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ABSTRACT OF THE DISSERTATION

Overcoming Biological Barriers: Synthesis and Evaluation of Molecular Transporters

by

Kristina Moriah Hamill

Doctor of Philosophy in Chemistry

University of California, San Diego, 2016

Professor Yitzhak Tor, Chair

High molecular weight and highly-charged biomolecules are emerging as drugs
with high selectivity and efficacy; however, new strategies are needed to improve their
efficiency and targeted delivery in biological systems. One potential solution is the

conjugation or association of the biologic with a molecular transporter.
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Inspired by proteins, such as HIV-Tat, with cellular translocation abilities,
numerous guanidinium-rich molecular transporters have been synthesized from a diverse
range of nonpeptidic scaffolds. While their repertoire has expanded tremendously in the
past two decades, new transporters can provide unique intracellular distributions, targeting
effects, or pharmacological properties.

Polymyxin B is a cyclic polypeptide antibiotic containing five primary amines and
a hydrophobic tail that has not been exploited as a delivery module. Here, we synthesized
functionalized derivatives of polymyxin and its per-guanidinylated derivative and
evaluated their cellular uptake in mammalian cells. Both polymyxin and its guanidinylated
form effectively enter mammalian cells at nanomolar concentrations and can facilitate the
cellular delivery of large biomolecules and liposomal assemblies.

Guanidinoglycosides are a non-oligomeric class of molecular transporters
developed in our lab that permeate the cell membrane through heparan sulfate-dependent
pathways at low nanomolar concentrations. To further advance guanidinoglycosides as
transporters, guanidinylated neomycin (GNeo) derivatives containing different fatty acids
were synthesized and incorporated into liposomes. A small molecule dye or a lysosomal
enzyme were encapsulated in the liposomes and delivered to Chinese hamster ovary cells
or human fibroblasts, respectively. Incorporation of stearyl- or di-oleyl-GNeo lipids into
liposomes resulted in the greatest enhancement of uptake. The delivery of a-L-iduronidase,
a lysosomal enzyme, was able to restore enzyme function in fibroblasts lacking endogenous
enzyme. As an alternative approach to enhance GNeo as a molecular transporter,
oligomers of GNeo were synthesized using ring-opening metathesis polymerization. The

synthesis of the reactive monomer, formation of GNeo oligomers, and preliminary cellular
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uptake studies are presented. In addition to using GNeo for new delivery systems, we also
sought to explore the effect the linker connecting the cargo to the carrier has on conjugation
and uptake. Varying the length and hydrophobic properties of the linker joining GNeo to
biotin resulted in diverse conjugation efficiencies to streptavidin and differences in cellular
uptake, highlighting the importance of the linker when designing and studying new

molecular transporters.
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Chapter 1:

Discovery and Development of Guanidinium-Rich Molecular

Transporters

1.1 Introduction

Several biological barriers stand between the administration of a therapeutic agent
and its final cellular destination and function. Biological barriers were designed by nature
to compartmentalize, protect against foreign material, and selectively control what goes in
and out. These barriers can be divided into epithelial, endothelial, elimination, and target
cell barriers.' Epithelial barriers serve as both physical and biochemical barriers that
prevent a potential drug from accessing the systemic circulation. If a drug enters the blood
circulation, either by passing the epithelial barrier or by being directly administered into
the systemic circulation, the endothelium acts as a barrier between the blood vessel and the
surrounding tissue.! One of the most significant and selective endothelial barriers is the
blood brain barrier (BBB). The BBB is composed of special endothelial cells connected
by tight junctions, lacks fenestrations, and has low levels of pinocytic uptake, thus making
it poorly penetrable by both small- and large- molecule drugs.” Elimination barriers
include the liver and kidneys that can remove the drug from circulation and excrete it in
the bile or urine. Lastly, once the drug reaches the target tissue, it must cross the cell
membrane and target the desired organelle or cytosol.

In designing new drug candidates, the ability to overcome these barriers has to be

considered. For orally administered, small molecule drugs, Lipinski’s rule of five was



developed to guide medicinal chemists during drug design.” Generally, this means a log P
less than +5, molecular mass less than 500 Da, no more than 10 hydrogen bond acceptors,
and no more than 5 hydrogen bond donors. Compounds that fall into this narrow range of
criteria should be polar enough to traverse the extracellular milieu but small and lipophilic
enough to diffuse through the nonpolar membrane of a cell. Potential small molecule drugs
that fall outside of this range must be formulated with various solvent mixtures and
excipients or chemically modified to enhance absorption, distribution, metabolism, and
excretion.

Within the last decade, the pharmaceutical industry has become increasingly
interested in utilizing large biologics, such as proteins (e.g., enzymes and antibiodies)*
and oligonucleotides,® as drugs.”” The advantage of such drugs is their specificity and
efficacy, which reduces off-target side-effects frequently seen with small molecule drugs.
Biologics also have the potential to treat a variety of conditions of significant unmet
medical need such as Alzheimer’s disease, multiple sclerosis, Crohn’s disease, and
arthritis.>” However, high-molecular weight and highly charged biomolecules usually have
poor bioavailability, short half-lives, and are unable to traverse cellular membranes.'® The
strategies employed in the development of low-molecular weight drugs cannot be applied
to the development of biologics; therefore, new delivery strategies are necessary to enhance
or enable the therapeutic performance of such biologics on intracellular targets.

A majority of clinically approved biological drugs are administered via intravenous
(IV) infusion or subcutaneous (SC) or intramuscular (IM) injection to avoid initial
degradation and poor absorption in the GI tract. However, these delivery routes can be

invasive and inconvenient, limited to concentrations with low viscosity for administration,



and do not provide localized treatment. They are also rapidly cleared from the body, thus
requiring frequent injections. New delivery systems using various materials and chemical
strategies have been developed to address these limitations.'*'*

Modifications to the macromolecule can be applied to reduce renal clearance. For
example, chemical modification with hydrophilic polymers, such as polyethylene glycol
(PEQG), can increase the hydrodynamic radius of the biologic and extend its circulating half-
life."”” The advantages of conjugating other polymers such as sialic acid'* and hyaluronic
acid"® are also being investigated. Genetic constructs or fusion approaches are another
method for creating modified proteins with longer half-lives. Genetic fusion of a protein
with the Fc region of immunoglobulin G (IgG) facilitated binding to the neonatal Fc
receptor on the endothelium.'® Receptor-bound fusion proteins are internalized via
endocytosis then recycled back to the cell membrane and released back into the blood,
resulting in prolonged circulation times. Similarly, proteins can be fused to albumin and
take advantage of its extended circulating half-life.'”'® Alternatives and improvements to
protein modification and genetic engineering continue to be investigated.

Sustained release formulations improve the controlled release and delivery of
biologics while avoiding any chemical or fusion modification of the macromolecule. The
main systems include biodegradable microparticles based on polymers such as poly(lactic-
co-glycolic acid) (PLGA)", liquid gelling or self-assembling systems,”’ nanoparticles

21,22 e 23 g -
7, and depot injections™. Microparticles can

based on biodegradable polymers or lipids
be used to encapsulate a protein or peptide for long-term delivery (1 week or longer) with

sustained release of the drug. The chemical functionalities of the polymer affect

encapsulation, biocompatibility, and protein release from the microparticle. The use of



nanoparticles composed of materials such as polymers, lipids, and dendrimers, have been
studied for the delivery of biomolecules in the clinical and preclinical stages.

While promising and widely used, the above mentioned methods still require
injections which can be inconvenient and undesirable. Implantable pumps are one method
to control the rates and duration of drug delivery. Although a successful method for the
delivery of insulin, the implantation of pumps can also be invasive and susceptible to
infection.”* Liquid jet injectors are another needle-free route of administration. Liquid jet
injections work with currently approved injectable formulations but can cause occasional
pain at the site of injection and variations in the amount of protein that is delivered.> Other

routes of administration have also been investigated as alternatives to injections including

2 28 29,30
1% 1 1239,

pulmonary26, nasal®’, oral”®, and transderma The main limitation to delivering
biomolecules through these routes continues to be poor distribution across biological
barriers. Novel approaches, therefore, continue to be developed to overcome these barriers.

One method to improve the drug delivery problem is to conjugate or associate the
biomolecule with a molecular transporter. Molecular transporters can be either covalently
attached or non-covalently associated with target cargo that will enhance or enable
intracellular delivery of the cargo. The approach can be applied to several of the techniques
described above to improve intracellular delivery of otherwise impermeable cargo.
Guanidinium-rich transporters (GRTs) represent a large class of delivery vehicles with
various scaffolds, decorated with guanidinium groups, that can facilitate translocation
across cellular membranes.”'>* GRTs have been shown to deliver cargos including small

molecules, imaging agents, metals, quantum dots, proteins, plasmids, and RNA, among

others, both in vitro and in vivo.



1.2 The Discovery of Guanidinium-Rich Molecular Transporters

In 1988, it was discovered that the 86-amino acid protein Tat encoded by human
immunodeficiency virus type 1 (HIV-1) could penetrate cells when added exogenously.*”°
This was surprising as polar molecules such as proteins and peptides are typically unable
to cross non-polar cell membranes. Further studies found that the cell-penetrating function

3739 often referred

of the protein was due to the basic arginine-rich region (RKKRRQRRR),
to as Tatso.s7 or the Tat 9-mer (Figure 1.1).* Additionally, the 60-amino acid peptide
Antennapedia from Drosophila was also shown to enter nerve cells and translocate to the
nucleus when added exogenously.*' Subsequent studies indicated a 16-amino acid region,
derived from the third helix of the protein and rich in basic and hydrophobic residues, was
critical for uptake and is now referred to as Penetratin.*

Early investigation into the ability of Tat to transport other macromolecules into
cells used a truncated version, Tats7.72, chemically cross-linked to different proteins — S-
galactosidase, horseradish peroxidase, RNase A, and Pseudomonas exotoxin II1.>** Tat
was able to mediate the cytoplasmic delivery of all proteins in tissue culture. Intravenous
injection of Tat-f-galactosidase into the tail vein of mice resulted in delivery to several
tissues including the heart, liver, and spleen, primarily targeting cells surrounding the blood
vessels. Together, this suggested early on the ability of cell-penetrating peptides to mediate
the therapeutic delivery of biomolecules into living cells. The Tat 9-mer was then utilized
to deliver a variety of other proteins into cells including E2 repressor that inhibits human

papillomavirus type 16,”® ovalbumin,** p27“P' and p16™** Cdk inhibitor proteins,*°

casapase-3,*” and S-galactosidase.*®



The intriguing observation that these polar, water-soluble peptides could traverse
the non-polar membrane prompted a thorough structure-function analysis by Rothbard and
Wender to understand the requirements for the cellular uptake of the Tat peptide and
develop improved molecular transporters.” Using flow cytometry, they showed that
fluorescently tagged D-Tats9.57 isomer exhibits greater cellular uptake in Jurkat cells than
L-Tats9.57 indicating the chirality of the peptide backbone is not critical for uptake and the
D-isomer most likely has increased stability towards proteolysis.”’ Nine derivatives of
Tats9.57 in which an alanine replaced one residue at a time in each (Ala scan), indicated all
cationic residues of the Tat peptide are necessary for uptake. Furthermore, deletion of one
arginine residue from the Tat peptide (Tats9.s56 or Tatso.s7) reduced cellular uptake by 80%.
An additional deletion of one arginine (Tat49_s5) further reduced uptake whereas, deletion
of one lysine (Tats;.s7) had no affect on uptake, suggesting the importance of the
guanidinium group.*® To further probe the contribution of arginine, homo-oligomers of
arginine (Arg5—Arg9) were synthesized and their uptake compared to Tatyo_s7 (Figure 1.1).
Although the Tat peptide contains 8 cationic residues, its uptake was better than Arg6 but
lower than Arg7-Arg9.*" A related study showed oligomers of arginine had much higher
cellular uptake than oligomers of lysine, ornithine, and histidine.”” Since these early
observations, further investigation into the role of the guanidinium group has been
conducted and numerous guanidinium-rich molecular transporters of varying scaffolds

have been described and exploited.
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Figure 1.1. Structures of guanidinium-rich peptides. D-Tatyy 57, L-oligoarginine, D-oligoarginine, and
oligolysine conjugated to fluorescein for structure-uptake activity studies.

1.3 Interactions of the Guanidinium Group with the Cell Surface

The first step in translocation of cell-penetrating peptides is most likely interaction
of the guanidinium-rich transporter with the cell membrane. The cell membrane is
predominantly composed of proteins embedded in a phospholipid-rich bilayer. Further,
extracellular membrane proteins can consist of one or more covalently attached
glycosaminoglycan chains forming a proteoglycan. Glycosaminoglycans are linear
disaccharide units containing either an N-acetylated or N-sulfated hexosamine and either a
uronic acid (heparan sulfate, chondroitin sulfate/dermatan sulfate) or a galactose (keratin
sulfate), making these biomolecules highly heterogeneous and negatively charged (Figure

1.2).
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Figure 1.2. A heparan sulfate octasaccharide subunit. The anionic sulfate and carboxylate moieties are
shown in red.

The guanidinium group appears to be unique in its ability to facilitate cellular
uptake, for conversion of the Tat peptide to all lysine residues did not enhance uptake as

. . .. . . 40
did conversion to arginine amino acids.

At physiological pH, guanidine (pKa ~13.7)
exists in its protonated form as the guanidinium cation. The delocalized positive charge is
softer than the localized (hard) charge of an ammonium group, enhancing interactions with
softer, anionic cell surface phosphates, carboxylates, and/or sulfates (Figure 1.3).°
Furthermore, the planar, positively-charged guanidinium group, unlike an ammonium

group, is well suited for forming a bidentate hydrogen bond with negatively-charged

membrane constituents (Figure 1.3).
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Figure 1.3. Interactions of guanidinium with cell surface components. An example of a bidentate
hydrogen bond between the guanidinium functional group and either a sulfate, carboxylate, or
phosphate.

To determine if the different physical properties of lysines and arginines contribute
to the differences in uptake, Wender et al. replaced the hydrogens of the guanidinium
groups in Argg with one or two methyl groups to eliminate the hydrogen bonding ability
while retaining the positive charge.”' Increasing methylation decreased uptake, supporting
the hypothesis that arginine’s ability to form bidentate hyrodgen bonds contributes to the
enhanced uptake of arginine-containing peptides. Additional evidence to support the role
of hydrogen bonding arose from examining the partitioning of oligoarginine between
octanol and water. Both a fluoresceinated arginine octamer and ornithine octamer, a non-
proteogenic, cationic amino acid with one less methylene group in the side chain than
lysine, partitioned in the water layer; however, when sodium laurate, a fatty acid salt, was

added to the mixture, >95% of octaarginine partitioned in the octanol layer, whereas the

ornithine oligomers preferentially stayed in the water layer.”' This suggests that the
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guanidinium groups can complex to counterions found on the cell surface and transform
into a membrane soluble complex that can be driven into the cytosol of the cell. Likewise,
the Matile group investigated the contribution of counteranions in the ability of oligo/poly-

>3 In the

arginines and polylysine to transfer from an aqueous to a nonpolar environment.
presence of amphipathic anions such as sodium dodecyl sulfate (SDS), cholesterol sulfate,
phosphatidylglycerol (PG) and pyrenebutyrate, poly-arginine and hexa-arginine are
soluble in chloroform but poly-lysine is not.”> Additional counterions with large, aromatic
groups were also effective at activating oligoarginines across lipid membranes.”* The
authors conclude that in the presence of both hydrophilic and amphiphilic anions, arginine-
rich peptides can be hydrophilic or lipophilic depending on the associated counterion.’>
Moreover, preincubation of cells with pyrenebutyrate results in direct membrane
translocation and an increase in the cytosolic delivery of Arg8 peptide and enhanced green
fluorescent protein (EGFP) containing an Arg8 segment in HeLa cells and primary cultured
neurons.>*”’

Other proposed mechanisms for the direct translocation of cell-penetrating peptides

2637 pore formation,”™ and carpet-like model.” Direct-

include inverted micelle formation,
translocation mechanisms have been suggested for cell-penetrating peptides including Tat
peptides®, octa-arginine, and peptides containing hydrophobic residues such as
penetratin*’; however, the mechanism of uptake is highly dependent on cell-line,
concentration of the peptide, and attached cargo. It would be applicable to cell-penetrating

peptides conjugated to small molecular weight cargo and would likely compete with

endocytotic mechanisms as cargo size increases.
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1.4 Endocytosis Mechanisms of Guanidinium-Rich Transporters

Endocytosis is an energy-dependent process cells use to internalize

macromolecules and particles from the extracellular environment.®*

The plasma
membrane engulfs the material and buds off to form a vesicle inside the cell. Phagocytosis
is the ingestion of large particles such as bacteria and pinocytosis is the ingestion of fluids
or macromolecules. Pinocytosis can be categorized as either macropinocytosis, clathrin-
dependent, or caveolin-dependent. Once internalized, the endocytic vesicles generally
recycle the internalized cargo back to the cell surface or fuse with early endosomes to be
sorted for transport to late endosomes/lysosomes (Figure 1.4).

Clathrin-mediated endocytosis is the most well-studied pathway and the primary
method eukaryotic cells internalize receptors, nutrients, growth factors, etc. Clathrin
polymerizes into triskelion, which consists of three heavy chains and three light chains and
assembles into polyhedral lattices. Macromolecules to be internalized bind to specific cell
surface receptors at specialized sites where clathrin-coated pits are formed (~100 nm in
diameter) in order to concentrate surface proteins for internalization. With the help of other
endocytotic regulatory proteins such as the GTPase dynamin, the pits pinch-off from the
membrane to form the intracellular clathrin-coated vesicle.

The most well-studied clathrin-independent, lipid raft mediated forms of
endocytosis are caveolin-dependent endocytosis and macropinocytosis. Caveolae are
small invaginations of the plasma membrane rich in cholesterol and sphingolipids,
signaling proteins, and clustered glycosyl phosphatidylinositol-anchored proteins.”*> The

flask-shaped plasma membrane invaginations (50-80 nm in diameter) possess a coat
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formed by the protein caveolin. The protein dynamin is also necessary for the fission of
caveolae from the plasma membrane. Several bacterial toxins, such as cholera toxin,”® and
some viruses, such as SV40,% are internalized via caveolar endocytosis. Macropinocytosis
is a less-specific, actin-dependent form of endocytosis. This mechanism is normally in
response to growth factor stimulation and forms large, vesicles (0.2 — 5.0 um in diameter)

to internalize large amounts of fluid and macromolecules.®®

macropinocytosis direct

caveolin-dependent clathrin-dependent translocation

endocytosis endocytosis

and caveolin-

early/late
endosome

heparan sulfate
proteoglycan

QD-D dynamin
' “ caveolin

cytoplasm

clathrin
nucleus

e LT T T T T = Tt

Figure 1.4. Mechanisms of cellular uptake. The different mechanisms of uptake suggested for
guanidinium-rich transporters are shown in a schematic illustration of a section of a cell’s plasma
membrane.
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The mechanism in which guanidinium-rich transporters are internalized remains
unclear, most likely involves multiple pathways, and varies with different transporters. The
degree to which the different pathways are utilized can also be dependent on the size and
charge of the cargo attached and can differ from the uptake mechanism of the free
peptide.”” Clathrin-mediated uptake of arginine-rich transporters has been proposed by
several groups as the primary uptake mechanism. Reports show that the Tat peptide-
fluorophore conjugate colocalizes with transferrin, a marker of receptor-mediated

71,72

endocytosis. Additionally, the use of inhibitors of clathrin-mediated endocytosis

73-75

reduced uptake of the Tat peptide, whereas, caveolae-mediated endocytosis inhibitors

had no affect on uptake.” However, other authors have reported that Tat and Arg8 do not

colocalize with transferrin, but with cholera toxin,’®

suggesting caveolae-dependent
uptake.  Tat-fusion proteins were also shown to internalize through caveolar
endocytosis.”””® A combination of clathrin- and caveolae-mediated uptake mechamisms
has also been suggested.”

A number of groups have also proposed macropinocytosis as the mechanism of

uptake for arginine-rich peptides.”®'

The contribution of macropinocytosis in the uptake
of oligoarginine peptides was found to be dependent on the length of the peptide.”
Additionally, interaction of Arg8 and Tat with cell surface proteoglycans is important for
activation of the Rac protein, actin organization and their macropinocytic uptake.** The
Tat peptide was more dependent on heparan sulfate proteoglycans than the Arg8 peptide,
possibly due to charge density. In a related study, it was found that the uptake mechanism

of Arg8-modified liposomes containing a rhodamine dye shifted from clathrin-mediated

endocytosis to macropinocytosis as the density of Arg8 increased.”> Using a Tat-Cre
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recombinase reporter assay, the Dowdy group found that Tat-fusion proteins, as well as the
Tat-peptide, were internalized by macropinocytosis and independent of dynamin, caveolae

and clathrin endocytosis.*”**

In contrast to the results of Futaki and coworkers, the Dowdy
group found that uptake of Tat-peptide and Tat-fusion proteins were not dependent on cell-
surface proteoglycans.” Duchardt, et. al. demonstrated that macropinocytosis is the
primary mechanism of uptake for Arg9 and Tat peptides at concentrations less than 10 uM,
whereas, clathrin-mediated, caveolae-mediated, and macropinocytosis all occur at higher
peptide concentrations.

As mentioned, the uptake of different guanidinium-rich transporters is dependent
on a variety of factors that could effect the mechanism of uptake. Furthermore, the use of
different cell lines and methods for analyzing endocytosis are not universal between labs.
The use of chemical inhibitors or detecting colocalization with protein markers can have
side effects, for example, blocking one route of entry might up regulate another pathway.
These methods can also have poor specificity, high dependence on the cell line used, and

affect cell viability;***

therefore, a universal internalization mechanism for guanidinium-
rich transporters is unlikely and must be taken into consideration when analyzing and
developing new transporters.

1.5 Non-Peptidic Guanidinium-Rich Molecular Transporters

1.5.1 Linear Guanidinium-Rich Molecular Transporters
Since early structure-activity studies suggest the presence of guanidinium groups
plays a greater role than charge or backbone in facilitating translocation of peptides,

Wender et al. synthesized a family of polyguanidine peptoid derivatives.** These oligo-
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peptoids (1.1) maintain the 1,4-backbone spacing of peptide side chains but lack
stereogenic centers, are more resistant to proteolysis, and are easier to synthesize. The
uptake of fluorescently labeled polyguanidine peptoids was comparable to corresponding
D-arginine peptides. More flexible peptoids in which alkyl spacers were introduced
between the guanidino head groups show improved uptake compared to Arg9, suggesting
the peptide backbone is not critical for cell entry. Additionally, peptides containing seven
arginine residues and one or more aminocaproic acid groups or other spacers integrated in
various positions (1.2) were synthesized and evaluated for uptake.*® The spaced oligomers
showed more efficient uptake than heptaarginine itself, further indicating that increased
flexibility leads to enhanced cellular uptake.

p-peptides, which contain one additional methylene unit between guanidinium
containing side chains (1.3), also show similar uptake efficiency as a-peptides but are more
resistant to enzymatic degradation and can be designed to form secondary structures.
Gellman and coworkers showed a f-peptide TAT analogue is internalized as well as the
natural TAT49.57 and uptake of the S-peptide remains dependent on the presence of charged
groups.” The Seebach group also investigated the uptake of S-peptides and found that -
oligoarginine outperformed p-oligolysine.” Additionally, arginine-rich B-peptides that
form a stable helix in aqueous solution in which the guanidinium groups are grouped to
one side, exhibit enhanced uptake.”’ Similarly, cell-penetrating peptides derived from a
polyproline helix (1.4) were designed to have a well-folded secondary structure in which
the cationic modifications are on one side and a hydrophobic region on the other face of

the helix.”> The amine-containing compounds showed minimal uptake and little difference
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between the flexible and rigid structures; however, when the polyproline helix is modified
with six guanidinium groups, an 8-fold increase in uptake compared to Arg6 is observed
and an order of magnitude higher uptake compared to the Tat peptide. The organization of
the hydrophobic and hydrophilic groups proved to be important, as scrambled versions of
the transporters, with hydrophobic and cationic groups on all faces of the helix, were less
effective.”

The importance of the peptide backbone and spacing was further challenged by
replacing the amide bond with a carbamate backbone (1.5). The carbamate guanidinium
9-mer translocated into cells 2.3 times faster than D-arg9, which is 100 times faster than
Tatqo.s7, whereas, the ammonium carbamate 9-mer showed poor uptake.” The extensive
work on linear guanidinium-rich molecular transporters with various backbone structures,
spacing modifications, and even secondary structures (Figure 1.5) suggest that effective
molecular transporters can go beyond flexible, linear arrangements and additional three-

dimensional structures should be considered.
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Figure 1.5. Structures of linear, guanidinium-rich molecular transporters.

1.5.2 Branched Guanidinium-Rich Molecular Transporters
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Guanidinium-rich molecular transporters based on branched scaffolds, such as
dendrimers, were synthesized and their cellular uptake was analyzed to determine the effect
of branching on cellular uptake (Figure 1.6). Futaki and coworkers were the first to show
that branched arginine-rich peptides ((Rz2)s) (1.6) have translocation -efficiencies
comparable to linear peptides (Arg8);’* therefore, a linear structure is not necessary for
translocation. Further, as seen with linear transporters, uptake was dependent on the
number of guanidinium groups but the optimal location and spacing of the guanidinium
groups is flexibile.”

Shortly after, Goodman et al. synthesized nonpeptidic dendritic compounds bearing
3,6, 9, or 12 guanidinium moieties (1.7) conjugated to fluorescein or to green fluorescent
protein (GFP) and found them to exhibit comparable cellular uptake to Tatso.s7.”
Additional investigations found that a series of dendrimers displaying 8-guanidinium
groups but with different chain-length spaces between the groups (1.8) exhibit various
degrees of uptake.”® Generally, the longer, more flexible chain lengths led to better uptake,
analogous to what was observed for arginine-rich peptoids with varying hydrocarbon side
chains.**”

Other branched guanidinium-rich transporters have been synthesized from poly-
(propylene imine),”” Newkome-type,”® and polyamidoamine (PAMAM)” dendrimer
scaffolds. Similarly, the results obtained indicated the number of guanidinium groups,”’
the length of the backbone spacers,” and the presence of guanidinium groups, not overall
charge,” effect cellular uptake of the dendritic transporters. The diversity of linear and

branched guanidinium-rich transporters suggests that a variety of other scaffolds, if
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properly functionalized with guanidinium groups, could also be utilized to control

intracellular delivery.
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Figure 1.6. Examples of branched and dendrimeric guanidinium-rich transporters.
1.5.3 Guanidinoglycosides

Aminoglycosides are an important class of naturally occurring antibiotics. When
the ammonium groups of aminoglycosides are converted to guanidinium groups, termed
guanidinoglycosides (Figure 1.7), cellular uptake in eukaryotic cells is dramatically
enhanced.'” Cellular uptake of BODIPY-tagged tobramycin, neomycin B, and their
guanidinylated derivatives were compared to Arg9 in two different eukaryotic cell lines.
While the aminoglycosides exhibited poor uptake, guanidinylated tobramycin (GTob) and
guanidinylated neomycin B (GNeo, 1.9) showed uptake efficiencies similar or better than
Arg9, respectively, despite having fewer guanidinium groups.'® Furthermore, inhibition

of Arg9 uptake by GNeo suggests a common internalization pathway.'"'
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Figure 1.7. Representative structures of aminoglycosides (Tob and Neo) and guanidinoglycosides
(GTob and GNeo).

Additional studies on guanidinoglycosides were performed to further investigate
the mechanism of uptake and their ability to transport high molecular weight cargo into
cells. Biotinylated-GNeo (1.10) was synthesized and conjugated to the fluorescently
tagged protein streptavidin and studied in several wild-type and mutant eukaryotic cells

' At low nanomolar concentrations, GNeo was found to deliver the fluorescent

lines. "
protein into cells and its uptake depended exclusively on cell surface heparan sulfate, a
negatively charged polysaccharide found on the surface of all mammalian cells, rather than

other negatively charged glycans such as chondroitin sulfate.'"'

The role of heparan sulfate
(HS) in the uptake of guanidinoglycosides was further investigated by synthesizing
monomeric and dimeric transporters and examining their uptake in wild-type CHO cells or
mutant CHO cells void of HS or displaying HS with altered sulfation patterns.'”> All
derivatives showed minimal uptake in cells lacking HS. Monomeric guanidinoglycosides

also showed reduced uptake in cells having lower levels of sulfation, whereas, dimeric

guanidinoglycoside conjugates could overcome HS deficiency and maintain high levels of
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cellular uptake. The cooperative response observed with dimeric guanidinoglycosides
show that increasing the valency of the transporter affects uptake efficiency. The HS—
GNeo interactions were further studied using binding and FRET studies to show that the
multi-valent GNeo-biotin-streptavidin complex can induce HS-proteoglycan aggregation

on the cell surface which then leads to endocytic entry into cells.'”

The clustering of
HSPG can be altered by modifying the GNeo transporter with a long, alkyl chain.'®*
Derivatives with longer alkyl chains showed greater uptake but did not induce HSPG
clustering, suggesting the hydrophobic interactions with the membrane assist in uptake,

offering a different internalization pathway.'®*
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Figure 1.8. Structures of various guanidinoneomcyin derivatives.

GNeo has been shown to deliver a variety of large, bioactive cargo into cells.
GNeo-biotin (1.10) facilitated the uptake of streptavidin-coated quantum dots while
retaining HS selectivity.'”” Microscopy images demonstrated that ~90% of internalized
GNeo-conjugated quantum dots colocalized with lysosomes. To prepare a more
generalized protein transporter, an activated ester of GNeo was synthesized (GNeo-NHS,

1.11) and conjugated to the lysines of two lysosomal enzymes, -D-glucuronidase and o.-
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L-iduronidase. Conjugation did not interfere with enzyme activity and facilitated sufficient
delivery of the enzyme to restore normal glycosaminoglycan turnover in patient cells
lacking the endogenous enzyme.'” More recently, a stearyl-GNeo derivative (1.12) was

106 :
These “GNeosomes”, were able to deliver small molecules

incorporated into liposomes.
and high molecular weight proteins to the lysosomes of mammalian cells. Together, these
studies suggest the therapeutic potential of designing novel, multivalent transporters to
enhance lysosomal delivery of biomolecules.

1.5.4 Additional Carbohydrate-Based Guanidinium-Rich Molecular
Transporters

Guanidinylation of carbohydrate scaffolds based on myo- and scyllo- inositol

7 Inositol

dimers (Figure 1.9) were prepared and studied by Chung and coworkers.'
structures are naturally occurring carbohydrates thus mostly nontoxic and have a high
density of functionality with diverse stereochemical possibilities. Initial studies found that
the amide-linked scyllo-inositol dimer containing 8 guanidinium moieties (G8), with a
seven carbon spacer from the ring, (1.13) outperformed the Arg8 transporter three-fold.'"’
Uptake efficiency correlated with an increase in the linker length between the guanidinium
groups and inositol. Microscopy studies indicated a clathrin-independent uptake
mechanism different from that of the Tat peptide. Furthermore, while the Tat peptide
generally accumulates in the liver, kidney, and spleen, in vivo studies showed higher
distributions of the inositol transporter in the heart, lung, and brain tissue. The delivery of
a doxorubicin-transporter conjugate to the brain further shows the ability of these

transporters to cross the highly exclusive BBB.'"”” To further investigate the structural

properties driving the organellar and tissue selectivity, the effect of the scaffold
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stereochemistry was evaluated using monomeric myo- and scyllo-inositol and other

. 108
monosaccharide-based G8 molecular transporters.

Mpyo-inositol transporters with para-
like substitution were found to target mitochondria, whereas, scyllo-inositol transporters
with para- or ortho-like substitutions did not show affinity for mitochondria or clear

localization.'®

Moreover, G8-D-glucose transporters show higher colocalization with
mitochondria than G8-mannose, -allose, or —galactose based transporters in which only one
stereochemical variation occurs between each and which localized more in lysosomes.'”
All transporters maintained the ability to cross the mouse BBB. Despite having the same
number of guanidinium groups and similar structures, these results suggest minor

differences in scaffold stereochemistry play a role in the uptake and organellar affinity of

carbohydrate-based transporters.
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Figure 1.9. Representative scyllo-inositol transporter. Amide-linked dimeric scyllo-inositol transporter
containing eight guanidinium groups.

