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ABSTRACT OF THE THESIS 

  

Cell Penetrating Guanidinoglycosides: 

Design, Synthesis, and Uptake of Multivalent Guanidinylated Neomycin B 

  

by 

Christopher Patrick Houtby Redgate 

Master of Science in Biology 

University of California, San Diego, 2009 

Professor Yitzhak Tor, Chair 

Professor Nigel Crawford, Co-Chair 

  

 Drug discovery and cellular biology research have often been hindered by 

passage of large, charged molecules across the cellular membrane. Cell penetrating 

peptides (CPP) have a unique ability to cross this barrier and facilitate the uptake of 

other large cargo. Many CPP have a clustering of arginines and this observation 

brought about the discovery of the importance of guanidinium in facilitating their 

uptake. Guanidinoneomycin (GNeo) is from a class of membrane ferrying molecules 

called guanidinoglycosides, derivative of native antibiotic aminoglycosides. It has 

been shown to cargo large bioactive cargo (>300 kDa) across the membrane at 

nanomolar concentrations in a heparan sulfate proteoglycan (HSPG) dependant 

manner. 
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  Here, we describe the synthesis of flexible scaffolds that consist of one 

(monomeric) or two (dimeric) GNeo molecules. The dimeric GNeo molecule 

facilitates the uptake of a phycoerythrin-Cy5 conjugate (>300 kDa) with more than 

two-fold efficiency than monomeric GNeo. Also, the dimer shows very high affinity 

for heparin, requiring a high NaCl concentration (2.6 M) for elution from a heparin 

column. The enhanced uptake of dimeric GNeo over monomeric GNeo could help 

further the understanding of GNeo/HSPG interactions. It is also shown that GNeo can 

facilitate the uptake of anionic cargo at very low concentrations, a unique property 

among guanidinium rich transporters.  
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Chapter 1: 

Passing the Cellular Membrane 

 

Trillions of cells comprised of 200 different types constitute the human body.  

The smallest forms of life, they contain within them the instructions and facilities to 

do any of the thousands jobs required daily. Every cell contains the macromolecules of 

the central dogma of biology (DNA, RNA, and proteins) as well as the machinery 

involved in this transfer of information (RNA polymerase for transcription and 

ribosomes for translation). They also contain energy factories (mitochondria), shipping 

and receiving facilities (golgi), and waste disposal centers (lysosome).  

While nearly all cells diversify for specific function(s), each one is 

encapsulated by the phospholipid bilayer. This protective sphere shares opposing 

characteristics: a hydrophilic exterior covering a lipophilic core. In order to interact 

with the cell’s numerous processes, this chemically diverse barrier must first be 

passed. 

Many groups are interested in penetrating the cell’s interior. Researchers want 

to elucidate its complex inner workings, studying everything from nuclear pore 

complexes and DNA repair to protein degradation and exocytosis. Entering the cell is 

also of key importance for therapeutics as the cytosol contains many different targets 

for drugs including peptides, nucleic acids, proteins, and organelles. While 

pharmacological advances have been able to enhance the pharmacokinetics of some 
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drugs, that still does not address the common characteristic of low cytosolic 

availability controlled by their ability to pass the plasma membrane.[1]   

Inefficiency in passing this barrier leads to poor bioavailabity, a key problem 

with the promising anticancer therapeutics vinblastine and taxol as well as nucleoside 

phosphate based antivirals.[2] To combat this low internalization, doctors resort to 

higher and more frequent drug administration that increases the potential for side 

effects. In order for drugs to be more potent and less toxic, there needs to be an 

effective way to pass the cellular membrane.   

 

1.1 Membrane Composition 

The cellular membrane represents a formidable boundary for drugs due to its 

complex physical properties. The classical picture of the membrane is of a static 

phoshoplipid bilayer solely comprised of a negatively charged phosphate groups 

linked to hydrocarbon tails. However, the reality of the bilayer is much more involved. 

Numerous different types of proteins and fatty acids reside inside the membrane in a 

1:1 ratio. This diverse mixture is constantly moving and changing depending on 

signals from the cell or the extracellular matrix.  

While only 7-10 nm thick, the tightly regulated barrier controls the flux of 

substrates involved in everything from cell division to apoptosis. It also plays a role in 

extracellular matrix interactions, presenting antigens to the immune system, internalize 

nutrients, and expelling waste, all with extraordinary precision. In order to regulate 
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and safeguard the intracellular environment, the membrane must hold a tight control 

over trafficking.  

Normally, only small hydrophobic (N2, CO2) or small uncharged polar 

molecules (H20, EtOH) have success diffusing across the membrane. All other cargo 

must go through endogenous transport proteins and/or membrane envelopment. This 

includes membrane transporters that are specific to a ligand or category of ligands. 

They can deliver cargo in a number of ways, including active, passive, receptor 

mediated, and endocytotic transport. While many membrane receptors have been 

identified,[3] they often require recognition of a very specific ligand to initiate 

transport, Also, their distribution is non-uniform and can change depending on cell 

age, location, and activity. For these reasons, the potent antibiotic vancomycin must be 

injected intravenously since it cannot pass through the selective epithelial cell 

membranes of the stomach but can pass readily through blood vessel cell membranes. 

 

1.2 Problems with Current Drug Delivery 

With such strict limitations on membrane passage, it is obvious way so many 

drugs fail at this heavily guarded barrier. Small-molecule drugs have been the 

mainstay of therapeutics because of their ability to passively diffuse across the cell 

membrane if they adhere to the Lipinki Rule of 5 (mainly a <500 Da size and a 

partition coefficient, log P, of  <5).[4] 

Recently, advances in genomic and proteomics have identified several new 

avenues for molecular treatment involving proteins and nucleic acids[5] that can range 
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in molecular weights of thousands to hundreds of thousands and can display chemical 

properties from highly cationic to anionic. While utilizing natural membrane passage 

mechanisms to allow internalization and maintenance of drug bioactivity is ideal, it is 

impossible to redesign every treatment around these strict membrane requirements. To 

advance molecular treatments, drug delivery will need to take advantage of a 

ubiquitous, heavy flow transport mechanism. 

 

1.3 Shuttling Cargo Across the Membrane 
 
Membrane ferrying molecules have started to become a popular area of drug 

conjugation and delivery research, and a few of their internalization mechanisms are 

illustrated in Figure 1.1. This method involves complexing, packaging, or tethering the 

drug to a ferry molecule that has a native ability to cross the membrane. 

One of the most obvious extensions of this idea is to conjugate the cargo to a 

ligand that targets and internalizes via a membrane protein receptor.[6] Many different 

ligands have been used to target their receptors, including transferrin,[7] calcitonin,[8] 

and epidermal growth factor receptors.[9] However, problems of endosomal trapping, 

lysosomal degradation, and limits on the size of the ferried cargo are associated with 

receptor conjugation.[10] 

First theorized in 1964,[11] liposomes have also been investigated as cargo 

delivery vehicles over the past 20 years. Existing as artificial membranes from 50-

1000nm in size, they encapsulate water soluble cargo[12],[13] and deliver it to cells via 

phagocytosis. While completely biocompatible and able to protect the drugs from  
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Figure 1.1. Different Uptake Routes for Membrane Shuttling Molecules 

(Adapted from Varga et al.[6]) 
 

degradation, these liposomes are cleared from the blood stream quickly and are often 

sequestered by lysosomes following endocytosis.[14]  

Micelles are a similar type of cargo ferry around 30nm in size that can give aid 

to more hydrophobic drugs.[15] Phospholipids surround the cargo in a monolayer, and 

are able to passively diffuse and deliver their cargo. Interestingly, it has been shown 

that they are able to target areas of the “leaky vasculature” around tumors[16] with 

anticancer drugs like adriamycin.[17] Still, like liposomes, they suffer from a low in 

vivo half-life. 

