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ABSTRACT 

Antibiotic resistance poses a serious threat to global health as new antibiotic 

development lags behind the emergence of increasingly resistant bacteria. 

Antimicrobial peptides offer a promising source of new antibiotics, but have not 

achieved broad clinical success due to factors including systemic host toxicity and 

susceptibility to proteolytic degradation. Oligothioetheramides (oligoTEAs) are 

synthetic, sequence-defined peptidomimetics designed to retain the positive traits of 

antimicrobial peptides with enhanced proteolytic stability. By investigating the impacts 

of physicochemical properties including cationic type, charge density, and backbone 

hydrophobicity, we demonstrate the importance of guanidinium functionalization and 

carefully tuned backbone hydrophobicity to achieve potent antibacterial activity with 

minimal mammalian cell toxicity. This knowledge was used to synthesize oligoTEAs 

with activities that rival clinical antibiotics. However, similar to polycationic 

macromolecules, oligoTEAs are toxic upon intravenous injection in vivo. In Chapter 5, 

we seek to mitigate this toxicity by conjugating oligoTEAs to non-toxic moieties which 

can shield the cationic charge. As this lowers both toxicity and activity, the conjugates 



 

 

 

contain a peptide linker which cleaves in the body to reactivate the antimicrobial agent. 

By controlling the linker cleavage kinetics, we seek to optimize oligoTEA reactivation 

for potent activity and suppression of systemic toxicity. Building upon these results, in 

Chapter 6 we begin investigations into antibody-oligoTEA conjugates for improved 

selectivity and targeting. Altogether, this body of work illustrates the potential of 

oligoTEAs and oligoTEA conjugates to develop therapeutics that aid in the fight against 

antibiotic resistance. 
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CHAPTER 1 

INTRODUCTION TO ANTIMICROBIAL RESISTANCE AND THE CURRENT 

STATE OF ANTIBIOTIC RESEARCH 

 

The sections on AMPs and AMP mimetics are adapted with permission from C.M. Artim, N.N. 

Phan, & C.A. Alabi, ACS Infectious Diseases 2018, 4 (8), 1257-1263. Copyright © 2018 

American Chemical Society. 

 

1.1 Antibiotic Resistance 

Since the discovery of Penicillin, human health has benefited greatly from 

antibiotic development and the subsequent drop in mortality rates due to bacterial 

infections. In addition to treating bacterial infections, antibiotics make now-routine life-

saving medical procedures such as organ transplants, NICU surgeries, and 

chemotherapy possible.1–3 Unfortunately, the emergence of antibiotic resistance now 

poses a critical threat to global human health. Resistant bacteria currently cause over 

2.8 million infections and 30,000 deaths annually in the United States alone.3 Globally, 

antibacterial resistance leads to 700,000 deaths per year, but it has been estimated that 

this number will increase to 10 million if current trends continue.4 This is largely caused 

by the diminishing rate of new antibiotic development which fails to keep pace with the 

emergence of new, increasingly resistant bacteria.5,6  As a result, bacteria have 

developed resistance to nearly all currently-prescribed antibiotics leading the United 

States Centers for Disease Control to proclaim that the “post-antibiotic era” is not only 

approaching, but already here.3  
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1.2 Causes and Mechanisms of Antibiotic Resistance 

The rising challenge of antibiotic resistance is a complex issue which has been 

attributed to many causes including: large and occasionally irresponsible use of 

antibiotics in agriculture, incomplete dosing regiments in clinical use, prescribing 

broad-spectrum and/or bacteriostatic antibiotics, and a decrease in the development of 

new antibiotics.3–8 But the fact remains that no matter our best efforts, bacteria are living 

organisms equipped with the ability to rapidly reproduce, evolve, and adapt so that 

resistance will always be a threat.3,5,9  In fact, Alexander Fleming first observed bacterial 

resistance and predicted its rise as a result of incomplete oral dosing regimens; Penicillin 

resistant bacteria became common only a few years after its widespread use.10 Bacterial 

resistance is largely genetic, and occurs either through spontaneous gene mutation or 

gene transfer.6 Most resistance comes about as a result of evolutionary pressure (Figure 

1.1)6. Populations typically contain some natural variation, so that some bacteria survive 

externally applied selection pressure such as an antibiotic regimen. This surviving 

population then replicates into a colony resistant to that antibiotic. As bacteria can  

double every 15 minutes, this cycle continues, creating increasingly resistant bacteria. 

 

 
 

Figure 1.1: Evolutionary path to antibiotic resistance. (a) Bacteria population naturally contains 

genetic variation. (b) Onset of evolutionary pressure (e.g antibiotic use) eliminates all bacteria 

except for subset of population with intrinsic or acquired resistance. (c) This population 

replicates, resulting in some strains which can overcome another evolutionary pressure (d) and 

the cycle continues.  
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1.3 Challenges in the Development of New Antibiotics 

Because bacterial continually evolve and acquire antibiotic resistance, it is 

essential to develop new antibiotics, particularly those which employ new mechanisms 

of action.11–14 However, antibiotic development has decreased considerably since the 

“golden age” of antibiotic discovery in the 1940s and 1950s (Figure 1.2).5 This is 

partially attributable to overmining of natural product antibiotics as well as the expense 

and difficulty of developing new antibiotics from the bottom up.5,12,15–17 Additionally, 

many new antibiotics are limited to minor structural variations on existing antibiotics 

without significant changes in mechanism of action.5,9,18 It also takes on average 10-14 

years for an antibiotic to go from discovery through clinical trials and into medical use, 

which means that bacteria have frequently developed resistance to most antibiotics even 

before their introduction into clinical use.1,6,19  

 

 

Figure 1.2: Timeline showing the discovery of new classes of antibiotics (red diamond), time 

until release into widespread clinical use (grey bar), and onset of resistance (x)1,19 

 

One factor contributing to decreased antibiotic development is that antibiotics 

represent a huge investment for pharmaceutical companies. Getting  a new drug through 

clinical testing takes years and costs an average USD 800 million, with a low return on 
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investment because of short dosing regimens.18,20,21 There is also always the risk of a 

drug not making it through FDA approval; in the year 2002, zero out of 89 antibiotics 

in clinical trials were approved.9 In fact as of 2015, 15 of the 18 major antibiotic 

pharmaceutical companies had ceased research and development of new antibiotics.1  

Therefore, the new antibiotics market combined with the rapid onset of antibiotic 

resistance is creating a global challenge and urgent need for research. 

 

1.4 Methicillin-Resistant Staphylococcus aureus (MRSA) 

A particularly concerning strain of antibiotic-resistant bacteria is methicillin-

resistant Staphylococcus aureus (MRSA), which first emerged in the 1960s in hospitals 

and subsequently spread into the general community.22 Although present on the skin of 

approximately 2% of the population, it can result in more serious skin infections, 

bacteremia/sepsis, nosocomial pneumonia, and endocarditis.9,23 Bacteremia infections 

are particularly dangerous, associated with a 30-day all-cause fatality rate of 20% 

(average for adults) and 57% in adults of 85.24,25 Currently, MRSA causes more deaths 

than any other drug-resistant bacteria and results in $1.7 billion in annual healthcare-

associated costs in the US alone.3 Due to this, along with resistance to many first-line 

antibiotics and a lack of options in clinical development, the CDC and World Health 

Organization have both prioritized antibiotic development for the  treatment of 

MRSA.3,22,26 

Multiple antibiotics currently undergoing clinical trials are slated for treatment 

of MRSA, but most are for skin infections and nosocomial pneumonia.27,28 One 

antibiotic in stage III clinical trials, Ceftobiprole (Basilea Pharmaceutica International 
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Ltd), has been indicated for treatment of MRSA infections and bacteremia.28,29 

However, recent studies have shown prevalence of intrinsic resistance in clinical MRSA 

isolates.30 This is not surprising because derivatives of existing antibiotics are more 

likely to rapidly show resistance.31 Ceftobiprole is a β-lactam antibiotics, and MRSA is 

resistant to many other antibiotics in this class. This highlights the importance of 

developing antibiotics to treat systemic MRSA infections which employ non-traditional 

mechanisms of action such as membrane disruption. 

 

1.5 Antimicrobial peptides 

Altogether, this has led to interest in alternative types of antibiotics such as 

antimicrobial peptides (AMPs).32 AMPs are natural macromolecules produced by 

nearly all organisms as part of their innate immune response to protect against foreign 

bacteria, viruses, and fungi.33–35 AMPs are highly diverse yet share common structural 

features such as relatively small size (12-50 amino acid residues) and spatially 

segregated hydrophobic and cationic residues.34,36 Facilitated by their overall positive 

charge and amphipathic structure, AMPs kill bacteria by attacking the cell 

membrane.17,37–39 AMPs preferentially bind negatively-charged bacterial membranes 

through electrostatic and hydrophobic interactions.35,39,40 Following the initial binding 

step, the amphipathic structure of the peptide allows it to embed in the membrane and 

cause permeabilization.17,38 Mammalian cells are protected from this interaction 

because of their neutrally-charged surface and the presence of cholesterol in the 

mammalian cell membrane, which suppresses bilayer disruption.35,39–41 Furthermore, 

since pore formation is driven by interactions with essential lipids in the cell membrane, 
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development of target resistance against this mode of bacteria death is expected to be 

very slow.42 Some AMPs also kill bacteria by inhibiting enzymes, proteins, or cell wall 

synthesis.37–39 Unfortunately, many AMPs demonstrate high  systemic  toxicity and are 

susceptible to proteolytic degradation.36,40,42,43 As a result, AMPs have had little success 

for systemic applications and their use has been mainly limited to topical applications 

and food preservation.34,35,44 

 

1.6 Antimicrobial peptide Mimetics 

To combat the problem of proteolytic degradation, new sequence-defined 

peptidomimetics with abiotic backbones have been developed which retain the 

structural and sequence benefits of AMPs with enhanced resistance against proteolytic 

degradation. This growing category includes peptoids,45 β-peptides,46–49 oligoureas,50 α- 

and γ-AA peptides,51–57 and oligo-acyl lysines.58 Thus far, several important studies 

have been performed to evaluate the effect of the type and density of cationic and 

hydrophobic functional groups,48,49,59–61 sequence length,51,57,59,62 and 

amphipathicity46,48,51 on antimicrobial potency. The overarching conclusions from these 

studies are: 1) cationic charge is a pre-requisite for activity and compounds with 

guanidium groups have a higher potency than those with amine groups, 2) the 

hydrophobic-charge balance in each system strongly regulates the antibacterial activity-

mammalian cell toxicity balance. Although many AMP mimetics initially show 

promising results, testing is typically performed in fluids devoid of physiologically 

relevant amounts of salts and proteins. In the few reports that do include some or all 

serum proteins63–65 or physiological concentrations of Ca2+ and Mg2+,66–68 AMP activity 
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is severely attenuated. Further investigation into AMP mimetics which retain activity in 

physiologically relevant conditions is needed for these compounds to become viable 

therapeutic candidates. 

 

1.7 Oligothioetheramides 

The Alabi lab has developed a new class  of sequence-defined compounds called 

oligothioetheramides (oligoTEAs). These peptide mimetics are composed of alternating 

N-allylacrylamide and dithiol monomers with an abiotic backbone resistant to 

proteolysis.59,69,70 Their synthesis is facilitated by the unique orthogonal N-allyl-

acrylamide monomer, which undergoes either a thiol-ene reaction or a thiol-Michael 

addition reaction in different conditions. A fluorous tag provides simple and efficient 

purification between subsequent reactions.69,70 This approach allows synthesis of 

sequence-defined oligoTEAs from a wide variety of symmetric dithiols and N-

allylacrylamide monomers.69–71 The basic procedure for oligoTEA synthesis with 

fluorous purification is outlined in Figure 1.3.  

 

 

Figure 1.3: (left) General synthesis of oligoTEAs built on a soluble fluorous support using 

sequential thiol-ene and thiol-Michael addition reactions. (right) Procedure for fluorous solid-

phase extraction used to purify oligomers after each reaction step. 
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1.8 OligoTEAs for Antimicrobial Applications 

Recently, macrocyclic and linear oligoTEAs made with amino-N-

allylacrylamide monomers have been shown to exhibit antibacterial activity.59,71 These 

initial studies showed that linear structures were equally or more potent than their cyclic 

counterparts,71 and the importance of backbone hydrophobicity on antibacterial activity 

and selectivity.59 Both toxicity and antibacterial activity increase with increasing 

hydrophobicity (Figure 1.4). Therefore, while modification of backbone hydrophobicity 

can help modulate selectivity, further investigation into additional methods for 

improving selectivity of these compounds is needed. An additional study was performed 

to demonstrate that the backbone sequence of constitutional isomers made with 

oligoTEAs containing amine-functionalized monomers modulates antibacterial 

activity.72 The difference between activity of conformational isomers was further 

explored in a manuscript which used surface plasmon resonance to evaluate differences 

between membrane aggregation caused by oligoTEAs containing a rigid para- or meta-

substituted benzyl group.73  

 

 

Figure 1.4: MIC and hemolysis assays of AOTs with varied backbone hydrophobicity 
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1.9 Prodrug Therapeutics 

One way to circumvent the high toxicity and poor pharmacokinetics associated 

with AMPs and AMP mimetics is through development of a prodrug. Prodrugs are 

altered forms of therapeutics which are initially inactive but regain activity in the body 

under certain conditions. Their structure is composed of a drug bound to a moiety 

designed to impart desirable traits via a cleavable linker. In this way, they gain the 

favorable properties such as longer half-life in vivo, lower toxicity, or improved stability 

without an associated reduction in toxicity.74,75 Currently 5-7% of drugs worldwide are 

defined as prodrugs, and this number has been increasing, particularly for cancer 

therapeutics.75,76 A large number of linkers have been studied including those which 

auto-hydrolyze in aqueous conditions, cleave only at select pH, or are cleaved by a 

specific enzyme.75,77 Several conjugates used clinically contain a polymer backbone to 

carry and release drugs, such as the polymer-protein conjugate Adagen.78 Other protein-

polymer conjugates include those used for treatment of hepatitis C and rheumatoid 

arthritis.78 

Although prodrugs are most commonly associated with cancer treatments, an 

increasing number of prodrugs have been investigated for antibacterial use as a way to 

combat cytotoxicity and extend circulation time in vivo. Antibacterial prodrugs operate 

by masking cationic charges and/or decreasing hydrophobicity.74 In the last 10 years, 3 

prodrug antibiotics gained FDA approval.79  

For example, the AMP colistin was first used in the 1950s, but largely 

abandoned due to high nephrotoxicity and neurotoxicity leading to respiratory failure.80 

