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ABSTRACT OF THE DISSERTATION

Small Molecule Interactions with Heparan Sulfate

by

Manuela Schuksz
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2009
Professor Jeffrey D. Esko, Chair

Heparan sulfate (HS) has been shown to be involved in a variety of
mechanisms indispensable for normal development and physiological functions, as
well as pathophysiological processes such as cancer. Small molecule antagonists of
HS-protein interactions could provide novel approaches to inhibiting a variety of
disease processes.
In a search for small molecule antagonists of HS we examined the activity of
bis-2-methyl-4-amino-quinolyl-6-carbamide (surfen). Fluorescence-based titrations
indicate that surfen binds to glycosaminoglycans, neutralizes the anticoagulant activity
of both unfractionated and low molecular weight heparins and inhibits enzymatic
sulfation and degradation reactions in vitro. Addition of surfen to cultured cells
blocks FGF2-binding and signaling dependent on cell surface HS, and prevents both

xvii

FGF2 and VEGF165-mediated sprouting of endothelial cells in Matrigel. Surfen also
blocks HS mediated cell adhesion to the Hep-II domain of fibronectin and prevents
infection by Herpes simplex virus-1 dependent on glycoprotein D interaction with HS.
These findings demonstrate the feasibility of identifying small molecule antagonists of
HS and raise the possibility of developing pharmacological agents to treat disorders
that involve glycosaminoglycan–protein interactions.
Facilitating the uptake of molecules into living cells is of substantial interest
for basic research and drug delivery. We show that a derivative of neomycin,
guanidinoneomycin (GNeo), can deliver large bioactive molecules, and its uptake
depends entirely on cell surface HS. The high selectivity of guanidinoneomycin for
HS suggests the possibility of exploiting differences in proteoglycan compositions to
target delivery to different cell types. Saporin-GNeo conjugates were used to test the
possibility of differentially targeting cancer cells. To explore the utility of these
molecules in therapeutic applications other than toxin delivery, we demonstrated that
GNeo can be utilized to correct enzyme defects in lysosomal storage diseases,
specifically mucopolysaccharidosis VII.
The work presented in this dissertation represents the first characterization of
the biological utility and therapeutic applicability of small molecules that interact with
HS, and supports future development of more potent and selective derivatives.

xviii

CHAPTER 1
INTRODUCTION
Heparan Sulfate Proteoglycans Fine-tune Mammalian Physiology

1

2
ABSTRACT
Physiology describes the integration of physical and chemical activities in cells
and organs to maintain systemic homeostasis. Textbooks often organize the subject
according to major organ systems: digestive, endocrine, nervous, muscular, skeletal,
urinary, reproductive, respiratory, integumentary, circulatory and immune, with the
overarching themes of metabolism, transport, information transfer, support and
regulation. Heparan sulfate proteoglycans (HSPGs) have essential roles in all of these
systems (Table 1). Many excellent reviews have appeared on the involvement of
proteoglycans in embryological development (1–3), and therefore this subject will not
be considered further here. Instead, this review focuses on recent studies
demonstrating their role in adult physiology, with particular emphasis on genetic
mouse models and pathophysiological states in humans.

3
Table 1. Genetic studies of proteoglycans in mammalian physiology

Null genotypes refer to systemic defects unless otherwise indicated. Agrn, agrin;
Col18a1, collagen XVIII; Ext, exostosin (co-polymerase); Gpc, glypican; Gt, gene
trap allele; Hs2st, uronyl 2-O-sulfotransferase; Hs3st, glucosamine 3-Osulfotransferase; Hs6st, glucosamine 6-O-sulfotransferase; Hsglce; HS glucuronyl C5
epimerase; Hpa, heparanase; Hspg2, perlecan; Ndst, GlcNAc N-deacetylase/Nsulfotransferase; Prg1, serglycin; Sdc, syndecan; tg, transgenic expression.
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STRUCTURE AND PROPERTIES OF HEPARAN SULFATE
PROTEOGLYCANS
HSPGs are composed of a core protein and one or more heparan sulfate (HS)
glycosaminoglycan (GAG) chains — linear polysaccharides composed of alternating
N-acetylated or N-sulfated glucosamine units (N-acetylglucosamine, GlcNAc/Nsulfoglucosamine, GlcNS) and uronic acids (glucuronic acid, GlcA or iduronic acid,
IdoA). There are three subfamilies of HSPGs: the membrane-spanning proteoglycans
(that is, syndecans, betaglycan and CD44v3), the glycophosphatidylinositol (GPI)linked proteoglycans (that is, glypicans), and the secreted extracellular matrix (ECM)
proteoglycans (that is, agrin, collagen XVIII and perlecan). Hematopoietic cells also
contain a secretory vesicle proteoglycan known as serglycin. Some HSPGs contain
chondroitin sulfate/dermatan sulfate, a GAG chain that differs from HS in its
component sugars (N-acetylgalactosamine (GalNAc) and GlcA/IdoA) and patterns of
modification, and other types of glycan (N-linked and O-linked mucin type chains).
The HS chains are assembled on core proteins by enzymes in the Golgi, using
nucleotide sugars imported from the cytoplasm. During their assembly, they undergo a
series of processing reactions involving GlcNAc N-deacetylation and N-sulfation,
epimerization of GlcA to IdoA, and O-sulfation that generate relatively short segments
of modified sugars interspersed by variable tracts of unmodified sugars (4) (Fig. 1).
There is great structural heterogeneity in terms of chain length and size, the spacing of
the modified tracts, and the extent of sulfation and epimerization within the modified
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segments. Processing also can occur by plasma-membrane-bound endosulfatases
(SULF1 and SULF2), which remove specific sulfate groups from the chains (5,6). The
HSPGs on the cell surface can be shed by proteolytic cleavage of the core protein (Fig.
2e) and by endoglycosidic cleavage of the HS chains by extracellular heparanase (7)
(HPA, Fig. 2f). In this way, bound ligands can be liberated and allowed to diffuse
away from a cell. Some data suggest that HS can localize to the nucleus (Fig. 2n) but
the significance of these observations remains unclear (8).
Because of their high negative charge, the HS chains bind to a plethora of
proteins, including the members of the fibroblast growth factor (FGF) family and their
receptor tyrosine kinases, transforming growth factors (TGFs), bone morphogenetic
proteins (BMPs), Wnt proteins, chemokines and interleukins, as well as enzymes and
enzyme inhibitors, lipases and apolipoproteins, and ECM and plasma proteins. The
most well-studied example is activation of the serpin protease inhibitor antithrombin
by a specific pentasaccharide within heparin (a processed, highly sulfated form of
HS), which interacts with positively charged amino-acid residues aligned along two αhelices in the protein. Binding results in a conformational change, which increases the
rate of inactivation of proteases involved in coagulation (for example, factors IIa and
Xa) (9).
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Figure 1. Assembly of heparan sulfate and formation of binding sites for ligands.
In mammals, as many as 26 enzymes participate in the formation of HS chains. HSPG
core proteins are xylosylated co-translationally at specific serine residues (by XYLT1
and XYLT2). A tetrasaccharide primer (GlcA-Gal-Gal-Xyl, where Gal is galactose
and Xyl is xylose) is assembled in the Golgi (by GALT1 and GALT2, which are
galactosyltransferases, and by glucuronyltransferase I (GlcAT1)), and the first
GlcNAc unit is added (by EXTL3). EXT1/EXT2 co-polymerize GlcAβ4 and
GlcNAcα4 units into linear chains of 40–100 residues, which then undergo extensive
modification by GlcNAc N-deacetylation and N-sulfation (denoted NS, by NDST1–4),
C5 epimerization of d-GlcA to l-IdoA (by HS glucuronyl C5 epimerase, HSGlce) and
O-sulfation at C2 of uronic acids (denoted 2S, by HS2ST), and at C6 (by HS6ST1–3)
and more rarely at C3 (by HS3ST1–6) of glucosamine residues. The length of the
sulfated and non-sulfated segments varies. Outside the cell, two endosulfatases
catalyse the removal of specific 6-O-sulfate groups, and secreted heparanase (Hpa)
can fragment the chains (not shown). The pattern of negatively charged sulfates and
uronic acids creates binding sites for various protein ligands, including growth factors
(such as FGF), receptors (such as FGFR) and protease inhibitors (such as
antithrombin), as well as other proteins (not shown).

The interaction of heparin and HS with FGFs and their receptors has also been
characterized in great detail (10). In this case, the GAG chain acts as a template that
bridges FGF and the FGF receptor (FGFR, Fig. 2a) like the interaction of heparin with
antithrombin and factor IIa. Formation of the complex effectively lowers the
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concentration of FGF required to initiate signalling through its receptor and extends
the duration of the response (11). Unlike heparin–antithrombin binding, the formation
and function of FGF–FGFR complexes may depend more on the spatial distribution of
negatively charged groups in HS rather than a specific sequence of sulfated sugars
(12). Other growth factor/receptor interactions may follow a similar binding and
activation process.
Many functions of HSPGs depend on interactions of the core protein. For
example, HSPGs at the plasma membrane can transfer spatial information about a
cell’s environment and either activate adhesion mechanisms or enhance cell motility.
The cytoplasmic domains of syndecans interact with cytoskeletal proteins, as well as
kinases (Src and calcium/calmodulin-dependent serine protein kinase, CASK) and
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2)13 (Fig. 2j). Often, signalling
through HSPGs in this context occurs in collaboration with other cell-surface receptors
(such as integrins) to facilitate cell attachment, spreading and motility. For example,
the ECM protein fibronectin contains domains that simultaneously bind to the HS
chains of syndecans and one or more integrins to induce cell spreading and focal
adhesion formation (14). In fact, almost every ECM molecule contains binding sites
for HS (Fig. 2i), suggesting that the balance between adhesion and motility depends on
the integration of signals mediated through proteoglycan-binding and integrin-based
adhesion mechanisms. Recent studies show that the extracellular domains of
proteoglycans can bind directly to protein ligands independently of HS chains (15).
How cells coordinate these various activities remains an open question.
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Figure 2. Heparan sulfate proteoglycans have many roles in cell physiology.
HSPGs function as co-receptors for growth factors and their receptor tyrosine kinases,
which are present either on the same cell (a) or on adjacent cells (b). They transport
chemokines across cells (c) and present them at the cell surface (d). Proteolytic
processing leads to the shedding of syndecans and glypicans from the cell surface (e),
and heparanase cleaves the HS chains (f), liberating bound ligands (such as growth
factors). Cell-surface HSPGs are actively taken up by endocytosis (g) and can recycle
back to the surface or be degraded in lysosomes (h). HSPGs also facilitate cell
adhesion (i) and form bridges to the cytoskeleton (j). Secreted HSPGs are involved in
the formation of organized extracellular matrices that form physiological barriers (k)
and sequester growth factors and morphogens for later release (l). Serglycin carrying
highly sulfated heparin chains is packaged into secretory granules of haematopoetic
cells (m). Finally, some experiments suggest that HS chains exist in the nucleus (n),
although their function in this location is unknown.
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HEPARAN SULFATE PROTEOGLYCANS IN MAMMALIAN PHYSIOLOGY
In mammalian physiology, protein–HSPG interactions promote activities
specific to each organ system. To study these systems in vivo, numerous knockout and
transgenic mice have been generated, often with surprising phenotypes (summarized
in Table 1). Although the repertoire of strains does not include mutants in all of the
relevant genes, the available strains show that HSPGs orchestrate metabolism,
transport, information transfer, support and regulation at the systemic level, as well as
the cellular level. The following examples illustrate these principles.

Heparan sulfate proteoglycans modulate nutritional metabolism
HSPGs control food intake by modulating feeding behavior through a feedback
loop in the hypothalamus. This was first discovered by chance in transgenic mice
ectopically expressing syndecan-1 in the hypothalamic nuclei (16). The transgenic
expression of syndecan-1 mimicked an increase in syndecan-3 seen in nuclei during
food deprivation. Consistent with this observation, mice deficient in syndecan-3 do not
eat as much and show reduced adipose content and partial resistance to obesity,
whereas transgenic syndecan-1 mice develop maturity-onset obesity as a result of
excessive food intake (17). The HS chains, rather than the core protein, seem to
modulate this process, because transgenic mice that overexpress human heparanase
also exhibit reduced food consumption and have decreased body weight (18). The
phenotype resembles that of mice with impaired action of the melanocortin system.
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Possible mechanisms include sequestration of antagonists, such as agouti-related
protein, or direct interaction of syndecan-3 with the melanotropin-stimulating
hormone (MSH) receptor.
In the circulatory system, HSPGs modulate lipid metabolism by serving as
receptors for lipases, tethering them to endothelial cell surfaces, and by acting as
clearance receptors in the liver (19). Dietary triglycerides and triglycerides synthesized
in the liver enter the circulation in chylomicrons and very-low-density lipoproteins
(VLDL), respectively. As chylomicrons and VLDL circulate, they encounter lipases
(endothelial, hepatic and lipoprotein lipases) that hydrolyze triglycerides from the
core, generating fatty acids for energy metabolism in peripheral tissues and lipid
storage in adipose tissue. These lipases are not usually found in the plasma but,
instead, are tethered to cells and modulated by HSPGs. After hydrolysis of the
triglyceride core, the remnant particles enter the liver sinusoids. Here, HSPGs
facilitate their sequestration and receptor-mediated clearance by binding to
apolipoproteins and bound lipases (Fig. 2g), subsequently allowing degradation of the
particles in lysosomes (Fig. 2h). Recent studies of mice bearing a hepatocyte-specific
knockout

of

N-deacetylase/N-sulfotransferase

(Ndst1)

showed

that

plasma

triglycerides accumulate under both fasted and fed conditions. Crossbreeding studies
with low-density lipoprotein (LDL) receptor mutants showed that HSPGs work in
parallel with LDL receptors (20). Analyses of lipoprotein uptake by cultured cells
indicate that syndecans and possibly perlecan can mediate uptake, but the relevant
proteoglycan receptors in vivo are not known (21,22). There is evidence that binding
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of the ligand can stimulate uptake (21), suggesting that HSPGs should be considered
classical endocytic receptors like transferrin or LDL receptors, albeit with broader
specificity.

Heparan sulfate proteoglycans organize basement membrane barriers
Epithelial cells sit on a basement membrane, which consists of the basal lamina
(containing collagens IV, VI and XVIII, laminins, agrin and perlecan) connected to the
underlying reticular matrix composed of fibronectin, fibrillar collagens and
proteoglycans (23). These matrices provide support and resistance to mechanical
stress, and these properties are partly dependent on interactions of the HS chains with
other basement membrane components (Fig. 2k). HSPGs also have direct roles in
regulating the transport of solutes across these barriers. In the urinary system, a
specialized thick (100–200 nm) basal lamina known as the glomerular basement
membrane (GBM) separates the endothelial cells lining the capillaries from
interdigitated podocytes and acts as a filtration barrier. The acidic GAG chains prevent
negatively charged substances, such as proteins in the blood, from passing through the
GBM and entering the filtrate. Consistent with this, loss of HS from the GBM results
in proteinuria in cases of diabetic nephropathy (24). Furthermore, perfusion of rat
kidneys with bacterial heparinase (25) or transgenic expression of heparanase in the
kidney (18) increases levels of protein and creatinine in urine.
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In the adult kidney, agrin, perlecan and collagen XVIII are present in the GBM
(26). Because perlecan-null mutants are embryonic lethal (27), mutant mice were
created with a deletion of exon 3, which encodes the HS attachment sites in the aminoterminal portion of the protein (28). These mice are viable, and do not exhibit changes
in GBM ultrastructure or proteinuria under normal conditions. However, they do show
filtration defects when stressed by protein loading, indicating the importance of the HS
chains in the deleted domain (29). Mutants lacking collagen XVIII exhibit thickening
of the GBM and a mild increase in serum creatinine levels, which is suggestive of
decreased filtration capacity (30). The function of agrin in the kidney is unknown,
because systemic knockouts are embryonic lethal (31). Double and triple mutants may
be needed to determine the relative contribution of each HSPG.
Protein-losing enteropathies (PLE) refer to disorders in which loss of plasma
proteins occurs in the gastrointestinal tract. This can arise from celiac disease, Crohn’s
disease and congenital disorders of glycosylation, as well as after infection or Fontan
surgery (to correct congenital univentricular hearts). Recent studies show that patients
with PLE have diminished HSPGs, with prominent loss of syndecan-1 from the
basolateral surface of intestinal epithelial cells (32). The mechanism underlying the
disappearance of syndecan (and possibly other HSPGs) is unknown, but the effect
seems to correlate with inflammatory insult coupled with an underlying condition
(33). The proteoglycans may function in two ways: as an integral component of the
basement membrane and as a buffer for inflammatory cytokines, such as tumor
necrosis factor-α (TNFα) and interferon-γ. Interestingly, treatment with heparin can
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alleviate this problem in some patients, possibly by binding to the cytokines and
preventing inflammation (34).

Heparan Sulfate proteoglycans in cell signaling and morphogenesis
Numerous studies in mice and other model organisms have documented the
role of HSPGs in regulating morphogen gradients and growth-factor signalling
reactions during development (Fig. 2l). Some of these processes continue into
adulthood — for example, the formation of endochondral bones starts during
embryogenesis and proceeds through puberty as body size increases. Axial bone
growth occurs through growth plates in which chondrocytes undergo a coordinated
program of proliferation, hypertrophy and ossification under the control of Indian
hedgehog (IHH), FGF18, BMPs, Wnts and probably other factors (35), many of which
bind to HS. Homozygous mice carrying a hypomorphic allele of the HS-polymerizing
enzyme EXT1 exhibit skeletal abnormalities (36). Examination of the growth plates in
these animals showed that the gradient of IHH extends further from its source, causing
a broadening of the proliferative zone. Effects on spatial distribution of growth factors
could be due to protection against proteolysis or uptake and clearance through
endocytosis (37). The specific proteoglycans affecting IHH diffusion are unknown.
Perlecan may have a role, as null mutants exhibit severe disorganization of the
columnar chondrocytes in growth plates and defective endochondral ossification
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(27,38). Interestingly, deletion of exon 3 from perlecan has no reported effect on
skeletal development, suggesting that the GAGs attached at this site are dispensable.
In humans, heterozygous null mutations in EXT1 and EXT2 cause hereditary
multiple exostoses, an autosomal dominant disease characterized by the formation of
cartilage-capped bony outgrowths (osteochondromas or exostoses) on growth plates
throughout the body. Heterozygous mice also develop exostoses, but for unknown
reasons the growths are limited to the ribs (39). The mechanism underlying the
formation of exostoses is unknown, but presumably relates to loss of binding of
growth factors to truncated HS chains in growth plate chondrocytes.
The mammary glands develop postnatally and undergo regression and
amplification under the control of endocrine hormones, estrogen, progesterone, growth
hormone and prolactin. Like most other endocrine factors, these hormones do not bind
to HS but rather act on the mammary stroma to induce the local expression of soluble
growth factors, many of which do bind to HS (40). Genetic evidence supporting a role
for HS in mammary development has been derived from studies of mice deficient in
syndecan-1, which exhibit normal primary mammary duct formation but have a mild
reduction in secondary and tertiary branching (41). By contrast, hyperbranching
occurs in the mammary epithelia of transgenic mice expressing human heparanase
(18). These studies do not distinguish between the effects of the mutations or the
transgenes on mammary epithelial cells directly or by stromal interactions. Recent
studies in mice show that selective inactivation of Ndst1 in mammary epithelia using
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the Cre–loxP system causes a specific block in lobuloalveolar development during
pregnancy and lactation (B. Crawford and J.E., unpublished observations) and that
branching morphogenesis is affected in glands lacking both NDST1 and NDST2 or
EXT1 (O. Garner and J.E., unpublished observations). These findings suggest that
different HS growth factor interactions operate at different stages of gland
development and that formation of the mammary branches and lobuloalveoli depends
on HS generated specifically by the mammary epithelia.

Cellular crosstalk by heparan sulfate proteoglycans
HSPGs can also act across cells or ‘in trans’ (Fig. 2b). At neuromuscular
junctions, a highly specialized basal lamina assembles in the synaptic cleft. The motor
neurons secrete agrin into the cleft, where it interacts with a muscle-specific kinase
(MuSK, a transmembrane tyrosine receptor complex), and causes recruitment of
intracellular casein kinase 2 and rapsyn, and subsequent clustering of acetylcholine
receptors on the sarcolemma. In mice that lack agrin neuromuscular junctions do not
form properly, and acetylcholine receptors do not cluster (31,42). Interestingly,
undersulfation of the chains in mice with a systemic knockout of Ndst1 has no effect
on clustering (43), but treatment of cultured muscle cells with chlorate, a general
sulfation inhibitor, or chondroitinase blocks it (44,45). These findings suggest that one
or more proteoglycans involved in receptor clustering may contain chondroitin sulfate
chains rather than HS.

16
Activation of proteoglycans in trans was first shown during early development
in zebrafish, when syndecan-2 expressed by ectodermal cells acts on signaltransducing receptors on the mesoderm, thus determining left–right axis formation
(46). It also occurs during blood vessel growth (angiogenesis) in mice. Arteries and
arterioles are surrounded by mural cells, either vascular smooth-muscle cells in larger
vessels or pericytes in small vessels. Mural cell proteoglycans can transactivate
signalling pathways on the underlying endothelial cells (47). This was elegantly
demonstrated by preparing chimeric cultures of mouse embryonic stem cells with
defective Ndst expression (HS chains lacking sulfate) or VEGFR2, the primary
receptor tyrosine kinase that mediates VEGF-dependent cell growth. Activation of the
differentiation program that drives angiogenesis resulted in chimeric vessels that
contained smooth-muscle cells expressing HSPGs and HSPG-negative endothelial
cells expressing VEGFR2. Transactivation of VEGFR2 by HSPGs on the smoothmuscle cells led to enhanced signal transduction by facilitating the formation of
receptor–ligand complexes and trapping of the active VEGFR2 signalling complex on
endothelial cells. How HSPGs coordinate growth-factor signalling reactions in trans
with cis cell-autonomous reactions remains a mystery.

Heparan sulfate proteoglycans in injury and repair
Tissue injury results in inflammatory responses, recruitment of leukocytes into
the damaged areas, and repair processes that depend on cell division and angiogenesis.
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In addition, stem cells may be activated to repopulate tissues with appropriate cell
types.
Immediately after injury, macrophages and mast cells at the site of tissue
damage release TNFα and interleukin-1, which activate the endothelial cells in the
nearby vasculature. Activation stimulates exocytosis of Weibel–Palade bodies,
resulting in the appearance of platelet (P)-selectin at the cell surface, which initiates
rolling of marginated leukocytes in the microvasculature. Chemokines presented on
the endothelial surface (Fig. 2d) activate integrin receptors on leukocytes, resulting in
firm adhesion and subsequent leukocyte extravasation across the endothelium at the
site of injury. HSPGs have several roles in this process (48). Recent studies of mice
containing an endothelium-specific knockout of Ndst1 showed that decreasing
sulfation by ~60% diminished neutrophil infiltration (49). However, this effect was
not related to P-selectin, but was due to weaker binding of leukocyte (L)-selectin on
neutrophils to undersulfated proteoglycans on endothelial cells, which enhanced
neutrophil rolling velocity. The mutation also reduced chemokine transcytosis across
endothelial cells (Fig. 2c) and presentation on the cell surface, decreasing neutrophil
adhesion and migration. The HSPGs involved in this process are unknown.
Interestingly, altering Ndst1 expression in leukocytes had no effect on neutrophil
recruitment or T-cell-mediated responses, indicating that endothelial HS dominates in
the system (49).
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HSPGs also have a role in the formation of storage granules in mast cells. Mast
cells degranulate as a result of direct injury, the binding of immunoglobulin (Ig)E–
antigen complexes to Fc receptors, or receptor activation by certain complement
factors, leading to the release of histamine and proteases into the interstitium. These
components are normally stored in the secretory granules along with serglycin
proteoglycan, which contains both heparin-like chains and chondroitin sulfate (Fig.
2m). Deletion of serglycin severely affects the storage of mast-cell-specific proteases
(50). Mast cells also fail to form properly in mice lacking Ndst2, and the few residual
cells have reduced amounts of histamine and specific proteases in their secretory
granules (51,52). Interestingly, only minor effects on other hematopoietic cells have
been noted in these mutants, even though serglycin seems to be the main proteoglycan
in storage granules (53,54).
Many of the processes described above are coordinated during the repair
process, in which damaged tissue is removed and tissue architecture is restored.
Cutaneous wound-repair models have been studied in a number of HSPG knockouts.
In engineered human skin, antisense disruption of perlecan expression in epidermal
keratinocytes results in thin and poorly organized epidermis and incomplete
stratification (55). However, removal of the HS attachment sites in the N-terminal
domain resulted in only a mild delay in cutaneous wound healing in vivo (56).
Inactivation of syndecan-1 or syndecan-4 also causes a mild delay in wound healing
(57,58), which suggests that compensation might obscure the contribution of
individual proteoglycans. Altering the HSPGs in the wound environment could affect
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growth-factor sequestration or activation, cell migration and proliferation, and
angiogenesis (13). Another hypothesis is that syndecan-1 and syndecan-4, shed from
the cell surface by activated matrix metalloproteases into the wound fluid, bind and
protect elastase and cathepsin G from their physiological inhibitors, α1antichymotrypsin and α1-protease inhibitor, thus regulating the proteolytic balance of
the fluid (59). A third possibility is that the proteoglycans aid in matrix contraction
essential for tissue repair (60).
Regenerative processes that occur during repair depend on stem-cell
differentiation. HSPGs are thought to affect proliferation, differentiation and
maintenance of the stem-cell niche (61). An interesting system that is under study
involves skeletal muscle regeneration, which requires activation of quiescent satellite
cells resident in the tissue. Stimulated satellite cells transiently express perlecan,
glypican-1, and syndecan-3 and syndecan-4. Syndecan-3-null mice exhibit hyperplasia
of myonuclei and satellite cells and defects in satellite-cell locomotion and
differentiation. Syndecan-4-deficient mice also exhibit alterations in satellite-cell
proliferation and reduced capacity to reconstitute damaged muscle (62). Presumably,
HSPGs participate in growth control in these systems by serving as co-receptors, but
the relevant growth factors involved are not known. Proteoglycans could also have a
role in cell migration. Studies of regeneration in other organs (such as the liver, brain,
skeletal system and bone marrow) suggest that the involvement of HSPGs is likely,
but genetic studies are needed to verify this hypothesis (61).
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HEPARAN SULFATE PROTEOGLYCANS ARE FULL OF SURPRISES
A somewhat surprising result of human heparanase overexpression in mice is
overgrowth of hair (63). During hair follicle cycling, heparanase expression occurs in
synchrony with migration of follicular-stem-cell progeny into the lower part of the
follicle, which is a prerequisite for hair shaft formation. Thus, overexpression of the
enzyme could release growth factors that facilitate the migration of follicular-stem-cell
progeny. Release of growth factors could also result in increased vascularization,
which also facilitates faster hair growth. Studies of hair growth in mice lacking
specific proteoglycans and biosynthetic enzymes have not yet been reported.
Hemostasis refers to the homeostatic control of the coagulation pathway to
ensure blood flow after vascular injury. The process involves vascular constriction to
limit the flow of blood to the injured area, platelet activation and aggregation to form a
plug at the site of injury, activation of the coagulation cascade to form a fibrin clot
and, ultimately, clot dissolution prior to tissue repair. Several of these steps are
inhibited by exogenously supplied heparin, most notably coagulation by activation of
antithrombin. Antithrombin activation depends on a specific pentasaccharide sequence
containing a central 3-O-sulfated glucosamine residue catalyzed by the action of the
enzyme heparin sulfate 3-O-sulfotransferase (HS3ST1, Fig. 1). About one-third of a
typical heparin preparation, which is purified and fractionated from porcine entrails,
contains the active pentasaccharide. This sequence is also found in endothelial HS, in
particular on the ablumenal side of the endothelium (64), albeit in much lower
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abundance than in therapeutic heparin (65). Surprisingly, mice lacking HS3ST1 do not
exhibit a procoagulant phenotype, suggesting that endogenous HS bearing the highaffinity antithrombin-binding sequence might not have a role in general haemostasis
(66). There are other HS3ST isozymes that can form the high-affinity binding site,
suggesting the possibility of compensation in the system.
Mice defective in HS3ST1 have fertility problems, probably related to defects
in ovarian repair after follicle rupture at ovulation and subsequent formation of the
corpus luteum. After follicular rupture and oocyte expulsion, proteases are activated,
and a fibrin clot is formed, which serves as a provisional matrix for granulosa, theca
and endothelial cells, and the formation of highly vascularized luteal tissue. Granulosa
cells produce anticoagulant HSPGs that can bind and activate antithrombin, suggesting
that the fertility defect in Hs3st1-deficient mice could result from dysregulation of
serine proteases (67,68). At least five HSPGs (perlecan, syndecan-1, -2 and -4, and
glypican-1) are synthesized by granulosa cells, but which of these are involved in
follicle development and ovulation has not been established (69).

