pump.

Water used in biological procedures was distilled and deionized using a Milli-Q Gradient
ultrapure water purification system (Millipore). Dulbecco’s phosphate-buffered saline (DPBS)
was obtained from Sigma. Unmodified M13 bacteriophage cultures were obtained from James
Marks (University of California, San Francisco).

8.4.2 Instrumentation

NMR. All 'H and "C spectra are reported in ppm and referenced to solvent peaks. Spectra
were obtained on Bruker AVB-400, AVQ-400, AV-500, or AV-600 spectrometers. Coupling
constants (J) are reported in Hz.

Absorbance spectra. Absorbance readings were collected on a Molecular Devices Spec-
traMax 190 UV-Vis absorbance plate reader or a Thermo Scientific Nanodrop 2000 spectropho-
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tometer.

High performance liquid chromatography (HPLC). Purification of small molecules was
performed using reversed-phase (RP) HPLC on a Rainin Dynamax SD-200 system equipped with
a Varian UV-Vis detector (model 345) and a Microsorb C18 analytical column (4.6 x 250 mm) at a
flow rate of T mL/min, a semipreparative column (10 x 250 mm) at a flow rate of 4 mL/min, or a
preparative column (21.4 x 250 mm) at a flow rate of 20 mL/min. HPLC samples were filtered with
a Pall Life Sciences Acrodisc CR 13 mm syringe filter equipped with a 0.2 um PTFE membrane
prior to injection.

Modified and unmodified M13 phage were analyzed by RP-HPLC on an Agilent 1100 Series
HPLC System (Agilent Technologies) with an inline diode array detector (DAD) and an Zorbax
300SB-CN column (Agilent) at a flow rate of 1.0 mL/min. Samples were centrifuged prior to
injection to pellet insoluble material.

Matrix assisted laser desorption-ionization time-of-flight (MALDI-TOF) MS. MALDI-TOF
MS was performed on a Voyager-DE system from PerSeptive Biosystems (Applied Biosystems).
Samples were co-crystallized using saturated solutions of sinapinic acid in 60% acetonitrile, 40%
water with 0.1% trifluoroacetic acid.

Electrospray ionization (ESI) MS. High-resolution ESI mass spectra were obtained at
the QB3 Mass Spectrometry Facility (UC Berkeley) using an LTQ Orbitrap XL hybrid mass spec-
trometer (Thermo Fisher). Low-resolution ESI mass spectra were obtained using an LTQ-XL mass
spectrometer.

Liquid chromatography coupled to mass spectrometry (LC-MS) was performed with an
Agilent 1100 Series HPLC (Agilent Technologies) system that was connected in-line with an API
150EX mass spectrometer (Applied Biosystems). The mass spectrometer was outfitted with a
Turbo lonspray ionization source. A binary solvent system consisting of buffer A (0.1% formic
acid in water (v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)) was employed. The LC was
performed using a Zorbax 300 SB-CN column (Agilent).

129Xe NMR. All ®Xe NMR data were acquired on a 7.05 T vertical bore spectrometer
(Varian) equipped with a 26 channel shim set and a dual-tuned ("H/'**Xe) radiofrequency saddle
coil (i.d. = 5 mm). **Xe was hyperpolarized (P = 5%) via spin-exchange optical pumping with
a MITI XenoSpin polarizer (GE Healthcare, formerly Nycomed Amersham). The gas mixture for
polarization consisted of 2% xenon (natural abundance), 10% nitrogen, and 88% helium. After
polarization, gas flowed through plastic tubing directly into a 5 mm NMR tube outfitted with gas
inlet and outlet arms (Figure 8-3). The NMR tube was pressurized to 584 kPa with the polarized
gas mixture. Prior to each pulse sequence repetition, the gas mixture was bubbled at a total
flow rate of approximately 0.5 SLM to saturate the solution with hyperpolarized '**Xe, and the
solution was allowed to settle to clear any bubbles before data were collected. The gas transit
time from the polarizer was minimized by diverting approximately 90% of the total gas flow
from the polarizer through a bypass just prior to the capillary input. All data were collected with
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a 25 kHz spectral width and an acquisition time of 0.5 s. Saturation consisted of a train of dASNOB
pulses®*® without inter-pulse delays.?

8.4.3 Chemical synthesis

Aminooxy-functionalized 5 kDa polyethylene glycol (8.1) has been reported.”

Aminooxy-functionalized CryA peptide (8.2). First, a water solubilizing tetraglutamic
acid peptide (7.7) was prepared on polystyrene Wang resin (1.2 mmol/g, 100-200 mesh) using
standard Fmoc solid-phase peptide synthesis (SPPS) with N_-Fmoc protected amino acids, DIPEA,
and HOBT/HBTU ester activation in DMF. A 5-fold excess of amino acid was used for the coupling
steps, which involved gentle rotation for 3 h. Fmoc removal was achieved with 20% piperidine in
DMF (2 x 10 min). Next, the aminooxy functionality was installed by coupling 7.16 using the above
coupling conditions for 5 h to generate compound 7.17. A linker was subsequently installed using
Fmoc-6-aminohexanoic acid (Fmoc-Ahx-COOH) and the same coupling conditions as above to
give compound 8.3. Finally, the peptide was capped at the N-terminus using a 2.5 fold excess
of CryA (6.1) using the above coupling conditions for 12-20 h. The product was cleaved using a
cocktail of TFA:water:triisopropylsilane (95:2.5:2.5) for 2.5 h and then precipitated in methyl tert-
butyl ether. The crude product was purified by RP-HPLC using a C18 column to yield peptide 8.2.
A stock solution of the aminooxy-functionalized CryA-peptide was prepared by dissolving the
purified solid in DPBS and adjusting the pH with sodium hydroxide until the solution became
clear. ESI-MS(-) calculated for C_H, .N,O, (M-3H)’: 588.57 Da found 588.49 Da (M-3H)>".

8.4.4 Experimental

Expression and purification of M13 bacteriophage. The expression and purification of
M13 bacteriophage were performed according to established procedures.>'3* Phage concen-
tration was determined by measuring the absorbance and calculating according to Equation

_1.34
8 (Abs269nm 'Abs320nm ) *6x10"
# base pairs in the phage genome

phage concentration (per mL) = (8-1)

Transamination of Bacteriophage M13. Bacteriophage M13 were transaminated to
introduce ketone groups at the N-termini* of their coat proteins using the following final reaction
concentrations: 65 nM M13 and 100 mM pyridoxal 5-phosphate in 150 mM phosphate buffer, pH
6.3. After 20 h at RT, the resulting transaminated M13 (k-M13) were purified through a series of
precipitations and resuspensions in DPBS to remove excess PLP. First, the solution of k-M13 was
diluted to 10 mL with DPBS and precipitated for 1 h at 4 °C after the addition of 0.15 volumes
of a solution of 20% 8 kDa polyethylene glycol polymer (PEG-8k) and 2.5 M NaCl and vigorous
mixing. The solution was centrifuged at 9,000 rpm for 20 min. The phage pellet was resuspended
in 30 mL DPBS and then the precipitation, centrifugation, and resuspension was repeated three
more times, before resuspending in a final volume of 1-2 ml of DPBS. The concentration of k-M13
was calculated by measuring the absorbance as described in Equation 8-1.
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M13-CryA biosensor construction. Bacteriophage M13 were modified with CryA cages
following established procedures for oxime formation on k-M13.22 After transamination, oxime
formation first proceeded between k-M13 and aminooxy-functionalized 5 kDa polyethylene
glycol polymer (PEG-5k-ONH,, 8.1) using the following final reaction concentrations: 20 nM k-M13,
20 mM 8.1, and 10 mM aniline in 150 mM phosphate buffer, pH 6.0. After 1 h at RT, the resulting
M13-PEG construct was purified by gel filtration using an Illustra Nap-5 column (GE Healthcare).
The concentration was calculated by measuring the absorbance as described in Equation 8-1,
and RP-HPLC quantified the extent of PEG-5k labeling. Next, the M13-PEG construct was further
modified with aminooxy-functionalized CryA peptide (8.2) using the following final reaction
concentrations: 13 nM M13-PEG, 240 uM 8.2, and 100 mM aniline in 150 mM phosphate buffer,
pH 5.5. After 22 h at RT, the resulting M13-PEG-CryA construct, termed the M13-CryA biosensor,
was purified by gel filtration using an lIllustra Nap-5 column. The concentration was calcu-
lated by measuring the absorbance as described in Equation 8-1, and RP-HPLC quantified the
extent of CryA labeling. Purified M13-CryA biosensors were stored in DPBS at 4 °C until needed.
ESI-HRMS(+): 6988.87 Da (avg. mass), found 6988.46 Da (avg. mass).

