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ABSTRACT

Carbohydrates surround nearly every cell in the human body.
Glycosaminoglycans like chondroitin sulfate and heparan sulfate on the cell
surface regulate protein ligand engagement and receptor activation to control a
variety of biological processes including development, angiogenesis, and neuronal
growth. These polysaccharides exert activity through protein binding to their
diverse chemical structures. Therefore, the development of methods to tailor
glycosaminoglycan populations at the cell surface with defined structures could
provide novel approaches to control biological activity. Herein, two new methods
to engineer the cell surface glycocalyx with known glycosaminoglycans are
reported. Together, these methods provide complementary short- and long-term
approaches to change carbohydrate structures at the cell surface to guide neuronal
growth and stem cell differentiation. It is also critical to identify unknown
protein-carbohydrate interactions that underlie biological phenomena. Novel
GAG interactions with the orphan receptor Tiel and angiopoietin ligands Angl
and Ang4 are reported herein. These interactions provide the first evidence for a
physiological ligand for Tiel since its discovery over 25 years ago. Moreover,
interactions between Angl and Ang4 and heparan sulfate are shown to potentiate
Tie2 survival signaling, providing novel insights into an important but poorly

understood signaling axis.

Within the cell, thousands of proteins are modified by O-GlcNAc
glycosylation, a process that is uniquely catalyzed by a single transferase and
hydrolase pair unlike many other post-translational modifications. O-
GlcNAcylation functions in many biological contexts including transcription,
translation, proteostasis, and metabolism. Key to understanding its effects on
these physiological phenomena is the discovery of O-GlcNAc modification sites.

However, due to a number of technical challenges, O-GIcNAc proteomics has not
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progressed nearly as quickly as phosphoproteomics. Thus, developing new
methods to enrich O-GlcNAcylated substrates and map modification sites is
critical to unravel the myriad functions of O-GlcNAc. Herein, a labeling approach
using a chemically cleavable tag is reported as an improved method to capture and
release O-GlcNAcylated substrates. Unlike other methods, the cleavable Dde tag
used herein is quantitatively removed under mild, neutral conditions and leaves a
minimal residual tag on the O-GlcNAcylated peptide to be analyzed. Moreover,
the Dde linker outcompetes a UV-cleavable tag that has been previously utilized
in the field, identifying 414 unique O-GlcNAcylated peptides. Together, these
results highlight the potential usefulness of the new approach developed herein to

illuminate novel roles of O-GlcNAcylation in diverse systems.
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Chapter 1

Glycosaminoglycans as Active Signaling Components of the
Extracellular Matrix

Portions of this chapter are published as:

Griffin ME, Hsieh-Wilson LC. “Glycan engineering for cell and developmental
biology.” Cell Chem. Biol. 2016, 23: 108-121. doi: 10.1016/j.chembiol.2015. 12.007.
Review article.



1.1 Glycosaminoglycan Structures and Biosynthesis

Carbohydrates are generally thought of as a fuel source for life. However,
these molecules also function in many other roles necessary for survival including
development, angiogenesis, and neuronal growth."™ In particular, carbohydrates
at the cell surface can strongly regulate signal transduction and cellular activity.
This feat is achieved in large part through their structural diversity, which allows
them to selectively bind to a variety of different proteins and in turn modulate
their functions. Unsurprisingly, the dysregulation of cell-surface carbohydrate
production and presentation can contribute to a variety of diseases including
inflammation and cancer progression.” 7 Therefore, discovering relationships
between the chemical structures of carbohydrates, the proteins to which they
bind, and the resulting biological functions is critical both for the basic
understanding of many physiological processes and for the prevention and
treatment of various pathologies.

Cell-surface carbohydrates exist in a variety of forms and are classified based
on their overall size, membrane anchor, monosaccharide composition, glycosidic
connections, and further modifications of the monosaccharide residues.® Of
particular interest is the class of carbohydrates known as glycosaminoglycans
(GAGS), which exist as linear polysaccharides of generally 20 to 200 repeating
disaccharide units.® GAGs and their attached proteins, known collectively as
proteoglycans, are almost ubiquitously present at the cell surface either anchored

in the cell membrane or secreted into the extracellular matrix; however, the
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Figure 1.1 Structures of GAG family members. GAGs are made of repeating disaccharide units.

