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Abstract

Chemical Tools for Imaging Glycans in Living Systems
by
Pamela Vivian Chang
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Carolyn R. Bertozzi, Chair

Glycans are important mediators of many biological processes, including cell-cell
adhesion and communication as well as development, inflammation, and cancer cell metastasis.
The composition and expression of these biomolecules are known to change during these
physiological processes, and, accordingly, there has been much interest in profiling and imaging
glycans in vivo. While proteins can be visualized using fluorescent proteins such as GFP, glycans
are challenging targets for imaging because they are not genetically encoded. We have developed
a two-step method to equip glycans with reporter tags for isolation and visualization from living
systems known as the chemical reporter strategy. In our approach, an unnatural sugar, which
bears a small reactive functional group known as a chemical reporter, is metabolically
incorporated into cell-surface glycans. These reporters can then be detected via a covalent,
bioorthogonal reaction such as the Staudinger ligation or Cu-free click chemistry by delivery of
exogenous phosphine or cyclooctyne probes, respectively. If an affinity tag or imaging agent is
appended to the probe, this method allows for the enrichment and visualization of the labeled
glycoconjugates.

This thesis describes the development of new chemical tools for profiling and imaging
glycans and their extension to living systems. Chapter 1 provides an overview of recent advances
in imaging technologies, including the chemical reporter strategy, for visualizing non-
proteinaceous biomolecules such as glycans, lipids, nucleic acids, and small molecule
metabolites. Chapter 2 describes the application of Cu-free click chemistry using a panel of
cyclooctyne probes to glycan labeling in mice. Chapter 3 describes the synthesis of phosphine
and cyclooctyne imaging probes and the evaluation of their ability to image glycans in vivo.
Chapter 4 outlines the development of a new chemical reporter for detecting the monosaccharide
sialic acid and its application to the labeling of murine glycoconjugates. Finally, Chapter 5
presents a novel strategy for cell-selective labeling of glycans using a caged metabolic precursor.
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Chapter 1: Imaging beyond the proteome
Introduction

Molecular imaging is a powerful tool that has enabled the visualization of biomolecules
as they function in their native habitat (1). The ability to monitor biological events at the
subcellular level has shed light on many physiological processes, including protein trafficking,
protein localization, and protein-protein interactions (2). Arguably, the most widely used tool in
molecular imaging is the green fluorescent protein (GFP). The discovery and development of
GFP by Shimomura, Chalfie, and Tsien, who were rewarded the 2008 Nobel Prize in Chemistry
for their efforts, has enabled the tagging and imaging of many proteins of interest (3).

Though imaging of target proteins using fluorescent protein fusions has revolutionized
many areas of biology, extension of this strategy to other components of the cell that are not
genetically encoded such as glycans, lipids, and nucleic acids has remained challenging. While
proteins comprise the largest fraction of the cell, non-proteinaceous biomolecules also play
important roles in cell biology (4). Thus, the ability to directly visualize all the components of
the cell would allow for a more comprehensive understanding of cellular biochemistry. Here, we
discuss the development of emerging technologies that enable imaging beyond the proteome,
namely protein post-translational modifications such as glycosylation, phosphorylation,
methylation, and lipidation, as well as lipids, glycans, nucleic acids, small molecule metabolites,
and inorganic ions.

Fluorescent proteins

Traditionally, GFP has been genetically fused to the gene that encodes the protein of
interest in order to produce a chimeric protein that contains the fluorescent protein at its N- or C-
terminus (5). Although this strategy is routinely used to image proteins, several groups have
applied fluorescent proteins to image lipids, signaling molecules, and post-translational
modifications in the cell. Through protein-small molecule interactions, certain proteins can
faithfully report on the location of non-proteinaceous biomolecules in the cell such as
phosphoinositides.

GFP-tagged binding domains for imaging phosphoinositides

Phosphoinositides, phosphorylated derivatives of the lipid phosphatidylinositol, are
important regulators of cellular homeostasis and many signal transduction pathways (6). These
lipids are predominantly found in the inner leaflet of the plasma membrane and on the cytosolic
face of organelle membranes and are responsible for recruiting a wide variety of proteins.
Fluorescent protein fusions to the phosphoinositide-binding domains of these recruited proteins
have been used to study phosphoinositide dynamics in live cells using fluorescence microscopy
(7, 8).

Forster resonance energy transfer (FRET)-based sensors of signaling molecules

In addition to their contributions toward developing the fluorescent protein toolkit, Tsien
and co-workers have also developed a FRET-based reporter system for imaging secondary



messengers (3). They were initially interested in visualizing cyclic adenosine 3',5'-
monophosphate (CAMP), a small molecule that is involved in intracellular signal transduction.
Their first FRET reporter consisted of fluorescein-labeled catalytic subunits of cCAMP-dependent
protein kinase (PKA) and rhodamine-labeled regulatory subunits of PKA (9). Upon binding of
CAMP, the regulatory subunit of PKA dissociates from the catalytic subunit, thus causing a loss
in FRET between the two labels. Despite the utility of this probe, Tsien hoped to replace the
small molecule organic fluorophores with fluorescent proteins in order to enable imaging of
other proteins through genetic fusion (3). Using mutagenesis, they were able to develop GFP
with enhanced fluorescence and fluorescent proteins of different colors. Their group discovered
that the yellow fluorescent protein (YFP) is a good FRET acceptor for the cyan fluorescent
protein (CFP). Following this development, Pozzan and co-workers teamed up with the Tsien
laboratory to replace the two fluorophores with CFP and YFP (10). In their work, they
demonstrated that this fluorescent protein FRET-based reporter can be used to image CAMP in
stimulated rat cardiac myocytes (11). More recently, Dyachok et al. have developed a FRET-
based sensor to measure CAMP dynamics in pancreatic beta cells using ratiometric evanescent
wave microscopy (12, 13). For a comprehensive review of live-cell imaging of cCAMP dynamics,
see (14).

Peptide Binding
Protein

Analyte or PTM (@) Peptide Binding Protein | References
Calcium M13 Calmodulin 16-19
Glutamate YbeJ2 26-27

Kinase substrate |Phosphoaminoacid

peptide binding domains e

Phosphorylation

N-terminal region
Histone methylation | of the histone Chromodomains 47
protein H3

Casein kinase I

substrate peptide GafD 50

B-O-GIcNAc

aYbelJ is a bacterial glutamate-binding protein that undergoes significant
conformational change after binding glutamate

Figure 1-1. Genetically-encoded fluorescent protein-based FRET reporters of small molecules
and post-translational modifications. PTM = post-translational modification.

Tsien and co-workers also developed fluorescent protein FRET-based sensors of Ca?*,
one of the most important secondary messengers in cell biology (15). Dubbed ‘cameleons,’ these
indicators consisted of fusions between CFP, the Ca**-binding protein calmodulin (CaM), the
CaM-binding peptide M13, and YFP (Figure 1-1) (16). Increased levels of Ca** causes CaM to
bind to M13, thus changing the distance between the two fluorescent proteins and causing an
increase in FRET. More recently, an improved CaM-based FRET indicator was used to detect
single action potentials in neurons from brain slices and in vivo, a feat which was not possible
with previously existing Ca®* sensors (17, 18). The success of these probes, however, is limited
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by both sensitivity and impaired targeting efficiency due to the large size of the chimeric probe
(19). Thus, alternative fluorescent protein-based Ca** sensors have been developed. One class of
second-generation probes, named ‘camgaroos,’ is based on a single YFP which is pH sensitive
(20). Another second-generation Ca®* sensor, named ‘pericam’ because it is a circularly
permutated version of YFP, enables ratiometric measurements, or the simultaneous recording of
two distinct fluorescent signals that can allow for quantitative readouts (21). Imoto and co-
workers have developed a high-affinity Ca** probe composed of a single GFP fused to CaM and
M13 known as GCaMP (22). Others have developed an improved GCaMP sensor known as
GCaMP2, which has been used to image Ca®* in the murine heart (23) and to measure synaptic
activity in zebrafish (24). GCaMP3, a more recent improvement to GCaMP2, is brighter and has
a greater dynamic range as well as a higher affinity for Ca®* (25).

Fluorescent protein-based FRET reporters for sensing glutamate were also developed by
Tsien and co-workers and Frommer and co-workers. Glutamate is the major excitatory
neurotransmitter in the brain, and monitoring its levels could provide insight into many
neurological processes. Okumoto et al. have developed a FRET-based sensor consisting of CFP
fused to both a clamshell-shaped bacterial glutamate periplasmic binding protein (Ybel) and
YFP (Figure 1-1) (26). Hires et al. have improved this sensor by optimizing the linker sequences
and glutamate affinities to enhance its signal-to-noise ratio (27, 28).

A genetically-encoded fluorescent indicator of intracellular H,O, was developed by
Lukyanov and co-workers (29). H,O- is a reactive oxygen species (ROS) that is speculated to be
involved in paracrine signaling (30). Their design consisted of a fusion of a bacterial H,O,-
sensitive transcription factor (OxyR) to a circularly permutated YFP. Cysteine oxidation of the
OxyR portion induces a conformational change that changes the emission profile of the
fluorescent protein. This probe has been used to image peroxide production during wound
healing in zebrafish (31).

FRET-based sensors of protein post-translational modifications

Post-translational modifications of proteins are important regulators of protein function
(32). Genetically-encoded FRET probes based on the initial design pioneered by Tsien and co-
workers have been constructed for monitoring post-translational modifications such as
phosphorylation, methylation, and glycosylation (Figure 1-1) (33).

Protein phosphorylation by protein kinases is key for the activation of numerous signal
transduction pathways (34). The first FRET-based probes for phosphorylation, which sense
protein kinase A and protein tyrosine kinase activities, were developed by Matsuda and co-
workers and Tsien and co-workers (35, 36). These sensors consisted of CFP and YFP fused to a
consensus substrate for the relevant kinase and a binding domain (36-38). Improved versions of
these sensors with better specificity and reversibility have enabled visualization of protein
phosphorylation by the tyrosine kinase SrcA during cell mechanotransduction as well as
monitoring of protein kinase A activity during insulin signaling (39, 40). A number of groups
have developed similarly designed FRET-based sensors of kinase activity. These include probes
for Akt/protein kinase B (41, 42) and protein kinase C (43). For detailed reviews, see (33) and
(35). More recently, Kapoor and co-workers have examined the dynamics of protein
phosphorylation by aurora B kinase, a key mitotic regulator, using FRET-based sensors in live
cells (44). There have also been reports of genetically-encoded sensors with enhanced sensitivity
and optimized signal-to-noise ratios for fluorescence lifetime imaging (45, 46).
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Ting and co-workers have developed CFP/YFP reporters of histone phosphorylation and
methylation, which are important modifications that regulate transcription of nearby genes (47-
49). Similarly, Mahal and co-workers have developed a FRET-based sensor of protein O-
GIcNAcylation, a reversible form of glycosylation of intracellular proteins akin to
phosphorylation (50, 51). Development of this probe has allowed for dynamic monitoring of O-
GIcNAc modifications in live cells.

Small molecule sensors

Small molecule indicators can be more desirable then genetically-encoded ones in some
circumstances because they often exhibit greater dynamic ranges and increased sensitivity (52).
They also tend to exhibit faster response kinetics. However, unlike genetically-encoded sensors,
with few exceptions they cannot be localized or specifically targeted to a particular organelle in
the cell by fusion to the protein of interest (15).

Small molecule fluorophores have been developed for sensing metal ions such as
calcium, zinc, copper, and iron. Metal ions are interesting targets for imaging because they play
critical roles in cell biology (53). The design of small molecule sensors for metal ions is
challenging because the probe must be selective for the specified metal over other biologically
abundant cations, including those that exist at much higher cellular concentrations, such as Na*,
K*, and Mg®*. Thus, in order to create metal-selective probes, knowledge of the principles of
coordination chemistry is critical in their design.

HO
0, co O ‘ -0,c7 >N"coy 0,7 N e
P _ /\ (@]
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0 %
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-0,C  COy CHy Indo-1
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Figure 1-2. Small molecule fluorescent Ca* sensors.



Fluorescent Ca®" indicators

The first small molecule fluorescent Ca** sensor was developed by Tsien (54). In this
pioneering work, he replaced the two methylene groups of a well-known Ca®* chelator with two
benzene rings that enable the molecule to function as a chromophore (BAPTA, Figure 1-2).
Since then, many low- and high-affinity dyes for Ca®*-sensing have been developed that emit
UV and visible light. Some of these probes include fluorescein derivatives developed by
Molecular Probes (Eugene, OR) such as Fluo-4 (Figure 1-2), a brighter, more photostable
derivative of Fluo-3 (Figure 1-2), which was developed by Tsien and co-workers (52). Indo-1
and Fura-2 are ratiometric dyes that are widely considered the standard for quantitative
intracellular Ca** measurements (Figure 1-2) (55). Red-shifted Ca®* indicators based on the
rhodamine scaffold, including Rhod-2, have also been developed to minimize autofluorescence
from biological samples (Figure 1-2) (55, 56). Tour et al. have combined the concept of a small
molecule sensor of Ca?* and the localization that the tetracysteine motif and FIAsH/ReAsH
reagents provide by developing a biarsenical Ca?* indicator to probe Ca?* levels around specific
proteins (57).

Small molecule Zn?* indicators

=
HO 0 0
ZN| \N
= _ _ |
F F 0, CO, N
O N HO 0 o
0
cl cl
NH
cO,

=
s ¢
-0,C OCH;

FluoZin-3

N
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| %{o
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A Z ZnAF-R2

| O,
Quinozin-1 —

ZnAF-1F
Figure 1-3. Small molecule fluorescent Zn?* sensors.
In the past century, Zn?* has emerged as an important regulator of protein function and

signaling (58-60). It has also been implicated in the pathophysiology of several
neurodegenerative disorders, including Alzheimer’s disease (61). Thus, the ability to image Zn**
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using small molecule sensors could elucidate the roles of zinc homeostasis in relation to disease
progression.

Several groups have developed a number of Zn?* sensors that were inspired by analogous
probes for Ca®* detection. Gee et al. have removed a single acetate arm from the Ca®* chelator of
Fluo-3 to create FluoZin-3, which maintains high affinity for Zn®* (Figure 1-3) (62). Lippard and
co-workers have developed several classes of fluorescein-based sensors for Zn?* that are
modified with a Zn?* chelator on the xanthene core. These include the Zinpyr (63-67), Zinspy
(68), and Quinozin (69) series of probes (Figure 1-3). Nagano and co-workers have developed
fluorescein-based Zn®* sensors that are functionalized at the phenyl ring of the fluorophore-
scaffold (70). These include the ZnAF series (Figure 1-3). In addition to fluorescein-based
reagents, BODIPY (71), cyanine (72, 73), and coumarin probes (74, 75) for sensing Zn* in
biological systems have also been developed.

Several ratiometric sensors of Zn®* that capitalize on different mechanisms have been
synthesized for quantitative measurements of Zn>* concentrations in vivo. FuraZin and IndoZin
are ratiometric Zn?* sensors derived from the Ca®* probes Fura and Indo, which operate via an
internal charge transfer mechanism (76). Nagano and co-workers have also developed
ratiometric Zn** sensors ZnAF-R1 and -R2, which are based on the Fura scaffold (Figure 1-3)
(77). Taki et al. have developed ratiometric sensors known as the Zinbo series that exploit
excited-state intramolecular proton transfer processes in benzoxazole scaffolds (78). Lippard and
co-workers have also developed ratiometric Zn**-sensors that rely on a two-fluorophore system
in which ester-mediated hydrolysis liberates coumarin as an internal standard (79). In addition to
fluorescent sensors, Zn?* sensors that rely on alternative imaging modalities such as magnetic
resonance imaging (MRI) have been developed (80-82).

Small molecule Cu* and Fe?*/Fe*" indicators

Oxidative stress is thought to cause neuronal cell damage that can eventually lead to
pathologies such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis
(83). Redox-active metals such as Cu® and Fe?* have been implicated in causing oxidative stress
by producing ROS such as H,0,, superoxide anion (O;"), and hydroxyl radicals (-OH) (84).
Therefore, there has been much interest in imaging not only the ROS themselves but the metal
ions as well.

Fluorescence detection of copper using small molecule sensors is difficult because Cu” is
the major copper species within the reducing environment of the cytosol; however, this ion can
readily disproportionate to Cu®* and Cu’. In addition, both Cu* and Cu?* are capable of
quenching the fluorescence (58). Currently, there are only two reports of fluorescent Cu® sensors
that have been successfully used for visualizing Cu® in live cells. Yang et al. have developed a
sensor known as CTAP-1 (Figure 1-4A), which comprises a pyrazoline dye platform appended to
an azatetrathiacrown receptor for metal coordination (85). Chang and co-workers have developed
a Cu” indicator known as CS1 (Figure 1-4A) that combines a BODIPY dye and a thioether metal
chelator (86, 87). Chang and co-workers have also developed a MRI-based sensor for copper
(88, 89).

Like copper, the major forms of iron in the cell, Fe** and Fe**, also exhibit significant
guenching capabilities, and designing fluorogenic sensors of iron is difficult as well. Thus, all of
the sensors for detecting Fe?*/Fe** in cellular systems are turn-off probes. For example, calcein
(Figure 1-4B) is a commercially available fluorophore that uses a metal chelator for turn-off Fe®*



detection (55). Phen Green SK (Figure 1-4B) is another commercial probe that can detect both
Fe?* and Fe** (55). One drawback of these probes, however, is that they are only partially
selective for iron and can detect other metal ions as well (90). The most specific sensors for Fe**
rely on receptors derived from siderophores, which are small, high-affinity iron chelating
compounds secreted by bacteria, that can be conjugated directly onto fluorophores (55, 91, 92).
A few turn-on sensors for Fe** have been reported; however, their utility for imaging in cells has
not yet been established (93, 94).
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Figure 1-4. Small molecule fluorescent Cu* and Fe**/Fe** sensors.
Small molecule ROS and RNS indicators

As discussed above, there is mounting evidence that ROS are linked to several
neurodegenerative diseases (83). Reactive nitrogen species (RNS) are also thought to cause
neuropathological disorders (95). More recently, ROS and RNS have also been implicated as
signaling molecules during normal physiological processes (30, 96). The canonical ROS and
RNS involved in these processes are H,O, and NO, respectively. Due to space limitation, herein
we will discuss only small molecule fluorescence indicators of H,O, and NO. For more in-depth
reviews on sensors for other ROS and RNS as well as metal-based fluorogenic probes for NO,
see (97), (98), (99), and (100).

The traditional indicators for sensing H,O, include dihydrofluorescein (101) (DHFC,
Figure 5A) or dihydrorhodamine (102) (Figure 1-5A); however, these dyes suffer from auto-
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oxidation by the excitation light as well as reactivity with other ROS (103, 104). Chang et al.
have recently developed boronate-based fluorescent probes for sensing H,O,, which include their
first generation probe Peroxy-fluor-1 (PF1, Figure 1-5A) (105). In the presence of H,0O,, the
boronic esters are chemoselectively deprotected to yield a fluorescent molecule. This concept has
also been applied to blue- and red-shifted analogs, Peroxyxanthone-1 (PX1) and
Peroxyresorufin-1 (PR1) (106). Second-generation probes that are more sensitive and are capable
of detecting H,O, at physiologically relevant concentrations have also been developed. These
include Peroxycrimson-1 (PC1) and Peroxygreen-1 (PG1) (Figure 1-5A) (107). FRET-based
ratiometric probes for sensing H,O, have been developed as well (108).

A
R o} R i\
cl i l cl o)
l co,”

DHFC,R'=R"=OH
Dihydrorhodamine 123, R' = R" = NH, PF1
(non-fluorescent)

(0]
\
B N
o (o]
H20,
—_—
Q (

(0]

DAF-2,R'=0OH,R"=0
DAR-4, R' = N(CH3),, R" = *N(CH3),
(non-fluorescent)

NH,

HyN

Rhodamine B
DAMBO,R=F (non-fluorescent) (fluorescent)
DAMBOO, R = OCH;

Figure 1-5. Small molecule fluorescent ROS/RNS sensors. (A) Fluorogenic H,O, probes. (B)
Fluorogenic NO probes.



Most sensors for NO utilize an o-phenylenediamine scaffold that is oxidized to the
corresponding aryl triazole in the presence of NO and air (Figure 1-5B) (96). In this design, the
electron-rich diamine quenches the fluorescence of the dye by photoinduced electron transfer.
Reaction with NO and O, generates an electron-poor triazole that triggers the fluorescence turn-
on of the dye. Nagano and co-workers have developed a wide variety of probes based on this
design that contain fluorescein (109), rhodamine (110), BODIPY (111, 112), and cyanine (113)
(Figure 1-5B). This group has also developed fluorescent sensors of NO that have increased
sensitivity due to longer intracellular retention times (114). Recently, a variation of the o-
phenylenediamine scaffold was developed which is based on a quenched rhodamine B
spirolactam (Figure 1-5B) (115).

Chemical reporter strategy

For biomolecules such as glycans, lipids, certain protein post-translational modifications,
and nucleic acids, detection via genetically-encoded reporters such as fluorescent proteins or
small-molecule sensors is not possible. Thus, alternative strategies have been developed.

Lectins and antibodies for imaging glycans

Glycans are interesting targets for imaging because they play key roles in many dynamic
biological processes. For example, cell-surface glycans are known to mediate cell-cell adhesion
and communication as well as host-pathogen interactions (116). Other examples include
embryonic development (117), leukocyte homing (118), and cancer cell metastasis (119).
Traditionally, glycans have been detected using antibodies or carbohydrate-binding proteins
known as lectins (120). Though lectins have been widely used for the detection and enrichment
of glycoconjugates (121, 122), these glycan-binding proteins generally have low affinities for
their targets and require multivalency for high-avidity binding (123). Other drawbacks include
toxicity and tissue impermeability (124). For these reasons, lectins have limited capabilities for
in vivo imaging; however, they have been used routinely for imaging glycans ex vivo on cultured
cells and on tissue samples (125, 126).

Like lectins, antibodies have limited use for in vivo imaging, though there is one report of
glycan-specific imaging in mice. In this study, Licha et al. imaged a peripheral lymph node
endothelial glycan termed sulfoadhesin using the MECA-79 antibody (127). Though there are a
number of monoclonal antibodies against distinct epitopes, it is difficult to generate antibodies
against certain epitopes because the synthesis of many glycan structures can be very
cumbersome (128). Thus, applications of antibodies toward in vivo imaging are also limited.
Furthermore, antibodies also suffer from poor tissue access (129).

Bioorthogonal chemical reporter strategy for imaging glycans

Though lectins and antibodies have been used to image glycans, they are not ideal for
imaging dynamic changes in the glycome, the ensemble of glycans displayed on the cell surface.
We have developed a complementary approach for imaging the glycome that enables the
visualization of glycan dynamics in vivo (130). Our method is a two-step strategy in which the
first step involves the metabolic incorporation of an unnatural monosaccharide into an
organism’s glycome (131). This substrate analog contains a reactive group known as a “chemical
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reporter.” In the second step, the chemical reporter is labeled with an imaging probe via a
chemoselective reaction (132).
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Figure 1-6. Bioorthogonal chemical reactions. (A) Ketone and aldehyde condensation with
hydrazides or alkoxyamines. (B) Staudinger ligation between azides and triarylphosphines. (C)
Copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CUAAC). (D) Cu-free click chemistry.

The requirements for such a chemical reaction are quite rigorous. First, the chemical
reporter and its reaction partner must react in a physiological environment (pH 6-8, 37 °C), while
simultaneously remaining inert to all of the surrounding functionality in the biological milieu.
This task is challenging because there are many nucleophilic and electrophilic functional groups
found in cells and living organisms. Second, the reaction must not produce any toxic byproducts
or cause harm to the biological sample. Finally, the reporter and its complementary probe must
have good bioavailability and form a stable bond. Chemical reactions that meet this collection of
criteria are known as “bioorthogonal” (132).

Currently, only a handful of reactions possess the quality of bioorthogonality. These
reactions include the condensation of ketones and aldehydes with hydrazide or alkoxyamine
probes, the Staudinger ligation of triarylphosphines and azides, and Cu-free click chemistry
between cyclooctynes and azides (Figures 1-6A-B, D). These reactions have been used to label
not only proteins but glycans and lipids as well.
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Ketones and aldehydes are not truly bioorthogonal because keto and aldehydic
metabolites are abundant within cells and in biological fluids. In addition, the pH optima of
hydrazone and oxime formation with hydrazide and alkoxyamine groups is 3-5, which precludes
their use in vivo (133). Ketones and aldehydes have been utilized to label proteins and glycans on
cell surfaces and in the extracellular environment. These mild electrophiles can form reversible
Schiff bases with primary amines such as lysine side chains; however, in water, the equilibrium
favors the carbonyl. In contrast, the formation of hydrazones and oximes using hydrazide and
aminooxy groups, respectively, are favored in physiological conditions and are quite stable
(Figure 1-6A). Dawson and co-workers have greatly accelerated both oxime and hydrazone
formation via the use of a nucleophilic aniline catalyst (134, 135).

We have recognized the utility of ketones and aldehydes as chemical reporters and have
used them to label glycans (136). In this work, Mahal et al. reported that an unnatural keto
analog of N-acetylmannosamine (ManNAc), N-levulinoylmannosamine (ManLev), can be
metabolized by mammalian cells to the corresponding keto sialic acid (SiaLev) and incorporated
within cell-surface glycans (Figure 1-7A-B) (136). Sadamoto et al. have introduced ketones into
bacterial cell walls and labeled the chemical reporters with a hydrazide-fluorophore probe (137).
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Figure 1-7. Bioorthogonal chemical reporter strategy. (A) Metabolic labeling of cell-surface
glycans. (B) Unnatural keto, azido, and alkynyl monosaccharides utilized for metabolic labeling.

More recently, the azide has emerged as the chemical reporter of choice. This functional
group is unique in that it is truly bioorthogonal to the biological milieu. Only one naturally
occurring azido-metabolite, which was isolated from unialgal cultures, has been reported to date
(138). Moreover, azides can undergo highly selective reactions such as the Staudinger ligation
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with triarylphosphines, the copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC),
and Cu-free click chemistry with strained alkynes (Figure 1-6B-D) (139).