Characterization of M13 phage by RP-HPLC. Approximately 0.5 nmol of M13 phage were
analyzed by RP-HPLC using a binary solvent system consisting of buffer A (0.1% trifluoroacetic
acid in water (v/v)) and buffer B (0.1% trifluoroacetic acid in acetonitrile (v/v)). The elution gradient
was 35% buffer B for the first 4 min, ramping to 70% buffer B over 15 min, then to 95% buffer B
over the next 1 min, and a 10 min wash with 95% buffer B at a flow rate of 1T mL/min.

Characterization of M13 phage by LC-MS. Approximately 0.2 nmol of M13 phage were
analyzed by LC-MS using a binary solvent system consisting of buffer A (0.1% formic acid in water
(v/v)) and buffer B (0.1% formic acid in acetonitrile (v/v)). The elution gradient was 35% buffer B
for the first 4 min, ramping to 70% buffer B over 15 min, then to 95% buffer B over the next 1
min, and a 10 min wash with 95% buffer B, at a flow rate of 250 pL/min. Extracted ion chromato-
grams were deconvoluted with Analyst software (Applied Biosystems) to generate protein mass
reconstructions.

Preparation of M13-CryA biosensor solutions for 2?Xe NMR. All M13-CryA phage solutions
were prepared in 650 uL of DPBS, DPBS containing 5% dimethyl sulfoxide, or DPBS containing
0.002% v/v Pluronic (BASF, Edison NJ), a low hydrophilic-lipophilic balance (HLB) surfactant.

hyperCEST settings for '*Xe NMR. Saturation response profiles were recorded by
measuring the Xe@water signal as a function of the offset frequency of the saturation pulse train.
The offset frequency was varied over a range of approximately -32 ppm to 390 ppm centered
about the Xe@water chemical shift. The acquisition order was randomized to allow for retro-
spective correction of linear drift of hyperpolarized '**Xe signals where required. Saturations
consisted of a train of shaped RF pulses, known as dSNOB pulses. For the saturation response
profile, a train of 500 Hz bandwidth was used (the pulse length (Tpulse) was 5.64 ms, the maximum
RF intensity (maax) was 59 uT, and the total saturation time () was 105s).

at
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For saturation time curves, the solutions were bubbled for 25 s with a wait period of 2 s.
A train of 3000 Hz bandwidth dSNOB pulses was applied (T e = 940 us, B, | =352 T), and
the number of pulses was varied to change the total saturation time (t_ =0, 1, 2, 5, 10, 15, 20 s).
Contrast was quantified by comparing the Xe@water signal from two separate saturations, one
after application of the pulse train on-resonance at the frequency of Xe@CryA, and the second
after application equidistant from, but on the opposite side of the Xe@water peak (off-reso-
nance). These frequencies were found to vary modestly due to the association with M13 (Xe@
CryA) as well as with temperature (Xe@CryA and Xe@water); the exact frequencies used in these
experiments are presented in Table 8-1. Given the differences in saturation times, a variable
post-acquisition delay was employed to maintain a constant repetition time (TR). Furthermore,
it should be noted that undesirable T, weightings were already absent from the experiment due
to the use of refreshed hyperpolarized signals. Plots of the normalized residual signal, equal to (1
- hyperCEST contrast), were generated, illustrating the magnitude of the hyperCEST effect alone.
Furthermore, the CEST dynamics were compared at both 293 K and 310 K.

To investigate the M13-biosensor concentration dependence of CEST contrast on and
determine a detection threshold, plots of residual signal versus saturation time were generated
for a dilution series of the biosensor (2.3 nM, 230 pM, 23 pM, 2.3 pM) at 310 K. The hyperCEST
saturation and NMR acquisition parameters were identical to those described above for the satu-
ration time curves. Finally, a 230 fM M13-CryA biosensor solution was evaluated as the lower limit
concentration using a single saturation duration of 20 s. To minimize '?°Xe signal variability from
acquisition to acquisition, long bubbling and wait times of 40 s and 10 s, respectively, were used.

Preliminary experiments using unmodified M13 were used to confirm the absence of
exchangeable signals in the ?*Xe saturation response profile due to the phage itself. Additionally,
experiments in solvent alone were used to confirm the absence of baseline asymmetries in the
Xe@water signal due to the application of 500 Hz and 3000 Hz bandwidth dSNOB pulse trains
(peak B, and train durations matched to those used in the respective agent experiments) at the
on-resonance and off-resonance frequencies (e.g. > 10000 Hz from the Xe@water frequency).

Table 8-1.  The relevant frequency offsets used for hyperCEST measurements.

“On” and “off” refer to the on-resonance and off-resonance frequencies at which RF
saturation was applied (referenced to the '*°Xe gas chemical shift).

Xe@CryA Xe@CryA
Temperature | Xe@water | caffolded) | (scaffolded)
293K 192.0 ppm 59.4 ppm (on) 61.8 ppm (on)
324.6 ppm (off) 322.2 ppm (off)
310K 192.4 ppm 62.2 ppm (on) 64.6 ppm (on)
322.6 ppm (off) 320.2 ppm (off)

8.4.5 Data analysis

NMR data analysis. Data processing was performed in MATLAB (version 7.13, R2011b, The
MathWorks). All data were line broadened with an 8 Hz Lorentzian and fitted in the time domain
using a nonlinear least-squares regression, producing signal amplitudes for subsequent analysis.
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Contrast for any given saturation time was quantified as follows: the Xe@water signal after
saturating at the chemical shift of Xe@CryA, I, was subtracted from the Xe@water signal after
a control saturation, | ., at a frequency separated by an equal distance but on the opposite
side of the Xe@water peak. This value, in turn, was normalized to | s tO yield the contrast value.

For analysis of the 230 fM M13-CryA biosensor solution, on-resonance and off-resonance
saturation data were analyzed with group wise and paired (one-tailed) Student’s t-tests for

statistical significance.
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Chapter 9: Molecular Imaging of Cancer Cells Using a Filamentous
Bacteriophage-based '*°Xe Biosensor

9.1 Introduction

The accurate detection and localization of clinically-relevant biomarkers in vivo is a great
challenge for molecular imaging, requiring both high sensitivity and molecular specificity.’
This is particularly true in screening and applications involving the early detection of diseased
tissue, where the ability to image disease progression non-invasively could improve patient
outcome. Magnetic resonance imaging (MRI) is a ubiquitous, non-invasive imaging technique
with sub-millimeter spatial resolution,? but its use in molecular imaging has been limited by
its poor sensitivity when applied to image molecules other than water."* This has led to the
development of contrast agents and MRI methods that improve sensitivity by modulating the
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Figure 9-1.  Structure and construction of an fd-CryA biosensor.

(A) Cartoon of fd filamentous bacteriophage with significant proteins labeled with arrows. Fd phage display single chain
antibody variable fragments (scFvs, blue hearts) on their minor coat protein (p3). The double slash indicates that the phage
is much longer than shown when scaled to the minor coat proteins. (B) Chemical scheme illustrating the transamination and
attachment of synthetic molecules to fd phage. The N-termini of the p8 proteins (blue ovals) were transaminated to yield
thousands of ketones along the length of the capsids. The ketones were then reacted with aminooxy-functionalized Crypto-
phane A cages (CryA-ONH,, 8.2) to generate the fd-CryA biosensor.