It has been known for almost 50 years that polycationic proteins are able to 

enter cells.[18] Recently, this idea has been used to create polycationic polymers. They 

affectively facilitate the uptake of proteins greater than 65 kDa (through direct 
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conjugation)[19] and DNA of 14kDa (through complexation).[20] While the process of 

cation-facilitated uptake remains unclear, when they are complexed with negatively 

charged molecules like DNA, receptor mediated endocytosis has been shown as a 

likely uptake pathway.[21] The complexed cargo is then released through endosome 

swelling and eventual bursting due to increased acidification by the cations 

themselves.[22] While there is therapeutic potential for cationic polymers, the 

complexed DNA’s susceptibility to cytosolic degradation must first be addressed 

 

1.4 Cell Penetrating Peptides 

Another advance in the field of intracellular trafficking happened in the 1980s 

with the discovery of cell penetrating peptides (CPP). These peptides are short 

sequences of 10-30 amino acids that exhibit enhanced cellular uptake with several 

deriving from truncated protein transduction domains (PTD).  

CPP were first termed following the study of Drosophila Antennapedia 

neuronal cells,[23] where a 16-mer peptide abduct from the third helix of the 

homeodomain was shown to successfully enter cells.[24] After the discovery of 

penetratin, many more CPP have been identified and characterized. They have been 

used to carry everything from large proteins (b-galactosidase,[25] Biotin-avidin,[26] and 

GFP[27]), to oligonucleotides[28] and nanoparticles.[29],[30] Some examples are given 

below. 

VP22 Viral protein (HSV-1) is a CPP derived from the tegument of the herpes 

simplex virus and has been shown to deliver large proteins into cells. This PTD was 
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found to travel so efficiently from cell to cell that only a small population of infected 

cells could cause the cargo proliferation across the entire culture within 1 day, where 

they had high accumulation in the nucleus.[31] 

There is also a group of chimeric CPP that are a mix of two or more peptide 

segments and have interesting uptake properties. Transportan is a mix of the peptides 

galanin and mastoparan (a neuropeptide and venom peptide, respectively). It has been 

shown to enter cells with relative ease[32] and deliver peptide nucleic acids (PNA),[33] a 

peptide based DNA homolog. Another is the amphipathic peptide Pep-1 that is 

composed of 3 main domains: a hydrophobic region, a lysine rich hydrophilic region, 

and a nuclear localization sequence (KKKRKV).[34] This peptide has the unique ability 

to complex with its deliverable cargo first by electrostatic initiation and then peptide 

‘cage’ formation.[35] Pep-1 has been used to successfully introduce proteins,[36] siRNA 

and quantum dots.[37],[38] 

HIV-1 transactivating (Tat) protein has been extensively studied and used as a 

successful carrier for many different types of cargo. It was while studying Tat in 1988 

that 2 labs working independently first observed the protein could successful 

translocate across the membrane and activate genes in the nucleus involved in HIV-1 

proliferation.[39],[40] In 1998 the Lebleu group found the minimal Tat sequence 

(PGRKKRRQRRPPQ, AA 48-60) needed for cellular uptake.[41] Emblematic of the 

great delivery power of Tat is shown with its ability to pass the most selective 

membrane in the human body: the blood-brain barrier.[25] 
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1.5 Lessons from Tat: Guanidinium Rich Transporters 

Tat48-60 represents another group of CPP that are the highly basic peptides rich 

in arginine residues. A high density of arginines have been found in the genome of 

several viruses like HIV-1 Rev (TRQARRNRRRRWRERQR), flock house virus 

(RRRRNRTRRNRRRVR), brome mosaic virus (KMTRAQRRAAA RRNRW 

TAR), and human T-cell lymphotrophic virus (TRRQRTRRARRNR) proteins. 

Subsequently, all of these segments have also shown cell penetrating ability. Further 

proving the importance that arginine plays in internalization, studies of native Tat48-60 

L- and innatural D-stereoisomers have shown no difference in uptake while scaffolds 

containing poly-arginine8 have shown 20-fold enhanced uptake compared to  

L-Tat48-60.
[42]

 The number of basic groups is also important, as polymeric 

proteins Arg8 and Arg16 were sufficient for uptake while Arg4 was not.[43] And, most 

telling about the functional group’s importance, Lys9 was shown to exhibit much less 

uptake compared to Arg9, showing that basicity alone cannot explain 

internalization.[44] 

Realizing that internalization is dependant on the characteristics specific to 

arginines, and not entirely on their scaffolds, many groups have started to use the 

amino acid’s functional group (guanidine) to enhance uptake. Guanidinium is planar, 

basic in a wide pH range, and participates in bidente hydrogen bonding. It is thought 

that the ability to form hydrogen bonds at the cell surface (with sulfate, phosphates, 

and carboxylates) is important for internalization.[45] Further implicating hydrogen 
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bonding, internalization is greatly diminished when the nitrogens are methylated, 

maintaining the positive charge but eliminating the potential for H-bonding.[46] 

An analysis of guanidinium scaffolds and associated uptake has shown that 

guanidine group branching and flexibility can also affect uptake. Futaki and associates 

have shown that placing 2 adjacent arginines on 4 branched chains shows better 

uptake when compared to 4 and 8 singly branched arginines, showing that spacing and 

number of arginine groups influences uptake.[47] The spacing of linkers in 

oligoguanidium dendrimers also influences the time needed for cellular 

internalization.[48] The emergence of guanidinium rich transports (GRT) has shown 

that a great diversity of scaffolds amended with guanidines can exhibit efficient 

cellular uptake.  

The mechanism for arginine and guanidinium mediated uptake remains 

controversial. While the idea that internalization is energy independent[49] has been 

disproven for some time,[50] different groups have theorized caveolae and clatherin 

mediated endocytosis, micropinocytosis, and adaptive translocation as possible routes. 

Uptake also seems to be effected by many variables including temperature, solution, 

cargo size and charge, and linker characteristics. From this evidence, it is likely that 

there are multiple uptake mechanisms involved.[51] Still, it is generally accepted that 

one of the first steps in the uptake process is the association of the positive 

guanidinium groups with negatively charged functional groups of the membrane. 

Indeed, guanidinium groups are observed to associate stronger with negative charges 

as they near the local polarity of the membrane.[52] These negative ‘ligands’ include 
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phospholipid head groups, transmembrane proteins, and the glycosaminoglycan 

(GAG) chains of proteoglycans. 

Focusing on the importance of GAG chains, highly sulfated heparan sulfate 

proteoglycans (HSPG) have proposed as a large contributor to the initial association of 

the membrane with many viruses[53] including Tat.[54],[55] After clustering of HSPG and 

other proteoglycans, there is restructuring of the cytoskeleton network by activation of 

protein kinase C and Rho/Rac GTPases[56] that leads to cell membrane internalization. 

It is believed Tat and other GRT cause this proteoglycan aggregation, leading to their 

uptake. 