The Staudinger ligation is based on the classic Staudinger reduction, which was
developed by Hermann Staudinger in 1919. In this work, Staudinger reported that azides react
with triarylphosphines under mild conditions to yield aza-ylide intermediates (140). In the
presence of water or an appropriate electrophile, this intermediate can be hydrolyzed or trapped
to yield an amine and the corresponding phosphine oxide (141). We modified the classic
Staudinger reaction by introducing an electrophilic trap onto the phosphine (142). Termed the
Staudinger ligation, this reaction ultimately results in the formation of a covalent amide bond
between the azide and phosphine along with oxidation of the phosphine (Figure 1-6B). This
reaction also proceeds at physiological pH with no apparent toxicity to live cells and whole
organisms (143).

We have shown that an azide-containing analog of ManNAc, termed N-
azidoacetylmannosamine (ManNAz), can also be metabolically incorporated into cell-surface
glycans as the corresponding azido sialic acid (SiaNAz) (Figure 1-7) (142). The Staudinger
ligation has been used to image these labeled glycans on live cells using phosphine fluorophore
conjugates (144) as well as fluorogenic phosphines (145). Furthermore, we have shown that this
reaction can be used to label glycans within living animals (143, 146).

Paulson and co-workers have shown that natural sialic acids can be oxidized to the
corresponding aldehyde using sodium periodate and then subsequently imaged using oxime
chemistry with alkoxyamine probes (147). In addition to sialic acid-containing glycans, other
sectors of the glycome can be metabolically labeled using azido analogs of N-
acetylgalactosamine (mucin-type O-linked glycans), N-acetylglucosamine (B-O-GIcNAcylated
proteins), and fucose (fucosylated glycans) (Figure 1-7B) (148-151).
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Figure 1-8. Cyclooctyne reagents for Cu-free click chemistry.
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Azides can also be exploited as 1,3-dipoles in a [3+2] cycloaddition with alkynes to form
triazole products (Figure 1-6C) (139). Sharpless and co-workers and Meldal and co-workers
independently showed that the normally sluggish reaction between azides and acetylenes can be
greatly accelerated by the addition of a copper catalyst (152, 153). The copper-catalyzed azide-
alkyne 1,3-dipolar cycloaddition (CuAAC) is one of the most popular reactions from a family of
“click reactions,” defined by their highly selective and modular approach to forming chemical
bonds (154). CUAAC is much faster than the Staudinger ligation; however, the necessary copper
catalyst is cytotoxic (131). CUAAC has been used for imaging glycans using alkynyl ManNAc
analogs as well as azido and alkynyl fucose analogs in fixed cells (Figure 1-7B) (151, 155, 156).

We have eliminated the need for a toxic copper catalyst by activation of the alkyne via an
alternative mechanism—ring strain. This reaction is accordingly known as Cu-free click
chemistry. Agard et al. first demonstrated this concept using a cyclooctyne reagent (OCT) whose
kinetics were on par with the phosphine reagents utilized in the Staudinger ligation (Figures 1-
6D and 1-8) (157). In order to accelerate the strain-promoted cycloaddition, Baskin et al.
introduced fluorine atoms in an attempt to lower the LUMO energy of the alkyne (MOFO,
DIFO, DIFO2, and DIFO3; Figure 1-8) (158, 159). Several theoretical studies have been
published to explain the enhanced reactivity of these fluorinated cyclooctynes (160, 161). This
reaction has been used to image glycans on live cells (158), the nematode C. elegans (162), and
zebrafish embryos (163). We have also shown that Cu-free click chemistry can be used to label
glycans within mice (164). Second-generation cyclooctynes have been developed including more
water-soluble probes (ALO and DIMAC, Figure 1-8) (159, 165) as well as faster reagents based
on a dibenzocyclooctynyl scaffold (DIBO1-2, DIBAC, and BARAC; Figure 1-8) (166-168).

Bioorthogonal chemical reporter strategy for imaging lipids

As secondary metabolites and protein post-translational modifications, lipids, like
glycans, are not amenable to imaging via genetically-encoded reporters. Lipids are attractive
targets for imaging because they play important roles in cellular processes such as signal
transduction and membrane fusion. In addition, lipidation of proteins regulates the signaling
properties, subcellular localization, trafficking, and activity of many proteins (169). One
approach to imaging lipids in live cells has been the application of the bioorthogonal chemical
reporter strategy (170).

Phospholipids are the major constituents of cell membranes. Those containing the head
group choline are important structural components of membranes and play critical roles in cell
signaling (171). Despite the crucial roles of these lipids, little is known about their localization
and trafficking (172). Thus, Jao et al. have utilized the chemical reporter strategy in order to
image their dynamics in cells and tissues. In order to achieve this goal, they synthesized a
choline analog that contains a terminal alkyne moiety, which can be detected by using CUAAC
(Figure 1-9). Using this technology, they were able to examine the kinetics of phospholipid
turnover and the distribution of the lipids in cells and in mice (172). Similarly, Schultz and co-
workers have shown that phosphatidic acid analogs that contain either terminal alkynes or
cyclooctynes within the lipid tail can be used to image these lipids in cells (Figure 1-9) (173).

Lipidation of proteins via fatty-acylation and prenylation has been known to greatly
affect the specificity and efficiency of signal transduction as well as protein-protein interactions
(169). Several groups have applied the bioorthogonal chemical reporter strategy to image these
protein post-translational modifications. Zhao and co-workers have used azido analogs of
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farnesylated proteins in order to profile proteins that are post-translationally modified (Figure 1-
9) (174). Hang and co-workers and Berthiaume and co-workers have demonstrated that fatty-
acylation of eukaryotic proteins by attachment of S-palmitoyl groups and N-myristoyl to cysteine
and N-terminal glycine residues, respectively, can be imaged or profiled by employing azido and
alkynyl analogs of these lipids and the Staudinger ligation or CUAAC (Figure 1-9) (175-179).
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Figure 1-9. Chemical reporters for profiling and visualizing lipids in living systems.
Bioorthogonal chemical reporter strategy for imaging nucleic acids

Nucleic acids are traditionally detected by in situ hybridization techniques as well as
metabolic incorporation of nucleotide analogs that are either radiolabeled or detected via
antibodies. Hybridization approaches include molecular beacons, which have been used for
visualizing both DNA and RNA (180, 181). Development of these fluorescent oligonucleotide
probes requires the incorporation of fluorescent nucleotides, which can be synthesized using
different chemistries (182). For example, Ju and co-workers have synthesized fluorescent
oligonucleotides via both CuUAAC and the Staudinger ligation for the purposes of DNA
sequencing using fluorescence detection (183, 184). Excess fluorophore conjugates of
oligonucleotide probes must be washed away to eliminate background signal, so fluorogenic
approaches are highly sought after as well. Toward this end, Cai et al. have developed a
fluorogenic peptide nucleic acid-based probe that is activated by the Staudinger ligation upon
DNA hybridization (185).

Other techniques include metabolic incorporation of deoxynucleoside analogs such as
[*H]thymidine ([*H]T) and 5-bromo-2'-deoxyuridine (BrdU) (Figure 1-10). [*H]T and BrdU are
detected by autoradiography and immunohistochemistry, respectively. Though these analogs
have been useful for probing DNA synthesis, both of these techniques are not ideal.
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Autoradiography can be cumbersome, and BrdU immunostaining can compromise the integrity
of the tissue samples (186). Mitchison and co-workers have synthesized an alkynyl analog of
thymidine, 5-ethynyl-2'-deoxyuridine (EdU, Figure 1-10), which is readily incorporated into
DNA during DNA replication (187). This chemical reporter can then be detected with CUAAC
and has enabled visualization of DNA synthesis in cells and on tissue sections from mice. In
addition, this methodology does not cause degradation of the biological samples. More recently,
an alkynyl analog of uridine, 5-ethynyluridine (EU, Figure 1-10) has been used to image RNA
synthesis in vivo using an analogous strategy (188).
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Figure 1-10. Metabolic labels for nucleic acids.
Label-free imaging methods
Imaging mass spectrometry

All of the technologies discussed thus far require labels or contrast agents in order to
image the biological molecules of interest. Imaging mass spectrometry (IMS) is an emerging
label-free technique that allows for the visualization of endogenous proteins, lipids, and small
molecules (189). IMS can be used to create 2D and 3D images of the proteomic or small
molecule content of cells or tissues by combining the measurement capability of mass
spectrometers with a surface sampling process (190). Currently, two main ionization methods are
used to generate images. These techniques include matrix-assisted laser desorption ionization
(MALDI) and secondary ion mass spectrometry (SIMS) IMS. Though IMS has been used for
imaging both proteins and other biological molecules, for the purposes of this Chapter, we will
focus exclusively on imaging small molecules.

Of the two IMS techniques, MALDI IMS has seen more widespread use for analyzing
biological samples due to its large mass-to-charge ratio (m/z) range (up to 100,000), which is
useful for analyzing proteomes (191). Imaging with MALDI mass spectrometry, however, is
only capable of achieving resolutions of about 20 um, while SIMS can achieve better than 100
nm with specialized instruments (192). On the other hand, SIMS has been documented to detect
molecules of masses up to only 1 kDa (190). While many groups have taken advantage of these
imaging technologies, a number of laboratories continue to pursue the development of new and
improved methodologies, including those that can achieve ionization under ambient conditions
(193, 194).

For analysis by MALDI IMS, biological samples are prepared in a similar manner to
protein or peptide samples. Typically, a thin cryosection of tissue is covered with an organic
matrix. The sample is then scanned by the mass spectrometer, and spectra are collected over a
predefined area. The resulting data set contains an array of spectra including different signals of
measured mass and intensity. The intensity of the signal or combinations of signals can then be
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plotted to generate an image over the sample surface (195). This technique has been used to
image many different molecules, including phospholipids (195). As discussed above, these lipids
are involved in cell signaling pathways and have been implicated in diseases such as lipid
storage disorders as well as Alzheimer’s disease and Down syndrome (196). McLean et al.,
Jackson et al., and Rujoi et al. have used MALDI IMS to visualize phospholipids in rat brains
and mammalian lens tissue (197-199). Lipid distribution maps have also been obtained in colon
cancer tissues as well as tissue samples from patients with Fabry’s disease (200, 201). In addition
to lipids, Dorrestein and co-workers have applied MALDI IMS to imaging secondary
metabolites produced by marine cyanobacteria and sponges (202) as well as in Bacillus subtilis
and Streptomyces coelicolor (203).

SIMS relies on an accelerated primary ion beam to ionize the sample by bombarding the
surface to generate secondary ions, which are then detected by a mass spectrometer (192). Based
on instrument design, there are two different approaches to SIMS. The first method, time-of-
flight (TOF) SIMS, uses a primary ion beam that is pulsed, and the resulting secondary ions are
detected by a TOF mass spectrometer. The second approach, termed dynamic SIMS, uses a
continuous primary ion beam, and preselected ions are detected by a magnetic sector mass
spectrometer. SIMS has not been widely adopted for analyzing biological samples because of its
poor sensitivity and spatial resolution, though specialized instruments are being developed to
address these issues (vide infra) (192). It is also challenging to identify the molecules due to
extensive fragmentation of the ionic species. TOF-SIMS, however, has been used to image lipids
in cells and tissues (204-206). TOF-SIMS has also been used to image highly curved membranes
during Tetrahymena mating (207). In this study, Ostrowski et al. discovered that the fusion
region contains elevated amounts of 2-aminoethylphosphonolipid, a high-curvature lipid.

In the last decade, advancements in instrumentation have greatly improved the utility of
SIMS for imaging biological samples. These developments include nanoSIMS, which allows
image resolution of a few tens of nanometers (192). This technique has been applied in tracer
studies examining *C-labeled free fatty acid transport across cell membranes (208). Boxer and
co-workers have used nanoSIMS to image lipid domains within supported lipid bilayers with a
lateral resolution of 100 nm (209). NanoSIMS has also been used to demonstrate that deep-sea
anaerobic methane-oxidizing archaea fix nitrogen and cyanide and share the products with
sulfate-reducing bacterial symbionts (210). Lechene et al. have developed multiple-isotope
imaging mass spectrometry (MIMS), in which multiple isotopes are detected simultaneously,
enabling both imaging and quantification of labeled molecules within subcellular compartments
(211). Other technical advances include cluster time-of-flight (TOF)-SIMS, which has been
shown to improve the yield of secondary ions produced (212). This technique utilizes heavier
primary ions that have improved efficiency for production of secondary ions, thus allowing
easier identification of biomolecules. Many groups have demonstrated that cluster TOF-SIMS
imaging can be used to image lipids in rodent brains and tissues (213-217). Finally, Heeren and
co-workers have developed matrix-enhanced SIMS (ME-SIMS), which combines the high
spatial resolution of SIMS with the sample preparation of MALDI IMS (218). Like cluster TOF-
SIMS, ME-SIMS also increases the molecular ion yield.

Raman and coherent anti-Stokes Raman scattering (CARS) microscopy

Raman and coherent anti-Stokes Raman scattering (CARS) microscopy rely on optical
signals for imaging biological specimens (219). Both of these techniques have been used to
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image proteins, lipids, and nucleic acids. Xie and co-workers have recently demonstrated that
stimulated emission can also be used as a contrast mechanism for microscopy (220). They have
used this technique to image chromoproteins, small molecule drug distributions in vivo, as well
as hemoglobin. For the purposes of this Chapter, we will focus exclusively on Raman and CARS
applications of imaging small molecules.

Raman microscopy relies on a phenomenon known as Raman scattering. This effect
occurs when the wavelength of scattered light shifts slightly from the original wavelength of
light due to excitation of the light-scattering molecules to a vibrationally excited state (219).
Because the shift in wavelength depends strongly on the molecule’s structure and chemical
environment, the resulting spectra can be used to identify specific molecules in the sample. In
Raman microscopy, spectra are obtained from each position in the sample to construct a 2D or
3D image of molecular distribution based on signal intensities. This imaging technique has been
used to visualize nucleic acids (221, 222) and lipid bodies (223) in live cells. Raman microscopy
has also been used to discern malignant tissue from healthy tissue for cancer diagnostic purposes
(224-226). More recently, Xie and co-workers have greatly improved the sensitivity of Raman
microscopy by developing a new technique known as stimulated Raman scattering (SRS)
microscopy (227). They have used SRS imaging to visualize lipids in live cells and tissues from
mice.

Raman microscopy, however, suffers from several limitations (228). First, the Raman
effect is very weak, and consequently, data acquisition times are long. Second, the creation of
images requires high powered lasers and long integration times per pixel, impeding video-rate
microscopy. Much stronger vibrational signals can be obtained using CARS microscopy. In
CARS, light beams with two different optical frequencies interact with the sample. A strong
CARS signal is produced when the difference of the two frequencies matches the vibrational
frequency of the molecules. Because CARS is orders of magnitude more sensitive than Raman
microscopy, it enables video-rate vibrational imaging. The Reintjes group was the first to use
CARS as a contrast mechanism for microsopy (229). The technique was popularized by Xie and
co-workers almost two decades later when they developed a greatly improved method that
allowed for higher sensitivity, higher spatial resolution, and three-dimensional sectioning
capabilities (230).

Since then, CARS has been used extensively for many in vitro and in vivo imaging
applications. Wurpel et al. and Potma et al. have used CARS to image lipid vesicles and lipids
on supported bilayers (231, 232). Xie and co-workers have also used CARS to image lipids in
live cells (233-235). Others have imaged lipids in infection models (236, 237), mouse brains
(238), and whole organisms such as C. elegans (239). Improvements to CARS include video-rate
microscopy applications of imaging lipids in the skin of live mice (240) as well as frequency
modulation CARS, which significantly increases the detection sensitivity of CARS by decreasing
the non-resonant background (241).

Non-optical imaging methods
Non-optical imaging modalities that exploit other wavelengths of the electromagnetic
spectrum, including gamma rays and radiowaves, are used regularly in the clinic. These include

positron emission tomography, single photon emission computed tomography, MRI, and
magnetic resonance spectroscopic imaging.
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Positron emission tomography (PET) imaging

Positron emission tomography (PET) imaging is used clinically to diagnose cancer and to
monitor disease progression and response to therapy (242). PET detects gamma rays produced by
a radioactive isotope tracer that is injected into the patient. The radioactive tracer emits positrons
from its nucleus (243). A single positron eventually collides with a nearby electron, and the two
particles annihilate each other to produce energy in the form of two gamma rays, which are
emitted 180 degrees apart. These gamma rays are then detected by a camera. Commonly used
PET isotopes include >0, **N, 'C, and *®F (1). Other less commonly used ones include **O,
%cCu, %2Cu, 1, "®Br, ¥Rb, and ®Ga. Most of these isotopes are produced in a cyclotron, and
some can be produced in a generator. Many of these isotopes also have short half-lives, e.g., the
half-life of ®F is 110 minutes.

An ‘®F-labelled analog of glucose, 2-[**F]fluoro-2-deoxy-D-glucose (FDG), is the most
widely used tracer for oncological PET imaging (244). This glucose analog is transported into
cells by glucose transporters and then phosphorylated by hexokinase to form FDG-6-phosphate.
Because FDG-6-phosphate is not a substrate for downstream glycolytic enzymes, this compound
rapidly accumulates in cells that have increased hexokinase activity and levels of glucose
transporters, which include tumor cells. This preferential uptake allows for the routine clinical
detection of tumors over surrounding tissue in human patients.

In basic research, PET imaging has also been used for monitoring cell proliferation
([**CJthymidine and  3'-deoxy-3'-[*°F]fluorothymidine) (245, 246), bone metastasis
([‘®F]fluoride) (247, 248), perfusion (*°O-labeled water) (249), as well as hypoxia
([*®F]fluoromisonidazole) (250). In addition, the use of 'C- and **F-labeled choline has recently
gained attention for applications in prostate cancer imaging (251-253).

Single photon emission computed tomography (SPECT) imaging

Single photon emission computed tomography (SPECT) detects photons from gamma-
emitting isotopes, such as *™Tc, ™In, I, and ™1 (1). These nuclides are relatively
inexpensive, and their longer half-lives obviates the need for a cyclotron. The emitted gamma
rays are detected by cameras that rotate around the subject to create a 3D tomographic image.
Compared to PET imaging, SPECT has similar spatial resolution but is 10-fold less sensitive (1).
Like PET, there have been advances in the imaging of molecular targets, though SPECT has not
yet been used clinically. Some examples of imaging applications in mice include imaging
apoptosis via *"Tc-labeled annexin V, which binds phosphatidylserine (254), as well as mMRNA
via **'In-labeled oligodeoxynucleotides (255).

MRI and magnetic resonance spectroscopic imaging (MRSI)

Like PET, magnetic resonance imaging (MRI) has been used clinically to diagnose
cancer (1). In MRI, the relaxation of unpaired nuclear spins, or magnetic dipoles, from organic
molecules or water is detected after the subject is pulsed with radiowaves in the presence of a
strong magnetic field. In the MRI scanner, a strong magnet that produces the magnetic field
causes these magnetic dipoles to align themselves with the field. Following the pulse, the dipoles
return to their baseline orientation, which is detected by a radiofrequency coil. A scanner
determines the rate of relaxation, and this measurement is converted into an MR signal. MRI
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contrast relies on the fact that dipoles in different physicochemical environments will have
different relaxation times and generate different signals. Clinically, MRI can detect tumors based
on contrast provided by differences in relaxation time of the protons in the tumor compared to
surrounding tissue.

Within the last two decades, the concept of using magnetic resonance spectroscopy for
clinical imaging has emerged. Magnetic resonance spectroscopic imaging (MRSI) is a relatively
new method that allows for the visualization of small molecule metabolites in cells and tissues.
Proton MRSI has been applied to characterizing the metabolic profiles of brain tumors in the
hopes of distinguishing diseased from healthy tissue (256). Many groups have shown that levels
of N-acetylaspartate decrease while those of choline-containing compounds increase in the tumor
relative to normal brain (257-261). Heesters et al. have also shown that lactate is present in high-
grade gliomas and unspecified astrocytomas but absent in most low-grade gliomas (262). Other
groups have shown that lipid levels are also higher in brain tumors (263, 264). A number of
studies have tried to correlate relative ratios of the different metabolites in order to classify tumor
tissue; however, no criteria that clearly separate all tumor types have been developed (265). In
addition to brain tumors, MRSI has also been used to profile similar metabolites in prostate and
breast cancers (266, 267).

In the last decade, many groups have begun to use hyperpolarized molecules to increase
the enhancement of the MR signal (268). Hyperpolarization is achieved by placing the sample in
a high magnetic field and keeping it at very low temperatures until the hyperpolarized state is
achieved (268). The increase in the relative number of nuclei aligned with the magnetic field
greatly improves the signal-to-noise ratio when acquiring the spectrum. Because of its increased
sensitivity, this method also allows for the detection of nuclei other than hydrogen in which the
NMR-active nucleus has a lower natural abundance. The most commonly used isotope is *C,
although in principle, other nuclei such as N (269) or *He could be used as well (270).
Hyperpolarized *?°Xe biosensors have also been developed and are reviewed elsewhere (270,
271).

Currently, all applications of hyperpolarized MRSI in vivo use **C-labeled small
molecules (268). The first angiographic image of hyperpolarized *3C-labeled pyruvate was
reported by Golman et al.(272). Pyruvate is a key molecule in primary metabolism in
mammalian cells (268). Subsequently, a number of studies using *3C-labeled pyruvate have
emerged. The first example of tumor imaging in vivo using this technique was reported by
Golman et al. (273). In their work, they showed that the tumor tissue contained higher levels of
lactate and lower levels of alanine. **C-labeled pyruvate has also been used to image prostate
cancer in a transgenic adenocarcinoma of mouse prostate (TRAMP) mouse model (274).
Kurhanewicz and co-workers have used hyperpolarized *C-labeled pyruvate to examine other
metabolic products including lactate and alanine in the same TRAMP model (275). Nelson et al.
have extended this technology to higher organisms by injecting **C-labeled pyruvate into dogs to
image increased levels of lactate in prostate tumor tissues (276). Another study has shown that
the levels of lactate in tumors decrease following tumor therapy (277). Other applications of
MRSI also exist. For instance, numerous groups have examined cardiac metabolism using **C-
labeled pyruvate (268). More recently, Gallagher et al. have shown that MRSI can be used to
image changes in pH in vivo using hyperpolarized **C-labeled bicarbonate (278).
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Conclusions

Imaging has revolutionized our understanding of basic processes in cell biology as well
as disease development and progression. For example, macroscopic imaging modalities such as
X-ray imaging and MRI have greatly advanced our understanding of human anatomy and
physiology. In the past few decades, microscopic imaging techniques such as fluorescence
imaging have enabled the visualization of molecular events in cellular systems and model
organisms. Despite these significant advances, many challenges remain for the future. The
translation of imaging technologies to use in vivo has been slower than anticipated. Ultimately, it
is hoped that the application of these new tools in living systems will shed light on fundamental
biological processes and aid in disease diagnosis and treatment.
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Chapter 2: Copper-free click chemistry in living animals®
Introduction

The laboratory mouse is widely regarded as the model organism of choice for studying
human pathology because of extensive documentation relating the similarities between human
and mouse anatomy, physiology, cell biology, as well as their genomes (1). Several studies using
mouse models have related human disease conditions to altered glycosylation (2). For example,
reduced glycosylation of glucose transporter-2 has been shown to impair glucose transport and
insulin secretion, producing a condition in mice that is similar to type 2 diabetes in humans (3).
Mouse models have also revealed that dysfunctional protein O-GIcNAcylation may contribute to
the pathology of Alzheimer's disease (4).

Driven by such observations, researchers are increasingly interested in probing
glycosylation, and more generally, carbohydrate metabolism, in mouse models. Toward this
goal, Reutter and co-workers demonstrated that unnatural analogs of N-acetyl mannosamine that
are modified at the N-acyl position can be used to probe terminal sialic acid residues within
rodents (5). As a means to monitor changes in glycosylation associated with the onset of disease,
this approach was later extended to include metabolic labeling with unnatural sugars followed by
chemical tagging with probes for fluorescence imaging or affinity capture (6). The unnatural
sugar must be outfitted with a bioorthogonal functional group, also termed a “chemical reporter”,
that possesses unique reactivity with a second functional group installed on the probe reagent (7).
The azide is well-suited as a chemical reporter because it adds a small structural perturbation to
the underlying sugar, is essentially inert to the cellular environment, and has multiple modes of
reactivity (8). The Staudinger ligation, which capitalizes on the electrophilic character of the
azide, chemoselectively forms an amide bond between azides and triarylphosphines (9). This
reaction has been employed to tag azidosugar-labeled glycoconjugates on cultured cells and in
live mice (10, 11).

Despite the utility of the Staudinger ligation, the phosphine reagents have certain
liabilities. They are susceptible to oxidation by molecular oxygen, for example, which limits
their shelf-life and may also provide a pathway for rapid liver metabolism (12). Moreover, the
Staudinger ligation has a relatively sluggish reaction rate, compromising its ability to monitor
rapid biological processes in vivo (9). In the context of mouse models, rapid kinetics are
important so that the reaction can occur on a faster time scale than metabolic clearance of the
probe.

For these reasons, we developed an alternative bioorthogonal reaction modeled on the
Huisgen 1,3-dipolar cycloaddition of azides and alkynes, which forms triazole products (13). Our
modifications to the classic reaction included situation of the alkyne within a strained
cyclooctyne ring (14) as well as the addition of propargylic fluorine atoms (15, 16), two features
that significantly accelerated the reaction rate. Another strategy for accelerating the reaction of
azides and terminal alkynes involves the use of a Cu catalyst (17, 18) in a reaction widely
referred to as “click chemistry;” however, the toxicity of the metal precludes its use in the
presence of live cells or organisms. Because cyclooctyne reagents react with azides at rates
approaching that of the metal-catalyzed transformation, we refer to these cycloadditions with the
term “Cu-free click chemistry.” Various cyclooctyne reagents have recently been used to probe
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glycans on cultured cells (16, 19) and in developing zebrafish (20), as well as protein and
phospholipid dynamics in live cells (21, 22).
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Figure 2-1. Cu-free click chemistry in mice. (A) Mice were injected with AcsManNAz once
daily for 1 wk to allow for metabolic labeling of glycans with SiaNAz. The mice were then
injected with a cyclooctyne-FLAG conjugate for in vivo covalent labeling of azido glycans. (B)
Panel of FLAG conjugates used in this study.