For years it was used only for treatment of multi drug resistant lung infections in patients 
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with cystic fibrosis.80 However, a prodrug form of colistin, colistimethate sodium 

(CMS), is FDA-approved for systemic use.80,81 The five primary amines of colistin are 

converted to sodium methane sulfonate groups, which eliminates activity until 

undergoing hydrolysis in vivo to release the original drug colistin.80,82 Unfortunately 

CMS suffers from incomplete conversion to colistin; most is excreted as CMS or only 

partially hydrolyzes.80,82 Another antibacterial prodrug which has recently gained FDA 

approval is TAK-599, also known as ceftaroline fosamil.79,83,84 This cephalosporin-

based antibiotic utilizes an N-phosphono group to improve solubility, and is used for 

the treatment of MRSA.79,83,84 Sulopenem is another prodrug currently being 

investigated by Iterum Therapeutics for intravenous and oral use.85–87  

 

1.10 Antibody-Drug Conjugates 

Antibody-drug conjugates (ADCs) encompass another approach to reduce 

systemic toxicity which is most commonly used to treat cancer and auto-immune 

diseases, but has recently been proposed for antimicrobial use.88,89  Researchers at 

Genentech have developed antibody-antibiotic conjugates as a means to eliminate 

intracellular MRSA. One such conjugate uses an antibody that binds S. aureus wall 

teichoic acids in conjunction with a highly active rifampicin derivative and a cathepsin-

cleavable linker.90,91 Upon binding to MRSA, the antibody was taken up into 

mammalian phagocytic cells. There the linker cleaved and released the rifologue into 

the cell, where it could kill intracellular MRSA.90,91 This conjugate was more effective 

than traditional antibiotics at clearing intracellular MRSA infection in a mouse model, 

and showed no toxicity in phase I clinical trials.90–92 A small number of studies have 
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also been done which investigate ADCs for extracellular delivery of antibiotics.  

Franzman et al sought to treat oral P. gingivalis infections through conjugation of a 

sheep myeloid antimicrobial peptide to rabbit immunoglobulin G antibody, which binds 

antigens on the outer surface of the bacteria.93 This conjugate successfully treated only 

P. gingivalis in a mixture with other bacteria, but lost specificity at higher 

concentrations. Another class of ADCs contain photosensitizers which are irradiated to 

release singlet oxygen, a potent antibiotic.79,94,95 In its short lifetime, the singlet oxygen 

is unable to disperse far from the bacterial surface and therefore maintains selective 

activity for the bacteria.   

 

1.11 Conclusions on the State of Antibiotic Resistance and Antibiotic Development 

Antibiotic resistance is a critical health issue, and the development of new 

antibiotics which employ novel mechanisms of action is essential for the sake of global 

human health and the economy. Part of the challenge rests in the development of 

therapeutics which are sufficiently non-toxic to get through clinical trials. Therefore, it 

is important to not only discover new antimicrobial agents such as AMP mimetics, but 

to develop new approaches such as prodrugs or antibody-antibacterial  conjugates which 

assist in the translation of existing antibacterial agents into clinical candidates. The 

following chapters seek to address this by developing novel antibacterial agnents based 

on the structure of oligoTEAs and evaluating the impact of select physicochemical 

properties on antibacterial activity, host cell toxicity, and mechanism of action (Chapter 

2-4). Because of their structure, potency, and serum stability, these compounds are ideal 

for further studies into prodrugs (Chapter 5) and antibody-drug conjugates (Chapter 6). 
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CHAPTER 2 

BIOPHYSICAL CHARACTERIZATION OF CATIONIC ANTIBACTERIAL 

OLIGOTHIOETHERAMIDES 

 

This chapter is adapted with permission from C.M. Artim, J.S. Brown, & C.A. Alabi, Analytical 

Chemistry 2019, 91, 3118-3124 Copyright © American Chemical Society.  
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2.1 Introduction 

The emergence of antibiotic resistance poses a growing threat to global human 

health as it continues to outpace efforts to develop new antibiotics. Antibiotics with 

novel mechanisms of action that can circumvent bacterial resistance are highly sought 

after. Antimicrobial peptides (AMPs), produced by nearly all organisms as part of their 

innate immune response, could help combat this issue.34,36 These diverse compounds 

demonstrate potent, broad-spectrum activity due to their cationic and amphiphilic 

structure, which allows them to bind and disrupt bacterial membranes through 

electrostatic and hydrophobic interactions.34,35,40 Unfortunately, AMPs have had limited 

clinical success due to reduced activity in vivo resulting from proteolytic degradation, 
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serum sequestration, and high systemic toxicity.36,40,42,96 To combat some of these 

challenges, sequence-defined AMP mimetics with abiotic backbones resistant to 

proteol-ysis have been developed including peptoids,45 β-peptides,46–49 oligoureas,50 α- 

and γ-AA peptides,51–57 oligo-acyl lysines,58 and recently oligothioetheramides 

(oligoTEAs).59,71,97 Although highly diverse in structure, several characteristics have 

been found to be significant for activity including the nature of cationic and hydrophobic 

residues,48,59–61,98 sequence length,51,57,59,62 and amphipathicity.46,48,51 The most 

promising AMP mimetics have low molecular weight and a precise balance between 

cationic charge and hydrophobicity to maximize potency while maintaining low 

mammalian cell toxicity. However, to further enhance the potency and safety of new 

AMP mimetics, we must elucidate the key features of AMP mimetics that enhance 

bacterial membrane disruption.  

In addition to the generalized rules about length, hydrophobicity and degree of 

cationic charge, biophysical characterization can yield useful parameters for 

optimization of membrane-disrupting antimicrobials. Several bioanalytical techniques 

have been used to directly observe mem-brane disruption on bacterial mimetic 

membranes including surface plasmon resonance (SPR),99–101 quartz crystal 

microbalance,102,103 quantum mechanical calculations,96 and dual polarization 

interferometry.104,105 After binding, the physical evolution of membrane disruption is 

often difficult to distinguish, but commonly includes binding and structural changes to 

the bacterial mem-brane.99,100 Biophysical characterization has led to new concepts 

including a critical threshold of lipid-to-peptide ratio for membrane disruption or a 

critical concentration above which irreversible structural changes are made to the 
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membrane.104,106 Recently, we proposed the importance of lipid-oligomer aggregates 

that evolve at the bacterial membrane surface as a director of antibacterial activity.73  

OligoTEAs are a unique class of bioactive sequence-defined macromolecules 

that are resistant to proteolysis.59,69,70,97 Recent studies involving antibacterial oligo-

TEAs have evaluated the impact of backbone composition, length, sequence and 

conformation on potency.59,72,73,97 However, direct studies on the nature of the cationic 

pendant group on the oligoTEA scaffold have not been done. Herein, we build on the 

results of chapter 2 by evaluating the effects of cationic nature: specifically, differences 

in activity associated with guanidinium and amino cationic groups. We then specifically 

explore differences in the mechanism of action by membrane permeabilization, 

fluorescence microscopy, and SPR. We have focused our efforts on interactions of 

oligoTEAs with the membrane of methicillin-resistant Staphylococcus aureus (MRSA), 

as this pathogen currently leads to almost half of the deaths due to antibiotic-resistant 

bacteria,107 and certain strains have developed resistance beyond the current standard of 

care.90,108 Our results are consistent with some literature studies that highlight improved 

activity of guanidine groups over amines.60,109–111 Moreover, results from microscopy 

and SPR additionally suggest that guanidine-containing compounds form larger, 

metastable lipid aggregates on the bacterial membrane surface that correlate with 

activity. 

2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of Cationic OligoTEAs  

A library of 3-mer and 4-mer oligoTEAs was synthesized according to our 

previously reported method for fluorous-supported assembly of sequence-defined 
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oligoTEAs.69,70,97
 The oligoTEA sequences prepared in this work along with their 

notation are described in Table 2.1 and Figure 2.1. The first five compounds listed in 

Table 2.1 were prepared to examine the effect of cationic group type on antibacterial 

activity. While several reports in literature confirm the enhanced antibacterial activity 

of compounds containing guanidines over amines,109–111 the opposite has also been 

shown.61 To explore this effect in-depth, we systematically increased the guanidine 

content in our oligoTEA scaffold by decreasing the ratio of amine to guanidine pendant 

groups from 4:0 to 1:3 (Figure 2.1 and Table 2.1).  The terminal amine group on the 

oligomer scaffold after cleavage of the fluorous tag guarantees that there will always be 

an amine group present on the scaffold. The last four compounds in Table 1 (PDT-4Am, 

PDT-4G, BDT-4Am and BDT-4G) were created to examine cationic 4-mer oligoTEAs 

with differing backbones, i.e. propane versus butane, in addition to pendant group type. 

This set of oligoTEAs include PDT-4G, a promising compound that has previously been 

shown to be viable in vivo.97 Oligomers in this set contain amine to guanidine ratios of 

5:0 versus 1:4. Following HPLC purification, all nine oligoTEAs in Table 2.1 were 

characterized and confirmed via 1H NMR and LCMS (Figures A1.2-A2.18). 

 

 

Figure 2.1. Structures of oligoTEAs used in this study and monomer abbreviations. 
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Table 2.1. OligoTEA sequence and abbreviations. 

 

 

The guanidine-containing oligoTEAs in this library are more hydrophobic than  

their amine variants as determined by LCMS retention time, similar to previous 

observations.97 Systematically increasing the guanidine content (4:0, 3:1, 2:2, 1:3) led 

to a concomitant increase in retention time (Figure 2.2a). A similar effect is seen with 

the 4-mer amine versus guanidine oligoTEAs irrespective of backbone (Figure 2.2b). 

We attribute this effect to the enhanced bidentate hydrogen bonding between the 

guanidinium group and residual silanols or hydrogen bonded water network on the C18 

column.112,113 This causes the guanidinium groups to have stronger interactions with the 

stationary phase and appear more hydrophobic relative to the amine-containing 

compounds. 

 
Figure 2.2. Retention time of cationic oligoTEAs obtained via the extracted ion chromatogram 

of the product mass. (a) 3-mer oligoTEAs (b) 4-mer oligoTEAs 
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2.2.2 Effect of increasing guanidine to amine ratio  

To further elucidate this effect of guanidine versus amine residues, we assessed 

the antibacterial activity of 3-mer oligoTEAs containing varied ratios of amine to 

guanidine pendant groups (Table 2.1, compounds 1-5) via the MIC assay. The results in 

Figure 2.3a confirm that antibacterial activity increases with increasing guanidine 

content relative to amines. PDT-3G is 64-fold more active than PDT-3Am against 

MRSA (Figure 2.3a). Compounds containing both amine and guanidine headgroups, 

PDT-2GAm, PDT-Am2G, and PDT-G2Am, had comparable activities falling between 

that of PDT-3Am and PDT-3G. The 4-mer compounds (Table 2.1, 6-9) with different 

backbones showed a similar trend; the guanidine-functionalized compounds (PDT-4G 

and BDT-4G) outperformed the amine-functionalized compounds (PDT-4Am and 

BDT-4Am) by over 20-fold (Figure 2.3b).  

 Cationic antimicrobial agents are known to bind and compromise the bacterial 

membrane, leading to rapid fluid exchange and cell death.34–36,39,61 This membrane 

permeabilization can be measured indirectly by assessing the uptake of a membrane-

impermeable intercalating agent, such as propidium iodide (PI).114 In addition to 

reducing MIC, the use of guanidine groups in place of amine groups on the same 

scaffold greatly increased the membrane permeabilization (Figure 2.3c,d). Additionally, 

backbone hydrophobicity improved both the membrane permeabilization (Figure 2.3d) 

and activity (Figure 2.3b). One caveat to the PI data is that its inverse correlation with 

the MIC data is only maintained within groups of oligomers with the same number of 

repeat units and backbone type. For example, PDT-4Am is less active than PDT-3G 

(higher MIC) but displays higher membrane permeabilization. These results highlight 
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the use of the PI membrane permeabilization assay to rationalize the interactions with 

the bacterial membrane, but not necessarily predict antibacterial potency. 

 
Figure 2.3: (a) Minimum inhibitory concentration assay of 3-mer compounds. (b) Minimum 

inhibitory concentration assay of 4-mer compounds. (c) and (d) Propidium iodide (PI) assay as 

a measure of extent of membrane permeabilization with 25 µM oligoTEA.  

 

 

2.2.3 Biophysical Characterization via Fluorescence Microscopy  

To further elucidate the mechanisms of action of these antibacterial oligomers, 

we employed fluorescence microscopy and SPR. These methods utilize bacterial 

mimetic membranes assembled from synthetic lipids to model binding and disruption 

of the bacterial membrane. The lipid head group composition of the bacterial membrane 

is known to vary with growth phase. Mid-exponential phase represents the most 

aggressive growth phase during bacterial infection and was thus considered in the 
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selection of the membrane mimetic lipids. Previously, we have reported literature 

consensus across twelve sources on the membrane lipid headgroup composition of 

MRSA to be 4:5:11 neutral lipid: cardiolipin: phosphatidylglycerol (PG).73 Lipid tails 

were chosen to ensure lipid bilayer fluidity at room temperature, specifically neutral 

DG, TPCL, and POPG. SUVs were prepared with this lipid composition and used to 

create supported lipid bilayers (SLBs) for biophysical characterization. Fluorescence 

microscopy was made possible by incorporation of an octadecyl rhodamine (R18) 

fluorophore and the use of microscopy slides pre-coated in poly-L-lysine (PLL). 

 

Figure 2.4. (a) Fluorescence microscopy images showing the supported lipid bilayer before and 

after exposure to 5 µM PDT-4Am or PDT-4G. Lipid bilayer is visualized via incorporation of 

R18 into the SUV before bilayer formation. Microscopy slides were precoated with poly-L-

lysine (PLL) to enable bilayer formation. (b) SPR sensorgrams of selected oligomers 

demonstrating the benefit of guanidine groups over amines on any scaffold. OligoTEAs (5 µM) 

were injected onto the bacterial mimetic membrane at t = 0 and washed with 1X PBS (pH 6.8) 

at t = 300 seconds.   