To further explore the idea of utilizing different scaffolds to selectively target
intracellular organelles or specific tissues, transporters based on the sugar alcohol sorbitol
were designed and synthesized (Figure 1.10).""® Sorbitol transporters were modified using
branched linkers to have eight guanidinium residues with different types of branch chains
and varying chain lengths. The most promising transporters in the series were found to

selectively localize in the mitochondria. As with the inositol transporters, the sorbitol
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transporters were found predominantly in the heart muscle and brain tissue of mice.''’ The
ability of the G8-sorbital transporter to traverse the BBB opens up the potential to treat a
variety of diseases that affect the brain and in which current therapeutics are unable to
achieve. Derivatives of the G8-sorbitol molecular transporter have been successfully
employed to deliver 3’-azido-3’-deoxythymidine (AZT) (1.14) ,""' a nucleoside reverse
transcriptase inhibitor used in the treatment of acquired immunodeficiency syndrome
(AIDS), 5-fluorouracil (5-FU) (1.15),''* an anticancer drug, and paclitaxel (1.16),'" an
anti-tumor agent, to brain tissue in vivo. Delivery of 5-FU resulted in a more cytotoxic
agent against two multidrug-resistant cancer cell lines then 5-FU alone''? and transport of
paclitaxel led to enhanced anti-tumor effects in a mouse model of glioblastoma.'"
Additionally, a lipidated derivative of the sorbitol transporter was utilized in nonviral gene
and siRNA delivery.'* Derivatives with short hydrophobic chains (C12) more
successfully condensed DNA/RNA, whereas, compounds with longer lipid chains (C30)
were more effective at transfection when used to modify the surface of nucleic acid
containing lipid nanoparticles. Furthermore, a biotin-derivative of the GS8-sorbitol

transporter was able to internalize quantum dots coated with streptavidin.'"

The larger
cargo resulted in slower uptake kinetics but is ultimately internalized through

macropinocytosis and resides in the cytoplasm. Despite the large cargo size, the quantum

dot-conjugate is able to traverse the BBB when injected intravenously into mice.'"
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Figure 1.10. Sorbitol-based transporters. Sorbitol-based carriers conjugated to either AZT (1.14), 5-
FU (1.15), or paclitaxel (1.16).

The success obtained from inositol and sorbitol based transporters led to the
synthesis and uptake of transporters based on the disaccharides lactose,''® sucrose,''” and

trehalose (Figure 1.11).'"®

The lactose-based transporters were found to localize in the
brain, liver, and spleen and target either the mitochondria or the endosomes depending on
linker length.''®  Sucrose-based transporters, functionalized with seven guanidinium
groups, also showed localization depends on linker length as well as the nature of the
fluorescent dye attached to the transporter.''’ Similarly, trehalose-derived transporters,
displaying either six (G6) or eight (G8) guanidinium groups, are predominantly found in

18 Trehalose has been

the brain tissue and show high colocalization with mitochondria.
reported to inhibit polyQ aggregates involved in Huntington’s disease (HD) and show
neuroprotective effects;''” however, cellular uptake of trehalose in mammalian cells is very
limited."® The BBB permeable G6-trehalose derivative was able to reduce the aggregation
of polyQ in vitro and when orally administered to HD mice, an increased life span,

improved motor skills, and a reduction in the inclusion bodies in the brain and liver were

118
observed.
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Figure 1.11. Disaccharide-based transporters. Lactose (1.17), sucrose (1.18), and trehalose (1.19) based
transporters conjugated to fluorescein.

1.5.5. Oligomerizaton-Based Guanidinium-Rich Molecular Transporters

The structural diversity of guanidinium-rich transporters indicated variations in
backbone could lead to different uptake and in vivo properties. The synthesis of previously
reported transporters required several synthetic steps. Even the synthesis of octa-arginine
required 16 steps when prepared via solid-phase peptide synthesis; therefore, synthetic
strategies to improve step economy and design novel transporters were explored. The
growing field of polymer chemistry found various ways to synthesize polymers with well-
defined architectures and lengths termed “controlled polymerization”.'”' The narrow
polydispersity is a result of polymerization reactions without chain transfer or termination,
a rate of initiation greater than the rate of propagation, and irreversible addition of each
monomer. Moreover, these methods allow the addition of a second monomer (or a third,
etc.) after the first is consumed to generate well-defined block copolymers.'** The
molecular weight or degree of polymerization can be controlled by adjusting the ratio of
initiator to monomer.'> Additionally, this method allows for control over end groups and
a variety of functionalities can be incorporated at the polymer termini. Applying this
strategy to assemble multiple guanidinium groups reduces the step count to two
(oligomerization and deprotection); therefore, different length transporters can easily be

obtained without an increase in the number of synthetic steps.
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In 2008, the Kiessling lab utilized living ring opening metathesis polymerization
(ROMP) to form succinimidyl ester-substituted oligomers terminated with a ketone (1.21)

for further functionalization (Figure 1.12).'**

The oligomers had narrow polydispersities
and average length of ten monomer units. The active esters were reacted with an amine-
linked to the guanidinium groups and a rhodamine B derivative was introduced via an
oxime linkage (1.22). Cellular uptake was evaluated using live cell confocal microscopy
and showed uptake of the guanidinium-rich oligomer in punctate vesicles and throughout
the cytoplasm through an energy-dependent pathway. Longer polymers with an average
length of 25 units were internalized less efficiently and were more cytotoxic. The idea was
extended to form block copolymers which contained two different activated monomers and

a terminal ketone (1.24).'%

The succinimidyl esters were again replaced with guanidinium
groups, the chloroacetamide-functionalized second block was substituted by
mercaptoethanol, and the ketone was reacted with a rhodamine B derivative (1.25). The

guanidinium-rich block copolymer was internalized in mammalian cells and localized

predominantly in the cytoplasm.
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Figure 1.12. Synthesis of guanidinium-rich transporters using ROMP. Representative polymers (a) and
block copolymers (b) synthesized via ROMP.

In related work, the Tew research group used ROMP to synthesize guanidinium-
rich transporters with an oxanorbornene scaffold containing a protected guanidinium
moiety (Figure 1.13). Initial studies looked at transporter efficiencies with respect to
polymer length, hydrophobicity, pH, membrane fluidity and membrane potentials as well
as antimicrobial activity.'*® This polymer (1.27) was found to be strongly antibacterial
against gram-negative and gram-positive bacteria as well as low hemolytic activity against
human red blood cell, whereas previously studied poly-ammonium oxanorbonene species
were either inactive or toxic.'"”’ The uptake activity of the oxanorbornene-derived
transporters was assessed in mammalian cells to evaluate the effects of polymer length and
guanidinium density,'*® aromaticity and hydrophobicity,'*” and aromatic ~ -interactions.'*’
The transporters were then used to deliver small interfering RNAs (siRNA) into T-cells."!

Copolymers consisting of guanidinium and hydrophobic groups (1.28) outperformed

homopolymers containing only the guanidinium monomer when in the presence of
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serum.”'  Additional studies to optimize the oxanorbornene transporters for siRNA
delivery found an optimal cationic charge of 40 and again, block copolymers outperformed
homopolymers.'*> The optimized transporter was able to knockdown target protein
expression in T cells up to 80%."** The synthetic accessibility to a variety of guanidinium-
rich polymers and copolymers was key to understanding and optimizing the uptake of these
novel transporters.

a)J L W W
1. Grubbs catalyst

N N

2. TFA
HN NHBoc HN NH2

@ NH, HoN @NH2H2N® NH»
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Figure 1.13. Oxanorbornene-based guanidinium-rich transporters. (a) Synthesis of homopolymers via
ROMP. (b) Block copolymer structure used for intracellular delivery.

The Wender group took an organocatalytic approach, and utilized a ring-opening
polymerization of cyclic carbonates modified with a guanidinium side chain (1.29) to
synthesize a new class of transporters (1.30)."*> Oligomers of various lengths were
obtained by varying the ratio of monomer to initiator with narrow polydispersities. This
method offers several advantages over other oligomerization strategies including the metal-
free nature of the catalyst, a stable backbone in powder form but a non-toxic degradable
backbone under physiological conditions, and the opportunity to initiate synthesis from a
functional probe or drug (Figure 1.14). The dansyl-terminated guanidinium-rich
oligocarbonate transporters exhibited efficient cellular uptake similar to an octa-arginine
control. The transporters were also able to deliver and release luciferin in cells with a

slower release rate than octa-arginine.'> Block copolymers containing the guanidinium



29

side chains mixed with hydrophobic side chains (1.31) were investigated for their ability

to complex small interfering RNAs (siRNA) and facilitate uptake.'**

The oligomerization
strategy allows easy access to test numerous hydrophobic side chains, different ratios of
the two monomers and different oligomer lengths without lengthy syntheses. The best
amphipathic co-oligomers were able to noncovalently complex and deliver siRNA into
cells, resulting in up to 90% knockdown of target protein synthesis."** A second generation
oligocarbonate delivery system was derived from 1,3-glycerol carbonate monomers (1.32)

to enhance biocompatibility and stability.'>

The aliphatic oligocarbonates containing the
ether linkage at C2 (1.33) maintained high levels of target protein suppression and
exhibited enhanced siRNA/co-oligomer complex stabilization. The release of siRNA
could be controlled by modifying the monomers and using mixtures of the glycerol-derived
monomer with the previously reported methyl(trimethylene)carbonate-derived
monomers.'”> A third-generation of organocatalytic ring-opening polymers were formed

from cyclic phospholane monomers (1.34)."

The transporters were initiated from
fluorophore directly or with a reactive thiol, which could then be reacted with a fluorophore
or the cancer drug paclitaxel, and released intracellularly upon exposure to glutathione.

Oligophosphoesters (1.35) exhibited increased water solubility, hydrolytic stability, and

ultimately better cellular uptake than peptide or oligocarbonate transporters.'>
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Poly(disulfide)s have been developed for gene delivery systems due to their low
toxicity and their ability to release cargo in the presence of intracellular reducing agents
such as glutathione."”” Ammonium or guanidinium residues have been incorporated to

. 138-141
enhance cellular translocation.

These poly(disulfide) transporters rely on
noncovalent association of the cargo; therefore, Matile and coworkers developed a method
for synthesizing cell penetrating poly(disulfide)s with covalently attached cargo (Figure
1.15)."** Probes or drugs containing a thiol group can initiate a ring-opening disulfide-
exchange polymerization of guanidinium-containing propagators (1.36). Guanidinium-
rich poly(disulfide)s (1.37) grown on a fluorescent substrate were able to reach the cytosol

and release the substrate in HeLa cells within 5 min.'*® Co-polymerization with

hydrophobic monomers results in a high accumulation in endosomes, whereas more
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hydrophilic polymers reside in the cytosol.'*'**

The uptake mechanism was independent
of cargo, however, altering the length of the polymer can be used to control their
intracellular destination. For example, increasing the length of the guanidinium-containing

poly(disulfide)s results in a higher accumulation in the cytsol over endosomes.'*

Even
longer polymers, however, exhibit slower depolymerization kinetics and proceed into the
nucleus. Guanidinium-rich poly(disulfide)s were also shown to facilitate the intracellular

delivery of proteins to the nucleoli, further demonstrating the cargo-independent ability of

these transporters to translocate the membrane.'*
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Figure 1.15. Poly(disulfide)-based transporters. Synthesis of substrate-initiated cell-penetrating
poly(disulfide)s which undergo intracellular depolymerization to minimize toxicity and release the
substrate/probe.

1.6 Summary and Outlook

The discovery that certain proteins, such as HIV Tat, are able to cross biological
barriers due to a basic, guanidinium-rich segment, led to the development of several classes
of guanidinium-rich transporters. These molecular transporters offer a method for
delivering both polar and nonpolar agents such as biologics or drugs that would otherwise

be impermeable to the cell membrane. The efficacy of guanidinium-rich transporters based
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on various scaffolds indicates the requirements for transporter uptake are quite general and
are effective in a variety of cell lines. Guanidinium groups generally show enhanced
uptake compared to their ammonium counterparts and multiple guanidinium groups are
necessary for uptake, with an optimum number between 5 and 15.

Although the collection of guanidinium-rich transporters has increased
tremendously in the past twenty years, very few have moved forward clinically. The design
and development of new transporters can lead to unique intracellular distributions,
targeting effects, and pharmacology. In our recent work, described in detail in Chapter 2,
we guanidinylated polymyxin B, a cyclic, polypeptide antibiotic containing five primary
amines, and evaluated its uptake properties in mammalian cells. Interestingly, unlike
previously described transporters, conversion of the ammonium groups to guanidinium
groups did not enhance uptake of the parent antibiotic. Both the ammonium and
guanidinium derivatives showed comparable uptake to a control transporter with five
guanidinium groups. Additionally, their mechanism of uptake, localization in cells, and
ability to deliver cargo to the cytosol were also evaluated. Polymyxin was also shown to
enhance intracellular delivery of lipid vesicles. In addition to developing a novel,
synthetically accessible transporter, these findings suggest the cyclic portion of polymyxin
can facilitate uptake in mammalian cells which could help explain the observed toxicity of
the antibiotic.

Guanidinoglycosides have been extensively developed and utilized in our lab over

100 1t has been

the past thirteen years to transport various cargo into mammalian cells.
shown that guanidinylated neomycin (GNeo) selectively delivers cargo to the

lysosomes.'” The lysosomes are known to be involved in a variety of diseases including
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lysosomal storage disorders, neurodegenerative disorders, cancer, and cardiovascular
diseases;'*’ therefore, establishing a lysosomotropic molecular transporter would be useful
in delivering medicinal agents for therapeutic treatments. Of particular interest is the
delivery of lysosomal enzymes for the treatment of lysosomal storage disorders. Recently,
we showed liposomes modified with GNeo, termed GNeosomes, could efficiently deliver

106
In

various cargo into the lysosomes of cells without chemical modification of the cargo.
Chapter 3, we aimed to improve the delivery of liposomes by incorporating different
GNeo-lipids. The optimized system was then used to deliver therapeutic quantities of
lysosomal enzymes to fibroblasts cultured from patients with a lysosomal storage disorder.
The versatility of GNeosomes to encapsulate different cargos suggests that this system
might be useful for treatment of other lysosome-involved diseases.

As mentioned previously, the cellular uptake mechanism of guanidinium-rich
transporters is complex and somewhat controversial. It is also evident that cargo-type, cell-
line, and transporter can have an affect on overall cellular uptake as well as the mechanism
of uptake. Furthermore, contributions from the linker connecting the cargo and carrier are
often overlooked. Therefore, to probe the role the linker plays in the uptake of our GNeo
transporter, we synthesized linkers with different lengths and polarities and evaluated their
effects on conjugation of the transporter to a model protein and its cellular uptake
efficiency. Chapter 4 outlines the synthesis of seventeen GNeo derivatives, their
conjugation to streptavidin, and their cellular uptake.

In collaboration with the Esko lab, it was discovered early on that

1

guanidinoglycosides depend on heparan sulfate for their cellular uptake.'”’ To further

study the heparan sulfate — guanidinoglycoside interactions, dimeric compounds were
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synthesized and tested in several under-sulfated cell lines.'”” These multivalent
transporters exhibited a cooperative response to these mutant cell lines. In addition, it was
recently shown that guanidinoglycosides can cluster heparan sulfate on the cell surface.'”
To further exploit this multivalent — heparan sulfate interaction, oligomers of GNeo were
synthesized from a norbornene-GNeo monomer that could undergo ring-opening
metathesis polymerization (ROMP). In Chapter 5, the synthesis of the reactive monomer,
formation of GNeo oligomers, and preliminary cellular uptake studies are presented. While
we have increased the number of examples of transporters effectively delivering various
cargo to cells and displaying great therapeutic potential, future studies should focus on

testing transporters in vivo for eventual treatment in humans.
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Chapter 2:
Polymyxins Facilitate Entry into Mammalian Cells
2.1 Introduction

Several biological barriers stand between exogenous agents and their entry to
cells and tissues. These barriers hamper the administration of therapeutic agents,
limiting their delivery and therapeutic utility. For example, high molecular weight
and highly charged biomolecules such as proteins and oligonucleotides display
therapeutic potential but have limited cellular uptake.' Thus, great interest exists in
developing molecular transporters as tools for exploring cell entry pathways and for
facilitating the delivery of impermeable agents.

Certain natural macromolecules, for example the HIV-1 Tat protein, exhibit
cellular uptake.>* When added exogenously, Tat efficiently crosses cell membranes
and can facilitate the uptake of conjugated or fused cargo.*” The basic, arginine rich
region of the protein is critical for uptake, mediated to a large extent through
interaction with cell surface proteoglycans.®'’ Since these early observations,
numerous guanidinium-rich molecular transporters of varying scaffolds have been
described and exploited,''"* and recent reports have shown that cyclic guanidinium-
rich peptides have enhanced cellular uptake compared to linear peptides.'*"'®

Guanidinoglycosides constitute a distinct non-oligomeric, but multivalent,
family of low MW cell penetrating scaffolds.'” Guanidinoglycosides are derived

from the naturally occurring aminoglycosides by converting the ammonium groups

to guanidinium groups. They display unique uptake features when compared to other
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guanidinium-rich transporters by their activity at nanomolar concentrations and
dependence on cell surface heparan sulfate proteoglycans for cellular entry. A
variety of analogs derived from different aminoglycosides enable uptake of large,
bioactive cargo into cells.?**

Recent observations suggesting similarities between aminoglycosides and
polymyxins,** in addition to their analogous self-promoted uptake mechanisms in
bacterial cells,”” have provoked a hypothesis that guanidinylated derivatives of the
latter may display useful cellular entry features in mammalian cells. Here we
explore the cellular delivery and internalization mechanism of high molecular
weight biomolecules and nano-assemblies wusing polymyxin (PMB) and
guanidinopolymyxin  (GPMB)  derivatives as  carriers.  Unlike  the
guanidinoglycosides that show substantially enhanced cellular uptake, when
compared to their parent aminoglycoside precursors, both PMB and GPMB display
highly competent uptake in mammalian cells. Intriguingly, while the cellular uptake
of PMB and GPMB remains highly dependent on cell surface heparan sulfate, a fine
mechanistic analysis suggests unique internalization pathways and more efficient
cytosolic delivery than other well-studied molecular transporters. Our major
conclusions include: (1) polymyxin and its guanidinylated form effectively enter
mammalian cells, (2) the cyclic peptide and not the hydrophobic tail is the entry-
facilitating module, and (3) these molecules can facilitate the cellular delivery of
large biomolecules and liposomal assemblies. We further speculate that the
effective entry of parent natural antibiotics into mammalian cells, coupled to earlier

observations indicating their ability to interfere with eukaryotic translation,”* may
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contribute to their adverse cytotoxic effects in mammals. These observations, in
addition to enriching the repertoire of cellular delivery vehicles, illustrate the wide

landscape and potential utility of new ammonium and guanidinium rich transporters.

2.2. Results

Synthetic strategy

We envisioned a convergent synthesis, wherein the PMB molecular
transporters were made via amide formation from two fragments, a biotinylated
linker and the PMB core (Scheme 2.1). Relying on steric hindrance of the primary
amine of Thr2, the primary amines on Dab residues of the polymyxin core could be
tetra-Boc protected®® or guanidinylated. Instead of synthesizing these PMB
derivatives de novo, enzymatic hydrolysis of the fatty acyl chain-Dabl portion of
the commercially available PMB can generate the polymyxin B nonapeptide
(PMBN).*>*! The linker can be formed by a 1,3-dipolar cycloaddition of an alkyne
portion and an azide-containing biotinylated linker.”' The enzymatically cleaved
Dab residue can be reintroduced as part of the linker by amide bond formation to
hexynoic acid so the final product will be similar to the natural PMB scaffold
containing five Dab moieties (and the same number of primary amines).
Synthesis of transporters

The fatty acid chain and Dab]1 residue on PMB (2.1) were cleaved with Ficin
to generate PMBN (2.2).>”! PMBN (2.2) was subsequently tetra-Boc-protected®
using Boc-ON or Boc-guanidinylated wusing N,N'-Di-Boc-1H-pyrazole-1-

carboxamidine to afford 2.3a and 2.3b, respectively (Scheme 2.2).
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5-Hexynoic acid (2.4) was first coupled to H-Dab(Boc)-OMe (2.5) to yield
2.6a. Deprotection and guanidinylation of 2.6a provided 2.6b. A copper catalyzed
1,3-dipolar cycloaddition of 2.6a or 2.6b with an azide-terminated biotin-PEG;

fragment (2.7) previously used in our lab,*' yielded compounds 2.8a and 2.8b, with

subsequent hydrolysis providing 2.9a and 2.9b (Scheme 2.3).
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The biotinylated Dab linker (2.9a or 2.9b) was then coupled to Boc-protected

PMBN (2.3a) or Boc-protected guanidinylated PMBN (2.3b), and subsequently

deprotected using trifluoroacetic acid (TFA) in dichloromethane and tri-iso-propyl

silane (TIPS) as a scavenger. HPLC purification afforded the analytically pure

bPMB (2.10a) and bGPMB (2.10b) (Scheme 2.4).
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The same azide-terminated biotin linker 2.7 was clicked to the previously
reported alkyne-tobramycin or alkyne-guanidinotobramycin®' derivatives to yield
biotinylated tobramycin (bTob) and guanidinotobramycin (bGTob) (Figure 2.1a and
Scheme 2.5). For comparison, biotinylated octaarginine (bArg8, Figure 2.1b) was
synthesized using standard solid phase peptide synthesis protocols. An

aminohexanoic acid spacer was introduced at the N-terminus and coupled to biotin-

NHS.
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Figure 2.1. Structures of bTob and bGTob (a) bArg8 (b) and PMB and GPMB (c).

To obtain the PMB and GPMB transporters (Figure 2.1c), commercially

available PMB was HPLC purified to isolate PMB terminated with 6-
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methyloctanoic acid. Purified PMB was then guanidinylated using N,N'-Di-Boc-
1 H-pyrazole-1-carboxamidine followed by TFA deprotection to yield GPMB.
Formation of biotin-streptavidin complexes

Biotinylated transporters allow conjugation of the carriers to fluorescent
proteins and the ability to test a variety of analogs in different assays. Biotinylated
carriers were incubated in a 5:1 molar ratio with streptavidin derivatives for 20 min
at room temperature. Conjugates were then diluted in culture medium to the final
streptavidin concentration.  Streptavidin conjugated to R-phycoerythrin (PE)
coupled to the cyanine dye Cy5 (ST-PE-Cy5) was used as a high molecular weight
model protein (MW = 300 kDa), streptavidin-Cy5 (ST-Cy5) was used for
microscopy experiments, and streptavidin-saporin was used to analyze cytosolic
delivery.
Cellular uptake and cell surface binding in wild type and heparan sulfate-deficient
CHO cells

Wild type CHO-K1 cells were incubated with the carrier-ST-PE-CyS5
conjugate for 1 h at 37 °C, detached with trypsin/EDTA, and analyzed by flow
cytometry. Uptake of the fluorescent conjugate occurred at concentrations as low
as 2 nM and increased in a dose dependent manner (Figure 2.2a). bGTob showed
uptake behavior similar to bPMB and bGPMB whereas bTob exhibited a ten-fold
reduction in uptake. bArg8 showed approximately two- to three-fold higher uptake
than bPMB and bGPMB. Similar uptake patterns for bPMB and bGPMB were also
observed in the human embryonic kidney cell line HEK-293 and the human

hepatocyte cell line HEP-3B (Figure 2.2b). CellTiter-Blue assays indicate that
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bPMB and bGPMB showed no cytotoxicity when incubated with either CHO-K1 or
HEK-293 cell lines for 72 h at concentrations as high as 0.5 uM (Figure 2.2c&d).
To demonstrate that the formation of a stable biotin-streptavidin complex is
necessary for cellular delivery, ST-PE-Cy5 was incubated with PMB and GPMB,
which do not contain the biotin moiety. Figure 2.3 shows no enhanced uptake of

ST-PE-Cy5 in the absence of the biotin-linked transporter.
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Figure 2.2. Cellular uptake and cell viability of bPMB and bGPMB. Mean fluorescence
intensity (MFI) was measured by flow cytometry. The background signal from untreated cells
was subtracted. a) Cellular uptake of biotinylated guanidinopolymyxin (bGPMB), polymyxin
(bPMB), guanidinotobramycin (bGTob), tobramycin (bTob), and octarginine (bArgS8)
conjugated to ST-PE-Cy5. CHO-K1 cells were incubated with the conjugates at the indicated
concentrations at 37 °C for 1 h and lifted with EDTA/trypsin. b) Cellular uptake of bGPMB and
bPMB conjugated to ST-PE-Cy5. CHO-K1, HEK-293, and HEP-3B cells were incubated with
conjugate (5SnM) at 37 °C for 1 h. CHO-K1 cells (c) and HEK-293 cells (d) were incubated with
various concentrations of GPMB-biotin or PMB-biotin in complete media for 72 hours in a 96-
well plate. Cell titer blue was added and incubated an additional 4 hours. Cell viability was
calculated by measuring the fluorescence intensity at 560/590 and comparing the signal to
untreated cells.
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Figure 2.3. Cellular uptake control with GPMB and PMB. ST-PE-CyS5 was incubated with biotinylated
compounds bPMB or bGPMB, or with non-biotinylated compounds PMB or GPMB, then diluted to the
desired final ST-PE-Cy5 concentrations. The mixtures were then added to CHO-K1 cells and incubated
at 37 °C for 1 h. Mean fluorescence intensity was measured by flow cytometry and the background
signal from untreated cells was subtracted.

The dependence of bPMB and bGPMB on cell surface heparan sulfate (HS)
proteoglycans for cellular entry was evaluated using two mutant CHO cell lines,
pgsA-745 which does not express neither HS nor chondroitin sulfate/dermatan
sulfate (CS/DS), and pgsD-677 which does not express HS but expresses 2 to 3-fold
higher levels of CS/DS. Figure 2.4a shows uptake in HS-deficient cell lines was
reduced to <20% of that observed in wild-type cells.

To investigate cell-surface binding, CHO-K1 cells were incubated for 1 h
with the fluorescent conjugates at 37 °C and harvested using EDTA to prevent
cleavage of cell-surface bound compounds. The fluorescence signal was compared
to that observed when cells were lifted with EDTA/trypsin, which removes cell
surface proteoglycans. Figure 2.4b shows that for both bPMB and bGPMB, binding
accounts for about 15% of the signal. Greater binding was observed in CHO-K1

cells compared to mutant pgsA-745 cells for both transporters (Figure 2.4b).



53

a) 250, BN CHOK1 b) 250 B Uptake - CHOK1
2004 Bl pgsD-677 200A Binding - CHO-K1
Bl pgsA-745 Bl Uptake - pgsA-745
2 150- 2 150 Binding - pgsA-745
L 1001 £ 100
50- 50-
bGPMB bPMB bGPMB bPMB

Figure 2.4 Cellular uptake and binding in wild—ty}ge and mutant CHO cells. Mean fluorescence
intensity (MFI) was measured by flow cytometry. ’ The background signal from untreated cells
was subtracted. a) bGPMB and bPMB streptavidin-PE-Cy5 conjugates (5 nM) were incubated
with WT and mutant CHO cell lines for 1 h at 37 °C then lifted with EDTA/trypsin. b) CHO-
K1 and pgsA-745 cells were incubated with bGPMB and bPMB streptavidin-PE-Cy5 conjugates
(5 nM) for 1 h at 37 °C. Cells were lifted with EDTA only (binding+uptake) or EDTA/trypsin
(uptake). Binding values were determined by subtracting the MFI values obtained for cells lifted
with EDTA/trypsin from those obtained for cells lifted with EDTA only.

Mechanism(s) of uptake

To shed light on the internalization mechanism(s), the contribution of various
endocytotic pathways was evaluated pharmacologically. CHO-K1 cells were
incubated with the fluorescent bPMB or bGPMB conjugates at 4 °C to assess the
contribution of energy-dependent processes. Further, uptake was evaluated in cells
pretreated with inhibitors of macropinocytosis (amiloride), clathrin-mediated
endocytosis (sucrose and chlorpromazine) or caveolae-mediated endocytosis
(genistein and nystatin) (Figure 2.5). Their inhibitory effect on the uptake of bGTob
was also evaluated for comparison. While low temperature practically abolished
internalization, treatment with amiloride, sucrose or chlorpromazine did not affect
the cellular uptake of bPMB or bGPMB high MW conjugates. However, in cells
treated with either genistein or nystatin, cellular uptake was reduced by ~50-60%,
indicating that bPMB and bGPMB conjugates internalize through energy-dependent

processes, presumably through caveolae-mediated pathways. bGTob, on the other
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hand, showed reduced uptake in the presence of sucrose, chlorpromazine and
genistein and no change in uptake when cells were treated with amiloride or nystatin

(Figure 2.5), indicating a different mechanism of uptake.

B bGPMB
1004 I bPMB
Il bGTob
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Figure 2.5. Cellular uptake in the presence of inhibitors. CHO-K1 cells were incubated with bGPMB,
bPMB, or bTob conjugated to streptavidin-PE-Cy5 (5 nM) for 1 h at 37 °C or 4 °C. For inhibition
experiments, cells were pretreated with amiloride (Am, 10 min, 5 mM), sucrose (Suc, 30 min, 400 mM),
chlorpromazine (CPZ, 30 min, 20 uM), genistein (Gen, 30 min, 200 pM), or nystatin (Nys, 30 min, 5
uM) at 37 °C prior to incubation with the conjugate (5 nM).
Intracellular localization

To learn about the intracellular localization of these transporters, wild type
CHO-K1 cells were incubated with the carrier—ST-Cy5 conjugates (20 nM) for 1 h
at 37 °C and imaged using confocal laser scanning microscopy (CLSM). Cells were
further treated with the nuclear stain Hoechst 33342 and the lysosomal marker
LysoTracker Green DND-26 (Figure 2.6). The images show transporter
accumulation in punctate vesicles. Overlaying the images from the green and far
red (pseudo-colored in red) channels reveals a moderate degree of co-localization
for the conjugates and LysoTracker-stained compartments, resulting in a Pearson’s
correlation of 0.62 for both bPMB and bGPMB (Figure 2.6). FACS analyses of

carrier-ST-Cy5 conjugates up to 20 nM (Figure 2.7) were consistent with ST-PE-

Cy5 delivery.
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Figure 2.6. Intracellular localization of bGPMB and bPMB. Confocal microscopy images of
CHO K1 cells incubated for 1 h at 37 °C with bGPMB (upper panels) or bPMB (lower panels)
conjugated to streptavidin-Cy5 (20 nM) (a) LysoTracker Green (b) ST-Cy5 conjugate (c)
merged images with nuclear Hoechst Dye.
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Figure 2.7. Cellular uptake of ST-Cy5. CHO-K1 cells were incubated with bPMB or bGPMB
conjugated to streptavidin-PE-Cy5 at various concentrations for 1 h at 37 °C. Mean fluorescence
intensity was measured and the background signal from untreated cells was subtracted.

Cytoplasmic delivery

The ability of bPMB and bGPMB to deliver cargo to the cytosol was evaluated by
conjugating the transporter to a ribosome-inactivating toxin, streptavidin-saporin (ST-
SAP), and incubating the conjugate with CHO-K1 or pgsA cells at various concentrations.

After four days, the CellTiter-Blue assay was used to asses the number of viable cells.
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Figure 2.8a shows bPMB and bGPMB have LDs, values of 3.1 nM and 3.3 nM
respectively. bGTob has an LDs value of 13.2 nM and bArg8 of 3.1 nM. Additionally,
ST-SAP without transporter or saporin without streptavidin incubated with bPMB and
bGPMB were unable to induce cell death (Figure 2.8b) indicating the need of forming the
biotin-ST complex. ST-SAP-transporter conjugates showed no toxicity in pgsA cells

(Figure 2.8c¢).
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Figure 2.8. Delivery of saporin. a) CHO-K1 cells were incubated with transporter-streptavidin-
saporin conjugates at 37 °C. b) Saporin (no streptavidin) was incubated with bPMB or bGPMB for 20
min then dliuted to final saporin concentrations and added to CHO-K1 cells. ¢) pgsA cells were
incubated with transporter-streptavidin-saporin conjugates at 37 °C. In all cases, the number of viable

cells was determined after four days using CellTiter-Blue and measuring fluorescence intensity at
560/590.

Cellular uptake of PMB and GPMB modified liposomes

To examine the significance of the cyclic peptide as a delivery module, rather
than the lipophilic tail, and the versatility of PMB and GPMB as transporters,

liposomes containing the fluorescent Cy5 dye were mixed with 10 mol% PMB or
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GPMB. Uptake was evaluated using flow cytometry and the size and zeta potential
of the liposomes were measured using dynamic light scattering (DLS) and are
reported in Table 2.1. Both carriers showed the ability to enhance delivery of cargo
containing liposomes into wild-type CHO cells with similar efficacy (Figure 2.9).

08 Il plain
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Figure 2.9. Cellular uptake of PMB and GPMB liposomes. CHO-K1 cells were incubated with

plain and PMB or GPMB decorated liposomes at the indicated concentration for 1h at 37 °C.
The background signal from untreated cells was subtracted and the MFI was normalized.

Table 2.1. Physicochemical characterization of PMB and GPMB liposomes. Size,
polydispersity, and zeta-potential of evaluated liposomes. Plain liposomes were compared to
liposomes mixed with 10 mol% GPMB or 10 mol% PMB.