Three of the four families can be sulfated at different hydroxyl groups along the polysaccharide.

chemical composition of GAG structures varies significantly between cell types.
GAGs can be subdivided into four main classes based on their monosaccharide
components: (1) chondroitin sulfate and dermatan sulfate, (2) heparin and
heparan sulfate, (3) keratan sulfate, and (4) hyaluronan (Figure 1-1). Chondroitin
sulfate and dermatan sulfate (CS/DS) contain a repeating disaccharide unit of a
hexuronic acid (GlcA for CS and both GlcA and IdoA for DS) and GalNAc.
Heparin and heparan sulfate (hep/HS) are made of a mixture of GlcA and IdoA
(~10% GlcA for heparin and 10-50% GlcA for HS) along with GlcNAc, which can
be deacetylated as GlcN. Keratan sulfate (KS) exists as repeats of Gal and GlcNAc.
These three GAG structures are synthesized in the Golgi apparatus on their
proteoglycan cores and can also be differentially sulfated on their hydroxyl
groups. The fourth class of GAGs, hyaluronan or hyaluronic acid (HA), is unique

in that it is not attached to a protein structure and is generally much larger than
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the other three classes, existing upwards of 5 MDa or more in mass and 20 pm in
length.” Furthermore, the repeating unit of HA (GlcA and GIcNAc) is assembled
at the cell membrane by hyaluronic acid synthases and is completely unsulfated.
For the purpose of brevity, only CS/DS and hep/HS will be discussed further.

The repeating patterns of CS/DS and hep/HS can be classified further by their
sulfation patterns. In mammals, CS and DS can be sulfated on the GlcA/IdoA-C2,
GalNAc-C4, and GalNAc-C6 hydroxyl positions. Hep and HS can be modified at
the GlcA/IdoA-C2, GIcN-C3, and GlcN-C6 hydroxyl positions as well as the free
amine on GIcN. These modifications are catalyzed by carbohydrate
sulfotransferases that reside in the Golgi apparatus.’® Sulfate groups can be
removed by sulfatases; however, this generally occurs in lysosomes after GAG
internalization during degradation."' Only two enzymes, HS 6-O-endosulfatases
Sulfl and Sulf2, are known to modify GAG structures once they are secreted to
the cell surface."

CS/DS and hep/HS biosynthesis follow similar pathways.'* ' First, a common
tetrasaccharide (Xyl-Gal-Gal-GlcA) is appended to Ser residues of various
proteins. Usually, this occurs at Ser-Gly/Ala-X-Gly sequences;"> however, this
motif is not universally found at all modification sites. Next, the first N-
acetylhexosamine residue is attached to the core tetrasaccharide. This step
commits the growing strand to either CS/DS (GalNAc) or hep/HS (GlcNAc). The
identity of the attached GAG is dependent on a number of factors including the

protein core.'® Although certain proteins like versican and glypicans are modified
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only by CS or HS, respectively, others like syndecans can contain both structures
simultaneously, whereas some proteins like neuropilin-1 have different structures
attached to the same Ser residue on different copies of the protein.'”'® The chains
are then elongated by a number of polymerizing enzymes. For CS, GlcA can be
epimerized to IdoA at this point to produce regions of DS. For hep/HS, GalNAc is
first de-N-acetylated and N-sulfated, after which GlcA residues can be epimerized
to IdoA. Finally, sulfotransferases modify hydroxyl groups along the length of the
carbohydrate backbone to produce the mature sulfated polysaccharide.
Importantly, these modification reactions do not proceed to completion,
increasing heterogeneity of the final structure. Moreover, other than substrate
preferences exhibited by the modifying enzymes, it is relatively unclear how the
cell orchestrates structural heterogeneity of the produced GAG polysaccharides.
It is hypothesized that regions of high and low sulfation density exist along the
oligosaccharide, but little structural information is directly available due to the
difficulties in GAG sequencing.'*?' Nevertheless, it is through these different
structures that GAGs exert their biological activity by binding to proteins. Thus,
to fully understand the biological activity of GAGs, it is critical (1) to discover the
interactions between proteins and specific GAG structures and (2) to design
methods to change GAG structures at the cell surface to alter and perhaps control

biological function.



1.2 GAG Binding to the Receptor Tyrosine Kinase Superfamily

To control intracellular activity, GAGs must interact with transmembrane
proteins on the cell surface to transfer external information across the cell
membrane. One of the largest groups of these proteins is the receptor tyrosine
kinase (RTK) superfamily.”> ** Made up of 58 receptors organized into 20
subfamilies, RTKs are characterized by the presence of an intracellular tyrosine
kinase domain that is activated by receptor dimerization, causing cross-
phosphorylation of tyrosine residues on opposite receptors and leading to
downstream activation of signaling pathways.*® Their extracellular domains are
much more structurally diverse, allowing RTKs to function in a variety of
fundamental biological processes including cell survival and motility.>*>°
Moreover, their dysregulation has been linked to a variety of disease states
including cancer, diabetes, and atherosclerosis.?” >’

RTKs generally function through binding to extracellular ligands.
Interestingly, many of the RTK subfamilies have been linked to interactions with
GAGs — either through binding to soluble protein ligands or to the receptor
itself.>**! One of the most famous examples of the involvement of GAGs is the
ternary complex formed by fibroblast growth factor 1 (FGF1), FGF receptor 1
(FGFR1), and hep/HS.*® As illustrated by crystallographic studies, hep/HS binds
to the receptor-ligand complex using a binding site that spans both proteins in a

2:2:2 stoichiometric ratio, cooperating to stabilize the active receptor dimer.