THE DARK SIDE OF HEPARAN SULFATE PROTEOGLYCANS
The examples above show how HSPGs have crucial roles in physiology.
However, under certain conditions, HSPGs also contribute to pathophysiology. For
example, in cancer, growth-factor-dependent signalling mediated by HSPGs facilitates
primary tumor growth and angiogenesis. Tumor HSPGs differ in composition from
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HSPGs in corresponding normal tissue, which might affect the efficiency of growthfactor stimulation of tumor cells (70). Similarly, the tumor microenvironment might
affect the supporting vasculature, which differs in structure and integrity compared
with vessels in normal tissue (23). These findings suggest the possibility of selective
targeting of tumor cells and tumor microvasculature by agents that bind HS or modify
its synthesis.
HSPGs also promote amyloid deposition by facilitating formation of insoluble
fibrils and stabilizing them against proteolytic degradation. The amyloid plaques seen
in disorders such as Alzheimer’s disease contain HSPGs, which is consistent with the
finding that various amyloidogenic polypeptides bind HS (71). Recent studies showed
that transgenic overexpression of heparanase prevents amyloid deposition in
inflammation-associated amyloidosis in the liver and kidney, where extensive
shortening of the HS chains occurred (72). By contrast, other tissues less affected by
the transgene remained susceptible to amyloid deposition. These findings provide
direct in vivo evidence for HS participation in the development of amyloid disease and
suggest the possibility of treating amyloid disorders by altering HS formation or
inhibiting HS–amyloid interactions.
A number of studies have shown that syndecan-1 expressed by alveolar
epithelia undergoes rapid shedding in response to lung injury, apparently through the
matrix metalloprotease matrilysin (73). The pathogenic bacterium Pseudomonas
aeruginosa exploits this response by using the shed ectodomains to increase infection
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rates and virulence (74). Newborn mice deficient in syndecan-1 resist infection by P.
aeruginosa, but become susceptible when the bacteria are mixed with purified
syndecan-1 ectodomains or heparin (75). Although bacteria exploit the ectodomains to
increase virulence, the normal process of syndecan shedding seems to attenuate lung
inflammation by confining chemokine expression and neutrophil influx to sites of
injury and by inhibiting T-cell migration and accumulation (73,76).
Many other organisms (parasites, bacteria and viruses) are thought to use
HSPGs as adhesion receptors for infection (77). However, in most cases the
association is based on studies of cultured cells using enzymes to degrade HS, chlorate
to block sulfation or mutants to block assembly of the chains. In many cases, binding,
invasion and replication have not been distinguished, nor have differences observed in
culture been substantiated in vivo. Recent studies of Toxoplasma gondii, which was
thought to require HSPGs for binding and infection, showed that binding and uptake
in HS-deficient cells was not affected (78), but that replication of the organism inside
vacuoles was reduced (79). However, the difference in observed growth rate did not
translate into altered infection rates in vivo in organs in which Ndst1 was inactivated.
This finding raises the possibility that HSPGs mediate signalling reactions between
host and parasite. Although it could be argued that more extreme alterations in HS
structure could confer resistance to infection, this example illustrates the difficulty in
translating results obtained in cultured cells to functional interactions in tissues.
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CONCLUSION
The studies described above and summarized in Table 1 demonstrate the
importance of HSPGs in various organ systems. In fact, the data probably
underrepresent their significance, because HSPGs interact with so many factors; one
would expect few physiological systems would remain unaffected by changes in their
composition. Most of these studies have been done in mice, which serve as an
excellent model for mammalian physiology and human disease. Many strains bearing
systemic mutations are already available, and conditional mutants have been reported
for some of the essential enzymes. Thus, we can expect more detailed information
about HSPG function in individual organ systems to emerge as investigators from
various fields take advantage of these strains.
With a few exceptions, all multicellular organisms produce HSPGs, from
ancient cnidarians (Hydra) to modern Mammalia. Although a comprehensive
comparative study of HSPGs across phyla has not been done, the overall structure of
HS seems largely conserved, whereas the core proteins have undergone expansion in
number and diversity. Genetic studies of model organisms such as worms, flies and
zebrafish have confirmed that many of the basic functions of HSPGs first described in
cell-culture systems are conserved, and new mechanistic insights have been gained
through the use of mosaic animals, conditional knockouts and gene-silencing
techniques. Encouraged by these findings, we should exploit these powerful genetic
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systems to understand the role of HSPGs in adult physiology and as models for how
their function goes awry in human disease.

ACKNOWLEDGEMENTS
This work was supported by grants (J.D.E.) and a training grant (M.S.) from
the National Institutes of Health.
Chapter 1, in full, is a reprint of the material as it appears in Bishop, Joseph R;
Schuksz, Manuela and Esko, Jeffrey D. “Heparan sulfate proteoglycans fine-tune
mammalian physiology.” Nature, vol 446, 26 April 2007.

26
REFERENCES
1.

Bulow, H. E. & Hobert, O. The molecular diversity of glycosaminoglycans
shapes animal development. Annu. Rev. Cell Dev. Biol. 22, 375–407 (2006).

2.

Hacker, U., Nybakken, K. & Perrimon, N. Heparan sulfate proteoglycans: the
sweet side of development. Nature Rev. Mol. Cell Biol. 6, 530–541 (2005).

3.

Haltiwanger, R. S. & Lowe, J. B. Role of glycosylation in development.
Annu. Rev. Biochem. 73, 491–537 (2004).

4.

Esko, J. D. & Selleck, S. B. Order out of chaos: assembly of ligand binding
sites in heparan sulfate. Annu. Rev. Biochem. 71, 435–471 (2002).

5.

Dhoot, G. K. et al. Regulation of Wnt signaling and embryo patterning by an
extracellular sulfatase. Science 293, 1663–1666 (2001).

6.

Morimoto-Tomita, M., Uchimura, K., Werb, Z., Hemmerich, S. & Rosen, S.
D. Cloning and characterization of two extracellular heparin-degrading
endosulfatases in mice and humans. J. Biol. Chem. 277, 49175–49185 (2002).

7.

Vlodavsky, I. et al. Mammalian heparanase: involvement in cancer
metastasis, angiogenesis and normal development. Semin. Cancer Biol. 12,
121–129 (2002).

8.

Fedarko, N. S. & Conrad, H. E. A unique heparan sulfate in the nuclei of
hepatocytes: structural changes with the growth state of the cells. J.Cell Biol.
102, 587–599 (1986).

9.

Huntington, J. A. Mechanisms of glycosaminoglycan activation of the serpins
in hemostasis. J. Thromb. Haemost. 1, 1535–1549 (2003).

10. Mohammadi, M., Olsen, S. K. & Ibrahimi, O. A. Structural basis for
fibroblast growth factor receptor activation. Cytokine Growth Factor Rev. 16,
107–137 (2005).
11. Forsten-Williams, K., Chua, C. C. & Nugent, M. A. The kinetics of FGF-2
binding to heparan sulfate proteoglycans and MAP kinase signaling. J. Theor.
Biol. 233, 483–499 (2005).
12. Kreuger, J., Spillmann, D., Li, J. P. & Lindahl, U. Interactions between
heparan sulfate and proteins: the concept of specificity. J. Cell Biol. 174, 323–
327 (2006).

27
13. Alexopoulou, A. N., Multhaupt, H. A. & Couchman, J. R. Syndecans in
wound healing, inflammation and vascular biology. Int. J. Biochem. Cell Biol.
39, 505–528 (2006).
14. Couchman, J. R., Chen, L. G. & Woods, A. Syndecans and cell adhesion. Int.
Rev.Cytol. 207, 113–150 (2001).
15. Kirkpatrick, C. A. et al. The function of a Drosophila glypican does not
depend entirely on heparan sulfate modification. Dev. Biol. 300, 570–582
(2006).
16. Reizes, O. et al. Transgenic expression of syndecan-1 uncovers a
physiological control of feeding behavior by syndecan-3. Cell 106, 105–116
(2001).
17. Strader, A. D., Reizes, O., Woods, S. C., Benoit, S. C. & Seeley, R. J. Mice
lacking the syndecan-3 gene are resistant to diet-induced obesity. J. Clin.
Invest. 114, 1354–1360 (2004).
18. Zcharia, E. et al. Transgenic expression of mammalian heparanase uncovers
physiological functions of heparan sulfate in tissue morphogenesis,
vascularization, and feeding behavior. FASEB J. 18, 252–263 (2004).
19. Mahley, R. W. & Ji, Z. S. Remnant lipoprotein metabolism: key pathways
involving cell-surface heparan sulfate proteoglycans and apolipoprotein E. J.
Lipid Res. 40, 1–16 (1999).
20. MacArthur, J. M. et al. Liver heparan sulfate proteoglycans mediate clearance
of triglyceride-rich lipoproteins independently of LDL receptor family
members. J. Clin. Invest. 117, 153–164 (2007).
21. Fuki, I. V. et al. The syndecan family of proteoglycans. Novel receptors
mediating internalization of atherogenic lipoproteins in vitro. J. Clin. Invest.
100, 1611–1622 (1997).
22. Zeng, B. J., Mortimer, B. C., Martins, I. J., Seydel, U. & Redgrave, T. G.
Chylomicron remnant uptake is regulated by the expression and function of
heparan sulfate proteoglycan in hepatocytes. J. Lipid Res. 39, 845–860
(1998).
23. Iozzo, R. V. Basement membrane proteoglycans: from cellar to ceiling.
Nature Rev. Mol. Cell Biol. 6, 646–656 (2005).

28
24. Raats, C. J. I., Van den Born, J. & Berden, J. H. M. Glomerular heparan
sulfate alterations: mechanisms and relevance for proteinuria. Kidney Int. 57,
385–400 (2000).
25. Kanwar, Y. S., Linker, A. & Farquhar, M. G. Increased permeability of the
glomerular basement membrane to ferritin after removal of
glycosaminoglycans (heparan sulfate) by enzyme digestion. J.Cell Biol. 86,
688–693 (1980).
26. Groffen, A. J. et al. Agrin is a major heparan sulfate proteoglycan in the
human glomerular basement membrane. J. Histochem. Cytochem. 46, 19–27
(1998).
27. Arikawa-Hirasawa, E., Watanabe, H., Takami, H., Hassell, J. R. & Yamada,
Y. Perlecan is essential for cartilage and cephalic development. Nature Genet.
23, 354–358 (1999).
28. Rossi, M. et al. Heparan sulfate chains of perlecan are indispensable in the
lens capsule but not in the kidney. EMBO J. 22, 236–245 (2003).
29. Morita, H. et al. Heparan sulfate of perlecan is involved in glomerular
filtration. J. Am. Soc. Nephrol. 16, 1703–1710 (2005).
30. Utriainen, A. et al. Structurally altered basement membranes and
hydrocephalus in a type XVIII collagen deficient mouse line. Hum. Mol.
Genet. 13, 2089–2099 (2004).
31. Gautam, M. et al. Defective neuromuscular synaptogenesis in agrin-deficient
mutant mice. Cell 85, 525–535 (1996).
32. Westphal, V. et al. Reduced heparan sulfate accumulation in enterocytes
contributes to protein-losing enteropathy in a congenital disorder of
glycosylation. Am. J. Pathol. 157, 1917–1925 (2000).
33. Bode, L., Eklund, E. A., Murch, S. & Freeze, H. H. Heparan sulfate depletion
amplifies TNF-α-induced protein leakage in an in vitro model of proteinlosing enteropathy. Am. J. Physiol. Gastrointest. Liver Physiol. 288, G1015–
G1023 (2005).
34. Donnelly, J. P., Rosenthal, A., Castle, V. P. & Holmes, R. D. Reversal of
protein-losing enteropathy with heparin therapy in three patients with
univentricular hearts and Fontan palliation. J. Pediatr. 130, 474–478 (1997).

29
35. Kronenberg, H. M. Developmental regulation of the growth plate. Nature 423,
332–336 (2003).
36. Koziel, L., Kunath, M., Kelly, O. G. & Vortkamp, A. Ext1-dependent heparan
sulfate regulates the range of Ihh signaling during endochondral ossification.
Dev. Cell 6, 801–813 (2004).
37. Lander, A. D., Nie, Q. & Wan, F. Y. Do morphogen gradients arise by
diffusion? Dev. Cell 2, 785–796 (2002).
38. Arikawa-Hirasawa, E. et al. Dyssegmental dysplasia, Silverman–Handmaker
type, is caused by functional null mutations of the perlecan gene. Nature
Genet. 27, 431–434 (2001).
39. Stickens, D., Zak, B. M., Rougier, N., Esko, J. D. & Werb, Z. Mice deficient
in Ext2 lack heparan sulfate and develop exostoses. Development 132, 5055–
5068 (2005).
40. Hovey, R. C., Trott, J. F. & Vonderhaar, B. K. Establishing a framework for
the functional mammary gland: from endocrinology to morphology. J.
Mammary Gland Biol. Neoplasia 7, 17–38 (2002).
41. Liu, B. Y., McDermott, S. P., Khwaja, S. S. & Alexander, C. M. The
transforming activity of Wnt effectors correlates with their ability to induce
the accumulation of mammary progenitor cells. Proc. Natl Acad. Sci. USA
101, 4158–4163 (2004).
42. Gautam, M., DeChiara, T. M., Glass, D. J., Yancopoulos, G. D. & Sanes, J. R.
Distinct phenotypes of mutant mice lacking agrin, MuSK, or rapsyn. Brain
Res. Dev. Brain Res. 114, 171–178 (1999).
43. Jenniskens, G. J. et al. Phenotypic knockout of heparan sulfates in myotubes
impairs excitation-induced calcium spiking. FASEB J. 17, NIL606–NIL629
(2003).
44. Mook-Jung, I. & Gordon, H. Acetylcholine receptor clustering in C2 muscle
cells requires chondroitin sulfate. J.Neurobiol. 28, 482–492 (1995).
45. McDonnell, K. M. & Grow, W. A. Reduced glycosaminoglycan sulfation
diminishes the agrin signal transduction pathway. Dev. Neurosci. 26, 1–10
(2004).

30
46. Kramer, K. L. & Yost, H. J. Ectodermal syndecan-2 mediates left–right axis
formation in migrating mesoderm as a cell-nonautonomous Vg1 cofactor.
Dev. Cell 2, 115–124 (2002).
47. Jakobsson, L. et al. Heparan sulfate in trans potentiates VEGFR-mediated
angiogenesis. Dev. Cell 10, 625–634 (2006).
48. Parish, C. R. The role of heparan sulfate in inflammation. Nature Rev.
Immunol. 6, 633–643 (2006).
49. Wang, L., Fuster, M., Sriramarao, P. & Esko, J. D. Endothelial heparan
sulfate deficiency impairs L-selectin- and chemokine-mediated neutrophil
trafficking during inflammatory responses. Nature Immunol. 6, 902–910
(2005).
50. Abrink, M., Grujic, M. & Pejler, G. Serglycin is essential for maturation of
mast cell secretory granule. J. Biol. Chem. 279, 40897–40905 (2004).
51. Humphries, D. E. et al. Heparin is essential for the storage of specific granule
proteases in mast cells. Nature 400, 769–772 (1999).
52. Forsberg, E. et al. Abnormal mast cells in mice deficient in a heparinsynthesizing enzyme. Nature 400, 773–776 (1999).
53. Grujic, M. et al. Serglycin-deficient cytotoxic T lymphocytes display
defective secretory granule maturation and granzyme B storage. J. Biol.
Chem. 280, 33411–33418 (2005).
54. Zernichow, L. et al. Serglycin is the major secreted proteoglycan in
macrophages and has a role in the regulation of macrophage tumor necrosis
factor-α secretion in response to lipopolysaccharide. J. Biol. Chem. 281,
26792–26801 (2006).
55. Sher, I. et al. Targeting perlecan in human keratinocytes reveals novel roles
for perlecan in epidermal formation. J. Biol. Chem. 281, 5178–5187 (2006).
56. Zhou, Z. et al. Impaired angiogenesis, delayed wound healing and retarded
tumor growth in perlecan heparan sulfate-deficient mice. Cancer Res. 64,
4699–4702 (2004).
57. Echtermeyer, F. et al. Delayed wound repair and impaired angiogenesis in
mice lacking syndecan-4. J. Clin. Invest. 107, 9–14 (2001).

31
58. Stepp, M. A. et al. Defects in keratinocyte activation during wound healing in
the syndecan-1-deficient mouse. J. Cell Sci. 115, 4517–4531 (2002).
59. Kainulainen, V., Wang, H. M., Schick, C. & Bernfield, M. Syndecans,
heparan sulfate proteoglycans, maintain the proteolytic balance of acute
wound fluids. J. Biol. Chem. 273, 11563–11569 (1998).
60. Midwood, K. S., Valenick, L. V., Hsia, H. C. & Schwarzbauer, J. E.
Coregulation of fibronectin signaling and matrix contraction by tenascin-C
and syndecan-4. Mol. Biol. Cell 15, 5670–5677 (2004).
61. Cool, S. M. & Nurcombe, V. Heparan sulfate regulation of progenitor cell
fate. J. Cell Biochem. 99, 1040–1051 (2006).
62. Cornelison, D. D. et al. Essential and separable roles for syndecan-3 and
syndecan-4 in skeletal muscle development and regeneration. Genes Dev. 18,
2231–2236 (2004).
63. Zcharia, E. et al. Heparanase regulates murine hair growth. Am. J. Pathol.
166, 999–1008 (2005).
64. De Agostini, A., Watkins, S. C., Slayter, H. S., Youssoufian, H. & Rosenberg,
R. D. Localization of anticoagulantly active heparan sulfate proteoglycans in
vascular endothelium: antithrombin binding on cultured endothelial cells and
perfused rat aorta. J.Cell Biol. 111, 1293–1304 (1990).
65. Marcum, J. A., Fritze, L., Galli, S. J., Karp, G. & Rosenberg, R. D.
Microvascular heparin-like species with anticoagulant activity. Am. J.
Physiol. 245, H725–H733 (1983).
66. HajMohammadi, S. et al. Normal levels of anticoagulant heparan sulfate are
not essential for normal hemostasis. J. Clin. Invest. 111, 989–999 (2003).
67. Shworak, N. W., HajMohammadi, S., De Agostini, A. I. & Rosenberg, R. D.
Mice deficient in heparan sulfate 3-O-sulfotransferase-1: normal hemostasis
with unexpected perinatal phenotypes. Glycoconj. J. 19, 355–361 (2002).
68. Hasan, S. et al. Coordinate expression of anticoagulant heparan sulfate
proteoglycans and serine protease inhibitors in the rat ovary: a potent system
of proteolysis control. Biol.Reprod. 66, 144–158 (2002).
69. Hosseini, G., Liu, J. & De Agostini, A. I. Characterization and hormonal
modulation of anticoagulant heparan sulfate proteoglycans synthesized by rat
ovarian granulosa cells. J. Biol. Chem. 271, 22090–22099 (1996).

32

70. Fuster, M. M. & Esko, J. D. The sweet and sour of cancer: glycans as novel
therapeutic targets. Nature Rev. Cancer 5, 526–542 (2005).
71. van Horssen, J., Wesseling, P., van den Heuvel, L. P., de Waal, R. M. &
Verbeek, M. M. Heparan sulfate proteoglycans in Alzheimer’s disease and
amyloid-related disorders. Lancet Neurol. 2, 482–492 (2003).
72. Li, J. P. et al. In vivo fragmentation of heparan sulfate by heparanase
overexpression renders mice resistant to amyloid protein A amyloidosis. Proc.
Natl Acad. Sci. USA 102, 6473–6477 (2005).
73. Li, Q., Park, P. W., Wilson, C. L. & Parks, W. C. Matrilysin shedding of
syndecan-1 regulates chemokine mobilization and transepithelial efflux of
neutrophils in acute lung injury. Cell 111, 635–646 (2002).
74. Park, P. W., Pier, G. B., Hinkes, M. T. & Bernfield, M. Exploitation of
syndecan-1 shedding by Pseudomonas aeruginosa enhances virulence. Nature
411, 98–102 (2001).
75. Haynes, A. et al. Syndecan 1 shedding contributes to Pseudomonas
aeruginosa sepsis. Infect. Immun. 73, 7914–7921 (2005).
76. Xu, J., Park, P. W., Kheradmand, F. & Corry, D. B. Endogenous attenuation
of allergic lung inflammation by syndecan-1. J. Immunol. 174, 5758–5765
(2005).
77. Dinglasan, R. R. & Jacobs-Lorena, M. Insight into a conserved lifestyle:
protein–carbohydrate adhesion strategies of vector-borne pathogens. Infect.
Immun. 73, 7797–7807 (2005).
78. Bishop, J. R. & Esko, J. D. The elusive role of heparan sulfate in Toxoplasma
gondii infection. Mol. Biochem. Parasitol. 139, 267–269 (2005).
79. Bishop, J. R., Crawford, B. E. & Esko, J. D. Cell surface heparan sulfate
promotes replication of Toxoplasma gondii. Infect. Immun. 73, 5395–5401
(2005).
80. Cano-Gauci, D. F. et al. Glypican-3-deficient mice exhibit developmental
overgrowth and some of the abnormalities typical of Simpson-Golabi-Behmel
syndrome. J. Cell Biol. 146, 255–264 (1999).
81. Chiao, E. et al. Overgrowth of a mouse model of the Simpson-Golabi-Behmel
syndrome is independent of IGF signaling. Dev.Biol. 243, 185–206 (2002).

33

82. Kaksonen, M. et al. Syndecan-3-deficient mice exhibit enhanced LTP and
impaired hippocampus-dependent memory. Mol. Cell. Neurosci. 21, 158–172
(2002).
83. Grobe, K. et al. Cerebral hypoplasia and craniofacial defects in mice lacking
heparan sulfate Ndst1 gene function. Development 132, 3777–3786 (2005).
84. Ringvall, M. et al. Defective heparan sulfate biosynthesis and neonatal
lethality in mice lacking N-deacetylase/N-sulfotransferase-1. J. Biol. Chem.
275, 25926–25930 (2000).
85. Pan, Y., Woodbury, A., Esko, J. D., Grobe, K. & Zhang, X. Heparan sulfate
biosynthetic gene Ndst1 is required for FGF signaling in early lens
development. Development 133, 4933–4944 (2006).
86. Bullock, S. L., Fletcher, J. M., Beddington, R. S. & Wilson, V. A. Renal
agenesis in mice homozygous for a gene trap mutation in the gene encoding
heparan sulfate 2-sulfotransferase. Genes Dev. 12, 1894–1906 (1998).
87. Li, J. P. et al. Targeted disruption of a murine glucuronyl C5-epimerase gene
results in heparan sulfate lacking l-iduronic acid and in neonatal lethality. J.
Biol. Chem. 278, 28363–28366 (2003).
88. Serpinskaya, A. S., Feng, G., Sanes, J. R. & Craig, A. M. Synapse formation
by hippocampal neurons from agrin-deficient mice. Dev. Biol. 205, 65–78
(1999).
89. Arikawa-Hirasawa, E., Rossi, S. G., Rotundo, R. L. & Yamada, Y. Absence
of acetylcholinesterase at the neuromuscular junctions of perlecan-null mice.
Nature Neurosci. 5, 119–123 (2002).
90. Viviano, B. L. et al. Altered hematopoiesis in glypican-3-deficient mice
results in decreased osteoclast differentiation and a delay in endochondral
ossification. Dev. Biol. 282, 152–162 (2005).
91. Paine-Saunders, S., Viviano, B. L., Zupicich, J., Skarnes, W. C. & Saunders,
S. glypican-3 controls cellular responses to Bmp4 in limb patterning and
skeletal development. Dev. Biol. 225, 179–187 (2000).
92. Pallerla, S. R., Pan, Y., Zhang, X., Esko, J. D. & Grobe, K. Heparan sulfate
Ndst1 gene function variably regulates multiple signaling pathways during
mouse development. Dev. Dyn. 236, 556–563 (2007).