Z-potential (= SD) /

Z-average (= SD) / nm PDI (+ SD) mv
Plain liposomes 143.9 (4.0) 0.122 (.039) 3.78 (0.09)
GPMB liposomes 138.2 (1.9) 0.166 (0.021) 26.9 (0.70)
PMB liposomes 139.7 (1.7) 0.164 (0.056) 22.0 (0.70)

2.3 Discussion

Polymyxin B is a cyclic polypeptide antibiotic containing five primary
amines and an eight carbon fatty acid chain, used against Gram-negative bacteria.’>.
The proposed antibacterial mechanism of action first involves electrostatic

interactions between the positively charged 2,4-diaminobutyric acid (Dab) residues
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with the negatively charged bacterial lipopolysaccharide phosphate groups.*>>°

This interaction facilitates insertion of the lipophilic moieties and disruption of the
outer membrane.”>”” Internalized polymyxin, through self-promoted uptake, can
then interact with the cytoplasmic membrane, a pathway that remains poorly

characterized.>>"**

Clinical use of polymyxin has diminished due to observed
neurotoxicity and nephrotoxicity.’® Recently, however, with the increase in resistant
gram-negative infections, the clinical use of polymyxins has been resurrected.”**
Interestingly, the cellular uptake of polymyxins in eukaryotic cells has
predominantly been studied in renal tubular cells in order to better understand their
observed nephrotoxicity.”* While the entry pathway in renal cells is still not
completely known, it has been suggested that at low micromolar concentrations it is
carrier-mediated, possibly by the multiligand receptor megalin, and is similar to the
uptake mechanism of aminoglycoside antibiotics.*** As mentioned previously,
guanidinylation of aminoglycosides transforms these potent antibiotics into a family

19,20

of highly efficient eukaryotic cell-transporters. Their unique 3D display of

20,21

guanidinium groups has proven to be key to their cellular uptake, and their

multivalency has been linked to cell surface aggregation of heparan sulfate
proteoglycans leading to endocytosis.”> Cargo—carrier complexes accumulate in the

lysosomes through this endocytotic heparan sulfate-dependent uptake pathway,

22,48

providing useful transporters for lysosomal delivery. Inspired by the observed

similarities between aminoglycosides and polymyxins,**?’

we synthesized both
polymyxin and guanidinylated polymyxin derived transporters and investigated

their uptake in CHO cells.
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To evaluate the ability of PMB and GPMB to deliver large, bioactive cargo
into mammalian cells, biotinylated derivatives were synthesized and conjugated to
streptavidin-PE-Cy5, a fluorescently tagged, high molecular weight protein (MW
300 kDa). Uptake of bPMB and bGPMB in wild-type CHO cells was observed at
low nanomolar transporter concentrations. While conversion of ammonium groups
to guanidinium groups generally enhances cellular uptake rather dramatically,'**
as seen with the conversion of bTob to bGTob (Figure 2.2a) and after
guanidinylation of other aminoglycosides,'”?® bPMB and bGPMB exhibit
comparable cellular uptake (Figure 2.2a). This surprising observation suggests that
both bPMB and bGPMB are able to form related interactions with the extracellular
components that facilitate their internalization. When compared to bGTob, which
has five guanidinium groups, these novel polymyxin-based carriers show the same
cellular uptake efficiencies. Furthermore, similar uptake patterns were observed in
two human cell lines, HEK-293 and HEP-3B, suggesting that this phenomenon is
cell-type independent. Of significance for potential applications as a cellular
delivery tool, we showed that bPMB and bGPMB are nontoxic to mammalian cells
at sub-micromolar concentrations using the CellTiter-Blue assay (Figure S2.2¢ and
2.2d). Treated cells were >90% viable compared to untreated control cells after
incubation for 72 h at concentrations as high as 0.5 uM, six-fold higher than the
highest concentrations used in uptake assays. This is not necessarily unexpected, as
previous studies have shown that polymyxin analogs lacking the fatty acid tail, for

example PMBN, have less acute toxicity and reduced nephrotoxicity.*””*>* This
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suggests that the cyclic peptide core can potentially serve as a non-toxic transporting
module.

To investigate the involvement of cell surface glycosaminoglycans in the
cellular uptake of these transporters, two mutant CHO cell lines were used, pgsA-
745 and pgsD-677.>"* The former does not produce heparan sulfate (HS) or
chondroitin sulfate (CS) while the latter does not express HS and expresses elevated
levels of CS. The cellular uptake of bPMB and bGPMB is significantly diminished
in the absence of HS by about seven-fold (Figure 2.4a). These experiments imply
that the internalization of both bPMB and bGPMB rely on the presence of HS on the
cell surface. The polycationic scaffold must therefore preferentially bind HS over
other negatively charged cell surface glycans.

To examine cell-surface binding, cells were incubated with the fluorescent
conjugates and harvested using only EDTA to prevent cleavage of cell-surface
bound compounds. The fluorescence signal was compared to that arising from cells
lifted with EDTA/trypsin, which effectively cleaves the cell surface bound
components and represents only internalized conjugate. Figure 2.4b shows that
although surface binding is observed (ca. 15% of the signal), these conjugates are
efficiently internalized into wild type cells. bPMB and bGPMB derivatives display
a comparable ratio between cellular uptake and surface binding. Additionally,
greater binding was observed in CHO-K1 cells compared to mutant pgsA-745 cells
for both transporters (Figure 2.4b). This is consistent with the observation that
bPMB and bGPMB rely on interactions with cell surface heparan sulfate

proteoglycans for internalization.
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To gain insight into the potential internalization pathway(s) of these
transporters, various endocytosis mechanisms were probed. Cellular uptake at low
temperatures was initially evaluated to determine the contribution of energy-
dependent processes. Minimal uptake of bPMB and bGPMB at low temperatures
suggests endocytosis as the predominant mode of uptake. Known inhibitors of
various endocytotic pathways were then used to analyze the uptake mechanisms of
the high MW bPMB or bGPMB conjugates, including amiloride, sucrose,
chlorpromazine, genistein and nystatin. Amiloride inhibits macropinocytosis by

impairing Na+/H+ exchange.””°

Hypertonic sucrose and chlorpromazine are
known inhibitors of clathrin-mediated endocytosis through dissociation of clathrin
lattices on the plasma membrane and inhibition of clathrin-coated pit formation,
respectively.’’”® Genistein and nystatin were used to investigate caveolin-dependent
endocytosis.  Genistein is a tyrosine kinase inhibitor that inhibits caveolar

59-61

endocytosis by preventing vesicle fusion. Nystatin sequesters membrane

62.63 Treatment of cells

cholesterol and inhibits lipid raft/caveolae mediated uptake.
with amiloride, surcrose, or chlorpromazine resulted in little to no effect on uptake,
whereas genistein and nystatin reduced cellular uptake of bPMB and bGPMB
conjugates by over 50% compared to untreated cells (Figure 2.5). Taken together,
these results suggest that bPMB and bGPMB conjugates internalize predominantly
through caveolae-mediated pathways.

Although bGTob has five guanidinium groups and shows similar uptake to

bPMB and bGPMB, the mechanisms of its cellular uptake differ. bGTob is also

internalized through energy-dependent processes but uptake is inhibited by clathrin-
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dependent-endocytocis inhibitors sucrose and chlorpromazine (Figure 2.5). The
cellular uptake of bGTob is also reduced in the presence of genistein, suggesting
bGTob is internalized through both clathrin-dependent and -—independent
endocytosis. Imaging studies (Figure 2.6) further support that bPMB and bGPMB
are internalized through endocytosis.

To establish whether bPMB and bGPMB can deliver cargo to the cytosol,
ST-SAP conjugated bPMB and bGPMB were added to CHO K1 or pgsA cells and
cell death was monitored using the CellTiter-Blue assay. Saporin, a Type I
ribosome-inactivating protein from Saponaria officinalis seeds, is an ideal candidate
for evaluating cytosol delivery because it exhibits minimal cellular uptake on its own
and needs to reach its cytosolic targets (ribosomal RNA) to exert its cytotoxic
activity.®* As shown in Figure 2.8, both bPMB- and bGPMB-saporin complexes
killed CHO-K1 cells with an LDsp of ~ 3 nM. Although bGTob shows similar
uptake efficiency as bPMB and bGPMB, its LDs, is almost seven-fold higher.
Likewise, bArg8 showed three-fold higher uptake but a similar LDsy as bPMB and
bGPMB suggesting a higher ability of bPMB and bGPMB to escape the endosomal
uptake pathway and deliver a bioactive protein to the cytosol. The resistance of
pgsA cells to transporter—toxin conjugates (Figure 2.8c) once again confirms the role
of heparan sulfate in the uptake of bPMB and bGPMB.

The versatility of PMB and GPMB as transporters was further illustrated by
incorporating these amphiphiles into preformed, cargo-containing liposomes. The

65,66

hydrophobic tail of PMB is known to interact with phospholipids; therefore, we

used a post-insertion method to incorporate PMB or GPMB into premade and
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preloaded liposomes. Figure 2.9 shows that compared to unmodified liposomes,
PMB and GPMB-containing liposomes exhibit enhanced cellular uptake. As with
the chemically conjugated cargo, no difference between PMB and GPMB was
observed.

Lipid vesicles have previously been modified with cell-penetrating peptides
and used to improve delivery of various drugs and cargo while avoiding covalent
modification of the cargo.’”” The unique angle presented here is that we exploit the
innate amphiphilic feature of PMB and its ability to act as a molecular transporter to
assemble a novel delivery system utilizing a commercially available transporter.
Unlike other transporter-modified liposomes, synthesis of a carrier-lipid or covalent
modification of the liposome surface is not required. Furthermore, our observations
with the decorated lipososmes further corroborate that the cyclic, polycationic
portion of PMB is able to facilitate its entry into mammalian cells despite the
hydrophobic tail. =~ These observations may prove useful in advancing the
understanding of the nephrotoxic effects impart by PMB and perhaps lead to novel
safer polymyxins analogs with potent antibacterial features and minimal
accumulation in human cells.

2.4 Conclusions

In summary, we have synthesized two new transporter modules derived from
polymyxin B that can internalize and deliver large biomolecules, such as proteins,
into mammalian cells via interactions with cell surface heparan sulfate. Inhibition

studies indicate that these transporters are internalized through endocytosis,
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primarily caveolae-mediated mechanisms, and predominantly localize in the
lysosomes. Delivery of a ribosome-inactivating toxin demonstrates higher
endosomal escape of these transporters when compared to bGTob or bArg8, which
exhibit equal or greater overall uptake respectively. Furthermore, the natural
polymyxin scaffold can spontaneously be incorporated into liposomes and
substantially enhance their intracellular uptake. This suggests the potential for PMB
and GPMB to expand our ability to selectively deliver bioactive cargo to
intracellular targets and organelles. Additionally, the effective cellular uptake of the
polymyxin-based transporter in eukaryotic cells presented here could help explain
the observed human toxicity of the parent antibiotic.

2.5 Experimental

Materials

Materials obtained from commercial suppliers were used without further
purification. Polymyxin B and tobramycin were purchased from TCI America. H-
Dab(Boc)-OMe was purchased from Chem Impex International. Ficin was
purchased from MP Biomedicals. Deuterated NMR solvents were purchased from
Cambridge Isotope Laboratories. Amiloride, sucrose, and genistein were purchased
from Sigma-Aldrich. Nystatin and EDTA/Trypsin were purchased from VWR and
chlorpromazine was purchased from Fisher. Steptavidin-PE-Cy5 was purchased
from Biolegend. PBS, F-12 media, Versene, streptavidin Cy-5, LysoTracker Green,
and Hoescht dye were purchased from Life Technologies. Streptavidin saporin was

purchased from Advanced Targeting Systems. 35 mm glass bottom culture dishes
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were purchased from MatTek. CellTiter-Blue was purchased from Promega. DOPC
(1,2-dioleoyl-snglycero-3-phosphocholine), DOPE (1,2-dioleoyl-sn-glycero-3-
phospho-ethanolamine), and cholesterol were purchased from Avanti Polar Lipids.
Instrumentation

NMR spectra were recorded on a Varian VX 500 MHz spectrometer or a Varian
400 MHz spectrometer. Mass spectra were recorded at UCSD Chemistry and Biochemistry
Mass Spectrometry Facility utilizing an Agilent 6230 HR-ESI-TOF mass spectrometer.
Reverse-phase HPLC purification (CLIPEUS, C18, Sum, 10x250 mm, Higgins analytical)
and analysis (Eclipse, XDB-C18, S5um, 4.6x150 mm) were carried out on an Agilent 1200
series instrument or Beckman Coulter System Gold 127P Solvent Module. Flow cytometry
studies were performed on a BD FACSCalibur. Confocal laser scanning microscopy was
performed using a Nikon A1R inverted fluorescence microscope with z-stepping motor.
Particle size, polydispersity, and surface charge of the lipid vesicles were measured by
dynamic light scattering on a Zetasizer Nano ZS (model ZEN3600 from Malvern

Instruments).

Synthesis

PMBN (2.2). PMB (2.1, 2.0 g, 1.4 mmol) was dissolved in 50 mL of H,O. Then
42 mg of dithiothreitrol and 450 mg of ficin (320-500 milk clotting units/mg) were added
and the reaction was heated to 37 °C and stirred overnight. When all PMB was consumed
and only PMBN was detected by HPLC, the reaction was heated to reflux to denature the
enzyme. After cooling, the precipitate was filtered off and the mother liqueur was

evaporated under reduced pressure. The product was purified by automated flash
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chromatography Teledyne Isco Redisep Rf C18 30g gold column using a gradient of 0 —
15% ACN (0.1 % TFA) in H,O (0.1% TFA), resulting in the TFA salt of 2.2 as a beige
solid (1.5 g, 1.0 mmol, 72% yield). "H NMR (400 MHz, D,0) & 7.41 — 7.28 (m, 3H), 7.24
(d, J=17.6 Hz, 2H), 4.58 — 4.45 (m, 3H), 4.32 — 4.12 (m, 7H), 3.95 (d, J = 5.5 Hz, 1H),
3.38-3.25 (m, 1H), 3.21 — 2.96 (m, 9H), 2.93 — 2.74 (m, 2H), 2.29 — 1.77 (m, 10H), 1.50
—1.23 (m, 5H), 1.17 (d, J = 6.3 Hz, 3H), 0.77 — 0.59 (m, 7H). >C NMR (126 MHz, D,0)
0 174.99, 173.33, 173.30, 172.72, 172.68, 171.94, 171.59, 171.39, 168.13, 163.29, 163.01,
162.73, 162.44, 135.41, 128.93, 127.37, 119.73, 117.41, 115.09, 112.77, 66.18, 66.01,
59.44, 58.16, 55.76, 52.85, 51.84, 51.72, 51.67, 51.19, 50.38, 39.04, 36.78, 36.38, 36.33,
36.08, 35.85,30.51, 29.65, 28.61, 28.13,27.76, 23.37,22.28, 20.21, 19.05, 18.49. HR-ESI-

MS calculated for C43H74N14011 [NH’H]+ 963.5733, found 963.5734.
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Compound 2.3a. Ina 10 mL flask was added the TFA salt of PMBN (2.2, 104 mg,
0.0678 mmol), 2 mL MeOH, 1 mL H,;0, and NEt; (110 mg, 1.02 mmol, 140 uL). Then
Boc-ON (67 mg, 0.27 mmol) was added and the reaction was stirred for 24 hours. The
reaction was evaporated under reduced pressure and CH,Cl, was added and washed with
saturated NaHCOs. The organic layer was dried over MgSQO,, filtered, and evaporated

under reduced pressure. The product was isolated by automated flash chromatography (0 -
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20% MeOH in CH,Cl, over 18 mins) to afford the product 2.3a as a white solid (63.8 mg,
0.039 mmol, 69% yield). '"H NMR (500 MHz, CD;0D) § 7.34 — 7.20 (m, 5H), 4.49 —4.37
(m, 2H), 4.36 — 4.21 (m, 4H), 4.15 — 4.04 (m, 3H), 4.01 (d, J = 3.7 Hz, 1H), 3.60 — 3.49
(m, 1H), 3.25 —2.90 (m, 11H), 2.25 — 2.14 (m, 1H), 2.08 — 1.71 (m, 10H), 1.50 — 1.15 (m,
44H), 0.93 — 0.83 (m, 1H), 0.71 (s, 3H), 0.65 (s, 3H). °C NMR (126 MHz, CD;0D) §
175.41, 175.20, 174.17, 174.05, 173.74, 173.35, 172.71, 158.74, 158.39, 137.42, 130.40,
129.72, 128.06, 80.37, 80.14, 69.45, 67.28, 61.50, 61.09, 58.29, 54.82, 54.08, 52.91, 52.19,
52.07, 51.80, 40.49, 38.03, 37.79, 37.53, 36.75, 34.18, 33.24, 32.81, 32.28, 31.55, 30.81,
28.82, 28.40, 24.78, 23.80, 21.38, 20.82, 19.70. HR-ESI-MS calculated for Cs3H 06N 14010

[M+Na]" 1385.7651, found 1385.7640.

Compound 2.3b. In a 10 mL flask was added the TFA salt of PMBN (2.2, 112
mg, 0.0728 mmol), 2 mL MeOH, 2 mL CH,Cl,, and NEt; (110 mg, 1.09 mmol, 152 puL).
Then N,N'-Di-Boc-1H-pyrazole-1-carboxamidine (88 mg, 0.284 mmol) was added and the
reaction was stirred for 24 hours. The reaction was evaporated under reduced pressure and
CH,Cl, was added and washed with saturated NaHCOs3. The organic layer was dried over
MgSO,, filtered, and evaporated under reduced pressure. The product was isolated by
automated flash chromatography (0 - 10% MeOH in CH,Cl, over 22 mins) to afford the
product 2.3b as a white solid (75 mg, 0.039 mmol, 53% yield). '"H NMR (500 MHz,
CDs;0D) 6 7.34 — 7.13 (m, SH), 4.60 — 4.43 (m, 2H), 4.40 (t, /= 8.1 Hz, 1H), 4.31 - 4.16
(m, 5H), 4.14 — 4.01 (m, 1H), 3.95 (d, J = 4.8 Hz, 1H), 3.72 — 3.35 (m, 9H), 3.27 — 2.94
(m, 4H), 2.29 — 1.74 (m, 10H), 1.61 — 1.15 (m, 80H), 0.94 — 0.42 (m, 1H), 0.73 (dd, J =

15.8, 5.8 Hz, 6H). "C NMR (126 MHz, CD;0D) 6 175.02, 173.95, 173.65, 173.50, 172.52,
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164.59, 164.47, 157.85, 157.62, 153.99, 153.90, 150.97, 137.71, 130.29, 129.69, 128.03,
84.42, 84.35, 84.28, 84.22, 80.45, 80.41, 69.52, 67.23, 61.94, 61.16, 58.18, 57.47, 54.12,
53.62, 52.82, 52.37, 52.29, 51.91, 40.45, 38.86, 38.61, 38.57, 37.82, 37.70, 36.79, 33.39,
32.90, 32.43, 32.35, 31.98, 31.13, 30.78, 30.75, 28.74, 28.71, 28.69, 28.65, 28.35, 25.00,
23.81,21.52,20.93, 19.78. HR-ESI-MS calculated for Cg7H;46N2,0,7 [M+Na]" 1954.0620,

found 1954.0622.

b ©
o
T

NHBoc
2.6a

Compound 2.6a. 5-hexynoic acid (257 pL, 262 mg, 2.33 mmol), 1.1 mL of DIEA
(804 mg, 6.22 mmol), and 8.6 mL DMF (filtered through silica), and HATU (887 mg, 2.33
mmol) were added to a 50 mL round bottom flask and allowed to stir for 10 min to give a
yellow solution. Next, H-Dab(Boc)-OMe-HCI (418 mg, 1.56 mmol) was added and the
reaction was stirred overnight. To the reaction was added CH,Cl,, which was washed with
2% citric acid and then sat. NaHCOs. The organic layer was dried, filtered, and evaporated
under reduced pressure. The product was isolated by automated flash chromatography (20
- 90% EtOAc in hexanes over 15 mins) to afford the product as a viscous oil (467 mg, 1.43
mmol, 92% yield). '"H NMR (500 MHz, CDCl3): & 6.48 (d, J = 7.4 Hz, INH), 5.19 — 5.13
(m, INH), 4.67 (td, /= 8.5, 4.5 Hz, 1H), 3.48 —3.34 (m, 1H), 3.00 —2.85 (m, J=13.4,9.2,
4.9 Hz, 1H), 2.40 (t, J = 7.4 Hz, 2H), 2.26 (td, J = 6.9, 2.6 Hz, 2H), 2.08 — 2.00 (m, 1H),
1.98 (t,J=2.7 Hz, 1H), 1.90 — 1.83 (m, 2H), 1.80 — 1.71 (m, 1H), 1.42 (s, 9H). °C NMR

(126 MHz, CDCl;) & 173.05, 172.80, 156.23, 83.42, 79.56, 77.41, 77.16, 76.91, 69.45,



69

52.77, 49.67, 36.51, 34.96, 33.17, 28.52, 24.12, 17.92. HR-ESI-MS calculated for

C16H26N205 [M+Na]" 349.1734, found 349.1735.
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Compound 2.6b. In a 25 mL flask was added BDabyne-OMe (2.6a, 212 mg, 0.629
mmol), CH,Cly, triisopropylsilane (57 pL) and trifluoroacetic acid (1 mL). The solution
was stirred for one hour and evaporated under reduced pressure. The residue was
redissolved in CH,Cl, (2 mL) and NEt; (1 mL). Then N,N'-Di-Boc-1H-pyrazole-1-
carboxamidine (403 mg, 1.30 mmol) was added and the reaction was stirred overnight. The
reaction was diluted with CH,Cl, and washed with saturated NaHCOs. The organic layer
was dried over MgSQy, filtered, and evaporated under reduced pressure. The product was
isolated by automated flash chromatography (20 - 60% EtOAc in hexanes over 19 mins)
to afford the product 2.6b as an oil. "H NMR (400 MHz, CD;0D) 84.49 (dd, J = 8.5, 5.1
Hz, 1H), 3.71 (s, 3H), 3.54 (m, 1H), 3.38 (m, 1H), 2.41 (t,J=7.4 Hz, 2H), 2.28 — 2.21 (m,
3H), 2.12 — 1.95 (m, 2H), 1.83 (p, J = 7.3 Hz, 2H), 1.53 (s, 9H), 1.49 (s, 9H). C NMR
(126 MHz, CDs;OD) 6 175.53, 173.71, 164.47, 157.75, 154.01, 84.49, 84.16, 80.50, 70.25,
52.84, 51.54, 38.22, 35.59, 31.73, 28.61, 28.23, 25.77, 18.60. HR-ESI-MS calculated for

C1H37N407 [M+H]" 469.2657, found 469.2658.
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Compound 2.8a. BDabyneOMe (2.6a, 28.5 mg, 0.064 mmol) and biotin-PEG-Nj3
(2.7, 30.0 mg, .064 mmol) with a 1 mL 3:1:1 mixture of THF, t-BuOH, and H,O was were
added to a 10 mL round bottom flask and purged with argon for 10 min. Next, 35 uL of a
freshly prepared 1M of a sodium ascorbate and then a 28 pL of 7.5% solution of
CuS04:5H,0, both prepared in degassed water, were added. The reaction was stirred
overnight. The reaction was evaporated under reduced pressure. The product was isolated
by automated flash chromatography (2 - 17% MeOH in CH,Cl, over 18 mins) to afford the
product as a white solid (49.8 mg, 0.080 mmol, 85% yield). 'H NMR (500 MHz, CDCls) &
7.57 (s, 1H), 7.43 (d, J = 7.9 Hz, INH), 6.94 (brs, INH), 6.27 (brd, J = 22.5 Hz, INH),
5.40 (brd, J = 23.1 Hz, INH), 5.24 (brs, INH), 4.62 (td, J = 8.5, 4.5 Hz, 1H), 4.54 — 4.48
(m, 3H), 4.35 - 4.30 (m, 1H), 3.88 (t, /= 5.1 Hz, 2H), 3.72 (s, 3H), 3.64 — 3.56 (m, 8H),
3.54 (t,J=5.1 Hz, 2H), 3.48 — 3.31 (m, 3H), 3.14 (td, J = 7.3, 4.8 Hz, 1H), 3.00 (dt, J =
13.5, 5.7 Hz, 1H), 2.90 (dd, J = 12.8, 4.9 Hz, 1H), 2.77 (t, J = 7.4 Hz, 2H), 2.73 (d, J =
12.8 Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 2.24 — 2.13 (m, 2H), 2.08 — 1.96 (m, 4H), 1.86 —
1.57 (m, 5H), 1.42 (s, 10H). *C NMR (126 MHz, CDCl3) 8173.65, 173.52, 173.50, 163.87,
156.21, 147.29, 122.54, 79.49, 70.61, 70.52, 70.49, 70.15, 70.06, 69.64, 61.96, 60.21,
55.73, 52.68, 50.22, 49.86, 40.70, 39.24, 36.78, 35.82, 35.36, 32.54, 28.56, 28.25, 28.17,
25.69, 25.49, 24.86. HR-ESI-MS calculated for C34HssNgO1oS [M+Na]" 793.3889, found

793.3885.
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Compound 2.8b. BGuanDabyneOMe (2.6b, 28.5 mg, 0.064 mmol) and biotin-
PEG-Nj3 (2.7, 30.0 mg, 0.064 mmol) with a 1 mL 3:1:1 mixture of THF, t-BuOH, and H,O
was added to a 10 mL round bottom flask and purged with argon for 10 min. Next, 35 uLL
of a freshly prepared 1M of a sodium ascorbate and then a 28 pL of 7.5% solution of
CuS04-5H,0, both prepared in degassed water, were added. The reaction was stirred
overnight. The reaction was evaporated under reduced pressure. The product was isolated
by automated flash chromatography (5 - 12% MeOH in CH,Cl, over 19 mins) to afford the
product as a white solid (49.8 mg, 0.080 mmol, 85% yield). "H NMR (500 MHz, CD;OD):
0 7.85 (s, 1H), 4.55 (t, J=5.1 Hz, 2H), 4.52 — 4.47 (m, 2H), 4.31 (dd, J, = 8, 4.5 Hz, 1H),
3.89 (t,J =5 Hz, 2H), 3.72 (s, 3H), 3.61 —3.52 (m, 11H), 3.39 (q, /=7 Hz, 1H), 3.35 (q,
J=5.5Hz, 2H), 3.22 - 3.18 (m, 1H), 2.93 (dd, J, = 12.5, 5 Hz, 1H), 2.75 (dd, J, = 8.5, 7.3
Hz, 2H), 2.70 (d, J= 13 Hz, 1H), 2.37 — 2.34 (m, 2H), 2.21 (t, /= 7.3 Hz, 2H), 2.10 — 2.05
(m, 1H), 2.03 — 1.96 (m, 3H), 1.77— 1.39 (m, 26H); °C NMR (126 MHz, CD;0D): &
176.17, 176.08, 175.63, 173.75, 166.09, 164.47, 157.74, 153.99, 124.26, 84.49, 80.49,
71.56, 71.49, 71.43, 71.26, 70.57, 70.41, 63.35, 61.60, 57.03, 52.89, 51.54, 51.34, 41.08,
40.47, 40.34, 38.24, 36.77, 36.72, 35.99, 31.79, 29.78, 29.50, 28.61, 28.23, 26.87, 26.57,

25.68. HR-ESI-MS calculated for C40HssN10012S [M+H]" 913.4812, found 913.4811.
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Compound 2.9a. BDabOMeBiotin (2.8a, 27 mg, 0.035 mmol), 1.25 mL of MeOH,
and 0.42 mL of 0.1 M LiOH solution in water (1 mg, .042 mmol) were added to a 10 mL
round bottom flask and stirred overnight. The compound was desalted on a C-18 sep-pak
(waters) to provide the product 2.9a as a white solid (22 mg, 0.029 mmol, 82% yield). 'H
NMR (500 MHz, CDs;0OD) 6 7.87 (s, 1H), 4.57 —4.53 (m, 2H), 4.49 (ddd, /= 7.9, 4.9, 0.7
Hz, 1H), 4.33 — 4.27 (m, 2H), 3.91 — 3.87 (m, 2H), 3.63 — 3.56 (m, 10H), 3.53 (t,J=5.5
Hz, 2H), 3.35 (t, J = 5.5 Hz, 2H), 3.19 (tt, J = 3.6, 3.2 Hz, 2H), 3.06 — 2.98 (m, 1H), 2.92
(dd, J=12.7,5.0 Hz, 1H), 2.75 (t, J = 7.6 Hz, 2H), 2.70 (d, J = 12.7 Hz, 1H), 2.32 (t, J =
7.5 Hz, 2H), 2.21 (t,J = 7.4 Hz, 2H), 2.07 — 1.94 (m, 4H), 1.78 — 1.54 (m, 6H), 1.45 - 1.40
(m, 11H).; °C NMR (126 MHz, CD;OD): & 176.17, 176.08, 175.63, 173.75, 166.09,
164.47, 157.74, 153.99, 124.26, 84.49, 80.49, 71.56, 71.49, 71.43, 71.26, 70.57, 70.41,
63.35, 61.60, 57.03, 52.89, 51.54, 51.34, 41.08, 40.47, 40.34, 38.24, 36.77, 36.72, 35.99,
31.79, 29.78, 29.50, 28.61, 28.23, 26.87, 26.57, 25.68; HR-ESI-MS calculated for

C33Hs6N3gO ;oS [M+Na]" 779.3737, found 779.3732.

0
HN™ "N -
() Y Yo
87NN vboxjg/ N I \
20h N



73

Compound 2.9b. BGDabOMeBiotin (2.8b, 27 mg, 0.035 mmol), 1.25 mL of
MeOH, and 0.42 mL of 0.1 M LiOH solution in water (1 mg, .042 mmol) were added to a
10 mL round bottom flask and stirred overnight. The compound was desalted on a C-18
sep-pak (waters) to provide the product 2.9b as a white solid (22 mg, 0.029 mmol, 82%
yield). '"H NMR (500 MHz, CD;0D) & 7.87 (s, 1H), 4.55 (t, J = 5.0 Hz, 2H), 4.49 (dd, J =
7.8, 4.8 Hz, 1H), 4.33 — 4.27 (m, 2H), 3.89 (t, J = 5.1 Hz, 2H), 3.62 — 3.54 (m, 8H), 3.53
(t,J=5.5Hz, 2H), 3.35 (t, /= 5.4 Hz, 2H), 3.30 — 3.24 (m, 1H), 3.22 -3.17 (m, 1H), 2.92
(dd, J=12.7,5.0 Hz, 1H), 2.75 (t, /= 7.6 Hz, 2H), 2.70 (d, J = 12.7 Hz, 1H), 2.35 (t, J =
7.3 Hz, 2H), 2.21 (t,J=7.4 Hz, 2H), 2.17 - 2.09 (m, 1H), 2.04 — 1.96 (m, 2H), 1.88 — 1.78
(m, 1H), 1.77 — 1.55 (m, 5H), 1.52 (s, 9H), 1.48 — 1.39 (m, 11H).; >C NMR (126 MHz,
CDs;0D) 6 178.59, 176.14, 174.91, 166.13, 158.21, 149.44, 148.27, 124.30, 79.84, 71.57,
71.50, 71.45, 71.27, 70.55, 70.42, 63.36, 61.61, 57.03, 53.91, 51.31, 41.07, 40.36, 38.43,
36.73, 36.36, 34.47, 29.78, 29.51, 28.80, 26.87, 26.71, 25.80. HR-ESI-MS calculated for

C3oHesN1001,S [M+H]" 899.4655, found 899.4653.