Matt Ramirez contributed to the work presented in this chapter.
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local magnetic environment of protons in water, including gadolinium chelators,* iron-oxide
particles,> and chemical exchange saturation transfer (CEST).* More recently, approaches that
utilize hyperpolarized (hp) ®C, *He, and '*Xe have been developed and used in clinical studies.”"°

In this Chapter, we expand upon the work from Chapters 7 and 8 by utilizing viral capsid-
based xenon biosensors for targeted imaging of cancer cells. Biosensors consist of a xenon-
binding host molecule, commonly cryptophane-A (CryA),"'? attached to targeting groups for
localization.” Initially, studies with xenon biosensors measured biological binding events in
solution. This was first achieved with biotin-functionalized biosensors binding streptavidin
beads,"” and subsequently with the detection of DNA hybridization,”® enzymatic cleavage
by matrix metalloproteinase-7 ligand binding to human carbonic anhydrase* and an a,, 3,
integrin,?’ and peptide complex formation with a major histocompatibility complex protein.*
Once the cellular compatibility of xenon biosensors was established,??* xenon NMR was
performed with cells after targeting them with micromolar concentrations of a transferrin-func-
tionalized biosensor.?* While that study detected biosensor binding by measuring the Xe@CryA
chemical shift, non-specific binding was also observed.

Towards improving upon this work, we produced a multivalent xenon biosensor that
utilized antibody fragments to target cell surface biomarkers. We further sought to demonstrate
its ability to specifically recognize these biomarkers in living cells at concentrations required for
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Figure 9-2. Characterization of modified M13 phage by RP-HPLC.

(A) Wt fd, (B) ketone-labeled fd (k-fd), and (C) fd-CryA phage were denatured with guanidinium hydrochloride and subjected
to RP-HPLC analysis. Only the major coat protein, p8, could be detected. (D) An inset for each chromatogram, focused on the
p8 elution region, revealed the p8-CryA modification (retention time of 14.37 min). The p8-PLP adduct resulted from an aldol
reaction.®?
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1) Phage Incubation:

0.7 nM fd phage Detection by:
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> _—
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Figure 9-3. Schematic of cell labeling with fd phage for flow cytometry and confocal microscopy experiments.
To evaluate phage binding, MDA-MB-231 (EGFR positive) and Jurkat (EGFR negative) cells were incubated with fd phage for2 h

at4°C. After removing unbound phage, those that remain bound to cells were detected using anti-fd bacteriophage antibody
and analyzed by flow cytometry and confocal microscopy.

molecularimaging. To accomplish this, we used fd filamentous bacteriophage that display single
chain antibody variable fragments (scFvs) on their minor coat proteins (p3, Figure 9-1A).> The
rod-like body of fd phage, which has 4,200 identical copies of the major coat protein (p8), can be
modified with proteins or synthetic molecules to create new materials.?52¢ Additionally, through
the use of phage display techniques, filamentous phage that display proteins as extensions of
their coat proteins can be evolved to bind small molecules, proteins, and metal ions with high
affinity and selectivity.? In this case, the scFvs recognized either the epidermal growth factor
receptor (EGFR) or, as a negative control, botulinum toxin serotype A (BONT), with nanomolar
to subnanomolar affinity.>°*2 Our biosensors were designed to target EGFR because it is a cell
surface receptor that is highly expressed in a variety of solid tumors, including breast cancer.*
EGFR expression levels can also be used to predict cancer progression and sometimes survival
rates,> making it an ideal cellular target for both therapeutics and molecular imaging applica-
tions.

9.2 Results and Discussion

9.2.1 Construction of an fd-CryA biosensor

Synthetic components can be introduced onto the surface of filamentous phage through
several bioconjugation strategies.?”3>3¢ Recently, we applied an N-terminal specific biocon-
jugation method for modifying filamentous phage containing scFvs with fluorophores and
polymers and verified that modified phage maintained their cell binding properties.?3"38
Additionally, we used the same chemistry to modify non-targeted M13 filamentous phage with
CryA to test the feasibility of using filamentous phage as xenon biosensors, and established that
there was no loss in sensitivity of phage-grafted CryA groups compared to equivalent concen-
trations of free CryA.* Based on this success, we used the same N-terminal specific chemistry
to construct a targeted fd-based xenon biosensor (Figure 9-1B). First, the N-termini of the coat
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proteins were transaminated using pyridoxal 5-phosphate (PLP) to introduce ketone groups.
After the ketone-labeled fd phage (k-EGFR and k-BONT) were purified, oxime ligation proceeded
with an aminooxy-functionalized CryA-peptide (8.2). The peptide appendage was necessary to
achieve aqueous solubility for CryA (see Chapter 7 for synthesis). After 22 h at RT, the resulting
fd-CryA biosensors (i.e.,, EGFR-CryA and BONT-CryA) were purified by gel filtration and charac-
terized by reversed-phase HPLC (Figure 9-2). On average, the biosensors were ~8% modified
with CryA cages, corresponding to ~330 copies/phage.

9.2.2 Characterization of the fd-CryA biosensor cell binding by flow cytometry and confocal micros-
copy

To verify that fd-CryA biosensors retained their binding specificity, the modified phage
were incubated with either EGFR positive or negative cells and characterized by flow cytometry
and confocal microscopy (Figure 9-3). First, anti-EGFR, k-EGFR, and EGFR-CryA phage, along
with their anti-BONT phage controls, were incubated for 2 h at 4 °C with either MDA-MB-231
cells (a breast cancer cell-line with high EGFR expression) or Jurkat cells (T-cells with low EGFR
expression). The bound phage were fluorescently stained using an anti-fd bacteriophage
antibody and analyzed by flow cytometry (Figure 9-4). All anti-EGFR phage constructs displayed
high binding specificity to MDA-MB-231 cells, with little-to-no non-specific binding to Jurkat
cells. Additionally, the negative control anti-BONT phage constructs showed low binding to
MDA-MB-231 cells, indicating that the CryA modification did not produce significant non-spe-

500.0 1 ® MDA-MB-231 Cells

m Jurkat Cells

400.0 1 7.0 -
6.0 -

300.0 1 501
4.0

' 3.0
200.0 1 20
] 1.0

] 0.0

EGFR k-EGFR EGFR-CryA

EGFR k-EGFR EGFR-CryA BONT k-BONT BONT-CryA
Phage Constructs

Absolute Fluorescence Intensity

—
o
o
o

Figure 9-4. EGFR-CryA phage maintained their cell-binding specificity.

Flow cytometry indicated that all three EGFR phage constructs bound similarly to MDA-MB-231 cells (EGFR positive), but they
did not bind to Jurkat cells (EGFR negative). In contrast, all three BONT phage constructs did not bind to MDA-MB-231 cells,
indicating that the CryA modification did not produce non-specific binding. The inset is an enlargement of the Jurkat cell

binding data. Shown is a representative experiment from three biological replicates, each performed in triplicate. Error bars
represent the standard deviation.
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Figure 9-5. EGFR-CryA phage bound the cell surface of MDA-MB-231 cells.

(A) Confocal microscopy revealed that all three EGFR phage constructs bound to MDA-MB-231 cell surfaces, but they did not
bind to (B) Jurkat cells. Phage constructs were detected with an anti-fd bacteriophage antibody. Channels for nuclear staining
(blue, DAPI) and phage labeling (green, FITC) along with the brightfield and merged images are shown; scale bars are 20 um.
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cific binding. Next, we used confocal microscopy to determine how the EGFR-CryA biosensor
bound the MDA-MB-231 cells (Figure 9-5). Fluorescence microscopy revealed predominantly
cell-surface binding with minimal cell internalization or non-specific binding. Having confirmed
the binding specificity of the EGFR-CryA biosensor, we proceeded to characterize the hyperCEST
response of biosensor-labeled cells with '>Xe NMR.