 

Time-lapse imaging with fluorescence microscopy was completed with PDT-

4G and PDT-4Am on the SLBs to observe differences in their mode of membrane 

disruption (see Supplementary Videos available on ACS Inf Dis website115). Both 

oligoTEAs showed quick formation of single-micron aggregates at the membrane 
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surface. Additionally, they both formed tubular, meta-stable aggregates that can either 

retract into a surface aggregate or detach completely from the membrane surface. 

Notably, the stability of the tubular aggregate was enhanced for PDT-4G relative to 

PDT-4Am (Figure 2.4a). This enhanced stability could be attributed to the additional, 

bidentate hydrogen bonding in guanidine groups compared to amines. The tubular 

aggregates formed during exposure to PDT-4Am rapidly retract or break away from the 

membrane surface, although it is unclear if this leads to significantly more lipid removal 

from membrane surface, since there can also be pore formation. 

 

2.2.4 Biophysical Characterization via SPR 

SPR was completed to further discern the oligomer binding evolution and 

disruption of a MRSA mimetic membrane. SPR is a label-free technique that detects 

changes in refractive index near a biosensor surface due to changes in mass or structure. 

SUVs composed of the MRSA bacterial mimetic lipids were deposited onto the surface 

of a Biacore L1 Chip and allowed to equilibrate. The sensorgrams of each of the 6 

oligoTEAs show a quick rise in response level that plateaus after 200 seconds (Figure 

A2.19). Upon washing with PBS after 300 seconds, the signal drops quickly and fades  

toward an asymptote above the baseline. Within the same scaffold (i.e. same length and 

same backbone), guanidine-based oligoTEAs generally show higher signal responses 

relative to their amine variants, especially in the dissociation (PBS wash) phase. 

 Several models have been used to describe AMPs binding onto bacterial mimetic 

membranes as observed by SPR. The most common models utilize two reversible steps 

including loss or lipid expansion on the second step.99,116,117 We recently described a 
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new two-state model that uses the physical phenomena observed in fluorescence 

microscopy and SPR experiments to describe the mechanism of action of antibacterial 

oligoTEAs.73 In this two-state model (Figure 2.5a), the aggregates observed by 

fluorescence microscopy were described as an irreversible state (OL*) that can only be 

formed from an initial reversible binding state (OL). The reversible binding state (OL) 

is evident in the SPR experiment by the rapid initial increase at the beginning of 

oligomer injection and decrease at the beginning of the PBS wash, respectively. Thus, 

both (OL*) and (OL) states have been directly and indirectly observed. The reversible 

binding state(OL) is likely a combination of several binding and/or insertion states that 

cannot be resolved by our methods. This two-state model also includes the possibility 

of lipid loss from both the reversible state (OL) and the aggregate state (OL*) (Figure 

2.5a). Loss from (OL*) is shown in aggregate detachment in fluorescence microscopy 

experiments, while loss from OL has been observed previously using similar 

compounds73 and by other groups in the form of pore formation or lipid bilayer 

expansion.99,100 

The two-state model was fit over a concentration range of 1-25µM for each 

oligoTEA in good agreement with the data. Figures 2.5b and 2.5c show the fits for PDT-

4G and PDT-4Am, and others are shown in Supplementary Figures A2.20-25. Analysis  

of the population of states ((OL), (OL*), Loss(OL), Loss(OL*)) data across 

concentrations revealed strong correlations between the extent of aggregate formation 

(OL*) and nature of the cationic group. Consistent with the PI data, we see that within 

the same scaffold type, guanidine groups generally result in a higher population of 

bound aggregates (OL*) (Figure 2.5d).  This strongly implicates this aggregate state as 
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Figure 2.5. (a) Two-state model with loss on both steps developed previously.105 OL* 

represents the oligoTEA-lipid aggregate and OL represents any binding state including all types 

of potentially loose or tight binding not observed by fluorescence microscopy. Loss can occur 

from OL or OL*. (b) Model fit to PDT-4G and (c) PDT-4Am 5 µM SPR data along with the 

predicted kinetic evolution of states. (d) Population of oligoTEA-induced aggregates (OL*) 

formed during the kinetic run. 

 

 

a critical determinant for membrane permeabilization and antimicrobial activity. The 

population of the (OL) state is higher for the guanidine 4-mers over the amine 4-mers 

(Figure A2.27). In contrast, this correlation does not hold for the pre-aggregate binding 

(OL) for the 3-mer compounds as the 3-mer amine has a higher population of bound 

(OL) states than the 3-mer guanidine. Losses from the (OL) and (OL*) states are nearly 

identical between guanidine and amine containing compounds across all concentrations 

(Figure A2.27) indicating that these states are not the critical drivers or directors of 

oligoTEA antimicrobial activity. Thus, from all populations and parameters determined, 

the lipid-oligomer aggregate population (OL*) appears most directly related with 

activity as it shows a consistent benefit for the use of guanidine groups over amines. 
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2.3 Conclusions 

In this work, we evaluate the benefit of guanidine groups over amines on oligo-

TEA scaffolds for antimicrobial activity. Biological characterization in vitro as well as 

biophysical characterization with fluorescence microscopy and SPR demonstrate key 

differences between oligoTEAs made with guanidines versus amines. We conclude that 

these oligomers operate by binding bacterial membranes, where they facilitate the 

development of lipid aggregates and disrupt membrane integrity. We were further able 

to investigate differences between guanidine and amine-containing oligoTEAs through 

SPR data fit to a two-state model with an irreversible aggregation step. Within each set 

of oligoTEAs made with identical backbone and length, guanidine-containing com-

pounds demonstrated increased ability to cause lipid aggregate formation (OL*) over 

their amine variants. This is consistent with our biological activity against MRSA. The 

populations Loss(OL) and  Loss(OL*) did not correlate across all concentrations with 

the biological activity, but (OL) showed partial correlation with biological activity with-

in 4-mers containing the same backbone. Our kinetic data and conclusions were directly 

supported and corroborated by fluorescence microscopy observations of stabilized 

tubular aggregates that appear during membrane disruption by PDT-4G over PDT-4Am.  

Overall, this body of work highlights the potential importance of oligoTEA-

induced lipid aggregation on membrane disruption and introduces a new class of 

antibacterial oligoTEAs made with guanidinium residues, which show increased 

activity relative to their amine-functionalized counterparts. As these guanidine-

functionalized oligoTEAs have potent antibacterial activity, further investigation into 

this class of compounds is merited to evaluate their therapeutic potential. 
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APPENDIX 2 

 

A2.1 MATERIALS AND INSTRUMENTATION FOR CHAPTER 2 

Materials and Reagents: Chemicals and reagents were purchased from Sigma-Aldrich unless 

stated otherwise. 2-[2(1H,1H,2H,2H-Perfluorodecyl) isopropoxycarbonyl-oxyimino]-2-

phenylacetonitrile (fluorous BOC-ON) and fluorous silica were purchased from Boron 

Specialties. Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 33591) was obtained 

from ATCC. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), cardiolipin, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 18:1 diacylglycerol (DG), 

and tetrapalmitoyl cardiolipin (TPCL) were purchased from Avanti Polar Lipids. 1,3-di-Boc 

methylisothiourea was purchased from Combi-Blocks. 1X PBS refers to 0.01 M phosphate 

buffered saline (NaCl 0.138 M, KCl 0.0027M) unless stated otherwise. 

 

Instrumentation: All NMRs were performed on a Bruker Avance III 500 MHz spectrometer 

equipped with a cryogenic probe. 1H NMR spectra were analyzed in MestReNova (version 

12.0.3-21384). HPLC purification was carried out on a reverse-phase Agilent Eclipse XDB-C18 

column (9.4 x 250 mm, 5 μM), by a 1100 Series Agilent HPLC system equipped with a UV 

diode array detector and a 1100 Infinity analytical scale fraction collector. Solvents for HPLC 

were water and acetonitrile with 0.1% trifluoroacetic acid (TFA) added. LCMS characterization 

was performed on an Agilent 1100 LCMS system (single-quad G1956B) in positive ion mode 

using a Poroshell 120 EC-C18 column (3x100 mm, 2.7 μm) purchased from Agilent 

Technology, with absorbance recording at 210 nm and 254 nm. All samples were analyzed on 

a gradient of 5-100% acetonitrile in water with 0.1% acetic acid added. Most tabulated data 

were processed with GraphPad Prism 7.01. Model fitting of SPR data was performed using 

MATLAB R2018b(9.5.0.944444). 
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A2.2 GENERAL METHODS EMPLOYED IN CHAPTER 2 

 

OligoTEA Synthesis59,69,70  

OligoTEA synthesis was performed by alternating thiol-ene and thiol-Michael addition 

reactions, starting with fluorous-allylamine.  

 

Fluorous solid-phase extraction (FSPE): Crude reaction product was loaded onto a 

column packed with 2g fluorous silica. The column was washed using a fluorophobic 

wash of 80:20 MeOH:water to remove any non-fluorous material. The desired fluorous 

product was eluted using pure MeOH. 

 

Fluorous allylamine synthesis: 1 molar equivalent Fluorous BOC-ON was combined 

with 1.6 equivalents allylamine and 2.5 equivalents triethylamine in tetrahydrofuran and 

stirred overnight at room temperature. After removal of tetrahydrofuran under reduced 

pressure, the product was purified using FSPE and dried to yield fluorous-allylamine, 

which was used without further purification. 

 

Thiol-ene reaction: 1 equivalent fluorous-olefin was dissolved in MeOH (150 µM first 

thiol-ene reaction, 100 µM each subsequent thiol-ene reaction). 5 molar equivalents of 

propanedithiol (PDT) and 10 mol% (of the dithiol) of 2,2-dimethoxy-2-

phenylacetophenone (DMPA) were added and the solution was UV irradiated at 20 

mW/cm2 for 270 seconds.  The mixture was purified using FSPE to yield the desired 

fluorous-thiol, which was used before removal of MeOH. 
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Thiol-Michael addition reaction: Fluorous-thiol in MeOH was combined with 2 

equivalents of Boc-protected amine or guanidine monomer and 10% (of the monomer) 

dimethylphenylphosphine. MeOH was removed under reduced pressure, during which 

time the reaction went to completion. The product was purified using FSPE  

 

Fluorous tag cleavage and Boc-deprotection: Completed oligoTEA was dissolved at 20 

µM in TFA for 1 hour, which was subsequently removed under reduced pressure to 

yield the desired deprotected oligoTEA.  

 

HPLC purification: Deprotected oligoTEA was purified on a gradient of 0-100% 

acetonitrile with 0.1% TFA in water with 0.1% TFA. Compounds were verified using 

LCMS and 1H NMR and quantified using 1H NMR with integration against a known 

standard (acetonitrile or 1,4-dioxane). 

 

 Guanidine Monomer Synthesis59 

 

Reaction 1: 2-(2-aminoethyl)-1,3-di-Boc-guanidine synthesis: 1 equivalent 1,3-Di-boc-

2-methylisothiourea at a concentration of 250 mM in dichloromethane (DCM) was 

reacted with 2.5 eq ethylenediamine for 70 min at room temperature. The reaction 

mixture was washed 3x with water and 1x with brine. It was used immediately in the 

acylation reaction. 
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Reaction 2: Acylation reaction: Additional DCM was added to the resulting solution of 

Reaction 1 for a final concentration of 150 mM. 3 eq triethylamine were added and the 

mixture was stirred on ice for 10-15 min.  1.5 eq acryloyl chloride was dissolved in 25% 

the total volume of DCM to be used and added dropwise to the reaction mixture over 

20 min.  The reaction was stirred 1 hr on ice and 1 hr at room temperature, then quenched 

with water and extracted three times with DCM.  All organic layers were combined, 

washed with brine, and dried with anhydrous sodium sulfate before solvent removal 

under reduced pressure.  

 

Reaction 3: Alkylation reaction: 1 eq acylation product was dissolved in dry 

dimethylformamide (DMF) for a final reaction concentration of 200 mM.  4 eq. sodium 

hydride was added and the mixture was stirred at room temperature for 10 minutes.  2.5 

eq allyl bromide was dissolved in 25% the final volume DMF and added dropwise over 

15 minutes.  The mixture was stirred 1 hour at room temperature before the reaction 

was quenched with water. The product was extracted three times with diethyl ether and 

washed with brine. Solvent was removed under reduced pressure to yield a yellow oil 

which was purified using silica-column flash chromatography on a gradient of 0-100% 

ethyl acetate in hexanes. The desired guanidine monomer product eluted at 24% hexanes 

in ethyl acetate. Product was verified by 1H NMR and LCMS. 
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Boc-Amine Monomer Synthesis72 

 

 

Reaction 1: 1 equivalent Boc-bromoethylamine was dissolved in twice its volume of 

dichloromethane and added dropwise to a mixture of 6 eq potassium carbonate dissolved 

in 50 eq allylamine. After 3 hours, the mixture was filtered through celite to remove the 

potassium carbonate, and allylamine was removed under reduced pressure.   

 

Reaction 2: The product of reaction 1 was dissolved in dichloromethane for a final 

reaction concentration of 200 µM, and stirred for 15 min at 0°C. Acryloyl chloride, 

diluted in five times its volume of dichloromethane, was added dropwise over 30 min. 

The mixture was stirred for one hour at 0°C and one hour at room temperature before 

being quenched with water. Product was extracted with dichloromethane and dried with 

anhydrous sodium sulfate. Solvent was removed under reduced pressure to yield a 

yellow oil. This was further purified using silica column flash chromatography on a 

gradient of 15-75% ethyl acetate in hexanes. The desired product, the amine monomer, 

eluted at 55% ethyl acetate in hexanes and was verified using 1H NMR and LCMS. 
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Minimum Inhibitory Concentration (MIC) Assay: 

5-6 colonies of MRSA were selected and incubated in tryptic soy broth (TSB, 

pH 7.3), at 37°C overnight. Bacteria were sub-cultured and grown to mid-exponential 

phase (2.5-3-hour incubation). The subculture was diluted to 106 colony forming units 

per mL (CFU/mL) in cation-adjusted TSB. Cation-adjusted TSB contains 12.5 µg/mL 

Mg2+, 25 µg/mL Ca2+, to mimic physiological divalent cation 

concentrations.(Wiegand, Hilpert, and Hancock 2008) 1 mM oligoTEA stocks in water 

were serially diluted into the bacterial suspensions in a clear 96-well plate. The well 

plate was incubated overnight and the absorbance was measured at 600 nM using a 

TECAN Infinite® M1000 PRO Microplate Reader (Männdorf, Switzerland). The MIC 

was calculated as the first point at which the normalized absorbance was below 10% of 

the maximum. 