34
93. Kram, V. et al. Heparanase is expressed in osteoblastic cells and stimulates
bone formation and bone mass. J. Cell Physiol. 207, 784–792 (2006).
94. Zcharia, E. et al. Heparanase accelerates wound angiogenesis and wound
healing in mouse and rat models. FASEB J. 19, 211–221 (2005).
95. Li, Q. & Olsen, B. R. Increased angiogenic response in aortic explants of
collagen XVIII/endostatin-null mice. Am. J. Pathol. 165, 415–424 (2004).
96. Moulton, K. S. et al. Loss of collagen XVIII enhances neovascularization and
vascular permeability in atherosclerosis. Circulation 110, 1330–1336 (2004).
97. Gotte, M. et al. Role of syndecan-1 in leukocyte–endothelial interactions in
the ocular vasculature. Invest. Ophthalmol. Vis. Sci. 43, 1135–1141 (2002).
98. Ishiguro, K. et al. Syndecan-4 deficiency impairs the fetal vessels in the
placental labyrinth. Dev. Dyn. 219, 539–544 (2000).
99. Fan, G. et al. Targeted disruption of NDST-1 gene leads to pulmonary
hypoplasia and neonatal respiratory distress in mice. FEBS Lett. 467, 7–11
(2000).
100. Ishiguro, K. et al. Syndecan-4 deficiency increases susceptibility to κcarrageenan-induced renal damage. Lab. Invest. 81, 509–516 (2001).

CHAPTER 2
Surfen – A Small Molecule Antagonist of Heparan Sulfate

35

36
ABSTRACT
In a search for small molecule antagonists of heparan sulfate we examined the
activity of bis-2-methyl-4-amino-quinolyl-6-carbamide, also known as surfen.
Fluorescence-based titrations indicated that surfen bound to glycosaminoglycans and
the extent of binding increased according to charge density in the order heparin >
dermatan sulfate > heparan sulfate > chondroitin sulfate. All charged groups in
heparin (N-sulfates, O-sulfates and carboxyl groups) contributed to binding, consistent
with the idea that surfen interacted electrostatically. Surfen neutralized the
anticoagulant activity of both unfractionated and low molecular weight heparins and
inhibited enzymatic sulfation and degradation reactions in vitro. Addition of surfen to
cultured cells blocked FGF2-binding and signaling dependent on cell surface heparan
sulfate, and prevented both FGF2 and VEGF165-mediated sprouting of endothelial
cells in Matrigel. Surfen also blocked heparan sulfate mediated cell adhesion to the
Hep-II domain of fibronectin and prevented infection by Herpes simplex virus-1
dependent on glycoprotein D interaction with heparan sulfate. These findings
demonstrate the feasibility of identifying small molecule antagonists of heparan
sulfate and raise the possibility of developing pharmacological agents to treat
disorders that involve glycosaminoglycan–protein interactions.
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INTRODUCTION
A variety of proteins bind to the glycosaminoglycan (GAG) heparan sulfate,
including extracellular matrix proteins, proteases involved in coagulation and their
inhibitors, lipases and apolipoproteins, as well as chemokines, cytokines and various
growth factors. These interactions affect cell proliferation, motility and differentiation
and play prominent roles in development and physiology (1-3). Sometimes these
interactions go awry and cause or exacerbate pathophysiological conditions, such as
inflammation, tumor growth and angiogenesis, and infection (4). Agents that block the
interaction of heparan sulfate with its binding partners could therefore prove useful as
therapeutic candidates.
Heparan sulfate consists of alternating N-acetylated or N-sulfated glucosamine
units and an uronic acid, either glucuronic or iduronic acid. Additional negative
charges are imparted by the presence of O-sulfate groups at C-2 of the uronic acids
and C-6 and C-3 of the glucosamine units (5). Following its assembly in the Golgi, the
chains can undergo partial 6-O-desulfation by two plasma membrane endosulfatases
(6). N- and O-sulfation and iduronic acids tend to occur in contiguous segments of the
chain, and the modified segments vary in length and spacing by unmodified domains.
Pharmaceutical heparin resembles tissue heparan sulfate but contains more IdoA and
sulfate and is enriched in binding sites for antithrombin. Various proteins bind to
heparin and heparan sulfate and interact with the modified domains dependent on the
density and distribution of sulfate groups (7-9).
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Three categories of agents that antagonize protein interactions with heparin
and heparan sulfate have been described. The first group consists of other proteins or
polypeptides containing clusters of positively charged amino acid residues that bind to
the negatively charged sulfate and carboxyl groups. These antagonists include the
heparin-neutralizing agent protamine (10), lactoferrin (11), as well as synthetic
peptides rich in lysine and arginine (12-15). The second class consists of heparin
mimics, e.g. sucrose octasulfate, suramin, pentosan polysulfate and dextran sulfates,
which presumably occupy the heparin-binding sites in proteins (16, 17). The third
group consists of metabolic inhibitors that alter the biosynthesis of heparan sulfate,
such as sodium chlorate, an inhibitor of the universal sulfate donor 3’-phosphoadenyl-5’-phosphosulfate (PAPS) (18), and β-D-xylosides, which act as artificial
primers of glycosaminoglycan biosynthesis (19, 20).
Surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) was first described in
1938 as an excipient for the production of depot insulin (21). Subsequent studies have
shown that surfen can block C5a receptor binding (22) and lethal factor produced by
anthrax (23). It was also reported to have modest heparin-neutralizing effects in an
oral feeding experiment in rats (24), but to our knowledge no further studies involving
heparin have been conducted and its effects on heparan sulfate are completely
unknown. Presumably, surfen interacts with heparin to block its ability to bind and
activate antithrombin, but this mechanism of action has not been established.
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Here we demonstrate that surfen binds to heparin, low molecular weight
heparins, and to heparan sulfate and other glycosaminoglycans. Binding neutralizes
the ability of the various heparins to activate antithrombin and inactivate Factor Xa.
Surfen also blocks sulfation and degradation of GAG chains in vitro and alters cellular
responses dependent on heparan sulfate, such as growth factor binding and activation,
cell attachment, viral infection by Herpes simplex virus, and angiogenesis. These
observations illustrate the ability of a small molecule to directly interfere with key
biological processes that involve heparan sulfate and suggest the possibility of
designing more selective agents to target specific heparan sulfate-protein interactions.

RESULTS
Surfen binds to glycosaminoglycans in solution
Fig. 1A shows the structure of surfen (MW = 372.4). In aqueous buffers,
surfen has a UV spectrum showing three distinct absorption peaks at 220, 260 and 340
nm, with molar extinction coefficients (εM) of 10,500, 74,400, and 14,500,
respectively. Surfen exhibits weak fluorescence in neutral aqueous solutions, with an
emission maximum at 488 nm and an excitation maximum of 340 nm. However,
adding heparin to the solution caused a large increase in emission intensity, which rose
proportionally to the amount of heparin added and eventually saturated (Fig. 1B).
Under these conditions (3 µM surfen, 2 µg/ml heparin), the ratio of surfen to
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disaccharide subunits in heparin was approximately 1 (the average disaccharide has a
mass of 500 Da).
Assuming that the enhanced fluorescence was due to binding, we evaluated
surfen’s interaction with other glycosaminoglycans by fluorimetry. As shown in Fig.
1B, the extent of binding increased in the order heparin > dermatan sulfate > heparan
sulfate > chondroitin sulfate, which nearly parallels the relative number of sulfate
groups along the chain (2.4 sulfates/disaccharide in heparin, 1.2 in dermatan sulfate
(porcine intestinal mucosa), 0.85 in heparan sulfate (porcine mucosa), and 0.95 in
chondroitin sulfate (shark cartilage). Surfen’s interaction with heparin appeared to
depend on charge based on diminished binding to N-desulfated, N-desulfated/Nacetylated, O-desulfated, 6-O-desulfated and carboxyl-reduced forms of heparin (Fig.
1C). Since the extent of binding varied among different types of desulfated heparins
(e.g., compare N-desulfated/N-acetylated heparin to O-desulfated heparin), it is
tempting to speculate that surfen might align along the chain in register with
specifically sulfated disaccharide subunits, perhaps by alignment of the protonated
quinoline rings with negatively charged sulfate groups and carboxyl groups of the
uronic acids. Further studies are needed, however, to determine the structure of these
complexes.
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Figure 1. Surfen binds to glycosaminoglycans.
(A) Surfen, bis-2-methyl-4-amino-quinolyl-6-carbamide; (B) Binding of surfen to
glycosaminoglycans was determined by fluorimetry. A fixed amount of surfen (3 µM)
was titrated with variable amounts of the indicated glycosaminoglycans and the
emission at 488 nm was measured. (C) Binding to desulfated heparins. Each
glycosaminoglycan was tested at least twice in separate experiments. Data for heparin
in panel A is given as mean values ± range.
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Surfen neutralizes heparin and low molecular weight heparins
Based on these binding data, we examined if surfen would counteract the
capacity of heparin and low molecular weight heparins to activate antithrombin (AT).
AT is a plasma serine protease inhibitor (serpin) that covalently inactivates several
coagulation enzymes, including thrombin, factors Xa, IXa, XIa, and XIIa. Heparin
increases the rate of inactivation by several orders of magnitude by binding and
inducing a conformational change in AT and, in the case of thrombin, by acting as a
template to approximate AT with the protease (25). To determine its potency for
neutralizing different heparin preparations, the amount of heparin neutralized by a
fixed amount of surfen was determined, using a Factor Xa inhibition assay (Table 1).
One milligram of surfen neutralized 74 and 87 units of two different preparations of
unfractionated heparin. Surfen also antagonized the ability of heparin to prolong the
time needed for plasma to form a fibrin clot (activated partial thromboplastin time,
APTT; Table 2). Surfen neutralized Dalteparin, Tinzaparin, and Enoxaparin, three
types of low molecular weight heparins produced by chemical or enzymatic cleavage
of native heparin, as well as the synthetic pentasaccharide, Fondaparinux. Although
the capacity to neutralize the various preparations varied, neutralization by surfen
followed the same trend as protamine, a clinically used heparin antagonist. Surfen had
no effect on Factor Xa activity per se or clotting of blood in the absence of added
heparin, consistent with the idea that its mode of action involved binding to heparin
rather than a target protein.
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Table 1. Neutralization of heparin’s capacity to inhibit Factor Xa.

Heparin

Units

Protamine*

Surfen*

Unfractionated heparin (ES)

USP

101.3 ± 1.6

86.6 ± 0.6

Unfractionated heparin (SPL)

USP

95.3 ± 5.1

74.1 ± 6.4

Dalteparin (LMWH)

anti-Xa

108.4 ± 1.5

100.1 ± 7.3

Tinzaparin (LMWH)

anti-Xa

58.5 ± 2.3

64.8 ± 1.6

Enoxaparin (LMWH)

anti-Xa

80.6 ± 1.4

48.8 ± 1.8

µg

3.7 ± 1.2

3.5 ± 0.9

Fondaparinux
(pentasaccharide)

* ES, Elkins-Sinn; SPL, Scientific Protein Laboratories. Data are mean ± SEM and
represent the amount of heparinoid that was neutralized by 1 mg of protamine or
surfen. One USP unit of the standard (ES) unfractionated heparin inhibits the
equivalent amount of Xa as: 1.0 USP units SPL, 2.5 anti-Xa units Dalteparin, 2.0 antiXa units Tinzaparin, 2.1 anti-Xa units Enoxaparin, and 1.9 µg Fondaparinux.
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Table 2. Surfen blocks prolongation of Activated Partial Thromboplastin Time
(APTT) by heparin.

Clotting Time (sec)
Neutralizer

Concentration

+ ES
heparin

+
SPL

No
heparin

heparin
Surfen

Protamine

None

10 µM

42

36

32

5 µM

36

56

31

1 µM

>120

>120

38

10 µg

41

39

45

5 µg

38

44

41

1 µg

>120

>120

38

-

>120

>120

37

45
Surfen affects sulfation of heparin in vitro and inhibits degradation by heparin
lyases
To test if surfen could inhibit enzymes that interact with heparin, we examined
its effect on one of the O-sulfotransferases that modifies the chains during
biosynthesis. Incubation of recombinant uronyl 2-O-sulfotransferase with [35S]PAPS
and 2-O-desulfated heparin yielded robust incorporation of 35S-counts into product in
the absence of surfen (Fig. 2A). However, adding surfen inhibited transferase activity,
with an IC50 of ~2 µM. Surfen also inhibited enzymatic depolymerization of chains
mediated by heparinases. In these experiments, we incubated heparan sulfate with
heparin lyases I, II and III in the presence or absence of surfen and monitored
production of disaccharides by UV absorbance (A232, Fig. 2B). Surfen inhibited
digestion of the chains, with an IC50 of ~4 µM. Surfen also inhibited enzymatic
depolymerization of unfractionated heparin by lyases and chondroitin sulfate by
chondroitinase ABC (data not shown). These findings are consistent with the idea that
surfen binds to the chains and prevents binding of the enzymes.
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Figure 2. Surfen blocks uronyl 2-O-sulfotransferase and heparin lyase activity.
(A) Surfen was mixed at various concentrations with 2-O-desulfated heparin, and the
extent of transfer of 35SO4 from [35S]PAPS mediated by recombinant uronyl 2-Osulfotransferase was measured. The data are single point determinations, but the
experiment was performed three times with comparable results. (B) Heparan sulfate
(100 µg/ml) was incubated with surfen. After addition of 1 mU/ml of heparin lyases I,
II and III, production of disaccharides was monitored by the change of absorbance at
232 nm. The rates determined using Prism GraphPad. Results are represented as a
percentage of the rates measured in the absence of surfen. The experiment was
performed three times.
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Surfen inhibits FGF2 binding and signaling
Heparan sulfate is structurally related to heparin but contains fewer sulfate
groups per disaccharide and it exists almost exclusively attached to protein cores, i.e.
as proteoglycans, which cells either display on the plasma membrane or secrete into
the extracellular matrix. To test if surfen can interact with heparan sulfate in this
setting, we examined its ability to antagonize biological processes dependent on
heparan sulfate. In CHO cells, the binding of FGF2 provides an indirect measure of
heparan sulfate on the cell surface, since the cells produce very few high affinity
signal-transducing FGF receptors (26). As shown in Figure 3A, surfen inhibited FGF2
binding in a dose dependent manner with an IC50 of ~5 µM. Approximately 95%
inhibition was achieved at 10 µM surfen, but for reasons not fully understood,
increasing the concentration higher than 20 µM resulted in reduced inhibitory activity.
Thus, in all subsequent studies the concentration of surfen was maintained at ≤20 µM.
The cationic dyes Methylene Blue, Toluidine Blue and Alcian Blue are used to
measure glycosaminoglycans in extracts and tissues, but none of them blocked FGF
binding to cell surface heparan sulfate when added to cells, even at 20 µM, the highest
concentration tested (data not shown). Thus, surfen has unique binding properties that
distinguish it from these other types of glycosaminoglycan-binding molecules.
Signaling by FGF2 via the FGF receptor tyrosine kinase (FGFR) depends on
formation of ternary complexes between FGF, FGFR and heparan sulfate. Once the
ternary complex is formed, the receptor can dimerize, autophosphorylate and initiate
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an intracellular signaling cascade that activates the MAP kinase pathway ultimately
leading to phosphorylation of Erk. Surfen at 6 µM and 12 µM decreased FGF2induced Erk phosphorylation in transformed endothelial cells by 55% and 86%,
respectively (Fig. 3B). Complete abrogation of phosphorylation did not occur, most
likely due to the fact that activation of even a small percentage of receptors can lead to
amplification of steps downstream of the receptor. In contrast to these findings, surfen
had no effect on EGF-stimulated Erk phosphorylation, which does not depend on
heparan sulfate (data not shown). Also, increasing the level of FGF in the assays
described above to concentrations that bypass the requirement for heparan sulfate
allowed signaling to occur. These findings suggest that surfen did not affect activation
of the respective receptor tyrosine kinases or downstream kinases involved in Erk
phosphorylation.
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Figure 3. FGF2 binding and signaling is inhibited by surfen.
(A) Biotinylated FGF2 was added to CHO cells and binding was measured by flow
cytometry. Surfen was added 10 min prior to the assay. Each point represents the
average of 3-5 separate determinations. Results are presented as the percentage of
binding obtained in the absence of surfen. The mean values ± SEM are given. (B)
FGF2 was added to endothelial cells and after 10 min the level of Erk and Erk
phosphorylation was determined by Western blotting. Band intensities were
quantitated by densitometry. The experiment was repeated twice.

The ability of surfen to antagonize FGF2 binding and signaling suggested that
it might block more complex biological processes, e.g. growth or differentiation
dependent on growth factor signaling. To study this problem, we examined the ability
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of surfen to inhibit branching of primary mouse lung endothelial cells (formation of an
anastomosing network of hollow tubes resembling angiogenesis, Fig. 4A, arrowheads)
when cultured on Matrigel and stimulated with FGF2 or VEGF165. Quantification of
tube length showed that surfen inhibited tube formation in response to FGF2 with an
IC50 of ~5 µM, with complete inhibition achieved at 20 µM (Fig. 4B) but did not seem
to affect cell viability per se (Fig. 4A, right). Surfen even more potently blocked
angiogenic sprouting dependent on VEGF165, another proangiogenic heparin binding
growth factor. To exclude the possibility that surfen inhibited cell proliferation, we
incubated CHO cells in monolayer culture with increasing concentrations of surfen.
As shown in Fig. 5, surfen had no effect on cell division and viability per se.
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Figure 4. Surfen blocks endothelial tube formation.
(A) Phase contrast images of endothelial cell sprouting on Matrigel in the presence
and absence of 20 µM surfen. Arrowheads denote tubular connections. Note that
surfen does not affect cell viability (right panel). (B) Surfen inhibits FGF2 stimulated
sprouting by endothelial cells. Response is measured in length (mm) of tubular
connections formed. Data are normalized to negative control (no FGF stimulation).
Each value represents multiple measurements made in a single well (see Materials and
Methods). The experiment was repeated twice with comparable results. (C) Sprouting
dependent on VEGF165. The analysis was done the same way as in (B).
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Figure 5. Surfen does not affect cell proliferation and viability.
CHO cells were seeded in 96-well plates at a density of 1500 cells/well. Cells were
allowed to adhere before the media was changed to contain 1.25µM to 20µM surfen.
At 1, 2 and 3 days after surfen addition, cell viability was assessed by reading
absorbance at 575nm. Each time point and surfen concentration was run in triplicate.

Heparan sulfate-mediated cell attachment and virus infection is inhibited by
surfen
Cell adhesion to extracellular matrix is a multi-step process that involves cell
attachment to extracellular matrix proteins, cell spreading and formation of focal
adhesion plaques, which depend in part on heparan sulfate. To test if surfen can inhibit
cell attachment, CHO cells were loaded with 10 µM Calcein AM (a fluorescent dye),
incubated with increasing concentrations of surfen and then added to wells pre-coated
with the heparan sulfate-binding domain of fibronectin (Hep-II) (27). After 45 min,
the wells were washed and fluorescent cells bound to the plate were measured in a
fluorescent plate reader. Surfen inhibited cell attachment in a dose-dependent manner
with an IC50 of 3 µM, with complete inhibition of attachment occurring at 5 µM (Fig.
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6A). For comparison, a CHO cell mutant lacking glycosaminoglycans (pgsA) does not
attach to wells coated with Hep-II.
Herpes Simplex Virus-1 (HSV-1) can utilize heparan sulfate for viral entry into
some host cells via interaction with three heparan sulfate-binding viral glycoproteins,
gC, gB, and gD. Interaction of gC with heparan sulfate is primarily responsible for
adherence of the virus (28), whereas gB and gD play crucial roles in the fusogenic
machinery facilitating viral entry (29). The heparan sulfate modifying enzyme,
glucosaminyl 3-O-sulfotransferase-3A (3ST-3A), generates a binding site for gD (30).
To test if surfen is able to neutralize viral infection dependent on this modification,
CHO cells expressing 3ST-3A (CHO3.3A) were infected with a recombinant HSV-1
isolate, d106, which expresses GFP in infected cells (31). When the cells were
exposed to virus in the presence of surfen, a dose-dependent reduction in infection
occurred as measured by flow cytometry (Fig. 6B) or by fluorescence microscopy
(inset). Complete inhibition of infection occurred at surfen concentrations ≥ 5µM.
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Figure 6. Surfen inhibits cell attachment and viral infection.
(A) Calcein AM-loaded cells were challenged to adhere to the heparin-binding domain
(Hep-II) of fibronectin coated on 96-well plates. The number of adherent cells was
determined by fluorimetry. Data is represented as mean values ± SEM. (B)
Recombinant Herpes simplex virus-1, which expresses GFP in infected cells, was
added to CHO cells transduced with 3-O-sulfotransferase-3A. After 12 hr, GFP
fluorescence was measured by flow cytometry and by fluorescence microscopy (inset).
The third panel in the inset represents a brightfield phase-contrast image of cells
incubated with surfen.
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DISCUSSION
In this report, we show that surfen binds to glycosaminoglycans and
neutralizes the anticoagulant activity of both unfractionated and low molecular weight
heparins. Additionally, surfen antagonizes enzymes that act on heparin and heparan
sulfate as well as activities associated with heparan sulfate, such as binding and
signaling by FGF2, infection by Herpes simplex virus-1, cell attachment to a heparinbinding domain of fibronectin, and VEGF and FGF stimulated endothelial sprouting.
These findings demonstrate the feasibility of identifying low molecular weight
antagonists of glycosaminoglycan function. Currently available compounds used to
block glycosaminoglycans include high MW cationic proteins, such as protamine, or
polypeptides rich in lysine and arginine residues (15). A handful of synthetic heparinbinding molecules have been described, including peptidic foldamers (32), phenyl
boronates (33), polyamidoamine dendrimers (34), calixarenes (35), and relatively high
molecular weight dyes (36). In contrast to surfen, these agents have high ED50 values
and few of them have been tested or demonstrated efficacy for neutralizing heparan
sulfate in a cellular setting.
The exact mechanism by which surfen interacts with heparin and heparan
sulfate remains to be established. The data presented here suggest that ionic
interactions between the positively charged, highly polarizable aminoquinoline
moieties of surfen and the negatively charged sulfate and carboxyl groups in
heparin/heparan sulfate constitute the major binding interactions. Some preferential
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interaction may take place with different charged groups in the chain or different
segments of the chain, depending on the extent of sulfation (Fig. 1). Possibly, surfen
could induce secondary structures in heparin/heparan sulfate, which is known to exist
in a helical conformation in solution (37). Preliminary crystallographic data suggest
that the disubstituted urea core of surfen could also interact with negative charges on
the chain, and that surfen can form stacked structures, which could in part explain the
enhanced fluorescence of surfen when bound to the chains (Tor and Esko, unpublished
data).
Surfen was first described as an excipient for generating soluble forms of
insulin to improve dosing accuracy. Upon subcutaneous injection, surfen dissociates
and insulin precipitates to form a depot under the skin, allowing for its slow release
into the circulation. Used as an excipient for depot insulin in diabetic patients in
Europe for decades, it appears to have low toxicity under these conditions.
Subsequently, surfen was shown to exhibit antibacterial (38, 39) as well as
trypanocidal (40) properties. Surfen has also been described as a potent competitive
inhibitor of anthrax lethal factor, LF (with a Ki of 0.5µM) (23) and has activity in
National Cancer Institute Yeast anti-cancer drug screening assays (PubMed compound
71166). Whether any of these activities are related to its capacity to bind
glycosaminoglycans is a fruitful area for future study. Although one report (24)
suggests that rats fed surfen at high doses over a prolonged period may develop
lymphosarcoma and lesions suggestive of nutritional deficiency, toxicology studies in

57
mice showed that surfen and a variety of derivatives are well-tolerated by all routes of
administration (41).
Protamine sulfate is the clinical standard antidote for heparin overdosing that
can occur in patients undergoing anticoagulation therapy. Protamine is a
heterogeneous family of proteins isolated from fish sperm and can elicit adverse,
sometimes lethal, anaphylactic reactions in as many as 10% of patients. Consequently,
a number of attempts have been made to design a potent yet less toxic substitute for
clinical use, with limited success (42) . Although it is unlikely that surfen could fulfill
this need due to its relatively high IC50 value, it serves as a starting point for the design
and synthesis of more potent analogs. Based on its ability to block heparan sulfatedependent activities, it is tempting to suggest that surfen or its derivatives also could
be used therapeutically for treating disorders exacerbated by unwanted heparan sulfate
interactions, such as tumor growth and angiogenesis, chronic inflammation or
infection (43).

MATERIALS AND METHODS
Surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) was obtained from the
Open Chemical Repository in the Developmental Therapeutic Program at the National
Cancer Institute (NSC12155). Surfen binds avidly to plastic, necessitating the use of
glass vessels, precoating all plasticware with serum prior to use, or presaturating
vessels with a solution containing surfen. Surfen stock solutions were prepared in
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dimethylsulfoxide at 30 mM and stored in glass containers under argon at –20oC in the
absence of light. Fresh aqueous solutions were prepared as needed. When experiments
involved plasticware, vessels were pre-incubated with serum-containing medium or
presaturated with a solution of surfen.
Unfractionated heparin (sodium salts from porcine intestinal mucosa) was
obtained from Elkins-Sinn (Cherry Hill, NJ) and from Scientific Protein Laboratories,
Milwaukee, Wisconsin. Tinzaparin LMWH was from Pharmion (Boulder, CO),
Dalteparin LMWH was from Pharmacia (Kalamazoo, MI), Enoxaparin LMWH was
from Aventis (Bridgewater, NJ), and Fondaparinux pentasaccharide was from SanofiSynthelabo (West Orange, NJ). Desulfated heparins were from Neoparin or prepared
as described (44). Heparan sulfate (from porcine mucosa) was from Neoparin Inc
(Alameda, CA), shark cartilage chondroitin sulfate A was from Sigma (St. Louis, MO)
and porcine intestinal mucosa dermatan sulfate was from Celsus Laboratories Inc
(Cincinnati, OH). FGF2 was from Invitrogen (Carlsbad, CA) and VEGF165 was
obtained from R&D Systems (Minneapolis, MN).

Fluorimetry
A solution of 3 µM surfen was prepared in phosphate-buffered saline and
titrated with increasing amounts of heparin, heparan sulfate, dermatan sulfate,
chondroitin sulfate or desulfated heparins. Fluorescence spectra were measured on a
Perkin Elmer LS 50B luminescence spectrometer, with excitation at 340 nm. Emission
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was monitored at 350–700 nm, and the maximum intensities at 488 nm were
determined.

Coagulation Assays
Human antithrombin III (0.66 µg/well; Enzyme Research Laboratories, South
Bend, IN), human Factor Xa (0.02 µg/well; Enzyme Research Laboratories), and
heparinoids at various concentrations were incubated at room temperature for 10 min
in 96-well microtiter plates in 150 µL of a solution containing 25 mM HEPES (N- [2hydroxyethyl] piperazine-N’- [2-ethanesulfonic acid]), 150 mM NaCl and 0.1%
bovine serum albumin (pH 7.5). Chromogenic substrate specific to Factor Xa (S-2765;
25 µg in 50 µl; Diapharma, West Chester, OH) was added and incubated for 15 min.
Acetic acid (50 µl of 20% solution) was added to stop reaction and absorbance was
measured at 405 nm. A curve was created with standard unfractionated heparin
(Elkins-Sinn, Cherry Hill, NJ), using a range of 0.125 X 10-3 to 1.0 X 10-3 USP
units/well. A heparinoid concentration with Xa inhibition of approximately 0.9 X 10-3
units/well was selected for measurement of neutralization. Protamine sulfate or surfen
was added at final concentrations sufficient to neutralize approximately 0.4 X 10-3
units/well of each heparinoid. Protamine and surfen had no direct effect on Factor Xa
activity measured in the absence of heparin.
Activated Partial Thromboplastin Time (APTT) was determined in duplicate
with an ST4 semi-automated coagulation instrument (Diagnostica Stago, NJ). A
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mixture of heparin, neutralizer (protamine or surfen), and citrated plasma 1:1:8 (30
µL) was incubated with 30µL of APTT reagent (Automated APTT, bioMerieux, NC)
at 37oC for 5 min followed by the addition of 30 µl of 25 mM CaCl2 to initiate
clotting. Result is reported in seconds.