In this Chapter, we evaluate Cu-free click chemistry for its performance in mice with the
goal of identifying new reagents that are suitable for bioorthogonal ligations in vivo. We
delivered azides to cell-surface sialoglycoconjugates by injecting mice with the metabolic
precursor peracetylated N-azidoacetylmannosamine (Ac;ManNAz) (Figure 2-1A) (11, 23). We
then labeled glycoconjugates bearing the corresponding azido sialic acid, SiaNAz, by covalent
reaction in vivo with a panel of cyclooctyne-FLAG peptide conjugates (Figure 2-1B). The
labeled biomolecules were probed by ex vivo analysis of cells and tissue lysates. The relative
amounts of ligation products observed with different cyclooctynes suggest that both intrinsic
reaction kinetics and other properties such as solubility and tissue access govern the efficiency of
Cu-free click chemistry in mice. More broadly, Cu-free click chemistry appears to possess the
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requisite bioorthogonality to achieve specific biomolecule labeling in this important model
organism.

Results and discussion
Evaluation of cyclooctyne reagents on cultured cells

Prior to in vivo studies, we noted that our first-generation cyclooctyne, OCT (14), has
considerable hydrophobicity (LogS® = -5.49) (24, 25) and, accordingly, poor water solubility, a
property that might compromise its bioavailability. We therefore synthesized an aryl-less
cyclooctyne (ALO) lacking the hydrophobic phenyl ring in its linker (15) as well as a highly
water-soluble dimethoxy azacyclooctyne (DIMAC) (26). DIMAC possesses a nitrogen atom
within the strained ring system to interrupt the hydrophobic surface area as well as two methoxy
groups to enhance the compound’s polarity. We calculated LogS values for ALO and DIMAC of
-4.22 and -3.35, respectively (24, 25).

To improve the intrinsic reactivity of the cyclooctynes with azides, we previously
introduced fluorine atoms at the propargylic position, generating a monofluorinated cyclooctyne
(MOFO) (15) and a difluorinated cyclooctyne (DIFO) (16). Recent theoretical studies have
attributed the enhanced reactivity of the fluorinated cyclooctynes in cycloadditions with azides to
changes in distortion and interaction energies in the transition state of the reaction (27, 28). The
relative second-order rate constants of ALO, OCT, DIMAC, MOFO and DIFO are
approximately 1, 2, 3, 4 and 75, respectively, in model reactions (14-16, 26). On this relative
scale, the phosphine probe is comparable to OCT.
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Scheme 2-1. Synthesis of the panel of cyclooctyne-FLAG conjugates. i) 2.1b: 1. Pfp-TFA,
anhydrous pyridine, 4 h. 2. Maleimide-amine (16), TEA, CH,Cl,, 24 h, 48%. 2.2b and 2.3b:
Maleimide-amine, DIPEA, HATU, MeCN, 2 h, 79% and 94%, respectively. 2.4b: Maleimide-
amine, TEA, HATU, HOBt, CH,Cl,, 15 min, 65%. 2.5b: Synthesized as previously reported
(16). ii) 2.1c-2.5¢c: FLAG-Cys, DMF/H,0, 12 h; 2.1c: 51%, 2.2c: 43%, 2.3c: 56%, 2.4c: 27%,
2.5¢: 49% (16).

To facilitate detection of the ligation products, we conjugated a water-soluble FLAG
peptide epitope tag (DYKDDDDK) to the cyclooctynes (Figure 2-1B, synthesis described in

® LogS values were calculated for the Michael addition adducts of methanethiol and the
corresponding cyclooctyne maleimide derivatives using the LogS software developed by Tetko
et al. (http://www.vcclab.org/lab/alogps/). More negative values indicate poorer water solubility.
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Scheme 2-1). This was achieved by introducing a cysteine residue at the C-terminus of the
FLAG peptide sequence, which was then coupled to a cyclooctyne-maleimide derivative

(Scheme 2-2).
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Scheme 2-2. Panel of cyclooctyne maleimide derivatives.

We next tested the ability of the cyclooctyne-FLAG reagents to label SiaNAz residues
within glycoconjugates on cultured cells. Jurkat T cells were incubated with or without
AcsManNAz for three days. The cells were then treated with a cyclooctyne-FLAG probe or, as a
positive control, with a previously described phosphine-FLAG peptide conjugate (PHOS-FLAG,
Figure 2-1B) (29). The cells were analyzed by flow cytometry using a fluorescein isothiocyanate
(FITC)-labeled anti-FLAG antibody (FITC-anti-FLAG) (Figure 2-2A). All reagents labeled the
cells in an azide-dependent manner, with DIFO-FLAG generating the strongest signal. Thus, on
cultured cells, the rank order of labeling efficiencies matched that of the reagents’ intrinsic
reactivities.

Comparison of cyclooctyne and phosphine probes in vivo

After confirming the reactivity of the panel of cyclooctynes on cultured cells, we tested
whether the cyclooctyne-FLAG conjugates can react with cell-surface SiaNAz residues in vivo.
B6D2F1 mice were administered AcsManNAz (300 mg/kg in 70% aqueous DMSQO) or vehicle
once daily for seven days in accord with our previous studies of ManNAz metabolism in vivo
(11). On day eight, the mice were injected intraperitoneally (IP) with a cyclooctyne-FLAG
reagent. After three hours, the mice were euthanized, and the splenocytes were isolated and
analyzed for the presence of cycloadducts by flow cytometry. Splenocytes were chosen for
analysis based on our previous studies demonstrating the high incorporation levels of SiaNAz
into these cells (11).

44



700
600 [] No sugar
4 | Ac,;ManNAz

1004

80

MFI (au)

60—
40

20+
Probe OCT PHOS ALO DIMAC MOFO DIFO

200 —_—

D Vehicle

160 . AcyManNAz

1204

MFI (au)

80

40

0_
Dose 08 16 08 16 08 16 08 016
(mmol/kg)

Probe OCT ALO DIMAC  MOFO DIFO

Figure 2-2. Chemical tagging of azido glycans in vitro and in vivo with cyclooctyne probes. (A)
Jurkat cells were incubated with (gray bars) or without (white bars) AcsManNAz (25 uM) for 3
d. The cells were then labeled with a FLAG conjugate (250 uM of OCT-FLAG (OCT), PHOS-
FLAG (PHOS), ALO-FLAG (ALO), DIMAC-FLAG (DIMAC), MOFO-FLAG (MOFO), or
DIFO-FLAG (DIFQ)) for 1 h at rt. The cells were stained with FITC-conjugated anti-FLAG
antibody (FITC-anti-FLAG) and then analyzed by flow cytometry. Error bars represent the
standard deviation from the average MFI of three replicate samples. (B) Mice were injected with
either AcsManNAz (300 mg/kg, IP, gray bars) or vehicle (70% DMSO, white bars) once daily
for 7 d. On day 8, the mice were injected IP with various doses (as indicated) of either OCT-
FLAG (OCT), ALO-FLAG (ALO), DIMAC-FLAG (DIMAC), MOFO-FLAG (MOFQO), or
DIFO-FLAG (DIFO). After 3 h, the mice were euthanized, and splenocytes were isolated,
labeled with FITC-anti-FLAG, and analyzed by flow cytometry. Each point represents the
average MFI value of three replicate samples from an individual mouse. Each bar represents the
average MFI value of splenocytes isolated from separate mice (n = 3-11). Mean fluorescence
intensity (MFI) is in arbitrary units (au). For all in vivo experiments, ex vivo reactions of isolated
splenocytes with FLAG conjugates verified the presence of cell-surface azides for all of these
probes (Figure 2-3). * P < 0.02; ** P < 0.008.
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Figure 2-3. Comparison of in vivo and subsequent ex vivo reactions on isolated splenocytes.
After 3 h of in vivo ligation, splenocytes from mice treated with AcsManNAz (300 mg/kg, IP, +
Az) or vehicle (70% DMSO, — Az) once daily for 7 d and a FLAG conjugate on day 8 were
isolated. The presence of cell-surface FLAG epitopes on a portion of the splenocytes from mice
injected with (A) OCT-FLAG (0.8 mmol/kg), ALO-FLAG (0.8 mmol/kg), or MOFO-FLAG (0.8
mmol/kg), (B) DIMAC-FLAG (0.8 mmol/kg), and (C) DIFO-FLAG (0.16 mmol/kg) was probed
via flow cytometry analysis using FITC-anti-FLAG (white bars). Another portion of the
splenocytes was reacted ex vivo with additional probe-FLAG conjugate (250 uM) for 1 h at rt
(black bars), followed by staining with FITC-anti-FLAG and analysis by flow cytometry. (A)
OCT-FLAG, ALO-FLAG, MOFO-FLAG were used as probes for both the in vivo and respective
ex vivo reactions; (B) DIMAC-FLAG was used as a probe for the in vivo reaction, and PHOS-
FLAG was used for the subsequent ex vivo reaction; (C) DIFO-FLAG was used as a probe for
the in vivo reaction, and PHOS-FLAG was used for the subsequent ex vivo reaction.
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Interestingly, despite the ability of OCT-FLAG to label azides on cultured cells,
splenocytes isolated from mice treated with Ac;ManNAz and OCT-FLAG (0.8 mmol/kg or 1.6
mmol/kg) did not show any detectable labeling in vivo (Figure 2-2B). Subjecting the splenocytes
to an additional reaction with the same OCT-FLAG probe ex vivo verified the presence of
unreacted cell-surface azides (Figure 2-3A). The lack of splenocyte labeling by OCT-FLAG
could reflect poor access to organs after IP injection, perhaps due to limited absorption from the
peritoneal cavity into the blood stream. Therefore, we examined serum glycoproteins for the
presence of cycloadducts by Western blotting with an anti-FLAG antibody (Figure 2-4A). No
detectable signal was observed, suggesting that OCT-FLAG may not have entered the blood
stream after IP administration. Alternatively, the compound may be sequestered by nonspecific
interactions with serum components or cleared from the blood stream on a time scale that is
faster than the rate of the covalent reaction.
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Figure 2-4. Chemical tagging of serum glycoproteins in vivo using Cu-free click chemistry.
Mice were injected with either AcsManNAz (300 mg/kg, IP, + Az) or vehicle (70% DMSO, —
Az) once daily for 7 d. On day 8, the mice were injected IP with various doses of a cyclooctyne-
FLAG probe. Serum was collected and analyzed by Western blot with a horseradish peroxidase-
anti-FLAG antibody conjugate (HRP-anti-FLAG). (A) Samples from mice injected with 0.8
mmol/kg OCT-FLAG (OCT), MOFO-FLAG (MOFO), ALO-FLAG (ALO), DIMAC-FLAG
(DIMAC); blot was exposed for 3 s. (B) Same blot as (A) exposed for 30 s, showing serum
glycoproteins labeled with ALO-FLAG. (C) Samples from mice injected with 0.16 mmol/kg
DIFO-FLAG,; exposed for 2 s.

Splenocytes from mice treated with AcsManNAz and either ALO-FLAG or DIMAC-
FLAG (both tested at doses of 0.8 mmol/kg and 1.6 mmol/kg) displayed a significant increase in
fluorescence relative to those from vehicle mice, indicating that Cu-free click chemistry proceeds
in vivo (Figure 2-2B). These probes do not possess significantly faster intrinsic kinetics than
OCT, yet they react to a greater extent on splenocytes, suggesting that their physical properties
contribute to their in vivo reactivities.

MOFO-FLAG and DIFO-FLAG are more intrinsically reactive than OCT but also less
soluble in 70% DMSO, thus mandating the use of lower doses (0.8 mmol/kg and 0.16 mmol/kg,
respectively) in the in vivo experiment. Splenocytes isolated from mice treated with both
AcsManNAz and MOFO-FLAG did not show any significant labeling in vivo (Figure 2-2B). We
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also examined serum glycoproteins for chemical modification with MOFO-FLAG; however, no
labeling was observed (Figure 2-4A). By contrast, DIFO-FLAG produced significant splenocyte
labeling in vivo compared to vehicle-treated mice, even at a dose that was 10-fold lower than the
highest dose tested for other cyclooctynes (Figure 2-2B). The intrinsic kinetic advantage enjoyed
by DIFO in vitro is thus reiterated in vivo, despite its poor solubility properties. We conclude
from this comparative study that physical properties as well as inherent reactivities can both
contribute to the efficiency of splenocyte labeling in mice.

Encouraged by these results, we sought to compare in vivo Cu-free click chemistry using
the best two reagents, DIMAC-FLAG and DIFO-FLAG, with the Staudinger ligation using
PHOS-FLAG. In these experiments, mice were injected with either AcsManNAz or vehicle and
then either DIMAC-FLAG, DIFO-FLAG, or PHOS-FLAG at the same dose. As shown in Figure
2-5, at the same concentrations, PHOS-FLAG produced more reaction products on splenocytes
than either DIMAC- or DIFO-FLAG, despite the fact that the phosphine’s in vitro reaction
efficiency is comparable to DIMAC’s and 10-fold lower than DIFO’s (Figure 2-2A).
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Figure 2-5. Comparison of Cu-free click chemistry and the Staudinger ligation for labeling
splenocyte cell-surface azides in vivo. Mice were injected with Ac;ManNAz (300 mg/kg, IP,
gray bars) or vehicle (70% DMSO, white bars) once daily for 7 d. On day 8, the mice were
injected with either (A) DIMAC-FLAG (DIMAC, 0.8 mmol/kg, IP), (B) DIFO-FLAG (DIFO,
0.16 mmol/kg, IP), or PHOS-FLAG (PHOS) at the same dose. Three hours post-injection of the
FLAG conjugates, the mice were euthanized, and the splenocytes were harvested, labeled with
FITC-anti-FLAG, and analyzed by flow cytometry. Each point represents the average MFI value
of three replicate samples from an individual mouse. Each bar represents the average MFI value
of splenocytes isolated from separate mice (n = 3-11). * P <0.02; ** P < 0.008.

These results may reflect differences in tissue access for the various reagents, a
possibility that we addressed by Western blot analysis of serum and tissue lysates from mice
treated with AcsManNAz or vehicle, followed by probe-FLAG conjugates. We observed
detectable labeling of serum glycoproteins with all of the cyclooctynes except OCT-FLAG and
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MOFO-FLAG as discussed above (Figure 2-4). Thus, ALO-, DIMAC- and DIFO-FLAG have
some degree of access to the vasculature. From our panel of three isolated organs, we observed
labeling with ALO-FLAG only in the intestines (Figure 2-6A, overnight exposure). With
DIMAC- and DIFO-FLAG, labeling was observed in all of the organs harvested, with the
strongest labeling in the intestines, followed by the heart and liver (Figure 2-6B and C, 5-min
and 1-h exposure, respectively). The relative intensity of glycoprotein labeling in the intestines
may reflect this organ’s proximity to the IP injection site. For comparative purposes we also
probed the same organs for the presence of Staudinger ligation products derived from injected
PHOS-FLAG. Again, we observed glycoprotein labeling in all of the organs harvested, with the
strongest signal in samples from the intestines, followed by the heart and liver (Figure 2-6D, 10-s
exposure). Thus, PHOS-FLAG appears to access the same organs as DIMAC- and DIFO-FLAG.
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Figure 2-6. Cu-free click chemistry and Staudinger ligation products are observed in a variety of
tissues in vivo. Mice were injected with AcsManNAz (300 mg/kg, IP, + Az) or vehicle (70%
DMSO, - Az) once daily for 7 d. On day 8, the mice were injected with either (A) ALO-FLAG
(0.8 mmol/kg, IP), blot was exposed overnight; (B) DIMAC-FLAG (0.8 mmol/kg, IP), blot was
exposed for 5 min; (C) DIFO-FLAG (0.16 mmol/kg, IP), blot was exposed for 1 h; or (D) PHOS-
FLAG (0.8 mmol/kg, IP), blot was exposed for 10 s. Three hours post-injection of the FLAG
conjugates, the mice were euthanized, and organs (liver, heart, intestines) were harvested and
homogenized. The organ lysates were analyzed by Western blot probing with HRP-anti-FLAG.
Each lane represents organ lysate from a single representative mouse.

DIFO-FLAG binds mouse serum albumin (MSA) with high affinity

We noted that the Western blots of organ lysates (Figure 2-6C) and serum (Figure 2-4C)
from mice treated with vehicle followed by DIFO-FLAG showed a strongly-labeled band with
an apparent molecular weight around 65 kDa. A similar band, though much more faint, was
observed in the Western blot of heart lysates from mice treated with vehicle followed by
DIMAC-FLAG (Figure 2-6B). Thus, DIFO-FLAG and, to a lesser extent, DIMAC-FLAG seem
to bind a ubiquitous species in an azide-independent manner. Mouse serum albumin (MSA), with
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a molecular weight of 68 kDa, was the most obvious candidate (30). MSA is the most abundant
serum protein and is known for its role as a carrier protein for small hydrophobic molecules (31).

We tested the MSA-binding activity of DIFO-FLAG by immunoprecipitation of liver
lysates derived from AcsManNAz or vehicle-treated mice using an anti-FLAG antibody or
isotype control. Western blots of the captured glycoproteins probed using either an anti-FLAG
(Figure 2-7A) or anti-MSA (Figure 2-7B) antibody confirmed that the species labeled with
DIFO-FLAG in an azide-independent manner was indeed MSA. We also immunoprecipitated
MSA from liver lysate samples from the same mice using an anti-MSA antibody or isotype
control. Western blots of the captured proteins were probed using either an anti-FLAG (Figure 2-
7C) or anti-MSA antibody (Figure 2-7D) to verify that MSA was indeed modified by the FLAG
epitope. It should be noted that the Western blots in Figure 7 reflect samples that were exposed
to both 1 M urea and B-mercaptoethanol and were boiled for 10 min before being run on a
reducing, denaturing gel. The persistence of MSA labeling after these treatments suggests that
the interaction might be covalent. MSA has two free cysteine residues that are subject to covalent
modification by other metabolites (32). It is possible that nonspecific binding to the DIFO core, a
highly hydrophobic moiety, facilitates covalent interactions with cysteine or other nucleophilic
residues.
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Figure 2-7. DIFO-FLAG binds mouse serum albumin (MSA). Liver lysates from mice injected
with Ac;ManNAz (300 mg/kg, IP, + Az) or vehicle (70% DMSO, — Az) once daily for 7 d,
followed by one bolus of DIFO-FLAG (0.16 mmol/kg, IP) on day 8, were immunoprecipitated
with (A-B) an anti-FLAG antibody (FLAG) or an isotype control (iso), or (C-D) an anti-MSA
antibody (MSA) or an isotype control (iso). The samples were analyzed by Western blot probing
for (A and C) FLAG or (B and D) MSA.

Conclusions

Cu-free click chemistry has been previously used to monitor azidosugars (16, 33),
proteins bearing azido amino acids (34, 35), lipids (22), and site-specifically labeled proteins
(21) in live cells. In this paper, we have demonstrated that Cu-free click chemistry using a
variety of cyclooctyne probes can be employed to label azidosugars in the physiologically
relevant context of a mouse. Cyclooctynes thereby join the ranks of a privileged few reagents
that possess the requisite bioorthogonality to find their covalent reaction partners in animals.
Most of these reagents, however, require non-covalent complexation with an enzyme target to
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deliver a covalent warhead to a nucleophilic residue nearby (36, 37). Only the Staudinger
ligation and Cu-free click chemistry reagents possess sufficient bioorthogonality for direct
covalent labeling of their targets in vivo. The ability to perform these chemical reactions in living
animals could enable therapeutic targeting or molecular imaging of changes in metabolism in
mouse models of human disease.

Among the cyclooctynes tested, DIFO-FLAG, which possesses the best intrinsic
reactivity with azides, was the most efficient reagent for labeling serum or tissue-resident
glycoproteins. DIMAC- and ALO-FLAG also afforded detectable labeling, though at lower
levels. Their advantage over OCT- and MOFO-FLAG may reflect their superior water solubility.
It should be noted, however, that PHOS-FLAG, a reagent with lower inherent reactivity than
DIFO, gave the most robust labeling of splenocytes after the three-hour in vivo reaction. DIFO’s
bioavailability may be compromised by significant binding to serum albumin. Thus, optimization
of bioorthogonal reagents for in vivo applications may require consideration of both their
intrinsic reactivities as well as their pharmacokinetic properties.

Analysis of the detailed biodistributions and serum residence times of the above reagents
will be an interesting extension of this work. Moreover, pathways of metabolic clearance will be
important to characterize in the design of optimal bioorthogonal reagents. Literature precedents
suggest that phosphines (12) and terminal alkynes (38) can be metabolized in the liver by
cytochrome P450 enzymes. Internal alkynes also may be oxidized by P450 enzymes, though
their routes of metabolism are less well characterized (39). The metabolism of cyclooctynes has
not been explored, offering another interesting future direction.
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Materials and methods
General

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. With the exception of reactions
performed in aqueous media, all reaction vessels were flame-dried prior to use. Reactions were
performed in a N, atmosphere, except in the case of reactions performed in aqueous media, and
liquid reagents were added with a syringe unless otherwise noted. Tetrahydrofuran (THF) was
distilled under N, from Na/benzophenone immediately prior to use, and CH,Cl, was distilled
from CaH, immediately prior to use. Anhydrous pyridine and DMF were purchased from Acros
Organics (Morris Plains, NJ). Chromatography was carried out with Merck 60 230—400 mesh
silica gel. Reactions and chromatography fractions were analyzed with Analtech 250 micron
silica gel G plates and visualized by staining with ceric ammonium molybdate or by absorbance
of UV light at 254 nm. When an Ry is reported for a compound, the solvent that was used was the
chromatography solvent unless otherwise noted. Organic extracts were dried over MgSQ,, and
solvents were removed with a rotary evaporator at reduced pressure (20 torr), unless otherwise
noted. IR spectra were of thin films on NaCl plates. Unless otherwise noted, IH, 13C, and "°F
NMR spectra were obtained with 300 MHz, 400 MHz, 500 MHz, or 600 MHz Bruker
spectrometers. Chemical shifts are reported in & ppm referenced to the solvent peak for 'H and
C and relative to CFCl; for "F. Coupling constants (J) are reported in Hz. Low- and high-
resolution fast atom bombardment (FAB) and electrospray ionization (ESI) mass spectra were
obtained at the UC Berkeley Mass Spectrometry Facility, and elemental analyses were obtained
at the UC Berkeley Micro-Mass Facility. Melting points were determined using a Mel-Temp 3.0
melting point apparatus and are uncorrected. Reversed-phase HPLC was performed using a
Rainin Instruments 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 1 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 pm PTFE membrane prior to
injection. AcsManNAz (29), PHOS-FLAG (29), OCT (14), ALO (15), MOFO (15), DIMAC
(26), DIFO-maleimide (16) and DIFO-FLAG (16) were synthesized according to previously
published procedures.

Dulbecco’s phosphate-buffered saline pH 7.4 (PBS), anti-FLAG M2-peroxidase (HRP-
anti-FLAG), and fluorescein isothiocyanate (FITC)-anti-FLAG were purchased from Sigma.
RPMI-1640 media was obtained from Invitrogen Life Technologies, Inc., and fetal bovine serum
(FBS) was obtained from HyClone Laboratories. Flow cytometry analysis was performed on a
BD FACSCalibur flow cytometer using a 488 nm argon laser. At least 10* 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. The data points are representative of at least three separate experiments. SDS-
PAGE was performed on pre-cast 12% polyacrylamide gels (Bio-Rad) and Western blots were
developed using a SuperSignal West Pico Chemiluminescent Detection Kit (Pierce).
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Chemical synthesis
Synthesis of cyclooctyne-FLAG conjugates

We initially attempted to attach the cyclooctyne via its carboxylic acid directly onto the
N-terminus of a Wang resin-bound FLAG peptide. However, this route was unsuccessful due to
decomposition of the strained alkyne in the presence of the strongly acidic cleavage cocktail,
consistent with observations from Wolfbeis and co-workers (40). Thus, we opted to introduce a
cysteine residue at the C-terminus of the FLAG peptide sequence, which was then coupled to a
cyclooctyne-maleimide compound (Schemes 2-1 and 2-2).

OCT-maleimide (2.1b). Pentafluorophenyl trifluoroacetate (Pfp-TFA) (343 uL, 2.00 mmol) was
added to OCT (14) (2.1a, 258 mg, 1.00 mmol) in anhydrous pyridine (8.0 mL). The reaction was
stirred for 4 h, diluted with CH,Cl, (250 mL), and washed with 1 M HCI1 (3 x 250 mL) and a sat.
NaHCO; solution (2 x 250 mL). The organic layer was dried over MgSQy, filtered, and
concentrated. The crude ester was dissolved in dry CH,Cl, (5 mL). Maleimide-amine (16) (693
mg, 4.50 mmol) was added, followed by triethylamine (1.26 mL, 9.00 mmol). The reaction was
stirred for 24 h and then concentrated. The crude product was purified by silica gel
chromatography (3:2 petroleum ether/EtOAc to 2:3 petroleum ether/EtOAc) to give the desired
product as a white solid (0.190 g, 48%). 'H NMR (CDCls, 300 MHz): & 1.24-2.30 (m, 12H), 3.38
(app q, 2H, J= 6.0 Hz), 3.64 (app t, 2H, J = 6.0), 4.21 (m, 1H), 4.43 (app d, 1H, J = 12.0), 4.71
(app d, 1H, J = 12.0), 6.73 (s, 2H), 7.02 (m, 1H), 7.41 (d, 2H, J = 8.1 Hz), 7.80 (d, 2H, J = 8.1
Hz). °C NMR (CDCls;, 75 MHz): & 21.1, 26.6, 28.4, 30.0, 34.6, 35.0, 36.5, 42.6, 70.7, 72.3,
92.8, 100.9, 127.3, 128.1, 133.5, 134.6, 142.4, 167.8, 171.5. FAB-HRMS: Calcd. for
Cy3Ha7N,04 " [M+H]: 395.1971, found: 395.1976.

ALO-maleimide (2.2b). ALO (15) (2.2a, 15 mg, 0.080 mmol) was dissolved in MeCN (1.5 mL)
and cooled to 0 °C. N,N-Diisopropylethylamine (0.07 mL, 0.4 mmol) was added, followed by
maleimide-amine (35 mg, 0.13 mmol) and HATU (36 mg, 0.095 mmol). The mixture was
warmed to rt and allowed to react for 2 h, at which point the reaction was evaporated to dryness.
The crude product was purified by silica gel chromatography with a 12:1 toluene/acetone solvent
system to yield the desired product (20 mg, 79%, R; = 0.6 in 1:1 toluene/acetone). *H NMR (600
MHz, MeOD): & 1.36-1.42 (m, 1H), 1.52-1.62 (m, 2H), 1.67 (quin, 2H, J = 6.8 Hz), 1.72-1.79
(m, 2H), 1.80-1.86 (m, 1H), 1.94-1.98 (m, 1H), 2.03-2.09 (m, 2H), 2.12-2.17 (m, 1H), 3.12 (q,
2H, J = 6.6 Hz), 3.44 (id, 2H, J = 6.7, 1.3 Hz), 3.76 (d, 1H, J = 15.2 Hz), 3.88 (d, 1H, J = 15.2
Hz), 4.20-4.22 (m, 1H), 6.72 (s, 2H). **C NMR (150 MHz, MeOD): § 21.4, 27.6, 29.5, 31.0,
35.6, 36.1, 37.2, 43.3, 69.1, 74.5, 92.6, 102.4, 135.6, 172.7, 172.8. ESI-HRMS: Calcd. for
C17H2204N;Na* [M+Na]": 341.1472, found: 341.1466.