 

PI Membrane Permeabilization Assay:  

5-6 colonies of MRSA were selected and incubated at 37ºC in media overnight, 

then sub-cultured and incubated until mid-exponential phase (6x108 CFU/mL). Bacteria 

were harvested, washed, and resuspended in a solution of 5 mM HEPES, 5 mM glucose, 

12.5 µg/mL Mg2+, 25 µg/mL Ca22+,  and 10 µM propidium iodide (pH 7.4). 150 µL 

bacteria solution was added to each well of a black 96-well plate. Fluorescence 

measurements were taken at 535/617 nm excitation/emission on a TECAN M1000 PRO 

Microplate reader (Männdorf) (TECAN) for 2 minutes with shaking. OligoTEA stock 

solutions were added to give a final concentration of 25 µM. Fluorescence 

measurements were taken for an additional 20 minutes with shaking. 
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Small Unilamellar Vesicle (SUV) preparation:  

Lipids were combined at the desired ratios from chloroform stock solutions, 

dried with nitrogen at room temperature and placed in a lyophilizer for at least 6 hours. 

The dried lipids were suspended in 1X PBS (pH 6.8) by vigorous vortexing for 5 

minutes and then gently mixed overnight to age. The suspension was then sonicated in 

an ice bath using a probe-tip Branson Sonifier 450 equipped with a micro-tip at 35% 

power and 35% duty for 30-60 minutes. The nearly-translucent solution was centrifuged 

at 3000 relative centrifugal force (RCF) for 10 minutes to remove undispersed lipid and 

titanium from the probe-tip. The solution was then filtered through a sterile 0.2 µm 

polyethersulfone filter and the hydrodynamic size was verified to be 20-50 nm by 

dynamic light scattering. SUVs were stored at 4°C and verified to be stable for 

approximately 3-4 weeks. 

 

Surface Plasmon Resonance (SPR):  

SPR was completed using a Biacore 3000 with an L1 Chip at 25°C following 

modified manufacturer protocol. Before use, the system was prepared by desorption, 

sanitizing, and an overnight wash with ultrapure water. Conditioning of the L1 chip was 

completed at the beginning and end of each run with 25 µL 2:1 isopropanol:50 mM 

NaOH (10 µL/min). 1X PBS (pH 6.8) was used throughout the run and in all solutions. 

Additional manufacturer recommended washes were used. SUV capture was performed 

at 5 µL/min for 10 minutes to ensure surface saturation. Control runs of 60 second pulses 

of 10 mM showed little change in the baseline. Approximate resonance unit (RU) 

increases for the MRSA mimetic lipid bilayer of 4:5:11 DG:TPCL:POPG (discussed in 
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the Results and Discussion) and 9:1 POPC:Cholesterol SUV capture were 3800 and 

7000, respectively. At an equilibrated flow of 30 µL/min, samples were injected 

(kinject) for 5 minutes and dissociated for 10 minutes with buffer 

 

Fluorescence Microscopy:  

To form planar supported lipid bilayers, polydimethylsiloxane (PDMS) wells of 

~1 cm diameter were attached to piranha-washed glass slides (70% sulfuric acid, 30% 

hydrogen peroxide). PDMS consisted of 10:1 elastomer:cross-linker mixture of Sylgard 

184 (Robert McKeown Company). Wells were coated with 100 µL of poly-L-lysine 

(0.1%wt/vol in water, Sigma P8920) for 30 minutes at room temperature, then washed 

with 1X PBS pH 6.8. SUVs were labeled with 0.05-0.1 mol% Octadecyl Rhodamine B 

or Texas RedTM DHPE (Molecular Probes). The labeling amount was kept low to 

prevent surface quenching. G25 spin column (GE Healthcare) removed excess 

fluorophore. Labeled vesicles were added to the well and incubated for 10 minutes to 

rupture and form a bilayer. The well was gently rinsed with PBS to wash away excess 

vesicles. Scratches were made on the bilayer to aid in determining the focus. Imaging 

was performed with a Zeiss Axio Observer.Z1 microscope with α Plan-Apochromat 

20X objective. Time-lapse imaging was completed before and after oligomer exposure 

(10min). 
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A2.3 CHARACTERIZATION OF OLIGOTEAS USED IN CHAPTER 2 

 
Figure A2.1: 1H NMR of PDT-3G, taken in methanol D4. Acetonitrile quantification 

 

 
Figure A2.2: 1H NMR of PDT-2GAm, taken in methanol D4. Acetonitrile quantification 

 

 
Figure A2.3: 1H NMR of PDT-Am2G, taken in methanol D4. Acetonitrile quantification 
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Figure A2.4: 1H NMR of PDT-G2Am, taken in methanol D4. Acetonitrile quantification 

 

 
Figure A2.5: 1H NMR of PDT-3Am, taken in methanol D4. Acetonitrile quantification 

 
Figure A2.6: 1H NMR of PDT-4G, taken in D2O. 1,4-dioxane used for quantification 
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Figure A2.7: 1H NMR of PDT-4Am, taken in D2O. 1,4-dioxane used for quantification 

 

 
Figure A2.8: 1H NMR of BDT-4G, taken in D2O. 1,4-dioxane used for quantification 

 

 
Figure A2.9: 1H NMR of BDT-4Am, taken in D2O. 1,4-dioxane used for quantification 
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Figure A2.10: LCMS of PDT-3G 

 

 

 
 

Figure A2.11: LCMS of PDT-2GAm 
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Figure A2.12: LCMS of PDT-Am2G 

 

 

 
 

Figure A2.13: LCMS of PDT-G2Am 
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Figure A2.14: LCMS of PDT-3Am 

 

 

 
 

Figure A2.15: LCMS of PDT-4G 
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Figure A2.16: LCMS of PDT-4Am 

 

 

 
 

Figure A2.17: LCMS of BDT-4G 
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Figure A2.18: LCMS of BDT-4Am 
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A2.4 SPR MODELING 

 

Ordinary differential equations from SPR kinetic model 

 

 
 

 

 
 

Excerpt of Figure 4a of translated to mass action kinetics rates (Equations 1-5). SPR 

observes effective refractive index changes near the gold sensor surface, encoding both 

mass and structural changes. Thus, the SPR cannot observe material lost from the 

surface seen in Equation 3 and 4 and Equation 5 sums up the combined observations. 

 

Use of MATLAB to model and fit SPR data 

Fitting of the kinetic rates to the SPR sensorgram data was completed using lsqcurvefit. 

The function incorporated two separate nested ODEs for the association and 

dissociation phases, where ColigoTEA was the designated concentration and 0uM, 

respectively. The ODEs were numerically solved by ode15s with RelTol and AbsTol as 

1e-8. Convergence of lsqcurvefit was seen typically in less than 1k function iterations to 

a resnorm less than 5e5 to capture the behavior of the curve. Kinetic rate parameters 

k1,k2,k3,k4, and k5 were not bounded, while CLipid,total was kept constant (3000 ± 
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<0.01%). CLipid,total should be dependent on the physical number of binding spots of the 

lipid surface, only changing based on SUV lipid composition, not the oligomer 

concentration (only the MRSA lipid composition was fit). CLipid,total must be greater than 

the highest RU value in the experimental data. For example, CLipid,total must be at least 

~2100 RU worth of lipid in order to fit the BDT-4G from Figure A2.19. CLipid,total scales 

the curve response, with little change to the curve shape.  Since the kinetic rates 

significantly affect curve shape, CLipid,total was held constant to allow comparison of 

kinetic rates. 
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A2.5 SUPPLEMENTARY SPR DATA 

 

 
Figure A2.19: All SPR data for all oligoTEAs tested, at all concentrations tested. 
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Figure A2.20: Model Fits of SPR of PDT-3G 

 

0 200 400 600

0

500

1000

1500

2000

PDT3G 25uM

Time, seconds

R
U

Data

Fit

OL

OL*

Loss(OL)

Loss(OL*)

0 200 400 600

0

500

1000

1500

2000

PDT3G 10uM

Time, seconds

R
U

Data

Fit

OL

OL*

Loss(OL)

Loss(OL*)

0 200 400 600

0

500

1000

1500

2000

PDT3G 5uM

Time, seconds

R
U

Data

Fit

OL

OL*

Loss(OL)

Loss(OL*)

0 200 400 600

0

500

1000

1500

2000

PDT3G 2.5uM

Time, seconds

R
U

Data

Fit

OL

OL*

Loss(OL)

Loss(OL*)

0 200 400 600

0

50

100

150

200

500

1000

1500

2000

PDT3G 1uM

Time, seconds

R
U

Data

Fit

OL

OL*

Loss(OL)

Loss(OL*)

Legend



 

44 

 

 
Figure A2.21: Model Fits of SPR of PDT-3Am 
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Figure A2.22: Model Fits of SPR of PDT-4G 
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Figure A2.23: Model Fits of SPR of PDT-4Am 
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Figure A2.24: Model Fits of SPR of BDT-4G 
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Figure A2.25: Model Fits of SPR of BDT-4Am 
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Table A2.1: All parameter from model fit of SPR data. K1 (equilibrium constant) = k1/k2 

 

 

 

Conc, 

uM PDT3G PDT3Am PDT4G PDT4Am BDT4G BDT4Am 

K1 1 71550 1737699 1844168 671792 460794 2000540 

 

2.5 261146 107363 2983064 242892 1296666 261159 

 

5 63942 49461 112503 79981 146159 108327 

 

10 30004 27562 58920 42318 100048 55907 

 

25 16001 13076 31376 20837 56918 28333 

k3 1 0.00789 0.00464 0.00726 0.00609 0.00662 0.00665 

 

2.5 0.00607 0.00378 0.00737 0.00475 0.00671 0.00570 

 

5 0.00518 0.00371 0.00523 0.00486 0.00577 0.00564 

 

10 0.00483 0.00339 0.00489 0.00477 0.00454 0.00574 

 

25 0.00490 0.00331 0.00374 0.00415 0.00344 0.00460 

k4 1 0.0823 0.0303 0.0214 0.0300 0.0311 0.0299 

 

2.5 0.0285 0.0205 0.0210 0.0172 0.0169 0.0201 

 

5 0.0207 0.0147 0.0100 0.0122 0.0074 0.0105 

 

10 0.0133 0.0113 0.0066 0.0090 0.0043 0.0078 

 

25 0.0085 0.0081 0.0033 0.0056 0.0020 0.0044 

k5 1 0.001069 0.000596 0.000196 0.000250 0.000101 0.000336 

 

2.5 0.000770 0.000767 0.000443 0.000235 0.000275 0.000235 

 

5 0.000784 0.000875 0.000400 0.000396 0.000381 0.000321 

 

10 0.000726 0.000706 0.000533 0.000484 0.000413 0.000465 

 

25 0.000388 0.000557 0.000499 0.000426 0.000427 0.000420 
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Figure A2.26: All parameters from model fits of SPR Data. K1 is the equilibrium constant 

(k1/k2) 

 

 

 

 
Figure A2.27: All populations from model fits of SPR Data. 
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CHAPTER 3 

EFFECT OF COMPOSITION ON ANTIBACTERIAL ACTIVITY OF SEQUENCE-

DEFINED CATIONIC OLIGOTEAS 

 

This chapter is adapted with permission from C.M. Artim, N.N. Phan, & C.A. Alabi, ACS 

Infectious Diseases 2018, 4 (8), 1257-1263. Copyright © 2018 American Chemical Society. 
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3.1 Introduction 

Recently, new classes of antibiotics modeled after AMPs have made their way 

into the clinical pipeline and are slowly becoming increasingly important (52% 

probability of registration by 2025) in the fight against antibiotic resistance.118,119 Two 

examples are POL7080 and brilacidin, which are currently in phase 2 clinical trials.119 

These promising candidates and their attributes have led to widespread research into the 

use of AMPs as a new antimicrobial class and a potential source of antibiotics. 

Subject areas that need to be explored are how AMPs and their synthetic 

mimetics behave in solutions that mimic physiological conditions and how particular 



 

52 

 

molecular features on a sequence-defined macromolecular backbone influence the 

mechanism of membrane disruption. This current study seeks to directly address these 

questions by exploiting the synthetic versatility and promising bactericidal activity of 

sequence-defined oligoTEAs. 

In this study, we build on the work in Chapter 2 to further investigate how the 

nature and ratio of the cationic and hydrophobic groups influence the mechanism and 

activity of antibacterial oligoTEAs. Here we approach these differences from a 

standpoint of therapeutic development, so these studies are motivated more in the 

elucidation of physicochemical properties necessary for the development of promising 

therapeutic candidates, rather than the specific effects of guanidine versus amine 

residues on membranes. In addition to biological evaluation in standard media, we 

evaluate the effect of elevated salt and proteins present in biological fluids on the 

activity of promising oligoTEAs. Following in vitro antibacterial testing, we evaluate 

the mode of oligoTEA interaction with the biological membrane. Finally, we evaluate a 

promising oligoTEA sequence, PDT-4G, in vivo in a methicillin-resistant 

Staphylococcus aureus (MRSA) mouse thigh infection model and show promising 

antibacterial activity after a single subcutaneous injection. Overall, the detailed 

biological evaluation and mechanistic analysis of oligoTEAs performed in this work 

takes us one step closer toward understanding the critical properties of potent sequence-

defined oligomers that can be used to selectively subvert harmful bacterial pathogens. 
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3.2 Results and Discussion 

3.2.1 OligoTEA Synthesis and Characterization 

 

 
Figure 3.1. (a) Assembly scheme and structures of sequence-defined cationic oligoTEAs used 

in this work. A – amine, G -  guanidine, BDT – butanedithiol, PDT – propanedithiol. (b) 

Retention time of cationic oligoTEAs prepared in this work obtained via the extracted ion 

chromatogram of product mass. (c) Minimum Inhibitory Concentration (MIC) values for the 

antibacterial activity of oligoTEAs and controls on B. subtilis and E. coli. 