Enzyme assays
Recombinant CHO heparan sulfate 2-O-sulfotransferase containing a protein A
tag was prepared and assayed as described previously (45). Surfen was added at the
indicated concentrations and the incorporation of
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S-counts from [35S]PAPS was

determined.
Heparin lyases were assayed by incubating a solution of 100 µg/ml heparan
sulfate in 40 mM ammonium acetate buffer (pH 8) containing 3.3mM CaCl2 and
surfen. After addition of 1 mU/ml of heparin lyase I, II and III, absorbance at 232 nm
was measured in a Beckman Coulter DU 640 spectrophotometer. The values were
plotted and slopes (rates) were calculated using GraphPad Prism. The rate was
normalized to that obtained in the absence of surfen.
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FGF2 binding and signaling
Wildtype CHO cells were grown in F12 growth medium (Invitrogen, Carlsbad,
CA) to confluence, lifted with 5 mM EDTA, washed and incubated with 1-12 µM
Surfen in PBS/0.1% BSA on ice for 10 min. Biotinylated FGF2 was added (1:1000)
and incubated for 30 min on ice. Cells were washed and bound biotinylated FGF2 was
detected using streptavidin-PE-Cy5 (1:1000, Pharmingen, San Diego, CA) and flow
cytometry (FacsCalibur, BD Biosciences, San Jose, CA). Data was analyzed using
FlowJo Analytical Software (Tree Star Inc, Ashland, OR). Results are represented as
the extent of binding compared to a sample incubated in the absence of surfen.
For signaling assays, immortalized mouse lung endothelial cells were cultured
in 12-well plates as described (46). The medium was exchanged for opti-MEM
(Invitrogen, Carlsbad, CA) for 4 hr before addition of surfen. Cells were incubated for
10 min at 37oC, FGF2 (10 ng/ml) was added and 10 min later the cells were put on ice,
washed with ice-cold PBS and lysed using RIPA buffer. Protein concentration was
determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Eureka, CA)
before Western blotting. Anti-phospho Erk and anti-total Erk antibodies (Cell
Signaling Technology, Inc, Beverly, MA, USA) were used at 1:1000 dilution.
Secondary goat anti-rabbit HRP antibody (Bio-Rad, Eureka, CA) was used at
1:25,000. HRP was detected using SuperSignal West Pico Chemiluminescent
substrate (Pierce Biotechnology, Rockford, IL) according to manufacturer’s directions.
Band intensities were quantitated by densitometry.
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Cell adhesion and viral infection assays
Untreated NUNC 96-well ELISA plates were coated with 15 µg/ml of the
heparin-binding domain of mouse fibronectin (Hep-II) overnight at room temperature.
Wells were blocked for 2 hrs with 5% BSA in PBS. CHO cells were harvested with 5
mM EDTA, washed, and then labeled with 10 µM Calcein AM (Invitrogen, Carlsbad,
CA) in media for 30 min at room temperature. Cells were centrifuged, resuspended in
varying concentrations of surfen in PBS with 0.1% BSA and incubated for 10 min on
ice. Approximately 60,000 cells were added per well and allowed to adhere for 45 min
at 37oC. The solution was removed and the plate was washed vigorously three times
with PBS. Fluorescence of adherent cells was measured in a fluorescent plate reader
(excitation at 495 nm, emission at 520 nm). Data was graphed using Prism Graph Pad
software (sigmoidal dose response with variable slope).
Recombinant d106 HSV-1 was propagated and purified as described (31).
Infection was measured using CHO3.3A cells , which express two copies of the human
heparan sulfate 3-O-sulfotransferase 3A introduced by retroviral transduction. Virus
was absorbed to cells at ~80% confluence for 1 hr with periodic rocking to ensure
even distribution of the viral supernatant and to avoid drying out of the cells. After one
hour, 1 ml of growth medium was added and the cells were cultured under normal
conditions for 12 hr. The level of GFP expression was assessed by both fluorescence
microscopy and flow cytometry. The effect of surfen on infection was determined by
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pretreating CHO3.3A cells 30 min prior to viral adsorption and throughout the
incubation.

Angiogenesis assay on reconstituted extracellular matrix
Primary murine lung endothelial cells were isolated from 16 week old C57Bl/6
mice (46) and cultured on the surface of polymerized Matrigel (BD Biosciences) in the
presence or absence of 30 ng/ml recombinant FGF2 or 50 ng/ml VEGF165 and the
indicated concentrations of surfen. After 24 hr, the degree of endothelial sprouting
over the gel surface was measured by determining the net length of endothelial
processes viewed under phase contrast light microscopy. For each well, lengths of
processes per 100X field were averaged (3 fields/ well), and normalized to baseline
response (sprouting by untreated endothelia in the absence of growth factor) (43).

Growth curves
CHO cells were grown in 96-well plates at a density of 1500 cells/well. Cells
were allowed to adhere before the media was changed to contain 1.25 µM to 20µM
surfen. At 1, 2 and 3 days after surfen addition, 20µl CellTiter Blue (Promega) was
added. Cell viability was assessed after 3.5 hrs by reading absorbance at 575 nm. Each
time point and surfen concentration was done in triplicate.
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APPENDIX

Heparin-binding metachromatic dyes do not inhibit FGF-2 binding to heparan
sulfate on CHO cells
A variety of metachromatic dyes are known to bind heparin and
glycosaminoglycans and are routinely used to stain GAGs in tissue sections. Two
commonly used metachromatic dyes are toluidine blue and methylene blue, both of
which are structurally very similar to surfen (Fig. 7A-C). To determine whether the
ability to inhibit protein interactions with GAG was a characteristic shared by heparinbinding molecules, we tested whether toluidine blue and methylene blue can inhibit
FGF-2 binding to CHO cells. Cells were incubated with increasing concentrations of
methylene or toluidine blue (as well as surfen as a positive control) before incubation
with biotinylated FGF-2. Flow cytometric analysis was performed after incubation
with streptavidin-PE-Cy5 and results were graphed as % FGF binding compared to
positive control without inhibitor (Fig. 7D). Interestingly, neither methylene nor
toluidine blue inhibited FGF-2 binding to HS on CHO cells in the concentration range
in which surfen is effective. At much higher concentration (150µM), ~40% reduction
in FGF-2 binding was observed with toluidine blue (data not shown) but not
methylene blue. These data suggest that the mechanism of interaction with the sugar
chain differs between these compounds and surfen. It is possible that due to its
flexibility about the urea linkage region between the quinoline moieties, surfen is able
to induce conformational changes in the sugar chain or maybe even undergo an
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“induced fit” interaction that subsequently blocks the functional groups on the sugar
rings that interact with the FGF-2 protein. However, lacking further biophysical
studies, it is difficult to speculate about the mechanism of action.

Figure 7. Metachromatic dyes toluidine blue and methylene blue do not inhibit
FGF-2 binding to CHO cells.
Structures of (A) surfen, (B) toluidine blue, (C) methylene blue. (D) CHO cells were
incubated with increasing concentrations of each compound as indicated. Biotinylated
FGF-2 was then added and binding was detected using streptavidin-PE-Cy5. Extent of
binding was analyzed by flow cytometry, geometric means were calculated and
%FGF-2 binding was determined as a percentage of FGF-2 binding in the absence of
inhibitor. Surfen is shown as a positive control. Neither of the metachromatic dyes was
able to inhibit FGF-2 binding to CHO cells.
Surfen structure activity relationship demonstrates the importance of the double
quinoline moieties for binding
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While binding studies performed with differentially desulfated heparins
strongly suggest that charge interactions are important in the interaction between
surfen and glycosaminoglycans, it is still unclear which functional groups of the surfen
molecule are required for interaction and HS inhibition. To address this question, we
collaborated with the Tor lab to synthesize surfen derivatives. If removal or addition
of specific functional groups leads to decreased or increased binding and HS inhibition
it would suggest that that particular functional group plays an important role in the
interaction of surfen with glycosaminoglycans.
First, we examined whether the presence of the double quinoline ring system
was necessary for binding to and blocking HS. To this end, a half molecule was
synthesized which lacked one of the quinoline moieties (Fig. 8A). Next, we asked
whether the spacing between the two quinoline rings is important for the function of
surfen. The distance was increased by addition of a carbonyl group (Fig. 8B), yielding
oxalyl surfen. Both compounds were tested alongside surfen in an FGF binding
inhibition assay. Interestingly, the half molecule had no inhibitory activity (Fig. 8C),
suggesting that the dual nature of the quinoline rings is an important component of
surfen interaction with HS. In contrast, the additional carbonyl group did not alter
binding and inhibitory behavior as compared to the parent compound. The activity of
oxalyl surfen was comparable to that of surfen itself, demonstrating (a) the importance
of the dual quinoline moieties and (b) that the increase in distance between the
quinoline rings was not large enough to alter binding.
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It would be interesting to test further derivatives with additional modifications.
For example, a surfen molecule with a rigid linker region would provide insight into
the question if the flexibility and rotation around the urea bond is important for
interaction with GAGs. Further increases in linker length would allow us to determine
if spacing is important. Substitutions of the urea group with more or less
electronegative functional groups would shed light on the requirement of overall
charge distribution in the molecule. And ultimately, substituting ring substituents
might yield valuable information about the direct electrostatic interactions that occur
between surfen and the sugar rings and their substituents.
Most importantly, such studies could yield a compound more potent than
surfen, i.e. with IC50 values in nanomolar instead of micromolar range, which would
then be a valuable candidate to pursue for drug development.
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Figure 8. FGF2 binding inhibition by half surfen and oxalylsurfen.
(A) 4-amino-2-methyl-6-urea quinoline (B) oxalylsurfen (C) FGF2 binding studies in
CHO cells. Cells were incubated with either surfen, oxalylsurfen or the quinoline half
molecule for 10 min before addition of biotinylated FGF2. Binding of FGF2 was
detected with streptavidin-PE-Cy5 and analyzed using flow cytometry. Geometric
means were calculated and plotted using Prism Graph Pad. Surfen and oxalylsurfen
inhibit FGF2 binding with an IC50 of ~ 3µM, while the quinoline half molecule does
not inhibit at all.
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Treatment with surfen causes alterations in the biosynthesis and cellular
distribution but not the fine structure of glycosaminoglycans
All preceding experiments have been performed in a short-term setting,
probing the ability of surfen to inhibit the interaction of heparan sulfate with protein
binding partners on the cell surface or in solution. We were curious whether longer
exposure to surfen affects glycosaminoglycan biosynthesis and fine structure. Surfen
is a small molecule that might be able to penetrate the cell membrane or could be
taken up by the endocytic pathway as HSPGs are recycled and surfen bound to HS or
CS chains could piggy back into the cell along with the proteins.
To examine whether surfen affects glycsoaminoglycan biosynthesis or
degradation, CHO cells were treated with surfen overnight, labeled with 35SO4 for 3.5
hours and then media, cell surface and intracellular GAGs were isolated, purified and
amounts were measured based on
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SO4 activity. As shown in Figure 9A, surfen

treatment decreases the amount of total GAGs displayed on the cell surface and shed
into the media. However, intracellular GAGs are unaffected. This trend holds true for
both heparan sulfate and chondroitin sulfate (Fig. 9B and C, respectively). Overall
levels of total GAGs as well as HS and CS individually are decreased by this
overnight treatment (Fig. 9D), suggesting a decrease in GAG synthesis.
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Figure 9. Metabolic labeling of CHO cells with 35SO4 shows decreased amounts of
GAGs in surfen treated cells.
Cells were incubated in surfen overnight and pulse labeled with 35SO4 for 3.5 hours
the following day. Glycosaminoglycans were isolated from the media, cell surface and
cell pellet. (A) total GAGs are reduced on the cell surface and the media of surfen
treated cells. Cell pellet levels seem unaffected. When looking at specific GAGs, HS
(B) and CS (C) follow the same pattern. When the media, cell surface and cell pellet
fractions are summed (D), it is evident that surfen treatment leads to an overall
reduction in GAG synthesis, and both HS and CS are affected.
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To study the effect of longer-term treatment and to determine whether
treatment with surfen alters the fine structure of HS, we performed mass spectrometry
on CHO cells that were treated with 10µM surfen for 3 days. HS disaccharide
composition and absolute amounts were compared to untreated controls. Figure 10
shows that prolonged treatment with surfen leads to an accumulation of both HS and
CS, suggesting an inhibition in the metabolic processing of GAGs, either during the
synthesis and secretion or the degradation phase of the process. Interestingly, mass
spec analysis also showed that no significant changes occur in disaccharide
composition during surfen treatment and, except for a slight reduction in 2-Osulfation, disaccharide composition of surfen-treated cells does not differ significantly
from control cells (data not shown). These data confirm the observation that surfen
affects GAG synthesis and catabolism and leads to a redistribution of GAG storage
within the cell.
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Figure 10. Mass spectrometry of cellular glycosaminoglycans.
Cells were incubated with surfen for 3 days after which the cell layer was harvested
with pronase digestion. GAGs were isolated, purified, digested and analyzed by mass
spec. Total amounts of GAG were normalized to cell number. Treatment with surfen
leads to an accumulation of cell-associated glycosaminoglycans.

The mechanism by which surfen alters glycosaminoglycan processing and
display at the cell surface remains to be elucidated. There are several mechanisms by
which this could occur. For example, it is conceivable that surfen bound to GAGs on
the cell surface is internalized and shuttled into the lysosomal compartment along with
the HSPGs. There it might inhibit the degradation of GAGs by heparan and
chondroitin hydrolases, leading to accumulation of HS and CS in the intracellular
compartment. Additionally, there might be a feedback mechanism to downregulate
further production and exocytosis of GAGs in the face of intracellular accumulation of
material. Alternatively, surfen may penetrate the cell membrane and access subcellular
compartments, including the Golgi apparatus, where it could inhibit biosynthetic
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machinery, leading to a decrease in glycosaminoglycan production. However,
considering that surfen treatment does not change the modification pattern of HS – a
process that occurs in the Golgi as well – this mechanism of action seems less likely.
Lastly, surfen could act as a lysosomotropic amine. This would lead to accumulation
of surfen in the lysosomes, possibly causing changes in local pH, leading to
inactivation or decreased activity of lysosomal enzymes. In addition, these pH changes
could reach beyond the lysosomal compartment and affect vesicular trafficking in
general, ultimately yielding a backlog in exocytic vessels resulting in intracellular
accumulation of HS and CS.

Surfen treatment of subcutaneous Lewis lung carcinoma in vivo does not inhibit
tumor growth
Tumor proliferation involves a variety of processes that are heparan sulfate
mediated, for example, growth factor signaling between tumor cells, angiogenesis and
invasion into surrounding extracellular matrix. It is conceivable that a small molecule
inhibiting heparan sulfate interactions with growth factors and enzymes could interfere
with tumor cell proliferation in vivo, as well as angiogenesis. We have demonstrated
that surfen inhibits many of these interactions in an in vitro setting (see above),
including angiogenesis induced by FGF and VEGF. To test whether it could
accomplish the same in an in vivo environment, we implanted Lewis lung carcinoma
cells (LL/C) into the flanks of C57Bl/6 mice and then injected surfen intraperitoneally
every other day for 21 days. Tumor volumes were then measured and compared to
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control animals that received PBS injections. Unfortunately, as shown in Fig. 11,
surfen did not show a tumoristatic effect. These experiments were extremely
preliminary, however, and a variety of reasons could explain why surfen did not
produce an effect. For example, the dosing of surfen was determined by calculating
how much would have to be injected in order to achieve a 20µM blood level,
assuming the entire dose would be absorbed into the blood stream. There is no way of
determining the biodistribution of the injected surfen because we do not have a tagged
or radioactive version of the molecule and it is possible that it was either not taken up
into the blood, did not reach the tumor or did not reach therapeutic levels in the tumor
environment. It would be very important to perform these studies with a labeled
molecule, e.g. 3H-surfen, in order to determine accurate dosing as well as routes and
schedules of administration before concluding that blocking heparan sulfate
interactions is ineffective in cancer treatment.
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Figure 11. Surfen does not inhibit tumor growth in a subcutaneous tumor model
in vivo.
Lewis lung carcinoma cells were implanted into the flank of C57Bl/6 mice and
allowed to grow for 3 days before treatment was initiated. Surfen was injected
intraperitoneally every other day for 21 days. Control animals were treated with
vehicle only (PBS/DMSO). Tumor sizes were measured by caliper, volumes
calculated and graphed.
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MATERIALS AND METHODS
FGF-2 binding inhibition assay
Metachromatic dyes methylene blue and toluidine blue were obtained from
Sigma. Quinoline and oxalylsurfen were synthesized by Justin Bennink in the Tor lab
at UCSD.
Wildtype CHO cells were grown in F12 growth medium (Invitrogen, Carlsbad,
CA) to confluence, lifted with 5 mM EDTA, washed and incubated with 1-50 µM
surfen, methylene blue, toluidine blue, quinoline or oxalylsurfen in PBS/0.1% BSA on
ice for 10 min. Biotinylated FGF2 was added (1:1000) and incubated for 30 min on
ice. Cells were washed and bound biotinylated FGF2 was detected using streptavidinPE-Cy5 (1:1000, Pharmingen, San Diego, CA) and flow cytometry (FacsCalibur, BD
Biosciences, San Jose, CA). Data was analyzed using FlowJo Analytical Software
(Tree Star Inc, Ashland, OR). Results are represented as the extent of binding
compared to a sample incubated in the absence of inhibitor.

Radioactive labeling of glycosaminoglycans
CHO cells were grown in F12 supplemented with 10% dialyzed FBS.
Incubation with surfen was performed overnight at 37°C. The next day, cells were
pulse labeled with

35

SO4 for 3.5hrs with 50µCi/ml media. After labeling, media was

removed and saved for analysis. Cells were washed 6 times with PBS, then trypsinized
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for 10 min and pelleted. Supernatant was saved for cell surface GAG analysis. The
cell pellet was lysed in 0.1N NaOH and neutralized with HAc. An aliquot of the cell
lysate was removed for protein analysis by Biorad assay, which was performed as per
manufacturer’s instructions. 1 mg of CSA carrier was added to all samples before
proceding to β-elimination. Briefly, samples were adjusted to 0.5M NaOH 1M NaBH4
and incubated overnight at 4°C. Then they were neutralized with 10N HAc, diluted
1:10 with H2O and run over DEAE columns. After elution with 1M NaCl, samples
were precipitated with 100% EtOH and dried. Pellets were resuspended in
chondroitinase buffer and an aliquot was counted in a scintillation counter for
determination of total amount of GAG. Half of each remaining sample was then
digested with ABC chondroitinase at 37°C overnight, re-precipitated with 100% EtOH
and then resuspended to read amount of labeled HS. Amount of labeled CS was
determined by subtracting HS counts from total counts. All counts were then
converted to counts/µg protein.

Mass spectrometry analysis of surfen treated CHO cells
CHO cells were grown in 10 cm dishes in the presence or absence of surfen for
3 days. Cells were washed and incubated with pronase overnight until cell layer was
completely digested. GAGs were purified by DEAE column, digested with heparan
lyases as well as chondroitinase ABC and disaccharides were analyzed by mass
spectrometry.
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In vivo tumor model
LL/C cells were grown in a monolayer in DMEM with 10% FBS, 1.4 g/L
sodium bicarbonate, Pen, Strep. Cells were harvested with EDTA, washed and
resuspended in serum-free media at a density of 1x107 cells/ml. C57Bl/6 mice were
lightly anesthetized using isofluorane, flanks were shaved and disinfected before
injection of 5x105 cells (50µl). Tumors were allowed to grow for 3 days before
initiation of surfen treatment. Surfen was resuspended at 30 mM in DMSO and diluted
to 600µM in PBS. 200µl of this solution was injected intraperitoneally every other
day. Control animals were injected with vehicle (PBS/DMSO) alone. Solutions were
made fresh immediately before each injection. Tumors were measured using a caliper.
Volumes were calculated using the formula [length x (width)2]/2 and graphed using
graph pad prism. The data shown in Figure 11 are the combined data from 3 different
experiments.

CHAPTER 3
Guanidinylated Neomycin Delivers Large, Bioactive Cargo Into Cells
Through a Heparan Sulfate-dependent Pathway
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ABSTRACT
Facilitating the uptake of molecules into living cells is of substantial interest
for basic research and drug delivery applications. Arginine-rich peptides have been
shown to facilitate uptake of high molecular mass cargos into cells, but the mechanism
of uptake is complex and may involve multiple receptors. In this report, we show that
a derivative of the aminoglycoside antibiotic neomycin, in which all of the ammonium
groups have been converted into guanidinium groups, can carry large (>300 kDa)
bioactive molecules across cell membranes. Delivery occurs at nanomolar transporter
concentrations and under these conditions depends entirely on cell surface heparan
sulfate proteoglycans. Conjugation of guanidinoneomycin to the plant toxin saporin, a
ribosome-inactivating agent, results in proteoglycan-dependent cell toxicity. In
contrast, an arginine-rich peptide shows both heparan sulfate-dependent and
independent cellular uptake. The high selectivity of guanidinoneomycin for heparan
sulfate suggests the possibility of exploiting differences in proteoglycan compositions
to target delivery to different cell types.
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INTRODUCTION
Advances in genomics and proteomics have identified high molecular mass
biomolecules and their analogs as potential therapeutic agents. The ability of a cell to
take up a high molecular mass drug and to release it into the cytoplasm in an active
form represents, however, a major obstacle for the development of these agents. For
biological macromolecules effective delivery entails minimal exposure to conditions
that may denature or otherwise disrupt activity. Numerous approaches for the physical
control of drug localization and release significantly improve the pharmacokinetic
features of bioactive molecules, but they typically do not address the inherent
challenge of transport of the therapeutic agent across cell membranes. Delivery
procedures based on passive diffusion encounter problems due to charged groups, and
carriers that exploit endogenous membrane transporters limit the size of potential drug
candidates.
Certain polybasic proteins have been shown to enhance the cellular uptake of
biomolecules (1). Over the past 15 years, tremendous progress has been made in
advancing the basic science, applications, and preclinical evaluation of these and other
cationic cell transduction domains (2, 3). In 1988, the human immunodeficiency virus
type 1 Tat protein was shown to cross lipid bilayers and enter the nucleus (4, 5).
Subsequently, numerous other naturally occurring and chimeric peptides have been
found to exhibit efficient translocation properties. A database search, inspired by Tat,
identified a number of membrane-permeable peptides that contain clustered arginine
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residues (6, 7). Further exploration of stereochemistry and composition identified DTat and Arg as competent transporters (6, 7). Additionally, significant activity was
9

observed for branched arginine-rich oligomers (8). These observations suggested that
the presence of guanidinium moieties represents the critical feature responsible for
efficient cell membrane permeability. In fact, guanidinium-containing peptoids (9) and
β-peptides exhibit useful cell uptake properties (10). Short polyproline-based helices
appended with guanidinium groups (11), highly branched guanidinium-rich dendritic
oligomers (12), and heterocyclic guanidinium vectors also serve as cell transporters
(13).
The mechanistic understanding of the cellular uptake and internalization of
arginine-rich peptides and their analogs has yet to be fully elucidated. Endocytosisbased mechanisms have been both supported and questioned, but some of the early
studies may have suffered from artifacts generated by cell fixation. Electrostatic
interactions of the positively charged peptides with membrane phospholipids have
been proposed as the first step in the transduction process (14–17). An alternative
model that has recently been gaining support is the interaction of the positively
charged peptides with negatively charged cell surface proteoglycan receptors (18–20).
Recently, we described a new family of synthetic RNA ligands, coined
“guanidinoglycosides” (Fig. 1), in which the amino groups of naturally occurring
aminoglycoside antibiotics were converted to guanidinium groups. These compounds
exhibit high affinity and selectivity for RNA targets that are naturally recognized by
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Arg-rich domains (21). Guanidinoglycosides also display cellular uptake properties
(22). Here, we explore the cellular requirement for uptake, as well as the delivery
potential of guanidinoglycosides. We demonstrate that (i) the cellular binding and
uptake of guanidinoneomycin at low concentration depends exclusively on heparan
sulfate; (ii) in contrast, the uptake of arginine-rich peptides in the same concentration
range follows both heparan sulfate-dependent and -independent pathways; (iii)
guanidinoneomycin will transport high molecular mass and bioactive cargo into cells
at low concentration in a completely proteoglycan-dependent manner; and (iv)
effective guanidinoneomycin-mediated delivery can be achieved with little or no
cellular toxicity.
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Figure 1. Molecules utilized.
(a) guanidinoneomycin. (b), a hexasaccharide fragment of heparan sulfate.
Interactions between the negatively charged sulfate groups on the heparan sulfate
chain and positively charged guanidinium groups on the guanidinoglycoside are likely
key for recognition. (c), biotinylated guanidinoneomycin and biotinylated neomycin.
(d), biotinylated Arg9. Details for the synthesis of the biotinylated derivates can be
found in the supplemental materials.