DIMAC-maleimide (2.3b). DIMAC (26) (2.3a, 0.100 g, 0.372 mmol,) was dissolved in MeCN
(8 mL) and cooled to 0 °C. N,N-Diisopropylethylamine (0.33 mL, 1.9 mmol) was added,
followed by maleimide-amine (158 mg, 0.589 mmol) and HATU (162 mg, 0.427 mmol). The
mixture was warmed to rt and allowed to react for 4 h, at which point the reaction was
evaporated to dryness. The crude product was purified by silica gel chromatography using a
toluene/acetone solvent system (5:1 to 3:1 to 1:1) to yield the desired product (141 mg, 94%, R¢
= 0.2 in 1:1 toluene/acetone) as a 10:1 mixture of rotamers (designated rotH). *H NMR (600
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MHz, D,0): 6 1.78 (quin, 2H, J = 6.8 Hz, 2rotH), 2.21-2.25 (m, 1 rotH), 2.32 (dt, 1H, J = 16.8,
3.2 Hz), 2.50-2.60 (m, 2H, 2rotH), 2.62-2.69 (1H, 1rotH), 2.73-2.82 (2H, 1rotH), 2.84-2.92 (m,
1rotH), 3.02 (dd, 1H, J = 14.3, 9.0 Hz), 3.05-3.08 (m, 1rotH), 3.12-3.21 (m, 2H, 3rotH), 3.28-
3.34 (m, 4H), 3.36 (s, 3rotH), 3.51-3.56 (m, 5H, 3rotH), 3.69 (t, 1H, J = 8.8 Hz), 3.67-3.73 (m,
2rotH), 3.82 (t, 1rotH, J = 8.4 Hz), 4.00 (d, 1rotH, J = 15.9 Hz), 4.05 (d, 1H, J = 14.2 Hz), 4.16
(dd, 1H, J = 14.9, 5.5 Hz), 4.20 (dt, 1H, J = 8.6, 2.5 Hz), 4.22-4.24 (m, 1rotH), 4.35 (dt, 1rotH, J
= 7.9, 2.3 Hz), 6.83 (s, 2H, 2rotH). *C NMR (150 MHz, D,O, no rotamer peaks tabulated): &
20.8, 27.1, 28.4, 30.9, 35.1, 36.7, 52.1, 54.3, 56.7, 58.1, 76.2, 84.4, 90.8, 99.0, 134.4, 173.2,
174.75, 174.77. ESI-HRMS: Calcd. for CooH270sN3Na* [M+Na]*: 428.1792, found 428.1785.

MOFO-maleimide (2.4b). Triethylamine (0.508 ml, 3.65 mmol) was added to a solution of
MOFO (15) (2.4a, 0.200 g, 0.768 mmol), maleimide-amine (0.235 g, 0.875 mmol), HATU
(0.305 g, 0.802 mmol), and 1-hydroxybenzotriazole (HOBt, 0.123 g, 0.802 mmol) in CH,Cl, (3
mL) at rt. The reaction was stirred for 15 min, quenched with HO (10 mL), and diluted with
CH,ClI; (50 mL). The organic layer was washed with 1 N HCI (3 x 50 mL), sat. NaHCO3 (3 x 50
mL), and brine (2 x 25 mL) and dried over MgSO,4. Chromatography of the crude product (2:1 to
1:1 hexanes/EtOAc) yielded the desired product as a white solid (0.198 g, 65%, R¢=0.30 in 1:1
hexanes/EtOAc), mp 122.0-124.0 °C (dec). IR: 3413, 2931, 2854, 2222, 1705, 1640 cm™. 'H
NMR (CDCl;, 400 MHz): & 1.39 (m, 1H), 1.74 (m, 2H), 1.81-2.06 (m, 6H), 2.14-2.32 (m, 3H),
3.05 (d, 1H, J= 2.8 Hz), 3.09 (s, 1H), 3.40 (q, 2H, J = 6.4 Hz), 3.67 (t, 2H, J = 6.0 Hz), 6.75 (s,
2H), 6.93 (m, 1H), 7.41 (d, 2H, J = 8.0 Hz), 7.81 (d, 2H, J = 8.0 Hz). >C NMR (CDCls, 100
MHz): 6 20.5, 26.0, 28.1, 29.4, 34.0, 34.8, 36.2, 44.6 (d, J = 25.0 Hz), 47.8 (d, J = 24.0 Hz), 90.7
(d, J = 32.0 Hz), 95.3 (d, J = 174.0 Hz), 104.5 (d, J = 10.0 Hz), 126.7, 130.5, 132.9, 134.2,
139.6, 167.1, 171.1. F NMR (CDCl;, 376 MHz): & -139.0 (m). FAB-HRMS: Calcd. for
Cp3HaN,O3F " [M+H]™: 397.1927, found: 397.1920.

General procedure for synthesis of cyclooctyne-FLAG peptide conjugates

Cysteine-modified FLAG peptide (FLAG-Cys, H,N-DYKDDDDKC-CO,H) was
synthesized on Fmoc-Cys(Trt) Wang resin (100-200 mesh) using standard Fmoc solid-phase
peptide synthesis with N“-Fmoc protected amino acids and DIC/HOBt ester activation in NMP.
A five-fold excess of amino acid was used for the coupling steps, which involved gentle rotation
for 30 min and was repeated once for each amino acid. Fmoc removal was achieved with 20%
piperidine in NMP (1 x 30 min). The peptide was cleaved for 3 h using a solution of
trifluoroacetic acid:triisopropylsilane:water (95:2.5:2.5) and precipitated with ether. The crude
product was dried and used without further purification. Cyclooctyne-FLAG conjugates were
synthesized using standard thiol-maleimide coupling chemistry. Briefly, the cyclooctyne-
maleimide derivatives were dissolved in anhydrous DMF and added to a solution of FLAG-Cys
(1.5-2.2 eq) in an equal amount of water. If necessary, additional DMF was added to the reaction
mixture to solubilize the reactants. The resulting solutions were stirred overnight, concentrated,
and filtered prior to purification by reversed-phase HPLC. Gradients used are listed below.
Solvent A is ddH,O + 0.1% TFA, and solvent B is MeCN + 0.1% TFA. The appropriate
fractions were pooled and lyophilized to provide the conjugates as fluffy white powders.
OCT-FLAG (2.1c): Purified using a gradient of 0-15 %B over 5 min, followed by 15-50 %B
over 35 min; 51%. (ESI-HRMS): Calcd. for CgHg025N13S™ [M+H]™: 1510.6043, found:
1510.6094.
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ALO-FLAG (2.2c): Purified using a gradient of 5-70 %B over 40 min; 43%. (ESI-HRMS):
Calcd. for Ce1HggO25N13S™ [M+H]": 1434.5730, found: 1434.5770.

DIMAC-FLAG (2.3c): Purified using a gradient of 0-35 %B over 30 min; 56%. (ESI-HRMS)
Calcd. for CgsHgoN1402,S% [M-2H]%: 759.2916; found 759.2941.

MOFO-FLAG (2.4c): Purified using a gradient of 0-15 %B over 5 min, followed by 15-50 %B
over 35 min; 27%. (ESI-HRMS): Calcd. for CgHg1024N1sFS*™ [M+H]": 1512.6014, found:
1512.5999.

Cell culture

Jurkat (human T cell lymphoma) cells and isolated splenocytes were maintained in a 5%
CO,, water-saturated atmosphere and grown in RPMI-1640 media supplemented with 10% FBS,
penicillin (100 units/mL), and streptomycin (0.1 mg/mL). Cell densities were maintained
between 1 x 10° and 2 x 10° cells per mL.

Labeling of cultured cells with FLAG conjugates and flow cytometry analysis

Jurkat cells were incubated for 3 d in untreated medium or medium containing 25 pM
Acs;ManNAz. The cells were then distributed into a 96-well V-bottom tissue culture plate,
pelleted (2500 x g for 3 min), and washed with 200 pL (3x) of labeling buffer (PBS containing
1% FBS). Cells were then incubated with a cyclooctyne-FLAG conjugate (2.1c-2.5¢) or PHOS-
FLAG (250 uM) in labeling buffer for 1 h at room temperature. After incubation, the cells were
pelleted, washed three times with labeling buffer, and resuspended in the same buffer containing
FITC-anti-FLAG (1:900 dilution of the Sigma stock). After a 30-min incubation on ice, the cells
were washed once with 200 puL of cold labeling buffer and then diluted to a volume of 400 uL
for flow cytometry analysis.

Mice

Wild type B6D2F1 mice (aged 5-8 weeks) were purchased from The Jackson Laboratory
or Charles River Laboratories. Animals were handled in accordance with Animal Use Protocol
R234-0510B (approved by the Animal Care and Use Committee at the University of California,
Berkeley).

Compound administration

B6D2F1 mice were administered Ac;ManNAz (300 mg/kg in 70% DMSO from a 116
mM stock solution) or vehicle (70% DMSO) intraperitoneally once daily for 7 days. Twenty-four
hours after the final AcsManNAz bolus, mice were injected intraperitoneally with either PHOS-
FLAG (0.16 mmol/kg or 0.8 mmol/kg in 70% DMSO or water from a 26.7 mM or 133 mM stock
solution, respectively), OCT-FLAG (0.8 mmol/kg or 1.6 mmol/kg in 70% DMSO from a 133
mM or 267 mM stock solution, respectively), ALO-FLAG (0.8 mmol/kg or 1.6 mmol/kg in 70%
DMSO from a 133 mM or 267 mM stock solution, respectively), DIMAC-FLAG (0.8 mmol/kg
and 1.6 mmol/kg in water from a 133 mM or 267 mM stock solution, respectively), MOFO-
FLAG (0.8 mmol/kg in 70% DMSO from a 133 mM stock solution), or DIFO-FLAG (0.16
mmol/kg in 70% DMSO from a 26.7 mM stock solution). All doses of azidosugar, vehicle, and
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FLAG-conjugates were administered in approximately 150 puL of 70% DMSO or water. Three
hours post-injection of the FLAG conjugates, the mice were euthanized, and a panel of organs
was harvested.

Splenocyte analysis after Cu-free click chemistry in vivo

Splenocytes from mice treated first with Acs;ManNAz or vehicle followed by the
appropriate FLAG conjugate were isolated and probed for the presence of cell-surface FLAG
epitopes using a previously reported protocol (11). Briefly, isolated splenocytes were incubated
directly with FITC-anti-FLAG in labeling buffer (PBS + 1% FBS, 1:900 dilution of Sigma stock)
for 30 min on ice. The cells were then washed once with labeling buffer and analyzed by flow
cytometry.

Labeling of splenocyte cell-surface azides ex vivo

Splenocytes isolated as described above were further reacted ex vivo with OCT-FLAG,
ALO-FLAG, MOFO-FLAG, or PHOS-FLAG to probe for the presence of unreacted azides.
Briefly, splenocytes were incubated with either PHOS-FLAG or one of the cyclooctyne-FLAG
conjugates (250 uM) for 1 h at room temperature in labeling buffer. The cells were then rinsed
three times with labeling buffer, treated with FITC-anti-FLAG for 30 min on ice, rinsed with
labeling buffer once, and analyzed by flow cytometry.

Western blot analysis of serum glycoproteins

Whole blood was collected from anesthetized mice injected first with either AcsManNAz
or vehicle and then PHOS-FLAG or a cyclooctyne-FLAG conjugate by cardiac puncture from
the closed thorax. The samples were allowed to clot, and the serum was then isolated by removal
of the agglutinated red blood cells and leukocytes. The samples were then centrifuged (13,500 x
g for 10 min) to remove residual cell debris, and the supernatant was collected and diluted with
lysis buffer (150 mM NacCl, 1% NP-40, 20 mM Tris-HCI, 1 mM EDTA, pH 7.4) containing
protease inhibitors (Complete, Roche). Protein concentrations were determined using the DC
protein assay kit (Bio-Rad). The samples (50 pg of protein per lane) were analyzed by Western
blot, probing with a horseradish peroxidase-anti-FLAG antibody conjugate (HRP-anti-FLAG) as
previously described (11).

Lysis of murine organs and Western blot analysis

Organs (liver, heart, and intestines) harvested from mice injected first with either
Acs;ManNAz or vehicle and then PHOS-FLAG or a cyclooctyne-FLAG conjugate were rinsed
with cold PBS and minced. The organs were then transferred into 1.5 mL of lysis buffer (150
mM NaCl, 1% NP-40, 20 mM Tris-HCI, 1 mM EDTA, pH 7.4) containing protease inhibitors
(Complete, Roche) and homogenized using a Dounce homogenizer. The lysates were centrifuged
(13,500 x g for 10 min) to remove cell debris, and the supernatant was collected. Protein
concentrations were determined using the DC protein assay kit (Bio-Rad). The samples (100 ug
of protein per lane) were analyzed by Western blot, probing with HRP-anti-FLAG as previously
described (11).
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Immunoprecipitation of FLAG-labeled liver lysates to probe for mouse serum albumin (MSA)

Liver lysate (10 mg of protein) from mice treated with either AcsManNAz or vehicle and
subsequently injected with DIFO-FLAG were prepared as described above and incubated with
60 ug of M2 anti-FLAG antibody (Sigma) or isotype control (mouse 1gG1 isotype, Sigma) in 10
mL of lysis buffer containing protease inhibitors (Complete, Roche) at 4 °C with rotation
overnight. Ultralink Immobilized Protein A/G (60 pL, Pierce) was added, and the sample was
rotated for 2 h at room temperature. At this point, the resin was pelleted by centrifugation (1000
x g for 1 min), and the supernatant was discarded. Wash buffer A (750 uL of 50 mM Tris, 300
mM NaCl, 1% Triton X-100, pH 7.4) was added. The sample was pelleted on a benchtop
microfuge, and the supernatant was discarded. A second wash with 750 pL of wash buffer A was
performed, followed by two washes of 750 uL each with wash buffer B (50 mM Tris, 1.3 M
NaCl, 1% Triton X-100, pH 7.4) and wash buffer C (50 mM Tris, 1.3 M NaCl, 1 M urea, 1%
Triton X-100, pH 7.4). The beads were then diluted with 1X SDS gel loading buffer (Bio-Rad)
containing [3-mercaptoethanol, boiled for 10 min, and analyzed by Western blot, using HRP-anti-
FLAG (1:1000 dilution of Sigma stock) to probe for FLAG (1/5 of the total elution) or goat anti-
MSA (affinity-purified polyclonal, 1:5000 dilution of Bethyl Laboratories stock), followed by
donkey anti-goat-HRP (1:5000 dilution of Santa Cruz Biotechnology stock) to probe for MSA
(4/5 of the total elution).

Immunoprecipitation of MSA from liver lysates to probe for the FLAG epitope

MSA was immunoprecipitated as previously described (32). Briefly, liver lysate (10 mg
of protein) from mice treated with either AcsManNAz or vehicle and subsequently injected with
DIFO-FLAG were prepared as described above. The samples were pre-cleared with Ultralink
Immobilized Protein A/G (50 pL, Pierce) by rotation for 1 h at 4 °C in 10 mL of 50 mM sodium
phosphate, pH 7.4 (immunoprecipitation buffer), followed by centrifugation to pellet the beads
(3700 x g for 5 min) and collection of the supernatant. In separate tubes, anti-MSA or an isotype
control antibody (goat anti-mouse IgG) (15 pg) was bound to a separate sample of Ultralink
Immobilized Protein A/G (50 pL) by rotation for 1 h at 4 °C in 10 mL of immunoprecipitation
buffer. The antibody-bound beads were rinsed once with 5 mL of immunoprecipitation buffer,
and the pre-cleared lysate was added to the antibody-bound beads and rotated overnight at 4 °C.
Then the beads were pelleted (3700 x g for 5 min), rinsed 3 times with 1 mL of
immunoprecipitation buffer, and eluted by boiling for 10 min in 1X SDS gel loading buffer (Bio-
Rad). One quarter of the sample was analyzed by Western blot, probing with goat anti-MSA
(affinity-purified polyclonal, 1:5000 dilution of Bethyl Laboratories stock) followed by donkey
anti-goat-HRP (1:5000 dilution of Santa Cruz Biotechnology stock), and the remainder of the
elution was analyzed by Western blot, probing with HRP-anti-FLAG (1:1000 dilution of Sigma
stock).
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Chapter 3: Imaging glycans using the chemical reporter strategy®
Introduction

Because clinical diagnostic imaging relies exclusively on gross anatomical changes that
occur relatively late in disease progression, the field of molecular imaging has been focused on
imaging tissue-specific biomarkers that are associated with the early onset of disease. To date,
the field has focused primarily on protein-based markers that are targeted with green fluorescent
protein (GFP) fusions or with antibody conjugates, receptor ligands, or enzyme
substrates/inhibitors (1, 2). In addition to changes in protein expression, cancer cells have long
been known to display glycosylation patterns that are strikingly different from those found on
normal cells from the same tissue (3, 4). For example, numerous cancers have been shown to
express elevated levels of glycan structures that contain the monosaccharide sialic acid (Figure
3-1) (5, 6). Furthermore, a strong correlation between cell-surface sialic acid levels and
metastatic potential has also been observed in several different tumor types (7, 8). Thus, an
imaging strategy that targets sialic acid could potentially be used for the noninvasive monitoring
of cancer development and progression.
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Figure 3-1. Altered glycosylation patterns are a hallmark of cancer. The epitopes depicted here
represent a small subset of sialylated glycans found on malignant cells.

Glycans, unlike proteins, cannot be visualized by fusion to GFP or other genetically
encoded tags because glycosylation is a post-translational modification. Therefore, alternative
strategies including lectin and antibody conjugates are necessary to image these biomolecules in
vivo. However, these protein-based reagents have limited tissue access due to their large size and

%Jennifer A. Prescher, Matthew J. Hangauer, Danielle H. Dube, and Pritha Ray (Stanford University) contributed to
the work presented in this chapter.
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may be restricted to imaging vascular targets (9, 10). In addition, most lectins are isolated from
plants and can be highly cytotoxic. Furthermore, there are relatively few known antibodies
against glycans. These reagents also exhibit low affinities for their targets (high micromolar to
millimolar) and cannot reveal subtle changes in glycan profiles that can accompany
physiological changes.

Physiological

change

(0]
AcO HNJ\/ Na

[¢]
Af\c OAc

Ac,ManNAz

Bioorthogonal
reaction

Figure 3-2. A strategy for noninvasive imaging of glycans. Physiological changes such as
malignant transformation may be reflected in altered cell-surface glycosylation patterns. For
example, cancer cells are known to overexpress sialic acid and are more metabolically active
than normal cells. It is possible that greater amounts of AcsManNAz could be metabolized and
incorporated onto tumor cell surfaces. Subsequent covalent labeling of the cell-surface azides via
Staudinger ligation or Cu-free click chemistry with imaging agents would enable noninvasive
detection of the altered tissue.

The bioorthogonal chemical reporter strategy provides an alternative means to visualize
glycans within living animals (11). We have previously shown that unnatural sugars can be
introduced into cell-surface glycans in mice by the metabolism of precursor analogs (12). The
unnatural analogs can be endowed with chemical reporters or functional groups that are capable
of chemoselective reaction with exogenous probes. For example, AcsManNAz is converted by
cells to SiaNAz in vivo, which provides a readout of flux through the sialic acid biosynthetic
pathway. Since cancer cells are known to overexpress sialic acids and are more metabolically
active than nonmalignant cells, we believe that higher levels of SiaNAz could be incorporated
onto tumor cell surfaces compared with healthy cells. The azides can then be covalently tagged
with the Staudinger ligation using phosphine imaging agents or Cu-free click chemistry using
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cyclooctyne reagents. This two step strategy could enable the delivery of diagnostic agents to
cell surfaces that are rich in sialic acid, as depicted schematically in Figure 3-2.

This strategy has several advantages over other approaches to glycan visualization. First,
the azidosugar, phosphine and cyclooctyne imaging agents are all small molecules that have the
potential for broad tissue penetrance. By contrast, antibody conjugates have limited tissue access
(9). Second, the targeting event involves a covalent bond at the cell surface rather than a non-
covalent association. Thus, unbound imaging probes can be cleared without rapid loss of specific
signal. This feature is key to achieving adequate contrast to detect the target for imaging
modalities with high sensitivity (2). Third, the approach permits imaging of metabolic flux, a
parameter that cannot be monitored by conventional glycan-binding reagents. Lastly, the
covalent tagging step involving an exogenous probe is versatile with respect to the imaging
modality, so potentially any phosphine- or cyclooctyne-imaging agent conjugate can be utilized.

Interest in fluorescence imaging has grown significantly over the last decade due to its
improved sensitivity, recent improvements in instrumentation, and relatively low cost (no
cyclotron or superconducting magnet is required, as is the case with positron emission
tomography (PET) and magnetic resonance imaging (MRI) (2). In addition, fluorescent dyes
have been designed with a wide range of spectral properties, and multiple dyes can be imaged
simultaneously and independently. With the advent of near-infrared (NIR) dyes, which have
superior tissue penetrance and minimize background autofluorescence, fluorophores have
become more popular for imaging in living subjects (13). For these reasons, we have synthesized
phosphines and cyclooctynes containing fluorophores for fluorescence imaging.

This Chapter summarizes our work toward developing fluorescent probes for imaging
glycans on live cells and in mice. We have synthesized an assortment of phosphine and
cyclooctyne probes for fluorescence imaging, and these reagents were employed for glycan-
specific imaging in healthy mice. Currently, we are investigating several murine tumor models
for robust azidosugar incorporation in vivo and plan to employ the optimal reagent for imaging
cancer in these models.

Results and discussion
Synthesis and photophysical characterization of fluorescent phosphine and cyclooctyne probes

Our first goal was to develop reagents for direct visualization of azides. Coumarin- and
fluorescein-phosphine conjugates have been employed for biochemical detection of azide-
labeled proteins and nucleotides (14). Although these reagents could potentially be adapted for
cell imaging, NIR probes have emerged as the preferred choice for cellular and whole-animal
imaging (2). Thus, we prepared a panel of probes including a Cyanine 5.5 (Cy5.5)-phosphine
conjugate (3.1) (Figure 3-3), which absorbs and emits NIR light. For comparative purposes, we
also synthesized fluorescein-, rhodamine B-, and Alexa Fluor 568-phosphine conjugates (3.2-
3.4), respectively, as well as a Cy5.5-DIFO conjugate (3.5). The photophysical parameters of the
probes were similar to those of their parent fluorophores (Figure 3-3). These imaging probes
were prepared as described in Scheme 3-1.
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Figure 3-3. Phosphine and cyclooctyne probes for glycan-specific imaging.
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Scheme 3-1. Synthesis of phosphine- and cyclooctyne-imaging probes. (a) Ethylenediamine,
DIPEA, CH,Cl,, under Ar, 91%; (b) Cy5.5-NHS ester, TEA, DMSO, under Ar, 36%; (c)
Trimethyl aluminum (2.0 M in toluene), piperazine, CH,Cl,, reflux, 88%; (d) DIPEA, DMF,
under Ar, 30%; (e) DIPEA, CH,Cl,, under Ar, 75%; (f) DIPEA, DMSO, under Ar, 75%; (g)
Ethylenediamine, TEA, DMSO, 24%; (h) DIFO-Pfp ester (15), TEA, DMSO, 69%.
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Chemical tagging of azide-containing protein with fluorescent phosphines

To confirm the reactivity of the probes with azide-labeled biomolecules, we incubated
3.1-3.3 with recombinant murine dihydrofolate reductase (mDHFR) bearing azido homoalanine
in place of native methionine (16). Analysis by gel electrophoresis and in-gel fluorescence
imaging showed selective labeling of the azido protein and no detectable labeling of the native
protein (Figure 3-4).

A
B

C

iR

Figure 3-4. Specific labeling of azido-mDHFR with 3.1-3.3. Purified azido-mDHFR (+) and
native mDHFR (—) were incubated overnight at rt in 8§ M urea with 10 uM 3.1-3.3, and the
samples were analyzed by SDS-PAGE. The extent of Staudinger ligation was determined by

fluorescence (top), and total protein content was determined by staining with Coomassie Blue
(bottom): (A) 3.1, (B) 3.2, and (C) 3.3.

Imaging cell-surface glycans using the chemical reporter strategy

We next evaluated the fluorescent phosphines in cell imaging experiments. Azides were
introduced into Jurkat cell-surface glycans by metabolic labeling of their sialic acids using the
precursor AcsManNAz. The cells bearing azido sialic acids (SiaNAz) were then reacted with
various concentrations of 3.1-3.3 (10 uM — 1 mM) and their fluorescence was quantified by flow
cytometry. Compounds 3.2 and 3.3 showed high background labeling at all concentrations tested,
which obscured any potential azide-specific labeling (Figures 3-5 and 3-6). Although reducing
the dye concentration could diminish background labeling, the corresponding decrease in
Staudinger ligation rate would also diminish the sensitivity of azide detection.
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Figure 3-5. Flow cytometry analysis of Jurkat cells labeled with 3.2. The cells were first

incubated in the presence of (blue bars) or absence (gray bars) of AcsManNAz (25 uM) for 3 d
and then labeled with 3.2 for 1 h at rt at various concentrations. M.F.I. = mean fluorescence
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intensity (arbitrary units). Error bars represent the standard deviation of the mean from three
replicate samples.
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Figure 3-6. Flow cytometry analysis of Jurkat cells labeled with 3.3. The cells were first
incubated in the presence of (blue bars) or absence (gray bars) of AcsManNAz (25 uM) for 3 d
and then labeled with 3.3 for 1 h at rt at various concentrations. M.F.I. = mean fluorescence
intensity (arbitrary units). Error bars represent the standard deviation of the mean from three
replicate samples.