 

Five oligoTEAs were synthesized (Figure 3.1a) according to our previously 

reported method for the assembly of sequence-defined oligoTEAs.59,70 Our 

methodology involves sequential orthogonal thiol-Michael additions and thiol-ene 

reactions between a N-allylacrylamide monomer and commercially available dithiols in 

solution. This is made possible by anchoring the growing sequence to a soluble fluorous 

support that enables a fluorous solid-phase extraction (FSPE) for product purification 

between each coupling step. The soluble fluorous support has the advantage of enabling 

a routine monitoring via 1H NMR during oligomer assembly, as well as fast reaction 

kinetics. The five oligoTEAs prepared in this work are referred to by the notation X-

nY, where X stands for the backbone type (butanedithiol, BDT, vs propanedithiol, 

PDT), the number, n, refers to the number of backbone-pendant group repeat units, and 
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the final letter Y refers to the nature of the pendant group (amine, A, vs guanidine, G). 

BDT-3G, BDT-4G, and BDT-5G were prepared with a guanidinium N-allylacrylamide 

monomer and a butane dithiol backbone group as shown in Figure 3.1a. To examine the 

effect of the pendant group, we synthesized BDT-4A, the amine analog of BDT-4G. To 

examine the sensitivity of the backbone hydrophobicity, we also synthesized PDT-4G 

by simply switching the butanedithiol used in the backbone to propanedithiol. 

Following purification, all five antibacterial oligoTEAs (AOTs) were characterized and 

confirmed via 1H NMR and LCMS (Figures A3.1-10). 

The hydrophobicity of these five oligoTEAs was evaluated via reverse-phase 

HPLC on a C18 column (Figure 3.1b). As expected, PDT-4G with fewer carbon chains 

in the backbone was less hydrophobic than BDT-4G. To our surprise, the guanidinium 

oligoTEA BDT-4G appeared at a later retention time than the amine, BDT-4A. In fact, 

all the guanidinium oligoTEAs, regardless of length, appeared to be more hydrophobic 

than the amine variant. Given that these compounds all have the same n-butane 

functionality in their backbone, the data seems to suggest that the guanidinium 

functional group imparts more hydrophobicity than the amine. We rationalize this data 

by noting that the C18 column used for this analysis has residual silanols present112,113 

and the observed increase in retention time could stem from hydrogen 

bonding/electrostatic interactions between the guanidinium pendant groups and the 

silanols or the hydrogen bonded water network stemming from the silanol groups. 

Enhanced retention on a C18 column due to hydrogen bonding and electrostatic 

interactions has been observed in studies involving polar analytes.112,120 Since the 

guanidinium group can form more hydrogen bonds than an ammonium (8 vs 3), it is 
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reasonable that the guanidinium compounds will have stronger interactions with the 

stationary phase and appear “more hydrophobic”. Thus, it is more appropriate to think 

of this increase in retention time as an increase in hydrogen bonding capability and not 

hydrophobicity. This point is further confirmed with another observation from Figure 

3.1b, which is that the retention time increases with increasing repeat unit, i.e., BDT-

5G > BDT-4G > BDT-3G. This can be rationalized as being the direct result of 

increasing the number of hydrophobic (butane backbone) and hydrogen bonding 

interactions (guanidinium group) with the stationary phase. 

 

3.2.2 Antibacterial Activity and Cytotoxicity of OligoTEAs 

The antibacterial activity of the five oligoTEAs was initially determined in Luria 

Broth (LB) on Gram-positive B. subtilis and Gram-negative E. coli (Figure 3.1c). The 

reported minimum inhibitory concentration (MIC) is the minimum concentration that 

prevents measurable growth of bacteria. We observe that BDT-4G is more potent than 

the shorter and longer length oligoTEAs (BDT-3G and BDT-5G) on both B. subtilis and 

E. coli. Decreasing the overall hydrophobic content (i.e., BDT-4G vs PDT-4G) did not 

have a measurable effect on antibacterial potency on either bacterial strain. However, 

switching the cationic headgroup from a guanidinium to an amine reduced the activity 

by 4- and 8-fold in B. subtilis and E. coli, respectively. 

To further examine the potency of these oligoTEAs against pathogenic bacteria, 

we examined their activity on MRSA and community associated MRSA (CA-MRSA, 

also known as USA300). MRSA is one of the leading causes of bacteremia, a bacterial 

infection of the bloodstream that impacts scores of service members during 
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hospitalization.121,122 The virulent USA300 strain has been shown to colonize in 

neonates and infants in several NICUs across the country and led to a decade-long 

epidemic that resulted in extensive hospital stays.123,124 As such, both MRSA and 

USA300 strains pose a significant threat to vulnerable population pools (children and 

service members). Furthermore, several USA300 isolates have recently developed 

reduced susceptibility to commonly administered vancomycin and daptomycin.108 

Given their virulence and onset of resistance against the standard of care, novel 

antibacterial strategies against these pathogens are urgently needed. Similar to previous 

antibacterial studies, the five oligoTEAs synthesized in this study were exposed to both 

MRSA and USA300 in normal growth media (tryptic soy) along with three positive 

controls: melittin, daptomycin, and vancomycin. As shown in Figure 3.2a, we observed 

that all guanidinium oligoTEAs were generally very active (∼0.4–3 μM), irrespective 

of length and backbone functionality, with PDT-4G showing the best activity of all the 

compounds (MIC of ∼0.4 μM). In contrast, the amine modified oligoTEA, i.e. BDT-

4A, was ∼20-fold less active against both MRSA and USA300. To our surprise, the 

daptomycin control also showed relatively low activity (MIC ∼ 12.5 μM) under these 

testing conditions. Upon further scrutiny, we discovered that normal tryptic soy contains 

insufficient amounts of divalent cations that are critical for daptomycin’s activity. 

Daptomycin primarily functions by binding to Ca2+, which facilitates its insertion into 

the bacterial membrane and cell death via several unresolved mechanisms.125 Addition 

of 25 mg/L Ca2+ and 12.5 mg/L Mg2+, according to the Clinical and Laboratory 

Standards Institute (CLSI) protocol,126 to tryptic soy media restored daptomycin’s 

function (MIC ∼ 1.6 μM). The presence of physiologically relevant concentrations of 
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cations did not diminish the antibacterial activity of the oligoTEAs (Figure 3.2a) as has 

been observed with other AMPs.66–68 We also evaluated antibacterial activity in the 

presence of both serum and cation-adjusted serum. Most AMPs display poor activity in 

the presence of serum due to rapid proteolytic degradation and/or nonspecific binding 

to serum proteins.63–65,127 This effect can be seen in the loss of melittin’s activity (>8-

fold loss) in the presence of serum (Figure 3.2). Remarkably, all guanidinium 

oligoTEAs retained their potent activity in cation-adjusted media and media with 20% 

serum. 

  

 
 

Figure 3.2. MIC values for the antibacterial activity of oligoTEAs and controls on (a) MRSA 

(ATCC 33591) and (b) community associated MRSA (USA300), in tryptic soy (white bar), 

cation adjusted tryptic soy (i.e., supplemented with 25 mg/L calcium ions and 12.5 mg/L 

magnesium ions, gray bar), tryptic soy supplemented with 20% serum (light red bar), and cation 

adjusted tryptic soy supplemented with 20% serum (dark red bars). ∗, greater than 12.5 μM; ∗∗, 

greater than 25 μM. Dotted line represents a MIC value of 0.78 μM. Results are expressed as 

means, and error bars, where present, represent the range of values. 

 

To be considered a viable antibacterial candidate, promising oligoTEAs must 

be nontoxic to mammalian cells. The extent of oligoTEA-induced toxicity against  

mammalian cells was measured via a standard hemolysis assay with melittin as a 

positive control. None of the oligoTEAs tested were hemolytic at the highest 

concentration tested (50 μM), which is ∼60–120-fold above the MIC for BDT-4G and 

PDT-4G (Figure 3.3a). This is in stark contrast to melittin that was highly hemolytic 
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(100% hemolysis) at a concentration of 5 μM. To further evaluate the safety of these 

compounds, mammalian cell cytotoxicity was evaluated via an MTS assay on human 

embryonic kidney cells (HEK293), which have been shown to be a good predictor of 

nephrotoxicity.128 The data in Figure 3.3b shows that BDT-4G is the most cytotoxic of 

the oligoTEAs tested, although cytotoxicity only emerges at concentrations above 20 

μM (i.e., 25-fold above MIC). PDT-4G, which is equally as potent as BDT-4G but less 

hydrophobic (Figure 3.1b), is noncytotoxic at concentrations up to 40 μM (i.e., ∼100-

fold above MIC) and shows 75% cell viability at 50 μM. Altogether, this body of data 

demonstrates that the backbone and pendant groups of oligoTEAs can be precisely tuned 

to deliver potent antibacterial activity while minimizing cytotoxicity. 

 

             

Figure 3.3. (a) Hemolytic activity of oligoTEAs as a function of concentration (2–50 μM). (b) 

MTS assay performed on HEK293 cells in the presence of varying concentrations of oligoTEAs 

(2–50 μM). Each data point represents the mean from two to three biological replicates, and 

error bars, where present, represent the range of values. Melittin and daptomycin are used as 

positive and negative controls. 

 

 

3.3.3 Membrane Destabilization 

The promising antibacterial results obtained with PDT-4G against MRSA 

(Figure 3.2) coupled with its low cytotoxicity (Figure 3.3) lead us to focus on PDT-4G 

for further investigation. Cationic peptides, similar to PDT-4G, have been shown to act 
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on the bacterial membrane via a two-step binding and insertion mechanism.129 Insertion 

and/or aggregation with bacterial phospholipids should lead to membrane 

destabilization. To investigate the possibility of this outcome, we performed a 

membrane depolarization assay to analyze the membrane permeabilization potential of 

PDT-4G. Membrane depolarization was measured with a fluorescent dye, 3,3′-

dipropylthiadicarbocyanine iodide (diSC35), that is quenched upon insertion into the 

polarized cytoplasmic membrane. Permeabilization of the cytoplasmic membrane 

lowers the membrane potential, which releases diSC35 and causes an increase in 

fluorescence.130 When this assay is performed on MRSA, the pore-forming melittin 

control gives a significant increase in fluorescence, unlike the nonlytic compounds 

daptomycin and vancomycin, which display no significant change in fluorescence 

(Figure 3.4a). Similar to melittin, albeit to a lesser extent, PDT-4G also caused a 

significant increase in fluorescence supporting the assertion that PDT-4G operates by 

compromising the membrane. Similar results were obtained when this assay was 

repeated with E. coli (Figure 3.4a). It follows that a compromised membrane should 

allow rapid exchange of fluids with the external environment and thus lead to cell death. 

To further investigate this fluid exchange, we performed a propidium iodide (PI) uptake 

assay. PI is a membrane-impermeable intercalating agent that fluoresces upon binding 

to nucleic acids. Thus, membrane permeabilization is detected by an increase in 

fluorescence upon addition of antibacterial agents. The PI assay was performed on 

MRSA, and the results show that melittin and PDT-4G give rise to a rapid increase in 

fluorescence, while daptomycin and vancomycin do not (Figure 3.4b). This suggests 

that PDT-4G operates via rapid membrane permeabilization, which subsequently results 
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in rapid fluid exchange of the bacteria with the external environment. This assay was 

repeated with E. coli, yielding similar results suggesting PDT-4G also permeabilizes the 

membrane of Gram-negative E. coli (Figure A3.11). 

 

Figure 3.4. (a) Membrane depolarization assay performed on MRSA and E. coli using the 

potentiometric probe, diSC35. Results are expressed as means from two biological replicates ± 

standard deviation. (b) Propidium iodide (PI) translocation assay performed on MRSA to 

measure extent of membrane destabilization and permeability. Cells were treated with PI for 2 

min before the compounds were added. (c) Cell growth kinetic measurements (kill curves) of 

MRSA exposed to varying concentrations of PDT-4G (2X–8X MIC) and antibiotic controls 

melittin, daptomycin, and vancomycin. 

 

 

Finally, a kill curve was performed on PDT-4G, melittin, vancomycin, and 

daptomycin to investigate kinetics of cell death of bacteria grown to mid-exponential 

phase (Figure 3.4c). MRSA cells were treated with PDT-4G at 2-fold, 4-fold, and 8-fold 

the MIC value, and the cell growth was measured (via absorbance) as a function of time. 

Similar to vancomycin and daptomycin, addition at 8-fold MIC of PDT-4G was 
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necessary to inhibit growth and kill all bacteria (Figure 3.4c). However, the kinetics of 

cell death was much faster for PDT-4G than either daptomycin or vancomycin. Cell 

growth was immediately arrested at the start of the experiment, and cell count (as 

measured by the absorbance value) decreased thereafter. Melittin showed the fastest rate 

of cell death with complete clearance of bacteria after 1 h. This rapid inhibition of cell 

growth along with the model and previous data support a mechanism of action that 

involves binding of PDT-4G to the membrane, and then insertion and destabilization of 

the membrane, which leads to rapid exchange of fluids with the external environment 

and bacterial cell death. This assay was repeated with E. coli, yielding similar results 

(Figure A3.12) 

 

3.2.4 In Vivo Efficacy 

Encouraged by the in vitro biological activity of PDT-4G, we investigated its 

potential for in vivo activity. PDT-4G retains its potency against MRSA and CA-MRSA 

in the presence of serum and cation-adjusted media, is proteolytically stable, rapidly 

permeabilizes the membrane of bacterial cells, and has low cytotoxicity. Several studies 

have been conducted on AMPs to evaluate their potential as therapeutics, but most have 

been limited to in vitro studies due to issues with toxicity and clearance. Of the few 

AMP activity studies performed in vivo, most have been performed in the peritoneum 

via intraperitoneal (i.p.) injections, which precludes engagement of the systemic host 

tissues and components.68,131,132 The neutropenic mouse thigh model of infection is a 

widely used stringent animal model for testing the potency of antimicrobial drugs,133 

including a handful of promising AMPs.61,134,135 Here, thigh muscles of neutropenic 
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mice were inoculated with bacteria, followed by subcutaneous (s.c.) administration of 

the desired therapeutic. 