R =
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bPMB (2.10a). BiotinBDabOH (2.9a, 20.6 mg, 0.0258 mmol), DIEA (8.6 mg,
0.067 mmol, 11.6 pL), HATU (10.2 mg, 0.027 mmol) and DMF (1 mL) were added to a

10 mL flask and stirred for 10 min. Then Boc-PMBN (2.3a, 30.4 mg, 0.022 mmol) was
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added to the reaction and stirred overnight. The reaction was diluted with CH,Cl, and
washed with 5% citric acid and then saturated NaHCO3s. The organic layer was then dried
using MgSQy, filtered, and evaporated under reduced pressure. The residue was then taken
up in CH,Cl,/TFA (1:1, 1 mL) containing triisopropylsilane (10 pL) and stirred for 2 hours.
The reaction was evaporated under reduced pressure the product was isolated by automated
reverse phase flash chromatography using a Teledyne Isco Redisep Rf C18 5.5 g Gold
column [5 - 30% ACN (0.1% TFA) in H,O (0.1% TFA) over 14 mins]. The fractions
containing the desired product were lyophilized to provide 2.10a as a white solid as the
TFA salt (19.9 mg, 0.0092 mmol, 48% yield). 'H NMR (500 MHz, D,0) & 7.89 (dd, J =
10.2, 1.9 Hz, 1H), 7.34 — 7.22 (m, 3H), 7.17 (d, /= 5.2 Hz, 2H), 4.58 — 4.34 (m, 8H), 4.34
—4.29 (m, 1H), 4.29 —4.25 (m, 1H), 4.24 — 4.08 (m, 7H), 3.93 —3.87 (m, 2H), 3.61 — 3.48
(m, 9H), 3.33 — 3.18 (m, 4H), 3.12 - 2.93 (m, 10H), 2.92 — 2.85 (m, 1H), 2.84 — 2.75 (m,
1H), 2.75-2.63 (m, 4H), 2.33 —2.26 (m, 2H), 2.23 — 1.74 (m, 17H), 1.68 — 1.24 (m, 10H),
1.16 — 1.07 (m, 5H), 0.64 (d, J = 37.2 Hz, 7H). C NMR (126 MHz, D,0) & 176.73,
176.24, 174.90, 173.25, 173.18, 173.09, 172.89, 172.67, 172.62, 172.54, 172.47, 172.27,
172.21,171.86, 171.61, 171.47, 171.28, 171.24, 165.17, 163.24, 162.82 (TFA, q, J = 35.7
Hz), 146.46, 135.32, 128.83, 127.27, 124.28, 124.15, 116.23 (TFA, q, J=292.1 Hz), 69.43,
69.29, 69.26, 68.67, 68.43, 68.39, 66.89, 66.66, 66.08, 61.92, 60.08, 59.32, 58.93, 58.79,
55.62, 55.21, 52.66, 52.57, 51.74, 51.64, 51.55, 51.39, 51.25, 51.05, 50.92, 50.36, 50.24,
39.54, 38.94, 38.74, 36.69, 36.27, 36.19, 36.10, 35.94, 35.80, 35.70, 35.27, 34.22, 30.43,
30.31, 29.59, 29.54, 28.67, 28.48, 28.34, 28.09, 27.71, 27.60, 27.54, 25.00, 24.50, 24.44,
23.52,23.42, 23.30, 22.18, 20.11, 18.95, 18.73, 18.58, 16.13. HR-ESI-MS calculated for

C71H120N220188 [M+Na]+ 16238764, found 1623.8766.
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bGPMB (2.10b). BiotinBGDabOH (2.9b, 20.2 mg, 0.0223 mmol), DIEA (12.02
mg, 0.093 mmol, 16.2 uL), PyBrop (10.4 mg, 0.0223 mmol) and DMF (1 mL) were added
to a 10 mL flask and stirred for 10 min. Then BocGuan-PMBN (2.3b, 36.0 mg, 0.0186
mmol) was added to the reaction and stirred overnight. The reaction was diluted with
CH,Cl, and washed with 5% citric acid and then saturated NaHCOs3. The organic layer was
then dried using MgSO,, filtered, and evaporated under reduced pressure. The residue was
then taken up in CH,Cl,/TFA (1:1, 1 mL) containing triisopropylsilane (10 uL) and stirred
for 2 hours. The reaction was evaporated under reduced pressure the product was isolated
by automated reverse phase flash chromatography using a C18 5.5 g Gold column [15 -
35% ACN (0.1% TFA) in H,O (0.1% TFA) over 15 mins]. The fractions were lyophilized
to provide 2.10b as a white solid as the TFA salt (19.9 mg, 0.0092 mmol, 25% yield). 'H
NMR (500 MHz, D,0) & 7.89 — 7.86 (m, 1H), 7.44 — 7.33 (m, 3H), 7.30 — 7.26 (m, 2H),
4.65 —4.54 (m, 4H), 4.51 — 4.39 (m, 5H), 4.36 —4.18 (m, 9H), 4.02 — 3.97 (m, 2H), 3.71 —
3.59 (m, 11H), 3.42 —3.25 (m, 13H), 3.23 —2.96 (m, 7H), 2.81 —2.71 (m, 3H), 2.44 — 2.35
(m, 2H), 2.27 (td, J= 7.3, 1.8 Hz, 3H), 2.24 — 2.10 (m, 6H), 2.23 — 1.30 (m, 28H), 1.27 —
1.18 (m, 6H), 0.89 —0.70 (m, 7H). >C NMR (126 MHz, D,0) 8 75, 176.59, 176.38, 175.00,
174.28, 173.96, 173.87, 173.83, 173.38, 173.32, 172.93, 172.63, 172.25, 172.25, 172.00,
171.67, 171.48, 171.43, 165.24, 163.35, 163.07, 162.79, 162.50 (TFA, q, J = 35.7 Hz),
156.77, 156.68, 156.64, 156.54, 147.26, 135.40, 128.91, 127.37, 123.55, 117.43, 115.11
(TFA, q, J = 291.5 Hz), 69.57, 69.52, 69.39, 68.78, 68.72, 66.85, 66.54, 66.06, 62.01,
60.19, 59.48, 59.29, 59.04, 55.86, 55.30, 52.59, 51.95, 51.70, 51.50, 51.18, 50.53, 49.84,

39.64, 39.04, 38.85, 37.83, 37.76, 37.39, 36.77, 35.39, 34.47, 34.38, 30.80, 29.76, 29.19,
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27.84, 27.66, 25.10, 24.82, 23.95, 23.47, 22.29, 20.21, 19.09, 18.86, 18.72. HR-ESI-MS

calculated for C76H130N3201§;S [M+3H]3+ 6046727, found 604.6722.
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Scheme 2.5. Synthesis of bGTob and bTob.

Synthesis of alkyne-boc-tobramycin (2.11a), alkyne-boc-guan-tobramycin (2.11b)
and GTob-biotin (2.12b) were prepared according to literature procedures.”'

bTob (2.12a). Alkyne-Boc-Tob (2.11a, 25mg, 0.024 mmol) and biotin-PEG-N;
(2.7, 16 mg, 0.035 mmol) were dissolved in DMF (500 uL) and treated with 0.2M solution
of sodium ascorbate in H;O (25 pL) and 0.2M solution of CuSO4-5H,0O (25 ul). The
reaction was stirred overnight at room temperature under argon. The reaction was
evaporated under reduced pressure. The crude product was dissolved in CH,Cl, and
washed with aqueous KCN solution, EDTA (0.3 M, pH 8) and brine. The organic layer
was then dried using MgSO,, filtered and evaporated under reduced pressure. The residue
was then dissolved in CH,Cl,/TFA (1:1, 1 mL) containing triisopropylsilane (10 pL) and
stirred for 2 hours. The reaction was evaporated under reduced pressure and the product
was purified by HPLC using a semiprep RP-C18 column [5 — 30% ACN (0.1% TFA) in
H,O (0.1% TFA) over 12 min]. The fractions containing the desired product were
lyophilized to provide the product as a white solid, (20 mg, 0.013 mmol, 54% yield). 'H
NMR (500 MHz, D,0): & 7.80 (s, 1H), 5.70 (s, 1H), 4.96 (s, 1H), 4.50 (m, 3H), 4.30 (m,

1H), 3.91-3.80 (m, 6H), 3.73 (m, 1H), 3.66 (m, 2H), 3.60-3.40 (m, 16H), 3.38-3.27 (m,
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3H), 3.26 (s, 2H), 3.19 (m, 2H), 2.88 (m, 1H), 2.65 (m, 3H), 2.45 (d, 1H, J/=12.3 Hz), 2.22
(m, 3H), 2.13 (m, 2H), 1.96-1.83 (m, 4H), 1.62-1.40 (m, 4H), 1.28 (s, 2H). *C NMR (126
MHz, D,0): & 176.82, 165.28, 163.30, 163.02, 162.74, 162.45, 146.91, 123.97, 119.77,
117.44, 115.12, 112.80, 100.86, 94.10, 83.56, 77.32, 74.12, 70.92, 70.31, 69.58, 69.53,
69.40, 69.38, 68.78, 68.60, 68.00, 66.48, 64.32, 62.02, 60.20, 55.30, 54.62, 50.15, 49.72,
48.31, 47.70, 39.74, 39.63, 38.94, 38.86, 35.38, 34.86, 29.25, 27.81, 27.71, 27.64, 25.09,

2493, 23.78. HR-ESI-MS calculated for C4H77N12014S [M+H]+ 1005.5397, found

1005.5400.
0
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Octaarginine (bArg8). bArg8 was synthesized using standard solid phase peptide
synthesis protocols (Rink amide resin). An aminohexanoic acid (Ahx) spacer was
introduced in the N-terminus and biotin-NHS (4 eq) was coupled to the peptide's N-
terminus over 1 h at rt in DMF containing DIEA (8 eq). The peptide was cleaved from the
resin using TFA/TIS/water (95:2.5:2.5) at rt for 3h. The resin was filtered off and the
peptide precipitated by the addition of cold ether and further standing at 4 degrees
overnight. The crude was purified by HPLC using a semiprep RP-C18 column [5 — 60%
ACN (0.1% TFA) in H,O (0.1% TFA) over 9 min]. HRMS of the isolated peack confirms
the identity of the biotinylated peptide. Purity was confirmed by analytical HPLC. HR-

ESI-MS calculated for C64H124N360118 [M+2H]2+ 9264376, found 926.4374.
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PMB (2.14). PMB was isolated from the mixture of isomers by HPLC using a RP-
C18 column [5 — 50% ACN (0.1% TFA) in H,O (0.1% TFA) over 40 mins]. Purity was
confirmed by analytical HPLC. HR-ESI-MS calculated for CssHogNsO;3 [M+Na]®
1225.7397, found 1225.7395.

GPMB (2.15). MeOH (15 mL) and NEt; (239 mg, 2.36 mmol, 329 uL) were added
to 2.14 (226 mg, 0.157 mmol) followed by N,N'-Di-Boc-1H-pyrazole-1-carboxamidine
(195 mg, 0.142 mmol) and stirred overnight. The reaction was evaporated under reduced
pressure and CH,Cl, was added and washed with saturated NaHCO;. The organic layer
was dried over MgSOQy, filtered, and evaporated under reduced pressure. The residue was
then dissolved in CH,Cl,/TFA (1:1, 4 mL) containing triisopropylsilane (44 puL) and stirred
for 2 hours. The reaction was diluted with 5 mL of CH,Cl, and extracted with 10 mL of
H,0. The water was evaporated under reduced pressure and the product was isolated by
HPLC using a RP-C18 column [5-50% ACN (0.1% TFA) in H,O (0.1% TFA) over 40
mins]. The fractions containing the desired product were lyophilized to provide the TFA
salt of GPMB as a white solid, (74.7 mg, 0.0378 mmol, 24% yield). '"H NMR (400 MHz,
D,0): 8 7.42 —7.29 (m, 3H), 7.26 (d, J= 6.9 Hz, 2H), 4.56 — 4.50 (m, 1H), 4.45 (ddd, J =

17.2, 8.7, 5.3 Hz, 3H), 4.35 — 421 (m, 6H), 4.20 — 4.14 (m, 2H), 3.43 — 2.98 (m, 14H),
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7.2 Hz, 2H), 2.22 — 1.74 (m, 12H), 1.67 — 1.03 (m, 17H), 0.82 (t, /= 6.8 Hz,

233 (4, J

6H), 0.75 (S, 3H), 0.68 (S, 3H) HR-ESI-MS calculated for C61H108N26013 [M+2H]2+

707.4367, found 707.4351.
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Spectrum 2.1. 'H NMR of PMB-biotin (2.10a, D,0, 500 MHz).
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Spectrum 2.4. °C NMR of GPMB-biotin (2.10b, D,0, 126 MHz)



52

T
2

T
4

T T T T
6 8 0 ]

T
u

T
16

T
®

nin

82

Figure 2.10. Analytical HPLC trace for bArg8. [RP-C18, 5 — 60% ACN (0.1% TFA) in H,O (0.1%
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Figure 2.11. Analytical HPLC trace for PMB. [RP-C18 column, 5 — 50% ACN (0.1% TFA) in H,O
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Cell culture

Wild-type Chinese hamster ovary cells (CHO-K1) were obtained from the
American Type Culture Collection (CCL-61). Mutant pgsA745 and pgsD677 were
described previously.41,42 All cells were grown under an atmosphere of 5% CO2
in air and 100% relative humidity. CHO-K1, pgsA, and pgsD cells were grown in
F-12 medium (Life Technologies) supplemented with fetal bovine serum (10% v/v,
Gemini Bio-Products) and penicillin/streptomycin solution (1% v/v). The Hep3B
cell line was obtained from ATCC (HB-8064) and cultured in MEM (Invitrogen)
supplemented with 10% fetal bovine serum, nonessential amino acids, and 1%

penicillin/streptomycin. HEK293T cells were obtained from ATCC and maintained
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in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin.

Quantifying cellular uptake/binding

The polymyxin derivatives (2.5 uM in PBS) were incubated with ST-PE-Cy5
(0.5 uM in PBS) for 20 min at ambient temperature then diluted with F-12 cell
culture medium to give final conjugate solutions.

Cells were plated onto 24-well plates (100 000 cells/well) and grown for 24
h to about 80% confluence. Cells were washed with PBS and incubated with 300
pL of the corresponding conjugate for 1 h at 37 °C under an atmosphere of 5% CO?2.
Cells were washed twice with PBS, detached with 50 pL of trypsin-EDTA for uptake
studies or 100 pLL Versene (EDTA) for binding studies, diluted with PBS containing
0.1% BSA, and analyzed by FACS. Cellular uptake was quantified by the mean
fluorescence intensity; raw data was interpreted by using FlowJo v8.8.6.

Evaluation of uptake dependency on temperature

Cells were grown for 24 h in 24-well plates as described above. Cells were
incubated at 4 °C for 15 min in F-12, washed with cold PBS, then incubated with
the precooled conjugate solution for 30 min at 4 °C. Cells were washed, detached
with trypsin-EDTA, and analyzed as described above.

Evaluation of endocytosis mechanisms

Cells were grown for 24 h in 24-well plates as described above, washed with
PBS, and incubated with 5SmM amiloride for 10 min or 400 mM sucrose, 20 uM

chlorpromazine, 200 uM genistein, or 5 uM nystatin for 30 min at 37 °C. Cells were
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then washed with PBS and treated with the conjugate solution in F-12 for the cells
pretreated with amiloride, or the conjugate solution in the presence of the inhibitor,
using the same concentration used for pretreatment, for 1 h at 37 °C under an
atmosphere of 5% CO2. Cells were washed, detached with trypsin-EDTA, and
analyzed as described above.

Fluorescence microscopy

CHO-K1 cells were grown for 24 h in 35 mm dishes equipped with a glass
bottom coverslip coated with poly-D-lysine. Cells were washed with PBS, treated
with 1.5 mL of transporter conjugated to ST-Cy5 (20 nM) and incubated at 37 °C
for 1 h under an atmosphere of 5% CO2. Cells were washed with PBS and stained
with Hoescht stain and LysoTracker. Images were processed and analyzed using
Nikon Imaging Software Elements and Imagel. Pearson’s correlations were
calculated for individual cells in three separate images from two different
experiments and then averaged (n=30).

Saporin delivery

The biotinylated transporters were incubated with ST-Sap in a 5:1 molar ratio
for 20 min at ambient temperature then diluted with F-12 cell culture medium to
give final conjugate solutions. CHO-K1 and pgsA cells were incubated with 100
pL of the corresponding conjugate for 4 days at 37 °C under an atmosphere of 5%
CO2. CellTiter-Blue (20 pL) was added to the medium and incubated for an
additional 4 h to measure viability.

Preparation of liposomes
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A mixture (30 mg total) of DOPC, DOPE, and cholesterol (73:11:16) was
dissolved in chloroform to a final volume of 1 mL and evaporated in a round flask
and further dried under high vacuum overnight to form a thin lipid layer. The
resulting film was hydrated for 15 min at 37 °C with 1 mL of PBS containing 100
uM Cy5. The mixture was sonicated for 30 s, subjected to six freeze/thaw cycles
using a dry ice/acetone bath and a water bath at 37 °C. Lastly, the suspension was
extruded 17 times through a polycarbonate membrane (pore size 100 nm) at room
temperature. Non-encapsulated dye was removed by gravitational gel filtration
(Sephadex G-50). Lipid concentration was determined adapting the Stewart
method.” Plain liposomes were diluted to 3mg/mL and mixed with 10 mol% PMB
or GPMB for 1 h at room temperature. Unincorporated PMB or GPMB was
removed via centrifuge gel filtration (Sephadex G-50).”
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Chapter 3:
GNeo-Modified Liposomes Deliver Active Lysosomal Enzyme

3.1 Introduction

Lysosomes are important for the degradation of intra- and extracellular material
through the action of over 50 acid hydrolases and membrane proteins.' The absence or
low activity of a particular lysosomal hydrolase enzyme leads to accumulation of its
substrate(s) which causes damage in various tissues, organs, and in some cases, the central
nervous system (CNS). These enzyme deficiencies are classified as approximately 50
recessively inherited lysosomal storage disorders (LSDs). LSDs are individually rare,
however, their combined prevalence is about 1 in 8,000 births.*®

The predominant treatment of LSDs is enzyme replacement therapy (ERT), where
intravenously administered enzyme is taken up by cells through a mannose-6-phosphate
mediated pathway.”® Although ERT has been successful in treating several LSDs, it is
limited, does not treat the CNS, and is a very expensive treatment mostly due to the short
half life of the enzyme, thus requiring high doses and repeated administration.””
Therapeutic limitations of ERT include inactivation of enzyme and low cellular uptake.
Additionally, administration of exogenous enzyme into the bloodstream might trigger an
immune response, reducing the safety and efficacy of ERT.*’

In the 1970s, it was found that enzymes could be encapsulated in lipid vesicles. "
Delivery of lysosomal enzymes encapsulated in liposomes protects the enzyme from
degradation, has enhanced immune tolerance, and increases delivery of the enzyme to the

11-13

lysosomes of cells in vitro and in vivo. a-Glucosidase-, p-fructofuranosidase-, a-

91
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mannosidase- -glucuronidase- and neuraminidase-loaded liposomes all showed increase
accumulation of the enzyme in liver and spleen of rats compared to unpackaged enzymes,

with a majority of the delivered enzyme localizing in the lysosomes.'*"®

Modifying the
surface of liposomes with ligands was also investigated early on as a method to improve
overall uptake and cell selectivity.” Aggregated IgG-coated liposomes delivered more
hexosaminidase A than uncoated liposomes to cells isolated from Tay-Sachs patients.*’
Recent efforts have focused on attaching other targeting ligands, such as low molecular
weight ligands (e.g., thodamine B and mannose-6-phosphate) or high molecular weight
proteins (e.g., transferrin), to the surface of liposomes to improve their lysosomal
delivery.*'*°

A more general approach to improving the cellular delivery of biomolecules has
been to conjugate the cargo to a molecular transporter. Certain peptides rich in basic amino
acids, such as the TAT peptide and oligo-arginine, have repeatedly been shown to traverse
the plasma membrane and facilitate the intracellular delivery of various cargo.”’™'
Numerous other guanidinium-rich molecular transporters based on diverse scaffolds have
also been used to deliver a variety of cargo into cells through covalent attachment or
noncovalent association.””>* Guanidinium-rich transporters have also been used to
improve the intracellular delivery of liposomes that encapsulate the desired cargo.”**>*!

Guanidinoglycosides have been developed as a unique class of molecular
transporters capable of delivering high-molecular weight, bioactive cargo into the

42-46

lysosomes of cells through heparan sulfate exclusive pathways. For example,

guanidinylated neomycin (GNeo), containing 6 positively charged guanidinium groups,
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was conjugated to the lysines of lysosomal enzymes responsible for breaking down

> The GNeo-enzyme was internalized and able to restore normal

glycosaminoglycans.*
glycosaminoglycan turnover in cells deficient in these enzymes. More recently, we
reported on the assembly and cellular uptake of GNeosomes, lipid vesicles decorated with
GNeo that maintain selectivity for heparan sulfate and demonstrate high cellular uptake
and specificity for the lysosomes.”* GNeosomes protect cargo from degradation and
unfavorable reactions in biological systems and avoid modification of the cargo, which
could alter its properties and lead to reduced activity. In addition to the general benefits of
liposomes, modifying the surface with GNeo significantly increases the uptake and
lysosomal delivery of diverse cargo compared to unmodified liposomes.**

In the present study, we report the synthesis of novel GNeo-lipid derivatives and
compare different methods for incorporating GNeo into liposomes. The cellular uptake of
the different derivatives and preparations were initially evaluated by their ability to deliver
a fluorescent dye. All liposomes modified with GNeo showed enhanced uptake compared
to the unmodified liposomes. The GNeosome preparations with the highest uptake
efficiency were also evaluated for their ability to deliver the lysosomal enzyme o-L-
iduronidase. GNeosomes increased the overall uptake of the enzyme compared to plain
liposomes and a sufficient amount of enzyme was delivered to restore the normal turnover
of glycosaminoglycans in MPS I cells, which lack endogenous enzyme. We conclude that

GNeosomes can potentially be used to deliver therapeutic amounts of active enzyme to the

lysosomes in cells for the treatment of lysosomal storage disorders.

3.2 Results
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Synthesis of Guanidinoneomycin Derivatives

Three GNeo-lipid derivatives were synthesized as outlined in Scheme 3.1. Briefly,
the fatty acid (3.1, 3.2 or 3.3) was coupled to the amino group of an amino-alkyne-
functionalized triethylene glycol (3.4). The resulting compounds (3.5, 3.6, and 3.7)
underwent a 1,3-dipolar cycloaddition with 3.8 followed by acidic deprotection of the Boc-
guanidinium groups to yield stearyl-GNeo (3.9), oleyl-GNeo (3.10), and di-oleyl-GNeo
(3.11). In addition to the GNeo-lipids that can be directly incorporated in the liposomal
bilayer, GNeo-NHS (3.14) was synthesized by clicking a previously reported alkyne-
BocGNeo derivative (3.12) to an azide-NHS-functionalized triethylene glycol linker (3.13)

to evaluate post-modification of liposomes (Scheme 3.2).
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Preparation and Characterization of Cy5-containing Lipid Vesicles

Liposomes were prepared by pre-inserted, post-inserted, or post-modification
techniques (Figure 1). To evaluate the differences in cellular uptake between the different
preparation methods and lipid derivatives, a fluorescent dye, Cy5, was encapsulated as low
MW cargo mimic.

Pre-inserted liposomes were prepared by rehydrating a lipid film consisting of
DOPC, DOPE, and cholesterol (73:11:16 mol %) with phosphate buffered saline (pH 7.4)
containing 100 uM Cy5 and the GNeo-lipid derivative (0.9 mol %). The lipid suspension
was subjected to sonication, freeze and thaw cycles, extrusion through a 100 nm
polycarbonate membrane, and size exclusion chromatography (SEC) to remove
unencapsulated dye and GNeo-lipid.*’

Plain liposomes were prepared by rehydrating a lipid film consisting of DOPC,
DOPE, and cholesterol (73:11:16 mol %) with phosphate buffered saline (pH 7.4)
containing 100 uM CyS5. The lipid suspension was subjected to sonication, freeze and thaw
cycles, extrusion through a 100 nm polycarbonate membrane, and SEC.* Plain liposomes
were then modified either by post-insertion of the GNeo-lipid or post-modification of

DOPE with GNeo-NHS. For post-inserted liposomes, plain liposomes were mixed for 1 h
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at room temperature with the GNeo-lipid derivative (0.9 or 1.8 mol %). For post-
modification, plain liposomes were mixed for 1 h at room temperature with GNeo-NHS
(10 or 20 mol %). Unencapsulated GNeo-lipid or unreacted GNeo-NHS were removed by

SEC.

pre-inserted liposomes

plain liposomes

OH Cholesterol
DOPE

? GNeo-lipid
4 Active Cargo post-modified liposomes

Figure 3.1. Methods for incorporating GNeo into liposomes. Schematic representation of the three
different methods used for preparing GNeosomes.

All liposomes were then characterized by dynamic light scattering (DLS) to
measure size and zeta-potential (Figure 3.2). The addition of GNeo did not affect the
average size of the liposomes (Figure 3.2a). However, GNeosomes exhibited a positive
increase in zeta potential compared to plain liposomes (Figure 3.2b). The zeta potentials
of the pre-inserted liposomes using 0.9% GNeo-lipid are lower than the post-inserted

liposomes modified. The zeta potential generally increases with an increase in GNeo-lipid
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with the exception of liposomes post-modified with di-oleyl-GNeo. An increase in zeta

potential is also observed when a higher concentration of GNeo-NHS is used (Figure 3.2b).
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Figure 3.2. Characterization of liposomes. (a) Zeta potential of the evaluated liposomes. (b) Average
diameter of the evaluated liposomes. Four different batches of liposomes were each measured in
triplicate.

Cellular Uptake of Cy5-containing Liposomes

To compare the cellular uptake of the different GNeosomes, a water-soluble
cyanine dye was encapsulated and uptake was evaluated in wild-type CHO-K1 cells. The
cells were then incubated with liposomes at 37 °C for 1 h and analyzed by flow cytometry.
In all cases, cells treated with GNeosomes showed higher mean fluorescence intensity
(MFTI) than cells treated with plain liposomes (Figure 3.3). For stearyl-GNeosomes, uptake
for post-inserted liposomes was higher than pre-inserted ones and a higher concentration
of stearyl-GNeo resulted in a two-fold increase in uptake. Oleyl-GNeosomes had the
lowest overall uptake. Pre-inserted and post-inserted liposomes exhibited similar uptake
but an increase in oleyl-GNeo concentration during post-insertion resulted in better uptake.
Di-oleyl-GNeosomes showed the highest overall uptake and a difference in uptake was not
observed between post-inserted and pre-inserted liposomes. Increasing the concentration

of di-oleyl-GNeo resulted in a lower encapsulation of Cy5 (Figure 3.6, Experimental
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Section); therefore, a lower amount of Cy5 was delivered to cells. For GNeo-NHS

modified liposomes, uptake increased with an increase in GNeo-NHS.
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Figure 3.3. Cellular uptake of Cy5-containing GNeosomes. Wild-type CHO-K1 cells were incubated
for 1 h at 37°C with 300 ug mL™" Cy5-containing plain and GNeo-decorated liposomes prepared with
the indicated concentrations and methods. Mean fluorescence intensity (MFI) was measured by flow
cytometry. The background signal from untreated cells was subtracted. The experiment was performed
three times in triplicate.

Preparation and Characterization of Liposomes Encapsulating a Lysosomal Enzyme

Based on their ability to internalize CyS5, the four liposome preparations with the
most efficient uptake (0.9% and 1.8% stearyl-GNeo post inserted, 0.9% di-oleyl-GNeo
post-inserted, and 0.9% di-oleyl-GNeo pre-inserted) were tested for their ability to deliver
the lysosomal enzyme, a-L-Iduronidase (IDUA, Aldurazyme). Lipid films were rehydrated
with PBS containing 5 mg/mL IDUA and liposomes were prepared the same way as
described above for Cy5-containing liposomes. Liposomes were purified on a Sepharose
size exclusion column to remove unencapsulated enzyme. To determine the amount of
enzyme encapsulated, the liposomes were lysed using 10% Tween 20 and analyzed for

enzyme concentration on an SDS-PAGE protein gel (Figure 3.7, Experimental Section)
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and for enzyme activity using a fluorescent enzyme activity assay.*® All of the preparations
tested resulted in a 5% enzyme encapsulation efficiency (Figure 3.7, Experimental
Section).
Delivery of IDUA by GNeosomes

To evaluate whether IDUA-containing liposomes and GNeosomes were taken up
by IDUA-deficient cells, MPS I fibroblasts were incubated with plain liposomes or
GNeosomes for 1 hat 37 °C. The cells were then lysed and analyzed for IDUA activity by
measuring the conversion of 4-methylumbelliferyl a-L-iduronide into the fluorochrome 4-
methylumbelliferone (4-MU).*® Cells incubated with plain liposomes showed very little
enzyme activity, whereas cells incubated with GNeosomes contained active enzyme
(Figure 3.4). Relative uptake efficiencies were comparable to those seen with Cy5-
containing liposomes. GNeosomes with 1.8% stearyl-GNeo showed higher enzyme
activity in cells than GNeosomes with 0.9% stearyl-GNeo. Cells incubated with 1.8 %
stearyl-, 0.9% di-oleyl-post-, or 0.9% di-oleyl-pre-GNeosomes all showed similar enzyme

activity (Figure 3.4).
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Figure 3.4. Liposomal delivery of IDUA. (a) MPS I fibroblasts were treated for 1 h at 37°C with 500
ug mL™ plain or GNeo-decorated liposomes containing 2.5 ug mL™ IDUA. The cells were washed,
trypsin treated, sedimented by centrifugation, washed, lysed, and assays for IDUA activity. Cells were
also treated with of 2.5 ug mL" GNeo-conjugated IDUA (G-IDUA) for comparison. The experiment
was performed twice (with different batches of liposomes) in triplicate. Analysis of variance showed
that the differences between plain liposomes and GNeosomes were significant (P = 0.007 — <0.0001).

GNeosomes Restore Normal Glycosaminoglycan Turnover

To determine whether GNeosomes were delivering active IDUA to the lysosomes,
a label-chase experiment was performed. MPS I or wild-type fibroblast cells were
incubated with **S-labeled sulfate for 48 h to radiolabel sulfated glycosaminoglycans. The
cells were then incubated with plain liposomes or GNeosomes for 1h at 37 °C, washed,
incubated with fresh medium for another 24 hours, then analyzed for the amount of
[**S]glycosaminoglycans associated with the cells. As shown in Figure 3.5, MPS I
fibroblasts store [*°S]glycosaminoglycans resulting in higher liquid scintillation counts;
whereas, wild-type HFF cells have regular turnover of glycosaminoglycans and lower
counts per minute (cpm). GNeosomes containing IDUA were able to restore turnover to
that of wild-type cells. Plain liposomes showed a two-fold higher storage of

[**S]glycosaminoglycans.
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Figure 3.5. Glycosaminoglycan turnover using IDUA-containing GNeosomes. MPS I fibroblasts were
radiolabeled with **SO, and chased for 24 hours with 100 ug mL™" plain or GNeo-decorated liposomes
containing 0.2 ug mL" IDUA. The amount of [3SS]g1ycosaminoglycan remaining was measured
(Experimental Section). Cells were also treated with 0.2 ug mL"' of GNeo-conjugated IDUA (G-IDUA)
for comparison. The dotted line represents the amount of [358] glycosaminoglycan remaining in wild-
type fibroblasts (HFF) radiolabeled with S0, and chased for 24 hours without enzyme
supplementation. The experiment was performed twice (with different batches of liposomes) in
triplicate. Analysis of variance showed that the differences between plain liposomes and GNeosomes
were significant (P < 0.0005). The difference between untreated MPS I cells and plain liposomes was
also significant (P = 0.0002).

3.3 Discussion

As biomolecules gain prominence as potential therapeutics, the intracellular

delivery of these molecules remains one of the key problems in drug development.*!
Arginine-rich transduction domains represent a promising method for facilitating
intracellular delivery of impermeable cargo; however, their internalization mechanisms
remain controversial, likely involve multiple pathways, and are dependent on other factors
such as cargo size and cell type.”>> Guanidinoglycosides, in which the ammonium groups
of aminoglycosides are converted to guanidinium groups, can deliver high molecular

42,43

weight cargo into cells at low nanomolar carrier concentrations. The uptake of

guanidinoglycosides has consistently been shown to depend exclusively on cell-surface

heparan sulfate proteoglycans.**
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We previously demonstrated that liposomes incorporating a stearyl-guanidinylated
neomycin (stearyl-GNeo) derivative specifically target the lysosomes and allow for
increased delivery of liposome-entrapped material, including fluorescent proteins and
small molecules.* The increase in cellular uptake of GNeosomes is not simply a result of
an overall increase in net positive charge, as liposomes bearing the same positive charge
showed lower uptake.”* This suggests the spatial arrangement and presentation of the
guanidinium-groups on GNeo contribute to its superior uptake ability. In the current study,
we sought to explore the ability of other GNeo-lipids to further enhance the uptake of
liposomes. We then evaluate the cellular delivery of a liposome-encapsulated lysosomal
enzyme and the ability to restore normal glycosaminoglycan turnover in enzyme-deficient
cells.

Three GNeo-lipids were synthesized from stearic acid, oleic acid, and a dimeric
oleic acid tail (Scheme 3.1). The GNeo-lipids were incorporated into liposomes by either
pre-insertion or post-insertion (Figure 3.1). Additionally, the primary amines on the
surface of  preformed liposomes containing 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) were modified with GNeo-NHS and evaluated for uptake
(Figure 3.1). The surface charge of the different GNeosomes was evaluated by measuring
the zeta potential (Figure 3.2). Post-insertion of the GNeo-lipids resulted in a higher zeta
potential than pre-insertion. This is not surprising because while the same amount of
GNeo-lipid is added, the GNeo can position itself on both the inside and outside of the
liposome when added during liposome formation (pre-insertion). During post-insertion,
the GNeo-lipid can only insert into the outside liposomal membrane and it is unlikely it

will flip to the inside since the GNeo moiety is highly charged. Furthermore, an increase
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in the concentration of stearyl-GNeo, oleyl-GNeo, or GNeo-NHS leads to higher zeta
potential, indicating a higher degree of insertion or modification. Increasing the
concentration of post-inserted di-oleyl-GNeo from 0.9% to 1.8% did not increase the
surface charge suggesting that 0.9% di-oleyl-GNeo is the optimal concentration and any
additional di-oleyl-GNeo remains extravesicular. Di-oleyl-GNeosomes had the highest
zeta potentials suggesting di-oleyl-GNeo inserts into the liposome membrane more
efficiently than the GNeo-lipids with a single hydrophobic tail.