Compound 3.1, however, was superior with respect to background labeling. Even at 10
uM, 3.1 showed detectable fluorescent labeling of SiaNAz-labeled Jurkat cells compared to
control cells lacking azides (Figure 3-7). Background labeling remained low at 100 uM 3.1 and
only became significant at concentrations approaching 1 mM. We attribute the lower background
labeling observed with 3.1 to its higher charge density, and therefore greater solubility, which
allows for efficient removal of excess probe during the washes. As a control, we synthesized an
oxidized form of 3.1 in which the phosphine was converted to an unreactive phosphine oxide
(3.1-0x). Incubation of SiaNAz-labeled Jurkat cells with 3.1-0x revealed labeling that was
identical to that of cells lacking azides.
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Figure 3-7. Flow cytometry analysis of Jurkat cells labeled with 3.1 or phosphine oxide of 3.1
(3.1-0x). The cells were first incubated in the presence of (dark blue bars) or absence (light blue
bars) of AcsManNAz (25 uM) for 3 d and then labeled with 3.1 or 3.1-0x for 1 h at rt at various
concentrations. M.F.I. = mean fluorescence intensity (arbitrary units). Error bars represent the
standard deviation of the mean from three replicate samples. *P < 0.004 (t-test; two-tailed
distribution).
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Having validated 3.1 in flow cytometry experiments, we next employed the compound
for cell imaging. Chinese hamster ovary (CHO) cells were grown in the presence or absence of
AcsManNAz and then reacted with 3.1 for 2 h at 37 °C. Due to internalization of 3.1, the cells
were fixed and permeabilized and then washed to remove any excess unreacted probe. CHO cells
displaying azides showed labeling of the cell surface with 3.1 (Figure 3-8). Colocalization
studies suggest that the intracellular punctate staining is due to glycoconjugate recycling to the
Golgi complex during incubation with 3.1 (Figure 3-9) (17). By contrast, the cells not treated
with azidosugar displayed no significant fluorescence. Similar cell imaging experiments with 3.4
showed significant azide-dependent labeling of the cell surface glycans as well (Figure 3-10A
and B). With this fluorescent phosphine, we observed minimal internalization of the probe, so
fixation was not necessary and the cells were imaged live. These studies demonstrated that
fluorescent phosphines can be used to image glycans on live cells. We also demonstrated that the
DIFO-Cy5.5 conjugate (3.5) can also label glycans on live cells (Figure 3-10C and D).

A

Figure 3-8. Fluorescence microscopy of CHO cells labeled with 3.1. Cells incubated for 3 d in
the (A) presence or (B) absence of AcsManNAz (100 uM) were treated with 3.1 (200 uM) for 2
h at 37 °C. The cells were then fixed and permeabilized with MeOH and stained with DAPI

before imaging. Red = Cy5.5 channel. Blue = DAPI channel. Scale bar = 20 pm.

Figure 3-9. Colocalization studies of CHO cells labeled with 3.1. Cells incubated for 3 d in the
(A-C) presence or (D) absence of AcsManNAz (100 uM) were treated with 3.1 (200 uM) for 2 h
at 37 °C. The cells were then fixed and permeabilized with MeOH and stained with a primary
antibody specific for the Golgi apparatus (rabbit polyclonal anti-Giantin) and a secondary
antibody (FITC-conjugated goat anti-rabbit). The cells were stained with DAPI and imaged by
fluorescence microscopy. (A) CyS5.5 channel. (B) FITC channel. (C) CyS5.5, FITC, and DAPI
channels. (D) CyS5.5 and DAPI channels. Red = Cy5.5 channel. Green = FITC channel. Blue =
DAPI channel. Scale bar = 10 um.
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Figure 3-10. Fluorescence microscopy of CHO cells labeled with 3.4 or 3.5. Cells incubated for
3 d in the (A-B) and (E-F) presence or (C-D) and (G-H) absence of AcsManNAz (100 uM for
(A-B) and 50 uM for (E-F)) were treated with (A-D) 3.4 (200 uM) for 2 h at 37 °C or (E-H) 3.5
(10 uM) for 1 h at 37 °C. The cells were washed, stained with Hoescht 33342, and imaged. (A)
and (C) Texas Red channel. (B) and (D) Texas Red and DAPI channels. (E) and (G) Cy5.5
channel. (F) and (H) Cy5.5 and DAPI channels. Green = (B) and (D) Texas Red channel; (F) and
(H) Cy5.5 channel. Blue = DAPI channel. Scale bar =20 pm.

The ability to detect multiple chemical reporters would allow for simultaneous
monitoring of different glycan subtypes. We explored this possibility by imaging two different
sugars on the same cells: sialic acids, which are common terminal components of glycans, and
GalNAc residues, which are found in all mucin-type O-linked glycans. Ketone groups were
introduced into sialic acids using peracetylated N-levulinoylmannosamine (AcsManLev) as a
metabolic precursor (18), and azides were introduced into GalNAc residues using the salvage
pathway substrate peracetylated N-azidoacetylgalactosamine (AcsGalNAz) (19). Jurkat cells
were fed the metabolic labels either singly or in combination and then reacted with both 3.1 and
biotin hydrazide in one pot, followed by staining with FITC-avidin. As shown in Figure 3-11,
cells that were grown in the presence of AcsManLev only (Figure 3-11D) and AcsGalNAz only
(Figure 3-11A) exhibited an increase in signal over background (Figure 3-11C). Jurkat cells
incubated with both metabolic labels showed dual labeling with both dyes (Figure 3-11B). As
expected, cells that were incubated with both sugars and reacted with 3.1-0x and FITC-avidin
showed no fluorescence above background (data not shown). Thus, sialic acid and GalNAc
residues can be simultaneously visualized on the same cells.
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Figure 3-11. Labeling of live cells bearing two bioorthogonal chemical reporters. Jurkat cells
were incubated with combinations of AcsManLev (50 uM), AcsGalNAz (150 uM), or no sugar
for 2 d, followed by labeling with both 3.1 and biotin hydrazide at pH 6.5, followed by FITC-
avidin. The fluorescence of each sample was measured by flow cytometry. x-axis: FITC
fluorescence; y-axis: Cy5.5 fluorescence. (A) — AcsManLev, + AcsGalNAz. (B) + AcsManLev,
+ AcsGalNAz. (C) — AcsManLev, — AcsGalNAz. (D) + AcsManLev, — AcsGalNAz.

Visualization of glycans in healthy mice using fluorescence imaging

In order to establish proper dosing and imaging parameters, pilot experiments were
performed to verify that the fluorescent phosphines can undergo the Staudinger ligation in vivo.
For these experiments, we tested the most promising imaging agents (3.1, 3.3-3.5) due to their
red-shifted emission wavelengths, which are ideal for in vivo imaging. Nude mice (nu/nu) were
injected with AcsManNAz (300 mg/kg in 70% aqueous DMSO) or vehicle as a control
intraperitoneally (IP) once daily for seven days. Twenty-four hours after the final azidosugar
injection, the mice received one bolus of 3.1 (2, 10, 20, 50, or 200 pg, intravenously (IV)). The
animals were anesthetized and imaged live at various time points using a Xenogen IVIS 200 (in
collaboration with Dr. Pritha Ray and Prof. Sanjiv Gambhir, Stanford University) or CRI
Maestro optical imaging system. The higher doses resulted in residual unreacted probe, which
persisted in both the vehicle- and AcsManNAz-treated mice even after two or four days (50 and
200 pg doses, respectively) post-injection of the phosphine. The superior tissue penetrance of
light emitted from 3.1 and low background autofluorescence of NIR dyes necessitate the rapid
clearance of unbound probe to achieve azide-specific signal. A smaller injected dose (e.g., 2, 10,
or 20 pg) could alleviate the high background fluorescence due to excess, unreacted probe.
However, a lower dose would also reduce the total concentration of phosphine reagent
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administered to the animals and, accordingly, slow the rate of Staudinger ligation. Indeed, no
detectable azide-dependent labeling with 3.1 was observed at all of the doses and imaging time
points (up to 48 h post-injection of 3.1) tested. Representative images in which mice were
injected with the 20 pug dose of 3.1 are shown in Figure 3-12. Nude mice treated with vehicle or
AcsManNAz using the standard dosing regimen were also injected with the DIFO conjugate of
the same fluorophore 3.5 (0.2, 2, 10, or 50 ug, IV). Again, no azide-dependent labeling was
observed. A representative image is shown in Figure 3-13.

Figure 3-12. Fluorescence imaging of mice with 3.1. Mice were injected with AcsManNAz (300
mg/kg, IP, right) or vehicle (70% DMSO, IP, left) once daily for 7 d. On day 8, the mice were
injected with one bolus of 3.1 (20 pg in ddH,O, IV via the tail vein). The images shown were
acquired 6.5 h post-injection of 3.1. (A) Dorsal image. (B) Ventral image.

Figure 3-13. Fluorescence imaging of mice with 3.5. Mice were injected with AcsManNAz (300
mg/kg, IP, right) or vehicle (70% DMSO, IP, left) once daily for 7 d. On day 8, the mice were
injected with one bolus of 3.5 (50 pg in ddH»O, IV via the tail vein). The images shown were
acquired 7 h post-injection of 3.5. (A) Dorsal image. (B) Ventral image.

From these studies, we concluded that red-shifted fluorescent phosphines such as 3.3 and
3.4 that can be injected at higher doses (milligram as opposed to microgram) could be more
promising for achieving azide-dependent labeling in vivo. In order to test this hypothesis, nude
mice were injected with AcsManNAz (300 mg/kg in 70% aqueous DMSO, IP) or vehicle as a
control once daily for seven days. Twenty-four hours after the final azidosugar injection, the
mice received one bolus of 3.3 or 3.3-0x, an oxidized version of the probe that serves as a
negative control because it cannot undergo the Staudinger ligation (2 mg, IV). Though azide-
dependent labeling was demonstrated by a two-fold fluorescent signal increase from the mouse
injected with both AcsManNAz and 3.3 as compared to the vehicle control and mouse injected
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with 3.3-ox (data not shown) (20), these results could not be reliably replicated due to toxicity of
the probe.

Necropsy (in collaboration with Dr. Nina Hahn (OLAC)) of mice injected with 3.3 (2 mg,
IV) revealed clotting in and around the heart. These results suggest that the hydrophobic nature
of the compound could cause it to precipitate in the blood stream immediately after injection due
to its solubility limit. Follow-up toxicity studies were performed to determine a lower dose of 3.3
that would be safe to inject. From the doses tested (0.5 — 2 mg of 3.3, IV), all of the nude mice
survived only at the lowest dose (0.5 mg) while greater than 50% of the mice administered 1-2
mg of 3.3 died shortly after injection of the probe. Toxicity studies using 3.3 were also
performed in FVB mice, which unlike nu/nu mice, are not immunodeficient. These mice were
able to withstand a greater dose of 3.3 (up to 1 mg). However, when imaging experiments in
FVB mice were attempted, injections of the 0.5 or 1 mg doses of 3.3 and 3.3-ox IV following
injections of the azidosugar, which was administered as described previously, were toxic to the
FVB mice. @ Due to the hydrophobic nature of 3.3, in vivo imaging studies were also
performed with the more water-soluble Alexa Fluor 568-phosphine conjugate 3.4. In these
experiments, nude mice were injected with either vehicle or AcsManNAz as before, followed by
one bolus of 3.4 (2 mg, IV). With this probe, no azide-dependent labeling was observed at all
time points up to 48 h post-injection of the phosphine. A representative image is shown in Figure
3-14.

Figure 3-14. Fluorescence imaging of mice with 3.4. Mice were injected with AcsManNAz (300
mg/kg, IP, right) or vehicle (70% DMSO, IP, left) for 7 d. On day 8, the mice were injected with
one bolus of 3.4 (2 mg in ddH,O, 1V via the tail vein). The images shown were acquired 6 h
post-injection of 3.4. (A) Dorsal image. (B) Ventral image.

For all of the probes tested, the mice were sacrificed at multiple imaging time points and
organs (liver, heart, kidney, spleen, and intestines) were harvested for ex vivo imaging; however,
no azide-specific labeling was observed internally as well (data not shown). These studies
suggest that direct fluorophore conjugates to the phosphine or DIFO may not be suitable for
imaging azide-labeled glycans in vivo due to the high background fluorescence caused by excess,
uncleared probe.

Design and synthesis of “smart” fluorogenic phosphines for in vivo imaging

Due to the high background fluorescence caused by excess, unreacted probe, which can
mask azide-dependent labeling, these studies highlighted the need for improved azide-labeling
reagents for in vivo imaging, especially those that can achieve high signal-to-noise ratios.
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Fluorescent probes are unique in that they can be engineered for conditional activation (2). In the
context of the Staudinger ligation, activation of fluorescence for phosphine dyes can be achieved
by cleavage of the ester bond in the reaction (shown schematically in Figure 3-15A). Using this
strategy, these “smart” turn-on phosphine probes become fluorescent only after undergoing the
ligation with azides. This approach has been validated using a quenched phosphine that contains
the dye fluorescein (21).
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Figure 3-15. Activatable probes for Staudinger ligation. (A) A strategy for phosphine probes that
become fluorescent after undergoing the Staudinger ligation. (B) Panel of fluorogenic
phosphines.

For in vivo imaging, dyes that emit at longer wavelengths and therefore have greater
tissue penetrance are more ideal. Toward this end, we attempted to synthesize a quenched
phosphine that contains the NIR dye Cy5.5 and its corresponding FRET quencher, Black Hole
Quencher-3 (BHQ-3) (22, 23) (Figure 3-15B); however, all synthetic manipulations in order to

73



conjugate this quencher to the phosphine resulted in significant decomposition of BHQ-3. In
addition, the quencher was unstable under acidic and basic conditions, and correspondence with
a chemist employed at the commercial vendor of BHQ-3 (Biosearch Technologies) indicated that
BHQ-3 is only stable in mild aqueous environments and cannot be manipulated using standard
organic chemistries (personal communication).

Due to the limited availability of NIR FRET quenchers (24), we thus set out to synthesize
a quenched phosphine that contains the red-shifted fluorophore rhodamine B and its
corresponding FRET quencher, Black Hole Quencher-2 (BHQ-2) (22, 25) (Figure 3-15B).
Because of the incompatibility of amino protecting group chemistry with the phosphine-BHQ2
conjugate, we decided to append the fluorophore to the phosphine via an oxime linkage (Figure
3-15B). Oxime formation with either a commercially available amino-oxy Alexa Fluor 647
(structure not available from Invitrogen) resulted in quantitative oxidation of the phosphine. As
an alternative, amino-oxy rhodamine B (26) (Figure 3-15B) was also utilized, however, this final
product oxidized rapidly after purification. A model Staudinger ligation of this compound with
2-azidoethanol resulted in decomposition, oxidation of the quenched phosphine, and no
detectable ligation product.

Compared to syntheses of other phosphine compounds in our laboratory, these studies
suggest that phosphine oxidation is highly dependent on the substituents on the phosphine, i.e.,
some fluorophores and quenchers result in more rapid oxidation than others. For example,
phosphine conjugates containing dyes that emit UV wavelengths of light tend to oxidize more
quickly than phosphine conjugates containing red-shifted fluorophores (unpublished
observations). In the case of the quenched phosphine containing fluorescein, phosphine oxidation
can also be mitigated by appending the quencher on the phosphine before appending the
fluorophore (21); however, in the case of red-shifted quenched phosphines, the phosphine still
oxidized relatively quickly after the attachment of either amino-oxy fluorophore in the last step.
In the future, alternative dyes and quenchers will need to be investigated to find an optimal
FRET pair that will minimize phosphine oxidation.

Screen of cancer cell lines for conversion of Ac;ManNAz to cell-surface SiaNAz

In parallel with imaging experiments in healthy mice, we aimed to select an appropriate
model system for assessing whether azidosugar metabolism and the Staudinger ligation could be
applied to tumor imaging in mice. First, we screened a panel of cancer cell lines as shown in
Figure 3-16 for conversion of AcsManNAz to cell surface SiaNAz. These cell lines represent a
variety of cancer types known to possess abnormal patterns of glycosylation compared to their
healthy counterparts. Briefly, the cells were grown in media supplemented with 10 uM
AcsManNAz or no azidosugar for three days. Cell-surface associated azides were detected by
Staudinger ligation with PHOS-FLAG (27) followed by flow cytometry analysis (28). From this
initial screen, several human cancer cell lines were identified for their ability to incorporate
SiaNAz into their cell-surface glycans. These include the human neuroblastoma SK-N-SH and
the prostate cancer cells lines DU145, PC3, and LNCaP. Based on these results, we chose SK-N-
SH cells to establish xenografts in nude mice for our initial evaluation of azidosugar
incorporation into tumors in vivo.
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Figure 3-16. Metabolism of AcsManNAz in various mammalian cancer cell lines. Cell lines
were treated with no azidosugar (light blue bars) or with 10 uM AcsManNAz (dark blue bars) for
3 d, then probed for the presence of cell-surface SiaNAz residues using PHOS-FLAG, followed
by FITC-anti-FLAG. Flow cytometry data are presented above, with the mean fluorescence
intensity (MFI) in arbitrary units plotted on the y-axis. Error bars represent the standard
deviation of the mean for three replicate labeling reactions.

Evaluation of tumor xenografts for azidosugar metabolism

We first implanted SK-N-SH cells subcutaneously into nude mice. After tumor masses
were visible (about 2-3 weeks), we injected the mice with AcsManNAz (300 mg/kg) or vehicle
(70% DMSO) IP once daily for seven days. After the final azidosugar injection, the mice were
sacrificed 24 h later, and their tumors and spleens were resected. Cancer cells were teased out of
the solid tumor mass by collagenase treatment and then probed for azides via Staudinger ligation
with PHOS-FLAG. Similar analyses were performed with isolated splenocytes from the same
mice. Flow cytometry analysis revealed that tumor cells from AcsManNAz-treated mice were
labeled with much lower levels of azides than splenocytes (20).

The discrepancy between the SiaNAz-labeling in vitro and in vivo might be attributed to
poor accessibility of AcsManNAz to the tumor tissue in mice. Our previous studies suggest that
highly vascularized organs are strongly labeled with AcsManNAz (12). However, in these
xenograft model studies, the tumor cells were implanted subcutaneously in poorly vascularized
areas relatively far removed from the site of azidosugar injection. Alternatively, the lack of
tumor cell labeling in vivo might be explained by the slow growth of the cancer cells. The use of
more aggressive cancer cell lines with increased metabolism could possibly enhance the degree
of azidosugar incorporation.

To test these hypotheses, we investigated an alternate mode of establishing tumors in
mice using the leukemic cell line RMA. RMA cells are known to form large subcutaneous
tumors in mice and can be used to grow IP tumors as well. We first demonstrated that RMA cells
can be labeled with AcsManNAz in culture (20). These cells were then implanted subcutaneously
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in the flank or in the abdominal cavity of nude mice. Both sets of mice were injected with
AcsManNAz or vehicle as described above. On day eight, the mice were sacrificed, and the
RMA cells were harvested by collagenase treatment of subcutaneous tumors or IP lavage.
Successful isolation of the tumor cells was confirmed by staining with an anti-CD3 antibody to
probe for a standard RMA cell marker. The cells were probed for surface-associated azides via
Staudinger ligation with PHOS-FLAG, followed by incubation with FITC-anti-FLAG and flow
cytometry analysis.

Azidosugar labeling was observed in the IP implanted tumor, while no labeling was
observed on tumor cells isolated from the subcutaneous tumor. Interestingly, a concomitant
decrease in azidosugar labeling of splenocytes from the mouse bearing the IP tumor was also
observed, suggesting that a portion of the azidosugar was metabolized by the tumor cells prior to
trafficking to the spleen (20). While preliminary, these data indicate that azidosugar labeling
efficiency is strongly influenced by proximity of the tumor tissue to the injection site. Our results
also suggest that azidosugar labeling can be increased by intratumoral injection or IV
administration of the sugar. Experiments to test these hypotheses, along with an examination of
AcsManNAz incorporation into IP implanted SK-N-SH cells, should be instructive.

Conclusions

As fluorescent protein fusions have revolutionized biology by enabling studies of
proteins in authentic environments such as cells and living organisms, analogous tools for
visualizing glycans could enable the monitoring of glycan expression and dynamics. These
processes were previously inaccessible in an imaging context. Here we present chemical tools
including chemical reporters and bioorthogonal reagents that can be used to image glycans at the
cellular level. Glycan visualization at the organismal level could facilitate the detection of
changes in glycosylation associated with development and disease. For example, numerous
cancers have been shown to express an elevated level of sialylated glycans. Diagnostic or
therapeutic strategies that target cells on the basis of sialic acid could be used for the detection of
cancer.

In this Chapter, our initial progress toward imaging sialylated glycans in healthy mice via
azidosugar metabolism and bioorthogonal reactions with fluorescent phosphine and cyclooctyne
probes was presented. Future directions include the optimization of our imaging agents and their
application in a conditional murine tumor model, which more closely mimic spontaneous cancer
development in humans than tumor xenografts. In collaboration with Prof. Martin Pomper and
Dr. Catherine Foss (Johns Hopkins University), we are also developing phosphine-based
imaging agents for single photon emission computed tomography (SPECT). Imaging
experiments with a phosphine-['*’I|Bolton-Hunter radionuclide probe in healthy mice and in
NOD.17 SCID mice, which are known to spontaneously develop a widely disseminated
lymphoma (29), are currently underway. Ultimately, we hope our approach using chemical
reporters and bioorthogonal reactions may be used to visualize, profile, and identify changes in
glycan expression that accompany not only cancer but also other diseases and physiological
processes such as inflammation and development.
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Materials and methods
General

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. Ac;ManNAz (27), AcsManLev (18),
Ac,GalNAz (27), and PHOS-FLAG (27) were synthesized according to previously published
procedures. Cyanine 5.5 was purchased as its mono-N-hydroxysuccinimidyl (NHS) ester from
GE Healthcare, and Alexa Fluor 568 cadaverine was purchased from Invitrogen. Air-sensitive
reactions were performed under Ar using standard Schlenk techniques, and all solvents were
degassed by three freeze-pump-thaw cycles. Reversed-phase HPLC was performed using a
Rainin Instruments 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 1 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 pm PTFE membrane prior to
injection. Flash chromatography was performed using Merck 60 A 230-400 mesh silica gel. For
the purification of phosphine compounds, flash chromatography was performed under Ar.
Analytical thin layer chromatography (TLC) was performed on glass-backed Analtech Uniplate
GHLF silica gel plates, and compounds were visualized by staining with ceric ammonium
molybdate, 5% H,SO, in ethanol, ninhydrin, and/or the absorbance of UV light (A = 254 nm or
365 nm). Dichloromethane (CH,Cl,) and triethylamine (TEA) were dried over CaH, and distilled
under a N, atmosphere prior to use. Anhydrous N,N-dimethylformamide (DMF),
dimethylsulfoxide (DMSO), and N,N-diisopropylethylamine (DIPEA) were used from
commercial sources without further purification.

NMR spectra were acquired using a Bruker AV-500, AVQ-400, or AVB-400
spectrometer. *H NMR spectra were obtained at 400 or 500 MHz and *3C NMR spectra were
obtained at 100 MHz and are referenced to residual solvent peaks. *!P NMR spectra were
obtained at 162 or 202 MHz and are referenced relative to 85% H3PO, in D,0O. IR spectral data
were obtained using a Perkin-Elmer 1600 FT-IR spectrometer. Low and high-resolution fast
atom bombardment (FAB) and electrospray ionization (ESI) mass spectra were obtained at the
UC-Berkeley Mass Spectrometry Laboratory. ESI-FT/MS and MALDI-TOF/MS were
performed at the HHMI Mass Spectrometry Laboratory at UC Berkeley. Uncorrected melting
points were determined using a Mel-Temp 3.0 melting point apparatus.

Dulbecco’s phosphate-buffered saline pH 7.4 (PBS), fluorescein isothiocyanate (FITC)-
anti-FLAG, and fluorescein isothiocyanate (FITC)-avidin were purchased from Sigma Aldrich.
All mammalian cell culture media were obtained from Invitrogen, and fetal bovine serum (FBS)
was obtained from HyClone Laboratories. SDS-PAGE was performed on pre-cast 12%
polyacrylamide gels (Bio-Rad).

Flow cytometry analysis was performed on a BD FACSCalibur flow cytometer equipped
with a 488 nm argon laser and a 635 He-Ne red diode array laser. At least 10* 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 samples to obtain a mean value in arbitrary
units. The data points are representative of at least three separate experiments. Data were
collected in triplicate using at least 10,000 live cells for all data points. Centrifugation of

77



mammalian cells was performed in a Sorvall centrifuge from Kendro Laboratory Products
equipped with a SH3000 rotor. A Zeiss Axiovert 200M inverted microscope equipped with a 63
x 1.4 numerical aperture Plan-Apochromat oil immersion lens was used for imaging. A 175 W
Xenon lamp housed in a Sutter DG4 illuminator linked to the microscope by an optical fiber
assured shuttering and illumination. Image stacks containing 20-40 sections spaced 0.5 um apart
were acquired by using a CoolSNAP HQ charged-coupled device camera (Roper Scientific).
SLIDEBOOK software (Intelligent Imaging Innovations) was used to control the microscope and
the camera. The image stacks were digitally deconvolved by using the nearest-neighbor
algorithm in SLIDEBOOK. In vivo imaging was performed using an IVIS 200 or a CRI Maestro
fluorescence imaging system.

Synthesis and characterization of new compounds

Phosphine ethylenediamine conjugate (3.7). To a solution of ethylenediamine (411 mg, 6.84
mmol) in CH,Cl, (100 mL) was added DIPEA (1.3 mL, 7.5 mmol). Compound 3.6 (3.3 g, 6.2
mmol) in CH,Cl, was added dropwise over 10 min. The resulting mixture was stirred for 6 h
under Ar. The crude reaction mixture was concentrated in vacuo and purified by flash
chromatography on silica gel (9:1 CH,Cl,:MeOH) to give 2.3 g (91%) of a yellow solid. IR (thin
film): 3313, 3242, 3064, 3003, 2957, 2917, 2849, 1696, 1630 cm”. 'H NMR (400 MHz,
CD;0D): 6 3.01 (app t, J = 6.0 Hz, 2H), 3.51 (app t, J = 6.0 Hz, 2H), 3.69 (s, 3H), 7.24-7.36 (m,
10H), 7.52 (dd, J = 1.6, 4.0 Hz, 1H), 7.83 (dd, J = 1.6, 8.0 Hz, 1H), 8.04 (dd, J = 3.6, 8.4 Hz,
1H); °C NMR (100 MHz, CD;0D): & 40.4, 42.1, 51.2, 126.3, 128.2, 128.3, 128.7, 130.1, 130.2,
133.1, 133.6, 133.8, 136.7, 136.9, 137.1, 137.2, 137.5, 140.8, 141.1, 167.0, 168.3; *'P NMR (162
MHz, CD;OD): & -4.06; HRMS (FAB): Caled for Co3HyN,O3P" [M + H]™ 407.1525, found
407.1520.