Carbohydrate microarray studies have also illustrated that FGFR1 binding to
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hep/HS is facilitated by FGF2 binding,*® providing mechanistic evidence for

ternary complex assembly. Other examples of GAG binding to ligands and
receptors include the vascular endothelial growth factor 1 (VEGF1) and VEGF
receptor 1 (VEGFR1) system.”” ** Surface plasmon resonance (SPR) analyses
have shown that VEGFR1 but not VEGFR2 can directly interact with hep/HS. As
seen before with FGF2/FGFR1, VEGF1 binding to hep/HS facilitates the
formation of a ternary complex containing VEGFR2. More recently, CS-E has
been demonstrated to bind to members of the erythropoietin-producing human
hepatocellular (Eph) family of receptors.*” *! CS-E binding to EphA4 and EphB3
can facilitate receptor activation without the canonical ephrin (Efn) ligands,
highlighting a novel mechanism of action for RTK signal transduction mediated
by GAG binding.

Together, these results illustrate only a small portion of the knowledge gained
from the discovery of GAG-RTK interactions and their biological consequences.
However, our understanding of the connections between GAG binding and RTK
signaling is far from complete. Given the sheer size of the RTK superfamily and
the diverse biological settings where they function, it is quite possible that many
new GAG-RTK interactions with significant biological ramifications remain still

undiscovered.



1.3 Altering Cell-Surface GAG Populations

A variety of approaches have been developed to alter GAG structures at the
cell surface and observe the resulting biological phenotype. The majority of these
methods are reductive, meaning that they remove GAG structures through
biosynthetic inhibition or degradation, and occur through genetic manipulation.
These approaches include gene deletion or knockout, gene knockdown by RNAi,
and gene overexpression. Genetic methods offer excellent spatial and temporal
control, enabling the precise manipulation of specific genes in a cell-specific and
inducible manner. However, because of the linear synthesis of the GAG backbone
and the substrate specificity of individual sulfotransferases, the genetic disruption
of a single enzyme may lead to dramatic changes in GAG populations and are
generally unsuitable to probe in importance of individual sulfation epitopes. For
example, N-deacetylation and N-sulfation of GIcNAc in HS biosynthesis is critical
for further sulfation reactions. Therefore, knockout of the responsible enzyme N-
deacetylase and N-sulfotransferase 1 (Ndst1) leads not only to decreases in N-
sulfation but also O-sulfation at all other positions.” ** Similarly, the production of
the CS-E epitope by carbohydrate sulfotransferase 15 (Chst15) requires the
activity of Chst11 to first add a sulfate group to the GalNAc-C4 hydroxyl position
and produce the CS-A epitope. Deletion of Chst11 leads to the loss of both the CS-
A and CS-E motifs.** Moreover, knocking out GAG enzymes can lead to
developmental defects or embryonic lethality, which can hinder the identification

of functions in adult 01rganisms.45 Nonetheless, important discoveries have been
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made regarding the necessity of GAGs for proper development using genetic
approaches. For instance, the importance of HS in bone maturation has been
demonstrated by the production of a mouse model deficient in HS biosynthesis
due to a hypomorphic mutation in the HS polymerase Ext1.** These mice
exhibited improper endochondral ossification during development, and this
phenotype was attributed to the importance of HS binding with the growth factor
Indian hedgehog.

An alternative reductive approach is the use of GAG degrading enzymes to
selectively remove carbohydrates at the cell surface. As with genetic approaches,
direct delivery or transgenic expression of the enzyme can be finely controlled to
provide spatiotemporal selectivity. However, these enzymes lack fine substrate
specificity and will at least partially degrade all CS or HS GAGs depending on the
enzyme used. Furthermore, the longevity of this approach depends greatly on the
stability of the enzyme, and long-term experiments may require multiple
deliveries of the enzyme to avoid complications from newly synthesized GAGs.
However, GAG degrading enzymes are invaluable tools to quickly and effectively
remove nearly all GAGs of a specific subpopulation. One promising application of
this method has been the delivery of chondroitinase ABC (ChABC) derived from
the bacterium Proteus vulgaris to sites of spinal cord injury.*”* Reactive
astrocytes produce large quantities of CS after injury to inhibit axonal
regeneration,” and direct injection or viral delivery of ChABC has been