To evaluate the uptake of the different preparation methods, a fluorescent cyanine
dye, Cy5, was encapsulated in the liposomes. Uptake was evaluated in wild-type CHO-
K1 cells and analyzed by flow cytometry. As shown in Figure 3.3, the mean fluorescence
intensity (MFI) of cells treated with GNeosomes is significantly higher than cells treated
with plain liposomes. Generally, di-oleyl-GNeosomes exhibited the highest uptake,
followed by stearyl-GNeosomes. This is consistent with the trend seen for the zeta
potentials, and taken together, suggests these lipids insert better into the liposome
membrane leading to an increase in GNeo on the surface and higher uptake. Oleyl-
GNeosomes and GNeo-NHS modified GNeosomes had the lowest zeta potentials and also
the lowest cellular uptake suggesting a lower degree of GNeo modification. The decrease
in uptake when a higher concentration of di-oleyl-GNeo was used is attributed to a lower
dye encapsulation efficiency (EE). Increasing the concentration of di-oleyl-GNeo to 1.8%
resulted in a lower encapsulation of Cy5; whereas all the other methods resulted in similar
EE (Figure 3.6). This suggests that the higher concentration of di-oleyl-GNeo results in
leaky liposomes since the concentration before adding GNeo is the same for all the post-

inserted liposomes. Moreover, the zeta potential remains unchanged when increased di-
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oleyl-GNeo concentrations are used; therefore, it is unlikely that uptake would increase,
regardless of the lower EE.

To investigate whether GNeosomes can deliver an active enzyme to the lysosomes,
a-L-iduronidase (IDUA) was encapsulated in liposomes. IDUA is a lysosomal enzyme
responsible for hydrolyzing the terminal a-L-iduronic acid residues in heparan sulfate (HS)
and dermatan sulfate (DS). A deficiency in IDUA leads to the accumulation of HS and DS
in the lysosomes and 1is responsible for the lysosomal storage disease
mucopolysaccharidoses I (MPS I; Hurler, Hurler-Scheie, and Scheie syndromes).54 The
enzyme was stable to liposome preparation and uptake could be assessed in IDUA-
deficient MPS I fibroblasts. MPS I cells have essentially no IDUA activity; therefore, they
provide a low background when monitoring uptake. Low enzyme activity was observed
in cells treated with plain liposomes; on the other hand, cells treated with GNeosomes show
more than ten-fold higher enzyme activity (Figure 3.4). Liposomes post-inserted with
1.8% stearyl-GNeo delivered almost twice as much active enzyme to cells than liposomes
post-inserted with 0.9% stearyl-GNeo, similar to the uptake of Cy5. The di-oleyl-
GNeosomes also exhibited an uptake pattern similar to the delivery of Cy5 with the pre-
inserted and post-inserted liposomes behaving similarly. However, unlike the delivery of
Cy35, stearyl-GNeosomes outperformed the di-oleyl-GNeosomes in delivering IDUA.

The capability of GNeosomes to deliver functional enzyme to the lysosomes of
MPS I cells was assessed by measuring the turnover of radiolabeled glycosaminoglycans
(GAGs). Untreated MPS I cells deficient in IDUA store [°S]-sulfated GAGs. Plain

liposomes lower the amount of stored GAGs by about 50%, whereas GNeosomes return
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the turnover of GAGs to a level comparable to that found in normal HFF cells (Figure 3.5).
These results indicate that GNeosomes are taken up by IDUA-deficient fibroblasts, that
they reach the lysosomal compartment, and that the cargo (IDUA) is efficiently released
such that IDUA activity is restored.

Uptake was also compared to the conjugated GNeo-IDUA enzyme. GNeo-IDUA
has previously been shown to have enhanced uptake and activity compared to Aldurazyme,
the high-uptake form currently in clinical use for treatment of MPS I patients.*
Maintaining this high uptake due to GNeo while encapsulating the enzyme in liposomes
could have additional benefits for in vivo applications, including improved stability

55-58

typically seen with liposome delivery systems. Additional studies are needed to

determine the plasma clearance and tissue specificity for GNeosomes.
3.4 Conclusions

In conclusion, we have demonstrated that introduction of GNeo to the surface of
liposomes results in superior uptake in wild-type CHO cells and MPS I human fibroblasts
compared to unmodified liposomes. These GNeosomes were demonstrated to be able to
deliver and release a small molecule and an active enzyme to the lysosomes. The
advantages of using GNeo to enhance cellular uptake and liposomes as delivery vehicles
results in an improved lysosomal delivery system. Because virtually all mammalian cells
express heparan sulfate, GNeosomes could be ideal for improving the enzymatic treatment
of lysosomal storage disorders that affect all tissues. Furthermore, lipid vesicles avoid
direct modification of enzymes and can be used to entrap other lysosomal enzymes whose

activity might be affected by direct conjugation. The use of liposomes also allows for
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further modification in addition to GNeo to potentially target specific tissues, such as the

59-62

brain or cancer cells, or to further stabilize the delivery system, by incorporating

63-65

PEGylated-lipids for example.
3.5 Experimental

Materials

Materials obtained from commercial suppliers were used without further
purification. Chemicals and reagents were purchased from Sigma Aldrich. Deuterated
NMR solvents were purchased from Cambridge Isotope Laboratories. DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), DOPE  (1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine), and cholesterol were purchased from Avanti Polar Lipids. PBS
(Dulbecco’s phosphate buffered saline), F-12 Nutrient Mixture (Ham), DMEM, and
F12/DMEM were purchased from Thermo Scientific. Trypsin/EDTA was purchased from
VWR. a-L-Iduronidase (Aldurazyme) was obtained from BioMarin Pharmaceuticals and
purified via FPLC on a heparin column prior to use.
Instrumentation

NMR spectra were recorded on either a Varian 400 MHz or 500 MHz
spectrometers. Mass spectra were recorded at UCSD Chemistry and Biochemistry Mass
Spectrometry Facility utilizing an Agilent 6230 HR-ESI-TOF mass spectrometer.
Reverse-phase HPLC purification (CLIPEUS, C18, Sum, 10x250 mm, Higgins analytical)
and analysis (Eclipse, XDB-C18, S5um, 4.6x150 mm) were carried out on an Agilent 1200
series instrument. Fluorescence spectroscopy measurements were performed using a

Horiba fluorimeter. Particle size, polydispersity, and surface charge of the lipid vesicles
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were measured by dynamic light scattering on a Zetasizer Nano ZS (model ZEN3600 from
Malvern Instruments). Flow cytometry studies were performed on a BD FACSCalibur.
Synthesis of Lipid-GNeo Derivatives

Stearyl-GNeo (3.1), amino-alkyne linker (3.4), and N3;-BocGNeo (3.8) were

synthesized according to previously published procedures.**
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Scheme 3.3. Synthesis of oleyl-GNeo.
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Oleyl-alkyne linker (3.6). To a solution of oleic acid (424 mg, 1.5 mmol) in
dichloromethane, @ was  added  N-ethyl-N-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) (370 mg, 2 mmol) and the solution was stirred at room temperature
for 30 min. Compound 3.4 (187 mg, 1.0 mmol) and DIEA (178 uL, 1 mmol) were
dissolved in CH,Cl, and added to the reaction. After stirring overnight at room
temperature, the reaction was diluted with CH,Cl, and washed with aqueous citric acid
(5%) and brine. The organic phase was dried over sodium sulfate and evaporated. The
residue was purified by flash chromatography to afford the desired compound (340 mg,
0.75 mmol, 73% yield). ). "H NMR (500 MHz, CDCl3) &: 6.12 (s, 1H), 5.3 (m, 2H), 4.21

(d, J= 2.4 Hz, 2H), 3.71-3.64 (m, 8H), 3.56 (t, J = 4.8 Hz, 2H), 3.45 (q, J = 5.1 Hz, 2H),
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2.44 (t, J=2.4 Hz, 1H), 2.18 (t, J = 7.5 Hz, 2H), 2.00 (m, 4H), 1.63 (m, 2H), 1.35-1.25
(m, 24H), 0.87 (t,J = 6.8 Hz, 3H). >*C NMR (125 MHz, CDCl5) &: 173.32, 129.96, 129.74,
79.47, 74.64, 70.50, 70.34, 70.16, 69.95, 69.09, 58.41, 39.13, 36.70, 31.89, 29.75, 29.72,
29.51, 29.30, 29.16, 27.21, 27.18, 25.74, 22.66, 14.10. ESI-HR-MS calculated [M+H]"

452.3734, found 452.3735.

Oleyl-GNeo (3.10). Compounds 3.6 (2 eq) and 3.8 (1 eq) were dissolved in
methanol/tetrahydrofuran/water (2:1:0.3, 3.3 mL/0.1 mmol). CuSO45H,0 (2 eq) and
sodium ascorbate (2 eq) were dissolved in water and added to the organic solution. The
mixture was sonicated for 30 min then diluted with CH,Cl, (40 mL) and washed twice with
with EDTA (0.1 M, 50 mL), aqueous KCN (5%, 50 mL), and brine (50 mL). The organic
phase was dried over Na,SO, and evaporated. The residue was dissolved in CH,Cl, (2 mL)
and triisopropylsilane (100 uL) and trifluoroacetic acid (2 mL) were added. The reaction
was stirred 12 h at room temperature, concentrated under vacuum and coevaporated with
toluene (3x). The residue was dissolved in 5% aqueous acetonitrile and purified on reverse
phase HPLC to obtain the desired compound as an amorphous fluffy white powder (30%
yield). '"H NMR (500 MHz, D,0) &: 7.90 (s, 1H), 5.63 (s, 1H), 5.28 (m, 2H), 4.97 (s, 2H),
4.34 (m, 1H), 4.26 (m, 2H, 4.03 (m, 2H), 3.68-3.38 (m, 26H), 3.26 (m, 2H), 2.10 (m, 3H),
1.89 (m, 4H), 1.45 (m, 3H), 1.14 (m, 22H), 0.74 (m, 3H). ">C NMR (125 MHz, D,0) &:
176.66, 163.20, 162.92, 162.64, 162.36, 157.68, 157.26, 157.17, 157.03, 156.46, 143.70,
130.53, 130.20, 125.59, 119.81, 117.48, 115.16, 112.84, 111.37, 97.73, 95.81, 85.21,
78.82, 77.68, 77.21, 74.40, 72.78, 72.61, 71.87, 70.87, 69.60, 69.46, 69.26, 69.12, 68.92,

66.71, 63.14, 55.39, 53.29, 51.94, 50.43, 41.85, 41.69, 38.82, 35.79, 32.08, 32.06, 31.47,
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29.12, 28.88, 28.78, 28.67, 28.54, 28.35, 26.68, 25.46, 22.24, 22.21. ESI-HR-MS

calculated [M+2H]*" 672.4151, found 672.4149.
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Scheme 3.4. Synthesis of di-oleyl-GNeo.

Di-oleyl-ester (3.16) and Di-oleyl-acid (3.3) were prepared according to literature
procedures.®

Di-oleyl-alkyne linker (3.7). To a solution of 3.3 (152 mg, 0.225 mmol) in
dichloromethane, was added EDC (56 mg, 0.3 mmol) and the solution was stirred at room
temperature for 30 min. Compound 3.4 (28 mg, 0.15 mmol) and DIEA (27 uL, 0.15 mmol)

were dissolved in CH,Cl, and added to the reaction. After stirring overnight at room
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temperature, the reaction was diluted with CH,Cl, and washed with aqueous citric acid
(5%) and brine. The organic phase was dried over sodium sulfate and evaporated. The
residue was purified by flash chromatography to afford the desired compound (90 mg, 0.11
mmol, 73% yield). '"H NMR (500 MHz, CDCl;) 8: 6.97 (s, 1H), 6.57 (s, 1H), 6.23 (s, 1H),
5.34 (m, 4H), 4.42 (m 1H), 4.22 (d, J=2.4 Hz, 2H), 3.75-3.68 (m, 5H), 3.64 (m, 4H), 3.56
(m, 2H), 3.46 (m, 2H), 3.25 (m, 2H), 2.49 (t,J = 2.4 Hz, 1H), 2.21 (m, 4H), 2.01 (m, 8H),
1.80 (m, 1H), 1.62 (m, 8H), 1.24—1.27 (m, 42H), 0.88 (t, J = 6.8 Hz, 6H). °C NMR (125
MHz, CDCl3) 6: 174.64, 174.40, 174.27, 130.01, 129.70, 129.67, 52.10, 38.79, 36.68,
36.40, 31.92, 31.18, 29.77, 29.55, 29.34, 29.31, 29.22, 29.20, 28.96, 27.23, 25.84, 25.71,

22.70,21.97, 14.15. ESI-HR-MS calculated [M+H]" 844.7137, found 844.7132.

Di-oleyl-GNeo (3.10). Compounds 3.6 (2 eq) and 3.8 (1 eq) were dissolved in
methanol/tetrahydrofuran/water (2:1:0.3, 3.3 mL/0.1 mmol). CuSO45H,0 (2 eq) and
sodium ascorbate (2 eq) were dissolved in water and added to the organic solution. The
mixture was sonicated for 30 min then diluted with CH,Cl, (40 mL) and washed twice with
with EDTA (0.1 M, 50 mL), aqueous KCN (5%, 50 mL), and brine (50 mL). The organic
phase was dried over Na,SO, and evaporated. The residue was dissolved in CH,Cl, (2 mL)
and triisopropylsilane (100 uL) and trifluoroacetic acid (2 mL) were added. The reaction
was stirred 12 h at room temperature, concentrated under vacuum and coevaporated with
toluene (3x). The residue was dissolved in 5% aqueous acetonitrile and purified on reverse
phase HPLC to obtain the desired compound as an amorphous fluffy white powder (35%
yield). '"H NMR (500 MHz, CDCls) &: 8.01 (s, 1H), 5.90 (d, J= 3.6 Hz, 1H), 5.35 (t, J=5

Hz, 2H), 5.13 (s, 1H), 5.10 (m, 1H), 5.07 (s, 1H), 4.70 (m, 7H), 4.40 (m, 1H), 4.26 (m, 4H),
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4.12 (m, 1H), 4.01 (m, 1H), 3.75-3.52 (m, 38H), 3.42-3.35 (m, 8H), 3.16 (m, 3H), 2.27 (m,
2H), 2.18 (t, J = 7.5 Hz, 2H), 2.04 (m, 6H), 1.70-1.51 (m, 16H), 1.39-1.27 (m, 50H), 0.91
(t, J = 6.6 Hz, 3H). C NMR (125 MHz, CDCL3) &: 175.10, 174.90, 173.48, 161.70,
158.21, 157.89, 157.79, 157.67, 157.10, 144.03, 129.49, 129.33, 125.37, 111.91, 97.73,
95.57, 85.93, 79.97, 70.01, 77.65, 76.39, 74.97, 73.05, 72.76, 72.68, 70.61, 69.94, 69.89,
69.79, 69.71, 69.47, 69.07, 67.48, 63.46, 55.56, 53.91, 53.58, 53.54, 52.44, 51.58, 50.26,
42.17, 41.75, 38.89, 38.54, 35.81, 35.46, 33.31, 32.21, 31.65, 31.55, 31.19, 29.43, 29.20,
29.03, 29.00, 28.94, 28.89, 28.85, 28.68, 26.73, 25.71, 25.57, 24.69, 22.86, 22.32, 13.04.

ESI-HR-MS calculated [M+3H]** 579.3926, found 579.3925.

Synthesis of GNeo-NHS
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Scheme 3.5. Synthesis of NHS-Nj-linker and GNeo-NHS.

Alkyne-BocGNeo (3.12) was prepared according to a previously published
procedure.**

Acid-N3-Linker (3.18). Succinic anhydride (110 mg, 1.1 mmol) and triethylamine
(153 pL, 1.1 mmol) were added to a solution of 11-azido-3,6,9-trioxaundecan-1-amine

(200 mg, 0.92 mmol) in dichloromethane (1 mL). The reaction was allowed to stir for 12
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hours at room temperature. The reaction was diluted in CH,Cl,, washed with 0.1N HCl
and brine. The organic layer was dried over sodium sulfate, concentrated under reduced
pressure and further purified by flash chromatography (9% CH3;OH in CH,Cl,) to afford
an oil (180mg, 62%). "H NMR (500 MHz, CDCl;) &: 6.57 (broad, 1H), 3.71-3.66 (m, 8H),
3.63(m, 2H), 3.55 (t, /= 5.2 Hz, 2H), 3.46 (m, 2H), 3.39 (t,J=4.9 Hz, 2H) 2.69 (t, /= 6.2
Hz, 2H), 2.52 (t, J = 6.3 Hz, 2H); *C NMR (125 MHz, CDCl;) &: 174.48, 172.65, 70.75,
70.57, 70.44, 70.18, 69.95, 69.52, 50.66, 39.53, 31.09, 30.44. ESI-HRMS: calculated
[M+Na]" 341.1432, found: 341.1434.

NHS-N;-Linker (3.13). N-hydroxysuccinimde (32 mg, 0.232 mmol) and 3.18 (75
mg, 0.23 mmol) were dissolved in dichloromethane (2 mL) and treated with N-ethyl-N-(3-
dimethylaminopropyl)carbodiimide hydrochloride (32 mg, 0.28 mmol). The reaction was
stirred at room temperature for 12 hours. The reaction was diluted with CH,Cl, and washed
with water, brine, and dried over sodium sulfate. The organic layer was concentrated under
reduced pressure and further purified by flash chromatography (4% CH3;OH in CH,Cl,)
providing the product as an oil (57mg, 84%). '"H NMR (500 MHz, CDCl3) &: 6.37 (s, 1H),
3.68-3.64 (m, 8H), 3.62 (m, 2H), 3.56 (t, J = 4.9 Hz, 2H), 3.46 (m, 2H), 3.39 (t, J= 5.1
Hz, 2H), 2.98 (t, J = 7.3 Hz, 2H), 2.82 (s, 4H), 2.60 (t, J = 7.3 Hz, 2H); °C NMR (125
MHz, CDCls) &: 170.13, 169.09, 168.35, 70.80, 70.73, 70.65, 70.35, 70.14, 69.83, 50.81,
39.58, 30.66, 26.90, 25.71. ESI-HRMS: calculated [M+Na]" 438.1595, found: 438.1597.

GNeo-NHS (3.14). Compounds 3.12 (200 mg, 0.0925 mmol) and 3.13 (57 mg,
0.139 mmol) were dissolved in acetonitrile (2 mL). 20 mol % CuBr (462 pL of 0.04 M
solution in acetonitrile) and 20 mol % tris[(1-benzyl-1H-1,2,3-triazol-4yl)methyl]amine

(462 uL of 0.04 M solution in acetonitrile) were added to the reaction mixture. The reaction
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was allowed to stir at room temperature under argon for 24 hours. The solvent was
concentrated in vacuo. The residue was dissolved in CH,Cl, and washed with aqueous
KCN (5%) and EDTA (0.1 M). The organic layer was dried over sodium sulfate and
concentrated under reduced pressure followed by flash chromatography purification (3%
CH;O0H in CH,Cl,) to afford a white solid. The compound was then dissolved in CH,Cl,
(2 mL) and treated with triisopropylsilane (20 pL) and trifluoroacetic acid (2 mL) and
stirred for 2 hours at room temperature. The reaction was concentrated in vacuo and
coevaporated with toluene (3x) to remove the trifluoroacetic acid. The residue was
dissolved in cold water, filtered, and lyophilized to afford a white solid (119 mg, 63%). 'H
NMR (500 MHz, DMSO—dg) &: 8.14 (b, 1H), 8.04 (m, 2H), 7.80 (s, 1H), 7.61 (b, 1H),
7.57-7.04 (m, 26H), 6.90 (d, J = 8.9 Hz, 1H) 5.93 (b, 1H), 5.77 (b, 1H), 5.61 (d, J=3.6
Hz, 1H), 5.41 (b, 2H), 4.96 (s, 1H), 4.82 (s, 1H), 4.46 (t, /= 5.3 Hz, 2H), 4.19 (b, 1H), 4.08
(t,J=5.8 Hz, 1H), 3.90 (t, /= 6.8 Hz, 1H), 3.85 (b, 1H), 3.79 (t,J = 5.4 Hz, 2H), 3.72 (m,
1H), 3.64 (m, 1H), 3.60-3.55 (m, 2H), 3.54-3.42 (m, 12H), 3.41-3.30 (m, 7H), 3.30-3.10
(m, 4H), 2.85 (t,J = 6.9 Hz, 1H), 2.79 (s, 4H), 2.49-2.30 (m, 3H), 2.20 (t, /= 7.3 Hz, 2H),
1.96 (m, 1H), 1.82 (m, 3H), 1.60—1.48 (m, 2H). "°C NMR (125 MHz, DMSO—ds) &:
173.10, 171.08, 170.78, 170.11, 169.78, 168.63, 159.13, 158.86, 158.60, 158.33, 157.63,
157.45,157.15, 157.06, 156.71, 146.30, 122.20, 110.41, 97.79, 95.45, 85.37, 79.20, 78.77,
75.88, 74.28, 73.03, 72.13, 70.08, 69.89, 69.60, 69.54, 69.50, 69.45, 69.05, 69.00, 68.75,
66.51, 55.22, 53.16, 51.65, 51.26, 50.09, 49.21, 41.40, 34.87, 29.91, 29.72, 29.15, 29,11,
28.76, 27.95, 25.90, 25.22, 25.10, 24.60. ESI-HRMS: calculated [M+2H]*" 688.3429

found: 688.3408.
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Preparation of liposomes

Lipid films were prepared from DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine), = DOPE  (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine),  and
cholesterol (73:11:16) dissolved in chloroform. The solvent was evaporated and further
dried under high vacuum to form a lipid film. The resulting film was rehydrated with
phosphate buffered saline (PBS, pH 7.4) containing the cargo to be encapsulated (either
100 uM Cy5 or 5mg/ml a-L-iduronidase). The lipid suspension was subjected to
sonication, freeze and thaw cycles, and extrusion 17 times through 100 nm polycarbonate
membranes. Extravesicular cargo was removed by gravitational gel filtration (Sephadex
G-50 for small molecules or Sepharose 4B for enzyme), eluting with PBS. Lipid
concentration was determined by adapting the Stewart method.®”’
Preparation of GNeo-liposomes: Pre-inserted

Liposomes were prepared as described above except the lipid film was rehydrated
with PBS containing 0.9 mol % lipid-GNeo and the cargo to be encapsulated.
Preparation of GNeo-liposomes: Post-inserted

Unmodified liposomes, as described above, were stirred for 1 h at room temperature
with the lipid-GNeo derivative (0.9 or 1.8 mol %). Unincorporated lipid-GNeo was
removed via centrifuge gel filtration (Sephadex G-50).
Preparation of GNeo-liposomes: Post-modification

Unmodified liposomes, as described above, were stirred for 1 h at room temperature
with GNeo-NHS (10 or 20 mol %). Remaining GNeo-NHS was removed via centrifuge

gel filtration (Sephadex G-50).
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Determination of lipid concentration in liposomal suspension

Lipid concentration was determined by adapting the Stewart method.®” Briefly,
diluted liposomes (50 uL) were vortexed with chloroform (1.5 mL) for 10 s. Ammonium
ferrothiocyanate (1.5 mL, 0.1 M) was added and the biphasic systems was vortexed for 15
s then centrifuged for 1 min. The optical density of the organic phase was measured at 480
nm against chloroform as a blank. The amount of lipids present was estimated by
comparison to a calibration curve generated using liposomal suspensions with a known
lipid content.
Enzyme activity assay

o-L-Iduronidase activity was measured by assaying the conversion of 4-
methylumbelliferyl a-L-iduronide (Carbosynth, Belkshire, UK) into the fluorochrome 4-
methylumbelliferone (4-MU). The assay was performed in 96-well plates, using sodium
citrate buffer (80 uL of 0.1 M, 150 mM NaCl, pH 4.5), substrate (50 nmol) substrate, and
enzyme (10 uL). After 1 h at 37 °C, fluorescent product was measured (Ex/Em 340 and
485 nm, respectively) and quantified using a standard curve of 4-MU. One unit (U) of
activity is defined as the liberation of 1 ug 4-MU per hour at pH 4.5, 37 °C.
CyS encapsulation efficiency

To estimate the encapsulation efficiency of Cy5, the fluorescence intensity
(640/672) of the liposome solution was measured in 1 mL 0.075 N HCI in

isopropanol:water (9:1) before and after size exclusion purification.
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Figure 3.6. Cy5-encapsulation efficiency.

Enzyme encapsulation efficiency

To estimate the amount of enzyme encapsulated, liposomes were lysed with 3%
Tween 20 and analyzed for enzyme concentration by protein gel and for enzyme activity
using the fluorescent 4-MU-a-L-iduronide substrate. Protein gel was run on a NuPage 4-
12% Bis-Tris gel (Novex by Life Technologies) for 35 min at 200 V with MES buffer.
Protein bands were visualized on an Odyssey Infrared imaging system (Li-Cor
Biosciences) and quantitated by densitometry. Enzyme encapsulation efficiency was

calculated as the ratio of IDUA before and after SEC.

Figure 3.7. Protein gel of IDUA-containing liposome. Opened liposomes and known concentrations of
IDUA were loaded onto NuPage 4-12% Bis-Tris gel and run for 35 min at 200 V with MES buffer.
Protein bands were imaged on an Odyssey Infrared imaging system. Lane 1: PageRuler Plus Prestained
Protein Ladder (Life Technologies). Lane 2-4: 500, 100, and 50 ng IDUA. Lane 5: Plain liposomes.
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Lane 6: 0.9% stearyl-GNeo post-inserted. Lane 7: 1.8% stearyl-GNeo post-inserted. Lane 8: 0.9% di-
oleyl-GNeo post-inserted. Lane 9: 0.9% di-oleyl-GNeo pre-inserted.

Cell culture

All cells were grown at 37 °C under an atmosphere of 5% CO, in air and 100%
relative humidity. Wild-type Chinese hamster ovary cells (CHO-K1) were obtained from
the American Type Culture Collection (CCL-61). CHO-K1 cells were grown in F-12
medium supplemented with fetal bovine serum (10% v/v), penicillin/streptomycin. HFF
and fibroblasts from MPS I patients were obtained from Coriell (GM00200 and GM00338)
and grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS,
penicillin/streptomycin, sodium pyruvate, and glutamine.
Cellular uptake of CyS-containing liposomes

Wild-type CHO-K1 cells were seeded onto 24-well tissue culture plates (100,000
cells/well, 0.4 mL) and grown for 24 h to about 80% confluence. Cells were washed with
PBS and incubated with 300 uL of the liposomal suspension diluted in F-12 growth
medium to 300 ug/mL at 37 °C for 1 h. Cells were washed twice with PBS, detached with
trypsin/EDTA, diluted with PBS containing 0.1% BSA and analyzed by flow cytometry.
Cellular uptake of IDUA-containing liposomes

Normal HFF and MPS 1 fibroblasts were seeded onto 24-well plates (80,000
cells/well, 0.4 mL) and grown for 48 h. Cells were washed with PBS and incubated with
liposome suspensions diluted in DMEM growth medium at the concentrations indicated.
The cells were incubated at 37 °C for 1 h, washed twice with PBS, treated with
trypsin/EDTA, and then combined with complete medium to inhibit the trypsin. Cells were

sedimented by centrifugation, washed with PBS, and resuspended in 30 uL of RIPA lysis
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buffer. Enzyme activity in the cell extracts was measured as described above in triplicate
using 10 uL of cell lysate. Total protein concentration in the cell lysate was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific).
Turnover of [*°>S]glycosaminoglycans

Normal and MPS fibroblasts were seeded in 12-well plates, and at confluence 50
uCi of Hy[*°S]04 (PerkinElmer) was added in 1 mL DMEM/F12 medium supplemented
with 10% fetal bovine serum. After 48 hours, the MPS I cells were washed with PBS and
incubated with IDUA-containing liposomes or GNeo-IDUA at 37 °C for 1 h. All cells
were then washed twice with PBS and chased for 24 h with 1 mL fresh DMEM/F12. Cells
were harvested with trypsin, centrifuged (2400 rpm, 5 min), and washed once with PBS.
The sedimented cells were then lysed with 0.1 M NaOH and purified over DEAE column.
Total [*S]glycosaminoglycan was counted by liquid scintillation spectroscopy using
Scintillator Ultima Gold XR (PerkinElmer).
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Chapter 4:

Length Matters: Linker Structure—Uptake Relationship for
Guanidinylated Neomycin Molecular Transporters

4.1 Introduction

Guanidinium-rich transporters have been used extensively to enable or enhance the
cellular uptake of poorly bioavailable drugs, probes, and biomolecules.'” Guanidinium-
rich peptides,’ peptoids,’ dendrimers,* and carbohydrates® are among the many scaffolds
that have been shown to exhibit high water solubility and effective entry into mammalian
cells. The unique and versatile ability of guanidinium groups to facilitate cellular uptake
has been linked with their ability to form favorable interactions with negatively-charged
cell-surface components such as phospholipids and proteoglycans.”” However, the precise
mechanism by which guanidinium-rich transporters are internalized is complex, most
likely involves multiple pathways, and varies between transporters.”'’ Additionally, the
uptake pathways utilized can be dependent on several other factors including the size and
charge of the cargo, cell type, incubation time, and linker amongst others.”' '

In 2003, we found that converting the ammonium groups of aminoglycosides into
guanidinium groups enhances their cellular uptake.” Since then, guanidinoglycosides, and
in particular guanidinoneomycin (GNeo), have been used to deliver high molecular weight

- . 22 . 23 . .
1521 quantum dots,” active enzymes,” and liposomes™ into mammalian cells.

proteins,
Unlike other guanidinium-rich transporters, GNeo delivers cargo at low nanomolar
concentrations and has consistently shown uptake through endocytosis mechanisms that

rely exclusively on cell-surface heparan sulfate proteoglycans.'®>"**
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Although cell-penetrating peptides and guanidinium-rich transporters have been
well studied, the linkers used to attach the transporter to different cargos are often
overlooked and considered unconnected to cellular uptake properties. However, slight
structural modifications to the transporter could result in different physicochemical
properties that affect conjugation and translocation efficiencies; therefore, we hypothesized
that modifying the length and hydrophobicity of the linker connecting a GNeo transporter
to its cargo could alter the conjugation patterns as well as impact the interactions with the
cell surface that facilitate uptake. Herein, we prepared GNeo-biotin derivatives with
linkers of varying length composed of a hydrocarbon chain, an ethylene glycol chain, or a
combination of both (Figure 4.1). The guanidinium-rich transporters were then evaluated
using HPLC to determine hydrophobicity, FPLC to examine transporter-protein
conjugation, and flow cytometry to evaluate cellular uptake. Streptavidin was used as a
model protein to evaluate conjugation and uptake differences between the new transporters.
Intriguingly, the derivatives with shorter, hydrophilic linkers exhibit higher levels of
cellular uptake than the carriers with longer linkers. Additionally, higher levels of uptake
do not necessarily correlate with enhanced protein conjugation. These observations
illustrate the implication that modifications of the linker can have on uptake and the
attention that should be applied when designing a novel molecular transporter and using
model cargo to investigate the uptake properties. An excellent transporter could be

discarded if the wrong linker, or no linker, is initially used to evaluate uptake.
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Figure 4.1. Structures of biotinylated-GNeo transporters A) General structure of biotinylated
guanidinoneomycin (GNeo) carriers and linker components. B) Biotin-GNeo with no linker.

4.2 Results and Discussion

In order to investigate how subtle changes in linker structure might affect uptake,
GNeo transporters were synthesized with sixteen different linkers connecting the 5 carbon
of'the GNeo core to a biotin moiety (Figure 4.1). The small library was prepared by peptide
coupling four different alkyne-terminated linkers to 1, yielding 2 I-IV (Scheme 4.1). The
compounds were then deprotected using trifluoroacetic acid to yield 3 I-IV and subsequent
guanidinylation providing intermediates 4 I-IV. The alkyne intermediates could then
undergo a copper-catalyzed 1,3-dipolar cycloaddition with different azide-extended biotin
fragments (A-D) followed by TFA deprotection. Reversed-phase HPLC (RP-HPLC)
purification on a C18 column provided 5 I-IV (Scheme 4.1). For reference, 1 was coupled
to biotin, with no additional linker, followed by guanidinylation and deprotection to yield

compound 6 (Figure 4.1, Scheme 4.9).