9.2.3 Characterization of the EGFR-CryA biosensor cell binding by '2*Xe NMR

Xenon gas was introduced into cell solutions using a continuous-flow bubbling system.*°
The output from a xenon polarizer was connected to a 5-mm NMR tube modified with inlet
and outlet arms, allowing for direct delivery of hp '**Xe into the solution via a capillary running
to the bottom of the NMR tube (illustrated in Figure 9-6B). While this method facilitated the
rapid dissolution of xenon gas, bubbling through a solution of cells introduced complications
including foaming and the mechanical stresses of bubbles on cell integrity. To determine the

A
1) Phage Incubation:
0.7 nM EGFR-CryA
MDA-MB- 2hat4°C - BII or Detection by:
231 2) WaShlng 29%e NMR
3x DPBS + 1% BSA
EGFR(+) 3x Media
1) Phage Incubation:
0.7 nM EGFR-CryA
2hat4°C +« [ Unlabeled Detection by:
2) WaShing: cell 29Xe NMR
3x DPBS + 1% BSA
EGFR(-) 3x Media
Gas Mix OUT Gas Mix IN
| $ (2% Xe, 10% N,, 88% He)
Xe@water
Xe@CryA
Biosensor-
labeled Cell

Figure 9-6. Schematic of cell labeling with the EGFR-CryA biosensor for live-cell 129Xe NMR experiments.

(A) MDA-MB-231 (EGFR positive) and Jurkat (EGFR negative) cells were incubated with the EGFR-CryA biosensor for 2 h at 4 °C.
After removing unbound phage, those that remain bound were detected by xenon NMR. (B) Live-cell Xe NMR experiments
were performed in a modified 5 mm NMR tube allowing for continuous gas flow.
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Figure 9-7.  Cell viability over the time course of a typical set of 129Xe NMR experiments.

MDA-MB-231 and Jurkat cell viability were measured during an NMR experiment using a continuous flow system where '**Xe
was bubbled into a solution of 100 million cells/mL. Cell aliquots were removed at each time-point and viability was measured
by uptake of a fluorescent nuclear dye, 7-AAD, which can penetrate compromised cell membranes. Fluorescence intensity
for each time point was quantified by flow cytometry. Shown is the average of three biological replicates, each performed in
triplicate. Error bars represent the standard deviation.

compatibility of xenon bubbling with live-cell NMR measurements, we assessed the viability
of Jurkat and MDA-MB-231 cells over the time course of a typical set of NMR experiments. As a
reporter of cell viability, we measured the uptake of a DNA intercalating dye, 7-aminoactinomycin
D (7-AAD), after cells were bubbled with a xenon gas mixture for up to 2 h. We found that while
most of the Jurkat cell membranes remained intact, a significant number of MDA-MB-231 cells
had compromised membranes within 90 min (Figure 9-7). Taking into account both cell viability
and the propensity for sample foaming, we limited the duration of bubbling experiments to 70
min for any one solution of cells.

To perform '®Xe NMR with live-cells, the EGFR-CryA biosensor was incubated with either
MDA-MB-231 or Jurkat cells for 2 h at 4 °C at a concentration of 100 million cells/mL (Figure 9-6A).
After unbound biosensor was rinsed away, the saturation response profile of each sample was
recorded by measuring the Xe@water signal as a function of the frequency of a RF saturation
pulse train. This revealed the presence of any xenon populations exchanging with Xe@water
(Figure 9-8A). As expected, a region of saturation centered at 70 ppm, characteristic of Xe@CryA,
was seen with MDA-MB-231 cells. The same feature was not observed with Jurkat cells, estab-
lishing the specificity of the EGFR-CryA biosensor. To verify that both cells were incubated with
identical concentrations of the EGFR-CryA biosensor, cell labeling solutions were analyzed by
hyperCEST in the same manner and each showed a strong saturation at 70 ppm, confirming the
presence of the EGFR-CryA biosensor (Figure 9-9).

The hyperCEST contrast of the cell solutions was quantified by comparing the Xe@
water signal after saturating at 70 ppm to that of a symmetrically placed control RF pulse train
applied at 320 ppm (Figure 9-8A, inset). While the MDA-MB-231 cell solution exhibited 16.0 +
9.4% contrast, the Jurkat cell solution exhibited essentially no contrast (1.4 + 4.6%). Contrast was
then measured as a function of saturation time using the same saturation pulse but varying the
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number of pulses (Figure 9-8B). While saturation durations of 3 s were sufficient to generate 12.3
+ 4.4% in the solution of MDA-MB-231 cells, increasing that time provided marginal benefits.
For instance, doubling the saturation length to 6 s yielded just 15.6 + 3.6%, and a 15 s saturation
period produced only 21.3 + 12.3%, less than half the contrast of a pulse train 5 times shorter.
To characterize biosensor labeled-cells further, hyperCEST contrast was measured as a
function of cell concentration to estimate the cellular detection limit for xenon NMR (Figure
9-8C). A saturation pulse train of higher intensity was used in an effort to create as much contrast
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Figure 9-8. The hyperCEST response of cells labeled with the EGFR-CryA biosensor is specific to MDA-MB-231.

(A) Comparison of the saturation response profiles indicated that the EGFR-CryA biosensor was bound only by MDA-MB-231
cells, as evidenced by the dip at 70 ppm. Saturation consisted of a train of 500 Hz bandwidth dSNOB pulses swept from 0 to
400 ppm (referenced to the '**Xe gas frequency) in steps of 5.4 ppm. Dashed lines indicate the offset frequencies used for
saturation pulse trains in B and C, while the dotted line shows the chemical shift of Xe@water. Inset: hyperCEST contrast of
each sample was quantified using the same dSNOB pulse train. Shown is the mean contrast (n = 10). Error bars represent the
standard deviation (* p < 0.001). (B) hyperCEST contrast was measured as a function of saturation time using a train of 500 Hz
bandwidth dSNOB pulses. Longer saturation times produced more contrast for the MDA-MB-231 sample, but had negligible
effect on the Jurkat sample. Shown is the mean contrast (n = 4) plotted as open circles with an exponential fit illustrated with
a solid line. Error bars represent the standard deviation. (C) The minimum number of cells needed for hyperCEST contrast
was explored using a train of 1000 Hz bandwidth dSNOB pulses. Shown is the mean contrast (n = 10). Error bars represent the
standard deviation (** p < 0.01).

— 186 —



Chapter 9: Molecular Imaging of Cancer Cells Using a Filamentous Bacteriophage...

A B Supernatant, MDA-MB-231 B
B Supernatant, Jurkat

IS ! 100% T
5 1.0 - _
® | | B 80%
S 08} : : 2
= : : S 60% |
® 06} ! ! =
N ' ' B e
S 04} : | o 40% |
N ' ! 2
£ 02} ! - Z 20% t
: -

0 11 L 1 O%

400 300 200 100 0 By ms =31 0T Bims =62 1T
Saturation Offset (ppm) Saturation Condition

Figure 9-9. Analysis of supernatant confirmed that both cells were incubated with comparable concentrations
of the EGFR-CryA biosensor.

(A) Comparison of the saturation response profiles indicated that both cell labeling solutions contained an equivalent amount
of the EGFR-CryA biosensor, and further served to verify the precise location of the Xe@CryA spin pool. Saturation consisted
of a train of 500 Hz bandwidth dSNOB pulses swept from 0 to 400 ppm (referenced to the *Xe gas frequency) in steps of 5.4
ppm. Each point was collected in a single acquisition. (B) Comparison of hyperCEST contrast between cell labeling solutions
using the same dSNOB pulse train as in A, as well as a higher intensity dSNOB pulse train (1000 Hz bandwidth). Shown is the
mean contrast (n = 10). Error bars represent the standard deviation.

as possible. Though the overall contrast was low and somewhat variable (6.4 + 9.0%), a statis-
tically significant difference in contrast (P < 0.01) between the two samples was generated at
concentrations as low as 50 million cells/mL, and we envision that the cellular detection limit will
be lowered with improvements to the experimental set-up. For example, the sensitivity can be
improved by two orders of magnitude by isotopic enrichment of xenon, by its separation from
the buffer gas mixture used for polarization, and by increasing its polarization.*' Additionally, the
dissolution of hp '*Xe via gas-exchange membranes, as opposed to bubbling, should result in
more uniform signal distribution while reducing harmful perturbations of the cells.*?