 

 

Figure 3.5. (a) Time course for establishment and treatment of mouse thigh infection model 

with methicillin-resistant Staphylococcus aureus (ATCC 33591). Neutropenic CD-1 mice 

treated with a single injection of PDT-4G via subcutaneous injection 2 h post-infection (8 mice 

per group). (b) Percentage of bacteria killed relative to the untreated sample after 24 h. Error 

bars represent standard errors of the mean. 

 

 

To determine our dosing limit and route of administration, we first performed a 

tolerability experiment. This was done by administering PDT-4G via s.c. injection 

between the shoulder blades of three CD-1 mice at a dose of 20 mg/kg. This dose and 

route was well tolerated and resulted in no adverse signs after 2 and 24 h. Complete 

pharmacokinetic and toxicology studies required to understand the blood concentration 

reached after s.c. injection are beyond the scope of this manuscript and will be reported 

in future studies. We simply wish to report our preliminary efficacy findings here. For 

efficacy studies, mice were rendered neutropenic by administering cyclophosphamide 

4 days and 1 day prior to infection and then inoculated with 106 CFU/mL of MRSA on 

day 0 (Figure 3.5a). A single dose of PDT-4G was administered via the s.c. route 2 h 
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after primary infection at doses ranging from 5 to 20 mg/kg. At a single dose of 20 

mg/kg, PDT-4G led to a 0.5 log CFU reduction of viable MRSA bacterial load (∼70% 

bacterial cell reduction) after 24 h (Figure 3.5b). Additional dosing regimens (e.g., 

twice-daily or four-times daily dosing) will be investigated in future studies. These 

results illustrate the potential of oligoTEAs for the development of viable antibacterial 

therapeutics that might help address the urgent need for new drug classes to combat 

antibiotic-resistant bacteria. 

 

3.3 Conclusions  

We have developed a library of sequence-defined antibacterial oligomers based on the 

highly tunable oligoTEA scaffold. By varying the nature of the pendant N-

allylacrylamide functional group and backbone dithiol group, we investigated the 

impact of backbone hydrophobicity and type of cationic pendant group. Our results 

clearly indicate that the nature of the cationic group matters. Incorporation of 

guanidinium functional groups results in improved antibacterial activity relative to 

amine groups. On the basis of a recent report by Wang et al.,136 we rationalize that this 

could be due to the stronger hydrogen bonding of the guanidine headgroups with the 

bacterial membrane. Membrane depolarization studies and translocation assays were 

used to confirm that the promising antibacterial candidate PDT-4G acts via membrane 

destabilization and permeabilization leading to cell lysis. In addition to potent activity 

against a variety of Gram-positive and Gram-negative bacteria in cation-adjusted and 

serum-containing media, PDT-4G also demonstrated moderate bactericidal activity in 

vivo in a mouse thigh infection model. The studies outlined in this work provide tools 
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and mechanistic insights into the effect of oligomer length, pendant group type, and 

dithiol backbone hydrophobicity on antibacterial potency. This knowledge base will be 

vital for the ongoing development of clinically viable antibacterial agents. 
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APPENDIX 3 

A3.1 MATERIALS AND INSTRUMENTATION FOR CHAPTER 3 

General chemicals were purchased from Sigma Aldrich. Precursors for the monomer 

synthesis were purchased from Aldrich, Alfa Aesar, Fisher and Santa Cruz 

Biotechnology. Fluorous BOCON (C8F17 BOC-ON) and fluorous silica were 

purchased from Boron Specialties. CellTiter 96® AQueous Non-Radioactive Cell-

Proliferation Assay (MTS) solution was purchased from Promega. Single donor human 

red blood cells (RBC) were acquired from Innovative Research. 1H NMR was recorded 

on INOVA 600 MHz spectrometers. NMR data was analyzed by MestReNova (version 

10.0.0). 1H NMR chemical shifts are reported in units of ppm relative to residual solvent 

peak. LCMS experiments were carried out on a Poroshell 120 EC-C18 column, 3x100 

mm, 2.7 µm from Agilent Technology monitoring at 210 and 254 nm with positive 

mode for mass detection.  Solvents for LCMS were water with 0.1% acetic acid (solvent 

A) and acetonitrile with 0.1% acetic acid (solvent B). Compounds were eluted at a flow 

rate of 0.6 mL/min with a linear gradient of 5% to 100% solvent B over 12 min, constant 

at 100% solvent B for 2 min before equilibrating the column back to 5% solvent B over 

1 min. HPLC purification was performed on a 1100 Series Agilent HPLC system 

equipped with a UV diode array detector and a 1100 Infinity analytical scale fraction 

collector using a reverse phase C18 column (9.4 x 250mm, 5 µm).   
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A3.2 METHODS 

Unless otherwise indicated, all biological assays and synthesis protocols were 

performed as described in Chapter 2. Additional methods are below. 

 

Hemolysis assay:  

200 µL of red blood cells (RBC) was washed twice with 500 µL of 1xPBS at pH 7.4 by 

centrifugation (5 min at 500xg) and re-suspended in 5 mL of the same buffer for a 4% 

v/v RBC solution. OligoTEA solutions (diluted in PBS) or controls were mixed 1:1 with 

the RBC solution in a v-bottom, 96-well plate to reach a final volume of 100 µL. The 

resulting mixture was incubated on a shaker at 37°C for 1 hour and then centrifuged (5 

mins at 2120xg) at 4°C. A total of 75 µL of supernatant was transferred to a new plate. 

Hemolysis was measured via absorbance of released hemoglobin at 540 nm on a 

TECAN Infinite M1000 PRO Microplate reader and normalized to 0.1% Triton-X 

(100%) or PBS buffer (0%). All experiments were performed in duplicates.  

  

MTS cell proliferation assay:  

15,000 human embryonic kidney (HEK293) cells were plated in a clear, 96-well plate 

and incubated at 37°C overnight. Cells were then washed with 1xPBS and incubated 

with 100 µL of 5 to 40 µM of samples in regular culture media at 37°C for 1 hour. Each 

well was again washed with 1xPBS. 100 µL of clear media (i.e., without phenol red) 

and 10 µL of MTS solution were added, and the plate was incubated for 1 hour. 

Absorbance measurements were taken at 490 nm on a TECAN Infinite M1000 PRO 

Microplate reader and normalized to untreated cells (100%) or clear media (0%). All 

experiments were performed in triplicates.  
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 Membrane depolarization assay:  

A single colony of bacteria (MRSA, CA-MRSA, B. subtilis, E. coli) was selected and 

incubated at 37ºC overnight in media (tryptic soy broth for MRSA, LB for B. subtilis 

and E. coli), then sub-cultured and grown to mid-exponential phase.  The bacteria were 

harvested and washed twice with cation-adjusted HEPES buffer (5mM HEPES, 68mM 

NaCl, 1.6 mM KCl, 25 mg/mL Ca2+, 12.5 mg/mL Mg2+).  0.5 M EDTA solution (pH 

7.4) was added for a final concentration of 0.2 mM EDTA, and diSC3(5) was added for 

a concentration of 0.4 µM. The solution was incubated 30 minutes, before adding 100 

mM KCl and incubating 1 minute. This bacterial solution was added to AOT stocks in 

a black 96well plate and the fluorescence intensity (610 nm excitation, 660 nm 

emission) was recorded for 60 minutes.  

 

 Cell growth kinetics (kill curve) assay:  

A single colony of bacteria was selected and incubated at 37°C overnight, then sub-

cultured and incubated until mid-exponential phase (OD600 = 0.5). Bacteria were added 

to a clear 96-well plate. Antibiotics at 2-8xMIC were added and the absorbance at 600 

nm was taken over 8 hours, with shaking between absorbance measurements. 

 

Mouse tolerability and thigh infection model:  

All animal experiments were performed by Concord Biosciences LLC. For tolerability 

testing, three mice were dosed with PDT-4G at 20 mg/kg subcutaneous (s.c.). The three 

mice dosed at 20 mg/kg s.c. exhibited no adverse signs after dosing. All of these mice 

were normal at the 2 and 24 hour observation time points. PDT-4G was tested at three 
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different doses in a neutropenic mouse thigh infection model. Female CD-1 mice (52-

days-old) were dosed with cyclophosphamide by i.p. injection (10 mL/kg) at 4 and 1 

day prior to bacterial infection to render them neutropenic. On the day of infection, mice 

were given an intramuscular injection (i.m.) of 0.1 mL of a MRSA (ATCC33591) 

suspension (~1 x 106 CFU/mL) into the thigh muscle of the right hind leg. PDT-4G was 

dosed by s.c. injection between the shoulder blades at the indicated doses 2 hours after 

primary infection. Each group was composed of 8 mice. At 2 and 24 hours, the mice 

were euthanized by cervical dislocation while under CO2/O2 anesthesia. The infected 

thigh was removed aseptically from each mouse, placed in a sterile tube and weighed. 

Each thigh was homogenized in cold PBS and the dilution plate count method was 

conducted to determine the number of CFUs per gram of tissue and thus the percent 

bacteria killed relative to the untreated control.    

 

Humane Care of Animals:  

Treatment of the animals (including but not limited to all husbandry, housing, and 

feeding conditions) were conducted in accordance with the guidelines recommended in 

Guide for the Care and Use of Laboratory Animals (National Academy Press, 

Washington DC, 2011). The research described does not unnecessarily duplicate 

previous animal experiments and was conducted in the absence of acceptable non-

animal alternatives to accomplish its objectives.  The protocol and any amendments or 

procedures involving the care or use of animals in this study was reviewed and approved 

by Concord’s Institutional Animal Care and Use Committee (IACUC) prior to the 

initiation of such procedures.  
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 A3.3 CHARACTERIZATION OF OLIGOTEAS 

 
Figure A3.1. 1H NMR (600 MHz, CD3OD) of the BDT-3G product obtained from the TFA 

cleavage of the fluorous-BDT-3G after HPLC purification; “*” and “■” represent the residual 

proton signals of H2O and CD3OD, respectively. 

 

 

 
Figure A3.2. 1H NMR (600 MHz, CD3OD) of the BDT-4G product obtained from the TFA 

cleavage of the fluorous-BDT-4G after HPLC purification; “*” and “■” represent the residual 

proton signals of H2O and CD3OD, respectively. 
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Figure A3.3. 1H NMR (600 MHz, CD3OD) of the BDT-5G product obtained from the TFA 

cleavage of the fluorous-BDT-5G after HPLC purification; “*”, “■” and “” represent the 

residual proton signals of H2O, CD3OD, and acetonitrile, respectively. 

 

 

 
Figure A3.4. 1H NMR (600 MHz, CD3OD) of the PDT-4G product obtained from the TFA 

cleavage of the fluorous-PDT-4G after HPLC purification; “*” and “■” represent the residual 

proton signals of H2O and CD3OD, respectively. 
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Figure A3.5. 1H NMR (600 MHz, CD3OD) of the BDT-4A product obtained from the TFA 

cleavage of the fluorous-BDT-4A after HPLC purification; “**”, “*” and “■” represent the 

residual proton signals of an unknown impurity, H2O and CD3OD, respectively. 

 

 
Figure A3.6. LCMS of BDT-3G, calculated for [M+H] 1012.53, observed for [M+H] 1012.40; 

[M+2H] 506.80; [M+3H] 338.30; [M+4H] 254.03. 

 

 
Figure A3.7. LCMS of BDT-4G, calculated for [M+H] 1330.68, observed for [M+H] 1330.51; 

[M+2H] 665.94; [M+3H] 444.38; [M+4H] 333.60. 
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Figure A3.8. LCMS of BDT-5G, calculated for [M+H] 1648.84, observed for [M+2H] 825.09; 

[M+3H] 550.57; [M+4H] 413.21. 

 

 

 
Figure A3.9. LCMS of PDT-4G, calculated for [M+H] 1274.62, observed for [M+H] 1274.36; 

[M+2H] 637.75; [M+3H] 425.61; [M+4H] 319.55. 

 

 

 
Figure A3.10. LCMS of BDT-4A, calculated for [M+H] 1162.60, observed for [M+H] 1162.38; 

[M+2H] 581.80; [M+3H] 388.26. 
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A3.4 ADDITIONAL BIOLOGICAL ASSAYS 

 

Figure A3.11. Propidium iodide (PI) translocation assay performed on E. coli to measure extent 

of membrane destabilization and permeability. Cells were allowed to equilibrate for 2 minutes 

in the presence of PI before the compounds were added 

 

 

Figure A3.12. Cell growth kinetic measurements (kill curves) of E. coli exposed to varying 

concentrations of PDT-4G (2-8X MIC) and antibiotic controls; melittin, daptomycin and 

vancomycin. At the high concentrations of 25uM and 50uM, melittin contributes to the A600 

signal as seen in the t=0 time point. 
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CHAPTER 4 

TARGETING LIPID II THROUGH A PHOSPHATE-BINDING MOIETY 

 

4.1 Introduction 

Chapters 2 and 3, built on previous work on antibacterial oligoTEAs by 

evaluating the impacts of cationic nature as well as backbone hydrophobicity on the 

antibacterial activity and selectivity. These results were used to design compounds with 

potent activity against MRSA and minimal mammalian cell toxicity when analyzed in 

vitro. However, in vivo studies show that while PDT-4G demonstrates moderate activity 

against MRSA, the host toxicity of this compound must be reduced for it to gain 

potential as a systemic therapeutic. This is accomplished by either increasing 

antibacterial activity to reduce the required dose and/or reducing mammalian cell 

toxicity. Incorporating a moiety which binds a specific bacterial target could do this by 

improving the selectivity for bacteria over mammalian cells.  