The study of CPP and GRT represent promising fields to bypass the cellular 

membrane and internalize their cargo. By looking at the different properties of 

successful delivery vehicles along with the characteristics needed for in vivo 

application, it seems there are several ideal qualities of a delivery agent. First, it 

should be a relatively small molecule (<5 kDa) that can internalize large cargo  

(100s kDa). It must internalize at the low to mid nM concentrations of other successful 

therapeutics. It should have low cellular toxicity. It should have few sites available for 

conjugation to assure consistency of drug concentration. And it should have a small 

number of internalization pathways to help aid clinicians understand possible 

problems during patient trials.  

A field that has been developing over the past 10 years, guanidinoglycosides 

exhibit promising RNA binding properties (these are aminoglycosides functionalized 

with guanidinium groups). More curiously, they have also been shown to have cell 
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penetrating properties. The next chapter focuses on the studies that have been 

performed on the guanidinoglycoside derived from Neomycin B
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Chapter 2: 

Design of Multivalent Guanidino-Neomycin B 

 

2.1  Neomycin B 

 The aminoglycosides family is comprised of cationic polyamines that have 

been seen to bind many different RNA structures.[57-60] However, this binding is often 

promiscuous across many different types of RNA. In order to increase specificity, Dr. 

Yitzhak Tor and associates converted the amines into guanidinium    

groups,[61, 62] synthesis simplified by guanidinylating reagents created by Goodman et 

al. These new molecules, termed guanidinoglycosides, exhibited anti HIV-1 activity [63] 

and greatly enhanced cellular uptake compared to native aminoglycosides.[64] 

 Guanidinylated Neomycin B, displaying six guanidinium groups- the most of 

any guanidinoglycoside, was observed to facilitate the uptake of large proteins that 

retained their biological activity inside of the cell.[65] While the route of internalization 

remains unclear, heparan sulfate proteoglycans are essential for maximal translocation 

across the membrane. In order to exploit this interaction, we designed a linker upon 

which 2 Guanidino-Neomycins are attached with long and flexible linkers. Their 

design and synthesis is described below. 

 

2.2 Neomycin Scaffold: Chemistry  

Aside from having an ideal guanidinium configuration to facilitate heperan 
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sulfate dependant uptake, neomycin is available for selective and straightforward 

chemistry. This is partly due to the 1º hydroxy group on the 5’’ ribose core as it is the 

only primary hydroxy on the molecule. After Boc protection of the six 1º amines, most 

of the 2º hydroxys become less reactive due to their crowded surroundings and 

inherent low flexibility. However, the 1º OH is rather far from these bulky protecting 

groups and also has more flexibility due to the one additional methylene group 

separating it from the ribose. 

Once the amines reactivity has been reduced by the Boc groups, this hydroxy 

group can itself change into a more reactive, unprotected amine (see Appendix A). 

This amine can form amide bonds with countless cargo that have been derivatized 

with a carboxylic acid. The Tor group has used this amine (or chemically comparable 

sulfur) to conjugate and internalize large proteins and fluorophores. It can also be 

linked to other scaffolds for further diversification. 

 

2.3  Multivalent Guanidinylated Neomycin Design  

To study multivalency of GNeo, a systematic approach needed to utility 

needed to be used as much as possible. To do this, there could only be one biotin 

available for binding on both linkers, which themselves would need to be analogous in 

nature. Also, the cargo conjugation would need to be very selective and fairly 

resistant.  

When looking at cargo, it was essential for it to fluoresce so it could be 

detected using flow cytometery. It could not be damaged by the strongly acidic 
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conditions needed for Boc-deprotection of our guanidinium group, however 

(Appendix A). Since this would limit our available of fluorophores, we decided to 

attach the small and stable biotin molecule that could later be conjugated to the 

fluorescent labeled streptavidin. 

The Biotin system has been used on practically every type of biological 

scaffold (nucleic acids, antibodies, peptides, molecules, polysaccharides, et cetra) as it 

has many characteristics ideal for conjugation. Not only is biotin a very small 

molecule (244.31 Da), but Streptavidin binds the vitamin with a affinity constant 

~1015 and is considered irreversible.[66],[67] This high association also ensures that no 

other ligand can compete with their binding. Both are very adaptable to modifications 

and derivativization, and the 4 binding sites available on streptavidin are very useful 

for certain applications (however, as discussed later, this property was problematic to 

primary studies on multivalency). Also, the conjugation to a Streptavidin linked 

Phycoerythrin-Cy5 (PE-Cy5), with a molecular weight of ~300 kDa, would show us 

that our GNeo molecules could effectively facilitate the uptake of large proteins with 

retention of biological activity. 

(a)  Linker Composition: PEG  

To link GNeo to biotin, a tether was needed to allow for the much flexibility 

since we would be connecting two large, highly charged entities together and with 

more flexibility comes the greater the chance that these two GNeo would be able to 

attach to the cell surface. Since this molecule is to be applied in biological systems, it 

would have to be soluble in water. With those standards, a polyethylene glycol (PEG) 
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liker was a perfect match. They have been used for many biological applications 

because of their high aqueous solubility due to their electron donating, monopolar 

nature,[68] and have recently been used to help complex cargo with the CPP Pep-1.[37] 

While linker design does not always play a huge role in interpreting results, in 

the delivery of guanidinium rich transporters the linker plays an important role in 

uptake. Working on guanidinylated lactose derivatives (a sugar scaffold with 8 

guanidinium groups), Chung and associates have shown that linker length and, more 

importantly, linker hydrophobicity[69] seem to effect cellular uptake. Interestingly, it 

also seems to play an important part on intracellular trafficking.[70],[71] 

Linker diversity could provide an intriguing new area of research for directed 

therapeutics but further studies must be done to asses just how much the chemical 

characteristics of our linkers can increase internalization and localization for 

guanidinoglycosides. 

(b)   Multivalancy 

Multivalency is especially important when working with low-affinity ligands. 

Just as it is key for the trafficking molecule to bind to receptors, it is equally important 

to detach from them to allow release their cargo. One important aspect of multivalency 

is addressing this problem by attaching to several low affinity receptors so that their 

individual conjugation is reversible but the sum all of the interactions allow the traffic 

molecule to remain attached long enough for internalization. 

Polyvalent interactions with the cell surface have been shown to be important 

in many cellular functions including intercellular communication and antibody-antigen 
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recognition.[72],[73] Also, it seems that cellular uptake could be influenced by 

interaction with two or more different receptors, as is seen with many different types 

of viruses (i.e. influenza virus) 

Recently, it has been shown that CPP on polyvalent scaffold can greatly 

enhance cellular uptake. Gariépy et al attached decaarginine and HIV Tat48-59 peptide 

to a tetrameric scaffold and saw 10 to 100 fold increase in uptake compared to their 

monomeric homologs.[74]  

While the affinity of GNeo for heparan sulfate is unclear, conjugating two 

cellular carriers to cargo should help internalization even they bind with high affinity. 

With more research, multivalency could also be used transform uptake molecules from 

poor to good, or even from great in vitro results to actual clinical trials. 

(c)  Biorthagonal Chemistry 

In this set of experiments, there are 3 clear components of the synthetic 

scheme: the biotin functionality, the PEG linker, and the all-important 

guanidinoglycoside. However, there are numerous ways how they all could be 

attached together.  

Chemically, the desired components of the conjugation reaction are 

regioselective reactivity of a high synthetic yield and introduction of an acid 

insensitive functionality. Biologically, it needs to produce chemical bounds that are 

somewhat analogous to those in nature, it needs to be water soluble and resistant to 

cellular degradation. After some research, triazole producing ‘Click’ chemistry is an 

ideal fit for this conjugation.  