The negative contrast of the Jurkat cell solution (Figure 9-8c) was the result of the broad,
asymmetric response profile to the symmetric RF saturation pulse train. This phenomenon was
also observed with unlabeled Jurkat and MDA-MB-231 cells, but was not seen in the media alone
(Figure 9-10), suggesting the existence of another xenon population in the regime of intermedi-
ate-to-fast exchange with Xe@water. This could be xenon associated with cell membranes (Xe@
cell). Although a distinct Xe@cell peak was not observed in the direct spectra (Figure 9-11B),
unique chemical shifts have been reported for xenon associated with bacteria and mammalian
cells,*** and the Xe@water linewidth observed for cell solutions (Figure 9-11B) is consistent with
exchange broadening.

9.3 Conclusions

In this study, we have successfully created a targeted, viral capsid-based xenon biosensor
that recognizes the EGF receptor with high specificity. We have also demonstrated its utility for
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Figure 9-10. The baseline hyperCEST response of unlabeled MDA-MB-231 and Jurkat cells and their growth
media.

(A, B) Comparison of the saturation response profiles between unlabeled cells and growth media revealed a broad and asym-
metric response centered around 200 ppm only in the solution of cells. Saturation consisted of a train of 500 Hz bandwidth
dSNOB pulses swept from -8.4 to 398.4 ppm (referenced to the '*Xe gas frequency) in steps of 5.4 ppm. Dashed lines indicate
the offset frequencies used for saturation pulses in C and D, while the dotted line shows the chemical shift of Xe@water. (C,
D) Comparison of the hyperCEST contrast between unlabeled cells and growth media revealed that negative contrast was
unique to cell solutions and increased with longer saturation times, but was not observed in the growth media alone. Shown
is the mean contrast (n = 6). Error bars represent the standard deviation.

live-cell 2°Xe NMR with hyperCEST detection. Importantly, our modular design of the biosensor
makes it a versatile contrast agent suitable for many molecularimaging applications. For instance,
because we have shown that fd phage with scFvs maintain their binding specificity after N-ter-
minal modification, we can immediately access xenon biosensors for a variety of cellular targets
using phage display techniques. Additionally, beyond modifying the phage surface with CryA
cages, we can introduce virtually any aminooxy-functionalized molecule, including fluorophores
for multimodal MR/optical imaging, and polyethylene glycols for enhanced in vivo pharmacody-
namics.?®* In the future, we intend to leverage this potential to build xenon biosensors that can

be used for in vivo MRI of lung and other cancers.
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Figure 9-11. '>*Xe NMR spectra of media showed a single peak whose linewidth depended upon sample compo-
sition.

(A) The cell labeling solution, i.e., EGFR-CryA biosensor in media, showed a narrow peak at 195 ppm (linewidth = 0.03 ppm),
the expected chemical shift of Xe@water. (B) In contrast, samples of MDA-MB-231 cells labeled with the EGFR-CryA biosensor
exhibited a broad peak at 195 ppm (linewidth = 0.28 ppm) with a much lower signal-to-noise ratio (SNR). Although a second

peak (for Xe@cell) was not observed directly, the data are consistent with xenon exchange on the timescale of the frequency
separation between the media and cells (i.e., exchange broadening). Spectra were collected at 37 °Cin a single shot.

9.4 Materials and Methods

9.4.1 General procedures and materials

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. All reaction flasks were oven dried
prior to use and moisture-sensitive reactions were performed in flame-dried flasks Emder aN,
atmosphere. Analytical thin layer chromatography (TLC) was performed with 60 A silica gel
plates (EMD) and visualized by staining with cericammonium molybdate, ninhydrin, or by absor-
bance of UV light at 254 nm. Flash chromatography was performed with 60 A 230-400 mesh
silica (Silicycle). Organic extracts were dried over MgSO,, and solvent was removed by reduced
pressure with a R-114 rotovapro (Buchi) equipped with a self-cleaning dry vacuum pump (Welch).
If necessary, products were further dried by reduced pressure with an Edwards RV5 high vacuum
pump.

Water used in biological procedures was distilled and deionized using a Milli-Q Gradient
ultrapure water purification system (Millipore). Dulbecco’s phosphate-buffered saline (DPBS) was
obtained from HyClone Laboratories and fetal bovine serum (FBS) was obtained from Omega
Scientific. FACs buffer was prepared as 1% fetal bovine serum (FBS) in DPBS. Blocking buffer was
prepared as 1% bovine serum albumin (BSA) in DPBS.

94.2 Instrumentation

NMR. All 'H and C spectra are reported in ppm and referenced to solvent peaks. Spectra
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were obtained on Bruker AVB-400, AVQ-400, AV-500, or AV-600 spectrometers. Coupling
constants (J) are reported in Hz.

Absorbance spectra. Absorbance readings were collected on a Thermo Scientific
Nanodrop 2000 spectrophotometer.

High performance liquid chromatography (HPLC). Purification of small molecules and
peptides were performed using reversed-phase (RP) HPLC on a Rainin Dynamax SD-200 system
equipped with a Varian UV-Vis detector (model 345) and a Microsorb C18 analytical column (4.6
X 250 mm) at a flow rate of T mL/min, a semipreparative column (10 x 250 mm) at a flow rate of
4 mL/min, or a preparative column (21.4 x 250 mm) at a flow rate of 20 mL/min. HPLC samples
were filtered with a Pall Life Sciences Acrodisc CR 13 mm syringe filter equipped with a 0.2 um
PTFE membrane prior to injection.

Modified and unmodified fd phage were analyzed by RP-HPLC on an Agilent 1100 Series
HPLC System (Agilent Technologies) with an inline diode array detector (DAD) and a Zorbax 300
SB-CN column (Agilent) at a flow rate of 1 mL/min. Samples were centrifuged prior to injection
to pellet insoluble material.

Matrix assisted laser desorption-ionization time-of-flight (MALDI-TOF) MS. MALDI-TOF
MS was performed on a Voyager-DE system from PerSeptive Biosystems (Applied Biosystems).
Samples were co-crystallized using saturated solutions of sinapinic acid in 60% acetonitrile, 40%
water with 0.1% trifluoroacetic acid.

Electrospray ionization (ESI) MS. High-resolution ESI mass spectra were obtained at
the QB3 Mass Spectrometry Facility (UC Berkeley) using an LTQ Orbitrap XL hybrid mass spec-
trometer (Thermo Fisher). Low-resolution ESI mass spectra were obtained using an LTQ-XL mass
Spectrometer.

Flow cytometry. Experiments were performed on a BD Biosciences FACSCalibur flow
cytometer, and data analysis was performed using FlowJo software (Tree Star). At least 2x10*
live cells were analyzed for each sample. Cell viability was ascertained by gating the samples on
the basis of forward scatter (to sort by size) and side scatter (to sort by granularity). The average
fluorescence intensity was calculated from each of three replicate experiments to obtain a mean
value in arbitrary units.

Confocal Microscopy. Images were acquired on a Zeiss laser-scanning microscope 710
equipped with a 405 nm diode laser and a 488 nm Ar laser using the Zen software (Carl Zeiss,
2009) to control the instrument (courtesy of Prof. Christopher Chang (UC Berkeley)).

129Xe NMR. All ?°Xe NMR data were acquired on a 400 MHz Varian VNMRS console using
a commercial, dual-tuned "H/broadband probe. **Xe was hyperpolarized (P = 2%) via spin-ex-
change optical pumping with a home-built apparatus.** The gas mixture for polarization
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consisted of 2% xenon (natural abundance), 10% nitrogen, and 88% helium. After polarization,
gas flowed through plastic tubing directly into a 5 mm NMR tube outfitted with gas inlet and
outlet arms (Figure 9-6B). The tube was pressurized to 482.6 kPa with the polarized gas mixture,
temperature was regulated at 37 °C, and xenon was dissolved into the sample solution by
flowing through a capillary running to the bottom of the NMR tube at a rate of 0.3-0.35 SLM for
10 s. The bubbling period was followed by a wait period of at least 4 s to allow the solution to
settle. Saturation consisted of a train of dSNOB pulses,* whose utility for hyperCEST has been
recently demonstrated.394¢

9.4.3 Chemical synthesis

Detailed synthesis and characterization of the aminooxy-functionalized CryA-peptide
(8.2) can be found in Chapter 8.