Cyanine 5.5 phosphine conjugate (3.1). Cyanine 5.5 mono-NHS ester (10.0 mg, 8.90 umol)
was dissolved in DMSO (110 pL). Compound 3.7 (7.23 mg, 17.8 umol) was added to the
solution followed by addition of TEA (75.0 pL, 534 umol). The reaction mixture was agitated
under Ar for 6 h at rt in the dark. The sample was then diluted three-fold with water and purified
by reversed-phase HPLC (C18 semipreparative column) using a gradient of 25%-35% CH3;CN +
0.1% TFA over 60 min. The purified product was lyophilized to dryness to yield 4.2 mg of a
blue solid (36% yield). mp: 200-202 °C (dec); 'H NMR (500 MHz, 1:1 CD;0D:CDCl3): 6 1.39
(m, 2H), 1.44 (t, J= 7.5 Hz, 3H), 1.64 (m, 2H), 1.78 (m, 2H), 2.00 (s, 12H), 2.16 (m, 2H), 3.31
(m, 2H, under CD;0D signal), 3.35 (t, J = 4.0 Hz, 2H), 3.70 (s, 3H), 4.06 (m, 2H), 4.20 (m, 2H),
7.31-7.38 (m, 8H), 7.54-7.61 (m, 8H), 7.88 (dd, J = 1.5, 8.0 Hz, 1H), 8.10 (dd, J = 4.0, 8.0 Hz,
1H), 8.19 (m, 2H), 8.56 (s, 1H), 8.59 (s, 1H), 8.73 (s, 1H), 8.75 (s, 1H), 9.05 (d, J = 9.0, 1H),
9.08 (d, J=9.0, 1H); *'P NMR (202 MHz, 1:1 CD;0D:CDCls): & -6.58; HRMS (ESI-FT): Calcd
for C64H66N4016PS4+ [1\/H'I‘I]+ 1305302, found 1305.324.

Fluorescein piperazine core (3.9). A 2.0 M solution of trimethyl aluminum in toluene (22 mL,
45 mmol) was added dropwise to a solution of piperazine (7.7 g, 0.090 mol) in 35 mL of CH,Cl..
After 4 h, a white precipitate formed. A solution of 3.8 (30) (7.8 g, 23 mmol) in 15 mL CH,ClI,
was added dropwise to the heterogeneous solution and gas evolution was observed. After stirring
at reflux for 18 h in the dark, the reaction was cooled to rt and 200 mL of MeOH was added.
Then, 1 N HCI (500 mL) was added slowly and gas evolution was observed. The heterogeneous
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solution was stirred in the dark until gas evolution ceased. The reaction mixture was
concentrated in vacuo and purified by flash chromatography on silica gel (4:1 CH,Cl,:MeOH) to
yield 7.9 g (88%) of a red-orange solid. Rf = 0.23 (6:1 CH,Cl,:MeOH, UV); mp 281-283 °C
(dec); 'H NMR (400 MHz, CD3OD): & 3.14 (m, 4H), 3.62 (m, 2H), 3.84 (m, 2H), 7.27 (dd, J =
2.0, 9.2 Hz, 2H), 7.34-7.37 (m, 2H), 7.61-7.62 (m, 1H), 7.65-7.68 (d, J = 9.2 Hz, 2H), 7.84-7.86
(m, 3H); *C NMR (100 MHz, CD;0OD): & 39.9, 41.8, 44.4, 45.6, 103.7, 118.4, 121.6, 129.4,
132.0, 132.0, 132.2, 132.4, 134.9, 135.6, 161.1, 166.2, 169.2, 173.3; HRMS (ESI): Calcd for
C24H21N204" [M+H]" 401.1501, found 401.1491.

Fluorescein phosphine conjugate (3.2). Compound 3.6 (368 mg, 0.695 mmol) was added to a
solution of 3.9 (278 mg, 0.695 mmol) and DIPEA (0.250 mL, 1.44 mmol) in 5 mL of DMF. The
reaction was stirred under Ar overnight at rt in the dark. The resulting reaction mixture was
concentrated in vacuo and purified by flash chromatography on silica gel (20:1 to 4:1
CH.Cl,:MeOH) to yield 155 mg (30%) of a bright orange solid. Due to facile phosphine
oxidation, the solid was further purified by HPLC (reversed-phase C18 preparative column,
10%-80% CH3CN over 60 min) prior to use. Rf = 0.82 (10:1 CH3CN:H,0, UV); mp 100-102 °C;
'H NMR (400 MHz, CD;0D): 6 2.99 (m, 4H), 3.47 (m, 4H), 3.66 (s, 3H), 6.82, (m, 1H), 7.14-
7.29 (m, 12H), 7.47-7.58 (m, 5H), 7.73-7.82 (m, 4H), 8.04-8.07 (m, 1H); *C NMR (100 MHz,
CD3;0D): 6 41.2, 41.3, 41.6, 46.3, 51.2, 102.2, 116.5, 120.2, 127.2, 127.7, 128.3, 128.4, 128.5,
128.7, 130.1, 130.3, 130.4, 130.7, 130.8, 131.3, 131.4, 132.0, 132.1, 133.1, 133.4, 133.6, 134.8,
135.7, 135.9, 137.0, 137.1, 137.7, 159.2, 162.9, 166.6, 167.7, 169.6, 172.3; *'P NMR (162 MHz,
acetone-dg): & -4.79; HRMS (MALDI-TOF): Calcd for CysH3sN,O-P" [M+H]" 747.2260, found
747.2270.

Rhodamine phosphine conjugate (3.3). Compound 3.10 (31) (122 mg, 0.223 mmol) was added
to a solution of 3.6 (131 mg, 0.245 mmol) in CH,Cl, (10 mL), followed by DIPEA (120 uL, 0.86
mmol). The solution was stirred overnight under Ar in the dark. The reaction solution was
concentrated in vacuo, and the resulting crude product was purified by flash column
chromatography (12:1 CH,Cl,:MeOH) to provide 151 mg (75%) of a dark red solid. *H NMR
(400 MHz, CD;OD): 6 1.18 (t, J = 6.8, 12H), 2.92 (br s, 2H), 3.19-3.37 (m, 5H), 3.55-3.62 (m,
10H) 6.74 (br s, 1H), 6.89-7.01 (m, 4H), 7.11-7.30 (m, 12H), 7.36-7.42 (m, 2H), 7.50-7.61 (m,
2H), 7.65-7.72 (m, 2H), 7.95 (dd, J = 3.6, 8.0, 1H); *C NMR (100 MHz, CD;0OD): & 11.4, 45.5,
51.2, 95.9, 113.4, 114.0, 127.5, 128.4, 128.4, 128.7, 129.9, 130.3, 130.7, 130.7, 131.8, 132.0,
133.4, 133.6, 134.9, 137.1, 137.2, 137.7, 155.5, 155.8, 157.8, 166.6, 168.1, 169.5; **P NMR (162
MHz, CD;0D): § -4.60; HRMS (FAB): Calcd. for Cs;HsN,OsP* [M*] 857.3832, found 857.3813.

Alexa Fluor 568 phosphine conjugate (3.4). Alexa Fluor 568 cadaverine (28.0 mg, 34.4 umol)
was dissolved in 2 mL of DMSO. DIPEA (30.0 uL, 0.172 mmol) and 3.6 (37.0 mg, 68.8 pumol)
were added, and the solution was stirred overnight under Ar in the dark. The crude was then
diluted in ddH,O (2 mL), filtered, and purified by HPLC (reversed-phase C18 preparative
column, 25%-40% CH3CN + 0.1% TFA over 40 min) to yield 29.0 mg of a bright purple solid
(75%). HRMS (ESI): Calcd. for CsgHsg013N4PS," [M™] 1125.3174, found 1125.3158.

Cyanine 5.5 ethylenediamine conjugate (3.12). Ethylenediamine (35.0 pL, 0.522 mmol) was
dissolved in 100 uL DMSO. Triethylamine (75.0 pL, 0.538 mmol) was added, followed by
cyanine 5.5-NHS ester (10.0 mg, 8.86 umol). The reaction was stirred overnight in the dark. The
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reaction was then diluted with ddH-O, filtered, and purified by HPLC (reversed-phase C18
preparative column, 0% CH3CN + 0.1% TFA for 5 min followed by 0%-50% CH3;CN + 0.1%
TFA over 60 min) to yield 2.03 mg of a dark blue solid (24%). HRMS (ESI): Calcd. for
C43H49013N4S47 [Mi] 9572184, found 957.2179.

Cyanine 5.5 DIFO conjugate (3.5). Compound 3.12 (2.03 mg, 2.11 umol) was dissolved in 50
uL DMSO. Triethylamine (20.0 pL, 125 pumol) was added, followed by DIFO-Pfp ester (15)
(4.00 mg, 10.4 umol) in 50 uL. DMSO dropwise with stirring. The resulting mixture was stirred
overnight in the dark. The reaction was then diluted with ddH-O, filtered, and purified by HPLC
(reversed-phase C18 preparative column, 0%-60% CH3;CN over 60 min) to yield 1.67 mg of a
dark blue solid (69%). HRMS (ESI-FT): Calcd. for Cs3HgoF2N4O15S4 [M] 1158.2906, found:
1158.2860.

Photophysical characterization of fluorescent phosphines

Absorption spectra were collected on a Varian Cary-100 UV-Vis spectrophotometer
using 1-cm quartz cells or a Molecular Devices UV-Vis spectrophotometric microtiter plate
reader. Fluorescence spectra were recorded on a Photon Technology International Quanta Master
4 L-format scanning spectrofluorometer equipped with a LPS-220B 75-W xenon lamp and
power supply, A-1010B lamp housing with integrated igniter, switchable 814 photon-
counting/analog photomultiplier detection unit, and MD5020 motor driver.

Extinction coefficients were determined by plotting a standard Beer-Lambert plot (A =
cle). Relative quantum yields were measured according to the methods of Fery-Forgues et al.
(32). Cyanine 5.5 (33), fluorescein (34), and rhodamine 101 (35) were used as standards for
compounds 3.1, 3.2, and 3.3, respectively. Briefly, the sample and standard were weighed on a
microbalance and dissolved in PBS, pH 7.4 (3.1 and 3.3) or 0.1 N NaOH (3.2) at concentrations
such that the absorbance value was ~0.4 at the excitation wavelength. The solutions of sample
and standard were then diluted ten-fold, and emission spectra were recorded and integrated.

Protein labeling with phosphine probes

Wild-type murine dihydrofolate reductase (mDHFR) and azido mDHFR (16) (400 ng)
were labeled with compounds 3.1-3.3 (10 uM final concentration in 20 uL. of 8 M urea) for 12 h
at rt in the dark. The samples were then diluted with 4X SDS-PAGE loading buffer and heated
for 3 min at 95 °C before being loaded onto a polyacrylamide gel (Criterion pre-cast gel, 4-12%
Bis-Tris). After electrophoresis, the gel was visualized on a Typhoon 9410 Variable Mode
Imager (fluorescence mode) to detect protein labeling and then stained with Coomassie Blue to
verify equal protein content.

Cell culture conditions
All media and reagents were obtained from commercial suppliers and used without
further purification or alteration unless otherwise noted. Jurkat cells were cultured in RPMI-1640

media (GIBCO) supplemented with 10% FBS, 100 units/mL penicillin and 100 pg/mL
streptomycin. Chinese hamster ovary (CHO) cells were cultured in Ham’s F-12 media (GIBCO)
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supplemented with 10% FBS, 100 units/mL penicillin and 100 pg/mL streptomycin. The cells
were maintained at 37 °C and 5% CO, and counted using a Z2 Coulter cell counter.

Cell-surface azide labeling and detection by flow cytometry

Jurkat cells were seeded at a density of 2.0 x 10° cells/mL in culture flasks containing 10
mL of media and incubated for 3 d in untreated media or media containing peracetylated N-
azidoacetylmannosamine (AcsManNAz, 25 uM final concentration). After incubation, the cells
were transferred to a 96-well V-bottom plate and pelleted by centrifugation at 2536 x g for 3
min. The medium was decanted, and the cells were resuspended in 200 uL of PBS (pH 7.4)
containing 1% FBS (FACS buffer). Centrifugation was repeated and cells were washed a second
time. After pelleting, the supernatant was decanted, and the cells were resuspended with 100 puL
of compounds 3.1-3.3 in FACS buffer (10 uM, 100 uM, and 1 mM final concentrations) and
incubated at rt for 1 h in the dark. As a negative control, the cells were also treated with an
oxidized version of 3.1 (3.1-0x, 1 mM final concentration).

Following the labeling reaction, the samples were maintained at 4 “C until analysis in
order to slow recycling of the plasma membrane. The cells were pelleted, the supernatant was
decanted, and the cells were then resuspended in 200 pL. of FACS buffer. This step was repeated
six additional times to wash away the excess unreacted probe. The cells were then resuspended
in 200 pL of FACS buffer and transferred into an additional 200 pL of FACS buffer for flow
cytometry analysis.

Cell labeling and detection by fluorescence microscopy

Cells were seeded on slides mounted with 8 tissue culture wells (Lab-Tek) with either
untreated media or media containing AcsManNAz (100 uM final concentration) for 3 d. The
cells were labeled with 3.1 (200 uM) for 2 h at 37 °C. The cells were washed three times with
media and then fixed and permeabilized with cold MeOH (-20 °C) for 5 min. The cells were
washed with PBS (3 times, 10 min each). The cells were blocked in PBS with 1% BSA for 15
min, followed by the addition of the primary antibody (rabbit polyclonal anti-Giantin, 1:750
dilution, Abcam) diluted in blocking buffer. After incubation at rt for 2 h, the cells were washed
three times, blocked for 10 min, and incubated with the secondary antibody (FITC-conjugated
goat anti-rabbit, 1:400 dilution, Invitrogen) diluted in blocking buffer for 1 h. After three washes,
the cells were mounted with Vectashield containing the nuclear stain DAPI (Vector
Laboratories) before imaging.

For imaging experiments using 3.4, CHO cells were seeded as described above and then
labeled with 3.4 (200 uM) for 2 h at 37 °C. The cells were washed three times with media and
incubated with Hoechst 33342 (1:1000 dilution of 1 mg/mL stock) for 2 min. The cells were
washed two times with media and then imaged.

For 3.5, CHO cells were seeded on slides mounted with 8 tissue culture wells (Lab-Tek)
with either untreated media or media containing Ac;ManNAz (50 uM final concentration) for 3
d. The cells were labeled with 3.5 (10 uM) for 1 h at 37 °C. The cells were washed three times
with media and incubated with Hoechst 33342 (1:1000 dilution of 1 mg/mL stock) for 2 min.
The cells were washed two times with media and then imaged.

81



Cell-surface azide and ketone labeling and detection by flow cytometry

Jurkat cells were seeded at a density of 2.5 x 10° cells/mL in culture flasks containing 10
mL of media and incubated for 2 d in untreated media, media containing peracetylated N-
azidoacetylgalactosamine (AcsGalNAz, 150 pM final concentration), peracetylated N-
levulinoylmannosamine (AcsManLev, 50 uM final concentration) or both AcsGalNAz (150 uM
final concentration) and AcsManLev (50 uM final concentration). The cells were then treated
with biotin hydrazide (Sigma Aldrich, 1 mM in PBS with 1% FBS, pH 6.5) and compound 3.1
(100 uM final concentration in PBS with 1% FBS, pH 6.5) for 2 h at rt in the dark.

The cells were pelleted, the supernatant was decanted, and the cells were then
resuspended in 200 uL of FACS buffer. This step was repeated two additional times. After the
final wash, the samples were resuspended FACS buffer containing FITC-avidin (Sigma Aldrich,
5 ug/mL final concentration). The cells were incubated with FITC-avidin for 15 min in the dark,
washed three times with FACS buffer, and then resuspended in 200 puL of FACS buffer. The
labeling with FITC-avidin and wash steps were repeated once more. After the second labeling,
the cells were resuspended in 200 pL of FACS buffer and transferred into 200 pL of additional
FACS buffer for flow cytometry analysis.

As a negative control, Jurkat cells treated with both Ac,GalNAz and Acs;ManLev were
labeled with 3.1-0x (100 uM final concentration in PBS with 1% FBS, pH 6.5), followed by
labeling with FITC-avidin as described above.

It should be noted that the unnatural sugars used in the above experiments show no
adverse effects toward cell viability. We have addressed this issue in previous work (19, 36, 37).
These published studies have established that concentrations up to 50 uM AcsManlLev and
Acs;ManNAz, and up to 200 uM Ac,GalNAzZ, are not toxic to a majority of mammalian cells as
assessed by exclusion of trypan blue and propidium iodide and confirmed by normal growth of
the cells (based on expected doubling times during cell division). We have also quantified the
amount of cell surface glycans that are metabolically labeled with AcsManNAz. Our results
indicate that 40% of natural sialic acids are replaced with SiaNAz upon AcsManNAz treatment
of Jurkat cells, whereas the substitution efficiency of CHO cell sialosides under similar
conditions is about 30% (38).

Mice

Nude (nu/nu) and FVB mice (aged 5-8 weeks) were purchased from The Jackson
Laboratory or Charles River Laboratories. Animals were handled in accordance with Animal Use
Protocols R234-0510B (approved by the Animal Care and Use Committee at the University of
California, Berkeley) and #7291-5 (Gambhir laboratory, approved by the Animal Care and Use
Committee at Stanford University).

Compound administration

Mice were injected with AcsManNAz (300 mg/kg, IP) or vehicle (70% aqueous DMSO,
IP) once daily for 7 d, followed by one bolus of a fluorescent probe (3.1 or 3.1-0x: 2, 20, and 200
pg in 200 pL of ddH,0; 3.3 or 3.3-0x: 0.5, 1, and 2 mg in 200 pL of ddH,0; 3.4: 2 mg in 200 uL
of ddH,0; or 3.5: 0.2, 2, and 20 ug in 200 puL of ddH,0) IV via the tail vein 24 h after the final
azidosugar injection.
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Fluorescence imaging of mice treated with phosphine or cyclooctyne probes

For in vivo fluorescence imaging, mice were anesthetized with isoflurane and placed in a
light-tight chamber equipped with a halogen light source. Whole body images were acquired at
various time points post-injection of the fluorescent probe using the appropriate excitation and
emission filters for each fluorophore.

Culturing of cancer cells in the presence of azidosugar

Cancer cell lines were kindly provided by P. Ray and S. Gambhir (Stanford University).
Cells were cultured in media (from GIBCO; for SK-N-SH cells, MEM + 10% FBS + 1 mM
sodium pyruvate; for RMA cells, RPMI-1640 + 10% FBS) supplemented with 100 units/mL
penicillin and 100 pg/mL streptomycin and AcsManNAz (10 pM) or no azidosugar. Cells were
plated at a density of 1 x 10° cells/mL and incubated for 3 d in a 5% CO,, water-saturated
incubator at 37 °C.

Implantation of tumor xenografts into immunodeficient mice

SK-N-SH or RMA cells (10 x 10°) were grafted onto the dorsal flank of nu/nu mice or
directly injected into the peritoneal cavity (IP). Once the subcutaneous tumors were palpable (2-3
weeks), azidosugar administration was begun as described above.

Isolation of tumor cells from matrix

Tumor tissues were minced with a razor blade and digested with collagenase (Sigma; 4
mg/mL, total volume of 200 uL for SK-N-SH tumors) or Blendzyme (Sigma; 2 Wunsch
units/mL for RMA tumors) for 1 h at 37 °C. The digest was filtered through a nylon mesh cell
strainer (40 um) and transferred into a 50-mL conical tube. The cells were then rinsed with
media twice and transferred into a 96-well plate for subsequent Staudinger ligation with PHOS-
FLAG (vide infra).

Labeling of cell surfaces ex vivo

The presence of cell-surface azides on cancer cell lines, isolated splenocytes, or tumor
xenografts were determined via Staudinger ligation using our previously reported assay (12).
Briefly, cultured cells or isolated splenocytes were incubated with PHOS-FLAG (250 uM in
FACS buffer) for 1 h at rt, then treated with FITC-anti-FLAG (Sigma, 1:900 dilution in FACS
buffer) for 30 min on ice and analyzed by flow cytometry.
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Chapter 4: Development of new chemical reporters of sialic acid biosynthesis®
Introduction

Sialic acids, a family of monosaccharides widely distributed in higher eukaryotes and
certain bacteria, are determinants of many functional glycans that play central roles in numerous
physiological and pathological processes (1). For example, the sialic acid-containing epitope
Siaa2—-6Gal serves as the cellular receptor for human influenza-A and -B viruses during infection
(2), and linear homopolymers of sialic acids, known as polysialic acid (PSA), modulate neuronal
synapse formation in mammalian development (3). The expression of sialoglycoconjugates, such
as sialyl Lewis x, sialyl Tn (STn), and PSA, is also a common feature shared by numerous
cancers (4). Interestingly, upregulation of these sialosides is strongly correlated with the
transformed phenotype of many cancers (5, 6). For example, STn, a mucin-associated
disaccharide, is not normally found in healthy tissues but is expressed by malignant tumors,
including those of the pancreas and breast (7, 8). In addition, a strong correlation between the
level of cell-surface sialic acids and metastatic potential has been observed in several different
tumor types (9). Thus, as cancer cells generally display higher levels of sialic acid than their
nonmalignant counterparts, sialylated glycoconjugates, collectively termed the “sialome”,
constitute attractive targets in the search for novel cancer biomarkers.

A variety of methods including affinity chromatography using sialic acid-specific lectins
(10-12) or selective periodate oxidation of sialic acids followed by hydrazide capture (13) has
been reported for the enrichment and identification of sialylated glycoproteins from bodily fluids
or cell lysates. A complementary method that we have developed involves metabolic labeling of
sialylated glycoproteins by treating cells or living animals with peracetylated analogs of N-
acetylmannosamine (ManNAc) bearing chemical reporter groups such as the azide (i.e.,
peracetylated N-azidoacetylmannosamine, AcsManNAz) (14, 15). AcsManNAz is enzymatically
deacetylated in the cytosol and then metabolically converted to the corresponding N-azidoacetyl
sialic acid (SiaNAz), which is subsequently incorporated into sialoglycoconjugates (14, 16).
Once presented on the cell surface, the azide-labeled sialylated glycans can be visualized or
captured for glycoproteomic analysis with a variety of reagents (17), including Staudinger
ligation phosphines (14), terminal alkynes along with reagents for Cu(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) (18, 19), or strained alkynes (20).

This Chapter focuses on the development of new bioorthogonal chemical reporters of the
sialic acid biosynthetic pathway. In addition to Ac;ManNAz, our lab has demonstrated that other
azido- and keto-analogs of N-acetylmannosamine and sialic acid can be metabolically
incorporated into cell-surface glycans in vivo (21). However, the efficiency of sialic acid labeling
using these unnatural sugars is fairly low in vivo. Mouse heart tissue glycoproteins incorporate
SiaNAz at up to ~3% of total sialic acid, and the azidosugar is undetectable in some organs that
are known to possess sialylated glycoconjugates (15). Previous studies in our lab have shown
that the efficiency of sialic acid biosynthesis is very sensitive to the N-acyl structure of unnatural
ManNAc analogs (22, 23). For instance, analogs with long or branched N-acyl chains are poor
substrates for the biosynthetic enzymes, while those containing short, linear side chains are better
tolerated (23). Thus, we were curious how the alkynyl ManNAc analog reported by Wong and
coworkers (24) would fare in live animal metabolic labeling studies compared to ManNAz.

a Peng Wu and Xing Chen contributed to the work presented in this chapter.
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Increasing the efficiency of unnatural sugar metabolism could boost the levels of incorporation
in vivo, which should improve the enrichment and identification of sialylated glycoproteins using
mass spectrometry. The development of better chemical reporters of sialic acid biosynthesis
could facilitate the discovery of sialylated cancer biomarkers in murine cancer models.

Results and discussion

Alkynyl analog of ManNAc (AcsManNAl) is converted to SiaNAIl and incorporated into cell-
surface glycans
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Figure 4-1. Metabolic labeling of cellular glycans with AcsManNAI and detection by CuAAC.
TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine.
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Figure 4-2. Western blot analysis of lysates from Jurkat cells treated with Ac;ManNAl (50 uM)
or no sugar. The lysates were reacted with biotin-azide (100 uM) in the presence CuSO4 (1 mM),
sodium ascorbate (1 mM), and the tris-triazolyl ligand TBTA (27) (100 uM) for 1 h at rt and
analyzed by Western blot using an HRP-conjugated anti-biotin antibody (left panel). Total
protein loading was confirmed by Coomassie staining of a duplicate protein gel (right panel).

Toward this goal, we synthesized peracetylated N-(4-pentynoyl) mannosamine
(AcsManNAl, Figure 4-1) and confirmed its metabolic conversion to the corresponding sialic
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acid (SiaNAl) in cultured cells. Jurkat cells, a human T lymphoma cell line, were cultured with
50 uM AcsManNAl for three days, after which their lysates were reacted with an azido biotin
derivative (biotin-azide, Figure 4-1) (25) using standard CUAAC conditions (26). Western blot
analysis showed significant glycoprotein labeling in lysates from cells treated with AcsManNAl
but no detectable labeling in lysates from untreated cells (Figure 4-2).

AcsManNAl is more efficiently metabolized than Ac;ManNAz in mammalian cell lines

We confirmed the presence of SiaNAIl within these cellular glycans by performing sialic
acid compositional analysis using established protocols (28). As shown in Table 4-1, we
compared the efficiencies of metabolic conversion of Acs;ManNAIl and AcsManNAz to
glycoconjugate-bound SiaNAIl and SiaNAz, respectively. Six cell lines were cultured in media
supplemented with 50 M AcsManNAI or Acs;ManNAz. After 72 hours, the cells were lysed,
and the lysates were subjected to sialic acid quantification using a synthetic standard of SiaNAl
(4.2). In every cell line, metabolic labeling with SiaNAI was substantially more efficient than
with SiaNAz. For example, in the human prostate cancer cell line LNCaP, 78% of
glycoconjugate-bound sialic acids were substituted with SiaNAIl. By contrast, SiaNAz
constituted only 51% of LNCaP glycan-associated sialic acids under the same metabolic labeling
conditions. Fluorescence microscopy analysis of Acs;ManNAl-labeled cells after reaction with
biotin-azide via CUAAC and staining with FITC-streptavidin confirmed that SiaNAI-modified
glycans reside on the cell surface (Figure 4-3).