126

OH NHBoc OH NHBoc OH NH,

BocHN\CHNHBoc BocHN\CHNHBoc \CH

A
NHBoc NHBoc
o BocHN—, w EDC ~ BocHN—, w TFA,DCM  HN— jg
o o ° o :

* 3 k S P ! < P
oH HO- Yol OH DIEA, DCM HO" fiile) OH rt, 30 min HO" e} OH
/ t, 18 h / /

Vi

4

HO' NHBoc HO  NHBoc HO  NH, BTFA
1 21V 3V
OH R OH R,
e O
w (0] Biotin o (o]
g h o ﬁNj‘N RO
0, Biotin—¢{ o 0.,
T o T R Cu?*, NaAsc, MeOH/THF/H,0 AN/ o 7 T R
NBoc R*,. OH rt, sonicate, 30 min Ri— OH
—o —o0
MeOH, DCM, Et;N, DMAP HO- w0 OH 2) TFA,DCM HOw- 3 OH
, 72h H i, 12h
W & R:—é—NTNHBoc Ry=N nd &,
41V NBoc NH," TFA™ 5 (I-IV)(A-D)

Biotin-Linker-GNeo

)OL N=N o )OL N=N o

ioti ASNNN o AN

51-A (C5-Cg) Biotin” "N NMN,GNeo 51II-A (C5-Ce) Biotin”™ "N NWN/GNSO
H 2 H

o o}
o / o N=N
51-B (C40-C;) Bio!in)LN/\/ \/\NMN/GN% 5 11I-B (C40-C¢) Bimin)LH/\/ ~N MN/GN(&O
H 2 H

)it Ney O It Nen, o0
51-C (C41-C3) Biotin” "N NW .GNeo 5 1I-C (C41-C) Biotin” "N N _GNeo
H 3 N H 3 A N

N
o o
PS o N=n o P ° Ny o
51D (Cs05Cy)  Biotin” "N A N\)\/\)J\N,GNeo 511D (Cs05-Ce)  Biotin” N NMN,GNM
H 8 2 H
o
b 8 X SR
I AN " AN
511-A (C5-C,0) Biotin I’:‘| \/\\/O\)LN/GNeO 51V-A (C5-C40,) Biotin u N lo) N,GNeo
H 2 H
)OL o N= e )OL o =N i
511-B (C40-C,0)  Biotin ”/\/ \/\N\y\vo\)kN,GNeo 51V-B (C40-C40,) Biotin H/\/ \/\N\%{/o -CNeo
H 2 H

(o}

)L /WA /N:N o
V- - Biotin” "N N o _GNeo
5IV-C (C11-C40;)  Biotin™ "N A \)\{/ \%LH

51I-C (C14-C,0)  Biotin

Yo
;

Z\

7

\ z
. <
\

0]

4

o

o

N
H

o o
PN o Nan Py o Nz 0
511D (C405-C;0) Biotin” "N \)\/o\)L _GNeo 5IV-D (C405-C40;) Biotin™ N . N%O%H/GN(&O

Scheme 4.1. Combinatorial synthesis of biotinylated-GNeo carriers. Detailed synthetic conditions are
given in the experimental section.

RP-HPLC also provided some indication of the hydrophobicity of the transporters
(Figure 4.2). As expected, compounds containing the long hydrophobic biotin linker C
(C11-) had the longest retention times, indicating a higher hydrophobicity. Interestingly,

GNeo derivatives with the long, hydrophilic biotin linker D (C3O3-) were not the most polar
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and showed similar retention times to compounds containing the C5 biotin linker A. A
possible explanation is the ability of the triethylene glycol linker to complex with
hydronium ions, thus enhancing its binding interactions with the C18 column. Derivatives
containing the shorter, hydrophilic biotin linker B (C40-) were the most polar. On the other
hand, the longer, hydrophilic linker IV (C40,-) between GNeo and the triazole resulted in
slightly more hydrophilic compounds then the two short linkers I (Cs-) and II (C,0-). The
long, hydrophobic linker III (C¢-) resulted in less polar derivatives with longer retention

times.

1 i GNeo~\\Triazole-R jii GNeo~ A~~~ Triazole-R

1 i GNeo o \Triazole-R

Relative Absorbance / AU

65 75 85 95 65 75 85 95
Time Time

H
YN Bigin ?VMS/N\Biotin
D
H
Yo ™ Bigtin }i/é\o/%/ N> Biotin
Figure 4.2. HPLC traces of biotinylated-GNeo transporters. GNeo-biotin derivatives were analyzed

by RP-HPLC on a C18 column (5-30% ACN (0.1% TFA) in H,O (0.1% TFA) over 10 min) to
confirm purity and to observe differences in hydrophobicity.

To determine if the transporters form similar complexes with streptavidin, the
biotinylated compounds were incubated with streptavidin in a 5:1 molar ratio for 20 min at
room temperature. Conjugates were then diluted to 1 mL in phosphate buffered saline

(PBS) and analyzed by FPLC on a heparin-Sepharose column. Streptavidin alone did not
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bind to the resin and eluted with 0.14 M NaCl. Following incubation with biotin-GNeo,
the streptavidin-GNeo conjugates required 0.7-1.7 M NaCl to elute from the column.
Streptavidin is a tetramer and each subunit can bind biotin with femtomolar affinity. Based
on the presence of multiple peaks in the FPLC chromatograms (Figure 4.5), two of the
biotin-GNeo derivatives, 5 I-C and 5 III-D, form a mixture of monovalent, divalent,
trivalent, and tetravalent conjugates. Additionally, compounds 5§ II-B, 5 III-C, and 6
resulted in a high amount of unconjugated streptavidin remaining, whereas, 5 III-A, 5 III-
B, 5 IV-B, and 5 IV-D formed only the tetravalent complex with streptavidin. The
contribution of each conjugate, tetravalent, trivalent, divalent, monovalent, and
unconjugated streptavidin, are presented in Figure 4.3. While no clear trend can be
assigned to the complex formation, the linker clearly has an effect on the formation of

protein-transporter complexes.

1007 o n o
GNeo—N N, _ N
BE Tetra-valent 801 mNN aheo HMN,N
Bl Tri-valent R R

60- " % )
Bl Di-valent GNeofN\n/\O/\EN\\N GNQO_HJ\/O\/\O/KMN
Bl Mono-valent 0 N N

R

. R: R
Unconj. ST A "

H
j""-‘/\/\/N‘Blotin M/N‘Bwotin
B

H H
}‘:“/\O/\/N‘Biotin f\ko/%/N‘B\oun

401

o %o

Figure 4.3. FPLC integrations of GNeo-biotin-ST conjugates. GNeo-biotin (225 uM) was incubated
with streptavidin (45 uM) for 20 min at room temperature. The reaction was diluted to 1 mL with PBS
and injected onto a Heparin-Sepharose column. The area under each peak was measured and
normalized.

In order to investigate whether the different linkers have an effect on cellular
uptake, fluorescent CyS-streptavidin was used. Conjugates were again formed by

incubating the biotin-transporter with Cy5-streptavidin in a 1:5 molar ratio for 20 min at
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room temperature. The conjugates were then diluted with cell-culture medium to a final
concentration of 2 nM streptavidin-Cy5. Wild-type Chinese hamster ovary cells (CHO-K1)
were incubated with the conjugates for one hour at 37 °C, washed, harvested with
trypsin/EDTA, and analyzed by flow cytometry. As shown in Figure 4.4, all transporters
with linkers were able to internalize the fluorescent cargo. Transporter 6 with no linker,
however, did not enable uptake of ST-Cy5. This suggests that a spacer between the cargo
and the transporter is necessary in order for GNeo to interact with the cell surface and
facilitate uptake. Additionally, uptake efficiency was dependent on linker length and
polarity. Shorter biotin linkers A and B outperformed the longer biotin linkers C and D,
with linker B being the best in each series. Additionally, the shorter GNeo linkers I and II
outperformed the longer GNeo linkers III and IV, with linker II being the best. Overall, it
appears that a shorter linker between transporter and cargo confers better uptake, and the
more hydrophilic linkers are slightly better than their hydrophobic counterparts. However,
as linker length increases, the more hydrophobic linkers outperform the hydrophilic linkers.
Furthermore, cellular uptake does not correlate with formation of tetravalent streptavidin
complexes. While compound 5 II-B exhibited poor conjugation to streptavidin, it showed
the highest uptake. Similarly, transporter 5 IV-D showed only formation of a streptavidin

tetravalent conjugate but demonstrated the lowest uptake activity.
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Figure 4.4. Cellular uptake of GNeo-biotin-ST conjugates. Cellular uptake of conjugates made from
ST-Cy5 (2 nM) and biotin transporter molecules (10 nM). CHO-KI1 cells were incubated with the
conjugates at 37 °C for 1 h and lifted with EDTA/trypsin. The mean fluorescence intensity was
measured by flow cytometry. The background signal from untreated cells was subtracted.

4.3 Conclusions

In conclusion, further understanding the properties that influence cellular uptake of
guanidinium-rich molecular transporters is critical for maximizing the potential of these
transporters for intracellular applications. Therefore, we synthesized a series of GNeo
transporters with various spacer units between the transporter and the cargo in order to
evaluate the role linker length and hydrophobicity play on conjugation and overall cellular
uptake. Both conjugation to the model protein streptavidin and cellular uptake were
responsive to the physicochemical properties of the linker. Streptavidin alone, or
streptavidin conjugated to biotin-GNeo with no linker, resulted in no cellular uptake at low
concentrations. In this particular system, the shortest linker with two oxyetheylene spacers
had the most effective cellular uptake. Our results clearly demonstrate the importance of
considering the properties of the linker when designing new molecular transporters.

4.4 Experimental

Materials
Materials obtained from commercial suppliers were used without further

purification. All other chemicals and reagents were purchased from Sigma Aldrich.
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Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories. PBS
(Dulbecco’s phosphate buffered saline), F-12 Nutrient Mixture (Ham), Dulbecco’s
Modified Eagle Medium (DMEM), streptavidin, and streptavidin-Cy5 were purchased
from Thermo Fisher. Trypsin/EDTA was purchased from VWR. Costar 3524 (Corning)

24-well plates were used.

Instrumentation

NMR spectra were recorded on a Varian VX 500 MHz spectrometer or a
Varian 400 MHz spectrometer. Mass spectra were recorded at UCSD Chemistry
and Biochemistry Mass Spectrometry Facility utilizing an Agilent 6230 HR-ESI-
TOF mass spectrometer. Reverse-phase HPLC purification (CLIPEUS, C18, Sum,
10x250 mm, Higgins analytical) and analysis (Eclipse, XDB-C18, S5um, 4.6x150
mm) were carried out on an Agilent 1200 series instrument or Beckman Coulter
System Gold 127P Solvent Module. FPLC was carried out on a Bio-Rad BioLogic
DuoFlow system using a GE HiTrap Heparin HP column. Flow cytometry studies
were performed on a BD FACSCalibur.

General synthesis of biotin-Nj3 linkers

NaNj

x{rojx o Ne(an) s

X=Cl or Br 7 (A-D)
Scheme 4.2. Synthesis of diazide linker intermediates.
NaN3 (0.5g, 7.7 mmol) was added to a solution of the dichloro- (linkers B and D)
or dibromo- (linkers A and C) compound (2.2 mmol) in DMF (10 mL). The mixture was

stirred at 60°C for 12h. The reaction was diluted into water and extracted with ether. The
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organic layer was washed with water and brine before being concentrated under reduced

pressure and used without further purification. 7A-D have been previously reported.***’

PPhy

HN—A-D }—N;

8 (A-D)

Ng— A-DJ—N,

Et,0/AM HCI

Scheme 4.3. Synthesis of azide-amino linker intermediates.

The diazide (7, 1.28 mmol) and triphenylphosphine (0.328g, 1.25 mmol) were
treated with diethyl ether (2 mL) (linkers B and D) or 1:1 diethyl ether and hexanes (2 mL)
(linkers A and C) followed by IM HCI (2 mL). The mixture was stirred overnight at room
temperature. The reaction was diluted with ether and washed with 1M HCI. The combined
aqueous layers washed three times with dichloromethane. The combined aqueous phases
were concentrated under reduced pressure. 8A, 8B, and 8D have been previously

19,26,2
reported.'****

biotin-NHS O\_NH Q
iProNEt
HN _N3 - » HN \/\)LN N
) S o
9 (A-D)

A= s
B= Ot
B N N NN

D= OOt
Scheme 4.4. Synthesis of biotin-linkers.

Biotin-NHS (218 mg, 0.64 mmol) and N,N-diisopropylethylamine (111 pL, 0.64
mmol) were added to a solution of the azidoamine (0.58 mmol) in DMF (800 pL). The
reaction was stirred overnight at room temperature. The solvent was concentrated in vacuo
then dissolved in CH,Cl, and washed with water and brine. The compound was purified

on silica gel using methanol and CH,Cl,.
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8C. 'H NMR (500 MHz, CDCLs): & 3.25 (t, J=7.0 Hz, 2H), 2.97 (s, br, 2H), 1.76
(br, 2H), 1.57 (m, 2H), 1.35-1.20 (m, 16H). °C NMR (126 MHz, CDCls) &: 51.46, 40.05,
29.42, 29.34, 29.15, 28.98, 28.84, 27.69, 26.71, 26.50. Yield: 33%. HRMS: [M+H]"

213.2073 (theoretical 213.2074).

9A. 'HNMR (500 MHz, CD;0D): §4.51 (m, 1H), 4.32 (m, 1H), 3.23 (m, 2H), 3.18
(m, 3H), 2.92 (dd, J=5.3 Hz, 13.2 Hz, 1H), 2.74 (d, J=13.2 Hz, 1H), 2.22 (t, J=7.4 Hz,
2H), 1.69-1.39 (m, 12H). *C NMR (126 MHz, CD;0D) &: 174.62, 164.57, 62.09, 60.32,
55.64, 51.03, 39.83, 38.91, 35.50, 28.61, 28.42, 28.29, 28.09, 25.56, 23.83. Yield: 60%.
HRMS: [M+Na]" 377.1730 (theoretical 377.1730).

O§—NH 0

HN N/\/o\/\Na
s H

9B. 'H NMR (500 MHz, CD;OD): § 4.51 (m, 1H), 4.35 (m, 1H), 3.67 (t, J=5.3 Hz,
2H), 3.58 (t, J=5.0 Hz, 2H), 3.50 (m, 2H), 3.39 (t, J=4.8 Hz, 2H), 3.24 (m, 1H), 2.95 (dd,
J=4.9Hz, 13.1 Hz, 1H), 2.81 (d, J=13.1 Hz, 1H), 2.24 (t, 2H, J=7.4 Hz), 1.81-1.4 (m, 6H).
3C NMR (126 MHz, CD;0D) &: 176.21, 164.83, 70.89, 70.45, 63.37, 61.64, 56.99, 51.75,
41.04, 40.32, 36.72, 29.74, 29.48, 26.81. Yield: 67%. HRMS: [M+Na]" 379.1524

(theoretical 379.1523).

O§-NH o

Y\@/\/\)j\
HN N/\/\/\/\/\/\Na
3 H

9C. 'H NMR (500 MHz, CD;OD): & 4.51 (m, 1H), 4.32 (m, 1H), 3.32-3.17 (m,

S5H), 2.93 (dd, J=5.0 Hz, 12.7 Hz, 1H), 2.72 (d, J=12.7 Hz, 1H), 2.21 (t, J=7.1 Hz, 2H),
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1.80-1.22 (m, 24H). >C NMR (126 MHz, CD;0D) &: 174.53, 164.82, 61.96, 60.20, 55.61,
51.03, 39.63, 38.95, 35.41, 29.25, 29.22, 29.20, 29.02, 29.01, 28.87, 28.51, 28.37, 28.10,

26.59, 26.42, 25.55. Yield: 47%. HRMS: [M+H]" 439.2848 (theoretical 439.2850).

O§-NH o

HNWH/\/O\/\O/\/O\/\NS
S

9D. Previously reported.'’

OH NHBoc OH NHBoc

Y, et
- - (o]
BocHN" ™ ° NHBoc BocHN™ ™"~ NHBoc
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1 21V V= }{\0/\/0\}{

Scheme 4.5. Synthesis of BocNeo-alkyne intermediates.

Alkyne-acid linkers (I-IV). Linker I is commercially available (Sigma-Aldrich).
Linkers IL,** IIL,* and IV*° were prepared as previously reported.

General synthesis of BocNeo-alkyne derivatives (2)

To a solution of alkyne-linker (3.2 eq) in DCM (0.6 ml/mmol) was added EDC (3.2
eq). The mixture was stirred for 30 min. A solution of 1 (leq) in DCM (0.2 mol/L) and
DIEA (3 eq) was then added dropwise. The mixture was then stirred for 48 h. The mixture
was partitioned between DCM and 5% citric acid. The organic layer was separated and
washed with sodium bicarbonate and brine. The organic layer was collected, dried over
sodium sulfate, filtered off, and the filtrate was evaporated. Silica gel column
chromatography (0-8% MeOH in DCM) afforded the desired product as a colorless

amorphous.
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2-1. Previously reported."

2-IL. '"H NMR (500 MHz, CD;0D): & 6.59 (d, J=8.1 Hz, 1H), 5.37 (s, 1H), 5.11
(s, 1H), 4.35-4.30 (m, 4H), 4.18-4.11 (m, 3H), 3.96-3.89 (m, 3H), 3.75-3.36 (m, 15H), 3.19
(m, 3H), 2.97 (t, J=2.8 Hz, 1H), 1.96 (d, J=13.0, 1H), 1.47-1.43 (m, 54 H). *C NMR (126
MHz, CD;0D) &: 170.62, 157.66, 157.45, 157.13, 156.94, 156.60, 156.49, 109.94, 98.89,
97.58, 85.67, 79.29, 79.05, 78.95, 78.91, 78.77, 78.52, 75.95, 74.14, 73.83, 73.22, 71.83,
71.43,71.25, 70.27, 67.88, 67.68, 57.94, 55.45, 52.10, 51.10, 49.96, 41.16, 40.69, 34.47,
27.55, 27.45, 27.43, 27.39, 27.34. Yield: 46%. HR-MS: [M+Na]" 1332.6529 (theoretical
1332.6532).

2-I11. 'H NMR (500 MHz, CD;0D): § 6.72 (s, 1H), 5.49 (s, 1H), 5.08 (s, 1H), 4.31
(s, 1H), 4.06-3.68 (m, 5H), 3.75 (m, 2H), 3.55-3.35 (m, 11H), 3.20 (m, 7H), 3.07(m, 3H),
2.35 (m, 2H), 2.17 (m, 3H), 1.95 (m, 1H), 1.65 (m, 2H), 1.47 (m, 54H). ">C NMR (126
MHz, CD;0D) &: 157.17, 157.69, 157.47, 157.19, 156.64, 156.50, 110.79, 98.97, 97.37,
87.17, 83.63, 79.54, 79.27, 78.97, 78.91, 78.88, 78.79, 77.69, 74.77, 74.11, 72.97, 71.92,
7121, 71.07, 70.28, 68.17, 67.59, 55.49, 52.13, 51.14, 49.92, 42.57, 41.25, 40.57, 35.55,
35.50, 34.33, 29.47, 28.26, 28.20, 27.61, 27.48 27.41, 27.38, 27.34, 25.76, 17.61. Yield:
61%. HR-MS: [M+H]" 1350.7391 (theoretical 1350.7389).

2-1V. 'H NMR (500 MHz, CD;0D): & 5.34 (s, 1H), 5.12 (s, 1H), 4.86 (s, 1H),
4.28-4.05 (m, 8H), 3.98-3.69 (m, 4H), 3.78-3.69 (m, 9H), 3.57-3.47 (m, 10H), 3.37 (m,
2H), 3.20 (m, 1H), 2.92 (t, J=2.3 Hz, 1H), 1.96 (d, J=12.8 Hz, 1H), 1.47-1.44 (m, 54H).
BC NMR (126 MHz, CD;0D) &: 171.58, 157.65, 157.46, 157.12, 156.85, 156.79, 156.48,
109.69, 99.05, 97.72, 85.72, 79.60, 79.31, 79.24, 79.14, 79.02, 78.96, 78.92, 78.77, 75.06,

74.18, 73.90, 73.20, 71.80, 71.46, 71.21, 70.28, 69.96, 68.72, 67.65, 57.68, 55.40, 52.11,
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51.03,50.01, 41.11, 40.67, 34.47,27.57, 27.47, 27.44, 27.41, 27.35. Yield: 49%. HR-MS:

[M+Na]" 1376.6777 (theoretical 1376.6794).

OH NHBoc OH NH,
HO_~ HO_~

8 o -
BocHN™ ™ NHBoc HoNY Y NH,

x o o, X o 0.,
HN o, 97 Y NHBoc HN o 97 NH,
BocHN—, j@’ OH TFA,DCM  HN—, TL\/ OH
—o M it q

[ HO" W0 OH rt, 30 min HO" 0 OH
HO  NHBoc HO  NH, 6TFA
21V 31V

Scheme 4.6. Synthesis of Neo-alkyne intermediates.
General synthesis of Neo-alkyne derivatives (3)

To a solution of 2 (1 eq) and triisopropylsilane (6.0 eq) in DCM (6.1 ml/mmol) was
added TFA (6.1 ml/mmol) at room temperature. The mixture was stirred for 2 hours. The
reaction was azeotroped in toluene 3 times, and dissolved in water. The solution was
washed with DCM (3 times) and lyophilized to give the desired product as a colorless
amorphous.

3-I. Previously reported."’

3-II. 'H NMR (500 MHz, D,0): & 5.79 (d, J=3.85 Hz, 1H), 5.19 (d, J=3.34 Hz,
1H), 5.08 (d, J=1.62 Hz, 1H). °C NMR (126 MHz, D,0) &: 172.41, 163.26, 162.98,
162.70, 162.42,119.65, 117.33, 115.01, 112.69, 109.86, 95.19, 94.58, 84.94, 79.56, 78.40,
77.21, 76.63, 74.87, 73.06, 72.16, 70.11, 69.65, 68.23, 67.90, 67.37, 67.01, 58.41, 52.94,
50.67,49.42, 48.30, 40.68, 40.19, 39.79, 27.72. Yield: 84%.

3-IIL. "H NMR (500 MHz, D,0): & 5.74 (s, 1H), 5.20 (s, 1H), 5.09 (s, 1H), 4.18 (m,

1H), 4.11 (m, 1H), 4.03 (m, 3H), 3.91 (t, J=9.0 Hz, 1H), 3.81 (t, J=8.7 Hz, 1H), 3.75 (m,
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2H), 3.63 (s, 1H), 3.55-3.46 (m, 2H), 3.40-3.14 9 (m, 10H), 2.31 (d, J/=10.4 Hz, 1H), 2.14-
2.00 (m, 5H), 1.42 (m, 1H), 1.40 (m, 2H), 1.31 (m, 2H), 1.20 (m, 2H), 1.11 (m, 2H). "*C
NMR (126 MHz, D,0) & 177.65, 163.26, 162.97, 162.69, 162.41, 119.65, 117.33, 115.01,
112.69, 109.13, 95.67, 94.87, 86.26, 84.96, 80.64, 77.19, 74.95, 73.31, 72.22, 70.27, 69.98,
69.63, 68.94, 67.93, 67.44, 67.23, 53.05, 50.63, 49.33, 48.29, 40.83, 40.31, 39.86, 35.64,
27.74, 27.63, 27.44, 27.38, 25.15, 17.30. Yield: 90%. HR-MS: [M+H]" 750.4246
(theoretical 750.4244).

3-IV. 'H NMR (500 MHz, D,0): § 5.99 (d, J=3.94 Hz, 1H), 5.39 (d, J=3.59 Hz,
1H), 5.27 (s, 1H), 4.45 (t, J=5.24 Hz, 1H), 4.28-4.22 (m, 6H), 4.13 (m, 3H), 4.00-3.92 (m,
3H), 3.82-3.69 (m, 7H), 3.59-3.34 (m, 10H), 2.92 (m, 1H), 2.51 (m, 1H), 1.91 (q, J=12.67
Hz, 1H). >C NMR (126 MHz, D,0) &: 175.49, 165.84, 165.56, 165.28, 164.99, 122.23,
119.90, 117.58, 115.27, 112.34, 97.87, 97.21, 87.50, 82.32, 81.62, 79.86, 78.60, 77.44,
75.68, 74.78, 72.64, 72.17, 71.97, 70.98, 70.50, 69.97, 69.61, 60.39, 55.56, 53.24, 51.99,
50.88, 43.40, 42.80, 42.39, 30.32. Yield: 74%. HR-MS: [M+Na]" 776.3649 (theoretical

776.3648).

OH NH, OH R

HO\CH HO\CH
HN O NH, RO R
A o o, A o 0.,
IS
HN o, 97 Y NH, \ NTNHB“ HN o 7R
Hszz )\g OH NBoc R—, w OH
—o —0, 4

Ho W0 OH MeOH, DCM, Et;N, DMAP HO .0 OH
/ 1t, 72h / "
HO  NH, BTFA HO R R= ’g'NTNHB“

31V 41-Iv NBoc

Scheme 4.7. Synthesis of BocGNeo-alkyne intermediates.

General synthesis of BocGNeo-alkyne derivatives (4)
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To a solution of 3 (1 eq) in MeOH (0.12 mol/L) was added DCM (0.036 mol/L), ),
triethylamine (15 eq) and N,N'-Di-Boc-1H-pyrazole-1-carboxamidine (15 eq) and DMAP
(1 eq) at ambient temperature. The mixture was stirred for 120 h. The mixture was
partitioned between DCM and 5% citric acid. The organic layer was collected, dried over
sodium sulfate, filtered off, and the filtrate was evaporated. Silica gel column
chromatography (0-3% MeOH in DCM) afforded the desired product as a colorless
amorphous.

4-1. Previously reported."’

4-11. "H NMR (500 MHz, CD;0D): & 5.85 (d, J=3.89 Hz, 1H), 5.08 (s, 1H), 5.02
(s, 1H), 4.58 (m, 1H), 4.39-4.32 (m, 3H), 4.28 (m, 1H), 4.16-4.08 (m, 3H), 3.92-3.85 (m,
4H),3.77-3.69 (m, 3H), 3.54-3.48 (m, 2H), 3.22 (m, 1H), 2.25 (m, 1H), 1.59-1.4 (m, 108H).
C NMR (126 MHz, CD;0D) &: 170.55, 163.20, 162.92, 162.82, 162.76, 157.35, 156.57,
156.43, 156.13, 156.10, 153.29, 153.01, 152.78, 152.74, 152.60, 151.88, 151.79, 111.54,
97.92, 95.85, 87.30, 83.39, 83.31, 83.25, 83.22, 82.94, 82.66, 82.54, 81.58, 79.18, 79.13,
79.10, 79.08, 78.90, 78.84, 78.58, 78.39, 75.83, 75.65, 75.30, 74.19, 72.85, 72.19, 71.87,
70.58, 69.74, 68.13, 66.71, 58.24, 53.85, 51.59, 50.45, 48.76, 42.93, 41.34, 40.28, 33.85,
29.36, 27.44, 27.27, 27.16, 27.02, 26.97, 26.84, 26.81. Yield: 63%. HR-MS: [M+2H]*"
1082.0631 (theoretical 1082.0619).

4-1II. "H NMR (500 MHz, CD;0D): § 5.69 (d, J=3.92 Hz, 1H), 5.04 (m, 2H), 4.58
(m, 1H), 4.39 (m, 1H), 4.29 (m, 3H), 4.14 (m, 1H), 3.99-3.68 (m, 9H), 3.55-3.49 (m, 4H),
3.22 (m, 2H), 2.36-2.16 (m, 6H), 1.59-1.43 (m, 116H). °C NMR (126 MHz, CD;0D) &:
174.78, 163.21, 163.17, 162.95, 162.92, 162.80, 162.74, 157.46, 156.58, 156.44, 156.11,

153.29, 153.01, 152.80, 152.76, 152.54, 151.84, 112.13, 104.19, 97.86, 95.68, 87.73,
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83.62, 83.41, 83.35, 83.22, 83.18, 82.99, 82.61, 79.27, 79.13, 79.07, 78.95, 78.85, 75.56,
75.32, 73.97, 72.86, 71.88, 70.48, 69.68, 68.26, 66.70, 53.99, 51.54, 50.42, 43.04, 42.79,
40.37, 35.93, 33.90, 29.39, 28.67, 28.30, 28.20, 27.31, 27.26, 27.23, 27.14, 27.07, 26.97,
26.94, 26.82, 25.72, 17.64. Yield: 45%. HR-MS: [M+2H]*" 1102.0952 (theoretical
1102.0958).

4-IV. "H NMR (500 MHz, CD;0D): § 5.85 (d, J=3.59 Hz, 1H), 5.11 (s, 1H), 5.02
(s, 1H), 4.59 (m, 1H), 4.36 (m, 2H), 4.24-4.10 (m 6H), 4.04-3.85 (m, 6H), 3.79-3.68 (m,
8H), 3.50 (m, 3H), 3.37 (m, 1H), 2.26 (m, 1H), 1.59-1.46 (m, 110H). *C NMR (126 MHz,
CD;OD) &: 171.41, 163.22, 163.20, 162.97, 162.92, 162.81, 162.71, 157.37, 156.64,
156.42, 156.38, 156.14, 156.12, 153.29, 153.01, 152.79, 152.66, 152.54, 151.86, 110.97,
98.21, 95.89, 87.36, 83.37, 83.29, 83.23, 83.20, 82.94, 82.63, 79.25, 79.16, 79.10, 79.09,
79.06, 78.93, 78.82, 78.46, 75.66, 75.11, 74.99, 74.41, 72.89, 72.24, 71.81, 70.57, 70.54,
70.16, 69.68, 68.80, 66.56, 57.78, 53.91, 51.60, 50.29, 48.03, 42.88, 40.65, 40.14, 33.90,
29.71, 27.32, 27.26, 27.24, 27.19, 27.17, 27.15, 27.01, 26.98, 26.96, 26.83. Yield: 66%.

HR-MS: [M+2H]*" 1104.0745 (theoretical 1104.0751).

OH R OH R,
HO_~ HO_~
o}
- (0] Biotin N< - o
RN R 1) o Nay RN R,
H HN—{A-D)— H
A o 0., Biotin—4 Ne o 2
()4
HN o QY R Cu?*, NaAsc, MeOH/THF/H,0 HN o QYT R
R—, OH t, sonicate, 30 min Ri—, OH
- —0 - - —0
! HO! 0 OH 2) TFA,DCM HO! 0 OH
/ H i, 12h H /
wd & R= —§—NW/NHBoc Ry=-4-N__NH, W R,
41V NBoc NH," TFA 5 (I-IV)(A-D)

Biotin-Linker-GNeo

Scheme 4.8. Synthesis of biotin-linker-GNeo derivatives.

General synthesis of biotin-linker-GNeo (5)
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4 (0.046 mmol), and biotin-azide linker (0.069 mmol) were dissolved in DMF
(1ml). Cu(II) sulfate hydrate (0.01 mmol) and sodium ascorbate (0.01 mmol) were added
as a solution in H,O (150puL). The reaction was stirred overnight at room temperature
under argon. The reaction was diluted into CH,Cl, and washed with H,O and brine. The
organic layer was dried over Na,SO4 and concentrated in vacuo. The protected product
was dissolved in CH,Cl, (I mL) and treated with trifluoroacetic acid (1 mL) and
triisopropylsilane (10 pL) for 2 hours at room temperature. The reaction was evaporated
and azeotroped with toluene (3x) and purified on C-18 reverse phase HPLC column (5-
60% ACN (0.1% TFA) in H,O (0.1% TFA) over 18 min).

51-A. 'H NMR (500 MHz, D,0): § 7.75 (s, 1H), 5.69 (s, 1H), 5.07 (s, 1H), 5.01 (s,
1H), 4.55 (m, 1H), 4.35 (m, 3H), 4.29 (m, 2H), 4.09 (m, 2H), 3.96 (m, 1H), 3.75 (m, 2H),
3.66 (s, 1H), 3.58-3.51 (m, 5H), 3.50-3.35 (m, 9H), 3.25 (m, 1H), 3.10 (m, 2H), 2.94 (d,
J=13 Hz, 1H), 2.69 (m, 3H), 2.28 (m, 2H), 2.16 (m, 2H), 1.86 (m, 4H), 1.69-1.46 (m, 8H)
1.38-1.15 (m, 4H). >C NMR: (126 MHz, D,0) & 176.42, 176.22, 165.20, 163.32, 163.04,
162.76, 162.48, 157.49, 157.27, 157.15, 157.03, 156.91, 156.32, 147.25, 123.01, 120.56,
119.67, 117.35, 115.03, 112.71, 110.69, 110.34, 98.31, 95.88, 84.89, 79.84, 78.53, 76.98,
74.38, 73.42, 72.49, 71.85, 70.71, 69.62, 69.41, 69.22, 68.93, 68.57, 66.49, 61.97, 60.13,
55.32, 53.35, 51.79, 50.42, 50.06, 41.57, 39.61, 38.64, 35.35, 35.20, 31.91, 28.84, 27.72,
27.58, 25.08, 24.06, 22.74. Yield: 37%. HRMS: [M+2H]*" 657.8473 (theoretical
657.8496).

51-B. 'H NMR (500 MHz, D,0): & 7.81 (s, 1H), 5.72 (s, 1H), 5.10 (s, 1H), 5.03
(s, IH), 5.46 (m, 3H), 4.37 (m, 1H), 4.32-4.29 (m, 2H), 4.11 (s, 2H), 3.98 (m, 1H), 3.90 (s,

2H), 3.78 (m, 3H), 3.68 (s, 1H), 3.60-3.40 (m, 15H), 3.29 (m, 3H), 2.93 (d, J=13.0 Hz,
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1H), 2.72 (m, 3H), 2.31 (m, 2H), 2.17 (m, 2H), 1.94 (m, 2H), 1.69-1.42 (m, 5H), 1.35-1.15
(m, 3H). “C NMR: (126 MHz, D,0) & 176.64, 176.23, 165.25, 163.35, 163.07, 162.79,
162.50, 157.61, 157.40, 157.26, 157.17, 156.96, 156.43, 147.35, 123.51, 119.68, 117.43,
115.33, 112.79, 110.41, 98.43, 95.75, 84.95, 80.01, 78.74, 77.07, 74.58, 73.54, 72.65,
71.81, 70.86, 69.49, 69.07, 68.81, 68.52, 66.64, 62.02, 60.21, 55.53, 55.35, 53.35, 51.76,
50.33, 49.98, 41.81, 41.73, 40.95, 39.67, 38.72, 35.42, 35.24, 32.04, 27.83, 27.65, 25.14,
25.08, 24.16. Yield: 26%. HRMS: [M+2Na]*" 1281.1350 (theoretical 1281.1358).