RESULTS
Uptake of guanidinoneomycin depends on heparan sulfate
Neomycin is a member of a family of aminoglycoside antibiotics that inhibit
protein synthesis in bacteria (26). Conversion of the amino groups to guanidinium
groups alters the properties of the glycoside, allowing it to interact with cell surface
heparan sulfate. To study its interactions with cells, we synthesized biotinylated
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guanidinoneomycin, as well as biotinylated neomycin and biotinylated Arg9 for
comparison (Fig. 1). Biotinylation facilitates conjugation of the carriers to
fluorophores and its versatility allows for the preparation and testing of a variety of
analogs in different assays.
Fluorescent

streptavidin-phycoerythrin-cychrome

(streptavidin-PE-Cy5)

conjugates of biotinylated guanidinoneomycin, neomycin, and Arg9 were incubated
with CHO cells and uptake was measured by flow cytometry. As described below,
these measurements reflect both binding and internalization of the conjugates but are
referred to as “uptake” for the sake of clarity. Uptake of the fluorescent
guanidinoneomycin conjugate occurred at concentrations as low as 10nM and
proportionately increased up to a concentration of 1 µM, the highest concentration
tested (Fig. 2, upper panels, blue lines). Cells also took up the neomycin conjugate but
much less efficiently than the guanidinylated derivative (middle panel, blue lines).
Uptake of the Arg9 peptide occurred in a more complex manner, exhibiting two
classes of receptors expressed by different cells in the population (lower panel, blue
lines).
Incubation with heparin at concentrations as low as 100ng/ml blocked uptake
of the fluorescent guanidinoneomycin conjugate (Fig. 3), suggesting a high affinity of
the compound for the negatively charged residues in heparin. These data also
suggested the possibility that cell surface heparan sulfate proteoglycans might
represent one class of receptors that mediate binding and uptake. To test this idea, the
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fluorescent guanidinoneomycin conjugate was incubated with pgsA cells, a mutant
that makes < 2% of the wild-type level of chondroitin sulfate and heparan sulfate
chains(23). Guanidinoneomycin uptake in pgsA cells was barely detectable up to
concentrations of 100nM and was over 20-fold lower than that observed with wildtype cells, even at 1µM (Fig. 2, upper panels, green lines). At higher concentrations, a
second, glycosaminoglycan-independent mode of uptake began to emerge. The same
trend was observed for the fluorescently tagged neomycin, with internalization being
more efficient in wild-type cells than pgsA cells (Fig. 2, middle panels, green lines).
The signal from pgsA cells was not affected by trypsin, indicating interactions with a
non-proteinaceous receptor.
Whereas the uptake of guanidinoneomycin was strongly dependent on cell
surface glycosaminoglycans, fluorescently labeled Arg9 exhibited multiple modes of
uptake in pgsA cells even at low concentrations (Fig. 2, lower panels, green lines).
Multiple populations of cells exhibiting differential binding or uptake capacity were
observed in pgsA cells and in wild-type cells. These data suggest that the
internalization of Arg9 follows both glycosaminoglycan-dependent and -independent
pathways. Analysis of the mean fluorescence values showed that uptake of the
compounds occurred in proportion to concentration, but did not saturate (Fig. 2b).
Because of this, no further experiments to measure affinity were attempted.
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Figure 2. Uptake of fluorescent carriers in CHO cells.
(a) biotinylated guanidinoneomycin (G-Neo), biotinylated neomycin (Neo), and
biotinylated Arg9 (Arg9) were conjugated to streptavidin-PE-Cy5 (~300kDa). Wildtype (blue) and heparan/chondroitin sulfate-deficient pgsA cells (green) were
incubated with the different conjugates at concentrations from 10 to 1000 nM for 1h at
37°C. After washing the cells, they were released with EDTA and analyzed by flow
cytometry. Cells incubated with streptavidin-PE-Cy5 alone are shown in red. (b) mean
fluorescence values show that both guanidinoneomycin and neomycin display
glycosaminoglycan-dependent uptake; however, guanidinoneomycin has a
considerably higher uptake efficiency than neomycin. The uptake of Arg9 does not
appear to depend exclusively on heparan/chondroitin sulfate glycosaminoglycans.

To further study the uptake of guanidinoglycosides, other mutant CHO cells
were examined (Fig. 3). pgsG cells, mutants lacking all glycosaminoglycans due to a
deficiency in glucuronyltransferaseI (24), showed a reduction in binding and uptake
similar to pgsA cells. Reintroduction of the gene for glucuronosyltransferase I (pgsG +
GlcATI) restored binding and uptake, demonstrating their dependence on
glycosaminoglycans. Cells selectively lacking heparan sulfate (pgsD) (27) also
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exhibited dramatically reduced binding and uptake of fluorescent guanidinoneomycin.
Because pgsD cells express higher than normal levels of chondroitin sulfate on the cell
surface, these findings demonstrate the specificity of binding and uptake for heparan
sulfate. Examination of Lec2 cells, which lack sialic acid residues, excluded
participation of sialylated glycoproteins and glycolipids (data not shown).
To test the dependence of guanidinoglycoside uptake on heparan sulfate in
other cells, we incubated human HeLa ovarian carcinoma cells with fluorescent
guanidinoneomycin. A robust signal was obtained, and treatment of the cells with
heparin lyases reduced uptake (Fig. 3). The extent of reduction was not as great by
enzymatic treatment as by genetic inactivation of heparan sulfate formation in CHO
cells, presumably due to incomplete digestion of heparan sulfate chains. Similar
results were also obtained for STO mouse fibroblast cells (data not shown), indicating
that heparan sulfate on other cells can also mediate uptake of guanidinoneomycin.
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Figure 3. Binding and uptake of guanidinoneomycin by CHO cells and mutants.
Guanidinoneomycin-biotin streptavidin-PE-Cy5 conjugates were incubated with wildtype and mutant CHO cells at 60 nM for 1 h at 37 °C under the indicated conditions.
Binding and uptake was analyzed by flow cytometry, and the mean fluorescence
values were determined. These data show that the cellular uptake of
guanidinoneomycin depends on the presence of cell surface heparan sulfate.

To distinguish between cell surface binding and internalization, wild-type
CHO cells were incubated with the fluorescent guanidinoneomycin conjugate at 4°C,
where only surface binding occurs. The extent of labeling at 4°C was reduced by ~6fold compared with incubations performed at 37 °C (Fig. 4,inset), suggesting that
~85% of the fluorescence signal at 37°C was due to internalization. Binding at 4°C
was sensitive to trypsin and heparinase treatment, consistent with binding to
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membrane proteoglycans. Incubation of pgsA cells showed that at low concentrations
binding was entirely dependent on expression of glycosaminoglycans. At higher
concentrations, a second class of binding sites was detected that did not show
saturability (Fig.4). Binding to wild-type cells at higher concentrations represents the
sum of both classes of binding sites. Subtraction of the fluorescent values obtained
from the mutant (pink line) from those obtained from the wild-type (blue line) yielded
a binding curve (green line) that presumably reflects the contribution of the
proteoglycans (Fig. 4).
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Figure 4. CHO cell binding of guanidinoneomycin at 4 °C.
Guanidinoneomycin-biotin streptavidin-PE-Cy5 conjugates were incubated with wildtype (blue) and pgsA (pink) cells at concentrations from 10 nM to 30 µM at 4 °C.
Binding was analyzed by flow cytometry, and the mean fluorescence values were
determined. The difference between mean values (green) shows that proteoglycandependent binding sites for guanidinoneomycin start to become saturated at low to
mid micromolar concentrations. The inset shows relative mean fluorescence values for
untreated wild-type cells and wild-type cells treated with guanidinoneomycin at 37
and 4°C.
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Guanidinoneomycin inhibition of FGF-2 and Arg9 binding to cell surface heparan
sulfate
The

binding

and

uptake

studies

described

above

predicted

that

guanidinoneomycin would inhibit binding of ligands that are known to interact with
heparan sulfate, such as basic fibroblast growth factor (FGF-2) (29,30). Prior studies
have shown that biotinylated FGF-2 will bind to wild-type CHO cells in a heparan
sulfate-dependent manner (24). When mixed with increasing concentrations of
guanidinoneomycin, binding was inhibited, with an IC50 value of ~20 µM (Fig. 5a).
In contrast, neomycin, the parent aminoglycoside, did not inhibit binding of FGF-2,
which is consistent with its reduced affinity for heparan sulfate (data not shown).
Guanidinoneomycin also blocked fluorescent-Arg9 binding and uptake (Fig. 5b).
However, inhibition of Arg9 was incomplete, saturating at the same level of
fluorescence intensity as observed when fluorescent Arg9 was incubated with pgsA
cells (Fig. 5b, inset). These data show that Arg9 and guanidinoneomycin bind to a
common set of glycosaminoglycan-dependent sites and support the idea that Arg9 also
has one or more glycosaminoglycan-independent mechanisms of uptake.

98

Figure 5. Inhibition of FGF and Arg9 binding by guanidinoneomycin.
(a), wild-type CHO cells were incubated with biotinylated FGF-2 (10 ng/ml) for 1 h in
the presence of increasing concentrations of guanidinoneomycin. Cells were then
stained with streptavidin-phycoerythrin-cychrome and analyzed by flow cytometry.
Guanidinoneomycin inhibited FGF-2 binding to cells with an IC50 of ~20 µM. (b),
wild-type and pgsA cells were incubated with 0.5 mM Arg9-BODIPY and increasing
concentrations of guanidinoneomycin. After 1h the cells were analyzed by flow
cytometry. Guanidinoneomycin is able to partially block Arg9 binding to the surface of
cells. The signal saturates once it reaches that of pgsA cells incubated with the
fluorescent peptide. Inset, relative fluorescence of untreated wild-type cells (a), wildtype cells treated with fluorescent Arg9 (b), pgsA cells treated with Arg9 (c), and wildtype cells treated with Arg9 and 1 µM (d) or 300 µM guanidinoneomycin (e).

99
Guanidinoneomycin internalization and cytoplasmic delivery of cargo
To study uptake of guanidinoneomycin in live cells, wild-type and
glycosaminoglycan-deficient pgsA cells were incubated with a conjugate prepared
from

guanidinoneomycin-biotin

and

streptavidin-Alexa-488.

Deconvolution

fluorescence microscopy demonstrated uptake into punctate vesicles (Fig. 6a),
whereas uptake was not observed in pgsA cells (Fig. 6b). Inclusion of heparin (50
µg/ml) in the incubation medium completely abolished uptake in wild-type cells (data
not shown), but washing the cells with heparin (350 µg/ml) after incubation with the
fluorescent guanidinoglycoside conjugate had little effect on vesicle fluorescence,
consistent with the idea that the punctate structures were intracellular. With longer
incubation, more diffuse cytoplasmic staining was observed as well (data not shown).
To probe the mechanism of uptake, wild-type cells were incubated with the
fluorescent guanidinoneomycin conjugate in the presence of sucrose, which has been
shown to inhibit clathrin-mediated endocytosis through dissociation of the clathrin
lattice (31), and amiloride, which specifically blocks macropinocytosis through
inhibition of Na+/H+ exchange (23,32). Cells treated with sucrose showed a marked
decrease in internalization of guanidinoneomycin, whereas amiloride had no effect
(Fig. 6c). These data indicate that guanidinoneomycin is likely internalized into cells
via clathrin-dependent endocytosis, consistent with other studies indicating that
proteoglycans undergo constitutive internalization (33).

100

Figure 6. Visualization of guanidinoneomycin uptake in CHO cells.
(a), wild-type cells were incubated with a conjugate of biotinylated
guanidinoneomycin and streptavidinylated Alexa-488 for 1h at 37°C. An overlay of
the 4’,6-diamidino-2-phenylindole nuclear stain (blue) and fluorescent
guanidinoneomycin conjugate (green) shows internalization in punctate vesicular
structures. When the same experiment was performed with heparan/chondroitin
sulfate-deficient pgsA cells (b), no cell-associated guanidinoglycoside fluorescence
was observed. (c), incubation of wild-type cells with 0.4 M sucrose inhibited uptake,
whereas incubation with 5 mM amiloride had no effect.

These findings suggested that much of the internalized fluorescent
guanidinoneomycin was present in endocytic vesicles or lysosomes but with time
some will appear in the cytoplasm. To examine whether guanidinoneomycin could
deliver large cargo into the cytoplasm, streptavidinylated saporin was conjugated to
guanidinomeomycin-biotin. Saporin, a Type I ribosome-inactivating toxin from
Saponaria officinalis seeds, does not kill cells due to lack of cell surface receptors
(34). However, conjugation of saporin to a ligand for which receptors exist leads to
cell death (34). As shown in Fig. 7, the gunidinoneomycin-saporin complex killed
wild-type CHO cells with an LD50 of ~ 2nM. No cell toxicity was observed for
unconjugated guanidinoneomycin-biotin or for free saporin at concentrations up to
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100nM. Mutant pgsA cells were resistant to toxin within this range of concentration
but succumbed at higher concentrations, similarly to cells treated with neomycinsaporin or unconjugated saporin at high concentration. Taken together, these data
show that guanidinoneomycin can deliver at very low concentrations large, bioactive
cargo into the cytoplasm in a heparan sulfate-dependent manner.

Figure 7. Guanidinoneomycin can efficiently deliver large, bioactive cargo into
the cell in a heparan/chondroitin sulfate-dependent manner.
Various combinations of guanidinoneomycin, saporin, and streptavidinylated saporin
(~130 kDa) were added to cells. After 4 days, the number of viable cells was
estimated using CellTiter assay (“Experimental Procedures”), where the emission at
575 nm corresponds to the relative number of viable cells. Guanidinoneomycin-biotin
does not display cell lysis activity on wild-type (black) or pgsA (pink) cells up to the
highest concentration examined (84 nM). Little to no cell death was observed in both
wild-type (blue) and pgsA (gray) cells when incubated with a mixture of nonstreptavidinylated saporin and guanidinoneomycin-biotin. Cell toxicity was observed
when wild-type cells were incubated with guanidinoneomycin conjugated to saporin
through biotin-streptavidin (red) with an LD50 of ~2nM. pgsA cells were relatively
resistant to the guanidinoglycoside-toxin conjugate (green).
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DISCUSSION
Cationic transduction domains, such as the Arg-rich Tat peptide, have been
demonstrated to effectively cross lipid bilayers and enter cells (7). Importantly, such
relatively short peptides have also been shown to facilitate the uptake of diverse
molecular cargos, from small molecules to oligonucleotides and proteins. These
observations support the notion that such molecular transporting vehicles can
eventually be used to facilitate cellular delivery of impermeable therapeutic agents. A
natural peptidic backbone (or sequence) is unnecessary for delivery, because several
guanidinium-containing derivatives have been shown to function in a similar manner
to Arg-rich peptides. Here, we have evaluated the cell surface requirements for the
uptake of guanidinoneomycin, a carbohydrate-based, non-oligomeric guanidiniumrich derivative of the naturally occurring aminoglycoside antibiotic. Like their oligoarginine counterparts, guanidinoneomycin can deliver high molecular mass cargos, but
with much greater selectivity for cell surface heparan sulfate. Thus, guanidinylated
glycosides such as guanidinoneomycin may provide the opportunity to develop cellselective delivery tools, exploiting the differences in proteoglycan expression among
different cell types (35).
A universal feature of cell transduction domains, independent of backbone
structure, is the presence of a number of guanidinium groups. Bearing a fixed positive
charge, these groups can readily form charge-charge interactions with negatively
charged groups present in macromolecules, such as phosphate groups in nucleic acids,
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sulfate and carboxyl groups in glycosaminoglycans, and polar head groups of acidic
phospholipids enriched in the outer leaflet of the plasma membrane. The
guanidinoglycosides bind more avidly than the corresponding aminoglycosides,
presumably due to the higher basicity of the guanidinium groups and their ability to
form charged, paired hydrogen bonds with sulfate groups. Apparently, net charge
plays a key role in efficacy, as cell transduction domains typically contain between 5
and 11 clustered guanidine groups (3,9,22). The studies reported here also demonstrate
that the three-dimensional distribution and density of guanidinium groups confer
preferred interactions. Thus, exogenously supplied guanidinoneomycin preferentially
interacts with heparan sulfate chains associated with cell surface proteoglycans, and
not with other acidic glycans, such as chondroitin sulfate, which actually has a higher
average charge density

per

unit

length

compared

with

heparan

sulfate.

Guanidinoneomycin can also bind to a second class of lower affinity receptors when
added at higher concentrations. While the proteoglycan-dependent receptors became
saturated at low micromolar concentrations of guanidinoneomycin, the binding to this
second, non-heparan sulfate-dependent class of receptors did not plateau. This finding
indicates that these receptors are abundant and may constitute a major part of the cell
surface, such as the polar heads of the phospholipids (15). The ability to alter the
number and spatial distribution of guanidinium groups on glycoside-based scaffolds
may aid in the design of even more specific derivatives.
A major finding reported here is the use of guanidinoglycosides to facilitate the
cytoplasmic delivery of bioactive cargo, such as streptavidinylated saporin (~130
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kDa) and phycoerythrin (~300 kDa). The use of saporin as a probe of cytoplasmic
delivery has several advantages, including greater sensitivity and the capacity to kill
cells by inhibition of protein synthesis. The dependence of cytoplasmic delivery on
heparan sulfate and its sensitivity to sucrose suggests that the guanidinoneomycin
conjugates may bind to membrane proteoglycans and “piggy-back” into the cell during
clathrin-dependent endocytosis. A portion of membrane proteoglycans undergoes
constitutive internalization and degradation in lysosomes (33). Although it is tempting
to speculate that the punctate structures labeled by fluorescent guanidinoneomycin
represent a pool from which saporin complexes escape or are transported into the
cytosol, further studies are needed to determine the actual compartment from which
cytosolic cargo originates.
Guanidinoglycosides present several advantages over peptide/oligomer-based
transport vehicles: 1) The mechanism of uptake and delivery of polyarginine appears
to be more complicated, because both heparan sulfate-dependent and-independent
pathways exist; 2) Non-peptidic and non-oligomeric structures may display enhanced
in vivo stability; 3) Aminoglycoside-degrading enzymes, and by inference enzymes
that degrade guanidinoglycosides, have not yet been described in animal cells,
whereas multiple proteases exist that can degrade arginine-rich peptides; 4)
Guanidinoglycosides may offer greater flexibility in conjugation chemistry as
compared with peptide-based delivery agents; 5) The chemical synthesis of
guanidinoglycosides allows for divergent synthesis of multiple conjugates; and 6) The
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use of cleavable linkers might further facilitate the delivery of small and large
molecules and their release within the cytoplasm.
In summary, we have shown the capacity of guanidinoglycosides to deliver
high molecular mass, bioactive cargos into cells. At low concentration, cellular uptake
occurs exclusively by heparan sulfate-dependent receptors. This behavior may provide
a window of opportunity to exploit differences in expression of cell surface
proteoglycans for the development of more effective and selective cellular delivery
vehicles.

MATERIALS AND METHODS
Cell culture
Chinese hamster ovary cells (CHO-K1)1 (ATCC CCL-61) and Lec 2 (ATCC
CRL-1736) were obtained from the American Type Culture Collection (Rockville,
MD). Mutants pgsA745 and pgsG224 were described previously (23,24). All cell lines
were grown under an atmosphere of 5% CO2 in air and 100% relative humidity in F12
growth medium supplemented with 7.5% (v/v) fetal bovine serum, 100 µg/ml of
streptomycin sulfate, and 100 units/ml of penicillin G.
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Synthesis of guanidinoneomycin-biotin, neomycin-biotin, andArg9-biotin
Synthesis of guanidinoneomycin-biotin and neomycin-biotin is described in
appendix A.
Arg9-biotin and Arg9-BODIPY were synthesized using standard Fmoc (N-(9fluorenyl)methoxycarbonyl)/HBTU

(O-(1H-benzotriazole-1-yl)N,N,N’,N’-

tetramethyluronium hexafluorophosphate) chemistry as described in the appendix.

Inhibition experiments
Wild-type CHO cells were grown to confluence on 6-well tissue culture plates,
harvested with 10 mM EDTA (37 °C, 10 min), washed with phosphate-buffered saline
(PBS), and incubated in suspension with biotinylated FGF-2 (10 ng/ml) (25) in F12
medium for 1h at 4°C in the presence of increasing concentrations of
guanidinoneomycin (100 nM to 1.8 mM). The cells were then stained with
streptavidin-phycoerythrin-Cy5 (BD Biosciences) for 20 min, washed three times with
PBS, and analyzed by flow cytometry. Cells were also incubated in F12 medium
containing

0.5

µM

Arg9-BODIPY

and

increasing

concentrations

guanidinoneomycin(1–300 µM) for 1h at 37°C and analyzed by flow cytometry.

of

107
Preparation of fluorescently tagged guanidinoneomycin-biotin, neomycin-biotin,
and Arg9-biotin and cell uptake studies
Biotinylated compounds were stored in water at -20 °C. After thawing at room
temperature, compounds were diluted into F12 medium to 1µM. To this solution,
streptavidin-PE-Cy5 (BD Biosciences) was added in a 1:1000 dilution to achieve a
ratio of 1:3 of fluorophore to biotin. To ensure completion of the biotin-streptavidin
reaction, the solution was gently mixed and allowed to incubate at room temperature,
shielded from light for 30 min. Following this incubation, compounds were diluted to
the desired concentration in growth medium. For experiments done at 4°C solutions
were incubated on ice for 30 min.
Wild-type and mutant CHO cells were grown to confluency on 6-well tissue
culture plates. After washing with PBS, cells were incubated with the fluorescenttagged guanidinoneomycin-, neomycin-, or Arg9-biotin for 1h at 37°C under an
atmosphere of 5% CO2. Cells were washed with PBS, released with EDTA, and
analyzed by flow cytometry.

Microscopy
Cells were cultured on Lab-Tek chambered coverglass slides (Electron
Microscopy Sciences) in F12 medium. After washing with PBS, cells were incubated
for 1h in 1ml of 60nM guanidinoneomycin coupled to streptavidin-Alexa-488
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(Molecular Probes) at 37°C. Guanidinoneomycin-A488 was prepared by incubating
1µM guanidinoneomycin-biotin with 6 µg of streptavidin-Alexa-488 in 1 ml of
medium. Hoechst 33342 (2 µg/ml; Molecular Probes) was added to cells for the last
20 min of incubation. Cells were washed three times with F12 medium before live cell
imaging. Microscopic images were acquired on an Olympus IX70 Delta Vision
Spectris Image Deconvolution

system,

equipped

with

a temperature and

atmospherically controlled stage. Images were deconvolved (10 cycles) using
SoftWoRx Explorer Suite software.

Saporin Delivery
A conjugate of saporin and biotinylated guanidinoneomycin was prepared by
mixing streptavidinylated saporin (Advanced Targeting Systems) with biotinylated
compound in 1:4 ratio. Wild-type CHO and pgsA cells were incubated with
guanidinoneomycin-biotin, guanidinoneomycin-biotin and saporin or the conjugate of
guanidinoneomycin-biotin and streptavidinylated saporin in complete growth medium
for 4 days at 37°C. CellTiter-Blue (Promega) was added to the medium and cells were
incubated for an additional 4h to measure viability.
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Guanidinoneomycin - Mechanism of Internalization and Potential
Therapeutic Applications
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INTRODUCTION
Chapter 3 described a new class of cargo transporters, guanidinoglycosides,
which have been shown to enter cells via a heparan sulfate-dependent mechanism.
These molecules effectively deliver bioactive cargo, for example saporin toxin, at
nanomolar concentrations. In contrast, peptidic transporters that have been described
previously, e.g. HIV-1 tat protein, often require much higher working concentrations
for effective delivery. As described in chapter 3, uptake of guanidinoglycosides is
completely heparan sulfate mediated at low nanomolar concentrations.
In this chapter, I describe further studies of the mechanism of internalization
and localization in subcellular compartments and possible explore the biological
applications of these transporter molecules. This was accomplished by testing saporinGNeo conjugates as chemotherapeutic agents to target and kill cancer cells and if this
targeting could be specific for particular cancer types or invasive phenotypes.
Additionally, I examined whether one might use GNeo to deliver the enzyme βglucuronidase to cells as a way to correct one of the lysosomal storage diseases, called
mucopolysaccharidosis VII (MPS VII). These studies are preliminary in nature, but
demonstrate the potential utility of GNeo as a therapeutic agent.

116
SECTION A
MECHANISM OF INTERNALIZATION OF GUANIDINONEOMYCIN

INTRODUCTION
In chapter 3, we have demonstrated that GNeo at concentrations below 300nM
binds and internalizes via a heparan sulfate-mediated mechanism. Experiments
performed with amiloride or sucrose inhibition indicated that this process of uptake
might occur via clathrin-mediated endocytosis. We therefore hypothesized that GNeo
binds to HSPGs and is endocytosed along with the proteins and then re-distributed in
the cell, possibly ending up in endosomes, lysosomes or even the trans Golgi
apparatus. Live cell microscopy and flow cytometry experiments were performed to
elucidate this mechanism.

RESULTS
GNeo is taken up via a heparan sulfate-dependent mechanism and localizes to a
very stable vesicle population
We had previously demonstrated that GNeo is taken up in an HS-dependent
manner when comparing wildtype CHO cells to HS knock-out cells (see chapter 3).
We next wanted to confirm this finding by microscopy in order to (a) show that we
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could compete GNeo uptake with heparin and (b) determine the fate of GNeo once
internalized by the cells. All microscopy experiments described here were performed
on live cells in order to avoid ambiguous results due to fixation, as have been
previously reported in the literature .
Wildtype CHO cells were grown on chambered coverslips and then incubated
for 1 hr at 37°C with 60nM GNeo-biotin conjugated to streptavidin-Alexa488.
Incubation with GNeo occurred either in the presence or absence of 50µg/ml heparin.
Cells were co-stained with Hoechst nuclear dye and then washed and imaged on a
deconvolution microscope with a CO2 and temperature controlled stage. In addition, a
separate set of cells was incubated without heparin but washed with a 350µg/ml
solution of heparin before imaging. This treatment would remove any cell surface
GNeo present at the end of the incubation period and would confirm that GNeo
staining in untreated CHO cells is truly intracellular. As shown in Figure 1, wildtype
CHO cells take up GNeo-Alexa488 and it localizes to vesicles inside the cells (Fig.
1A). A 350µg/ml heparin wash after incubation (Fig. 1B) removes some GNeo
staining, suggesting that a portion of the positive stain observed in Fig. 1A is cell
surface associated and bound to heparan sulfate. Lastly, co-incubation with 50µg/ml
heparin completely inhibits GNeo-Alexa488 uptake (Fig. 1C), again confirming that
uptake at this concentration is entirely HS-mediated.
It is clear from these data that GNeo-Alexa488 is internalized in vesicles and
transported into the cell. To examine the dynamics of this process a bit more closely,
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we performed time-lapse experiments in which cells were incubated with GNeoAlexa488 for 1 hour, then washed and monitored for up to 3 hours by deconvolution
microscopy, again using a temperature- and CO2-controlled microscope stage. The
microscope was programmed to take images of several different groups of cells in 5minute intervals. In Figure 1D – I, a representative set of time lapse data is shown. In
these experiments we noted repeatedly that after an initial “burst” of vesicle
dispersement, a surprisingly large percentage of GNeo-containing vesicles is stable
over longer periods of time. A few examples of such long-lived vesicles are pointed
out by arrows and arrowheads (Fig. 1D – I), illustrating their presence even after 100
minutes of imaging. Many of these vesicles persisted past 3 hours in other
experiments.
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Figure 1. GNeo-Alexa488 internalization is HS-dependent and leads to stable,
long-lived vesicles.
Wildtype CHO cells were incubated for 1 hour with 60 nM GNeo-Alexa488 (green)
and then imaged live on a CO2- and temperature-controlled deconvolution microscope.
Nuclei were stained with Hoechst dye (blue). GNeo-Alexa488 is taken up by wildtype
cells (A) in an HS-dependent manner. Consistent with that statement, washing cells
with 350µg/ml heparin after incubation (B), leads to a decrease in staining, probably
representing the fraction of GNeo bound to the cell surface. Co-incubation with
50µg/ml heparin (C) leads to total abrogation of GNeo internalization. Time lapse
studies (D-I) reveal that GNeo-A488 travels in vesicles that remain in the perinuclear
area of the cells for an extended period of time (arrows and arrowheads). Images
were acquired every 5 minutes, with representative time points shown here.
Experiment was performed on 3 separate occasions, with very similar results.
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These data suggest that a fraction of GNeo-containing vesicles is not
immediately processed and fused either with lysosomes or recycling endosomes. In
addition, the longer-lived vesicles tend to localize to the perinuclear region. It is
tempting to speculate that these vesicles might possibly even participate in the
retrograde trafficking to the trans Golgi apparatus. At any rate, further study of the
subcellular redistribution of GNeo-containing vesicles might shed some very
interesting light on the internalization and trafficking pattern of HSPGs in general.