associated with neuronal regrowth and functional recovery.*” **
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Recently, complementary additive approaches have been developed to
overcome the obstacle of structural selectivity found in reductive methods. In
these methods, known collectively as de novo glycan display, carbohydrate or
glycomimetic structures are directly inserted into plasma membranes using
approaches such as lipid insertion, liposomal fusion, or protein conjugation.>>°
These techniques provide excellent control over glycan structure, allowing
known epitopes to be displayed for functional analysis. However, exogenous
sugars are typically displayed alongside the native glycan population, which could
obscure the biological effects of the newly added carbohydrates. To address this
complication, de novo glycan display methods can be used in combination with
reductive approaches to minimize the contributions of interfering endogenous
carbohydrates. The versatility of the technique also allows for the display of a
wide range of carbohydrate-based structures, including glycomimetics such as
synthetic glycopolymers, glycans appended to simplified proteins, or even the
glycan component of glycoproteins alone. As a relatively new field, de novo glycan
display has only been applied to a limited number of biological contexts. For
example, anchoring of lactosyl or cellobiosyl-containing glycopolymers in the cell
membrane by passive lipid insertion was used to examine galectin-mediated
crosslinking and aggregation.>* However, prior to the work outlined in Chapter 2,
the ability to elicit biological activity as a function of glycan structures at the cell

53, 54

surface was unknown. Our work , along with other, simultaneous publications

in the field®® °, demonstrated that the display of defined carbohydrate structures
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at the cell surface could be used to drive multiple biological processes including
immunoevasion, neuronal outgrowth, and stem cell differentiation. Together,
these results highlight the utility of de novo glycan display as a novel tool to
directly connect carbohydrate structure and biological function unlike other

existing methods.
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Chapter 2

Methods for Short- and Long-Term Glycan Engineering at the Cell
Surface to Control Biological Outcomes

Portions of this chapter are published as:

Pulsipher A, Griffin ME, Stone SE, Brown JM, Hsieh-Wilson LC. “Directed
neuronal signaling through cell-surface glycan engineering.” J. Am. Chem. Soc.
2014, 136: 6794-6797. doi: 10.1021/ja5005174. Research article.

and
Pulsipher A*, Griffin ME*, Stone SE, Hsieh-Wilson LC. “Long-lived glycan

engineering to direct stem cell fate.” Angew. Chem. Int. Ed. 2015, 54: 1466-1470.
doi: 10.1002/anie.201409258; * denotes equal contribution. Research article.
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2.1 Abstract

Cell-surface GAGs are mediators of a variety of critical signaling events and
can dictate the biological activity of cell populations through their interactions
with cell-surface receptors and soluble ligands. Many approaches to connect
structural determinants of the cellular glycocalyx with biological function employ
reductive approaches by reducing or eliminating glycan structures from the
extracellular matrix. However, a forward approach in which specific glycans are
anchored onto plasma membranes would allow more control over the exact
carbohydrate structures being displayed at the cell surface. Moreover, this tactic
would provide direct evidence for biological activity as a result of a carbohydrate
structure. Here, two methods are presented to modify cell surfaces with defined
carbohydrate structures. The first method employs the functionalization of CS
polysaccharides with an aminooxy group and conjugation to ketone-displaying
liposomes to directly fuse with the cell membrane. The second approach
describes the transgenic expression of a transmembrane HaloTag construct,
which can covalently bond with chlorohexyl-functionalized HS polysaccharides.
These two complementary methods provide both short- and long-term display of
known carbohydrates, which allow for the direct control of cellular fate in both

neuronal growth and stem cell differentiation.
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2.2 Liposomal Delivery of CS GAGs to Control Neuronal Growth

2.2.1 Approach and Synthesis

Although some strategies for engineering cell-surface glycans have been
reported,”® the remodeling of cell membranes with complex polysaccharides such
as GAGs has not been demonstrated. Moreover, the application of these
methodologies prior to our work has been largely limited to imaging®® or studying
cell-surface phenomena, such as receptor clustering.® Here we developed a
method to display specific sulfated GAG structures on cell surfaces using a
liposomal fusion strategy. Tailoring membranes with the CS-E sulfation epitope
activated growth factor-mediated signaling pathways and enabled the fine-tuned
modulation of neuronal growth. These findings demonstrate that chemically
controlling the presentation of exogenous glycans on cell surfaces can induce
sustained effects on cellular signaling and function. Our studies also highlight the
potential for glycan engineering to modulate complex cellular events, and they
provide a powerful, new tool for remodeling cell membranes with a wide variety

of important biomolecules.