51-C. '"HNMR (500 MHz, D,0): 5 7.73 (s, 1H) 5.67 (s, 1H), 5.04 (s, 1H), 4.98 (s,
1H), 4.52 (m, 1H), 4.31 (m, 3H), 4.25 (m, 1H), 4.06 (m, 2H), 3.94 (m, 1H), 3.73 (m, 3H),
3.63 (m, 1H), 3.60-3.32 (m, 12H), 3.24 (m, 1H), 3.10 (m, 2H), 2.90 (dd, /=4.9 Hz, 13.1
Hz, 1H), 2.68 (m, 3H), 2.33 (m, 1H), 2.25 (m, 2H), 2.16 (m, 2H), 1.88 (m, 2H), 1.79 (m,
2H), 1.70-1.45 (m, 7H), 1.44-1.25 (m, 5H), 1.24-1.08 (m, 14H). ">C NMR: (126 MHz,
D,0) & 176.40, 176.22, 171.50, 165.16, 157.49, 157.29, 157.16, 157.04, 156.92, 156.34,
147.26, 142.28, 123.09, 117.36, 115.04, 110.30, 108.46, 98.36, 95.86, 84.97, 79.95, 78.55,
76.95, 74.42, 73.48, 71.86, 70.71, 69.25, 68.94, 66.49, 61.93, 60.12, 55.34, 53.36, 51.76,
50.41, 50.26, 41.56, 40.51, 39.64, 39.08, 35.43, 35.23, 33.41, 33.30, 31.92, 29.11, 28.40,
28.11, 27.84, 27.70, 27.62, 25.81, 2523, 25.18, 25.11, 24.04. Yield: 36%. HRMS:
[M+3H]*" 466.9336 (theoretical 466.9335).

51-D. 'H NMR (500 MHz, D;0): § 7.82 (s, 1H), 5.69 (s, 1H), 5.07 (s, 1H), 5.00
(s, 1H), 4.55 (m, 3H), 4.35 (m, 1H), 4.30 (m, 1H), 4.26 (m, 1H), 4.09 (s, 2H), 3.91 (m, 3H),
3.72 (m, 2H), 3.58 (s, 1H), 3.65-3.5 (m, 14H), 3.5-3.35 (m, 9H), 3.32 (m, 2H), 3.25 (m,
1H), 2.91 (d, J=13.0 Hz, 1H), 2.71 (m, 3H), 2.28 (t, J=6.6 Hz, 2H), 2.19 (m, 3H), 1.93 (m,

2H), 1.70-1.45 (m, 6H), 1.33 (m, 2H). >C NMR: (126 MHz, D,0) & 176.73, 176.14,
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165.56, 165.20, 163.01, 162.72, 162.44, 157.50, 157.29, 157.15, 157.04, 156.91, 156.33,
147.15, 123.58, 119.65, 117.34, 117.33, 115.02, 112.69, 110.32, 98.23, 95.88, 84.88,
79.67, 78.53, 76.97, 74.35, 73.36, 72.49, 71.85, 70.71, 69.44, 69.29, 69.24, 68.93, 68.68,
68.61, 66.50, 61.94, 60.12, 55.40, 55.25, 53.35, 51.80, 50.42, 49.84, 41.58, 41.51, 40.68,
39.57, 38.76, 35.29, 35.16, 31.89, 27.76, 27.59, 25.04, 25.01, 23.96. Yield: 60%. HRMS:
[M+2Na]*" 1325.1611 (theoretical 1325.1620).

5 II-A. "H NMR (500 MHz, D,0): & 8.01 (s, 1H), 5.69 (s, 1H), 5.05 (s, 1H), 4.99
(s, 1H), 4.54 (m, 1H), 4.39 (t, J=6.6 Hz, 2H), 4.33 (m, 2H), 4.29 (m, 1H), 4.06 (m, 4H),
3.99 (m, 1H), 3.73 (m, 3H), 3.64 (s, 1H), 3.56-3.35 (m, 13H), 3.25 (m, 1H), 3.09 (m, 2H),
2.93 (d, 1H, J=12.5 Hz), 2.71 (d, 1H, J=12.5 Hz), 2.15 (t, J=6.9 Hz, 3H), 1.85 (m, 2H),
1.71-1.50 (m, 8H), 1.30 (m, 2H), 1.19 (m, 3H). "*C NMR: (126 MHz, D,0) & 176.51,
172.22, 165.26, 163.43, 162.99, 162.71, 162.43, 157.63, 157.36, 157.26, 157.10, 157.02,
156.43, 143.05, 125.07, 119.76, 117.45, 115.13, 112.81, 110.68, 98.17, 95.98, 85.03,
79.35, 78.41, 77.12, 74.48, 73.40, 72.57, 71.89, 70.85, 69.37, 69.04, 68.63, 66.66, 63.67,
62.04, 60.20, 55.43, 55.36, 53.44, 51.93, 50.51, 50.30, 41.68, 41.60, 40.34, 39.65, 38.77,
35.42, 31.97, 28.92, 27.79, 27.67, 27.63, 25.13, 22.84. Yield: 46%. HRMS: [M+2H]*"
658.8390 (theoretical 658.8393).

51I-B. 'H NMR (500 MHz, D,0): & 8.03 (s, 1H), 5.68 (s, 1H), 5.04 (s, 1H), 4.98
(s, 1H), 4.56 (m, 3H), 4.31 (m, 3H), 4.06 (m, 4H), 3.97 (m, 1H), 3.87 (m, 2H), 3.72 (m,
3H), 3.63 (s, 1H), 3.57-3.35 (m, 15H), 3.25 (m, 3H), 3.13 (m, 1H), 2.89 (d, /=13.0 Hz,
1H), 2.70 (d, J=12.9 Hz, 1H), 2.15 (m, 3H), 1.70-1.43 (m, 5H), 1.28 (m, 2H), 1.20 (m,
2H). C NMR: (126 MHz, D,0) & 176.69, 172.21, 167.27, 157.63, 157.35, 157.25,

157.10, 156.99, 156.63, 156.41, 143.15, 125.52, 119.33, 117.44, 115.12, 112.79, 110.72,
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98.28, 95.96, 85.01, 79.57, 78.56, 77.15, 74.46, 73.46, 72.57, 71.89, 70.86, 69.34, 69.04,
68.85, 68.69, 68.47, 67.86, 66.64, 66.52, 63.66, 62.03, 60.22, 55.45, 55.36, 53.44, 51.89,
50.49, 50.13, 46.63, 41.68, 41.60, 40.47, 39.67, 38.71, 35.41, 32.00, 28.92, 27.84, 27.67,
27.63,25.10, 22.84. Yield: 55%. HRMS: [M+2H]*" 659.8267 (theoretical 659.8289).
51I-C. 'HNMR (500 MHz, D,0): & 8.00 (s, 1H), 5.67 (s, 1H), 5.03 (s, 1H), 4.97
(s, 1H), 4.51 (m, 1H), 4.36 (m, 2H), 4.30 (m, 1H), 4.26 (m, 1H), 4.06-4.03 (m, 4H), 3.97
(m, 1H), 3.72 (m, 3H), 3.62 (s, 1H), 3.57-3.50 (m, 4H), 3.47-3.35 (m, 9H), 3.23 (m, 1H),
3.10 (m, 2H), 2.90 (dd, J=4.9 Hz, 13.0 Hz, 1H), 2.68 (d, J=13.0 Hz, 1H), 2.16 (t, J=6.8
Hz, 2H), 1.81 (m, 2H), 1.65-1.46 (m, 7H), 1.41 (m, 3H), 1.31 (m, 3H), 1.25-1.10 (m, 15H).
BC NMR: (126 MHz, D,0) & 172.14, 165.12, 163.28, 163.00, 162.71, 162.43, 157.46,
157.23, 157.13, 156.93, 156.86, 156.28, 142.86, 125.06, 119.61, 117.33, 115.01, 112.68,
110.58, 98.08, 95.89, 84.91, 79.22, 78.25, 77.01, 74.34, 73.26, 72.44, 71.77, 70.72, 69.21,
68.90, 68.41, 66.51, 63.51, 61.87, 60.07, 55.28, 53.33, 51.80, 50.37, 41.54, 40.06, 39.59,
39.03, 35.57, 31.89, 30.04, 29.39, 29.11, 28.40, 28.25, 28.13, 28.07, 27.73, 27.64, 27.55,
25.79,25.23,25.12. Yield: 32%. HRMS: [M+2H]*" 700.8868 (theoretical 700.8862).
511-D. 'H NMR (500 MHz, D,0): & 8.07 (s, 1H), 5.69 (s, 1H), 5.05 (s, 1H), 4.98
(s, 1H), 4.59 (m, 2H), 4.53 (m, 1H), 4.33 (m, 2H), 4.29 (m, 1H), 4.05 (m, 4H), 3.99 (m,
1H), 3.92 (m, 2H), 3.73 (m, 3H), 3.63-3.50 (m, 17H), 3.50-3.35 (m, 9H), 3.30 (m, 2H),
3.25 (m, 1H), 2.92 (dd, J=3.4 Hz, 13.0 Hz), 2.70 (d, 1H, J=13.0 Hz), 2.18 (m, 3H), 1.69-
1.43 (m, 6H), 1.32 (m, 2H). *C NMR: (126 MHz, D,0) & 176.75, 172.14, 165.20, 163.05,
162.76, 157.51, 157.25, 157.15, 156.97, 156.89, 156.31, 143.05, 125.49, 119.65, 117.33,
115.01, 112.68, 110.65, 98.11, 95.93, 84.89, 79.27, 78.38, 77.05, 74.34, 73.27, 72.47,

71.80, 70.74, 69.51, 69.40, 69.29, 69.24, 69.19, 69.09, 68.94, 68.66, 68.55, 66.53, 63.50,
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62.28, 61.93, 60.11, 55.32, 55.25, 54.17, 53.36, 51.82, 50.40, 49.88, 41.57, 41.43, 40.23,
39.56, 38.73, 35.28, 35.14, 31.90, 27.75, 27.58, 25.03. Yield: 38%. HRMS: [M+2H]*"
703.8542 (theoretical 703.8551).

5 IT1I-A. 'H NMR (500 MHz, D,0): & 7.85 (s, 1H), 5.67 (s, 1H), 5.05 (s, 1H), 4.97
(s, 1H), 4.52 (m, 1H), 4.37 (m, 2H), 4.33(m, 1H), 4.25-4.18 (m, 2H), 4.06 (s, 2H), 3.91 (m,
1H), 3.72-3.62 (m, 4H), 3.55 (m, 3H), 3.50-3.35 (m, 9H), 3.22 (m, 1H), 3.07 (m, 2H), 2.89
(dd, J=4.9 Hz, 12.5 Hz, 1H), 2.66 (m, 3H), 2.20-2.10 (m, 4H), 1.84 (m, 2H), 1.68-1.38 (m,
13H), 1.25 (m, 7H), 1.16 (m, 2H). *C NMR: (126 MHz, D,0) & 177.09, 176.37, 165.15,
163.26, 162.98, 162.70, 162.42, 157.47, 157.25, 157.11, 157.02, 156.87, 156.29, 146.98,
123.88, 119.62, 117.30, 114.98, 112.66, 110.15, 98.29, 95.79, 85.14, 79.65, 78.49, 76.79,
74.48, 73.42, 72.50, 71.87, 70.65, 69.22, 68.88, 66.48, 61.94, 60.08, 55.39, 55.29, 53.31,
51.73, 50.84, 50.37, 41.59, 41.50, 40.53, 39.55, 38.61, 35.74, 35.30, 31.85, 28.53, 28.04,
27.89, 27.71, 27.53, 27.47, 25.13, 25.06, 23.70, 22.62. Yield: 38%. HRMS: [M+2H]*"
678.8733 (theoretical 678.8731).

5 I1I-B. 'H NMR (500 MHz, D,0): & 7.86 (s, 1H), 5.67 (s, 1H), 5.05 (s, 1H), 4.97
(s, 1H), 4.55 (m, 3H), 4.31 (m, 1H), 4.23 (m, 2H), 4.06 (s, 2H), 3.92 (m, 1H), 3.86 (s, 2H),
3.75-3.60 (m, 4H), 3.56-3.35 (m, 15H), 3.23 (m, 3H), 2.90 (d, 1H, J=13.1 Hz), 2.69 (m,
3H), 2.18-2.10 (m, 5H), 1.63-1.40 (m, 9H), 1.27 (m, 6H). °C NMR: (126 MHz, D,0) &
177.06, 176.50, 165.15, 163.25, 162.97, 162.69, 162.40, 157.47, 157.26, 157.11, 157.01,
156.87, 156.29, 147.09, 124.25, 119.61, 117.29, 114.97, 112.65, 110.18, 104.99, 98.28,
95.80, 85.12, 79.63, 78.49, 76.81, 74.46, 73.42, 72.50, 71.86, 70.65, 69.22, 68.88, 68.73,

68.12, 66.48, 61.92, 60.09, 55.39, 55.28, 53.31, 51.74, 50.66, 50.37, 41.60, 41.50, 40.54,
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39.56, 38.61, 36.75, 35.75, 35.30, 31.86, 30.04, 28.13, 27.95, 27.82, 27.76, 27.57, 25.14,
25.00, 23.83. Yield: 45%. HRMS: [M+2H]*" 679.8629 (theoretical 679.8627).

5 II-C. '"H NMR (500 MHz, D,0): 8 7.73 (s, 1H), 5.68 (s, 1H), 5.05 (s, 1H), 4.97
(s, 1H), 4.52 (m, 1H), 4.32 (m, 3H), 4.22 (m, 2H), 4.07 (m, 2H), 3.93 (m, 1H), 3.79-3.63
(m, 4H), 3.60-3.50 (m, 4H), 3.50-3.35 (m, 10H), 3.23 (m, 1H), 3.10 (t, J=6.0 Hz, 2H), 2.88
(dd, J=4.6Hz, 13.1 Hz), 2.63 (m, 3H), 2.17 (m, 5H), 1.80 (m, 2H), 1.68-1.46 (m, 8H), 1.41
(m, 2H), 1.35-1.05 (m, 23H). "“C NMR: (126 MHz, D,0) & 177.07, 176.31, 166.83,
165.10, 163.32, 163.04, 162.76, 157.42, 157.25, 157.10, 156.99, 156.86, 156.27, 148.21,
123.06, 117.31, 114.99, 110.12, 98.46, 95.79, 85.25, 79.96, 78.47, 76.75, 74.54, 73.52,
71.87, 70.56, 69.16, 68.87, 66.45, 61.91, 60.07, 55.40, 55.33, 53.32, 51.66, 50.36, 50.14,
41.55, 41.47, 40.22, 39.61, 39.04, 35.80, 35.38, 31.91, 28.91, 28.47, 28.35, 28.18, 28.09,
28.05, 27.94, 27.69, 27.66, 27.62, 27.50, 25.80, 25.21, 25.17, 25.04, 24.24. Yield: 26%.
HRMS: [M+3H]*" 480.9485 (theoretical 480.9491).

5 II-D. '"H NMR (500 MHz, D,0): & 7.87 (s, 1H), 5.78 (s, 1H), 5.16 (s, 1H), 5.08
(s, 1H), 4.62 (m, 3H), 4.43 (m, 1H), 4.34 (m, 2H), 4.17 (s, 2H), 4.03 (m, 1H), 3.98 (s, 2H),
3.83-3.45 (m, 30H), 3.39 (m, 2H), 3.32 (m, 1H), 3.00 (d, J=13.0 Hz, 1H), 2.77 (m, 3H),
2.26 (m, 5H), 1.78-1.55 (m, 10H), 1.37 (m, 6H). *C NMR (126 MHz, D,0): § 177.17,
176.74, 165.26, 164.07, 163.04, 162.76, 162.48, 157.61, 157.39, 157.25, 157.16, 157.01,
156.43,123.61,119.76, 117.44, 115.12, 112.80, 110.30, 98.45, 95.91, 85.25, 79.92, 78.61,
76.94, 74.60, 73.61, 72.60, 71.99, 70.74, 69.60, 69.52, 69.40, 69.01, 68.79, 68.69, 66.62,
65.13, 62.02, 60.20, 55.52, 55.32, 53.44, 51.85, 50.51, 49.96, 48.27, 41.71, 41.61, 40.55,
39.65, 38.87, 35.87, 35.39, 32.52, 32.00, 28.53, 28.05, 27.95, 27.86, 27.68, 25.24, 25.12,

24.36. Yield: 15%. HRMS: [M+2H]*" 723.8897 (theoretical 723.8890).
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5IV-A. 'HNMR (500 MHz, D,0): & 8.06 (s, 1H), 5.79 (s, 1H), 5.15 (s, 1H), 5.06
(s, 1H), 4.62 (m, 1H), 4.47 (m, 2H), 4.39 (m, 1H), 4.34 (m, 1H), 4.15 (m, 2H), 4.10 (m,
2H), 4.02 (m, 1H), 3.80 (m, 7H), 3.69-3.45 (m, 14H), 3.34 (m, 1H), 3.25-3.15 (m, 6H),
3.02 (d, J=13.0 Hz, 1H), 2.80 (d, J=13.0 Hz, 1H), 2.24 (m, 3H), 1.94 (m, 2H), 1.76-1.50
(m, 8H), 1.45-1.22 (m, 9H). >C NMR (126 MHz, D,0): § 176.52, 172.56, 165.27, 163.32,
163.04, 162.76, 162.47, 157.62, 157.35, 157.23, 157.12, 157.01, 156.43, 143.53, 125.00,
119.78, 117.46, 115.14, 112.82, 110.72, 98.10, 95.90, 85.19, 79.30, 78.61, 77.03, 74.59,
73.45,72.57, 71.93, 70.85, 70.43, 69.36, 69.06, 68.70, 66.69, 63.02, 62.05, 60.20, 55.43,
55.37, 53.41, 51.89, 50.50, 50.26, 46.63, 41.75, 41.59, 40.59, 39.65, 38.77, 35.43, 31.97,
28.92,27.79, 27.64, 25.15, 22.83. Yield: 26%. HRMS: [M+2H]*" 680.8528 (theoretical
680.8524).

51IV-B. 'HNMR (500 MHz, D,0): § 8.09 (s, 1H), 5.78 (s, 1H), 5.15 (s, 1H), 5.06
(s, 1H), 4.65 (m, 3H), 4.38 (m, 1H), 4.34 (m, 1H), 4.15 (m, 2H), 4.10 (s, 2H), 4.02 (m, 1H),
3.97 (s, 2H), 3.84-3.73 (m, 9H), 3.67-3.45 (m, 17H), 3.34 (m, 3H), 3.24 (dd, J=5.0 Hz,
13.2 Hz, 1H), 2.25 (m, 3H), 1.87 (m, 2H), 1.73-1.60 (m, 3H), 1.52 (m, 2H). C NMR (126
MHz, D,0): § 176.54, 173.28, 172.62, 172.54, 163.50, 163.31, 163.03, 162.74, 162.46,
157.62, 157.34, 157.24, 157.12, 157.00, 156.42, 143.57, 125.43, 121.50, 117.44, 115.13,
112.80, 110.72, 104.99, 98.13, 95.88, 85.17, 79.35, 78.66, 77.03, 74.58, 73.46, 72.59,
71.91, 70.86, 70.40, 69.74, 69.36, 69.06, 68.73, 68.45, 66.68, 62.98, 57.20, 57.05, 55.43,
55.42, 51.89, 50.48, 50.07, 41.75, 41.59, 40.76, 40.65, 38.70, 35.26, 31.96, 26.20, 25.03,
24.78. Yield: 26%. HRMS: [M+3H]’" 454.8886 (theoretical 454.8971).

51IV-C. 'HNMR (500 MHz, D,0): & 8.07 (s, 1H), 5.79 (s, 1H), 5.16 (s, 1H), 5.06

(s, 1H), 4.61 (m, 1H), 4.46 (m, 3H), 4.38 (s, 1H), 4.34 (m, 1H), 4.15 (s, 2H), 4.09 (s, 2H),
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4.02 (m, 1H), 3.84-3.70 (m, 9H), 3.69-3.44 (m, 14H), 3.33 (m, 1H), 3.19 (m, 2H), 3.00 (dd,
J=4.7 Hz, 12.9 Hz, 1H), 2.79 (d, J=13.0 Hz, 1H), 2.27 (m, 3H), 1.91 (m, 2H), 1.79-1.57
(m, 5H), 1.51 (m, 2H), 1.41 (m, 2H), 1.32-1.15 (m, 17H). C NMR (126 MHz, D,0): §
176.47, 172.56, 165.23, 163.35, 163.05, 162.77, 162.49, 157.62, 157.37 157.23, 157.12,
157.02, 156.44, 150.40, 143.54, 125.06, 119.78, 117.46, 115.14, 112.82, 110.70, 98.14,
95.91, 85.19, 79.35, 78.62, 77.04, 74.60, 73.46, 72.58, 71.94, 70.84, 70.45, 69.38, 69.07,
68.63, 66.69, 63.00, 61.99, 60.19, 55.45, 55.38, 53.43, 51.89, 50.45, 41.76, 41.61, 40.57,
39.69, 39.14, 35.50, 31.98, 29.18, 28.48, 28.30, 28.22, 28.18, 27.80, 27.76, 27.67, 25.88,
25.31,25.22. Yield: 29%. HRMS: [M+3H]>" 482.2682 (theoretical 482.2686).

51V-D. 'HNMR (500 MHz, D,0): § 8.13 (s, 1H), 5.80 (s, 1H), 5.16 (s, 1H), 5.07
(s, 1H), 4.68 (t, 2H), 4.62 (m, 1H), 4.44 (m, 1H), 4.40 (m, 1H), 4.35 (t, 1H), 4.17 (m, 2H),
4.11 (m, 2H), 4.01 (m, 3H), 3.81 (m, 7H), 3.75 (m, 1H), 3.70-3.60 (m, 15H), 3.60-3.46 (m,
9H), 3.40 (t, J=5.1 Hz, 2H), 3.34 (m, 1H), 3.00 (dd, J=4.9 Hz, 13.1 Hz, 1H), 2.80 (d,
J=13.0 Hz, 1H), 2.28 (m, 3H), 1.80-1.52 (m, 6H), 1.48-1.35 (m, 2H). *C NMR (126 MHz,
D,0): 6 176.80, 172.56, 165.27, 163.32, 163.04, 162.76, 162.48, 157.62, 157.35, 157.23,
157.11, 157.01, 156.42, 143.58, 125.49, 119.75, 117.44, 115.11, 112.80, 110.72, 98.12,
95.93, 85.15, 80.03, 79.34, 78.63, 77.05, 74.57, 73.43, 72.57, 71.92, 70.84, 70.41, 69.54,
69.51, 69.39, 69.35, 69.06, 68.77, 68.72, 68.66, 66.67, 62.96, 62.01, 60.20, 55.43, 55.31,
53.44, 51.90, 50.51, 49.98, 46.63, 41.74, 41.56, 40.60, 39.64, 38.84, 35.39, 31.97, 27.83,

27.66,25.10. Yield: 30%. HRMS: [M+2H]** 725.8681 (theoretical 725.8682).
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Scheme 4.9. Synthesis of GNeo-biotin with no linker.

10. To a solution of biotin-NHS (0.262 mmol, 3.2 eq) in DMF (9.4ml) was added
EDC (0.261 mmol, 3.2 eq). The mixture was stirred for 30 min. A solution of 1 (0.082
mmol, 1 eq) in DMF (9.4ml) and DIEA (0.248 mmol, 3 eq) was then added dropwise. The
mixture was then stirred for 48 h. The reaction was concentrated in vacuum and partitioned
between DCM and 5% citric acid. The organic layer was separated and washed with
sodium bicarbonate and brine. The organic layer was collected, dried over sodium sulfate,
filtered off, and the filtrate was evaporated. Silica gel column chromatography (0-8%
MeOH in DCM) afforded the desired product as a colorless amorphous (68mg, 55%). 'H
NMR (500 MHz, CD30D): 6 5.45 (s, 1H), 5.09 (s, 1H), 4.88 (s, 1H), 4.49 (m 2H), 4.32 (m,
2H), 3.90 (m, 3H), 3.75 (m, 3H), 3.53 (m, 6H), 3.24 (m, 3H), 2.95 (m, 1H), 2.86 (m, 1H),
2.70 (m, 1H), 2.35 (t, J=7.4 Hz, 2H), 1.96 (d, J/=12.8 Hz, 1H), 1.73-1.60 (m, 6H), 1.48-

1.43 (m, 54H). “C NMR (126 MHz, CD;0D) &: 175.08, 164.65, 157.68, 157.53, 157.17,
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156.84, 156.53, 110.69, 99.16, 97.54, 87.01, 79.59, 79.42, 79.31, 79.27, 79.02, 78.90,
74.78, 74.17, 73.03, 72.01, 71.26, 70.28, 67.63, 62.09, 60.20, 55.58, 54.44, 53.39, 52.27,
51.18, 50.07, 42.64, 39.67, 35.31, 33.92, 28.99, 28.13, 27.64, 27.49, 27.45, 27.40, 27.35,
25.64,23.82,22.83. HR-MS: [M+Na]" 1462.7068 (theoretical 1462.7063)

11. To a solution of 10 (1 eq) and triisopropylsilane (6.0 eq) in DCM (6.1 ml/mmol)
was added TFA (6.1 ml/mmol) at room temperature. The mixture was stirred for 2 hours.
The reaction was azeotroped in toluene 3 times, and dissolved in water. The solution was
washed with DCM (3 times) and lyophilized to give the desired product as a colorless
amorphous. 'H NMR (500 MHz, D,0): § 5.75 (d, J=2.71 Hz, 1H), 5.20 (d, J=2.98 Hz,
1H), 5.11 (s, 1H), 4.42 (m, 1H), 4.22 (m, 1H), 4.17 (m, 1H), 4.13 (m, 1H), 4.04 (m, 3H),
3.93 (t,J=9.14 Hz, 1H), 3.82-3.73 (m, 3H), 3.64 (s, 1H), 3.52 (t,J=9.19 Hz, 1H), 3.46 (m,
1H), 3.41-3.13 (m, 11H), 2.79 (m, 1H), 2.61 (d, J=11.86 Hz, 1H), 2.30 (m, 1H), 2.12 (m,
2H), 1.72 (q, J/=12.42 Hz, 1H), 1.54-1.37 (m, 4H), 1.21 (m, 2H), 1.14 (m, 1H), 1.02 (m,
2H). C NMR (126 MHz, D;0) &: 177.27, 165.26, 163.26, 162.98, 162.70, 162.41,
151.80, 148.81, 123.00, 119.66, 117.34, 115.02, 112.70, 109.12, 95.63, 94.94, 84.84,
80.61, 76.99, 75.11, 73.32, 72.21, 70.24, 69.95, 69.70, 67.98, 67.46, 67.30, 62.02, 60.18,
55.38, 53.08, 50.64, 49.46, 48.36, 40.80, 40.36, 39.86, 39.54, 35.30, 33.54, 29.30, 27.90,
27.75,27.64,25.10, 23.71, 22.74. HR-MS: [M+Na]" 862.3953 (theoretical 862.3951).

6. To a solution of 11 (1 eq) in MeOH (0.12 mol/L) was added DCM (0.036 mol/L),
trimethylamine (15 eq) and guanidinylating reagent (15 eq) and DMAP (1 eq) at ambient
temperature. The mixture was stirred for 120 h. The mixture was partitioned between DCM
and 5% citric acid. The organic layer was collected, dried over sodium sulfate, filtered off,

and the filtrate was evaporated off. The protected product was dissolved in CH,Cl, (1 mL)
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and treated with trifluoroacetic acid (1 mL) and triisopropylsilane (10 pL) for 2 hours at
room temperature. The reaction was evaporated and azeotroped with toluene (3x) and
purified on C-18 reverse phase HPLC column (5-60% ACN (0.1% TFA) in H,O (0.1%
TFA) over 18 min). '"H NMR (500 MHz, D,0): & 5.70 (s, 1H), 5.07 (s, 1H), 5.04 (s, 1H),
4.56 (m, 1H), 4.35 (m, 1H), 4.23 (m, 2H), 4.14 (m, 1H), 4.08 (s, 1H), 3.95 (m, 1H), 3.74
(m, 3H), 3.65 (s, 1H), 3.57-3.38 (m, 14H), 3.26 (m, 1H), 2.93 (d, J=12.92 Hz, 1H), 2.74
(d, J=12.95 Hz, 1H), 2.22 (m, 3H), 1.67-1.32 (m, 8H). "°C NMR (126 MHz, D,0) &:
176.79, 165.17, 163.31, 163.03, 162.74, 162.46, 157.49, 157.27, 157.13, 157.04, 156.88,
156.32, 119.65, 117.33, 115.00, 112.69, 110.05, 98.16, 95.77, 85.07, 79.71, 78.23, 76.67,
74.44, 73.52, 72.49, 71.88, 70.66, 69.16, 68.89, 66.49, 62.02, 60.21, 55.43, 53.31, 51.81,
50.41, 41.59, 41.47, 40.08, 39.48, 35.45, 31.79, 28.10, 27.83, 25.07. HR-MS: [M+2H]*"
546.7755 (theoretical 546.7756).
FPLC

The GNeo derivatives (225 uM in PBS) were incubated with ST (45 uM in
PBS) for 20 min at ambient temperature then diluted to 1 mL PBS. The conjugates
were analysed by automated FPLC using a HiTrap Heparin HP column equilibrated
with PBS (Dulbecco’s Phosphate Buffered Saline, Life Technologies) and a gradient
of NaCl from 0.14 — 2 M. Absorbance of the flow-through was measured at 280

nm.
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Figure 4.5. FPLC chromatograms of GNeo-biotin-ST conjugates. Conjugates were loaded onto a
heparin-sepharose column and a gradient of 0.14 —2 M NaCl in PBS. Absorbance was measured at 280
nm.

Cell culture
Wild-type Chinese hamster ovary cells (CHO-K1) were obtained from the
American Type Culture Collection (CCL-61) were grown under an atmosphere of

5% CO; in air and 100% relative humidity. CHO-K1 were grown in F-12 medium
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supplemented with fetal bovine serum (10% v/v) and penicillin/streptomycin
solution (1% v/v).
Quantifying cellular uptake/binding

The GNeo derivatives (2.5 uM in DMEM) were incubated with ST-Cy5 (0.5
uM in DMEM) for 20 min at ambient temperature then diluted with DMEM cell
culture medium to give final conjugate solutions (final ST-Cy5 concentration of 2
nM).

Cells were plated onto 24-well plates (100 000 cells/well) and grown for 24
h to about 80% confluence. Cells were washed with PBS and incubated with 300
pL of the corresponding conjugate for 1 h at 37 °C under an atmosphere of 5% CO?2.
Cells were washed twice with PBS, detached with 50 pL of trypsin-EDTA, diluted
with PBS containing 0.1% BSA, and analyzed by FACS. Cellular uptake was
quantified by the mean fluorescence intensity; raw data was interpreted by using
FlowJo v8.8.6.
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Chapter 5:

Synthesis of Cell-Penetrating Guanidinylated Neomycin
Oligomers via ROMP

5.1 Introduction

High molecular weight and highly-charged biomolecules are emerging as a new
class of drugs with high selectivity and efficacy; however, new delivery strategies are
needed to improve their efficiency and targeted delivery in biological systems. '® One
method to address this problem is the conjugation or association of the biologic with a
molecular transporter.*” Inspired by proteins, such as HIV-Tat, with cellular translocation
abilities,® numerous guanidinium-rich molecular transporters have been synthesized from

a diverse range of nonpeptidic scaffolds such as peptoids,® carbamates,” carbohydrates,'>"!

and dendrimers.'>"*

The discovery that a diverse range of scaffolds can be decorated with guanidinium
groups to enhance cellular uptake, led to the development of new synthetic methods to
construct novel guanidinium-rich transporters more efficiently and with unique backbone

15,16
structures. ™

In particular, an oligomerization-based strategy has been utilized to reduce
the number of synthetic steps and provide easy access to transporters of varying lengths
and compositions.

Living polymerization reactions provide access to polymers with well-defined
architectures and low polydispersities.'” Additionally, these methods allow the

incorporation of different monomers to generate well-defined block copolymers'® and the

molecular weight or degree of polymerization can easily be controlled by adjusting the

155
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ratio of initiator to monomer."® This approach also allows for control over end groups and
a variety of functionalities can be incorporated at the polymer termini. In 2008, the
Kiessling group applied this strategy to synthesize cell-penetrating polymers by ring-
opening metathesis polymerization (ROMP) of a reactive norbornene monomer.'®*° The
polymer was post-modified with guanidinium moieties to enable cellular uptake.