GNeo

is

internalized

mainly

via

clathrin-mediated

endocytosis,

not

macropinocytosis
After establishing that GNeo binding and uptake is heparan sulfate-mediated,
we attempted to determine whether internalization occurred via endocytosis or fluid
phase uptake mechanisms, such as macropinocytosis. There is considerable
disagreement in the literature about the route of entry of protein transduction domains
(PTDs), such as HIV tat, with reports arguing in favor of both clathrin-mediated
endocytosis(1) as well as macropinocytosis(2). To distinguish between the two
mechanisms, we decided to use two well-established markers for those processes. To
that end, we used neutral dextran-70, conjugated to rhodamine, to monitor
macropinocytosis. Transferrin is known to be internalized by clathrin-mediated
endocytosis after binding to the transferrin receptor. We used rhodamine-labeled
transferrin to monitor this process.
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CHO cells were co-incubated with 60nM GNeo-Alexa488 and either dextranrhodamine or transferrin-rhodamine at 37°C for 1 hour. After several washes to
remove excess label from the media, cells were imaged live on a deconvolution
microscope. As shown in Figure 2, GNeo co-localizes much more extensively with
transferrin-rhodamine than with dextran-rhodamine. These results suggest that the
main route of internalization is clathrin-mediated endocytosis, with macropinocytosis
accounting for a much smaller percentage of internalized GNeo.

Figure 2. GNeo is internalized via clathrin-mediated endocytosis.
Co-incubation of 60nM GNeo-Alexa488 (green) with either dextran-rhodamine (A-C,
red) or transferrin-rhodamine (D-F, red) shows a much higher degree of
colocalization (yellow) in transferrin-rhodamine treated cells, indicating that the major
route of cell entry for GNeo is clathrin-mediated endocytosis. Most transferrincontaining vesicles completely co-localize with GNeo (e.g. E, F) whereas only a
fraction of dextran-containing vesicles overlap with GNeo (e.g. A, B). Cells were
imaged using live-cell deconvolution microscopy.
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To confirm that the contribution of macropinocytosis is minor, we performed
flow cytometry experiments using β-cyclodextrin, an inhibitor of lipid raft-mediated
endocytosis, which includes macropinocytosis. In these experiments, cells were preincubated with increasing concentrations of β-cyclodextrin before 60nM GNeo
conjugated to streptavidin-PE-Cy5 was added. Cells were allowed to take up GNeo for
1.5 hours at 37°C, then were washed and incubated for an additional hour to ensure
complete internalization of GNeo bound to the surface. Cells were trypsinized, washed
and GNeo uptake analyzed by flow cytometry. As shown in Figure 3, treatment with
β-cyclodextrin does not significantly inhibit uptake of GNeo (Fig 3C, D). Transferrin
was run as a marker for clathrin-mediated endocytosis to demonstrate that βcyclodextrin does not inhibit that process. At higher concentrations of β-cyclodextrin,
a reduction in GNeo uptake is observed. This could be accounted for by the fraction of
GNeo that does enter the cell via macropinocytosis (see Fig. 2) and would then be
consistent with the microscopy findings. These results also complement data presented
in chapter 3, where we showed that sucrose, an inhibitor of clathrin-mediated
endocytosis, but not amiloride, another inhibitor of macropinocytosis, abrogates GNeo
uptake into cells.
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Figure 3. Treatment with β-cyclodextrin, an inhibitor of lipid-raft mediated
endocytosis, does not inhibit GNeo-PE-Cy5 uptake.
Cells were pre-treated with β-cyclodextrin for 45 minutes before 60nM GNeo-PE-Cy5
and transferrin-Alexa488 were added and incubated for another 1.5 hours. Cells were
then washed and incubated and additional 1 hour to allow internalization of all bound
GNeo. Staining was analyzed by flow cytometry. (A) untreated cells (B) cells
incubated with GNeo and transferrin but no β-cyclodextrin (C) cells incubated with
GNeo, transferrin and 10mM β-cyclodextrin. Note that the population shift into the
lower two quadrants is negligible. (D) GNeo uptake with increasing concentrations of
β-cyclodextrin. Geometric means of GNeo peaks were compared to untreated cells
and graphed in Prism GraphPad. GNeo uptake declines slightly at the highest βcyclodextrin concentration (10mM) tested.
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DISCUSSION
In this section, we have shown that GNeo is internalized in an HS-dependent
manner mostly via clathrin-meditaed endocytosis and localizes to stable vesicles
within the cells.
The fact that GNeo is taken up mostly via clathrin-mediated endocytosis is
interesting as it presents a difference to peptide-based cargo transporters. While there
are conflicting reports in the literature about mechanism of uptake of these molecules,
the most convincing data seems to indicate that macropinocytosis is the major route of
entry for PTDs, such as HIV tat. This would again underscore the higher selectivity of
GNeo compared to arginine-based peptides. In addition, effective intracellular
concentrations are achieved at generally lower concentrations than with peptide-based
delivery systems. It is possible that this specificity could be exploited in the future for
targeted delivery at much lower concentrations. Lastly, due to their specific interaction
with heparan sulfate, these molecules and possible future derivatives could provide
excellent tools for the study of HSPG trafficking and recycling.
With an eye towards using GNeo as a tool to deliver bioactive cargo such as
enzymes or toxins to cells as therapeutics, it would be very important to understand
the trafficking patterns of HSPGs – and, by extension, GNeo – once internalized into
the cells. To that end, I have attempted a series of experiments to elucidate the
pathway of vesicle trafficking that internalized GNeo undergoes. In particular, I have
attempted to determine whether GNeo is shuttled to the lysosomes and/or released into
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the cytoplasm. For the latter, it seems reasonable to assume that GNeo enters the
cytoplasm at some point since delivery of saporin and subsequent cell killing (see
chapter 3 and below) suggest that saporin toxin be present in that compartment, where
it inactivates ribosomes. Unfortunately it is not clear whether GNeo disengages from
the HS it is bound to and somehow crosses the vesicular membrane or if the saporin
exits by itself. That is a possibility according to the manufacturer’s description of
streptavidin-saporin. In long-term time-lapse experiments I have observed the
disappearance of GNeo-tagged vesicles (data not shown), which could indicate that
GNeo somehow disperses into the cytoplasm. However, the fluorescent Alexa tags are
not robust enough to allow imaging of single molecules and so, as soon as GNeo
dilutes into the cytoplasm, our ability to follow it is lost. It would be very interesting
to conjugate GNeo to streptavidin-quantum dots, which would allow us to image
single GNeo molecules and follow their journey through the cell in real time.
On the other hand, it is possible that the label disappears after a period of time
because GNeo-Alexa488 has been sorted into lysosomes and degraded. This is an
attractive hypothesis because it would make GNeo the perfect candidate to deliver
enzymes to cells to correct lysosomal storage diseases. I have repeatedly attempted to
co-localize GNeo with lysosomal dyes by live cell microscopy. But neither using a
general membrane dye nor lysotracker, a weak amine that freely diffuses into the cell
but gets trapped in the lysosome upon protonation, have neither successfully stained
the lysosomes or colocalized with GNeo-A488. Lysotracker staining bleaches rapidly
during imaging and I have not been able to determine conditions under which it holds
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up to long-term live cell imaging. Therefore, it is difficult to determine whether the
absence of lysosomal localization for GNeo-Alexa488 is due to experimental
difficulties, degradation of the label or true absence of trafficking of GNeo to the
lysosomal compartment.
Another approach to this question is to use antibodies against specific
endosomal and lysosomal proteins and to determine whether they co-localize with
internalized GNeo-Alexa488. The disadvantage of this method lies in the fact that
antibodies do not cross intact cell membranes, making it necessary to work with fixed
cells. This raises the concern of artifacts, due to leakage of GNeo conjugates into and
out of vesicles post fixation. However, preliminary studies were performed using
different permeabilization and fixation techniques and I have determined that it is
possible to fix and permeabilize the cells without significantly disturbing the staining
and distribution pattern of GNeo-Alexa488 containing vesicles (data not shown). The
optimal method involves incubation of cells for 1 hour with 60 nM GNeo-Alexa488,
followed by washing and fixation with 3% PFA followed by 3% PFA/0.5% TritonX100. This technique should hopefully allow for further studies using specific
antibodies against proteins associated with lysosomes, endosomes and the trans Golgi
to dissect the intracellular pathway taken by endocytosed GNeo and HSPGs.
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MATERIALS AND METHODS
Preparation of GNeo-Alexa488
GNeo-Alexa488 was prepared by mixing 1µM GNeo-biotin with 1:300
streptavidin-Alexa488 (Invitrogen, CA) in F12 media. After incubation at room
temperature, shielded from light, for 30 minutes, conjugate was diluted to final
working concentration, usually 60nM, in complete F12 media.

Live cell deconvolution microscopy
Wiltype CHO cells were grown in F12 media on Lab-Tek chambered
coverslips (Electron Microscopy Sciences) and incubated for 1 hr at 37°C with 60nM
GNeo-Alexa488 as well as Hoechst 33342 nuclear dye at 2µg/ml (Invitrogen,
Carlsbad, CA) unless otherwise indicated. Cells were washed and directly imaged on a
Olympus IX70 Delta Vision Spectris Image Deconvolution system, equipped with a
temperature and atmospherically controlled stage. Acquired images were deconvolved
(10 cycles) using SoftWoRx Explorer Suite software.
For heparin inhibition experiments, cells were co-incubated with 50µg/ml
heparin and 60nM GNeo-Alexa488 or incubated with GNeo-Alexa488 alone and then
washed with 350 µg/ml heparin afterwards and prepared for microscopy as described
above.
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For time-lapse experiments, cells were prepared as above. The Delta Vision
Deconvolution system was programmed to acquire images automatically every 5
minutes for the specified amount of time. Data from individual time points were
processed as described above.

Dextran and transferrin labeling
CHO cells were grown on chambered coverslips (Electron Microscopy
Sciences), washed and incubated with 60nM GNeo-Alexa488 and either 2.5mg/ml
dextran-rhodamine or 50µg/ml transferrin-rhodamine, as well as 2µg/ml Hoechst
33342 (all from Invitrogen, CA) for 1 hour at 37°C (20 min for Hoechst). Cells were
washed 3x with F12 media to remove excess label and imaged as described above.

Flow cytometry uptake studies
CHO cells were pre-incubated in 0.1 to 10 mM β-cyclodextrin (Sigma) for 45
minutes at 37°C. Media was then spiked with 60nM GNeo-PE-Cy5 (as described in
Materials and Methods in Chapter 3) and 50µg/ml transferrin-Alexa488 (Invitrogen,
CA) and allowed to incubate at 37°C for 1.5 hours. Cells were washed with PBS and
then incubated in full media for an additional hour at 37°C. After trypsinization, cells
were washed and analyzed with a flow cytometer. Data was processed in FlowJo and
graphed in GraphPad Prism.
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SECTION B
TARGETING CANCER CELLS WITH GNEO-SAPORIN

INTRODUCTION
Tumor growth is governed by a variety of complex processes, including initial
proliferation of tumor cells, angiogenesis leading to tumor vascularization and supply
of nutrients and oxygen, invasion into surrounding tissues and adjacent vasculature,
metastasis through the blood and lymph circulation, attachment and extravasation at
distant tissue locations where infiltration and invasion into healthy tissue occurs and
renewed tumor cell proliferation to form secondary tumors.
It has now been shown that HSPGs are involved in many of these processes,
for example, during tumor cell proliferation HSPGs can serve as co-receptors for
tumor cell growth factors. Glypican-1, a GPI-anchored HSPG, has been shown to be
overexpressed in some types of cancers during this phase of tumor growth(3). Other
studies have shown that tumors regulate the sulfation of HS in order to increase
binding of growth factors and receptor activation(4, 5). During tumor invasion into
surrounding tissue cells must be able to detach, move and spread again on the
extracellular matrix surrounding them. This is a complex process of disrupting focal
adhesions, which allows the cell to migrate, followed by the formation of new focal
adhesions that promote cell spreading and invasion. Syndecan-1 and -4 have been
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shown to be important in this process by interacting with ECM proteins as well as
integrins, thereby facilitating the dynamic formation and disruption of focal adhesions.
Both syndecan-1 and -4 have been found to be overexpressed in a variety of invasive
carcinomas (6-8).
The overexpression of HSPGs and HS during cancer progression provides a
target for pharmacological inhibition, e.g. by an agent such as surfen (characterized in
chapter 2) that disrupts interactions between GAG chains and proteins. The alteration
of HSPG expression might also be a target for a cargo transporter such as GNeo,
thereby sensitizing overexpressing cells to cytotoxic agents delivered by conjugation
to GNeo. Thus, we hypothesized that cancer cells, due to upregulation of HSPGs,
might preferentially bind GNeo and could, thereby, be targeted with a toxin delivered
by GNeo. Since we already know from previous studies (chapter 3) that GNeo can
successfully deliver saporin toxin to cells, we decided to use this conjugate to test this
hypothesis.
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RESULTS
Cancer cells are sensitive to GNeo-streptavidin-saporin
To determine whether cancer cells could be targeted and killed with a toxin
delivered by GNeo, we incubated a variety of human cancer cell lines with increasing
concentrations of GNeo-streptavidin-saporin. Saporin is a ribosome-inactivating toxin
from the seeds of the plant Saponaria officinalis. In these experiments, saporin,
chemically conjugated to streptavidin, was used to form a complex with biotinylated
GNeo, which targets the saporin to cells in a heparan sulfate-dependent fashion (as
described in Chapter 3). Before the kill curves were performed, growth curves for each
cell line were performed in order to determine a seeding density that would yield
confluent 96 wells within the duration of the assay under normal growth conditions.
For the saporin experiments, the pre-determined number of cells was seeded and
allowed to adhere before increasing concentrations of GNeo-streptavidin-saporin were
added to the wells. For all cell lines, first experiments were performed in a range of
0.05-100 nM GNeo-streptavidin-saporin. If no significant effect was observed at the
100 nM concentration, experiments were repeated using 200 nM as the highest
concentration. Because we had previously determined that at concentrations greater
than 200 nM GNeo uptake was mediated by more than one mechanism and likely
involved a route of uptake independent of HSPGs (see chapter 3), 200 nM GNeo was
the highest concentration used in any of the kill experiments. As shown in Figure 4,
carcinoma cells are differentially sensitive to GNeo-streptavidin-saporin, with IC50
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values ranging from ~ 80 nM for MV522 to ~ 1.5 nM for BT20. Differences in
sensitivity do not appear to be correlated with the tissue of origin as evidenced by the
IC50 values for MV522 and A549, both derived from lung carcinomas. A549 is very
sensitive to GNeo-streptavidin-saporin treatment, while MV522 is virtually resistant.
Even though sensitivity does not seem to correlate with tissue of origin, however, it
appears clear from these data that there are inherent differences in sensitivity to GNeostreptavidin-saporin between cancer lines. Additionally, it is important to note that the
differences are not simply manifested in differences in IC50 values. Some cancer lines,
e.g. LS180, OVCAR, MV522 seem to possess a subpopulation of cells that are
resistant to GNeo-mediated killing – as evidenced by the fact that even at the highest
concentrations considerable numbers of cells survive (compare cell viability > 15,000
at 200 nM GNeo-streptavidin-saporin in MV522 compared to < 5,000 in BT20).
Interestingly, in this small sample, all cell lines with resistant subpopulations also have
high IC50 values. It is tempting to speculate that these two phenomena are related and
that a large population of resistant proliferating cells might mask the death of sensitive
cells in the same well and subsequently increase the IC50 value.
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Figure 4. Cancer cells are differentially sensitive to GNeo-saporin.
Cancer cells from different tissue origins (LS180 - colon; OVCAR – ovary; BT20 –
breast; PC3 – prostate; MV522 and A549 – lung) were incubated with GNeostreptavidin-saporin (red squares), GNeo saporin (saporin not conjugated to GNeo,
grey triangles) or streptavidin-saporin by itself (black inverted triangles). Cells were
grown for 4 days and then cell viability was measured. Note that IC50 values differ
between cell lines (LS180 ~ 40 nM, OVCAR ~ 50 nM, PC3 ~ 8 nM, BT20 ~ 1.5 nM,
MV522 ~ 80 nM, A549 ~ 13 nM).
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Sensitivity to GNeo-streptavidin-saporin is only weakly correlated to invasive
phenotypes
Because it has been reported that some invasive cancer lines overexpress
HSPGs such as syndecan-1 and 4, as well as glypican-1, we next asked whether
sensitivity might be correlated with the degree of invasiveness of a cancer line. To
explore this possibility, we obtained mammary carcinoma lines that have been
described in the literature to exhibit invasive/metastatic characteristics as well as lines
that are considered “less aggressive” (Table 1).
Table 1. List of mammary carcinoma lines.
Mammary epithelial
lines

Reportedly noninvasive
lines

Reportedly invasive lines

MCF-10A

MCF-7

MDA-MB-231

MCF-12A

BT20

MDA-MB-435

HMT-3522

T47D

MDA-MB-436

hTERT-HME-1
(Clontech)*

NM-2C5

MDA-MB-453

HMEC
(Clonetics)*

SK-BR-3

MDA-MB-468

ZR-75-1

M-4A4

* primary human mammary epithelial cell lines that have not been transformed to
achieve immortality

Initial experiments were performed using the lines MCF-7, BT20, ZR-75-1,
MDA-MB-231 and MDA-MB-453 to test the hypothesis that more invasive cancer
lines might be more sensitive to GNeo-streptavidin-saporin. Figure 5 shows that

135
sensitivity again varies widely between cancer lines and is only loosely correlated to
invasive phenotype. It is possible that in order to see a difference that aligns along the
invasive phenotype, one would have to pre-select for cells whose invasiveness is HSmediated, e.g. breast carcinoma cells with syndecan-4 upregulation.
It is quite difficult to classify cell lines as invasive or non-invasive based on
literature reports. Cancer lines that behave in an invasive fashion in the hands of one
group are often classified as non-invasive by another, depending on their assay for
invasion. Likewise, some cancer lines derived from a metastatic tumor are metastatic
when reintroduced into mice, others are not. Considering these confounding factors, it
might be more prudent to focus on the inherent differences between sensitive and
insensitive lines and then use that information to screen for cancers that would likely
be “good candidates” for this treatment strategy.
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Figure 5. Mammary carcinoma lines show only a weak correlation between
GNeo-streptavidin-saporin sensitivity and invasive phenotype.
A selection of less invasive cell lines (BT20, MCF7, ZR-75-1) and more aggressive
lines (MDA-MB-231 and -453) were screened for sensitivity to GNeo-saporin. IC50
values show a trend towards greater sensitivity of more aggressive lines but no tight
correlation (IC50 values (nM): BT20 ~1.5, MCF7 ~15, ZR-75-1 ~70, 231 ~10, 453
~9)
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Heparan sulfate proteoglycan expression levels vary between GNeo-streptavidinsaporin sensitive and resistant cells
While sensitivity may not be directly related to a general invasive phenotype of
the cancer cells, it might be due to differential expression of certain heparan sulfate
proteoglycan (HSPG) core proteins which present HS on the cell surface, allowing
binding of GNeo-streptavidin-saporin. In order to determine if differential sensitivity
depends on differential expression of HSPGs, we chose three cell lines with varying
sensitivities to GNeo-streptavidin-saporin (LS180 – resistant, PC3 – intermediate,
BT20 – very sensitive) and prepared mRNA for quantitative RT-PCR analysis. The
entire collection of known HSPGs was analyzed and a selection of the results are
shown in Figure 6. Glypican 2, 3 and 5 are not expressed in any of these cells and are
therefore not shown. Agrin, collagen XVIII and betaglycan have been omitted because
expression levels were very low and didn’t vary significantly between cell lines.
Interestingly, mRNA levels for a few HSPGs varied significantly between cell lines
(Fig. 6). CD44v3, the HS bearing splice variant of CD44, and syndecan-4 were
significantly more highly expressed in the GNeo-strepatavidin-saporin sensitive BT20
line than in the resistant LS180s. It is also interesting to note that glypican-1 and -4 as
well as syndecan-3 mRNA levels were higher in GNeo-streptavidin-saporin resistant
LS180 cells than in BT20s.
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Figure 6. Quantitative RT-PCR of cancer lines shows differences in expression
levels of HSPGs.
mRNA was prepared from all three cell lines, reverse transcribed and quantitative RTPCR analysis was performed using the CybrGreen method. Expression of target genes
was normalized to beta actin expression. Syndecan-4 and CD44v3 are significantly
higher expressed in BT20s (GNeo-streptavidin-saporin sensitive) than LS180s.
syndecan-3, glypican-1 and glypican-4 are upregulated in LS180 cells.

Western blotting was used to confirm that increased mRNA expression levels
translated to increased production of the proteins in question. First, we used the 3G10
stub antibody to detect heparan sulfate “stubs” that remain on the protein cores after
digestion with heparin lyase III. This method provides insight into the repertoire of
HSPG cores that are expressed in a cell line and allows us to make comparisons
between lines to determine whether there exist general differences in the HSPG
expression profile at the protein level. LS180, PC3 and BT20 cells were grown in
monolayer culture, harvested with EDTA and lysed in heparinase buffer. After
digestion with heparin lyase III, equal amounts of protein were run on SDS-PAGE and
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Western blotted for the presence of the HS stub epitope. Three prominent bands were
present in the BT20 cell line that were absent or greatly reduced in both PC3 and
LS180 or just LS180 (Fig. 7A, arrows). These bands migrated at molecular weights of
~ 60, 98 and 300 kDa. Based on its molecular weight we speculated that the 60 kDa
band might correspond to syndecan-4 and Western blotting with anti-syndecan-4
antibody confirmed the overexpression of this HSPG in BT20 cells compared to PC3
and LS180 (Fig. 7B). Unfortunately I was unable to detect CD44v3 by specific
antibody blotting, which may be due to technical difficulties and antibody specificity.
Increased mRNA expression does not always translate into increased protein
expression and CD44v3 may not be relevant in GNeo-streptavidin-saporin sensitivity.
This question remains unresolved.
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Figure 7. Western Blotting confirms overexpression of HSPGs in general and
syndecan-4 specifically in GNeo-sensitive BT20 cells.
Cells were lifted lysed in heparinase buffer before digestion with heparin lyase III.
Equal amounts of protein (20µg/lane) were run on an SDS-PAGE gel, transferred to
nitrocellulose membrane and probed with either (A) anti-HS stub antibody or (B) antisyndecan-4 antibody.

GNeo-streptavidin-saporin sensitivity is mediated by increased GNeo uptake, but
not overall cell surface binding
The binding, uptake and subsequent level of sensitivity to GNeo-streptavidinsaporin is a process likely governed by a variety of factors and processes beyond the
absolute amount or type of HSPGs expressed on the cell surface of a particular
carcinoma line. HSPGs present at the cell surface participate in a dynamic process of
internalization by endocytosis, recycling or lysosomal degradation and even shedding
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from the cell membrane. It is not unreasonable to expect differences in the rates of any
of these mechanisms between different cell lines. In order to examine whether there
exist differences in these processes between sensitive and insensitive cells, we
performed binding and uptake experiments using fluorescently labeled GNeo (GNeoPE-Cy5). Cells were grown to near confluence and then incubated with 60nM GNeoPE-Cy5 for 1 hour either at 4°C for binding studies or at 37°C for uptake experiments.
Interestingly, we did not detect large differences in the amount of GNeo bound to the
cell surface between BT20 and LS180 cells (Fig. 8A). Nevertheless, BT20 cells took
up twice as much of the conjugate as LS180 cells (Fig. 8B). When heparan sulfate was
blocked with surfen before GNeo-PE-Cy5 incubation, binding was reduced somewhat
in LS180 cells but not in BT20 cells, suggesting that these cells might express a
receptor that interacts with GNeo in an HS-independent manner. However, uptake was
significantly reduced in both cell lines in the presence of the HS inhibitor. This might
suggest that while binding can be somewhat nonspecific, uptake is mediated by
HSPGs and that the rate of internalization might be different between sensitive and
insensitive cell lines. However, it is difficult to draw conclusions about the mechanism
of sensitivity based on the data presented here. Further studies are needed that
examine the dynamics of internalization as well as intracellular release of GNeo
and/or toxin.
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Figure 8. Binding and uptake studies show differences in GNeo uptake but not
cell surface binding.
Cells were incubated with GNeo-PE-Cy5 at either 4°C or 37°C to study (A) binding or
(B) uptake, respectively. In experiments involving surfen, cells were preincubated
with surfen, an HS inhibitor, and subsequently incubated with GNeo-PE-Cy5 in the
presence of surfen. Cells were analyzed on a flow cytometer and geometric means
were determined using FlowJo software.