We chose to utilize liposomes as glycan carriers due to their biocompatibility,
ease of preparation, low cytotoxicity, and tunable biophysical properties.” Elegant
studies have used glycan-presenting vesicles for intracellular antigen delivery'® '

or sugar-encapsulated vesicles with folate receptors for cell-specific metabolic

labeling.* However, only two liposomal methods have been developed to our
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Figure 2-1. Schematic of liposomal delivery method for glycan engineering. Liposomes
containing a ketone functional handle are produced and then functionalized with GAGs. Liposomes
are then added to cells, where they fuse with the cell membrane to display carbohydrates on the cell

surface.

knowledge for the cell-surface display of exogenous molecules, namely
fluorophores.'” ' We expanded on these methods in an effort to incorporate
large, sulfated GAGs into cell membranes (Figure 2-1). To promote membrane
fusion and surface presentation of the glycans rather than intracellular uptake, we
used cationic 1,2-dioleoyl-3-trimethylammoniumpropane chloride (DOTAP) and
neutral 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE) as our
primary lipids. Phosphatidylethanolamine lipids are an abundant, natural
component of the neuronal cell membrane, and DOPE-based liposomes
containing a lipid-functionalized fluorophore have been used to label a variety of
cell types, including primary neurons.'* We also incorporated 2-dodecanone into
the liposomes to add a ketone handle for appending the glycans via oxime
chemistry. CS polysaccharides containing a peptide fragment with an N-terminal

amine were readily derivatized with an aminooxy group by coupling them to



22

0 (o] 0 (o]
0 .0 J< .0
Br\)l\ok —a> di \)j\o —b>C¢z \)I\OH L»
(0] (o]
2-1

2-2
lo) (o}
(o}
.0 '
N \)L H_ peptldew L’ H,N /O\)J\ H_ peptide(mm
o
CS-E: 23 CS-E: 2-6
CS-A: 2-4 CS-A: 2-7
CS-C: 2-5 CS-C: 2-8

Figure 2-2. Synthesis of aminooxy-functionalized CS GAGs (2-6, 2-7, and 2-8).(a) N-
hydroxyphthalimide (1.2 eq), NaHCO; (1.2 eq), DMF, 60 °C, 2 h, 88%; (b) TFA (3 eq), DCM, 1 h,
99%; (c) EDC (1.1 eq), sulfo-NHS (1.1 eq), 100 mM MES pH 6.0, 300 mM NaCl, RT, 30 min, then
polysaccharide-NH,, 50 mM NaHCO;, RT, 12, 60%. (d) hydrazine monohydrate (3 eq), ddH.O, RT,
3 h, 92%.

phthaloyl-protected aminooxyacetic acid followed by cleavage of the phthaloyl
group with hydrazine monohydrate (Figure 2-2). The polysaccharides were then
incubated with dodecanone-containing liposomes at 25 °C for 3 h to produce
GAG-displaying vesicles. The synthetic ease and versatility of this approach
represent advantages compared to existing methods, which require the radical-
mediated synthesis of polymers end-functionalized with lipids.”® With our
approach, the lipid reagents are commercially available, and many biomolecules
can be derivatized with aminooxy groups, including various glycans, peptides,

14-16

lipids, nucleic acids, and proteins, thus providing a general strategy for

displaying a diverse range of bioactive molecules.
2.2.2 Validation

Preliminary optimization of liposomal membrane fusion was performed on rat

pheochromocytoma (PC12) cells using liposomes functionalized with a
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Figure 2-3. Optimization of lipid composition of liposomes for membrane fusion. Liposomes
were produced with different w/w ratios of DOPE and DOTAP and 10% w/w dodecanone. AF488-
hyd was incubated with the liposomes (ddH.O, RT, 3h) to spontaneously react with the presented
ketone moiety. PC12 cells were then incubated with the fluorescent liposomes (37 °C, 30 min) and

imaged to visualize fusion efficiency.

hydrazide-conjugated fluorophore (AF488-hyd). We found that a 2:1 w/w ratio
of DOPE:DOTAP was optimal for membrane fusion, as visualized by fluorescence
microscopy (Figure 2-3). To approximate the relative levels of fluorophore
incorporation at the cell surface, we incubated liposomes containing varying
concentrations of AF488-hyd with PC12 cells on ice for 30 min. Cells labeled with
liposomes containing 10 mol % AF488-hyd displayed similar fluorescence signal
profiles by fluorescence-assisted cell sorting (FACS) analysis as cells labeled with
an anti-CS-E monoclonal antibody"” that detected endogenous CS-E levels (Figure
2-4). These results suggest that this liposomal strategy can incorporate exogenous
molecules into cell membranes at levels roughly similar to those of endogenous