9.4.4 Experimental

Cell culture. All cells were maintained according to ATCC guidelines, grown in a 5% CO,,
humidified atmosphere at 37 °Cin media (Jurkat: RPMI medium 1640; MDA-MB-231: DMEM/High
glucose) supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (0.1 mg/mL).

Expression and purification of fd bacteriophage. The expression and purification of fd
bacteriophage displaying anti-EGFR or anti-BoNT scFvs were performed according to established
procedures.?®3%32 Phage concentration was calculated by measuring the absorbance according
to Equation 8-1.

fd-CryA biosensor construction. fd bacteriophage displaying anti-EGFR or anti-BoNT
scFvs were modified with CryA cages according to established procedures.?®*° Briefly, the phage
underwent a pyridoxal 5-phosphate (PLP) mediated transamination reaction to introduce ketone
groups at the N-termini of their coat proteins using the following final reaction concentrations:
65 nM fd and 100 mM PLP in 150 mM phosphate buffer, pH 6.3, for 18 h at RT. The ketone-la-
beled phage (k-fd) were purified through a series of precipitations and resuspensions in DPBS
to remove excess PLP. Oxime formation then proceeded between k-fd and aminooxy-func-
tionalized CryA-peptide using the following final reaction concentrations: 30 nM k-fd, 400 uM
aminooxy CryA, and 100 mM aniline in DPBS, pH 5.5. After 22 h at RT, the resulting fd-CryA
biosensors (i.e.,, EGFR-CryA and BONT-CryA) were purified by gel filtration using an lllustra NAP-5
column (GE Healthcare). Purified fd-CryA biosensors were stored in DPBS at 4 °C until needed.

Characterization of fd phage by RP-HPLC. Approximately 0.5 nmol of fd phage were
combined with 1 M Guanidinium hydrochloride (from a 6 M stock in DPBS) and incubated at RT
for 10 min. Denatured phage were analyzed by RP-HPLC using a binary solvent system consisting
of buffer A (0.1% trifluoroacetic acid in water (v/v)) and buffer B (0.1% trifluoroacetic acid in aceto-
nitrile (v/v)). The elution gradient was 35% buffer B for the first 4 min, ramping to 70% buffer B
over 15 min, then to 95% buffer B over the next 1 min, and a 10 min wash with 95% buffer B.
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Quantification of fd bacteriophage binding to cells by flow cytometry. Jurkat cells were
transferred into a 50 mL Falcon Tube and MDA-MB-231 cells were washed with DPBS, trypsinized,
and then transferred into a 50 mL Falcon tube. Cells were centrifuged at 1300 rpms for 3 min and
washed once into DPBS. Cells were counted using a hemocytometer and then washed twice
with cold FACs buffer and placed on ice. After a final resuspension, 3x10° cells were transferred
into a 600 pL Eppendorf tube, pelleted (1300 rpms for 3 min), and then resuspended in 90 uL of
either cold FACs buffer or a solution of 0.7 nM fd phage in cold blocking buffer. Cell solutions
were mixed and allowed to incubate for 2 h at 4 °C on a rotator. Cells were centrifuged at 1300
rpms for 3 min, resuspended in 120 pL of cold FACs buffer, and 40 uL each were transferred
into three wells in a 96-well V-bottom plate (Costar), placing 1x10° cells into each well for trip-
licate measurements. Cells were washed twice with 190 pL of cold FACs buffer (centrifugation
in between each wash step was performed on a RC5C centrifuge (Sorvall) with a SH3000 rotor
(Sorvall) at 2500 rpms for 3 min). To quantify phage bound to cells, cells were resuspended in 100
uL of anti-fd Bacteriophage IgG antibody (Sigma) that was diluted 1:500 in cold FACs buffer. After
a 45 min incubation on ice, cells were washed three times with 190 pL of cold FACs buffer. The
cells were then resuspended in 100 pL of anti-Rabbit IgG-FITC antibody (Southern Biotech) that
was diluted 1:400 in cold FACs buffer. After a 45 min incubation on ice and in the dark, cells were
washed three times with 190 pL of cold FACs buffer. Finally, cells were resuspended in 400 pL of
cold FACs buffer and subjected to flow cytometry. Cells were analyzed by gating on the live cells
and quantifying their fluorescence in the FL1 channel.

Fluorescence microscopy of fd bacteriophage binding to cells. MDA-MB-231 cells were
seeded at 250,000 cells/mL into each well of a 4-well removable chamber slide (LabTek Il) with
500 pL of media and grown for 48 h until they were approximately 90% confluent. Cells were
washed with 500 pL DPBS and then three times with 500 pL of cold blocking buffer (by pipetting
into each well). Cells were then incubated with 150 uL of a 0.7 nM phage solution in cold blocking
buffer. For Jurkat cells, they were grown in a 10 mL T-flask (Nunc) for 48 h. Cells were centrifuged
at 1300 rpms for 3 min, washed once into DPBS, counted using a hemocytometer, and then
washed twice into cold blocking buffer. After a final resuspension in blocking buffer, 3x10° cells
were transferred into a 600 pL Eppendorf tube, pelleted (1300 rpms for 3 min), and then resus-
pended in 50 pL of a 0.7 nM phage solution in cold blocking buffer. All cell solutions were incu-
bated for 2 h at 4 °C. Cells were washed three times with 500 pL cold blocking buffer (either by
pipetting for MDA-MB-231 cells or by centrifugation for Jurkat cells). Phage bound to cells were
detected using an antibody labeling approach as described above. After the final wash step,
cells were fixed with the addition of 200 uL of 4% paraformaldehyde in DPBS for 10 min at RT.
Cells were washed once with cold blocking buffer and prepared for imaging. For MDA-MB-231
cells, after the 4-well chamber was removed, 1 drop of mounting media with DAPI (Vectashield,
Vector Laboratories) was added to each cell population and then covered with a coverslip. For
Jurkat cells, cells were resuspended in 100 uL of FACs buffer, 8 uL were added to a slide and
combined with 8 pL of mounting media with DAPI, and then covered with a coverslip. Images
were acquired on a LSM 710 confocal microscope.

— 192 —



Chapter 9: Molecular Imaging of Cancer Cells Using a Filamentous Bacteriophage...

Cell viability during »Xe NMR. Jurkat cells were transferred into a 50 mL Falcon Tube
and MDA-MB-231 cells were washed with DPBS, trypsinized, and then transferred into a 50 mL
Falcon tube. Cells were centrifuged at 1300 rpms for 3 min and washed once into their appro-
priate media (Jurkat: RPMI medium 1640 + antibiotics; MDA-MB-231: DMEM/High glucose +
antibiotics). Cells were counted using a hemocytometer and then washed twice into their appro-
priate media supplemented with 0.02% L-81 (v/v), a low molecular weight hydrophilic-lipophilic
balance surfactant to minimize foaming.*® After a final resuspension, 55x10° cells were trans-
ferred into a 1.5 mL Eppendorf tube in a final volume of 550 uL (Jurkat: RPMI medium 1640 +
antibiotics + 0.02% L-81; MDA-MB-231: DMEM/High glucose + antibiotics + 0.02% L-81), so that
the final concentration was 100x10° cells/mL, and stored on ice until needed. The cell solutions
were transferred into a 5 mm NMR tube modified to incorporate inlet and outlet arms. The inlet
was connected to the capillary holder, which was in turn connected to the polarizer and pres-
surized to 482.6 kPa. The sample was placed in the magnet with the temperature controlled at
37 °oC where it was bubbled for 10 s at a flow rate of 0.3-0.35 SLM with the hp gas mixture (2%
natural abundance Xe, 10% N,, 88% He). The bubbling period was followed by a wait period of
10 s, which covered both the settling time as well as the saturation time. Every 20 min the NMR
tube was removed from the spectrometer, depressurized, and a 15 uL aliquot of the cell solution
was removed and placed on ice. Before returning the NMR tube to the spectrometer, 15 pL of the
appropriate media (Jurkat: RPMI medium 1640 + antibiotics + 0.02% L-81; MDA-MB-231: DMEM/
High glucose + antibiotics + 0.02% L-81) was added to the phantom to maintain a constant
volume of 550 L. Cell viability at each time-point was assessed by exclusion of a fluorescent dye,
7-Aminoactinomycin D (7-AAD, BD Pharmingen), which can readily pass through compromised
membranes to intercalate double-stranded DNA. Briefly, cell solutions were washed once into 1
mL of cold FACs buffer, pelleted (1300 rpms for 3 min), and then resuspended in 100 uL of cold
FACs buffer. After addition of 5 uL of 7-AAD, cell solutions were incubated for 10 min at RT. Cell
solutions were then diluted with the addition of 300 L of cold FACs buffer and subjected to
flow cytometry. Cells were analyzed, without gating, by quantifying their fluorescence in the FL3
channel.