DISCUSSION
We have shown that GNeo can deliver cytotoxic cargo, in this case saporin, to
cancer cells. In addition, different cancer cell lines exhibit different levels of
sensitivity to the toxin. We were unable to show a correlation of sensitivity with tissue
of origin and only a weak association with invasive phenotype of breast cancer lines.
However, it does appear that sensitive cells express a different HSPG profile
compared to insensitive cells. In addition, we have preliminary data that suggest that
sensitivity may be mediated by protein expression levels as well as binding and uptake
dynamics that might differ between cell lines.
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It is difficult to evaluate from these data how sensitivity to GNeo-streptavidinsaporin is conferred. It could be related to the expression of syndecan-4 or a set of
HSPGs, which might sensitize the cells, either by displaying more HS on the cell
surface allowing more GNeo to bind or by more rapid turnover and internalization,
ultimately delivering more GNeo into the cytoplasm. However, it is also possible that
while binding and uptake are mediated by HSPGs, sensitivity may depend more on
other processes unrelated to HS. For example, it is possible that cells that are more
sensitive have a generally higher rate of HSPG turnover and recycling. Lysosomal
degradation activity may differ and therefore lead to more rapid or more efficient
release of toxin into the cytoplasm. Additionally, some cells might simply be more
sensitive to saporin. It would make sense that a cell that is proliferating rapidly would
be more sensitive to a ribosomal toxin like saporin than a slower growing cell. To test
this hypothesis, experiments with GNeo conjugated to different types of toxins, which
work by different mechanisms, should be performed to test this idea..
Very little is understood about the mechanism of internalization and
subsequent release into the cytoplasm of GNeo-streptavidin-saporin and experiments
to address this question would be valuable not only for understanding the dynamics of
toxin delivery but also the basic biology of HSPG endocytosis and recycling. Live cell
microscopy in combination with quantum dot technology would be a powerful tool to
address these questions by following uptake and cytoplasmic release of single tagged
GNeo molecules.
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Most importantly, however, these experiments also demonstrate that GNeo
presents a new approach to delivering cytotoxic agents to cancer cells. Despite the
need for further elucidation of the mechanism of sensitivity, as well as a much broader
screen of cancer lines, we have described a novel molecule that has the ability to
deliver drugs at extremely low concentrations. Considering the fact that many tumor
cells upregulate certain HSPGs during tumor growth and angiogenesis, it is
conceivable that those proteins could serve as biomarkers, making specific tumors
amenable to treatment with drugs delivered by GNeo.

MATERIALS AND METHODS
Cell lines
BT20, LS180, PC3, OVCAR3, MCF7, MDA-MB-231, MDA-MB-453, ZR75-1 were obtained from American Type Culture Collection, ATCC. MV522 was a
kind gift from Nissi Varki, UCSD.
MV522, ZR-75-1 were grown in RPMI 1640, 10% FBS. MDA-MB-231, MDA-MB453 were grown in DMEM, 10% FBS. BT20 were grown in Eagle’s MEM with
Earle’s salts, 2mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1mM nonessential
amino acids, 1mM sodium pyruvate, 10% FBS. MCF7 were grown in BT20 media
plus 10µg/ml insulin. LS180 were grown in MEM, 10% FBS. OVCAR were grown in
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RPMI 1640 with 10µg/ml insulin, 20% FBS. All cell lines were maintained in the
presence of penicillin/streptomycin.

GNeo-streptavidin-saporin kill curves
Cancer cells were grown to confluence, lifted with trypsin, counted in the
presence of trypan blue on a hemacytometer and seeded into 96 well plates at densities
that had previously been determined to yield a confluent cell layer over the course of 4
days under normal growth conditions (LS180 300 cells/well; BT20 3000 cells/well;
PC3 2500 cells/well; MV522 2500 cells/well; OVCAR 7500 cells/well; MDA-MB231 2500 cells/well; MDA-MB-453 7500 cells/well; ZR-75-1 3000 cells/well; MCF7
7000 cells/well; A549). Cells were allowed to adhere overnight, then growth medium
was exchanged to contain GNeo-streptavidin-saporin. 1:2 dilutions were performed
directly in the 96 well plate (100 nM to 0.05 nM). If no significant cell death was
observed at 100nM GNeo-streptavidin-saporin, experiments were repeated with
concentrations starting at 200nM GNeo-streptavidin-saporin. Control wells contained
equivalent dilutions of GNeo saporin (not conjugated by streptavidin), GNeo alone or
Streptavidin-saporin alone. Each concentration of each condition was run in triplicates
and entire experiment was performed at least twice. After 4 days in culture in the
presence of GNeo-streptavidin-saporin, 20 µl of CellTiter-Blue solution (Promega,
Madison, WI) was added and incubated with the cells for 3.5 hours, after which cell
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viability was measured in a fluorescent plate reader (excitation at 488 nm, emission at
575 nm) and graphed using GraphPad Prism.

Quantitative RT-PCR
RNA was isolated from LS180, PC3 and BT20 cells using Ambion’s
RNAqueous-4PCR kit according to manufacturer’s instructions, DNAse treated and
concentration measured. 1µg of RNA was reverse transcribed (Superscript III,
Invitrogen) and then amplified using SybrGreen and gene specific primers to each
proteoglycan. Quantitation was done by the 2-ΔΔCt method using GAPDH as a control
RNA in a Stratagene MxP3500 (9). Final numbers represent fold-expression compared
to β-actin (100%). Ct values from duplicate assays were used to calculate fold
expression according to Stratagene manual. Error bars are not shown because they are
factored into the final calculation. Results were verified in two independent assays.

Western Blotting
Cells were lysed in heparinase buffer (100mM NaCl, 1mM CaCl2, 50mM
HEPES, pH 7) with 0.1% TritonX-100 and protease inhibitors. Total protein
concentration was determined by Bradford assay (Biorad) and 20µg total protein was
run on an SDS-PAGE gel. After transfer to nitrocellulose, membrane was blocked in
5% BSA/TBST for 1 hour and incubated in primary antibody in 5% BSA/TBST
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(either anti-HS stub antibody (3G10) at 1:1000 or rabbit anti human syndecan 4
antibody at 1:1000) overnight at 4°C. After 3 washes in TBST, blot was incubated in
secondary antibody (1:5000 goat anti mouse-HRP for 3G10, 1:20,000 goat anti rabbitHRP for syndecan 4) for 45 min at room temperature, washed, developed with Pierce
chemiluminescent kit and exposed on film.

GNeo binding and uptake experiments
Cells were split into 6-wells and allowed to grow to near confluence overnight.
1µM GNeo, 0.2µg/ml streptavidin-PE-Cy5 was prepared in media and incubated for
30 min at room temperature, protected from light. In experiments with inhibitor,
surfen was added to indicated concentrations in 1ml media and pre-incubated for 10
min at 37°C. GNeo-streptavidin-PE-Cy5 was then added to 60nM final concentration
and incubated for 1 hour. Binding experiments were performed on ice with pre-chilled
solutions and incubated at 4°C, uptake experiments were performed at 37°C with prewarmed solutions. After incubation, cells were washed extensively (at least 6 times
with PBS) and then lifted with 5mM EDTA or trypsin for binding and uptake studies,
respectively. After one wash with PBS + 0.1% BSA, cells were resuspended in 0.5ml
PBS + 0.1% BSA and analyzed by flow cytometry.
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SECTION C
DELIVERY OF β-GLUCURONIDASE TO CORRECT THE LYSOSOMAL
STORAGE DISORDER, MUCOPOLYSACCHARIDOSIS VII

INTRODUCTION
Mucopolysaccharidosis type VII (Sly’s disease) is a human heritable metabolic
disease characterized by accumulation of glycosaminoglycans (GAGs) in the cells of
almost all tissues due to a deficiency in β-glucuronidase. This enzyme is an acid
hydrolase and resides in lysosomes, where its role is to remove β-D-glucuronide
residues from GAG chains.
Patients homozygous recessive for a mutation in β-glucuronidase usually
present in infancy or early childhood with coarse facial features, hepatosplenomegaly,
delayed psychomotor development, short stature due to bone dysplasia, cardiac valve
involvement, corneal clouding and hearing loss (10).
Current therapies for this particular disease are extremely limited, in fact they
are mostly palliative. Other lysosomal storage disorders, e.g. Gaucher disease, are
treated with infusions of recombinant modified enzyme(11) which is expensive, short
lasting and limited in efficacy. Additionally, these disorders are systemic deficits,
requiring treatment in very different organs providing diverse environments and a
challenge to drug delivery. The majority of these disorders involves the central
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nervous system, which has by far the most devastating effects on patients. Circulating
enzymes cannot cross the blood-brain barrier and are, therefore, not a viable treatment
for the most incapacitating aspect of the disease.
Recent advances in experimental therapies for MPS VII have included bone
marrow transplantation (12, 13), β-glucuronidase enzyme replacement therapy(14, 15)
and gene therapy(16, 17). Many of these approaches show improvement in existing
disease, prevention of future deterioration and increased survival in animal models.
However, the majority of them are still only able to target a limited set of organs and
most of them still cannot alleviate accumulation of GAG in the brain.
As described above, GNeo binds avidly and specifically to heparan sulfate on
the cell membrane and is internalized rapidly as HSPGs traffic into the cell. Heparan
sulfate proteoglycans are ubiquitously expressed and can be found on virtually every
cell type, including endothelial cells of the blood-brain-barrier. We hypothesize that
GNeo would be a novel tool to deliver β-glucuronidase to deficient cells and animals
by taking advantage of its interaction with HS and the ubiquitous expression of
HSPGs, which might allow us to deliver enzyme to most tissues as well as across the
blood-brain barrier.
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RESULTS
Characterization of mucopolysaccharidosis VII (MPS VII) fibroblasts for βglucuronidase activity and GNeo uptake
In order to determine whether GNeo could be used to deliver β-glucuronidase
to deficient cells, we obtained mutant human fibroblasts from an MPS VII patient. To
ensure these cells were negative for the enzyme, we ran an enzyme activity assay and
compared MPS VII activity to the level of enzymatic activity in normal human
foreskin fibroblasts (HFF). MPS and HFF fibroblasts were grown in monolayer
culture, harvested, lysed and assayed for enzyme activity. Figure 9A shows that there
is no residual β-glucuronidase activity in MPS fibroblasts while HFF cells yield a
robust signal.
Next, we asked whether MPS fibroblasts would bind and take up GNeo at a
comparable rate and amount as normal fibroblasts. Cells were incubated with
increasing concentrations of GNeo-PE-Cy5, harvested and analyzed by flow
cytometry. As shown in Figure 9B, MPS fibroblasts do indeed bind GNeo-PE-Cy5,
although to a much lesser extent than HFF. While binding is obviously important, it
does not always accurately represent the amount of GNeo that is internalized, mainly
because endocytic dynamics can differ between cell types. In order to ensure that
GNeo would reach the intracellular compartment, we performed uptake experiments
with GNeo-PE-Cy5. Surprisingly, even though MPS fibroblasts bind less GNeo on
their surface, uptake still occurs very extensively (Fig. 9C). This might indicate faster
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internalization rates of HSPGs, however, it is difficult to speculate at this point why
that would be the case.
Together these data confirm that MPS VII fibroblasts are a suitable model
system to test the ability of GNeo to deliver a bioactive enzyme to correct lysosomal
storage disease.

Figure 9. MPS VII fibroblasts are β-glucuronidase-deficient and they bind and
take up GNeo.
MPS VII (MPS) and human foreskin fibroblasts (HFF) were lysed and assayed for βglucuronidase activity (A). MPS cells did not show any β-glucuronidase activity even
after a prolonged assay time. To determine if MPS cells bind (B) and internalize (C)
GNeo, cells were treated with increasing concentrations of GNeo-PE-Cy5 at either
4°C or 37°C to study binding or uptake, respectively. Binding of GNeo to MPS is
greatly diminished compared to HFF (B) but the compound is still taken up (C).
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Biotinylated β-glucuronidase is enzymatically active
In order to deliver β-glucuronidase to cells, the enzyme must of course be
linked to the GNeo molecule and the most desirable set up would be a direct covalent
linkage between the enzyme and GNeo. In collaboration with the Tor lab at UCSD, we
began to explore the possibility of utilizing copper-catalyzed click chemistry to
directly link GNeo to β-glucuronidase. These reactions occur in the presence of a
copper catalyst and are often performed at elevated temperatures, both of which might
prove detrimental to the enzyme’s activity. However, we have shown that βglucuronidase activity remains unaffected by both the copper concentration normally
used in click chemistry and temperatures up to 42°C (data not shown), encouraging
further pursuit of this approach. Work is currently ongoing in the Tor lab to synthesize
the GNeo linkers and to work out appropriate reaction conditions to optimize yield of
conjugated enzyme. Meanwhile, I have taken a slightly different approach to link
GNeo to β-glucuronidase, taking advantage of technologies and reagents already
available. In this approach, β-glucuronidase was biotinylated and then coupled to
biotinylated GNeo via streptavidin. Streptavidin is a tetramer and, therefore, has four
binding sites for biotin, which should allow the formation of β-glucuronidase –
streptavidin-GNeo complexes that can then be delivered to enzyme-deficient
fibroblasts.
Recombinant bovine β-glucuronidase Type 10 was biotinylated using NHSbiotin according to Pierce manufacturer’s directions. Extent of biotinylation can be
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determined using the HABA assay. In this assay, HABA (4´-hydroxyazobenzene-2carboxylic acid) is bound to avidin, which produces a yellow-orange complex that
absorbs at 500 nm. However, this interaction is much weaker than the interaction
between avidin and biotin, and, therefore, the HABA is displaced when biotin or
biotinylated biomolecules are added to the reaction solution. The displacement of
HABA leads to a decrease in absorbance, which can be translated into the extent of
biotinylation of the protein or molecule in question. Using the HABA assay, we
determined that each molecule of β-glucuronidase was decorated with 3 molecules of
biotin.
To ensure that biotinylation of the enzyme does not interfere with its activity,
we perfomed an enzyme activity assay. Methylumbelliferyl-glucuronide was supplied
as substrate, which, when cleaved by β-glucuronidase, yields a fluorescent product
that can be measured using a fluorescent plate reader. As shown in Figure 9,
biotinylation does not significantly decrease β-glucuronidase activity in vitro and is,
therefore, a viable strategy for linking the enzyme to GNeo via streptavidin.
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Figure 10. Biotinylated β-glucuronidase retains enzymatic activity.
Bovine β-glucuronidase was biotinylated with NHS-biotin, purified and evaluated in
an enzyme activity assay. Incubation with substrate (methylumbelliferyl-glucuronide,
MUG) yields a fluorescent product, which can be quantitated in a fluorescent plate
reader. Biotinylation only slightly decreases enzyme activity as compared to
unbiotinylated control enzyme.

Conjugation and purification of GNeo-β-glucuronidase
One of the problems facing a delivery approach as described in the previous
section is the fact that when GNeo, streptavidin and biotinylated β-glucuronidase are
mixed together and allowed to bind, we will end up with all possible products.
Therefore, the reaction mix will contain GNeo-streptavidin, streptavidin-biotinylated
β-glucuronidase, as well as GNeo-streptavidin-biotinylated β-glucuronidase (GNeo-βglucuronidase), which is the product we are ultimately interested in. As a first
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purification step we decided to run the mixture over a heparin sepharose column. The
conjugate should bind strongly to heparin, whereas free enzyme or strepavidin should
not bind.
To form the complexes, biotinylated GNeo, streptavidin-Alexa488 and
biotinylated β-glucuronidase were incubated together in molar ratios of 1, 0.1 and 0.5,
respectively. As controls the following samples were run: β-glucuronidase by itself,
streptavidin-Alexa488 by itself and GNeo-streptavidin-Alexa488. It would be
expected that only GNeo-streptavidin-Alexa488 binds to the column.
Columns were loaded and washed at physiological salt concentration. Flow
through and subsequent NaCl elution bumps were collected in 3 ml fractions. These
were each analyzed by either A280 to detect protein, emission at 520nm to detect the
presence of streptavidin-Alexa488 and/or β-glucuronidase enzyme assay to detect βglucuronidase (emission at 460nm).
As expected, β-glucuronidase and streptavidin-Alexa488 did not bind the
column without being conjugated to GNeo and eluted either in the flow through or the
50mM elution fraction (Fig. 11A, B). GNeo-streptavidin-Alexa488, however, tightly
bound to the heparin sepharose and eluted in the 750 to 1500mM NaCl fractions (Fig.
11C). When the reaction mixture containing all three components was run over the
column, the same profile was observed (not shown) but unfortunately, when the βglucuronidase enzyme activity assay was performed, none of the late fractions showed
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any enzyme activity (Fig. 11D), suggesting that none or only very few of the
complexes that bound the column contained β-glucuronidase.

Figure 11. Heparin sepharose columns bind GNeo but not the GNeo-βglucuronidase complex.
β-glucuronidase alone (A), streptavidin-Alexa488 alone (B), GNeo-streptavidinAlexa488 (C), and GNeo-streptavidin-β-glucuronidase conjugate (D) were run over
heparin sepharose columns and eluted with NaCl salt steps. Presence of protein in
fractions was assessed either by protein assay (A280, as in A), fluorescence due to
Alexa488 (emission at 520, as in B, C) or by β-glucuronidase enzyme assay (emission
at 460, as in D). GNeo-Alexa488 binds to the column (C) but the triple conjugate
GNeo-streptavidin-Alexa488-β-glucuronidase does not.
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These results could be explained in a variety of ways. It is possible that the
GNeo-β-glucuronidase complexes just never formed because GNeo was present in
excess and all available sites on streptavidin were preferentially occupied with GNeo.
Alternatively, the complexes might have formed but the concentration was too low to
detect by the enzyme assay. Another possibility has to do with the formation of
multivalent complexes. Since streptavidin has four binding sites for biotin, it by
definition forms multivalent complexes if the biotin is in molar excess. It is
conceivable that the bulkiness of such complexes - especially if one or more of the
sites are occupied by β-glucuronidase, a massive protein - could sterically hinder the
interaction of the GNeo in the complex with the heparin sepharose column, leading to
a loss of the complex in the flow through. We are currently in the process of adjusting
and testing different combinations of molar equivalents in order to optimize this
procedure. In addition, I have started to modify β-glucuronidase with controlled
numbers of biotin, in order to avoid multiplexing.
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DISCUSSION
In this section we have begun to characterize a novel delivery strategy to
replace mutant enzymes in lysosomal storage diseases. GNeo’s affinity and selectivity
for heparan sulfate and its subsequent efficient internalization make it an ideal tool for
delivering lysosomal proteins to cells. Current treatment modalities are saddled with
problems of accessing the intracellular compartment. For example, enzyme
replacement therapy consists of injections of huge amounts of recombinant protein to
replace the patient’s own mutated version. However, only a very small fraction of the
protein injected is actually taken up by cells. Similarly, in experimental gene therapy
approaches, transduction efficiencies in vivo are quite low and in most cases limited to
a small number of organs, and mostly the liver. Therefore, a delivery agent that is
readily taken up by a large variety of cell types would be an ideal candidate to
improve treatment options for these diseases. Since GNeo binds specifically and with
high affinity to heparan sulfate, which is expressed on almost all cells, and is
internalized rapidly, it represents a promising new approach to the treatment of
lysosomal storage diseases.
In addition, due to its chemical design GNeo provides versatility in the way it
can be coupled to bioactive cargoes. There are a large number of lysosomal enzymes
and consequently a myriad of mutations leading to lysosomal storage diseases, each
with a different enzyme defect. Because GNeo could be coupled to any of those
enzymes and deliver them in a heparan sulfate-dependent manner, it might in fact
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provide a single approach to treating many if not all of these heritable metabolic
diseases. This is a particularly valuable feature since most lysosomal storage disorders
are recessive genetic diseases and fairly rare and, therefore, will not warrant
development of individual therapies.
The data presented here is obviously just scratching the surface of the promise
of GNeo. Although the conjugation chemistry has proven more difficult than
anticipated, leading to the more complicated approach of the triple conjugate
involving GNeo, streptavidin and biotinylated β-glucuronidase, it is likely that this
problem will be solved in the future using alternate methods. It remains to be
determined whether cells will take up and deliver this conjugate to the lysosomes and
once there, whether the enzyme will be active. Also, it is not known whether the
amounts of enzyme that can be delivered by this method will be sufficient to correct
the lysosomal storage disorder. However, data from enzyme replacement therapy
suggests that even delivery of 1% of normal enzyme levels can be enough to alleviate
symptoms and lead to real improvement in the condition of these patients.
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MATERIALS AND METHODS

β -glucuronidase enzyme activity assay
β-glucuronidase was resuspended in 50mM sodium acetate pH 5.2. 4methylumbelliferyl β-D-glucuronide hydrate (MUG, Sigma, St.Louis, MO) was
resuspended in water at 10mg/ml. For enzyme assay, 1µg enzyme was added to a 96
well containing 0.4mM MUG in assay buffer (50mM sodium acetate, 10mM EDTA,
0.01% BSA, 0.1% TritonX-100, pH 5.2), 100µl total volume. Plates are incubated at
37°C and then read in a fluorescent plate reader (excitation 360nm, emission 460nm).
Assay is linear up to 60 minutes under these conditions.
For assays on cell lysates cells were lifted and lysed in RIPA buffer, protein
concentration was determined using BioRad protein assay and 200µg total protein was
run in the assay as described above. A signal was detected after 4 hours and after
overnight incubation very robust signals could be obtained.

GNeo binding and uptake experiments
Cells were split into 6-wells and allowed to grow to near confluence overnight.
1µM GNeo, 0.2µg/ml streptavidin-PE-Cy5 was prepared in media and incubated for
30 min at room temperature, protected from light. GNeo-streptavidin-PE-Cy5 was
then added to cells at increasing concentrations and incubated for 1 hour. Binding
experiments were performed on ice with pre-chilled solutions and incubated at 4°C,
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uptake experiments were performed at 37°C with pre-warmed solutions. After
incubation, cells were washed extensively (at least 6 times with PBS) and then lifted
with 5mM EDTA or trypsin for binding and uptake studies, respectively. After one
wash with PBS + 0.1% BSA, cells were resuspended in 0.5ml PBS + 0.1% BSA and
analyzed by flow cytometry.

Biotinylation of β -glucuronidase and HABA assay
NHS-biotin was purchased from Pierce Biotechnology (Rockford, IL) and
biotinylation of β-glucuronidase (Sigma) was performed according to manufacturer’s
directions. Briefly, 2mg of enzyme were biotinylated with a 20 fold molar excess of
NHS-biotin. Reaction was allowed to proceed for 1 hour on ice, followed by
purification of labeled enzyme with a desalting spin column (Pierce) which separates
unreacted NHS-biotin from the biotinylated enzyme. Enzyme concentration was
determined using the BioRad protein concentration assay.
HABA (4´-hydroxyazobenzene-2-carboxylic acid) assay was also obtained
from Pierce Biotechnology (Rockford, IL) and performed according to manufacturer’s
directions. Briefly, a HABA/avidin solution is prepared and its absorbance measured
at 500nm. Biotinylated enzyme is then added and the absorbance measured again.
Moles of biotin per moles of enzyme can be determined based on the decrease in
absorbance.
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Heparin sepharose columns
1ml HiTrap heparin HP columns were purchased from Pharmacia GE
Healthcare (Uppsala, Sweden). Before use columns were washed with 10x bed volume
PBS, then loaded with 1ml sample and run at 1ml/min using a Pharmacia LKB pump.
Elutions were achieved in step wise fashion by increasing NaCl concentrations (50,
100, 200, 500, 750, 1000, 1500, 2000 mM) and 3ml fractions were collected. 200µl of
each salt fraction was then processed for either (a) absorbance at 280nm to detect
presence of protein (this was done in a 96well quartz plate), (b) emission at 520nm to
detect Alexa488 in a fluorescent plate reader or (c) desalted using a zeba desalting
spin column (Pierce) and then assayed by β-glucuronidase enzyme assay as described
above. Data was collected and graphed in Prism GraphPad.
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The work presented in this dissertation represents the first characterization of
the biological utility and therapeutic applicability of small molecules that interact with
heparan sulfate. Two classes of compounds were studied: (1) molecules that inhibit
heparan sulfate function by competing with proteins that bind to the chains, and (2)
molecules that bind to heparan sulfate and facilitate delivery of attached cargo. Surfen
and GNeo, representatives of each of these classes of molecules, demonstrate that
small molecules can be used to target glycosaminoglycans and validates the idea of
finding low molecule agents to block and/or target other classes of glycans. GNeo and
surfen provide a springboard for future development of more potent and selective
derivatives.
Surfen was discovered in our lab during a cell-based screen for HS inhibition.
Subsequently we have shown that it inhibits protein-carbohydrate interactions in a
variety of different assays. Surfen has also been shown to affect glycosaminoglycan
metabolism. While surfen effectively inhibits protein-carbohydrate interactions, it
does so at fairly high concentrations (in the micromolar range). Furthermore, surfen
can bind to more than one type of GAG, which are often expressed on the same cells.
Thus, new derivatives are needed to increase specificity and to lower the effective
dose. The various assays described in this thesis provide a way to screen compounds
for binding and biological activity.
Binding studies with derivative molecules could provide valuable insight into
the mechanism of interaction between surfen and glycosaminoglycans. By substituting
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and/or eliminating functional groups on the quinoline moieties and altering the spacing
between the quinoline rings, one could determine which structural elements are
required for binding. For example, a surfen molecule with a rigid linker region would
provide insight into the question if the flexibility and rotation around the urea bond is
important for interaction with GAGs. Increases in linker length would allow us to
determine if spacing is important. Substitutions of the urea group with more or less
electronegative functional groups would shed light on the requirement of overall
charge distribution in the molecule. And ultimately, substituting ring substituents
might yield valuable information about the direct electrostatic interactions that occur
between surfen and the sugar rings and their modifications. For example, it would be
predicted that substituting the amino group with a guanidinium group would increase
binding whereas replacing it with a methyl group would decrease it, due to higher and
lower charge density, respectively. Structure activity information will be useful in the
design of inhibitors with higher affinity or greater selectivity for specific sulfation
sequences along the GAG chain. This could produce a more potent inhibitor and make
it an improved candidate for drug development.
An important unanswered question is whether surfen has therapeutic efficacy.
It would be very interesting, for example, to further explore if surfen might be an
effective anti-cancer agent. It has now been shown that HSPGs are involved in many
of these processes, for example, during tumor cell proliferation HSPGs can serve as
co-receptors for tumor cell growth factors. Glypican-1, a GPI-anchored HSPG, has
been shown to be overexpressed in some types of cancers during this phase of tumor
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growth. Other studies have shown that tumors regulate the sulfation of HS in order to
increase binding of growth factors and receptor activation. During tumor invasion into
surrounding tissue cells must be able to detach, move and spread again on the
extracellular matrix surrounding them. This is a complex process of disrupting focal
adhesions, which allows the cell to migrate, followed by the formation of new focal
adhesions that promote cell spreading and invasion. Syndecan-1 and -4 have been
shown to be important in this process by interacting with ECM proteins as well as
integrins, thereby facilitating the dynamic formation and disruption of focal adhesions.
Both syndecan-1 and -4 have been found to be overexpressed in a variety of invasive
carcinomas.
The overexpression of HSPGs and HS during cancer progression provides a
target for pharmacological inhibition by an agent such as surfen, which disrupts
interactions between GAG chains and proteins. I have attempted to test this hypothesis
by treating subcutaneous Lewis lung carcinomas with intraperitoneally administered
surfen. The experiments were performed without prior knowledge about surfen in vivo
uptake dynamics, biodistribution and drug metabolism. Therefore, it is unclear
whether surfen had no effect on tumor growth because it didn’t have the expected
pharmacologic effect on the tumor cells or if it simply never reached therapeutic levels
in the tumor parenchyma. This is an important question to address and one of the first
experiments to be performed would be an in vivo biodistribution study to determine
the correct dosing and administration schedule and to determine blood and tissue
levels of the drug. To this end, one would have to either have a tagged version of the
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molecule (or, preferably, of an improved derivative) or a method to extract the drug
from blood and tissues to quantify it. Additionally, performing in vivo biodistribution
studies would open up the possibilities of testing surfen in other disease settings
involving glycosaminoglycans, such as chronic inflammation, infection or even spinal
cord regeneration, where chondroitin sulfate proteoglycans appear to be involved.
A GAG inhibitor like surfen might also be a useful neutralizing agent for
treatment of clinical heparin overdoses. Protamine sulfate is the clinical standard
antidote for heparin overdosing that can occur in patients undergoing anticoagulation
therapy. Protamine is a heterogeneous family of proteins isolated from fish sperm and
can elicit adverse, sometimes lethal, anaphylactic reactions in as many as 10% of
patients. Consequently, a number of attempts have been made to design a potent yet
less toxic substitute for clinical use, with limited success. Although it is unlikely that
surfen could fulfill this need due to its relatively high IC50 value, it serves as a starting
point for the design and synthesis of more potent analogs.
A serious caveat to be considered when postulating surfen as treatment for any
disease is the metabolic effect observed with longer term treatment. As shown in
chapter 2, surfen leads to a dysregulation of glycosaminoglycan metabolism and/or
catabolism, causing accumulation of GAGs in the cell. This accumulation can disrupt
cellular function and potentially lead to unwanted side effects. It is possible, however,
that derivatives could be designed that lack such an effect. For example, if the
accumulation of GAGs in the cell occurs because surfen acts as a lysosomotropic