CS polysaccharides. We next examined whether this approach could be used to
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Figure 2-4. Quantifying cell surface labeling by liposomal delivery. PC12 cells were
functionalized with liposomes containing different amounts of 2-dodecanone (w/w) that had been
reacted with AF-488 and analyzed by flow cytometry. As an approximation, these data were

compared to PC12 cells labeled with a CS-E monoclonal antibody.
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Figure 2-5. Biophysical characterization of conjugated liposomes. (A) Schematic of different
liposomes used for characterization. (B) Liposomes were negatively stained with uranyl acetate and
imaged using TEM (scale bar = 50 nm). (c) DLS was used to measure average liposome
hydrodynamic diameters, which showed increases after functionalization. Zeta potential analysis
showed a negative shift in potential after functionalization with sulfated GAGs. (d) Energy dispersion

spectroscopy showed the incorporation of sulfur after functionalization with sulfated GAGs.
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display large GAG polysaccharides on cell surfaces. Liposomes containing 2:1
w/w DOPE:DOTAP and 10% w/w dodecanone were functionalized with CS-E-

enriched polysaccharides (=70 kDa). To characterize their biophysical properties,

we used transmission electron microscopy (TEM), dynamic light scattering
(DLS), and zeta potential measurements. The liposomes exhibited parameters
predicted to favor membrane fusion, including spherical morphologies, average
diameters ranging between 132.6 and 159.6 nm, and good stabilities (zeta
potentials of +46-69 mV; Figure 2-5b). The change from positive to negative
electrokinetic potential (69 to -46 mV; Figure 2-5¢) confirmed successful
conjugation of the sulfated polysaccharides. Furthermore, energy dispersive
spectroscopy (EDS) verified the presence of sulfur on CS-functionalized
liposomes after CS conjugation (Figure 2-5d). To test for membrane fusion, PC12
cells were treated with chondroitinase to remove endogenous CS, incubated with
CS-E-modified liposomes, and immunostained with an anti-CS-E antibody.
Importantly, strong immunostaining for CS-E was observed on the surfaces of
cells treated with CS-E-functionalized liposomes compared to chondroitinase-
treated cells without liposome addition, indicating efficient incorporation of the

polysaccharides (Figure 2-6).
2.2.3 Controlling Intracellular Signaling

Having validated the method, we investigated whether the approach could be

used to control cellular signaling pathways. Previous studies from our laboratory



26

+ ChABC + ChABC
+ llIE

Figure 2-6. Validation of cell functionalization with CS-E via liposomal delivery. PC12 cells
were left untreated, treated with chondroitinase ABC (ChABC), or treated with ChABC and then CS-

E displaying liposomes (IlIE) and then immunostained with a CS-E monoclonal antibody.

have demonstrated that CS-E polysaccharides can recruit nerve growth factor
(NGF) to the cell surface and promote the assembly of NGF-tropomyosin
receptor kinase (Trk) complexes.'® Complex formation, in turn, activates protein
kinase B (Akt) and phosphatidylinositol 3-kinase (PI3K) signaling pathways and
thereby enhances neurite outgrowth.19 Thus, we reasoned that cell-surface
presentation of exogenous CS-E polysaccharides might recruit NGF to the
membrane and assist in the formation of activated signaling complexes to induce
these biological responses. Embryonic day 18 (E18) rat cortical neurons were
cultured in vitro for 7 days and then treated with liposomes displaying CS-E- or
CS-C-enriched polysaccharides (IIIE or IIIC, 30 min, 37 °C). Neurons were
stimulated with the neurotrophin NGF for 0, 10, 30, or 60 min, and Akt activation
was monitored using a phospho-Ser473 Akt antibody. Remarkably, neurons
remodeled with CS-E polysaccharides showed approximately a 3-fold increase in
Akt activation relative to untreated neurons at each time point (Figure 2-7),

consistent with increased recruitment of NGF to the cell surface and robust
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Figure 2-7. Potentiation of Akt signaling via cell surface glycan engineering. Embryonic
cortical neurons were left untreated or functionalized with CS-C- (llIC) or CS-E- (llIE) displaying
liposomes. Cells were then stimulated with NGF, and Akt activation was monitored by (A) Western

blotting with (B) quantification. * P < 0.05.