One possible target is the cell-wall precursor lipid II.11,17,137 Gram-positive 

bacteria have a peptidoglycan cell wall that is necessary to counter osmotic pressure 

differences between the cytoplasm and cell exterior.11,17,137–139 Lipid II is essential for 

cell-wall synthesis: inhibition  disrupts the peptidoglycan synthesis cycle, which breaks 

down the cell wall and leads to cell death.11 Additionally, antibiotics that target lipid II 

are naturally selective, as lipid II is only found in bacterial cells.17  Several AMPs 

operate by targeting lipid II.11,17,138,140 For example, nisin binds the pyrophosphate group 

of lipid II and subsequently forms pores in the bacterial membrane.11,32,138,141 This 

method of targeted pore formation gives it activity several orders of magnitude higher 
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than most AMPs, suggesting that lipid II could be a viable target for other AMPs.17,141 

Nisin targets lipid II using a binding motif known as the AB ring, which has been used 

to improve binding of other antimicrobial peptides.142 

The pyrophosphate group of lipid II is a particularly promising target for 

antibiotics because it is an integral part of the peptidoglycan synthesis pathway and is 

highly conserved.11,17,138,140,143 The dipicolylamine-Zn2+ functional group has been well-

documented to selectively bind pyrophosphate.144–149 While most studies used this 

group to detect or image bacteria,146,148,149 Yarlagadda et al recently conjugated the 

dipicolylamine-Zn2+ functional group with vancomycin to improve its lipid II 

binding.144 This modified vancomycin derivative demonstrated activity 375 and 160 

times that of unmodified vancomycin against VanA and VanB phenotypes of 

vancomycin-resistant Enterococci and showed no toxicity in vivo.144 Dipicolylamine-

Zn2+ groups have also been used to make fluorescent probes for detection of localized 

bacterial infections in vivo with no reported toxicity.149 

 

 

 

Figure 4.1: Approach of oligoTEAs designed to lyse bacteria via lipid II-targeted pore 

formation 
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We therefore hypothesized that incorporating a dipicolylamine-Zn2+ group into 

oligoTEAs could improve their selectivity for MRSA over mammalian cells by 

introducing a mechanism of targeted pore formation (Figure 4.1). We first verified that 

the dipicolyl-Zn2+  functional group binds MRSA, then built a library of oligoTEAs 

based on PDT-4G but containing varying numbers of dipicolyl-Zn2+ groups, and 

evaluated the impact of these groups on antibacterial activity. 

 

4.2 Results and Discussion 

 

4.2.1 Fluorescent Probes Verify Binding of Dipicolyl-Zn2+ to Bacterial Membranes 

We first sought to verify that the dipicolylamine-Zn2+ group selectively binds 

bacteria over mammalian cells, by testing whether binding strength relative to guanidine 

or amine functional groups. Fluorescent probes were synthesized by NHS-ester 

conjugation with either ethylene diamine or a primary amine functionalized with 

guanidine or dipicolylamine-Zn2+ groups (Figure 4.2).  

 

 

Figure 4.2: Structures of fluorescent probes used to evaluate binding of select functional groups 

to bacterial membranes (a) guanidine fluorescein conjugate (guan-fl) (b) amine fluorescein 

conjugate (am-fl) (c) dipicolylamine-Zn2+ fluorescein conjugate (dipi-fl) 
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Synthetic protocols, purification, and characterization of these conjugates is 

outlined in Appendix 4.3. The compounds were incubated with MRSA or B. subtilis, 

then washed and imaged using an epifluorescent microscope with the eGFP filter. 

Microscopy studies verified that dipi-fl (green) binds B. subtilis and MRSA at 

concentrations of 25 µM (Figure 4.3), while guan-fl and am-fl did not (Figure A4.10). 

Binding to mammalian cells was analyzed by incubating HEK293 cells with 2 µM 

Hoechst to visualize the nucleus and 25 µM dipi-fl or R9K. R9K is a cell-penetrating 

peptide used as a positive control for green fluorescence. No binding was observed with 

dipi-fl, suggesting that this functional group is specific for bacterial cells. 

  

Figure 4.3: Top: epifluorescence microscopy images of (a) B. subtilis and (b) MRSA incubated 

with 25 µM dipi-fl (green) for 90 minutes. Bottom: HEK293 cells treated with 2 µM Hoechst 

(blue nuclei stain) and (c) R9K-fluorescein (green) or (d) 25 µM dipi-fl. R9K is a cell-

penetrating peptide stain used as a positive control for green fluorescence 
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4.2.2 Dipicolyl-Zn2+ Functionalized OligoTEAs 

We then synthesized a library of oligoTEAs incorporating the dipicolylamine-

Zn2+ functional group. PDT-3G was used as the basis for this library, because PDT-4G 

has been well tested previously97,115 but the 3-mer length facilitated synthesis of a more 

complete library. Between 1-3 of the guanidine monomers were replaced with dipicolyl-

Zn2+ functionalized amine monomer (Table 4.1). To synthesize the dipicolylamine-Zn2+ 

library, each primary amine was then converted to a dipicolylamine-Zn2+ through 

reaction with 2-pyridinecarboxaldehyde and sodium triacetoxyborohydride. After 

purification, the product was complexed with Zn2+ (Figure 4.4). Detailed synthetic 

protocols and characterization data are shown in Appendix 4.5.  

 

 

Table 4.1: Sequence of oligoTEAs synthesized in this study 

 

 

 

 

 

 

 

 

Abbreviation Sequence 

PDT-3G H2N-PDT-G-PDT-G-PDT-G 

PDT-2GAm H2N-PDT-G-PDT-G-PDT-Am 

PDT-Am2G H2N-PDT-Am-PDT-G-PDT-G 

PDT-G2Am H2N-PDT-G-PDT-Am-PDT-Am 

PDT-3Am H2N-PDT-Am-PDT-Am-PDT-Am 
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Figure 4.4: Synthesis of dipicolyl-Zn2+ modified oligoTEAs, showing PDT-Am2G as an 

example. All primary amines are first converted to dipicolyl groups, which are then chelated 

with Zn2+ 

 

The minimum inhibitory concentration (MIC) of each oligoTEA was used to 

analyze antibacterial activity. MICs of oligoTEAs modified with dipicolylamine-Zn2+ 

showed little difference compared with the MICs of the unmodified oligoTEAs against 

B. subtilis (Figure 4.5a). As  a control the MIC assay was repeated with oligoTEAs 

which were treated with zinc but not dipicolyl modified, and those which were dipicolyl 

modified but not treated with zinc (Figure A4.26). These variations similarly had no 

significant impact on antibacterial activity. Dipicolylamine-Zn2+ binds phosphates, 

which are used to buffer the media used to grow MRSA, so the MIC could not be 

determined against MRSA (Figure A4.27). Surprisingly, and MTS cell viability assay 

showed that compounds containing dipicolylamine-Zn2+ were more toxic to mammalian 

cells relative to their unmodified counterparts (Figure 4.5b) despite the dipicolyl-Zn2+ 
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moiety’s selectivity for bacterial over mammalian cells. We hypothesize this is due to 

increased hydrophobicity (Figure 4.4d), which was shown in Chapters 2 and 3 as well 

as previous studies correlate directly with higher mammalian cell toxicity.59  

 

 

Figure 4.5: Comparison of oligoTEAs before and after modification with dipicolyl-Zn2+ (a) 

Minimum inhibitory concentration against B. subtilis (b) Cell viability of HEK293 cells 

incubated with 50 µM oligoTEAs (c) Propidium iodide membrane permeabilization assay of B. 

subtilis with 25 µM oligoTEAs (d) Relative hydrophobicity of all compounds, determined by 

retention time on C18 column 

 

 

 

To evaluate the mechanism of action, modified and unmodified oligoTEAs were 

analyzed using a propidium iodide assay. Propidium iodide is a membrane impermeable 

dye which does not fluoresce in the presence of bacteria unless it comes into contact 

with nucleic acids by passing through a compromised membrane.114 All oligoTEAs 

permeabilized B. subtilis membranes, and there was a modest increase after dipicolyl-

Zn2+ modification for PDT-3G, PDT-2GAm, and PDT-Am2G. However, the opposite 

was true for PDT-3Am and PDT-G2Am. Overall, the dipicolyl-Zn2+ group did not lead 
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to as much membrane permeabilization as the guanidinium (Figure 4.5c). Propidium 

iodide assays for all oligoTEAs with B. subtilis and MRSA are shown in Appendix A4.6 

(Figure A4.28-29). The propidium iodide assay was also performed using oligoTEAs 

which were treated with zinc but not dipicolyl modified, as well as dipicolyl-modified 

oligoTEAs which were not treated with zinc. Unmodified oligoTEAs treated with zinc 

produced a lower fluorescence intensity than those which were not treated with zinc, 

but it is not known whether this is due to decreased membrane permeabilization or some 

interaction of zinc with the propidium iodide dye itself. There was no significant 

difference in permeabilization between dipicolyl-modified compounds before and after 

complexation with Zn2+.  

 

Conclusions 

 For all oligoTEAs tested, modification of amines to dipicolyl groups and/or 

Zn2+ did not significantly improve antibacterial activity but did dramatically increase 

mammalian cell toxicity. Therefore, despite its potential to target lipid II, incorporation 

of dipicolylamine-Zn2+ was an ineffective method to increase selectivity. This is in 

contrast to previous work by Yarlagadda et al. showing enhanced activity of 

vancomycin after conjugation with  a dipicolyl-Zn2+ group.144 This discrepancy could 

be related to the differing mechanisms of action of PDT-4G and vancomycin: while 

PDT-4G binds and disrupts negatively-charged lipids in the bacterial membrane 

(Chapter 2), vancomycin operates by binding the D-Ala-D-Ala peptide motif of the cell-

wall precursor lipid II.17 It is therefore possible that the dipicolyl moiety worked in a 

concerted manner with the vancomycin to strongly bind lipid II, but that the dipicolyl-
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pyrophosphate binding would not have been strong enough alone. This cooperative 

binding may not have occurred with dipicolyl-modified oligoTEAs because general 

binding to the bacterial membrane would not yield as much proximity to lipid II. 

Insufficient binding between the dipicolyl moiety and lipid II was further suggested by 

the high concentration (25 µM) of dipi-fl required to observe binding to bacterial 

membranes, which is well above the MICs of the unmodified oligoTEAs.  

Although the dipicolyl modifications did not improve selectivity as 

hypothesized, these studies do provide a good insight into the impact of hydrophobicity 

versus number of cationic charges and targeted binding. Dipicolyl-Zn2+ modification 

does not change the overall number of cationic charges, but increases hydrophobicity 

of all oligoTEAs, while incorporating a moiety which binds bacteria. Our results before 

and after dipicolyl-Zn+ modification suggest that hydrophobicity a the most critical 

factor of those tested in determining mammalian cell toxicity, while the nature of the 

cationic charge is more important in determining antibacterial activity. Altogether, this 

study gives us more insight into the critical factors required to design antibacterial 

oligoTEAs and which chemical structures are more likely to be effective for targeting. 

It also further illustrated our previous results showing that minimizing mammalian cell 

toxicity is the most important challenge in the development of cationic, membrane-

acting antibiotics.  
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APPENDIX 4 

 

A4.1 MATERIALS AND INSTRUMENTATION FOR CHAPTER 4 

R9K fluorescein was generously synthesized by Dr. Ngoc N. Phan.150 

Fluorescein-NHS was purchased from Fisher. MTS solution (CellTiter 96® AQueous 

Non-Radioactive Cell-Proliferation Assay) was purchased from Promega™. Other 

general reagents, serum, and biological media were purchased from VWR, Sigma 

Aldrich, and Fisher. 

1H-NMR was performed using either a Bruker Avance III 500 mHz spectrometer 

or a Varian 600 mHz spectrometer and analyzed using MestReNova. HPLC purification 

and LCMS characterization were carried out as described in chapters 2 and 3, using the 

gradients shown in the HPLC trace of each compound. Data were processed using 

GraphPad Prism. Microscopy was performed using a Zeiss Upright Epifluorescent 

Microscope with the eGFP filter. MIC and cell viability assays were evaluated using a 

TECAN Infinite M1000 PRO Microplate reader (Männdorf). Microscopy images were 

analyzed using Fiji (ImageJ). 
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A4.2 BIOLOGICAL METHODS EMPLOYED IN CHAPTER 4 

Cell viability (MTS), minimum inhibitory concentration, and propidium iodide 

membrane permeabilization assays were carried out as described previously.97 

 

Bacterial epifluorescence experiments 

A single colony of B. subtilis or MRSA was selected and grown in LB or tryptic soy 

broth, respectively, overnight.  Bacteria were harvested and re-suspended in HEPES 

buffer (10 mM HEPES, 137 mM NaCl, 3.2 mM KCl). 200 µL bacterial suspension was 

added to the fluorescein conjugates (25 µM or 5 µM), or SYT09 (5 µM) and incubated 

with shaking for 45 min.  The bacteria solutions were centrifuged to remove unbound 

fluorescein conjugates, then washed four times with HEPES buffer.  The bacteria were 

re-suspended in 10 µL 1:1 HEPES buffer:glycerol and imaged, using a 40X Objective 

with the eGFP filter. Bacteria incubated with 5 µM SYTO-9 were diluted by a factor of 

2 before imaging. Images of bacteria incubated with the fluorescein conjugates were 

adjusted using the same brightness/contrast settings relative to each other, but different 

settings than the images of bacteria incubated with SYTO-9. 