Cell line Jurkat HEK293T CHO LNCaP DU145 PC3
% SiaNAl 74+1 46 + 2 38+2 78+1 58+2 71+6
% SiaNAz 29+ 2 27+ 2 20+4 51+2 40+ 3 56 + 21

Table 4-1. Incorporation percentage of SiaNAI vs. SiaNAz in vitro. The cells were metabolically
labeled with 50 uM AcsManNAI (top row) or AcsManNAz (bottom row) for 3 d and then lysed.
Identification and quantification of SiaNAIl and SiaNAz was determined by comparison with
synthetic standards according to established procedures (28). The error represents the standard
deviation from the mean of at least three replicate experiments.

+Ae,ManNAI -Ac,ManNAlI

Figure 4-3. Fluorescence micrographs of CHO cells treated with 50 uM AcsManNAl (left) or no
sugar (right) for 3 d. The cells were rinsed, fixed with 3% paraformaldehyde, and labeled with
biotin-azide (50 uM) in the presence of CuSO, (100 uM), sodium ascorbate (200 uM), and
TBTA (100 uM) for 10 min at rt, followed by secondary labeling with a FITC-streptavidin
conjugate. The cells were labeled with DAPI nuclear stain before imaging. (Blue = DAPI
channel, Green = FITC channel). Scale bar = 40 pum.
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AcsManNAl is metabolized to SiaNAl in laboratory mice
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Figure 4-4. Experimental overview for probing AcsManNAI metabolism in vivo. Wild-type
B6D2F1/J mice were injected with Acs;ManNAI or vehicle intraperitoneally once daily for seven
days. On the eighth day, the organs were collected and homogenized, and organ lysates were
probed using CUAAC for the presence of alkyne-bearing glycoproteins by reaction with biotin-
azide, followed by Western blot analysis using an HRP-conjugated anti-biotin antibody.
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Figure 4-5. Western blot analysis of tissue lysates from B6D2F1/J mice administered
AcsManNAl (+) or vehicle (-). Mice were injected with AcsManNAI (300 mg/kg) or vehicle
once daily for seven days. On the eighth day, the organs were harvested and homogenized. The
lysates were then reacted with biotin-azide (100 uM) in the presence CuSO,4 (1 mM), sodium
ascorbate (1 mM), and TBTA (100 uM) for 1 h at rt and analyzed by Western blot using an
HRP-conjugated anti-biotin antibody. Shown are representative data from three replicate
experiments. Total protein loading was confirmed by Coomassie Blue staining of a duplicate
protein gel (data not shown).

To determine whether the superior metabolic conversion efficiency of AcsManNAl
observed in cell culture is recapitulated in vivo, we evaluated its conversion to SiaNAI after
administration to laboratory mice. B6D2F1/)J mice were injected intraperitoneally with
AcsManNAI (300 mg/kg) or vehicle once daily for seven days (Figure 4-4). On the eighth day,
the mice were euthanized, and a panel of organs was harvested and homogenized. The presence
of glycoprotein-associated alkynes in the soluble fraction of homogenates was probed by
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CUuAAC with biotin-azide, followed by Western blot analysis. As shown in Figure 4-5, labeling
was observed in organ lysates from mice treated with Acs;ManNAI but not in organ lysates from
vehicle-treated mice. Labeled glycoproteins were observed in all of the lysates collected from the
bone marrow, thymus, intestines, lung, spleen, heart, liver, and kidney (overexposed blot of
kidney sample not shown). These results indicated that AcsManNAI is metabolized in vivo and
has access to most organs. Furthermore, during this one-week period, no toxic side effects were
observed, suggesting that Ac;ManNAl is well tolerated by the mice.

Ac;ManNAl is more efficiently metabolized than AcsManNAz in laboratory mice

We then performed comparative in vivo metabolism studies of Acs;ManNAIl and
Ac;ManNAz using a similar protocol. The organs were harvested as described above, and the
soluble fractions of the organ lysates were reacted with either biotin-azide or a biotin-alkyne
derivative (20) using the same CuAAC conditions. Similar to our observations using cultured
cells (Table 4-1), AcsManNAI treatment produced stronger labeling in organ lysates than
AcsManNAz (Figure 4-6). Based on quantification by densitometry, we estimate that the labeling
using ManNAl is at least 25% greater than that using ManNAz (data not shown). However,
estimating metabolic incorporation based on these data is difficult because CUAAC displays
different reaction kinetics when the limiting reagent is the alkyne compared to the azide (26).
Given that the reaction kinetics are faster by approximately 2-3 fold in the latter case, we believe
our estimate based on densitometry to be a lower limit.

Spleen Liver Intestines  Thymus Heart

Unnatural
sugar Al Az

kDa
188—
98— = -
62—

Figure 4-6. AcsManNAI is converted to the corresponding sialic acid more efficiently than
AcsManNAz in mouse organs. A panel of organ lysates from mice treated with AcsManNAI (Al)
or AcsManNAz (Az) (300 mg/kg) for 7 d were reacted with 100 uM biotin-azide or biotin-alkyne
(20), respectively, in the presence CuSO,4 (1 mM), sodium ascorbate (1 mM), and TBTA (100
uM) for 1 h at rt and analyzed by Western blot using an HRP-conjugated anti-biotin antibody.
Shown are representative data from three replicate experiments. Total protein loading was
confirmed by Coomassie Blue staining of a duplicate protein gel (data not shown).

Conclusions

In summary, we have demonstrated that Ac;ManNAI can metabolically label sialic acids
in cultured cells and mice with greater efficiency than Acs;ManNAz. This metabolic labeling
method holds several advantages over previous approaches to sialylated glycoprotein analysis.
First, metabolic labeling selects for those glycoproteins that are biosynthesized at high levels,
irrespective of their steady-state abundance. Thus, metabolic labeling may reveal novel sialylated
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biomarkers that are rapidly turned over and therefore missed by steady-state labeling methods.
Second, metabolic labeling can be performed in live animals (15), permitting the selective
tagging of sialylated glycoconjugates within their native tissue environments.

This alkynyl sugar may therefore be useful in the discovery of sialylated cancer
biomarkers using murine cancer models. Moreover, these results underscore the sensitivity of
sialic acid biosynthetic enzymes to subtle differences in the N-acyl structures of the two
ManNAc analogs. Accordingly, further structural modulation of alkynyl and azido ManNAc
analogs is worth pursuing in order to further increase metabolic labeling efficiency in vivo.
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Materials and methods
General

All chemical reagents were obtained from Sigma Aldrich and GFS Chemicals and used
without further purification unless otherwise noted. Flash chromatography was performed using
Merck 60 A 230-400 mesh silica gel. Analytical thin layer chromatography (TLC) was
performed on glass-backed Analtech Uniplate silica gel plates, and compounds were visualized
by staining with phosphomolybdic acid or 10% H,SO, in ethanol. CH,Cl, and THF were dried in
vacuo over alumina. Anhydrous MeOH and pyridine were purchased from Acros Organics.
Organic extracts were dried over Na,SO,4, and the drying agent was removed by vacuum
filtration. Unless otherwise specified, all solvents were removed under reduced pressure using a
rotary evaporator. "H NMR spectra were obtained at 500 and 600 MHz, and “*C[*H] NMR
spectra were obtained at 75 and 125 MHz. Chemical shifts are reported in & ppm relative to
tetramethylsilane, and coupling constants (J) are reported in hertz (Hz). Mass spectra were
obtained at the Albert Einstein Laboratory for Macromolecular Analysis and Proteomics. High
resolution (HR) FT-ICR MS was performed on a Varian 12.0 T QFT mass spectrometer.
Samples were dissolved in 50% methanol/H,O containing 0.1% formic acid and introduced into
the FT-ICR MS using electrospray ionization.

Media, fetal bovine serum (FBS), and Dulbecco’s Phosphate Buffered Saline (PBS) were
purchased from Invitrogen (Carlsbad, CA). Cells were counted by hand using a hemocytometer.
FITC-conjugated streptavidin, penicillin and streptomycin were purchased from Sigma Aldrich
(St. Louis, MO). Detergents, DC protein assay kits, and gels for electrophoresis were purchased
from Bio-Rad Laboratories (Hercules, CA). Horseradish peroxidase-conjugated anti-biotin
antibody (HRP-anti-biotin antibody) was purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). SuperSignal West Pico Chemiluminescent Substrate was obtained from
Pierce Biotechnology (Rockford, IL). Protease inhibitor Complete (EDTA-free) was purchased
from Roche (Nutley, NJ).

Mice

Wild-type B6D2F1/J mice were purchased from The Jackson Laboratory (Bar Harbor,
ME), and the animals were handled in accordance with Animal Use Protocol R234-0609B
(approved by the Animal Care and Use Committee at the University of California, Berkeley).

Tissue culture/cell growth conditions

Unless otherwise specified, Jurkat and LNCaP cells were grown in RPMI-1640 media
supplemented with 10% FBS, 100 units/mL penicillin and 0.1 mg/mL streptomycin (P/S). HEK
293T cells were grown in Dulbecco’s modified Eagle’s media, supplemented with 10% FBS and
P/S. CHO cells were grown in Ham’s F12 media, supplemented with 10% FBS and P/S. DU145
cells were grown in Eagle’s minimal essential media, supplemented with 10% FBS and P/S. PC3
cells were grown in F-12K media, supplemented with 10% FBS and P/S. In all cases, cells were
incubated in a 5% CO,, water-saturated incubator at 37 °C.
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Synthesis of SiaNAl

ManNAI (290 mg, 0.0011 mol) (24) was dissolved in 11 mL of 0.050 M potassium
phosphate (pH 7.4), followed by addition of sodium pyruvate (1.2 g, 0.011 mol), NaN3 (final
concentration of 1% (w/v)) and NeuAc aldolase (20-25 U, Toyobo, lot no. 85211). The reaction
mixture was placed in a shaking incubator at 37 °C for 14 h, after which *H NMR analysis
indicated that the reaction was complete. The reaction mixture was then diluted with 90 mL of
H,O and purified by anion-exchange chromatography using AG1-X2 resin, formate form (Bio-
Rad). The product was eluted with a gradient of 1.0 M to 2.5 M formic acid at 1.0 mL/min.
Fractions were analyzed for the presence of the desired sialic acid derivative using the periodate-
resorcinol method (29). The fractions containing the desired product were combined and
concentrated in vacuo to give a white solid as exclusively the B-anomer. Yield: 341 mg (89%).
'H NMR (500 MHz, D,0) & 1.87 (dd, J = 13.0, 11.5 Hz, 1H), 2.31 (dd, J = 13.0, 5.0 Hz, 1H),
2.39 (br, 1H), 2.49-2.52 (m, 4H), 3.59 (dd, J = 12.0, 6.5 Hz, 1H), 3.66 (dd, J = 9.0, 1.0 Hz, 1H),
3.73-3.76 (m, 1H), 3.83 (dd, J = 12.0, 3.0 Hz, 1H), 3.96 (app t, J = 10.3 Hz, 1H), 4.05-4.10 (m,
2H). *C NMR (75 MHz, D,0) & 14.5, 34.7, 52.0, 63.2, 66.6, 68.3, 70.2, 70.3, 70.4, 83.5, 95.3,
173.4, 175.4. HRMS (ESI): Calcd for C14H2NOg [M+H]" 348.1289, found 348.1294.

Preparation of cell lysates and detection of glycoproteins by Western blot analysis

Ac;ManNAI was maintained as a 50 mM stock solution in filter-sterilized ethanol, which
was allowed to evaporate in the cell culture flasks prior to the addition of cells. Cells were
seeded at a density of 1.5 x 10° cells in 10 mL of media with no alkynyl sugar or 50 pM of
AcsManNAI and incubated for three days. The cells were harvested by centrifugation at 2851 x
g, and the cell pellets were homogenized in 750 pL of lysis buffer (150 mM NaCl, 1% NP-40, 50
mM Tris-HCI, pH 7.4) containing protease inhibitors (Complete, EDTA-free) by ten freeze-thaw
cycles. The insoluble debris was removed by centrifugation at 10,000 x g for 10 min. The
soluble protein concentration was determined using the DC protein assay kit. Biotin-azide (100
uM from a 50x stock in DMSQ) was added to each sample (25 pg protein in 30 uL lysis buffer),
followed by freshly prepared sodium ascorbate (1 mM from a 50x stock in water) and TBTA
ligand (100 uM from a 40x stock in a 1:4 mixture of DMSO:t-butanol). Samples were gently
vortexed, and CuSO4-5H,0 (1 mM from a 50x stock in water) was added to each sample,
making the total reaction volume 32.5 pL. Samples were vortexed again and allowed to react at
rt for 1 h. After adding 8.1 uL of 4x SDS-PAGE loading buffer containing -mercaptoethanol,
the samples were resolved on a Bis-Tris Criterion polyacrylamide gel (12%), transferred to
nitrocellulose, and blocked with 5% bovine serum albumin in PBST (Dulbecco’s Phosphate
Buffered Saline with 0.1% Tween-20) for 1 h at rt. The blocked membrane was incubated for 1 h
at rt with an HRP-anti-biotin antibody (1:100,000 dilution) in blocking buffer, washed with
PBST (4 x 15 min per wash), and developed using SuperSignal West Pico Chemiluminescent
Substrate.

Compound administration and preparation of tissue lysates

Mice (B6D2F1/J) were injected intraperitoneally with AcsManNAI (24), AcsManNAz
(17), or vehicle (300 mg/kg in 70% aqueous DMSOQO) once daily for 7 d. On day 8, the mice were
euthanized 24 h post-injection, and the organs were collected, rinsed with cold PBS, and minced.
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The organs were then transferred into 1.5 mL of lysis buffer (150 mM NacCl, 1% NP-40, 50 mM
Tris-HCI, pH 7.4) containing protease inhibitors (Complete, EDTA-free) and homogenized using
a Dounce homogenizer. The cell debris was removed by centrifugation (13,500 x g for 10 min),
and the supernatant was collected. Protein concentrations were determined using the DC protein
assay kit. Click chemistry with biotin-azide or biotin-alkyne probe, SDS-PAGE, and Western
blot analysis were performed as described in the previous section.

Fluorescence microscopy

Chinese hamster ovary (CHO) cells were seeded onto glass slides mounted with tissue
culture wells (Lab-Tek, Nunc) and incubated with AcsManNAI (50 uM) or no sugar for 3 d. The
cells were washed three times with PBS and then fixed with 3% paraformaldehyde in PBS at 4
°C for 20 min. After three washes, cells were treated with biotin-azide (50 uM) in the presence
of sodium ascorbate (200 uM), TBTA (100 uM), CuSO4-5H,0 (100 uM) in 200 uL PBS for 10
min at rt. The cells were then washed three times with PBS and blocked in PBS with 1% bovine
serum albumin for 20 min, followed by staining with a FITC-streptavidin conjugate (1 pg/mL in
PBS). After incubation at rt for 30 min in the dark, the cells were washed three times and then
mounted using Vectashield with 4,6-diamidino-2-phenylindole (DAPI, Vector Laboratories). A
Zeiss Axiovert 200M inverted microscope equipped with a 63 x 1.4 NA Plan-Apochromat oil
immersion lens was employed for imaging. A 175W xenon lamp housed in a Sutter DG4
illuminator linked to the microscope by an optical fiber assured shuttering and illumination.
Images were acquired using a CoolSNAP HQ CCD camera (Roper Scientific). Images were
deconvolved using the nearest neighbor algorithm in SLIDEBOOK software version 4.2
(Intelligent Imaging Innovations) and are shown as a single z-plane.

Sialic acid identification and quantification as 1,2-diamino-4,5-methylenedioxybenzene (DMB)
derivatives by RP-HPLC with fluorescence detection (28)

Lysates from cells treated with 50 uM of Acs;ManNAl, Acs;ManNAz, or no sugar for 3 d
were dissolved in a final concentration of 2 M acetic acid and heated to 80 °C for 3 h to release
sialic acids. The sialic acids were collected by ultrafiltration through a 3,000 NMWCO ultrafilter
and derivatized with 1,2-diamino-4,5-methylenedioxybenzene (DMB). The sialic acid-DMB
derivatives were analyzed by reversed phase HPLC coupled with fluorescence detection.
Identification and quantification of SiaNAI and SiaNAz was determined by comparison with the
synthetic standards of N-glycolylneuraminic acid (Neu5Gc), N-acetylneuraminic acid (Neu5Ac),
SiaNAl, or SiaNAz (30).
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Chapter 5: A strategy for the cell-selective delivery of azidosugars®
Introduction

Glycans play critical roles in many biological processes including embryonic
development (1), inflammation (2), and cancer cell metastasis (3). Because these physiological
events are marked by changes in glycan composition and expression, glycans are interesting
targets for in vivo imaging. We have developed an approach for visualizing and profiling these
non-genetically encoded biomolecules known as the bioorthogonal chemical reporter strategy.
This two-step method involves the metabolic incorporation of an unnatural sugar bearing a
chemical reporter into a specific glycan subtype, followed by a covalent tagging step using a
bioorthogonal reaction such as the Staudinger ligation or Cu-free click chemistry (4). This
strategy has been used to image glycan dynamics in live cells and living organisms such as C.
elegans and zebrafish (5, 6). We have also shown that this strategy can be used to tag glycans
within mice, resulting in the global labeling of many organs including the liver, heart, kidney,
and intestines (7, 8). While these studies have established the chemical reporter strategy as a
viable method for imaging or profiling glycans in vivo, certain applications, such as tumor
imaging, demand the selective labeling of specific cells or tissues in vivo (e.g., cancerous versus
surrounding tissue). In this Chapter, we describe a strategy for cell-selective metabolic labeling
of glycans based on tissue-specific expression of a protease.

Results and discussion

In our approach, we envisioned caging an unnatural analog of the metabolic precursor to
the monosaccharide sialic acid that could be precluded from cellular metabolism by virtue of a
protecting group. We achieved this feat by attaching a peptide to the 6-hydroxyl group of the
unnatural sugar N-azidoacetylmannosamine (ManNAz), an analog of N-acetylmannosamine and
a precursor to sialic acid (Figure 5-1A). In the presence of an extracellular protease that is
secreted by the target tissue, the caging group could be cleaved enzymatically to release
triacetylated ManNAz (AcsManNAz), which could then be metabolized by cells and
incorporated into cell-surface sialic acid residues. These labeled glycans can be detected via Cu-
free click chemistry with difluorinated cyclooctyne (DIFO) reagents (Figure 5-1A) (4).

As a model enzyme, we chose the prostate-specific antigen protease (PSA), a serine
protease that is secreted at low levels by normal prostatic glandular cells but is highly
upregulated by prostate cancer cells (9). Though PSA is used clinically as a biomarker to screen
for prostate cancer because its presence can be detected in the blood stream, it is inactive in the
serum due to complexation with protease inhibitors (9). Thus, PSA is most active in the tissue of
prostate tumors. For these reasons, PSA has been widely used in medicinal chemistry as a means
of delivering anticancer agents and imaging reagents to prostate cancer cells and tumors in vivo
(10-12).

& Danielle H. Dube contributed to the work presented in this chapter.
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Design and synthesis of caged metabolic precursors to sialic acid

Our target compounds consisted of AcsManNAz attached, via a linker at C6, to the
hexapeptide Mu-HSSKLY (Mu = morpholino ureidyl), a known PSA substrate that is highly
selective for this enzyme over other ubiquitous serine proteases (Figure 5-1B) (12, 13). We chose
p-aminobenzyl alcohol (PABA) and ethylenediamine (EDA) as linkers due to their ability to
release cargo molecules after enzymatic activation of the prodrug and the relative stability of
their carbonate and carbamate linkages, respectively (14). Upon cleavage of the peptide, PABA-
containing probe 5.1 is designed to release carbon dioxide and an iminoquinone methide
intermediate that is subsequently attacked by water (Figure 5-1B) (15). Enzymatic cleavage of
EDA-containing probe 5.2 results in expulsion of the linker as a cyclic urea (Figure 5-1B) (16).
Compounds 5.1 and 5.2 were synthesized analogously to the route developed by Jones et al. as a
mixture of anomers (Schemes 5-1 and 5-2) (12).
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Figure 5-1. A strategy for tissue-specific release of AcsManNAz via enzymatic activation. (A) i.
A non-metabolizable caged azidosugar serves as a substrate for a secreted, cancer-specific
protease, releasing AcsManNAz. ii. This azidosugar is then metabolized by the cell and
incorporated into cell-surface glycans. iii. The azide-labeled glycans are detected via Cu-free
click chemistry using difluorinated cyclooctyne reagents. (B) Caged azidosugars used in this
study (5.1 and 5.2). Cleavage of the indicated peptide bond (dashed lines) by the prostate-
specific antigen protease (PSA), results in the release of a linker, the peptide, and AcsManNAz.
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Stability studies of caged azidosugars

We first evaluated the hydrolytic stability of 5.1 and 5.2 by incubating these compounds
in aqueous buffer for 24 h at 37 °C. Surprisingly, 5.2, which bears a more stable carbamate
linkage, exhibited far greater degradation than carbonate 5.1 (Figure 5-2). Based on these results,
we chose to pursue in vitro and in vivo experiments using 5.1.
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Scheme 5-1. Synthesis of 5.1.

In vitro enzymatic uncaging of caged azidosugar 5.1 using the prostate-specific antigen protease
(PSA)

To confirm that 5.1 can serve as a substrate for PSA, this probe was incubated in vitro
with active enzyme or, as negative controls, buffer only or heat-killed (HK) enzyme. These
enzymatic reactions were analyzed by reversed-phase HPLC and mass spectrometry. Incubation
of 5.1 with PSA resulted in release of the peptide (Mu-HSSKLY) and AcsManNAz (Figure 5-
3A), while the negative controls exhibited only minor hydrolysis of the starting material to the
peptide-linker conjugate (Mu-HSSKLY-PABA) and AcsManNAz (Figure 5-3B and C).
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Selective labeling of cell-surface glycans using caged azidosugar 5.1 and PSA

Having validated that 5.1 can be enzymatically activated by PSA, we next tested 5.1 for
its ability to be uncaged by this enzyme and metabolically incorporated into cell-surface glycans
on cultured cells. Chinese hamster ovary (CHO) cells were incubated with 5.1 at various
concentrations (0-100 uM) in the presence of PSA (50 pg/mL), no enzyme, or HK PSA for 12 h
at 37 °C. The cells were then washed and labeled with a DIFO-biotin conjugate (17), followed by
fluorescein isothiocyanate-labeled avidin (FITC-avidin) and analysis by flow cytometry. We
observed labeling over background hydrolysis in a concentration-dependent manner, suggesting
that the signal is due to enzymatic activation (Figure 5-4A). In contrast, the negative controls
exhibited minimal background labeling (Figure 5-4B). We also demonstrated that treatment of
CHO cells with 5.1 and increasing amounts of PSA (0-50 pg/mL) resulted in a concentration-
dependent signal, thus further supporting that the labeling is due to enzymatic release of
AcsManNAz (Figure 5-5). In addition, we verified that 5.1 did not cause any cytotoxicity by
incubating CHO cells labeled as above with phycoerythrin-conjugated annexin V, a marker of
apoptosis, and analyzing these cells by flow cytometry (Figure 5-6).
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Scheme 5-2. Synthesis of 5.2.
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Figure 5-2. Hydrolytic stability test of 5.1 and 5.2. Compounds 5.1 (A) and 5.2 (B) were
incubated in 50 mM Tris, 0.1 M NaCl, pH 7.8, for 24 h at 37 °C. The samples were then

analyzed by reversed-phase HPLC.
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Figure 5-3. Compound 5.1 serves as a substrate for PSA in vitro. Shown are HPLC traces of in
vitro enzymatic reactions of 5.1 (500 uM) in 50 mM Tris, 0.1 M NaCl, pH 7.8, for 6 h with (A)
active PSA (50 ug/mL), (B) buffer only, or (C) heat-killed (HK) PSA (50 pg/mL). The identities
of the various species based on mass spectrometry are indicated on the traces. *Mono-acetylated
Mu-HSSKLY-PABA, **Mono-deacetylated 5.1, and ***Isomers of 5.1.
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Figure 5-4. Cell-selective metabolic labeling of glycans using 5.1 and PSA. (A) Flow cytometry
analysis of CHO cells treated with various concentrations of 5.1 (0-100 uM) and PSA (50
ug/mL, squares) or buffer only (circles). (B) Flow cytometry analysis of CHO cells treated with
5.1 (100 uM) and either buffer only (-), heat-killed (HK) PSA (50 ug/mL), or PSA (+), followed
by DIFO-biotin (100 uM) and fluorescein isothiocyanate-conjugated avidin (FITC-avidin). Error
bars represent the standard deviation from the mean of three replicate samples. MFI = mean
fluorescence intensity in arbitrary units (AU).
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Figure 5-5. Flow cytometry analysis of CHO cells treated with 5.1 and PSA. CHO cells were
incubated with or without 5.1 (25 uM) and PSA (0-50 pg/mL) for 12 h at 37 °C. The samples
were then labeled with DIFO-biotin (100 uM) for 2 h at 37 °C, followed by FITC-avidin, and
analyzed by flow cytometry. MFI = mean fluorescence intensity in arbitrary units (AU). Error
bars represent the standard deviation of the average MFI from three replicate samples.
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Figure 5-6. Cell viability assay. CHO cells were incubated with 5.1 (0-100 uM) and either PSA
(50 pg/mL, +), no enzyme (-), or heat-killed (HK) PSA, for 12 h at 37 °C. The samples were
then labeled with DIFO-biotin (100 pM) for 2 h at 37 °C, followed by FITC-avidin and annexin
V-phycoerythrin, and analyzed by flow cytometry. Percent live cells represent cells that stain
weakly with annexin V. Error bars represent the standard deviation of the average % live cells
for three replicate samples.
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Fluorescence microscopy analysis of cells labeled with caged azidosugar 5.1 in the presence of
PSA

Finally, in order to assess whether this strategy can be extended for our long-term goal of
in vivo imaging of specific tissues, we applied 5.1 for cell imaging by fluorescence microscopy.
CHO cells were incubated with 5.1 in the presence of PSA or HK PSA for 12 h at 37 °C. The
cells were then washed and labeled with DIFO-biotin, followed by quantum dot-conjugated
streptavidin. We observed substantial cell-surface labeling of cells treated with 5.1 and PSA
(Figure 5-7A) and minimal cell-surface fluorescence from the negative control, cells treated with
5.1 and HK PSA (Figure 5-7B), confirming that our approach can be used to selectively image
cell-surface glycans.