activation of Trk receptors. In contrast, neurons remodeled with CS-C
polysaccharides showed phospho-Akt levels similar to those of untreated
neurons. These results support the importance of the CS-E motif in NGF-
stimulated Trk activation.”® Moreover, they show that liposomal-mediated
presentation of specific, sulfated CS polysaccharides on cell surfaces can activate

important neuronal signaling pathways.
2.2.4 Controlling Neuronal Growth

We next examined whether the exogenous CS-E-mediated activation of Trk
pathways could direct neuronal growth. Rat E18 hippocampal neurons were
cultured in vitro for 2 days and subsequently treated for 30 min with liposomes
prefunctionalized with CS-A-, CS-C-, or CS-E-enriched polysaccharides. Neurons
were then incubated in media lacking liposomes for an additional 24 h and

immunostained with an anti-a-tubulin antibody to image the processes using
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Figure 2-8. Surface lifetime of lipid-anchored molecules. PC12 cells were functionalized with
(A) AF488- (lIl) or (B) fluorescent CS-E- (lIE) functionalized liposomes and monitored by
microscopy. The membrane lifetime of both molecules lasts only a few hours, with the signal from

the small molecule dye being slightly longer lived. Scale bar = 50 um for (A) and 30 um for (B).

confocal fluorescence microscopy. Initial studies revealed no appreciable
difference in neurite outgrowth between neurons displaying the different
sulfation motifs. We postulated that the membrane lifetime of the exogenous CS
GAGs might be too short to elicit functional responses such as neurite outgrowth,
which requires de novo protein and lipid biosynthesis. Therefore, we assayed the
membrane lifetime of the exogenous lipids by treating PC12 cells with liposomes
bearing fluorophore-conjugated CS-E polysaccharides and monitoring the
fluorescence signal over 24 h (Figure 2-8). A decrease in signal was observed
within 6 h, and loss of the signal progressed over the course of 10 h. After 16 h,
weak fluorescence was detected around the cell periphery, suggesting that the CS-
conjugated lipids had been internalized or had diffused into the medium. To
circumvent this problem, we repeated the outgrowth assays with multiple

additions of liposomes every 8 h over a 24-h period. Under these conditions, we
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Figure 2-9. Controlling neurite outgrowth via cell surface glycan engineering. Embryonic
hippocampal neurons were left untreated or treated with CS-A- (llIA), CS-C- (llIC), or CS-E- (llIE)
functionalized liposomes once every 8 hours for 24 h. Samples were (A) visualized by
immunofluorescence and (B) quantified. For all samples, liposomes were produced with 10% w/w 2-
dodecanone except for the panel of HlIE liposomes. Neurite outgrowth could be finely tuned by the
amount of CS-E added onto the surface. Treatment with liposomes that had been incubated with
CS-E without the aminooxy group showed no difference in outgrowth compared to control samples.
Scale bar =50 pm. * P<0.05.

found that cell-surface presentation of CS-E polysaccharides significantly
enhanced neurite outgrowth by 36.3 + 3.3% relative to untreated neurons (Figure
2-9). As expected, neurons displaying CS-A or CS-C polysaccharides showed
minimal neurite outgrowth when compared to untreated neurons (10.8 + 4.8%
and 1.3 + 1.8%, respectively). As a further control, dodecanone-containing
liposomes were reacted with CS-E polysaccharides lacking the aminooxy
functionality and then incubated with the cells. No difference in neurite
outgrowth was observed relative to untreated neurons. Remarkably, the extent of

neurite outgrowth could be finely tuned by controlling the concentration of CS-E
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polysaccharides at the cell surface. Liposomes containing 0% to 10% dodecanone
were conjugated with aminooxy-functionalized CS-E and then incubated with E18
rat hippocampal neurons as above. Notably, we observed a dose-dependent
increase in neurite outgrowth from 4.0% to 36.3% as the dodecanone
concentration was increased from 2.5% to 10% (Figure 2-9). Together, these
studies demonstrate that this approach for engineering glycans on cell surfaces
can be used to finely modulate both the signaling and functional responses of

neurons.
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2.3 HaloTag Anchoring of HS GAGs to Control Stem Cell Differentiation

2.3.1 Approach and Synthesis

Heparan sulfate (HS) glycosaminoglycans (GAGs) have recently been
identified as important regulators of stem cell differentiation.>*** HS GAGs exert
this control by selectively interacting with proteins involved in the differentiation
process, such as fibroblast growth factors (FGFs), bone morphogenic proteins
(BMPs), and wingless-type MMTYV integration site family members (Wnts).** 2*
Furthermore, specific sulfation patterns of HS have been implicated in the
progression of ESCs from self-renewal to a differentiated state. For example,
undersulfated HS is found on pluripotent cells,”® whereas highly sulfated HS is
associated with differentiated cells and has been proposed to promote
interactions between soluble FGF and BMP factors and their receptors.*
However, the precise sulfated epitopes and mechanisms involved in the
generation of specific cell lineages remain unclear. We postulated that the
presentation of particular HS GAG structures on ESC surfaces might enable the
selective activation of signaling pathways and thereby induce desirable cell fates.
Such an approach would also provide novel insights into the structure-function

relationships of HS GAGs and their roles in stem cell biology.