 

At the heart of the ‘Click’ reaction is the 

based species. While the reaction of a terminal alkyne and azide to a 

been known for more than a century (termed the

the reaction proceeded slowly

reaction got huge boost in 2002 when the Sharpless

independently reported that the use of Cu(I) salts at room temperature accelerated the 

reaction up to 10 million fold  and was selective for the 1,4

these attributes, the Cu(I) catalyzed Huisgen cycloaddition has been 

of “click chemistry.”[78]

The triazole produced from this ‘click’ reaction has many attributes amiable to 

synthetic chemistry conditions, mainly due

and oxidative condition. 

biological utilization.[79]

characteristics to the amide 

biology, and so has been used

Figure 2.1. Comparison between 

At the heart of the ‘Click’ reaction is the conjugation of a carbon to a nitrogen 

While the reaction of a terminal alkyne and azide to a 1,2,3

been known for more than a century (termed the Huisgen 1,3-dipolarcycloaddition)

the reaction proceeded slowly and produced multiple products.  The cycloaddtion 

reaction got huge boost in 2002 when the Sharpless[76] and Meldal[77] groups 

independently reported that the use of Cu(I) salts at room temperature accelerated the 

reaction up to 10 million fold  and was selective for the 1,4-regioisomer. Because of 

these attributes, the Cu(I) catalyzed Huisgen cycloaddition has been designated

[78] 

The triazole produced from this ‘click’ reaction has many attributes amiable to 

synthetic chemistry conditions, mainly due to its stability in basic, acidic

and oxidative condition. Its water solubility and resistance to biodegradation aids in its 

[79],[80] Also, it has been shown to have many similar chemical 

characteristics to the amide bond,[81] the quintessential coupling mechanism of 

biology, and so has been used experimentally as a peptide surrogate.[82] 

Comparison between the amide and triazole functionalities
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s stability in basic, acidic, reductive 

ts water solubility and resistance to biodegradation aids in its 

Also, it has been shown to have many similar chemical 

the quintessential coupling mechanism of 
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The triazole ‘click’ ligation was an ideal fit for our chemical and biological 

needs. Using our PEG linkers, there were relatively easy synthetic strategies already 

established for linkers functionalized with either one (monomeric) or two (dimeric) 

azides (see Appendix A). With only one free amine, an alkyne was installed with a 

peptide coupling reaction between the guanidinoglycoside and hexynoic acid. The 6 

carbon-long alkyne linker was chosen to avoid any adverse interaction between the 

largely hydrophobic, Boc protected guanidinoglycoside and polar Cu(I) needed for the 

reaction. 

Future synthetic approaches might even allow us to expand our ‘clickable’ 

cargo. Recently, M. G. Finn has shown that free guanidinium groups on polyarginine 

peptides do not disrupt the click reaction.[83] By installing clickable substrates on our 

GNeo precursor molecules, the diversity of guanidinoneomycin conjugation is 

limitless. 

Following this rational, we came up with the design of 2 derivatized 

guanidinylated Neomycin B to probe the idea of multivalency. Their synthesis is 

described in the following section.

 

 

 

 

 

 



 

Synthesis of 

3.1 Boc12guanidino6 

 

Figure 3.1. Synthesis of 
Hexynoic acid, EDCI, DIEA, CH
N’’trifylguanidine, NEt3
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Chapter 3: 

Synthesis of Multivalent Guanidinylated Neomycin B

 

6 -5"-hexynoic-5’’-deoxyneomycin B 

Synthesis of Boc12guanidino6 -5"-hexynoic-5’’-deoxyneomycin B
, DIEA, CH2Cl2; (b) TIPS, TFA, CH2Cl2 ; (c) N,N’

3, MeOH, CH2Cl2

Neomycin B 

 

deoxyneomycin B (3): (a) 
N,N’-di-Boc-



 

3.2 Biotinylated Polyethylene

(a)  Monomeric Linker

Figure 3.2. Synthesis of 
PPh3, Et2O/THF/HCl (5:1:5)
 
 
(b)  Dimeric Linker 

Figure 3.3. Synthesis of 
ClCH2CH2OCH2CH2OCH
TIPS, TFA/CHCl3 (1:1)
 

 

 

Polyethylene Glycol Linkers 

inker 

Synthesis of Biotin-polyethyleneglycol3-azide (7): (a) NaN3
O/THF/HCl (5:1:5); (c) DIEA, DMF; 

 

Synthesis of Biotin-dipolyethyleneglycol3-azide (12): (a) Boc
OCH2CH2Cl, nBu4NHSO4, NaOH, H2O; (c) NaN3, TMF

(1:1); (e) DIEA, DMF; 
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3, DMF; (b) 

 

Boc2O, THF; (b) 
, TMF; (d) 



 

3.3 Conjugation 

Figure 3.4. Synthesis of 
deoxyneomycin B (13): (a) 
 
 

Synthesis of Biotin-polyethyleneglycol3-1,2,3 triazole-guanidino
(13): (a) Cs2CO3, CuI, CH3CN; (b) TIPS, TFA, CH2Cl
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guanidino6-5’’-
Cl2; 



 

Figure 3.5. Synthesis of 
deoxyneomycin B (14): 
 

Synthesis of Biotin-dipolyethyleneglycol3-1,2,3 triazole-guanidino
): (a) Cs2CO3, CuI, CH3CN; (b) TIPS, TFA, CH2Cl
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guanidino6-5’’-
Cl2; 
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Chapter 4: 

Uptake of Multivalent Guanidinylated Neomycin B 

 

4.1  Investigating Multivalency  

To first draw comparisons between the monomeric and dimeric GNeo linkers, 

it was necessary to set up standard conditions to best observe their possible differences 

in cellular uptake. There are several key steps involved in fluorescent activated cell 

sorting (FACS) studies as well as steps involved in the biotin-streptavidin PE-Cy5 

system.  

The experimental order starts with conjugating the GNeo-Biotin compounds to 

the streptavidin dye. There were concerns that the solution used for this conjugation 

could affect the results. While the cells must be incubated with warm media during the 

uptake experiment, this conjugation is done before incubation and so could be 

preformed in numerous types of solutions. Ideas were discussed about the elements of 

the media that could poorly affect uptake (i.e. proteases could degrade streptavidin, 

heparin present in the media could interact with GNeo for a longer period of time and 

inhibit cellular uptake, glucose might affect the biotin-streptavidin complex). To 

assure solution neutrality, standard phosphate buffered saline (PBS pH 7.4), a close 

mimic of osmolarity and ion concentrations in the human body, was chosen as a 

simple buffer along with complex media to observe differences. 

Even though the biotin-streptavidin association is very high, the time of this 

conjugation was tested to ensure association was indeed complete before cellular 
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incubation. Three different time periods were tests: 1hr, 3hrs, and 18hrs (prior tests 

have conjugation lasting for 30 minutes, which was deemed close enough in time to be 

compared to the 1 hour time point). 

The last standard investigated were the ratios of biotin to streptavidin. 

Concerns had been expressed about an implemented protocol that called for a ratio of 

streptavidin to biotin of 1400:1. As this pair exists with such a strong affinity, it was 

doubtful that the ratio needed to be so high to see successful uptake. As well as a 

waste of product, this also means that 99.7% of the GNeo added to the system was 

unconjugated and could be acting as a huge competitor for cellular binding. With such 

serious implications, it was crucial to investigate and optimize this ratio. The results 

studying the effect of conjugation time yielded very different results based on solution. 