Cell labeling with the EGFR-CryA biosensor for >*Xe NMR. Jurkat cells were transferred
into a 50 mL Falcon Tube and MDA-MB-231 cells were washed with DPBS, trypsinized, and then
transferred into a 50 mL Falcon tube. Cells were centrifuged at 1300 rpms for 3 min and washed
once into DPBS. Cells were counted using a hemocytometer and then 120x10° cells were trans-
ferred into a 2.0 mL Eppendorf tube, pelleted (1300 rpms for 3 min), and washed twice into
cold blocking buffer. Cells were resuspended in 1500 uL of a 0.7 nM solution of the EGFR-CryA
biosensor in blocking buffer. Cell solutions were mixed and allowed to incubate for 2 h at 4
°C on a rotator. Cells were washed twice with 1 mL of blocking buffer, twice with 1 mL of the
appropriate media (Jurkat: RPMI medium 1640 + antibiotics + 0.02% L-81; MDA-MB-231: DMEM/
High glucose + antibiotics + 0.02% L-81), and then resuspended in a final volume of 1200 pL of
the appropriate media and stored on ice until needed (100 pL were saved for analysis by flow
cytometry and 2 aliquots of 550 uL remained for NMR). The cell solutions were transferred into a
5 mm NMR phantom for NMR measurements.
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hyperCEST settings for live-cell ?Xe NMR. Saturation response profiles were recorded
by measuring the Xe@water signal as a function of the offset frequency of the saturation pulse
train. The offset frequency was varied in steps of 5.43 ppm over a range of approximately 400
ppm centered about the Xe@water chemical shift (76 acquisitions in total). Saturations consisted
of a train of shaped RF pulses, known as dSNOB pulses. For the saturation response profile and
corresponding contrast measurement, a pulse with 500 Hz bandwidth was used (the pulse
length (t_,.) was 5.64 ms, the maximum RF intensity (B, _)was 54 T, the rms RF intensity (B, )
was 31 T, N ises = 1712,t_ =105).

For saturation time curves, the same pulse was used, but the number of pulses was varied
to change the total saturation time (t_ =0, 1,3,6,15s; Nouses = 0r 177, 532, 1063, 2568). Contrast
was quantified by comparing Xe@water signal from two separate saturations, one after appli-
cation of the pulse train on-resonance at the frequency of Xe@CryA (69.6 ppm), and the second
after application equidistant from, but on the opposite side of the Xe@water peak (317.6 ppm).
The off-resonance saturation was used to account for any undesired direct saturation of the
bulk aqueous Xe pool, which would otherwise be attributed to hyperCEST contrast. For contrast
quantification of lower cell concentrations, a pulse with 1000 Hz bandwidth was used (t_, =

pulse

282ms, B, =108 T, B =62y, n = 3546, t_, = 10 s). Spectra were acquired with 30.5

1,max pulses

kHz spectral width in 1 s.

hyperCEST settings for cell labeling solutions (supernatant). Saturations consisted of a
train of shaped RF pulses, known as dSNOB pulses. For the saturation response profile a pulse
with 500 Hz bandwidth was used ( =564ms,B =54yl B =314l n ouses = 1712, ¢ =
10 s). For the contrast measurement, an addltlonal pulse with 1000 Hz bandW|dth was used (
=2.82ms,B __ =108T,B  =62uT,n =3546,t =105).

pulses

ulse

1,rms

hyperCEST settings for unlabeled cells and media. Saturations consisted of a train of
shaped RF pulses, known as dSNOB pulses. A pulse with 500 Hz bandwidth (T e = 564 Ms) was
used for all saturation response profiles, though exact intensity and saturation times differed:
for Jurkat cells (B, . =112 T, B, =64 T, Noses = 1773, 1, =10 s), for RPMI media (B, =58
T, Bl,rm =33 T, npulses 887t .= 5 s), and for both MDA- MB-231 cells and DMEM medla ( I
47\T, B, =27yl n . = 1773 t_. = 10 s). Contrast was quantified using two different pulses
either a lower intensity 500 Hz bandW|dth dSNOB pulse totaling 5s (t T o= 5.64 ms, N ises = 887),
or a higher intensity 1000 Hz bandwidth dSNOB pulse totaling 10 s (Tpulse: 2.82 ms, N ises = 5319).
For Jurkat cells and RPMI media, a maximum intensity of 58 uT and 112 pT was used for 500 Hz
and 1000 Hz bandwidth pulses, respectively, while MDA-MB-231 cells and DMEM media utilized

maximum intensities of 47 uT and 94 uT, for 500 Hz and 1000 Hz bandwidth pulses, respectively.
9.4.5 Data analysis

NMR data analysis. Data processing was performed in MATLAB (version 7.13, R2011b, The
MathWorks). FIDs were zero-filled to 16384 points, baseline corrected, and apodized with an 11
Hz exponential before Fourier transform and subsequent phase correction. For each spectrum,
the area under the Xe@water peak was summed, and this value was used for later analyses and
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plots. All reported contrast values were the result of averaging either 4 or 10 pairs of off-reso-
nance/on-resonance saturations. Contrast for the j-th pair of values was calculated according to
Equation 9-1 using the Xe@water signal after off- and on-resonance saturation, (e and on,j
respectively).

!

i

|di_kri|
Score = (9-1)
core Hf( o2

The mean and standard deviation were calculated from this final set of contrast values. A
two-tailed Student’s t-test was used to determine statistical significance between data sets. All
data were visually inspected to verify normality, and an outlier test was applied to search for
potential outliers. Grubb’s test was used on data sets consisting of 10 measurements, and no
outliers were found. Dixon’s Q test was applied to the saturation time curve data and revealed
the presence of 1 outlier in the Jurkat data at the 15 s time point. This value was removed and
the mean and standard deviation were re-calculated. Both tests were conducted at the 95%
confidence level.
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Appendix A: Detailed MS Results for Chapter 3 (IsoStamp)

A.1 Index of Orbitrap data files used for computing the computational detec-
tion rates

Samples containing the indicated quantity of halogen-tagged BSA in the presence of 10
pg of Jurkat whole cell lysate were subjected to LC-MS analysis on an LTQ Orbitrap XL (resolution
=60,000) mass spectrometer.

0.03 ORB4844 ORB4804 ORB4798 ORB4707
0.08 ORB4876 ORB4805 ORB4799 ORB4793
0.15 ORB4846 ORB4806 ORB4800 ORB4794
0.3 ORB4877 ORB4807 ORB4879 ORB4708
0.8 ORB4855 ORB4808 ORB4801 ORB4795
1.5 ORB4856 ORB4809 ORB4802 ORB4796
3 ORB4857 ORB4878 ORB4714 ORB4709
30 ORB4797

A.2 Index of Orbitrap data files used for computing the manual detection rates

Samples containing the indicated quantity of halogen-tagged BSA were subjected to
LC-MS analysis on an LTQ Orbitrap XL (resolution = 60,000) mass spectrometer.