170
amine, then replacing the amino groups on the ring with guanidinium groups might
resolve that problem. Such a derivative would not have titratable amino groups and
would not get trapped in the lysosome.
Surfen was first described as an excipient for generating soluble forms of insulin to
improve dosing accuracy. Upon subcutaneous injection, surfen dissociates and insulin
precipitates to form a depot under the skin, allowing for its slow release into the
circulation. Used as an excipient for depot insulin in diabetic patients in Europe for
decades, it appears to have low toxicity under these conditions. Subsequently, surfen
was shown to exhibit antibacterial as well as trypanocidal properties. Surfen has also
been described as a potent competitive inhibitor of anthrax lethal factor, LF (with a Ki
of 0.5µM) and has activity in National Cancer Institute Yeast anti-cancer drug
screening assays (PubMed compound 71166). Whether any of these activities are
related to its capacity to bind glycosaminoglycans is a fruitful area for future study.
Although one report suggests that rats fed surfen at high doses over a prolonged period
may develop lymphosarcoma and lesions suggestive of nutritional deficiency,
toxicology studies in mice showed that surfen and a variety of derivatives are welltolerated by all routes of administration.
Guanidinoneomycin has been shown in this work to bind heparan sulfate on
the cell surface and be internalized along with the HSPG. This internalization appears
to occur by clathrin-mediated endocytosis and allows subcellular delivery of bioactive
cargo, such as proteins. We have shown that we can successfully deliver saporin toxin
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to cancer cells and some data suggest that the sensitivity to toxin might depend on
HSPG expression patterns. It is intriguing to think that we might be able to take
advantage of this fact in order to deliver toxin or drugs to cancer cells in a heparan
sulfate-specific manner. Further studies will be necessary to determine the mechanism
of sensitivity and more extensive screening of cancer lines will have to be done in
order to determine which types of malignancies would be the best candidates for this
treatment. To dissect the mechanism that confers sensitivity, RNAi experiments
against prevalent HSPGs could be performed to determine if downregulation of these
proteins renders cells more resistant. Conversely, resistant cells could be transfected
with specific HSPGs to answer the question whether overexpression leads to
sensitization.
Just like in the case of surfen, in vivo studies will be necessary to determine
into which tissues GNeo is taken up. In the case of GNeo, however, this will be much
easier to accomplish since the molecule is ready to be linked to either a fluorescent or
readioactive tag via the biotin linker. It would be very interesting to see whether GNeo
is able to access tissue parenchyma beyond the endothelial layer, particularly in the
central nervous system. If that were the case, GNeo would be an extremely promising
candidate for treatment of CNS diseases and systemic diseases that affect the central
nervous system.
Once GNeo derivatives with more universally versatile linkers, e.g. NHS, have
been synthesized, this molecule will become a useful tool for delivery of any variety
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of different cargo. For example, GNeo could be coupled to any of the defective
enzymes causing lysosomal storage diseases, a powerful new approach to the
treatment of diseases that, at the moment, have no available options. Additionally, one
could start thinking about delivering cargo other than proteins. For example, targeted
delivery of DNA to lysosomal storage disease cells might be able to offer a more long
term correction of lysosomal storage disease by essentially providing gene therapy
without the complicating factors of viral vectors and limited tissue tropism.
Overall, this dissertation demonstrates the feasibility and applicability of small
molecules that bind large carbohydrate chains and either inhibit their interaction with
proteins or take advantage of their expression and trafficking patterns to deliver
bioactive cargo to cells. There is enormous potential in further developing the small
molecules themselves, improving their activity, characterizing their in vivo behavior
and expanding their therapeutic relevance.

APPENDIX A
Chemical Synthesis of Biotinylated Neomycin,
Guanidinoneomycin and Arginine9-alanine-hexanoic acid-biotin
Peptide
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SYNTHESIS OF BIOTINYLATED NEOMYCIN AND
GUANIDINONEOMYCIN
Compound 1
Thionyl Chloride (2 mL) was slowly added to methanol (15 mL at -10oC) and
allowed to stir for 10 minutes at -10oC. 6-Aminohexanoic Acid (1g, 7.6 mmol) was
then added and the reaction was allowed to equilibrate to room temperature and stirred
for 16 hours. All volatiles were removed in vacuo and the residue was then dissolved
in methanol (7.5 mL). Ethyl ether (30 mL) was then added, precipitating the desired
product as white crystals which were then filtered and washed with ethyl ether (10
mL) (1.097 g, 7.5 mmol, 99%). 1H NMR (400 MHz, DMSO-d6) δ 8.11 (s, 2H), 3.56
(s, 2H), 3.13 (s, 1H), 2.70 (t, 2H), 2.49 (s, 2H), 2.28 (t, 2H), 1.52 (m, 4H), 1.28 (m,
2H). Exact mass calculated for C7H15NO2: 145.11, found 145.98 [M + H]+.

Compound 2
Biotin (225 mg, 920 μmol, 1 equiv) was dissolved in dry DMF (20 mL), which
was first passed through silica gel to remove traces of dimethylamine. 1Hydroxybenzotriazole (HOBT) (190 mg, 1.38 mmol, 1.5 equiv) and 2-(1H-7Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl

uronium

hexafluorophosphate

Methanaminium (HATU) (450 mg, 1.38 mmol, 1.5 equiv) were added to the solution
of biotin in DMF and stirred for 10 minutes until all reagents were dissolved. (1) (200
mg, 1.38 mmol, 1.5 equiv) and diisopropylethylamine (1 mL) were added and the
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reaction was stirred at room temperature for 6 hours. Flash chromatography (2-6%
methanol in dichloromethane) afforded the desired product as a white solid (297 mg,
801 μmol, 87%): Rf 0.5 in 10% methanol in dichloromethane, 1H NMR (400 MHz,
methanol-d4) δ 4.87 (s, 3H), 4.48 (q,1H), 4.31 (q, 1H), 3.72 (q, 3H), 3.64 (s, 2H), 3.60
(q, 1H), 3.33 (s, 2H), 3.22 (m, 6H), 2.91 (dd, 1H), 2.70 (d, 1H), 2.31 (t, 2H), 2.21 (t,
2H), 1.72 (m, 1H), 1.67 (m, 4H), 1.55- 1.25 (m, 30H), 1.16 (t, 1H). Exact mass
calculated for C17H29N3O4S: 371.19, found 372.13 [M + H]+, 394.20 [M + Na]+.
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Scheme 1

Figure 1. Synthesis of Neomycin-Biotin.
a) 6-aminohexanoic acid, thionyl chloride, methanol, -10°C (99%); b) HOBT, HATU,
Biotin, 1, triisopropylethylamine, DMF (87%); c) 2, sodium hydroxide, methanol
(44%); d) 3, HOBT, HATU, triisopropylethylamine, DMF (63%); e) 4, trifluoroacetic
acid, dichloromethane, triisopropylsilane.

177
Compound 3
Sodium hydroxide (25% w/v in water) (1 mL) was added to a solution of (2)
(250 mg, 674 μmol) in methanol (4 mL). The reaction was stirred at room temperature
for 2 hours until TLC analysis (10% methanol in dichloromethane) showed no
remaining starting material, and one new product Rf 0.1 in 10% methanol in
chloroform. Glacial acetic acid was added drop wise to achieve neutral pH. All
volatiles were removed in vacuo and reverse phase C-18 flash chromatography (050% Acetonitrile (0.1% TFA) in water (0.1% TFA)) yielded the desired product as a
white solid (107 mg, 299 μmol, 44%). 1H NMR (400 MHz, DMSO-d6) δ 11.99 (s,
1H), 7.76 (t, 1H), 6.42 (s, 1H), 6.38 (s, 1H), 4.29 (m, 1H), 4.11 (m, 1H), 3.33 (s, 4H),
3.08 (m, 1H), 2.98 (q, 2H), 2.80 (dd, 1H), 2.57 (d, 1H), 2.49 (s, 10H), 2.18 (t, 2H),
2.03 (t, 2H), 1.59 (m, 1H), 1.48 (m, 5H), 1.41-1.18 (m, 7H). Exact mass calculated for
C16H27N3O4S: 357.17, found 356.29 [M – H]-.

Compound 4
To a solution of (3) (13.5 mg, 33 μmol, 1.1 equiv) in dry DMF (1.5 mL) which
was first passed through silica gel to remove traces of dimethylamine, 1Hydroxybenzotriazole (HOBT) (6 mg, 40.5 μmol, 1.3 equiv) and 2-(1H-7Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl

uronium

hexafluorophosphate

Methanaminium (HATU) (13.5 mg, 40.5 μmol, 1.3 equiv) were added and the solution
was mixed for 10 minutes until all compounds were dissolved. After 10 minutes (5′′-
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Aminoethanethiol-Boc-Neomycin)

(1)

(37.5

mg,

30

μmol,

1

equiv)

and

triisopropylethylamine (60 μL) were added and the reaction was stirred at room
temperature for 10 hours until no starting material remained and a new spot was seen
by TLC; Rf 0.6 in 10% methanol in dichloromethane. Flash chromatography (2-10%
methanol in dichloromethane) yielded the desired product as a white solid (34 mg, 21
μmol, 63%). 1H NMR (400 MHz, methanol-d4) δ 7.78 (dd, 5H), 7.39 (m, 3H), 5.38
(m, 2H), 5.17 (s, 1H) 4.87 (s, 21H), 4.63 (q, 1H), 4.51 (t, 1H), 4.33 (m, 2H), 4.28 (m,
2H), 4.13 (m, 1H), 3.93 (s, 2H), 3.82-3.71 (m, 4H), 3.62-3.12 (m, 30H), 2.92-2.82 (m,
3H), 2.81-2.62 (m, 2H), 2.23 (q, 4H), 1.80-1.23 (m, 89H), 1.22 (m, 4H). Exact mass
calculated for C71H124N10O27S2: 1612.81, found 1635.32 [M + Na]+.

Compound 5
Trifluoroacetic acid (4 mL) and triisopropylsilane (40 μL) were added to a
solution of (4) (34 mg, 21 μmol) in dichloromethane (4 mL). This reaction was stirred
vigorously at room temperature for 3 hours until TLC (10% methanol in chloroform)
showed all starting material consumed and one baseline spot. Water (30 mL) was
added and the reaction was washed with chloroform (2 °— 20 mL) and ethyl ether (2
°— 20 mL). The aqueous layer was evaporated in vacuo and the resulting solid (45
mg) was dissolved in 0.1% TFA in water (1 mL) and lyophilized to dryness.
Analytical reverse phase HPLC [C-18, 5-15% acetonitrile (0.1% TFA) in water (0.1%
TFA) over 30 minutes] showed one peak at 21.03 minutes. HPLC purification [C-18,
5% isocratic acetonitrile (0.1% TFA) for 10 minutes then 5-12% acetonitrile (0.1%
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TFA) in water over 14 more minutes] gave one major peak at 9.13 minutes. 1H NMR
(400 MHz, methanol-d4) δ 5.93 (d, 1H), 5.30 (s, 1H), 5.19 (s, 1H), 4.67 (s, 10H), 4.31
(s, 2H), 4.20 (m, 2H), 4.12 (s, 1H), 3.97 (t, 1H), 3.88 (t, 1H), 3.80 (q, 2H) 3.71 (s, 1H),
3.58 (t, 1H), 3.47 (s, 1H), 3.46-3.22 (m, 12H), 3.21 (s, 8H), 3.15 (m, 2H), 3.07 (t,
16H), 2.82 (d, 8H), 2.76-2.53 (m, 4H), 2.43 (t, 1H), 2.37 (m, 2H), 2.09 (s, 32H), 1.91
(s, 10H), 1.88 (s, 1H), 1.79 (q, 1H), 1.21 (d, 2H), 1.15 (t, 22H). Exact mass calculated
for C41H76N10O15S2: 1012.49, found 507.25 [M + 2H]2+, 1013.19 [M + H]+,
1035.36 [M + Na]+. High resolution mass confirmed 1013.5018 [M + H]+.

Compound 6
Sodium carbonate (1.75 g) in water (4 mL) was added to a solution of 6Aminohexanoic Acid (500 mg, 3.8 mmol) in methanol (45 mL) on ice. The reaction
was stirred in an ice water bath for 10 minutes. Benzyl chloroformate (2.5 mL) was
slowly added to the reaction which was allowed to equilibrate to room temperature
and stirred for 14 hours until all starting material was consumed and a new product
was visualized by TLC analysis Rf 0.4 in 8% methanol in dichloromethane. All
volatiles were removed in vacuo and flash chromatography (3-6% methanol in
dichloromethane) yielded the desired product (585 mg, 2.21 mmol, 58%). 1H NMR
(400 MHz, methanol-d4) δ7.32 (m, 5H), 6.89 (s, 1H), 5.18 (s, 2H), 5.04 (s, 2H), 3.33
(s, 1H), 3.31 (m, 1H), 3.12 (t, 2H), 2.28 (t, 2H), 1.58 (m, 2H), 1.47 (m, 2H), 1.31 (m,
2H). Exact mass calculated for C14H19NO4: 265.13, found 265.88 [M + H]+, 288.06
[M + Na]
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Scheme 2

Figure 2. Synthesis of Guanidino-Neomycin-Biotin.
a) 6-aminohexanoic acid, sodium carbonate, Cbz-Cl, methanol, 4°C (58%); b) 6,
HOBT, HATU, triisopropylethylamine, DMF (96%); c) 7, trifluoroacetic acid,
dichloromethane, triisopropylsilane (90%); d) 8, N,N'-diBoc-N''-triflylguanidine,
triethylamine, methanol (55%); e) 9, palladium on carbon, hydrogen gas, methanol
(85%); f) 10, biotin, HOBT, HATU, triisopropylethylamine, DMF (84%); g) 11,
trifluoroacetic acid, dichloromethane, triisopropylsilane (70%).
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Compound 7
To a solution of (6) (93 mg, 350 μmol, 1.1 equiv) in dry DMF (13 mL) which
was first passed through silica gel to remove traces of dimethylamine, 1Hydroxybenzotriazole (HOBT) (55 mg, 408 μmol, 1.3 equiv) and 2-(1H-7Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl

uronium

hexafluorophosphate

methanaminium (HATU) (133 mg, 408 μmol, 1.3 equiv) were added and the reaction
was mixed for 10 minutes until all compounds were dissolved. After 10 minutes (5′′Aminoethanethiol-Boc-Neomycin)

(1) (400 mg,

314 μmol,

1

equiv) and

triisopropylethylamine (600 μL) were added and the reaction was stirred at room
temperature for 10 hours until no starting material was seen and a new spot was seen
by TLC Rf 0.7 in 10% methanol in dichloromethane. Flash chromatography (2-6%
methanol in dichloromethane) yielded the desired product as a white solid (458 mg,
301 μmol, 96%). 1H NMR (400 MHz, methanol-d4) δ 7.88 (d, 1H), 7.77 (d, 1H), 7.51
(m, 2H), 7.36 (m, 4H), 5.39 (s, 1H), 5.17 (s, 1H), 5.09 (s, 2H), 4.92 (s, 11H), 4.42 (m,
1H), 4.23 (m, 2H), 4.10 (q, 1H), 3.91 (m, 2H), 3.81-3.17 (m, 20H), 3.13 (t, 2H), 2.85
(m, 2H), 2.77 (t, 2H), 2.22 (t, 2H), 1.98 (s, 1H), 1.62 (q, 2H), 1.58-1.25 (m, 55H), 1.21
(t, 4H). Exact mass calculated for C69H116N8O27S: 1520.77, found 1543.28 [M +
Na]+.
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Compound 8
Trifluoroacetic acid (15 mL) and triisopropylsilane (150 μL) was added to a
solution of (7) (400 mg, 263μmol) in dichloromethane (4 mL). This reaction was
stirred vigorously at room temperature for 3 hours until TLC (10% methanol in
chloroform) showed all starting material was consumed and one baseline spot
appeared. Water (150 mL) was added and the reaction was washed with chloroform (2
°— 150 mL) and ethyl ether (2 °— 150 mL). The aqueous layer was evaporated in
vacuo to yield the desired product as a white solid (218 mg, 237 μmol, 90%). 1H
NMR (400 MHz, methanol-d4) δ 7.88 (d, 1H), 7.77 (d, 1H), 7.51 (m, 2H), 7.36 (m,
5H), 6.03 (d, 1H), 5.39 (s, 60H), 5.33 (s, 1H), 5.02 (s, 3H), 4.43-4.22 (m, 5H), 4.16
(m, 3H), 4.02 (t, 1H), 3.97 (s, 1H), 3.83 (t, 1H), 3.63 (m, 2H), 3.59 (t, 1H), 3.51-3.02
(m, 21H), 2.90 (t, 1H), 2.70 (m, 4H), 2.45 (d, 1H), 2.20 (t, 2H), 2.08 (m, 1H), 1.61 (t,
3H), 1.50 (t, 2H), 1.34 (t, 8H), 1.22 (m, 2H). Exact mass calculated for
C39H68N8O15S: 920.45, found 921.18 [M + H]+, 943.39 [M + Na]+.

Compound 9
Chloroform

(4

mL),

triethylamine

(350

μL)

and

(N,N'-diBoc-N''-

triflylguanidine) (800 mg, 2.04 mmol, 14 equiv) were added to a solution of (8) (135
mg, 147 μmol) (2) in methanol (1 mL). The reaction was stirred under argon and
covered in foil. Monitoring by TLC (4% methanol in dichloromethane) showed
multiple new products forming, all with higher Rf than the starting material. Gradually
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these products all converged to the fastest moving spot. After 48 hours all solvent was
removed in vacuo. Flash chromatography (2% methanol in dichloromethane) afforded
the desired product as an off white solid (193 mg, 81 μmol, 55%). 1H NMR (400
MHz, methanold4) δ7.39 (m, 5H), 7.08 (s, 2H), 5.87 (d, 1H), 5.24 (s, 1H), 5.08 (d,
3H), 4.87 (s, 23H), 4.51-4.28 (m, 4H), 4.21 (m, 1H), 4.12 (m, 1H), 4.03 (m, 2H), 3.83
(m, 2H), 3.77-3.59 (m, 4H), 3.47-3.0 (m, 100H), 2.73 (m, 3H). Exact mass calculated
for C105H176N20O39S: 2373.21, found 791.90 [M + 3H]3+, 1187.30 [M + 2H]2+.

Compound 10
Hydrogen gas was bubbled through a solution of (9) (180 mg, 76 μmol) and
palladium on carbon (100 mg) in methanol (15 mL) for 10 minutes. The reaction was
kept under an atmosphere of hydrogen for 18 hours until TLC analysis revealed that
all starting material had been consumed and a new, slower moving product appeared
Rf 0.3 in 10% methanol in dichloromethane. Flash chromatography (4-10% methanol
in dichloromethane) yielded the desired product as an off white solid (146 mg, 65
μmol, 85%). 1H NMR (400 MHz, methanol-d4) δ 5.92 (d, 1H), 5.50 (s, 2H), 5.08 (d,
2H), 4.87 (s, 40H), 4.59 (m, 4H), 4.34 (m, 4H), 4.30-4.08 (m, 6H), 3.99 (s, 5H), 3.90
(t, 2H), 3.80 (m, 5H), 3.69 (q, 3H), 3.53 (m, 6H), 3.36 (m, 20H), 3.19 (q, 7H), 3.012.89 (m, 4H), 2.81-2.67 (m, 8H), 2.38 (t, 5H), 2.19 (s, 3H), 1.90-1.45 (m, 150H), 1.41
(t, 12H), 1.10-0.88 (m, 3H). Exact mass calculated for C97H170N20O37S: 2239.18,
found 747.30 [M + 3H]3+, 1120.32 [M + 2H]2+.
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Compound 11
To a solution of Biotin (7.3 mg, 30 μmol, 1.2 equiv) in dry DMF (1 mL) which
was first passed through silica gel to remove traces of dimethylamine, 1Hydroxybenzotriazole (HOBT) (5 mg, 33 μmol, 1.3 equiv) and 2-(1H-7Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl

uronium

hexafluorophosphate

methanaminium (HATU) (11 mg, 33 μmol, 1.3 equiv) were added and the solution
was mixed for 10 minutes until all compounds were dissolved. After 10 minutes (10)
(55 mg, 25 μmol, 1 equiv) and triisopropylethylamine (40 μL) were added and the
reaction was stirred at room temperature for 10 hours until no starting material was
seen and a new spot was seen by TLC Rf 0.6 in 10% methanol in dichloromethane.
Flash chromatography (2-10% methanol in dichloromethane) yielded the desired
product as a white solid (52 mg, 21 μmol, 84%). 1H NMR (400 MHz, methanol-d4) δ
5.93 (d, 1H), 5.49 (s, 1H), 5.09 (s, 2H), 4.87 (s, 35H), 4.60 (m, 2H), ,4.49 (t, 1H) 4.32
(m, 2H), 4.28-4.10 (m, 3H), 3.99 (s, 2H), 3.90 (t, 1H), 3.85-3.60 (m, 8H), 3.51 (m,
4H), 3.42-3.25 (m, 45H), 3.22 (q, 7H), 2.92 (dd, 2H), 2.77-2.63 (m, 4H), 2.38 (t, 2H),
2.22 (m, 4H), 1.82-1.27 (m, 96H), 1.25-1.10 (m, 3H), 0.90 (m, 2H). Exact mass
calculated for C107H184O39S2: 2465.25, found 1233.71 [M + 2H]2+.

Compound 12
Trifluoroacetic acid (5 mL) and triisopropylsilane (50 μL) was added to a
solution of (11) (50 mg, 20 μmol) in dichloromethane (5 mL). This reaction was
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stirred vigorously at room temperature for 3 hours until TLC (10% methanol in
chloroform) showed all starting material was consumed and one baseline spot
appeared. Water (25 mL) was added and the reaction was washed with chloroform (2
°— 15 mL) and ethyl ether (2 °— 15 mL). The aqueous layer was evaporated in vacuo
to yield the desired product as a white solid which was dissolved in 0.1% TFA in
water (1 mL) and lyophilized to dryness. Analytical reverse phase HPLC (C-18, 520% acetonitrile (0.1% TFA) in water (0.1% TFA) over 30 minutes) showed one peak
at 11.51 minutes. HPLC purification [C-18, 5%-20% acetonitrile (0.1% TFA) in water
over 30 minutes] yielded the desired product as a white solid (18 mg, 14 μmol, 70%).
1H NMR (400 MHz, methanol-d4) δ 5.92 (s, 1H), 5.17 (s, 1H), 5.07 (s, 1H), 4.82 (s,
90H), 4.59 (t, 1H), 4.38 (m, 2H), 4.12 (m, 2H), 3.80 (t, 2H), 3.77-3.68 (m, 2H), 3.653.41 (m, 11H), 3.39-3.26 (m, 45H), 3.18 (q, 6H), 2.96 (m, 2H), 2.77 (d, 1H), 2.69 (t,
2H), 2.23 (q, 4H), 2.09 (s, 18H), 1.78-1.53 (m, 6H), 1.50 (t, 2H), 1.39 (m, 2H), 1.38
(m, 7H). Exact mass calculated for C47H88N22O15S2: 1264.62, found 633.47 [M +
2H]2+, 1265.40 [M +H]+. High resolution mass confirmed 1265.6293 [M + H]+.

SYNTHESIS OF ARGININE9-ALANINE-HEXANOIC ACID PEPTIDE
Peptide synthesis was carried out using standard Fmoc/HBTU chemistry on
ABI Applied Biosystems 431A peptide synthesizer using protected amino acids:
Fmoc-Arg-(Pbf)-OH,

Fmoc-Ala-OH,

and

Fmoc-6-aminohexanoic acid.

Upon

completion of automated synthesis, resin was washed with DMF and dissolved in a
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solution of biotin (244 mg, 1 mmol), 1-Hydroxybenzotriazole (HOBT) (130 mg, 858
μmol)

and

2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl

uronium

hexafluorophosphate methanaminium (HATU) (308 mg, 924 μmol) in 5 mL
DMF:DMSO (1:1). The reaction was stirred for 18 hours, and upon completion, the
resin was washed with dichloromethane and suspended in trifluoroacetic acid/water
(19/1) (10 mL), and stirred for 2 hours to cleave the peptide from resin. The resin was
then filtered and water (20 mL) was added to the filtrate. All volatiles were removed
in vacuo and HPLC purification (C-18, 5%-20% acetonitrile (0.1% TFA) in water
over 30 minutes) yielded the desired product as a white solid. 1H NMR (400 MHz,
D2O) δ 4.71 (s, 24H), 4.38 (t, 1H), 4.18 (t, 1H), 4.08 (m, 2H), 3.97 (m, 1H), 3.12 (s,
2H), 3.11 (m, 1H), 2.95 (s, 7H), 2.74 (dd, 1H), 2.51 (d, 1H), 2.04 (m, 3H), 1.82 (s,
2H), 1.67-1.48 (m, 7H), 1.48-1.33 (m, 7H), 1.29 (t, 1H), 1.20-0.99 (m, 4H). Exact
mass calculated for C73H141N41O13S: 1832.14, found 612.06 [M + 3H]3+, 917.26
[M + 2H]2+, 1833.74 [M + H]+. High resolution mass confirmed 1833.1409 [M
+H]+.
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