Monomeric GNeo-Biotin: Streptavidin ratios incubated in media show a very low 

level of uptake that does not change significantly at higher ratios (dotted lines in 

Figure 4.1 and Figure 4.2). The dimeric compound in media shows similar results 

except with a very slight increased level of uptake at ratio 100 (data not shown). More 

importantly, whether a 1hr, 3hr, or 18hr time period of conjugation was used does not 

seem to affect uptake dramatically.  

However, when conjugated in PBS, the uptake is much different depending on 

ratio and conjugation time (Figure 4.1. A-C and Figure 4.2. A-C).  Monomeric GNeo 

shows a high level of uptake at ratio 40 and slightly less at ratio 100, and exhibits 

much higher uptake at conjugation for 1hr than either 3 or 18hrs (Figure 4.1D). 

Dimeric GNeo shows uptake levels less than the monomeric GNeo, but it does not  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Differences of Monomeric GNeo
conjugation times: a) 1 hour; b) 3 hours; c) 18hours; d) Graph of Ratio to Mean 
Fluorescence. (Only 
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Differences of Monomeric GNeo-Biotin Uptake using PBS at different 
conjugation times: a) 1 hour; b) 3 hours; c) 18hours; d) Graph of Ratio to Mean 

(Only cells; GNeo-Biotin:Streptavidin is 10:1, 20:1, 40:1

b) 

d) 
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Biotin Uptake using PBS at different 
conjugation times: a) 1 hour; b) 3 hours; c) 18hours; d) Graph of Ratio to Mean 

40:1, 100:1) 
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Figure 4.2. Differences of Dimeric GNeo-Biotin Uptake using PBS at different 
conjugation times: a) 1 hour; b) 3 hours; c) 18hours; d) Graph of Ratio to Mean 
Fluorescence. (Only cells; GNeo-Biotin:Streptavidin is 10:1, 20:1, 40:1, 100:1) 
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seem to reach a saturation point like the monomer (Figure 4.2.D). It also shows 

highest fluorescence levels 1hr after conjugation. 

Since conjugation in media show such low levels of uptake at these ratios 

while PBS does not, it is important to cite the differences between the solutions used. 

The complex media used is a heterogeneous mix of amino acids, vitamins, salts, and 

sugars. Added to this is 10% Fetal Bovine Serum, further diversifying the solution by 

adding in, among others, blood components. With such a complex solution, it is 

understandable that the streptavidin protein is less stable due to several proteases and 

diverse media conditions. This would explain the decreased level of uptake at higher 

conjugation times, since biotin would not bind to a degraded or denatured strepavidin, 

and thus no method of detection would accompany GNeo inside of the cell. This is 

contrasted with Dulbeco’s Phosphate Buffered Saline (DPBS). This is composed of 

several chloride salts and mono/di-basic phosphate salts. This much simpler solution 

could help with the stability of streptavidin, making sure it is able to conjugate with 

biotin and enter the cell. From these results, it can be seen that buffered simple 

solutions and a conjugation time of 1hr are the best conditions for this study. 

It is clear that better uptake is observed for both monomeric and dimeric GNeo 

using a conjugation solution that is simpler and for shorter amounts of time (Figures 

4.3.-4.6.). But before this could be used, the Streptavidin-GNeo ratio needed to be 

addressed. 

 The ratio of GNeo-Biotin to streptavidin has large effects on uptake levels. As 

stated before, Biotin and streptavidin have one of the highest associations constants 
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known in biology. With four available binding sites for biotin, it would seem that after 

above a ratio of 4 GNeo-Biotin to streptavidin, all other GNeo molecules would exist 

as a competator for cellular binding. However, higher uptake was seen past ratios well 

above 4, at ratios of 20 and even 100. 

Monomeric and dimeric GNeo both show high levels of uptake between ratios  

of 20 to 40 (while the monomeric’s highest level about twice that of the dimeric, 

Figure 4.5). However, it appears that the monomer suffers reduced uptake with ratios 

>40, while the dimer shows gradual but increasing uptake with higher ratios (Figure 

5.6). It must be stated, though, that this experiment was never reproduced and so the 

mean uptake could differ enough to make any difference between the monomer and 

dimer at high levels insignificant. 

One crucial factor that cannot be overlooked is the huge excess of GNeo. With 

this huge excess compeiting for cellular receptors, it is hard to gain any real sense of 

true cellular uptake as we are only monitoring a fraction of GNeo internalization. New 

methods are needed to remove this excess GNeo. 

 

(a) Monovalent and divalent GNeo exhibit significant cellular uptake at nM 

concentrations 

To assure a consistent streptavidin to biotin ratio, a new protocol was needed 

to separate exces GNeo-Biotin from streptavidin bound GNeo-Biotin. A spin column 

was used with a retention size of 10 kDa (larger than our ~1.4 kDa monomeric Gneo, 

 



 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. Monomeric
conjugated to streptavidin in PBS for 1 hour

(Only cells; GNeo

Figure 4.4. 

 

Mean Fluorescence

a) 

 
Monomeric (a) and Dimeric (b) GNeo-streptavidin PE

conjugated to streptavidin in PBS for 1 hour 
; GNeo-Biotin:Streptavidin is 10:1, 20:1, 40:1, 100:1
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Figure 4.5. Monomeric and Dimerc GNeo-streptavidin PE-Cy5 

conjugated in Media for 1 hour 
(Only cells; GNeo-Biotin:Streptavidin is 10:1, 20:1, 40:1, 100:1) 

 
Figure 4.6. Differences of Monomeric GNeo-streptavidin PE-Cy5 

Uptake using PBS or Media 
 

 

Mean Fluorescence Mean Fluorescence 

b)  a) 
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but much smaller than our ~55 kDa Streptavidin conjugate) .The samples were added 

in a 10:1 ratio of GNeo-Biotin to Streptavidin to assure complete conjugation at all 4 

available binding sites on streptavidin. Since concerns were raised about the 

possibility of the negative phosphates in PBS interacting with the basic guanidinium 

groups (thought to interact with analogous sulfate groups on HSPGs), the conjugation 

solution was changes to HEPES buffer (a Good buffer of pH ~7.5).  

 Looking in the low 2-200 nM range, monomeric and dimeric GNeo display 

remarkable cellular uptake (Figures 4.7. & 4.8.). They show high fluorescence at the 

200nM range, with the dimeric GNeo barely fitting on the scale. The mean 

fluorescence is better shown in Figure 5.14 where is shows that at concentrations 

above 50nM, dimeric GNeo works 2-fold or better than monomeric GNeo. It is 

interesting that the monomer seems to internalize slightly better than the dimer at low 

concentrations (below 50nM). 

 Along with wildtype CHO cells, pgsA cells were also tested. These cells have 

been genetically engineered to have a great glycosaminoglycan reduction (lacking the 

xylosyltransferase: XTII),[84] and can help elucidate the role of proteoglycans in 

cellular uptake of GNeo. As previously seen,[65] uptake is not exclusively dependant 

on proteoglycans (PG) for both monomeric and dimeric GNeo since fluorescence is 

detected PG deficient cells (Figures 4.9. &4.10.). Since no significant difference in 

levels of uptake on PG- cells between the two molecules was observed, it is clear that 

both derivatives rely heavily on PG for cellular trafficking. 