30 ORB4852 ORB4803 ORB4710 ORB4704
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A.3 Index of Orbitrap data files from directed LC-MS/MS

Samples containing the indicated quantity of dibromide-labeled BSA in the presence of
10 ug of Jurkat whole cell lysate were subjected to an inclusion list driven LC-MS/MS experiment
using the IsoStamp method on an LTQ Orbitrap XL (resolution = 60,000) mass spectrometer. The
false discovery rate (FDR) for database search results are shown.

D:grgm;;igla::l&dmﬁg;)n Fullscan | Directed | 'FDR
3.0 ORB17011 | ORB17013 < 8%
1.5 ORB17089 | ORB17093 <8%
0.8 ORB17087 | ORB17091 < 8%
0.3 ORB17191 | ORB17193 <8%

'Although a high FDR was used during the initial database search, all spectra were manually validated.

A.4 Index of Orbitrap data files from data-dependent LC-MS/MS

Samples containing the indicated quantity of acetamide-labeled BSA in the presence of 10
pg of Jurkat whole cell lysate were subjected to a data-dependent LC-MS/MS experiment (where
the 10 most abundant ions were fragmented, Top10) on an LTQ Orbitrap XL (resolution = 60,000)
mass spectrometer. The false discovery rate (FDR) for database search results are shown.

3.0 ORB17019 0.8%
1.5 ORB17085 1.0%
0.8 ORB17189 0.9%
0.3 ORB17187 1.0%
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A.5 Computational detection rate for each single cysteine-containing BSA
peptide

The computational detection rate for each single cysteine-containing BSA peptide from
searching a sample containing the indicated quantity of halogen-tagged BSA in the presence of
10 pg of Jurkat whole cell lysate. Numbers in each column indicate the number of ions computa-
tionally found for each peptide listed (where the ion could be in the +1 to +5 charge state), while
values of “NA”" indicate that ions corresponding to that peptide were not expected to be found
because they were not identified from manual searching of 30 picomoles of BSA in the absence
of lysate (see Appendix A.2). lons found were compared against a pure BSA sample subjected to
tryptic digestion and analyzed by LC-MS/MS as a control for retention time and ionizability. Data
were obtained on an LTQ Orbitrap XL (resolution = 60,000) or Waters QTof Premier (resolution =
10,000) mass spectrometer.
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A.6 Manual detection rate for each single cysteine-containing BSA peptide

The manual detection rate for each single cysteine-containing BSA peptide from searching
a sample containing 30 picomoles of halogen-tagged BSA. Numbers in each column indicate the
number of ions manually found for each peptide listed (where the ion could be in the +1 to +5

charge state). Data were obtained on an LTQ Orbitrap XL (resolution = 60,000) or Waters QTof
Premier (resolution = 10,000) mass spectrometer.
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A.7 Comparison between data-dependent and directed detection rates for
each single cysteine-containing BSA peptide

A comparison between the data-dependent detection rate and the directed detection
rate for each single cysteine-containing BSA peptide from searching a sample containing the
indicated quantity of tagged BSA in the presence of 10 ug of Jurkat whole cell lysate. BSA was
either labeled with iodoacetamide for data-dependent analysis or dibromide tag 3.4 for directed
analysis. Numbers in each column indicate the number of ions found for each peptide listed
(where the ion could be in the +1 to +5 charge state). These ions were correlated to a peptide
sequence from a database search using the Sequest algorithm and manual searching of the
resulting peptide sequences to select the best matches; values of 0 indicate that the peptide
was not found in the dataset after filtering and manual searching. Data were obtained on an LTQ
Orbitrap XL (resolution = 60,000).
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Appendix B: Detailed MS Results for Chapter 4 (Isomix)

B.1 Tranche hash codes to access primary Orbitrap data

The primary data have been uploaded to Proteome commons repository and can be
accessed with the following Tranche hash codes:

1. Log-phase lysate, chymotrypsinized, IWV=4
m/4WtZoWOW65ME1k4u0grLrxQP6YRFNDA+3aw9zu2hf5Ba520E2uT51xF-
CaW1nyQFAGP2S9sUOK8tfDkIZ+RaxxpCbsAAAAAAAABgg==

2. Stationary-phase lysate, chymotrypsinized, IW=4
PQPA0ZXQJt+vLuKPbu4s9QENiXtyfekVENVR6qIDetY2tIEVTRnbuJB5ct)J7W1025IFRKSi-
82wY4imKcN5+6nIRudMYAAAAAAAABjw==

3. Log-phase lysate, trypsinized, IW=4
ZahfZfMVbddnSmhcYwinrZvbXpHRiul594TngBOPDzolINlygo1rE7p+eq8xEcWGd+3ty-
3gU6ezDwGruyc6YsQM2wwFcAAAAAAAABhA==

4, Stationary-phase lysate, trypsinized, IW=4
9fJusD5Sy/NGjKTrZLQ5c+MIVOpeb0fd/DhjNzbuzhLV7C9/4w2812IH1lheYjgiYH/bq1PvC-
JUOiafzeHuVKSsBVIWAAAAAAAABgg==

5. Log-phase lysate, chymotrypsinized, IW=2
f7cLLm1EbcJ4htjYLFxljukQJe2g391RoATznfhSL5SJqNvhxie29FpcCJIYiOWFKcxj7AyWEYn-
rHqrfW5PC3+AEWWUAAAAAAAABgg==

6. Stationary-phase lysate, chymotrypsinized, IW=2
unLet+AYfHLghn30rP5wB7P34ve/wC2fvs6vOVIFgugUxNXgdsNBSPdqwigi/9ql6k4BE-
JTykhH2rkpdSwDAUwYdg8AAAAAAAAABIQ==

7. Log-phase lysate, trypsinized, IW=2
AF/MBpK+xzL/RTrKwyrc3+5gFmwVRAoWMh6r)ysklkYbqR1EyTwOrZW/FEsScEHIA/Vx;ji-
aFO+3fUPVWMF3RaJQQI9N8AAAAAAAABFQ==

8. Stationary-phase lysate, trypsinized, IW=2
k6bLZj3Wtx7WC6IStBOJFOHURUWBZzDsiQ23573SZRdILadvbDufGS9061u-
zSUKTTBTu9310+1eso)ZvYE/MelbDjBDQAAAAAAAABhA==
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Appendix B: Detailed MS Results for Chapter 4 (Isomix)

B.2 The complete list of N-linked glycopeptides and their statistical indicators
of quality

This unified list of high-confidence N-glycosites in the yeast proteome reflects a combi-
nation of results from multiple experiments, conducted with trypsinized and chymotrypsinized
samples obtained from both stationary and mid-log phase cultures. Data were obtained on an
LTQ Orbitrap XL (resolution = 60,000) mass spectrometer.

The letter and numerical code for the “Notes” column:
1. Sequence ambiguity with YBR0O93C

2. Sequence ambiguity with YBR092C

3. Glycosite ambiguity with AnGTNSTTNTTTAESSQL

4. Doubly glycosylated

A.Log-phase lysate, trypsinized, IW =4

B. Log-phase lysate, chymotrypsinized, IW = 4

C. Stationary-phase lysate, trypsinized, IW = 4

D. Stationary-phase lysate, chymotrypsinized, IW = 4
E. Log-phase lysate, trypsinized, IW = 2

F. Log-phase lysate, chymotrypsinized, IW = 2

G. Stationary-phase lysate, trypsinized, IW = 2

H. Stationary-phase lysate, chymotrypsinized, IW = 2
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B.3 Glycosite ambiguity in a peptide from Ygp1.

(A) The isotopic envelope corresponding to the singly-glycosylated Ygp1 peptide ANGTN-
STTNTTTAESSQL is shown. Highlighted in teal is the peak selected from the inclusion list and the
4 Da IW used for fragmentation is shown in yellow. The peptide contains three potential sites for
N-glycosylation. (B) The CID fragmentation spectrum can be plausibly assigned to either ANGTN-
STTNTTTAESSQL or ANGTNSTTNTTTAESSQL, where the lowercase n indicates the glycosylated
residue. Due to low signal:noise for fragment ions covering the peptide’s N-terminus, definitive

assignment could not be made even after close examination of fragment ion envelopes.
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