Figure 5-7. Selective imaging of cells using 5.1 in the presence of PSA. Fluorescence
microscopy of CHO cells treated with 5.1 (100 uM) and (A) PSA (50 ug/mL) or (B) heat-killed
(HK) PSA (50 pg/mL), followed by DIFO-biotin (100 uM) and a quantum-dot 605 streptavidin
conjugate. Green = Texas Red channel; Blue = DAPI channel. Scale bar = 20 pm.

Conclusions

In conclusion, we have developed a strategy for targeted labeling of glycans on specific
cells or tissues. It should be noted that the concentrations of PSA employed in our studies are
physiologically relevant, i.e., they are similar to the levels of PSA secreted by both prostate
cancer xenografts in mice as well as prostate tumor tissue obtained from human patients (18). In
addition, many cancers, including prostate cancer, are known to express elevated levels of sialic
acid compared to surrounding tissue (19, 20). Thus, we hope that our approach can be used to
target sialylated tumors in vivo for both diagnostic and therapeutic purposes.
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Materials and methods
General

All chemical reagents were of analytical grade, obtained from commercial suppliers, and
used without further purification unless otherwise noted. Moisture-sensitive reactions were
performed in flame-dried flasks under a N, atmosphere. Organic extracts were dried over
Na,SO4, and solvents were removed with a rotary evaporator at reduced pressure (20 torr), unless
otherwise noted. Flash chromatography was performed using Silicycle Siliaflash P60 40-63A
230-400 mesh silica gel. Analytical thin layer chromatography (TLC) was performed on glass-
backed Analtech Uniplate GHLF silica gel plates, and compounds were visualized by staining
with ceric ammonium molybdate, 5% H,SQO, in ethanol, ninhydrin, and/or the absorbance of UV
light (A = 254 nm). Reversed-phase HPLC was performed using a Rainin Instruments 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 1 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. Dichloromethane (CH,ClI,) and
acetonitrile (CH3CN) were passed through activated alumina columns under N, before use.
Pyridine was distilled over CaH, under N,. Anhydrous N,N-dimethylformamide (DMF), N,N-
diisopropylethylamine (DIPEA), triethylamine (TEA), and trifluoroacetic acid (TFA) were used
from commercial sources without further purification. DIFO-biotin (17), compounds 5.3 (21),
5.7 (12), and 5.12 (22) were synthesized according to previously published procedures. Boc-
tyrosine was purchased from EMD Chemicals (San Diego, CA), and di-Boc-tyrosine was
purchased from Advanced Chemtech (Louisville, KY). NMR spectra were acquired using a
Bruker DRX-500, AV-500, AVQ-400, or AVB-400 spectrometer. 'H NMR spectra were
obtained at 400 or 500 MHz, and **C NMR spectra were obtained at 75 or 125 MHz and are
referenced to residual solvent peaks. Low and high-resolution fast atom bombardment (FAB)
and electrospray ionization (ESI) mass spectra were obtained at the UC-Berkeley Mass
Spectrometry Laboratory.

Dulbecco’s phosphate-buffered saline pH 7.4 (PBS) and fluorescein isothiocyanate-
conjugated avidin (FITC-avidin) were purchased from Sigma Aldrich. Ham’s F-12 and
OptiMEM | media, Hoechst 33342 nuclear stain, and quantum dot 605-streptavidin conjugate
were obtained from Invitrogen Life Technologies, Inc. Fetal bovine serum (FBS) was obtained
from HyClone Laboratories. Prostate-specific antigen protease (PSA) was purchased from EMD
Biosciences. The colorimetric substrate (MeO-Suc-Arg-Pro-Tyr-PNA-TFA) was purchased from
MP Biomedicals. Absorbance readings were collected with a Molecular Devices SpectraMax
190 UV-Vis absorbance plate reader. Microcon Ultracel YM-10 centrifugal filter devices were
obtained from Millipore. Apoptosis Detection Kit | containing annexin V-phycoerythrin and 10X
Binding Buffer was obtained from BD Biosciences. Tissue culture plates were obtained from
Corning, and slides mounted with 8-tissue culture wells were obtained from Nunc. Flow
cytometry analysis was performed on a BD FACSCalibur flow cytometer equipped with a 488
nm argon laser and 635 nm He-Ne red diode array laser. At least 10* 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 three replicate samples to obtain a mean value in arbitrary units. The data points
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are representative of at least three separate experiments. Fluorescence microscopy was
performed on a Zeiss Axiovert 200M inverted microscope equipped with a 63 x 1.4 numerical
aperture Plan-Apochromat oil immersion lens was used for imaging. A 175 W Xenon lamp
housed in a Sutter DG4 illuminator linked to the microscope by an optical fiber assured
shuttering and illumination. Image stacks containing 20-40 sections spaced 0.5 um apart were
acquired by using a CoolSNAP HQ charged-coupled device camera (Roper Scientific).
SLIDEBOOK software (Intelligent Imaging Innovations) was used to control the microscope and
the camera. The image stacks were digitally deconvolved by using the nearest-neighbor
algorithm of SLIDEBOOK.

Synthesis

Compound 5.4. Compound 5.3 (21) (1.20 g, 4.58 mmol) was dissolved in a 1:1 solution of
pyridine and CH,Cl, (46 mL). Tert-butyldimethylsilyl chloride (1.03 g, 6.87 mmol) and
dimethylaminopyridine (30.2 mg, 0.247 mmol) were added. The reaction was stirred for 22 h.
The crude product was purified by silica gel chromatography, eluting with 95:5 CH,Cl,:CH30H
to yield 1.15 g (67%) of an off-white solid as a mixture of anomers (3:1 a:p). "H NMR of o-
anomer (400 MHz, CH3;0D): 6 5.04 (d, 1H, J = 1.6), 4.25 (dd, 1H, J = 1.6, 4.6), 3.78-4.05 (m,
6H), 3.54 (app t, 1H, J = 9.7), 0.94 (s, 9H), 0.11 (app t, 6H, J = 2.5). *C NMR of o-anomer (125
MHz, CH3;0D): 6 169.0, 92.9, 72.3, 68.9, 67.2, 62.7, 53.9, 51.4, 25.0, 17.9. FAB-HRMS: Calcd.
for C14H20N406Si™ (M+H)" 377.1852, found 377.1848.

Compound 5.5. To a solution of 5.4 (9.20 g, 24.4 mmol) in pyridine (139 mL) was added acetic
anhydride (69.3 mL, 0.733 mol). The reaction was stirred for 16 h and concentrated in vacuo.
The crude product was then purified by silica gel chromatography using a gradient of 2:1
hexanes:ethyl acetate to 1:1 hexanes:ethyl acetate to afford 11.4 g (93%) of a yellow oil as a
mixture of anomers (2:3 a:B). 'H NMR of B-anomer (500 MHz, CDCls): § 6.56 (d, 1H, J = 9.5),
6.03 (s, 1H), 5.26 (app t, 1H, J=9.9), 5.05 (dd, 1H, J = 3.9, 10.0), 4.60 (d, 1H, J = 9.6), 4.06 (m,
2H), 3.63-3.85 (m, 3H), 2.00-2.18 (m, 9H), 0.91 (s, 9H), 0.06 (app d, 6H, J = 9.1). *C NMR
(125 MHz, CDCl3): 6 170.3, 169.10, 169.05, 168.2, 167.2, 166.6, 91.5, 90.2, 77.2, 77.0, 76.7,
75.7,72.7,71.9, 69.3, 64.91, 64.85, 61.1, 61.0, 52.5, 52.3, 49.8, 49.2, 25.61, 25.58, 20.82, 20.77,
20.72, 20.68, 20.6, 18.2, 18.1, -0.06, -5.58, -5.60. FAB-HRMS: Calcd. for CjoHzsN4OgSiLi*
(M+Li)* 509.2247, found 509.2243.

Compound 5.6. Acetic acid (14 mL) was added to a solution of 5.5 (1.10 g, 2.20 mmol) in a 1:1
solution of THF and H,0O (9.6 mL). The resulting mixture was stirred for 24 h. The reaction was
neutralized with sat. NaHCOg3, and the crude product was extracted with ethyl acetate (3 x 25
mL). The organic layers were pooled, washed with brine (1 x 75 mL), dried with Na;SO,,
filtered, and concentrated in vacuo. Silica gel chromatography of the crude product, eluting with
a gradient of 1:2 hexanes:ethyl acetate to 1:3 hexanes:ethyl acetate, yielded 800 mg (93%) of a
white solid as a mixture of anomers (2:1 a:p). 'H NMR of a-anomer (500 MHz, CDCls): & 6.60
(d, 1H, J =9.4), 6.06 (d, 1H, J = 1.8), 5.41 (dd, 1H, J = 4.4, 10.2), 5.16 (app t, 1H, J = 10.2),
4.62-4.65 (m, 1H), 4.04 (m, 2H), 3.59-3.84 (m, 3H), 2.02-2.21 (m, 9H). *C NMR (125 MHz,
CDCl3): 6 170.9, 170.8, 170.2, 170.1, 168.6, 168.5, 167.3, 91.5, 90.3 77.3, 77.0, 76.7, 75.5, 72.5,
724, 712, 71.1, 68.6, 65.4, 65.3, 60.6, 52.4, 52.3, 52.0, 49.8, 49.3, 20.8, 20.72, 20.68, -0.1.
FAB-HRMS: Calcd. for C14H20N4OgLi* (M+Li)* 395.1396, found 395.1399.
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Compound 5.8. Compounds 5.6 (466 mg, 1.20 mmol) and 5.7 (12) (963 mg, 1.75 mmol) were
dried by azeotroping with toluene (3 x 10 mL). Pyridine (12 mL) was added, followed by
dimethylaminopyridine (214 mg, 1.75 mmol). The resulting mixture was stirred for 18 h at 40
°C. The reaction was concentrated, and the residue was passed through a plug of silica gel using
9:1 toluene:acetone to elute. The crude product was concentrated to afford a white solid that was
dissolved in CH,CI, (3 mL). TFA (1 mL) was added dropwise. The reaction was stirred for 30
min, diluted with toluene (10 mL), and concentrated in vacuo. The residual TFA was removed
from the crude residue by azeotroping with toluene (3 x 10 mL). The crude product was then
dissolved in 1:1 ddH,O:CH3CN and purified by reversed-phase HPLC using a C18 column
(75:25 ddH,0O:CH3CN + 0.1 % TFA to 65:35 ddH,0:CH3CN + 0.1% TFA over 60 min) to yield
62.2 mg (62%) of a white solid as a mixture of anomers (2:1 o:f). 'H NMR of a-anomer (400
MHz, CH3;0D): 6 7.53 (d, 2H, J =8.4), 7.37 (d, 2H, J = 8.4), 7.10 (d, 2H, J = 8.4), 6.75 (d, 2H, J
=8.4),5.97 (d, 1H, J = 1.6), 5.24-5.31 (m, 2H), 5.13 (s, 2H), 4.60 (m, 1H), 4.34 (dd, 1H, J = 5.2,
12.0), 4.10-4.21 (m, 3H), 3.92 (d, 2H, J = 3.6), 3.18 (dd, 1H, J = 6.8, 14.0), 3.05 (dd, 1H, J = 7.6,
14.0), 1.96-2.16 (m, 9H). *C NMR of a-anomer (75 MHz, CHsOD): § 171.8, 171.7, 171.0,
170.1, 168.2, 158.4, 156.4, 139.3, 133.3, 131.8, 130.4, 126.1, 121.4, 117.0, 93.2, 71.6, 70.64,
70.60, 67.4, 67.0, 56.8, 52.5, 50.8, 38.2, 20.82, 20.80, 20.75. ESI-HRMS: Calcd. for
Ca1H37013Ns" (M+H)" 701.2413, found 701.2425.

Compound 5.9. The hexapeptide Mu-HSSK(Boc)L was synthesized on Fmoc-Leu Wang resin
(100-200 mesh) using standard Fmoc solid-phase peptide synthesis with N*-Fmoc protected
amino acids and DIC/HOB ester activation in NMP. A five-fold excess of amino acid was used
for the coupling steps, which involved gentle rotation for 1 h. Fmoc removal was achieved with
20% piperidine in NMP (1 x 30 min). The peptide was capped at the N-terminus with a five-fold
excess of 4-morpholine carbonyl chloride and TEA in NMP. The peptide was cleaved for 4 h
using a solution of Reagent K (23) and triisopropylsilane (81.5:5:5:5:2.5:1
TFA:thioanisole:phenol:ddH,O:ethanedithiol:triisopropylsilane), precipitated with methyl tert-
butyl ether, and the crude product was dried and used without further purification. The crude
peptide (308 mg, 0.450 mmol) was dissolved in DMF (4.4 mL), and TEA (0.0823 mL, 0.541
mmol) was added, followed by di-tert-butyldicarbonate (118 mg, 0.541 mmol). The resulting
mixture was stirred for 29 h and concentrated in vacuo. The crude product was purified by
reversed-phase HPLC using a C18 column (80:20 ddH,O:CH3;CN + 0.1 % TFA to 50:50
ddH,0:CH3CN + 0.1% TFA over 40 min) to yield 351 mg (quant.) of a white solid. ESI-HRMS:
Calcd. for Ca4Hs3012Ng" (M+H)" 784.4199, found 784.4200.

Compound 5.10. Compounds 5.8 (20.5 mg, 0.0293 mmol) and 5.9 (45.9 mg, 0.0586 mmol)
were dissolved in DMF (0.29 mL). (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP, 28.5 mg, 0.0645 mmol) was added, followed by DIPEA (0.013 mL,
0.0733 mmol), dropwise. The reaction was stirred for 1 h, after which it was concentrated, and
the resulting residue was purified by reversed-phase HPLC using a C18 column (65:35
ddH,0:CH3CN + 0.1 % TFA to 55:45 ddH,0:CH3CN + 0.1% TFA over 60 min) to yield 7.8 mg
(18%) of a white solid. ESI-HRMS: Calcd. for CesHgoO24N1s™ (M+H)™ 1466.6434, found
1466.6481.

Compound 5.1. TFA (0.25 mL) was added dropwise to a solution of 5.10 (10.7 mg, 0.0730
mmol) in CH3CN (0.75 mL). The resulting mixture was stirred for 2 h, and the reaction was then
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diluted with toluene (10 mL). The reaction mixture was concentrated in vacuo, and residual TFA
was removed by azeotroping with toluene (3 x 10 mL). The crude product was purified by
reversed-phase HPLC using a C18 column (75:25 ddH,O:CHsCN + 0.1 % TFA to 65:35
ddH,0:CH3CN + 0.1% TFA over 50 min) to yield 7.7 mg (76%) of a white solid. ESI-HRMS:
Calcd. for CgoHgsO2N1s2* [(M + 2H)]* 683.7991, found 683.8005.

Compound 5.11. To a solution of 5.6 (728 mg, 1.87 mmol) in CH,Cl, (15 mL) was added
dimethylaminopyridine (251 mg, 2.06 mmol) and 4-nitrophenylchloroformate (754 mg, 3.75
mmol). After the resulting mixture was stirred overnight at rt, an additional aliquot of 4-
nitrophenylchloroformate (75 mg, 0.37 mmol) and DMAP (46 mg, 0.37 mmol) were added. The
reaction was stirred for an additional 7 h, after which it was concentrated in vacuo. The crude
residue was purified by silica gel chromatography with a gradient of 3:1 hexanes:ethyl acetate to
1:1 hexanes:ethyl acetate to provide 523 mg (51%) of a white solid as a mixture of anomers (1:2
a:B). 'H NMR of B-anomer (400 MHz, CDCls): 5 8.30 (d, 2H, J = 8.8), 7.41 (d, 2H, J = 9.2),
6.63 (d, 1H, J=9.2), 6.10 (d, 1H, J = 1.6), 5.38 (d, 1H, J = 4.0), 5.31 (app t, 1H, J = 10.0), 4.66
(ddd, 1H, J = 2.0, 4.0, 9.6), 4.32-4.49 (m, 2H), 4.10 (m, 2H), 2.03-2.27 (m, 9H). °C NMR (125
MHz, CDCl3): 6 170.0, 169.8, 168.1, 167.4, 166.9, 155.3, 152.3, 145.5, 125.3, 121.9, 91.2, 90.2,
72.9,71.2,70.0, 68.6, 66.2, 66.0, 65.0, 64.8, 52.5, 52.3, 49.2, 20.8, 20.7, 20.6, -0.1. ESI-HRMS:
Calcd. for CyH,3013NsNa” (M+Na)* 576.1185, found 576.1176.

Compound 5.13. To a solution of 5.11 (523 mg, 0.945 mmol) and 5.12 (22) (365 mg, 1.13
mmol) in CH,Cl, (9 mL) was added DIPEA (0.329 mL, 1.89 mmol), followed by
dimethylaminopyridine (139 mg, 1.13 mmol). The resulting mixture was stirred for 5 h, and the
reaction was concentrated in vacuo. The crude residue was run through a plug of silica gel using
3:1 toluene:acetone to elute. The crude product was concentrated and then redissolved in CH,Cl,
(12 mL), and TFA (4 mL) was added. The reaction was stirred for 1 h, diluted in toluene (40
mL), and concentrated. The resulting residue was azeotroped with toluene (3 x 40 mL) to remove
any remaining TFA and purified by silica gel chromatography using 98:2 CH,Cl,:CH3;OH to
90:10 CH,CI,:CH30H as the eluant to yield 0.110 g (39%) of a white solid as a mixture of
anomers (4:1 a:p). 'H NMR of a-anomer (500 MHz, CDCls):  7.04 (d, 2H, J = 8.0), 6.77 (d,
2H, J = 8.0), 5.95 (s, 1H), 5.27 (d, 1H, J = 4.0), 5.23 (t, 1H, J = 10.0), 4.23 (dd, 1H, J = 5.0,
12.0), 4.01-4.08 (m, 1H), 3.85-4.00 (m, 4H), 3.26 (m, 1H), 3.07-3.23 (m, 3H), 2.95-3.06 (m, 2H),
1.96-2.18 (m, 9H). *C NMR (125 MHz, CDCls): § 171.3, 171.1, 170.0, 169.9, 169.8, 169.5,
163.0, 162.7, 157.8, 157.4, 131.1, 125.6, 116.5, 92.6, 91.4, 74.3, 72.0, 71.5, 69.9, 66.4, 63.3,
55.6, 52.3, 52.1, 50.3, 50.2, 50.0, 40.6, 40.0, 37.3, 21.0, 20.93, 20.90, 20.88. ESI-HRMS: Calcd.
for Ca6H36012N7" (M+H)" 638.2416, found 638.2431.

Compound 5.14. Compounds 5.13 (9.18 mg, 0.0144 mmol) and 5.9 (13.0 mg, 0.0166 mmol)
were dissolved in DMF (0.2 mL). BOP (7.96 mg, 0.0180 mmol) was added, followed by DIPEA
(0.013 mL, 0.075 mmol), dropwise. The reaction was stirred for 3 h, after which an additional
aliquot of 5.9 (6.8 mg, 0.0087 mmol), DIPEA (0.013 mL, 0.075 mmol), and BOP (5.5 mg, 0.012
mmol) were added. The resulting mixture was stirred for an additional 3 h, after which a third
portion of 5.9 (13.5 mg, 0.0172 mmol), DIPEA (0.013 mL, 0.075 mmol), and BOP (8.8 mg,
0.020 mmol) were added. The reaction was stirred overnight and concentrated. The resulting
crude product was purified by reversed-phase HPLC using a C18 column (70:30 ddH,0O:CH3;CN
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+ 0.1 % TFA to 60:40 ddH,0:CH3CN + 0.1% TFA over 60 min) to yield 1.8 mg (9%) of a white
solid. ESI-HRMS: Calcd. for CeoHe1023N16" (M+H)" 1403.6437, found 1403.6457.

Compound 5.2. To a solution of 5.14 (12.9 mg, 0.00919 mmol) in CH3CN (3 mL) was added
TFA (1 mL). The reaction was stirred for 1 h, diluted in toluene (10 mL), and concentrated. The
resulting residue was azeotroped with toluene (3 x 10 mL) to remove residual TFA and purified
by reversed-phase HPLC using a C18 column (90:10 ddH,O:CH3CN + 0.1 % TFA to 50:50
ddH,0:CH3CN + 0.1% TFA over 60 min) to yield 5.78 mg (48%) of a white solid. ESI-HRMS:
Calcd. for C55H33021N15+ (|\/|+H)+ 1303.5913, found 1303.5942.

In vitro stability studies

Compounds 5.1 and 5.2 (500 uM) were dissolved in 50 mM Tris, 0.1 M NaCl, pH 7.8,
and incubated for 24 h at 37 °C. The samples were then analyzed by reversed-phase HPLC using
a C18 analytical column (100:0 ddH,O:CH3CN + 0.1 % TFA to 60:40 ddH,0:CH3CN + 0.1%
TFA over 60 min), monitoring at 210 nm, and by mass spectrometry.

PSA activity assay

Activity of PSA and heat-killed (HK) PSA (50 pg/mL) were verified according to a
previously established protocol (24) using a colorimetric substrate (MeO-Suc-Arg-Pro-Tyr-
PNA-TFA, 500 uM) in 50 mM Tris, 0.1 M NaCl, pH 7.8. The enzymatic reactions were
incubated at 37 °C and monitored at 405 nm for release of p-nitroanilide every 10 min for 15 h.
Buffer only and buffer with substrate were used as negative controls.

In vitro enzymatic reactions

Compound 5.1 (500 uM) was incubated with PSA (50 ug/mL), no enzyme, or heat-killed
(HK) PSA (50 pg/mL) in 50 mM Tris, 0.1 M NaCl, pH 7.8, for 6 h at 37 °C. The samples were
filtered with Microcon Ultracel YM-10 filter devices (10,000 MWCO) by centrifugation (10,621
x g for 20 min) to remove the protein. The cellulose membrane was rinsed (1 x 50 pL. ddH,0),
and the sample was centrifuged again (10,621 x g for 10 min). The wash step was repeated twice.
The filtrates were then analyzed by reversed-phase HPLC using a C18 analytical column (100:0
ddH,0:CH3CN + 0.1 % TFA to 60:40 ddH,0:CH3CN + 0.1% TFA over 60 min), monitoring at
210 nm, and by mass spectrometry.

Cell culture
Chinese hamster ovary (CHO) cells were cultured in Ham’s F-12 media (GIBCO)
supplemented with 10% FBS, 100 units/mL penicillin and 100 pg/mL streptomycin. The cells

were maintained at 37 °C and 5% CO; in a water-saturated incubator and counted using a
hemocytometer. Cell densities were maintained between 1 x 10° and 2 x 10° cells per mL.
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Cell-selective labeling of glycans and cell viability assay

CHO cells were seeded at a density of 167,000 cells per mL in 12-well tissue culture
plates containing 1 mL media. After 2 d, the media was aspirated, and the cells were washed
with OptiMEM | (3 x 1 mL). The cells were then treated with OptiMEM 1| (0.4 mL) containing
5.1 (0-100 uM) and either PSA (50 ug/mL), no enzyme, or heat-killed (HK) PSA (50 pg/mL).
The cells were incubated for 12 h at 37 °C. Following incubation, the media was removed, and
the cells were washed with PBS (3 x 1 mL). The cells were lifted by incubation with 1 mM
EDTA (0.65 mL) for 20 min. The cells were then transferred to a 96-well V-bottom plate and
pelleted by centrifugation (2536 x g for 3 min). The medium was decanted, and the cells were
washed once by resuspension in 0.2 mL of PBS + 1% FBS (FACS buffer), centrifugation (2536
x g for 3 min), and removal of FACS buffer. The cells were then resuspended with DIFO-biotin
(17) (100 uM from a 1 mM stock in 12% DMF/PBS) in FACS buffer (0.1 mL) and incubated for
2 h at 37 °C. After the labeling reaction, the cells were washed with FACS buffer (3 x 0.2 mL)
and resuspended in 0.1 mL of FACS buffer containing FITC-avidin (1:200 dilution from 1
mg/mL stock). The cells were incubated for 15 min on ice in the dark. The cells were washed
once with FACS buffer (0.2 mL), stained with FITC-avidin for a second time, and washed with
FACS buffer (1 x 0.2 mL) and then PBS (2 x 0.2 mL). After the second labeling, the cells were
resuspended in 1X annexin binding buffer (prepared according to the manufacturer’s protocol)
containing annexin V-phycoerythrin (0.1 mL) and incubated for 15 min at rt in the dark.
Additional 1X binding buffer (0.3 mL) was added, and the samples were analyzed by flow
cytometry.

For the experiment shown in Figure 5-5, the analysis was performed as described above
with the following modifications: CHO cells were seeded as before but treated with or without
5.1 (25 uM) and various concentrations of PSA (0-50 pg/mL) in OptiMEM I (0.4 mL) for 12 h at
37 °C. The cells were washed and labeled with DIFO-biotin, followed by staining with FITC-
avidin as before. Following the second FITC-avidin labeling, the cells were washed with FACS
buffer (3 x 0.2 mL) and resuspended in FACS buffer (0.4 mL) for analysis by flow cytometry.

Imaging of cells by fluorescence microscopy

Cells were seeded at a density of 1 x 10 cells per mL on slides mounted with eight tissue
culture wells in 0.4 mL of media. After 2 d, the cells were washed with OptiMEM I (3 x 0.5 mL)
and then treated with 5.1 (100 uM) and either PSA or heat-killed PSA (50 pg/mL) in OptiMEM I
(0.2 mL). The cells were incubated for 12 h at 37 °C. The cells were then washed with media (3
x 0.5 mL) and incubated with DIFO-biotin (100 uM) in media (0.125 mL) for 2 h at 37 °C. The
cells were washed with FACS buffer (3 x 0.5 mL) and then labeled with a quantum dot 605-
streptavidin conjugate (10 nM from 1 uM stock in borate buffer, pH 8.3) in FACS buffer (0.1
mL) for 15 min at rt. The cells were washed with FACS buffer (3 x 0.5 mL) and stained with
Hoechst 33342 (0.1 mL of a 1:1000 dilution from a 1 mg/mL DMSO stock) for 2 min in the
dark. The cells were washed twice with media (0.5 mL), resuspended in media (0.2 mL), and
imaged. The images shown are maximum intensity z-projections of three z-planes, each
separated by 0.5 pm, acquired using a 63X objective.
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Appendix

'H and *C NMR spectra
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