 There are two very interesting observations from the monomeric and dimeric 
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GNeo uptake studies. The first is that they both seem to have similar uptake until they 

reach concentrations above 100 nM. Then the difference makes a drastic jump and 

continues to grow at a faster pace than <100 nM. The other is the difference between 

the derivatives continues to grow, with dimeric GNeo having 2.25 times more 

fluorescence than monomeric at 100 nM, and 2.75 times more at 200 nM. Solely 

looking at the number of GNeo, one would expect to see twice as much uptake for the 

dimer when compared to the dimer, but this is obviously not true. 

 One explanation of this could be that the dimeric GNeo contributes to HSPG 

clustering more rapidly than does the monomer. Syndecans of the HSPG family have a 

transmembrane tail that sticks into the cytoplasm. Previous research suggests that this 

tail binds to ligands inside of the cell such as proteins, molecules, and the 

cytoskeleton. Since the dimer is flexible and long, it is possible that it could interact 

with 2+ different HS syndecans and cause them to move close to each other. As their 

concentration becomes denser, they can activate intracellular signaling, possibly 

causing a focal adhesion. This signal could then cause restructuring of the actin 

network and induce micropinocytosis.  While a preliminary theory, this would help 

explain the shift in uptake at 50nM, which is more pronounced with the dimer than the 

monomer. In any case, dimeric GNeo is a potent cellular internalization vehicle that 

has potential in cytosolic delivery. 

One important issue to comment on about these studies is the concentration on 

fluorpohore (PE-Cy5) used. In our preliminary studies, increasing the µM of 

compound often leads to increased fluorescence of our cells. This can be helpful in 
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looking for a minimal or maximal amount of internalization of our compound 

(monomeric or dimeric GNeo). However, more studies should be done to understand 

how to compare the two molecules and their associated uptake. If one molecule works 

better at a given concentration, it is difficult to say if this due to internalized dye or 

merely dye present in the solution after trypsinization. Further derivitization (i.e. 

attaching a fluorophore directly to monomeric or dimeric GNeo) could help solve this 

problem. 

In order to compare their relative affinity for the GAG chain, heparin (a fully 

sulfated analog of heparan) that immobilized on a column was used. Our compounds 

were added  and then eluted off the column with cationic exchange, using NaCl. The 

monomer required a high amount of NaCl at 1.6 M (Figure 4.11A), but the dimeric 

greatly exceeded this amount with a average of 2.4M needed (Figure 4.11.B). Since 

average proteins are eluted off the column in the 1.0-1.5 M NaCl range, the monomer 

and dimer both exhibit very strong affinity for heparin.  

Our results indicate that both monomeric and dimeric GNeo exhibit very high 

levels of cellular uptake in a HSPG specific manner. While more tests will need to be 

done to show their potential for cytosolic delivery of cargo, they have great potential 

to help elucidate the exact mechanism of cellular uptake for guanidinoglycosides. 

Chapter 4, in part, is currently being prepared for submission for publication of 

the material. Dix, Andrew; Redgate, Christopher; Sarrazin, Stéphane; Esko, Jeff;  Tor, 

Yitzhak. The thesis author was a co-investigator and author of this material. 
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Figure 4.11. Heparin affinity for (a) monomeric and (b) dimeric GNeo 
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Chapter 5: 

Uptake of siRNA••••Guanidino-Neomycin Complex 

 

5.1 siRNA as Possible Therapeutic 

Since the 1998 finding that short interfering RNA (siRNA) fragments in 

C.elegans were involved in gene regulation to control protein synthesis,[85] it has 

spurred a promising avenue for therapeutics. Discovery of siRNA use in humans 

solidified the idea of using this pathway to control mRNA and protein expression in 

vitro. 

The native process involving siRNA starts when double stranded RNA of ~22 

base pairs are exported from the nucleus where they are subsequently incorporated 

into the RNA induced silencing complex (RISC).[86],[87] The strands are separated, 

leaving the guide strand in the complex to bind to complementary sequences of 

mRNA. Then, Argonaute 2 of RISC cleaves the complementary mRNA molecules[88] 

and repeats this slicing several times during its lifetime, effectively down regulating 

expression of the associated protein. A key experiment showed that exogenous RNA 

could be introduced though Dicer processing into the RISC process,[89] finally 

validating the idea of interference RNA (RNAi) based therapeutics. One limitation 

that has stifled this field’s growth, however, is that naked siRNA cannot successfully 

enter cells, even at very high concentrations.[90] 

Initial attempts have been made to introduce siRNA by covalently linkage or 

encapsulation by cellular delivery agents with some success. Cellular delivery agents 
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like the CPPs  penetratin [91] and transportan,[92] nanoparticles,[93] and liposomes[94, 95] 

have all shown some capacity to delivery functional siRNA into living cells. However, 

siRNA covalent linkage has proven problematic for some highly basic carriers.[96] This 

is thought to be due to the interaction and sequestering of the positive charges of the 

carriers (~8 charges) by the more abundant negative phosphodiester backbone of the 

siRNA (~40 charges).[97] 

In light of this, siRNA packaging with basic carriers could prove useful. The 

idea of complexing the genetic material with the carriers seems very natural as the 

basic charges have already been theorized to bind with the siRNA. In deed, 

noncovalent complexing as been shown as an efficient mean of delivery with cationic 

polymers[98] and dendrimers.[99]  

Guanidinoglycosides exhibit perfect qualities for RNA complexing and 

delivery. Their parent molecules, aminoglycosides, have been known to bind 

polyanionic RNA molecules through their basic ammonium groups.[100],[101] This 

interaction is selective for RNA over DNA,[102] but promiscuous among diverse RNA 

structures. This electrostatic interaction is further enhanced with the change of the 

ammoniums to guanidiniums,[103] which are more basic, planar, and exhibit bidentate 

hydrogen bonding. These same groups are thought to interact with heparan sulfate 

proteoglycans on the cell membrane and mediate cellular uptake at low nM 

concentrations.[65] It is quite logical that, at the correct ratio, guanidinoneomysins 

should be able to bind and deliver siRNA to the cytoplasm. 

 



 

5.2 Synthesis of Guanidinylated Neomycin

Figure 5.1. Synthesis of 
N’’trifylguanidine, MeOH, 

 

5.3 Results and Discussion

 In order to show that GNeo can bind and internalize polyanionic cargo, 

fluorescent siRNA was complex with GNeo. In order to see if there was a threshold 

needed for the amount of guanidinium charges 

were used starting at 1:1 Guanidinium to Phosphate (G:P) and were tested up to a G:P 

of 100:1 (Figure 5.2.).  

 While there is no uptake with no GNeo (Figure 5.2

internalization of fluorescent siRNA at

the lowest ratio, where every guanidinium group should have a negative phosphate 

group that could sequester its charge and leave it unavailable for HSPG binding. 

However, this is not the case. Lower rati

GNeo can be used to detect uptake.

 Our next study focused on the utility of the delivered siRNA. Two different 

Synthesis of Guanidinylated Neomycin 

Synthesis of Guanidino6 -Nyneomycin B (15) (a) N,N’
N’’trifylguanidine, MeOH, CH2Cl2(b) TIPS, TFA, CH2Cl

and Discussion 

In order to show that GNeo can bind and internalize polyanionic cargo, 

fluorescent siRNA was complex with GNeo. In order to see if there was a threshold 

needed for the amount of guanidinium charges to phophate charges, different ratios 

were used starting at 1:1 Guanidinium to Phosphate (G:P) and were tested up to a G:P 

 

While there is no uptake with no GNeo (Figure 5.2.A) there is clear 

internalization of fluorescent siRNA at all of the G:P ratios tested. This is surprising at 

the lowest ratio, where every guanidinium group should have a negative phosphate 

group that could sequester its charge and leave it unavailable for HSPG binding. 