Similarly, the Tew lab synthesized guanidinium-rich poly(oxanorbornene)s using ROMP

21-24 25,26

and a monomer unit containing a protected guanidinium group. Methacrylate,
. 27,28 .- 21,29 30
cyclic carbonates,” " disulfides,” ” and phospholanes™ have also been used as monomers

to synthesize guanidinium-rich oligomers for cellular transport. These cell-penetrating

oligomers have been shown to efficiently deliver covalently attached small molecules and

16,27,30 A 28,31,32

drugs, as well as non-covalently associated cargo such as siRN
Guanidinoglycosides are a non-oligomeric, multivalent family of low molecular
weight carriers derived from aminoglycoside antibiotics in which the ammonium groups

s qioe 10,33
are converted to guanidinium groups.

Unlike other cell-penetrating peptides and
guanidinium-rich carriers which may use multiple mechanisms for internalization, the
uptake of guanidinoglycosides at low nanomolar concentrations depends exclusively on
cell surface heparan sulfate proteoglycans.>>® Additional investigation into the uptake of
guanidinylated neomycin (GNeo) using a cell-surface FRET analysis indicated clustering
of heparan sulfate proteoglycans on the cell surface is a key step for the endocytosis of
these carriers.” This is consistent with the cooperative cell surface binding observed for

dimeric guanidinoglycosides compared to their monomeric counterparts in cells expressing

undersulfated heparan sulfate.”* We hypothesized that expanding the valency of GNeo
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could enhance its binding to the cell surface through multivalent interactions with heparan
sulfate. The higher valency could promote interactions between multiple heparan sulfate
chains attached to the same or different core proteins leading to enhanced heparan sulfate
proteoglycan (HSPG) aggregation. Access to multivalent GNeo derivatives could result in
an improved delivery system or as a tool to further study GNeo and HSPG interactions.
Here we report the synthesis of a guanidinoneomcyin(GNeo)-norbornene monomer
that can undergo ring-opening metathesis polymerization in the presence of a ruthenium
catalyst to yield oligomeric GNeo transporters. This method provides a single-step route
to oligomers of various lengths by simply adjusting the monomer to initiator ratio, thus
allowing us to further probe the role of valency in the uptake of GNeo, investigate
multivalent interactions with heparan sulfate, and potentially determine an optimum
transporter length. Additionally, the oligomers can be terminated with a variety of
functional groups, such as a biotin or a fluorophore. Preliminary results from cellular
uptake in wild-type and heparan sulfate-deficient Chinese hamster ovary (CHO) cells are

also presented.

5.2 Results and Discussion

To access multivalent GNeo-oligomers, we decided to use norbornene as the
polymerizable group that could undergo ring-opening metathesis polymerization (ROMP)
using a ruthenium-based initiator. Ruthenium-catalyzed ROMP has high functional group
tolerance and generally produces polymers with low polydispersity.’’ A monomer
consisting of a norbornene linker attached to GNeo that could undergo ROMP was
designed using a synthetic approach that included “clicking” GNeo containing an azide-

terminated linker to an alkyne-functionalized norbornene. The norbornene was
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functionalized with the alkyne after previous reports showed azides react with the highly
strained norbornene double bond and lead to inactive monomers.”® The details of the
monomer synthesis are outlined in the Experimental Section and Scheme 1. Briefly, the
primary 5” alcohol on Boc-protected neomycin was converted to an amine (5.2) and
coupled to a bifunctional triethylene glycol containing a carboxylic acid and an azide (5.3).
Deprotection of 5.4 and subsequent Boc-guanidinylation yielded azide-BocGNeo (5.5). A
copper-catalyzed 1,3-dipolar cycloaddition of 5.5 with a norbornene-alkyne derivatve (5.6)

provided compound 5.7, the BocGNeo-norbornene monomer.
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Scheme 5.1. Synthesis of norbornene-BocGNeo monomer. Reagents and conditions: (i) Boc,O, Et;N,
H,O/DMF; (ii) TIBSCI, pyridine; (iii) NH;, CH;0H, 80 °C; (iv) EDC, EtzN, CH,Clp; (v) 1. TFA,
triisopropylsilane, CH,Cly; 2. N,N'-Di-Boc-1H-pyrazole-1-carboxamidine, NEt;, CH,Cl,/CH3;0H; (vi)
Cu(I1)SO4-4H,0; sodium ascorbate, DMF/H,0.

To investigate their cellular uptake properties, the oligomeric GNeo derivatives

need to be functionalized with a fluorophore or reactive group. One strategy for
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incorporating functional groups or probes at the terminus of a ROMP polymer is to
synthesize custom initiators; however, this method requires a new catalyst be made for
each new chain-end functionality, which can be challenging and low yielding.”* Another,
more common method when ruthenium carbenes are used as initiators, is the use of

*1%2 These compounds can be added at the end of

functionalized vinyl ethers or cis-olefins.
a growing polymer chain to simultaneously introduce a new functionality to the terminus
and deactivate the metathesis catalyst. We chose to functionalize oligo-GNeo using cis-

3 To obtain a

olefins and a direct end capping method described by the Grubbs group.”
variety of functionalized terminating agents, cis-1,4-dichloro-2-butene (Scheme 5.2) or cis-
2-butene-1,4-diol (Scheme 5.3) could be readily modified to contain biotin, different
fluorophores, or various reactive functional groups. The previously reported symmetrical
diamine 5.11 could be coupled to biotin, fluorescein isothiocyanate (FITC), or BODIPY to
yield 5.12, 5.13, and 5.15 respectively (Scheme 5.2).* The dibromo terminating agent
5.16 could be substituted with NaNj3 to yield 5.17 or N-Boc-hydroxylamine to provide 5.19

(Scheme 5.3). Additionally, 5.16 can be clicked to an alkyne-Cy3 to afford 5.20 or

potentially other alkyne-functionalized probes.
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Scheme 5.2. Synthesis of biotin, FITC, and BODIPY-containing terminating agents. Reagents and
conditions: (i) K,CO3, DMF, 90 °C; (ii) TFA, CH,Cly; (iii) biotin, EDC, HOBt DMF; (iv) FITC, DMF;
(v) BODIPY-acid, EDC, HOBt, DMF.
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Scheme 5.3. Synthesis of azide, boc-hydroxylamine, and Cy3-containing terminating agents. Reagents
and conditions: (i) 1,6-dibromohexane, NaH, DMF; (ii) NaN; DMF; (iv) DBU, DMF,; (iv) alkyne-Cy3,
Cu(I1)SO4-4H,0; sodium ascorbate, DMF/H,0.

Oligomerization of the GNeo-monomer 5.7 was initiated with a 3" generation
Grubbs’ ruthenium catalyst (Scheme 5.4).°” The degree of polymerization was controlled
by the ratio of the ruthenium initiator to monomer (5:1 or 10:1). After 24 hours, the
monomer is completely consumed (monitored by TLC), at which point one of the

functionalized terminating agents is added to afford the protected oligo-BocGNeo. The
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Boc groups were then removed with TFA to give oligo-GNeo. 'H NMR was used to
confirm reaction completion and also to determine the degree of oligomerization by
comparing the integrated signal of the distinct end-group protons (6 7.15 ppm) to the
integrated signals of monomer protons (& 7.88 and 5.63) (Figure 1 and Table 1). The
average molecular weights corresponded well with the predicted oligomer lengths (Table
1). Terminating agents 5.15 and 5.20 were not stable to TFA deprotection; therefore, only

biotin and fluorescein terminated oligomers were evaluated for cellular uptake.

0. CH,Cl, 0.
I 0 g . 0 g
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Scheme 5.4. General synthesis of GNeo-oligomers. TA represents one of the symmetrical
functionalized terminating agents described previously.
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Figure 5.1. '"H NMR (500 MHz) of biotin-oligoGNeo in D,O. Arrows point to protons used to
determine average length and molecular weight of oligomers.

Table 5.1. '"H NMR characteristics of GNeo-oligomers. Synthesized GNeo oligomers with biotin or

fluorescein terminating agents.

Monomer:catalyst  ormina ting End group  Triazole . Degree of
) Agent Used (aromatic) C-H nteeration Oligomer-
(molar ratio) & integration integration g ization
5.22 5:1 biotin 9 4 4 4
5.23 10:1 biotin 9 8 8 p
5.24 5:1 fluorescein 5 4 4 4

The cellular uptake of oligo-GNeo 5.22 terminated with biotin was evaluated in

both wild-type and glycosaminoglycan deficient CHO cells (pgsA) and compared to GNeo-

biotin 5.25 (Figures 5.2, 5.3). The tetravalent biotin-streptavidin conjugates were formed

by incubating the biotin-compound with PE-Cy5-streptavidin in a 1:5 molar ratio for 20

min at room temperature. The conjugates were then diluted with cell-culture medium to

the indicated final concentrations and incubated with cells for 1 h at 37 °C, washed,
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harvested with trypsin/EDTA, and analyzed by flow cytometry. As shown in Figure 5.3a,
oligomerization of GNeo did not enhance cellular uptake in wild-type CHO cells when
compared to a previously described GNeo-biotin monomer (Figure 5.2). Oligo-GNeo did,
however, retain heparan sulfate-dependent uptake (Figure 5.3b). To examine cell surface
binding only, cells were incubated with the fluorescent conjugate at 4 °C, in which no
uptake occurs, and lifted with EDTA, which does not cleave cell-surface bound material.
In this case, higher binding was observed for GNeo-oligomer-ST complex than for GNeo-
monomer-ST complex (Figure 5.3¢). Additional experiments need to be performed to
determine if the kinetics of uptake for oligoGNeo—conjugates are slower, which could

explain the observed higher binding but similar uptake.
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%I\/\/‘LH/\/\/\([)]/ N o 0 : R S o o'«,
NH A=, o —>—H
HN\‘( —0 o ) Oo” Y 'R
s HO: w0 OH .. R—. OH
5.25 R=.. N E 5.26 o

HO' R ; T Ho(  )O OH

Figure 5.2. Structures of GNeo-monomers. Biotin- and fluorescein-functionalized mono-GNeo
structures used for uptake and binding comparison.
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Figure 5.3. Cellular uptake and binding of biotin-GNeo monomer and oligomer. Representative
histograms from cellular uptake and binding for biotin-GNeo monomer and oligomer. Background
fluorescence of cells only are shown in red. (a) Cellular uptake of biotinylated monoGNeo (blue line)
and oligoGNeo (green line) conjugated to ST-PE-Cy5. CHO-K1 cells were incubated with the
conjugates (2 nM ST-PE-Cy5 and 10 nM compound) for 1 h at 37 °C. Uptake of ST-PE-Cy5 (2 nM)
was used as a control (orange line). (b) Cellular uptake of biotinylated monoGNeo (blue line) and
oligoGNeo (green line) conjugated to ST-PE-Cy5. pgsA cells were incubated with the conjugates (2
nM ST-PE-CyS5 and 10 nM compound) for 1 h at 37 °C. (¢) Binding of biotinylated monoGNeo (blue
line) and oligoGNeo (green line) conjugated to ST-PE-CyS5 to the surface of CHO-K1 cells. Cells were
incubated with the conjugates (2 nM ST-PE-Cy5 and 10 nM compound) for 0.5 h at 4 °C. Binding of
ST-PE-Cy5 (2 nM) was used as a control (orange line).

The cellular uptake and binding of oligo-GNeo terminated with fluorescein (5.24)
were also evaluated in both wild-type and glycosaminoglycan deficient CHO-pgsA cells
and compared to a GNeo-monomer terminated with fluorescein (5.26, Figure 5.2). No
difference in uptake between oligo-GNeo and mono-GNeo is observed (Figure 5.4) at the
highest concentrations; however, mono-GNeo shows a concentration dependence whereas
oligo-GNeo does not. Additionally, uptake in this case was very close to background. This

could be attributed to quenching of the acid-sensitive fluorescein probe if the transporter is
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delivering to the lysosomes, which has been seen for previous GNeo transporters.>® Again,

the uptake of monomeric- and oligomeric-GNeo appears to be dependent on the presence

of cell-surface glycosaminoglycans (Figure 5.4c,d). When the compounds were analyzed

for binding, higher binding was observed for oligoGNeo-FITC than monoGNeo-FITC in

wild-type CHO cells (Figure 5.5). Moreover, a higher fluorescence signal was observed

for binding than for uptake. This further suggests that upon internalization, the transporter

resides in an acidic environment causing the fluorophore to be quenched.
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Figure 5.4. Cellular uptake of fluorescein-GNeo monomer and oligomer. Representative histograms
from cellular uptake of mono- and oligo-FITC-GNeo in wild-type CHO-K1 cells (a & b) and in pgsA
cells (¢ & d). Cells were incubated with the compound at various concentrations for 1 h at 37 °C. Cells
only are represented by the red line.
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Figure 5.5. Cellular binding of fluorescein-GNeo monomer and oligomer. Representative histograms
from cellular binding of mono-FITC-GNeo (a) and oligo-FITC-GNeo (b) in wild-type CHO-K1 cells.
Cells were incubated with the compound at various concentrations for 1 h at 37 °C. Cells only are
represented by the red line.

5.3 Conclusions and Outlook

In summary, a GNeo-substituted norbornene oligomer has been synthesized using
ROMP. This strategy allows for the direct end-capping of the oligomer with various
functional groups or probes and access to GNeo oligomers of varying lengths. Preliminary
cellular uptake experiments suggest oligo-GNeo has enhanced binding to the cell surface.

Moving forward, the oligomer products need to be further characterized by gel
permeation chromatography (GPC) to determine polydispersity, which cannot be obtained
from the NMR, as well as a better idea of the molecular weight. Additionally, the
oligomerization needs to be optimized to ensure oligomers of different lengths can be
obtained and to determine the maximum length accessible. Ideally, we will be able to
separate the different length products using ion exchange or size exclusion chromatography
in order to evaluate multivalent effects and examine the differences length has on uptake

and heparan sulfate selectivity.
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The synthesis of additional terminating agents will also be critical for evaluating
the uptake properties of oligomeric GNeo derivatives. One option is to terminate the
oligomers with an azide, such as 5.17, which can be clicked to alkyne-functionalized
fluorophores. Post-polymerization of an azide-terminated oligomer, as well as other
functional groups, has been demonstrated by the Kiessling group.* Furthermore,
oligomers terminated with the oxy-amine terminating agent 5.19 could potentially be used
to singly modify proteins at the N-terminus without modifying their lysine residues.*
Previous protein modification with GNeo required accessible lysines that could be
modified with an NHS-ester derivative. Therefore, the number of available lysines will
affect the conjugation efficiency, which can alter the cellular uptake. Additionally,
conjugation to multiple amino acids can interfere with the protein’s function. By
modifying the N-terminus only, a variety of proteins, such as enzymes or antibodies, can
be conjugated without relying on accessible amines or interfering with function. The use
of GNeo-oligomers, as oppose to a monomer, will be important to maintain high uptake
efficiencies.

In addition to improving the intracellular delivery of proteins, cationic oligomers
are known to complex and delver negatively charged cargo, such as siRNA.*3!3246-49
GNeo-oligomers would be less susceptible to proteases than oligo-arginine and other cell-
penetrating peptides. Furthermore, the living polymerization synthesis of oligo-GNeo
allows for the incorporation of hydrophobic side chains or other chemical compositions

that can be easily tuned to improve delivery.
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5.4 Experimental Section

Materials

Materials obtained from commercial suppliers were used without further
purification. cis-5-Norbornene-exo-2,3-dicarboxylic anhydride was purchased from VWR.
N,N'-Di-boc-1H-pyrazole-1-carboxamidine was purchased from Fisher. All other
chemicals and reagents were purchased from Sigma Aldrich. Deuterated NMR solvents
were purchased from Cambridge Isotope Laboratories. PBS (Dulbecco’s phosphate
buffered saline) and F-12 Nutrient Mixture (Ham) were purchased from Gibco Thermo
Fisher. Trypsin/EDTA was purchased from VWR. Steptavidin-PE-Cy5 was purchased
from Biolegend.
Instrumentation

NMR spectra were recorded on a Varian VX 500 MHz spectrometer or a Varian
400 MHz spectrometer. Mass spectra were recorded at UCSD Chemistry and Biochemistry
Mass Spectrometry Facility utilizing an Agilent 6230 Accurate-Mass TOFMS or a Bruker
Biflex IV MALDI-TOFMS. Reverse-phase HPLC purification (CLIPEUS, C18, Sum,
10x250 mm, Higgins analytical) and analysis (Eclipse, XDB-C18, Sum, 4.6x150 mm) were
carried out on an Agilent 1200 series instrument or Beckman Coulter System Gold 127P
Solvent Module. Flow cytometry studies were performed on a BD FACSCalibur.
Synthesis

Synthesis of compounds 5.2, 5.3, and 5.6 have been previously reported.'*

N3-BocNeo (5.4). 5.2 (200 mg, 0.165 mmol) was dissolved in CH,Cl, (1 mL) and

Et;N (28 pL, 0.198 mmol) and added to a solution of 5.3 (63mg, 0.198 mmol) and N-(3-
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dimethylaminopropyl)-N’-ethylcarbodiimide HCI (EDC, 38mg, 0.198 mmol) in CH,Cl, (1
mL) and the reaction was stirred at room temperature for 24 h. The reaction was diluted
with CH,Cl, and washed with saturated NaHCOs3, water, and brine. The organic layer was
dried over Na,SO,, filtered, and evaporated under reduced pressure. The product was
isolated by automated flash chromatography (0-10% MeOH in CH,Cl,) to afford a white
solid (167 mg, 0.11 mmol, 57% yield). '"H NMR (500 MHz, CDs;OD) & 5.40 (s, 1H), 5.10
(s, 1H), 4.89 (s, 1H), 4.82 (s, 1H), 4.28 (m, 1H), 4.06 (m, 1H), 3.91 (m, 4H), 3.75 (m, 2H),
3.69-3.66 (m, 8H), 3.64-3.62 (m, 3H), 3.58 (m, 2H), 3.55 (m, 3H), 3.51 (s, 1H), 3.49 (s,
1H), 3.47 (m, 2H), 3.40-3.36 (m, 6H), 3.29 (m, 1H), 3.22 (m, 1H), 2.60 (t, /= 6.6 Hz, 2H),
2.54 (t,J=6.7 Hz, 2H), 1.96 (m, 1H), 1.47-1.43 (m, 56H). >C NMR (126 MHz, CD;0D)
0 173.43, 173.28, 157.60, 157.48, 157.12, 157.02, 156.79, 156.44, 110.47, 99.25, 97.76,
86.62, 79.82, 79.28, 79.05, 78.90, 78.81, 74.59, 74.11, 73.08, 71.96, 71.40, 71.33, 70.25,
70.22, 70.12, 69.89, 69.73, 69.17, 67.66, 55.53, 52.17, 51.06, 50.37, 50.08, 42.12, 41.27,
40.60, 39.06, 34.39, 31.21, 31.06, 27.60, 27.49, 27.46, 27.44, 27.40, 27.35. HR-ESI-MS
calculated for CgsH;15sN;1029 [M+Na]" 1536.7754, found 1536.7757.

N3-BocGNeo (5.5). To a solution of 5.4 (167 mg, 0.11 mmol) in CH,Cl, (1 mL),
triisopropylsilane (10 puL) and trifluoroacetic acid (1 mL) were added. The reaction was
stirred for 2 h at room temperature then diluted in toluene and evaporated under reduced
pressure. The residue was dissolved in methanol (250 uL) and triethylamine. N,N’-Di-Boc-
1 H-pyrazole-1-carboxamidine (410 mg, 1.32 mmol) was added as a solution in CH,Cl, and
the reaction was stirred for 3 days at room temperature. The reaction was diluted with

CH,Cl;, and washed with saturated NaHCOs. The organic layer was dried over Na;SOy,
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filtered, and evaporated under reduced pressure. The product was isolated by automated
flash chromatography (0—5% MeOH in CH,Cl,) to afford a while solid (161 mg, 0.068
mmol, 62% yield). "H NMR (500 MHz, CD;0D) & 5.91 (d, J = 3.93 Hz, 1H), 5.05 (d, J =
2.01 Hz, 1H), 5.01 (d, J = 1.91 Hz, 1H), 4.59 (m, 1H), 4.38 (m, 1H), 4.26 (m, 3H), 4.15
(m, 1H), 3.98 (m, 2H), 3.91-3.84 (m, 3H), 3.77-3.62 (m, 15H), 3.56-3.45 (m, 7H), 3.38
(m, 6H), 3.26 (m, 2H), 2.58-2.50 (m, 4H), 2.26 (m, 1H), 1.58—1.44 (m, 108H). *C NMR
(126 MHz, CDs;0OD) 6 173.38, 173.29, 173.04, 163.23, 163.19, 162.95, 162.91, 162.86,
162.73, 157.37, 156.61, 156.41, 156.39, 156.07, 153.28, 153.02, 152.75, 152.59, 151.91,
111.84,104.16, 98.20, 95.63, 87.77, 83.39, 83.29, 83.24, 83.22, 83.01, 82.69, 79.15, 79.12,
79.09, 79.07, 78.92, 78.85, 75.64, 75.27, 74.20, 72.81, 72.13, 71.94, 70.50, 70.26, 70.23,
70.13, 69.86, 69.75, 69.67, 69.26, 66.64, 54.10, 51.61, 50.38, 47.99, 42.98, 42.58, 40.22,
39.05, 33.91, 31.20, 27.35, 27.31, 27.27, 27.23, 27.20, 27.17, 27.16, 27.03, 27.00, 26.97,
26.84. HR-ESI-MS calculated for Co;H;75N2304; [M+2H]*" 1184.1231, found 1184.1216.

Norbornene-BocGNeo (5.7). 5.5 (90 mg, 0.038 mmol) and 5.6 (15.2 mg, 0.076
mmol) were dissolved in DMF (1 mL) and purged with argon. Cu(II)SO4-5H,0 (0.0076
mmol) and sodium ascorbate (0.0076 mmol) were added as solutions in water. The
reaction was stirred overnight at room temperature then evaporated under reduced pressure.
The resulting residue was diluted in CH,Cl, and washed with aqueous KCN and EDTA.
The organic layer was dried over Na,SOy, filtered, and evaporated under reduced pressure.
The reaction was isolated by automated flash chromatography (0-5% CH3;OH in CH,Cl,)
to afford the product as a white solid (72mg, 0.028 mmol, 74% yield). 'HNMR (500 MHz,

CD;0D) 8 7.96 (s, 1H), 6.32 (m, 2H), 5.91 (d, J = 3.90 Hz, 1H), 5.04 (d, J = 2.13 Hz, 1H),
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5.02 (d, J=1.92 Hz, 1H), 4.83 (s, 2H), 4.55 (m, 3H), 4.37 (m, 1H), 4.26-4.20 (m, 3H),
3.98 (m, 2H), 3.90-3.85 (m, 6H), 3.72 (m, 4H), 3.59 (m, 9H), 3.52-3.48 (m, 7H), 3.35 (m,
4H), 3.18 (m, 2H), 2.75 (s, 2H), 2.54-2.47 (m, 4H), 2.26 (m, 1H), 1.60—1.45 (m, 110 H).
5C NMR NMR (126 MHz, CD;0D) & 177.71, 173.36, 173.28, 173.03, 163.23, 163.19,
162.95, 162.91, 162.86, 162.72, 157.36, 156.60, 156.40, 156.37, 156.06, 153.28, 153.01,
152.76, 152.74, 152.57, 151.90, 141.89, 137.62, 124.26, 111.85, 98.24, 95.62, 87.82,
83.39, 83.29, 83.25, 83.22, 83.01, 82.69, 79.15, 79.13, 79.09, 79.06, 78.93, 78.84, 75.64,
75.26, 74.22, 72.80, 72.14, 71.94, 70.50, 70.15, 70.09, 70.04, 69.85, 69.66, 69.24, 68.94,
66.62, 54.11, 51.61, 50.36, 50.05, 48.73, 45.08, 42.19, 39.04, 32.94, 31.22, 27.35, 27.31,
27.27,27.24,27.20,27.18, 27.17, 27.03, 27.01, 26.97, 26.84. HR-ESI-MS calculated for
C113H186N24043 [M+2H]* 1284.6626, found 1284.6627.

Synthesis of compounds 5.8 — 5.14 have been previously reported.*°

BODIPY-containing Terminating Agent (5.14). BODIPY-acid (24 mg, 0.09
mmol), EDC (14 mg, 0.09 mmol), and HOBt (1 mg, 0.009 mmol) were dissolved in DMF
(1 mL). 5.11 (12 mg, 0.037 mmol) was added as a solution in DMF (1 mL) and the reaction
was stirred at room temperature under argon overnight. The reaction was concentrated
under reduced pressure. The resulting residue was dissolved in CH,Cl, and washed with
H,O and brine. The organic phase was dried over Na,SQy, filtered, and evaporated under
reduced pressure. The product was isolated by automated column chromatography (0-3%
CH;0H in CH,Cly, 14 mg, 0.017 mmol, 46%). LR-ESI-MS calculated for C44H44B2F4NgO4
[M+Na]" 841.35, found 841.32. '"H NMR (500 MHz, CD;0D) & 7.82 (s, 2H), 7.48 (d, J =

4.25 Hz, 2H), 6.96 (d, J = 8.61 Hz, 2H), 6.81 (d, J = 8.62 Hz, 2H), 6.56 (dd, J = 1.61 Hz,
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4.24 Hz, 2H), 5.82 (t,J = 3.43 Hz, 1H), 4.62 (d, J = 4.01 Hz, 2H), 3.25 (m, 4H), 2.55 (m,
4H).

Br-Terminating Agent (5.16). NaH (0.545 g, 22.7 mmol, 60% in mineral oil) was
added to cis-2-butene-1,4-diol (0.5 g, 5.6 mmol) dissolved in DMF (12 mL). After 10
minutes, 1,6-dibromohexane was added (5.53 g, 22.7 mmol) and the reaction stirred for
1.5h at room temperature. The reaction was quenched with 15 mL H,O and diluted with
75 mL hexane. The organic layer was washed with brine, dried over Na,SO, filtered, and
evaporated under reduced pressure. The product was isolated by automated flash column
chromatography (0-30% EtOAc in hexanes; 743 mg, 1.79 mmol, 32%). LR-ESI-MS
calculated for C;sH3,Br,O, [M+Na]" 435.06, found 435.13. '"H NMR (300 MHz, CDCl;)
3 5.70 (m, 1H), 4.02 (d, J = 3.70, 2H), 3.40 (m, 4H), 1.86 (m, 2H), 1.58 (m, 2H), 1.41 (m,
4H).

N;-Terminating Agent (5.17). NaN; (94 mg, 1.45 mmol) was added to 5.16 (200
mg, 0.48 mmol) dissolved in DMF (2 mL). The reaction was stirred overnight at 40 °C.
The reaction was concentrated under reduced pressure then diluted in hexanes and washed
with H,O and brine. The organic layer was dried over Na;SO,, filtered, and evaporated
under reduced pressure to afford the product with no further purification (160 mg, 0.47
mmol, 98%). LR-ESI-MS calculated for C;sH3NsO, [M+H]" 339.25, found 339.40. 'H
NMR (300 MHz, CDCls) 6 5.73 (t, J = 3.90 Hz, 1H), 4.05 (d, J = 4.61 Hz, 2H), 3.44 (t,J
= 6.48 Hz, 2H), 3.29 (t, J = 6.90 Hz, 2H), 1.63 (m, 4H), 1.41 (m, 4H). >C NMR (126 MHz,

CDs0D) & 129.42, 70.30, 66.51, 51.39, 29.62, 28.79, 26.57, 25.80.
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Boc-hydroxylamine Terminating Agent (5.19). N-Boc-hydroxylamine (257 mg,
1.93 mmol) was dissolved in DMF (2 mL). DBU (294 mg, 1.93 mmol) was added followed
by 5.16 (200 mg, 0.483) as a solution in DMF (2 mL). The reaction was stirred overnight
at room temperature and then concentrated under reduced pressure. The resulting residue
was diluted in CH,Cl, and washed with 1M HCI and brine. The organic layer was dried
over Na,SOy, filtered, and evaporated under reduced pressure. The product was isolated
by automated column chromatography (0—100% EtOAc in hexanes; 105 mg, 0.20 mmol,
42%). LR-ESI-MS calculate for CasHsoN2Os [M+Na]" 541.36, found 541.27. 'H NMR
(500 MHz, CDCls) 6 5.70 (t, J = 3.90 Hz, 1H), 4.02 (d, J = 4.61 Hz, 2H), 3.84 (m, 2H),
3.40 (m, 2H), 1.56 (m, 4H), 1.47 (m, 9H), 1.37 (m, 4H).

Cy3-Terminating Agent (5.20). 5.17 (20 mg, 0.06 mmol) and Cy3-alkyne (64
mg. 0.12 mmol) were dissolved in DMF (1.5 mL) and purged with argon. Cu(I)SO4-5H,0
(0.012 mmol) and sodium ascorbate (0.012 mmol) were added as solutions in water. The
reaction was stirred overnight at room temperature then evaporated under reduced pressure.
The resulting residue was diluted in CH,Cl, and washed with aqueous KCN and EDTA.
The organic layer was dried over Na,SOy, filtered, and evaporated under reduced pressure.
The reaction was isolated by automated flash chromatography (0—20% CH3;OH in CH,Cly;
20 mg, 0.014 mmol, 24%). HR-ESI-MS calculated for C74HgsN;9O2 [M+2H]*" 578.3853,
found 578.3855. 'H NMR (500 MHz, CD;0D) & 8.54 (t, J = 13.45 Hz, 1H), 7.99 (s, 1H),
7.86 (s, 1H), 7.54 (t, J = 6.41 Hz, 2H), 4.44 (m, 3H), 7.38 (m, 1H), 7.32 (m, 2H), 6.49 (m,
2H), 5.61 (m, 1H), 4.39 (t,J=7.01 Hz, 2H), 4.23 (t, /= 7.46 Hz, 2H), 3.99 (d, J =4.09 Hz,

2H), 3.72 (s, 3H), 3.00 (s, 3H), 2.93 (t, J = 7.38 Hz, 2H), 2.87 (s, 2H), 2.25 (m, 2H), 1.90
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(m, 2H), 1.77 (m, 12H), 1.53 (m, 3H), 1.41-1.30 (m, 8H). "*C NMR (126 MHz, CD;0D)
0 175.33,174.40, 163.43, 150.69, 164.14, 142.63, 141.90, 140.70, 128.94, 128.56, 125.43,
125.27,122.34,122.13,121.99, 110.94, 102.73, 102.42, 69.83, 65.99, 53.39, 49.87, 49.23,
49.16, 48.45, 43.18, 35.57, 30.64, 30.26, 29.84, 29.11, 27.79, 26.97, 26.79, 26.43, 25.88,
25.27,22.09.

Synthesis of GNeo Oliogmers (general procedure):

A solution of 5.7 (n equiv) in CH,Cl, was added to a dried round bottom flask under
argon. The ruthenium catalyst (5.21, 1 equiv) in CH,Cl, was added to the monomer
solution and the reaction mixture was stirred for 24 hours. The consumption of monomer
was monitored on TLC (10% CH30H in CH,Cl,, stained with ninhydrin). On completion
of the reaction, the functionalized terminating agent (2 equiv) was added and stirred for an
additional 5 hours before being quenched with excess vinyl ether for 1 h. The solvent was
removed under reduced pressure. The protected oligomers were then redissolved in
CH,Cl, and treated with triisopropylsilane (10 pL) and trifluoroacetic acid (1 mL). The
reaction was stirred for 3 h at room temperature then diluted in toluene and evaporated
under reduced pressure. The GNeo-oligomers were purified by reverse-phase HPLC. The
product containing fractions were collected, lyophilized, and analyzed by 'H NMR.

Fluorescent Streptavidin-Biotin Conjugates
GNeo-oligomers terminated with biotin (2.5 uM in PBS) were incubated with ST-
PE-Cy5 (0.5 uM in PBS) for 20 min at ambient temperature then diluted with F-12 cell

culture medium to give final conjugate solutions.

Cell Culture



175

Wild-type Chinese hamster ovary cells (CHO-K1) were obtained from the
American Type Culture Collection (CCL-61). Cells were cultured at 37 °C under of 5%
CO; in F-12 medium supplemented with fetal bovine serum (10% v/v, Gemini Bio-

Products) and penicillin/streptomycin solution (1% v/v).

Cellular Uptake and Binding Studies

Cells were plated onto 24-well plates (100 000 cells/well) and grown for 24 h to
about 80% confluence. For uptake studies, cells were washed with PBS and incubated
with 300 pL of the corresponding compound for 1 h at 37 °C under an atmosphere of 5%
CO,. Cells were washed twice with PBS, detached with 50 pL of trypsin-EDTA, diluted
with PBS containing 0.1% BSA, and analyzed by FACS. For binding experiments, cells
were treated with 300 pL of the conjugate and incubated for 0.5 h at 4 °C under an
atmosphere of 5% CO,. Cells were washed twice with cold PBS, detached with 100 pL
Versene (EDTA), diluted with PBS containing 0.1% BSA, and analyzed by FACS.
Cellular uptake was quantified by the mean fluorescence intensity; raw data was interpreted

by using FlowJo v8.8.6.
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