Elegant studies have recently shown that the short-term display of synthetic
HS glycopolymers can promote stem cell specification to form intermediate

neural rosettes.”® However, directing the generation of fully differentiated,
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Figure 2-10. Schematic of HTP glycan engineering approach. HS GAGs modified with the CL
linker are added directly to cells expressing the transmembrane HTP construct, which covalently
bonds to the CL linker.

mature cell types will likely require the development of new methods to enable
the long-term, stable presentation of defined HS GAGs. Although our liposomal
method as well as the passive lipid insertion technique can elicit short-term
cellular responses,® > the lipid tail anchor limits the membrane lifetime of the
exogenous glycans to several hours. To address these shortcomings, we
developed a method to tailor cell surfaces with specific HS derivatives using
membrane-bound HaloTag proteins (HTPs) as anchors (Figure 2-10). Molecules
covalently attached to HTPs displayed prolonged cell-surface lifetimes of more
than one week, circumventing the temporal limitation of lipid anchors. Moreover,
mouse ESCs remodeled with heparin/trisulfated HS underwent accelerated exit
from selfrenewal and commitment to a neural lineage through early activation of
extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) signaling pathways. These results highlight the potential to elucidate the
functional roles of HS GAGs and direct cell differentiation by remodeling the

glycocalyx of stem cells.
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Figure 2-11. Synthesis of 2-13 and F-CL. (a) Boc,O (2 eq), MeOH, 0 °C, 2 h, 91%; b) 60% NaH
(1.5 eq), DMF, 0 °C, 1 h, then 1-chloro-6-iodohexane (1.2 eq), 24 h, 37%; c) TFA (6 eq), DCM, 4 h,
then 2-12 (1 eq), DCM, 24 h, 67%; d) 5-(((2-(carbohydrazino)methyl) thio)acetyl)-aminofluorescein
(F) (0.5 eq), MeOH, 16 h, 75%.

HTP is a modified alkane dehalogenase that forms a covalent adduct with
chloroalkane substrates.”® Strategies based on HTP have been adapted for diverse
applications, ranging from cancer diagnostics to chemical proteomics.”™!
However, most reported applications have used HTP methods to append
molecules that serve as detection or capture agents. We chose to exploit the HTP
platform to modulate biological processes in living cells. We first investigated the
membrane lifetime of molecules conjugated to HTPs. N-tert-Butyloxycarbonyl
(Boc)-protected  1-(2-(2-amino-ethoxy)ethoxy)-6-chlorohexane 2-11°"  was
deprotected with trifluoroacetic acid and reacted with N-hydroxysuccinimidyl
levulinate 2-12 to obtain chloroalkane linker (CL) 2-13 (Figure 2-11).

Condensation of 2-13 with a fluorescein-hydrazide derivative gave CL-conjugated

fluorescein (F-CL).
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2.3.2 Validation

To test the approach, hemagglutinin (HA)-tagged HTP was stably expressed in
Chinese hamster ovary (CHO) cell membranes by fusing it to the platelet-derived
growth factor receptor (PDGFR) transmembrane domain. Cells were then
incubated with F-CL for one hour at 37 °C, and individual wells were fixed and
imaged every twelve hours for eight days. Remarkably, we observed a strong
fluorescence signal that persisted for at least eight days after only a single F-CL
treatment (Figure 2-12). In contrast, no fluorescence signal was observed when
cells were treated with the fluorescein-hydrazide derivative alone or with cells
lacking HTP. These results indicate that the display of HTP conjugates is specific
and long-lived despite membrane turnover, highlighting the potential of this
approach to exert long-lasting effects on cellular function. We next examined
whether this method could be used to present HS GAGs on cell surfaces.
Although the glucosamine sugars in heparin/HS are mostly N-acetylated or N-
sulfated, the free amine is also present in low abundance (1-3%), which provides
a convenient functional handle for attaching the chloroalkane linker in a single
step. We biotinylated HS (B-HS) and conjugated it to 1 by reductive amination
chemistry (B-HS-CL; Figure 2-13). CHO cells stably expressing HTP were
incubated with B-HS or B-HS-CL at 37 °C for six hours. Cells were lysed and
subjected to blotting analysis using an anti-HA antibody and streptavidin

IRDye800. Importantly, biotinylated HS was detected only from HTP-expressing
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Figure 2-12. Surface lifetime of HTP-anchored molecules. CHO cells expressing HTP were

treated with (A) F-CL or (B) F and monitored by microscopy for over one week. Surface labeling
was observed at 8 days with no nonspecific labeling from unlabeled fluorescein (F). Scale bar = 50

um.
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