However, this is not the case. Lower ratios will have to be tested to see just how little 

GNeo can be used to detect uptake. 

Our next study focused on the utility of the delivered siRNA. Two different 
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N,N’-di-Boc-
Cl2 

In order to show that GNeo can bind and internalize polyanionic cargo, 

fluorescent siRNA was complex with GNeo. In order to see if there was a threshold 

to phophate charges, different ratios 

were used starting at 1:1 Guanidinium to Phosphate (G:P) and were tested up to a G:P 

A) there is clear 

of the G:P ratios tested. This is surprising at 

the lowest ratio, where every guanidinium group should have a negative phosphate 

group that could sequester its charge and leave it unavailable for HSPG binding. 

os will have to be tested to see just how little 

Our next study focused on the utility of the delivered siRNA. Two different 
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mRNAs were measured, CD44 and Synd4. While they both code for HSPGs, they 

differ in their length (21mer and 27mer, respectively). Interestingly, while CD44 

levels showed no effect after GNeo complexing (Figure 5.3.), there was actually an 

increase in Synd4 levels (Figure 5.4). One explanation could be that GNeo bound to 

HSPG could cause a stress response and lead to the upregulation of Synd4. A test 

should be done with scrambled, non-specific siRNA to see if delivery of this also 

causes an increase in Synd4. However, another explaination has to do with their 

method of entry into the Argonaut complex. The CD44 21mer does not need to be 

processed to enter directly into the Argo complex, but the Synd4 27mer must be cut 

down by Dicer before it can enter this complex. GNeo could possibly be modifiying 

the pathway and somehow cause the creation of mRNA by introducing siRNA. 

Obviously further studies need to be done to see exactly what is causing this signal. 

 While the functional results are clear, it remains that GNeo can be complex 

with RNA and facilitate its uptake at substoiciometric ratios. This could provide a 

major advantage to other guanidinium transporters that suffer from reduced uptake and 

precipitation when complexed with anionic cargo. Another avenue that could be 

explored is to attach a double stranded RNA binding domain to GNeo to see if we get 

retention of uptake properties and delivery of oligonucleotides,[104] a technique shown 

by Dowdy et al. to deliver functional siRNA into the cell. In any case, GNeo is a 

promising delivery agent for a diverse range of cargo. 

Chapter 5, in part, is currently being prepared for submission for publication of 

the material. Dix, Andrew; Sarrazin, Stéphane; Redgate, Christopher; Esko, Jeff;  Tor, 
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Yitzhak. The thesis author was a co-investigator and author of this material. 
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Figure 5.2. Fluorescence microscopy of BT20 c
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incubated with a Guanidinium to Phosphate (G:P) ratio 1:1; d) G:P
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Figure 5.2. Fluorescence microscopy of BT20 cells incubated with GNeo/siRNA 
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Fluorescence microscopy of BT20 cells incubated with GNeo/siRNA 
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Figure 5.3. CD44 mRNA Expression in BT20 Cells with Different amounts of GNeo

Figure 5.4. Synd4 mRNA Expression in BT20 Cells with Different amounts of GNeo
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Appendix A 

Synthesis and Characterization of Neomycin B Derivatives* 

 

Boc6-5"-amino-5’’-deoxyneomycin B (1) 

Synthesized as previously described (Hai Wang Ph.D. Thesis, University of 

California, San Diego, 1998). 

 

Boc6-5"-hexynoic -5’’-deoxyneomycin B (2) 

Boc6-5"-amino -5’’-deoxyneomycin B (285.6 mg, 0.235 mmol) was dissolved in 

CH2Cl2 (200 µL) and treated with hexynoic acid (mg, 0.353 mmol, 1.5 eq), EDC·HCl 

(mg, 0.282 mmol, 1.2 eq), and N,N-diisopropylethylamine (mg, 0.517 mmol, 2.2 eq) 

for 12 h at RT.  The reaction was diluted into ethyl acetate (15 mL) and washed with 

water (3x15 mL), brine (15 mL), and dried over sodium sulfate.  The organic layer 

was then concentrated under reduced pressure and further purified on silica gel using 

flash chromatography (0-5% methanol in CH2Cl2) to afford 261.4 mg of an off-white 

solid (84% yield). 

 

Boc12guanidino6-5"-hexynoic -5’’-deoxyneomycin B (3) 

b. Boc6-5"-hexynoic -5’’-deoxyneomycin B (261.4 mg, 0.1997 mmol) was 

dissolved in CH2Cl2 (15 mL), and treated with triisopropyl silane (200 µL) and 

trifluoroacetic acid (15mL) for 15 min. at RT.  The reaction was diluted into  

(*H1 NMR peak assignments to be published in pending manuscript) 



46 

 

toluene (30 mL) and concentrated under reduced pressure.  The solid was then 

dissolved in water (10 mL) and washed with CH2Cl2 (3x15 mL).  The aqueous phase 

was then reduced to a solid under reduced pressure and used without further 

purification (260 mg, 94 % yield).  

c.  5"-hexynoic -5’’-deoxyneomycin B · TFA6 (260 mg, 0.1878mmol) was 

dissolved in methanol (200 µL), CH2Cl2 (2 mL), and treated with N,N’-di-Boc-

N’’trifylguanidine[105] ( 2.645 g, 6.78 mmol, 36 eq.), and triethylamine (mL, mmol, 12 

eq.) for 36 h at RT under argon.  The reaction was then diluted into CH2Cl2 (15 mL) 

and washed with water (3x10 mL), brine (10 mL) and dried over sodium sulfate.  The 

organic layer was then concentrated to a solid under reduced pressure and purified on 

silica gel using flash chromatography (0-3% methanol in CH2Cl2) to afford 282.6 mg 

of an off-white solid (73% yield)  

 

2-{ 2-[2-(2-azido-ethoxy)-ethoxy] ethoxy}-ethylamine (5, 6a) 

Synthesized as previously described by Klein[106] et al. 

 

Biotin-NHS (6b) 

Synthesized as previously described by Sun[107] et al. 

 

Biotin-polyethyleneglycol3-azide (7) 

2-{ 2-[2-(2-azido-ethoxy)-ethoxy] ethoxy}-ethylamine (46 mg, 0.211 mmol) was  

(*Recent protocol also used to prepare Boc6-5"-amino-5’’-deoxyneomycin B[108]) 
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diluted with N,N-dimethylformamide (400 µL) and treated with Biotin-NHS (71.9 mg, 

0.211 mmol, 1.1 equv.) and N,N-diisopropylethylamine (1.2 eq.) for 12 h at RT.  The 

reaction was concentrated under reduced pressure and purified on silica gel using flash 

chromatography (2-5% methanol in CH2Cl2) to afford 58.9 mg of the product (98.3%).   

 

Bis {2-(2-(2-(2-azidoethoxy) ethoxy) ethoxy) ethyl}-carbamic acid tert-butyl ester 

(9, 10, 11) 

Synthesized as previously described by Christian P. Mandl and Burkhard 

Köumlnig[109] followed by a simple (c) chlorine displacement by sodium azide (8 eq) 

for 2 hrs at 80° C. 41.6 mgs of compound was isolated following vacuum filtration. 

d.  Bis {2-(2-(2-(2-azidoethoxy) ethoxy) ethoxy) ethyl}-carbamic acid tert-butyl 

ester (151.1 mg, .300 mmol) was diluted with CHCl3 (12 mL) and treated with 

triisopropylsilane (120 µL), and trifluoroacetic acid (12 mL) for 15 min. at RT.  The 

reaction was diluted into toluene (30 mL) and concentrated under reduced pressure.  

The resulting oil was used without further purification (88.6 mg, 72% yield).   

 

Biotin-dipolyethyleneglycol3-azide (12) 

Bis {2-(2-(2-(2-azidoethoxy) ethoxy) ethoxy) amine (41.6 mg, 0.0992 mmol) was 

diluted with N,N-dimethylformamide (200 µL) and treated with Biotin NHS (94.6 mg, 

0.277 mmol, 0.95 equv.) and N,N-diisopropylethylamine amine (1.2 eq.) for 12 h at 

RT.  The reaction was concentrated under reduced pressure and purified on silica gel 

using flash chromatography (2-5% methanol in CH2Cl2) to afford 51 mg of the 



48 

 

product (79.7 %).   

 

Biotin-polyethyleneglycol3-1,2,3 triazole-guanidino6-5’’-deoxyneomycin B (13) 

a.  Boc12guanidino6 -5"-hexynoic-5’’-deoxyneomycin B (3) (25.4 mg, 0.0118 

mmol) and biotin-polyethyleneglycol3-azide (7) (10.5 mg, 23.6 µmol, 2 eq.) were 

dissolved in CH2Cl2 (800 µl) and treated with Cs2CO3 (0.1 eq), and a solution of CuI 

(0.1 eq) in acetonitrile (40 µl) for 12 h at RT[76].  The reaction was then diluted into 

ethyl acetate (10 mL) and washed with water (3x10 mL), brine (10 mL), and dried 

over sodium sulfate.  The organic layer was concentrated under reduced pressure and 

further purified on silica gel using flash chromatography (5-10% methanol in CH2Cl2) 

to afford 24.5 mg of an off-white solid (80.0% yield).   

b. Biotin-polyethyleneglycol3-1,2,3 triazole- Boc12guanidino6-5’’-

deoxyneomycin B (24.5 mg, 9.4 µmol) was dissolved in CH2Cl2 (2 mL) and treated 

with triisopropylsilane (20 µL, mmol) and trifluoroacetic acid (2 mL) for 1 h at RT.  

The reaction was diluted into toluene and (mL) and concentrated under reduced 

pressure.  The solid was then dissolved in water (5 mL) and washed with CH2Cl2 

(3x5).  The aqueous phase was then reduced to a solid under reduced pressure and 

purified on a C-18 reverse phase HPLC column using a gradient of 5-20% acetonitrile 

(0.1% TFA) in water (0.1% TFA) over 20 minutes (3mL/min).  The compound eluted 

at 16.6 min (12.8 mg, 88%).  
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Biotin-dipolyethyleneglycol3-1,2,3 triazole-guanidino6-5’’-deoxyneomycin B  (14) 

a. Boc12guanidino6 -5"-hexynoic-5’’-deoxyneomycin B (3) (38.5 mg, 0.01868 

mmol) and biotin-dipolyethyleneglycol3-azide (12) (5.43 mg, 0.0084 mmol, 0.45 

eqiv.) were dissolved in CH2Cl2 (1.0 mL) and treated with Cs2CO3 ( 0.1 eq), and a 

solution of CuI (0.2 eq) in acetonitrile (40 µl) for 12 h at RT[76].  The reaction was then 

diluted into ethyl acetate (10 mL) and washed with water (3x10 mL), brine (10 mL), 

and dried over sodium sulfate.  The organic layer was concentrated under reduced 

pressure and further purified on silica gel using flash chromatography (5-10% 

methanol in CH2Cl2) to afford 28 mg of an off-white solid (75% yield).  

b. Biotin-dipolyethyleneglycol3-1,2,3 triazole- diBoc12guanidino6-5’’- 

deoxyneomycin B (28 mg, 5.64 µmol) was dissolved in CH2Cl2 (2 mL) and treated 

with triisopropylsilane (20 µL, mmol) and trifluoroacetic acid (2 mL) for 1 h at RT.  

The reaction was diluted into toluene and (mL) and concentrated under reduced 

pressure.  The solid was then dissolved in water (5 mL) and washed with CH2Cl2 

(3x5).  The aqueous phase was then reduced to a solid under reduced pressure and 

purified on a C-18 reverse phase HPLC column using a gradient of 5-20% acetonitrile 

(0.1% TFA) in water (0.1% TFA) over 20 minutes (3mL/min).  The compound eluted 

at 18.7 min (11.04 mg, 76.2%).   

 

Guanidino6 -Neomycin B (15) 

Synthesized as previously described (Lev Elson-Schwab Ph.D. Thesis, University of 

California, San Diego, 2007).
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Appendix B 

Experimental Procedures for Biological Studies 

a.  Cell Culture 

Chinese hamster ovary cells (CHO-K1) and mutant pgsA745 cells are 

previously described.[84] Both cell lines were grown under an atmosphere of 5% CO2 

and 100% relative humidity at 37° C in F12 growth media supplemented with 7.5% 

(v/v) fetal bovine serum, 100µg/mL of streptomycin sulfate, and 100 units/mL 

penicillin G. For flow cytometry, cells were split at least 18 hours prior to study into 

24 well plates at 178,500 cells/well. 

 

b. Flow Cytometry 

 Biotinylated compounds were stored in water at 4 °C. After thawing, 

compounds were diluted in 50µL HBSS and added to streptavidin-phycoerythrin-Cy5 

(BD Biosciences) also diluted in 50µL HBSS at a mol ratio of Biotin to Streptavidin 

of 10:1. Sample was left covered for 15 minutes to ensure conjugation. The 100µL 

solution was applied to a cellulose purification column (Millipore, Amicon) and 

centrifuged at 3220x g for 10 minutes, when 100µL HBSS was added to was the 

mixture, followed by another 20 minutes of centrifugation. This was then diluted with 

F12 growth media (+7.5% FBS) to a .5 µM stock solution. Desired volumes were 

removed and diluted to 150uL in F12 growth media (+7.5% FBS). This solution was 

added to adhered cells on 24 well plate, covered, and incubated for 2 hours. Then the 

cells were washed 3 times with PBS, lifted with 30µL trypsin for 10 minutes followed 
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by 50µL  F12 media, 150µL FACS buffer, and analyzed by flow cytometry. 

c.  Heparan Affinity Column 

Purified GNeo Biotin-Streptavidin Alex488 conjugates were prepared as 

described above using 20µg of the streptavidin-Alexa488 conjugate. This was run on 

FPLC of heparin sulfate at .1µL per second against a gradient starting at 150mM NaCl 

and running up to 4M NaCl. The samples were transferred to a 96-well plate and read 

on a fluorimeter. 

d. siRNA fluorescence microscopy 

BT20 cells (500,000) were treated with GNeo or triFECtin (6µL, IDT) at 

varying concentrations.  Transporter and fluorescent siRNA (10nM, 27mer) were 

incubated in Opti-MEM for 30 minutes prior to addition to cells.  Cells were incubated 

with complex for 22 hours at 37°C, 5% CO2. 
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