 

Mammalian cell experiments 

70,000 HEK293 cells were plated in each well of an 8-well cell-treated microscopy plate 

and incubated 24 hours.  The wells were washed 3 times with 1XPBS, then 200 µL fresh 

media with 25 µM fluorescein conjugates or 5 µM SYTO-9 was added, and the plate 

was incubated 95 minutes at 37ºC.  The wells were washed 3 times with 1x PBS, then 

4% formaldehyde in 1XPBS was added as a fixative.  The plate was incubated 15 
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minutes at room temperature with shaking, and the wells were washed twice with 

1xPBS.  2% Hoescht in 1XPBS was added and the plate was incubated another 15 min 

at room temperature with shaking to stain the cell nuclei before the plate was washed 

once with PBS.  PBS was added to each well and the cells were imaged using a Zeiss 

Upright Epifluorescent Microscope 20X Objective with the eGFP filter and DAPI filter. 
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A4.3 SYNTHESIS AND CHARACTERIZATION OF FLUORESCEIN 

CONJUGATES 

 

Dipicolyldiamine synthesis (Figure A4.1) 

1000 µL N-Boc-ethylenediamine was added to 2.2 equivalents of 2-

pyridinecarboxyaldehyde and 2.86 equivalents sodium triacetoxyborohydride, in 25 mL 

dry dichloromethane (DCM).  The mixture was stirred under nitrogen for 3 hours at 

room temperature, then the reaction was quenched with 2M sodium hydroxide.  The 

organic layer was separated from the aqueous layer and the product was further 

extracted with DCM.  All organic layers were combined, washed with 20 mL brine, and 

dried with sodium sulfate anhydrous.  Solvent was removed under reduced pressure to 

yield the pure product without further purification 

 

 

Scheme A4.1: Synthesis of dipicolyldiamine 
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Figure A4.2: 1H NMR of dipicolyldiamine reaction product, without purification 

 

 

Figure A4.3: LCMS of dipicolyldiamine reaction product.  Expected product of [M+H]+ is 

shown 
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Fluorescein conjugate synthesis and characterization 

 

 

Scheme A4.2: Synthesis of (a) dipi-fl (b) am-fl and (c) guan-fl conjugates 

 

Protocol: 1 equivalent dipicolyldiamine, 2-(2-aminoethyl)-1,3-di-Boc-guanidine or 

ethylenediamine was combined with 10-15 equivalents triethylamine (TEA) and 1.5 

equivalents of fluorescein-NHS (7.5 mg/mL stock in dry DMSO). The mixture reacted 

overnight at room temperature and in darkness.  The desired product was purified using 

high performance liquid chromatography (HPLC) on a gradient of 5-100% acetonitrile 

in water.  Products were verified using 1H-NMR and LCMS. 
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Zinc complexation with dipi-fl (Scheme A4.3) 

A solution of 13.9 mM dipi-fl and 13.9 mM zinc sulfate heptahydrate in methanol was 

allowed to react 45 min in darkness.  The methanol was removed by using a vacuum 

centrifuge to yield zinc-complexed dipi-fl.  

 

 

 

Scheme A4.3: Zinc complexation with dipicolyl functional group of dipi-fl 
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Figure A4.4: (a) HPLC purification of dipi-fl conjugation product.  Absorbance shown at 490 

nm, near the maximum absorbance of fluorescein. Two starred peaks represent desired 

conjugate formed with the two isomers of fluorescein (b) HPLC peak at 17.4 min (c) HPLC 

peak at 18.0 min. Desired product [M+H]+ mass is 601.1 
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Figure A4.5: Quantitative 600 Hz 1H-NMR of dipicolyldiamine-fluorescein product after 

HPLC purification.  Acetonitrile peak used for quantification 
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Figure A4.6: HPLC of ethylenediamine-fluorescein conjugate. Desired products (starred) 

eluted at 20 minutes 23% acetonitrile in water. Both peaks are desired product and represent the 

two isomers of fluorescein-NHS 

 

 

 

 

 

Figure A4.7: Quantitative 600 Hz 1H-NMR of ethylenediamine-fluorescein product after HPLC 

purification.  Acetonitrile peak used for quantification 
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Figure A4.8: HPLC of guanidine-fluorescein conjugate Desired products (starred) eluted at 20-

21 minutes 23% acetonitrile in water. Both peaks are desired product and represent the two 

isomers of fluorescein-NHS 

 

 

 

 

 

Figure A4.9: Quantitative 600 Hz 1H-NMR of guanidineamine-fluorescein product after HPLC 

purification.  Acetonitrile peak used for quantification 
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A4.4 ADDITIONAL MICROSCOPY DATA 

 

                       

5 µM SYTO9/B. subtilis            25 µM am-fl/B. subtilis            25 µM Guan-fl/B. subtilis                                                                                                         

   

5 µM SYTO9/MRSA               25 µM am-fl/MRSA                 25 µM Guan-fl/MRSA 

Figure A4.10: Microscopy of guanidineamine-fluorescein (guan-fl) and ethylenediamine-

fluorescein (am-fl) incubated with B. subtilis and MRSA 
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A4.5 SYNTHESIS AND CHARACTERIZATION OF DIPICOLYL-

FUNCTIONALIZED OLIGOTEAS 

 

 

Scheme 4.4: OligoTEA library before and after dipicolyl conjugation. All primary amines are 

modified to dipicolylamine functional groups 

 

 

Protocol: OligoTEAs were synthesized as described previously.97,115 For dipicolyl 

conjugation each oligoTEA (1 eq, 5mg/mL.methanol stock) was combined with sodium 

cyanoborohydride (2 mg/100 µL methanol) and 2-pyridinecarboxaldehyde. The 

equivalencies of sodium cyanoborohydride and 2-pyridinecarboxaldehyde were based 

on the number of amine groups to be modified: 6 eq of each were used for PDT3G and 

10 eq per primary amine for the other oligoTEAs. 10% of the total reaction volume of 

glacial acetic acid was added and the mixture reacted for at least 90 minutes at room 

temperature. Modified oligoTEAs were purified using HPLC and verified using LCMS. 
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Figure A4.11: HPLC traces of (a) PDT-3G and (b) dipicolyl-modified PDT-3G.  Desired 

product peaks are starred. (c) LCMS of PDT-3G and (d) dipicolyl-modified PDT-3G (small 

peak at 4.9 minutes is considered insignificant impurity based on 1H-NMR).  Desired product 

[M+H]1+ and [M+2H]2+ are shown. 

 

 

Figure A4.12: HPLC traces of (a) PDT-2GAm and (b) dipicolyl-modified PDT-2GAm.  

Desired product peaks are starred. (c) LCMS of PDT-2GAm and (d) dipicolyl-modified PDT-

2GAm.  Desired product [M+H]1+ and [M+2H]2+ are shown. 
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Figure A4.13: HPLC traces of (a) PDT-Am2G and (b) dipicolyl-modified PDT-Am2G.  

Desired product peaks are starred. (c) LCMS of PDT-Am2G and (d) dipicolyl-modified PDT-

Am2G.  Desired product [M+H]1+ and [M+2H]2+ are shown. 

 
Figure A4.14: HPLC traces of (a) PDT-G2Am and (b) dipicolyl-modified PDT-G2Am.  

Desired product peaks are starred. (c) LCMS of PDT-G2Am and (d) PDT-G2Am.  Desired 

product [M+H]1+ and [M+2H]2+ are shown. 



 

98 

 

 
Figure A4.15: HPLC traces of (a) PDT-3Am and (b) dipicolyl-modified PDT-3Am.  Desired 

product peaks are starred. (c) LCMS of PDT-3Am and (d) dipicolyl-modified PDT-3Am.  

Desired product [M+H]1+ and [M+2H]2+ are shown. 

 

 

Figure A4.16: Quantitative 500 Hz 1H-NMR of PDT-3G using acetonitrile as standard 
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Figure A4.17: Quantitative 500 Hz 1H-NMR of dipicolyl-modified PDT-3G using 

acetonitrile as standard 

 

 

 

Figure A4.18: Quantitative 500 Hz 1H-NMR of PDT-2GAm using acetonitrile standard 
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Figure A4.19: Quantitative 500 Hz 1H-NMR of dipicolyl-modified PDT-2GAm using 

acetonitrile as standard 

 

 

Figure A4.20: Quantitative 500 Hz 1H-NMR of PDT-Am2G using acetonitrile standard 
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Figure A4.21: Quantitative 500 Hz 1H-NMR of dipicolyl-modified PDT-Am2G using 

acetonitrile standard 

 

 

Figure A4.22: Quantitative 500 Hz 1H-NMR of PDT-G2Am using acetonitrile standard 
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Figure A4.23: Quantitative 500 Hz 1H-NMR of dipicolyl-modified PDT-G2Am using 

acetonitrile standard 

 

 

Figure A4.24: Quantitative 500 Hz 1H-NMR of PDT-3Am using acetonitrile standard 



 

103 

 

 

Figure A4.25: Quantitative 500 Hz 1H-NMR of dipicolyl-modified PDT-3Am using 

acetonitrile standard 
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A4.6 ADDITIONAL ANTIBACTERIAL ASSAYS 

     

Figure A4.26: MIC oligoTEA library before and after dipicolyl modification and/or treatment 

with zinc sulfate with B. subtilis in regular LB 

 

            

Figure A4.27: MIC oligoTEA library before and after dipicolyl modification and/or treatment 

with zinc sulfate with MRSA in regular tryptic soy media 
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Figure A4.28: Propidium iodide membrane permeabilization data for oligoTEA library against 

B. subtilis. Compounds tested with and without dipicolyl modification and treatment with zinc 

sulfate. 25 µM oligoTEA added at 2-minute timepoint. Assay done in 5mM HEPES, 5mM 

glucose in water 
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Figure A4.29: Propidium iodide membrane permeabilization data for oligoTEA library against 

MRSA. Assay done in 5mM HEPES, 5mM glucose in water, so phosphate in tryptic soy broth 

did not preclude testing with MRSA. Compounds tested with and without dipicolyl modification 

and treatment with zinc sulfate. 25 µM oligoTEA added at 2-minute timepoint 
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CHAPTER 5 

DEVELOPMENT OF PEGYLATED OLIGOTEA PRODRUGS 

 

Acknowledgements: Sabrina Chen assisted with synthesis of guanidine monomer and 

PDT4G. Manisha Kunala assisted with the kill curve and MIC assays for the cleavable 

prodrugs. 

 

5.1 Introduction: Prodrug Antibiotics 

One of the greatest challenges regarding S. aureus infections is systemic blood 

infections. For example, although estimates vary widely,2,151 S. aureus causes up to 75% 

of late-onset sepsis cases in newborn intensive care units,152 with 11-24% of cases 

leading to death.2,151,153 Methicillin-resistance S. aureus is particularly concerning, as 

only two antibiotics, vancomycin and daptomycin, are clinically-approved to treat 

bacteremia due to MRSA.154 Adults who develop sepsis from MRSA have a 30-day 

mortality rate around 20%, rising to 57% for adults over the age of 85.24,25 These 

numbers are increasingly alarming as bacteria develop resistance to both vancomycin 

and daptomycin.154 Although several therapeutics designed to treat S. aureus are 

currently undergoing clinical trials, nearly all are indicated only for localized infections 

such as acute skin infections or bacterial pneumonia.27,28  

 Taken together, this shows the need for new antibiotics to treat systemic MRSA 

infections, ideally which employ new mechanisms of action and low cross-resistance to 

the current treatment options. One potential class of compounds is membrane-active 

bactericidal antibiotics including antimicrobial peptides (AMPs) and AMP mimetics 

such as oligoTEAs.59,97,115 These compounds utilize a mechanism of action which is 

difficult, although not impossible, for bacteria to circumvent.7,155–157 Unfortunately, 
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AMPs and mimetics have yet to achieve clinical success as systemic therapeutics due 

to high toxicity when injected via the intravenous route and poor stability and activity 

in biological fluids.63–68 OligoTEAs are promising because they have shown excellent 

stability and in vitro activity, and the lead compound PDT-4G was shown to be active 

against MRSA in a stringent mouse thigh-infection model upon subcutaneous 

administration.59,97 However, it also lead to systemic toxicity when injected via the 

intravenous route.97 Reducing mammalian-cell toxicity while maintaining antibacterial 

activity is therefore the most pressing issue in the design of membrane-acting 

antibiotics, including oligoTEAs.  One approach to minimize therapeutic cytotoxicity 

without sacrificing activity is through the development of a prodrug. 

Prodrugs are modified forms of drugs which are initially inactive but activate in 

vivo via enzymatic or chemical transformation.74,75,15874,75 They contain a therapeutic 

compound bound to a pro-moiety which imparts desirable traits such as longer half-life 

in vivo, lower toxicity, or improved stability, but at the expense of reduced acitivity.74,75 

In order to regain activity, a linker is used which cleaves under certain conditions, thus 

re-activating the drug.74,75 This approach is promising for compounds that are potent at 

low concentrations but simply too toxic for therapeutic use. A few examples include 

cancer treatments as well as the antibiotic colistin.75,76,82  

Several AMP prodrugs have recently been studied, most notably in Dr. Marc 

Devocelle’s research group.74,159–164 They first developed a class  of prodrugs using 

peptide linkers cleaved by neutrophil elastase, and an acetylated 2-7 residue 

oligoglutamic acid pro-moiety for reduction of net cationic charge.160,164 This resulted 

in substantial toxicity mitigation, but loss of activity due to incomplete cleavage of the 
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linker.160 A second attempt using a modified linker yielded excellent recovery of 

activity, but only in the presence of high sodium chloride concentrations.164 

Furthermore, toxicity was only slightly decreased, and there was concern about 

proteolytic degradation of the AMP itself.164 Nollmann et al developed a prodrug form 

of the AMPs Api88 and Onc72 using PEGs and peptide linkers cleaved by serum 

proteases.77 Although direct PEGylation eliminated all activity, compounds with the 

peptide linkers recovered activity in the presence of serum and had improved activities 

relative to the unmodified AMP.77 An alternative approach developed by Gong et al 

involved protecting AMP arginine residues with mPEG-phenylglyoxal reagents, which 

were released through hydration, particularly under basic conditions.165  

 

 

Figure 5.1: General design of prodrug therapeutics. Prodrug (top) is re-activated after linker 

cleavage releases the pro-moiety from the therapeutic compound (bottom) 

          

The two most crucial parameters in prodrug design are the masking group and 

cleavable linker. Antimicrobial peptide prodrugs generally employ modifying groups 

which reduce cationic charge and/or hydrophobicity.74,77,165 Polyethylene glycol (PEG) 

has been used in several antibacterial agents and prodrugs to impart favorable properties 

including longer half-life in vivo, reduced immunogenicity, lower toxicity, solubility, 

and improved stability.74,75,77,78,158 Longer half-life is especially important, as it reduces 

the frequency and required dosing,78 although PEGylated compounds are still easily 
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cleared by the body either through renal clearance or vacuolization.166 Literature sources 

report a vast number of cleavable groups utilized by prodrugs and antibody-drug 

conjugates, including those cleaved by host enzymes such as serum proteases, bacterial 

secreted enzymes, or hydrolysis.75 Linker kinetics are essential, as it must cleave quickly 

enough to reactivate the antibiotic but slowly enough to not result in a dramatic increase 

in drug concentration.167 

 For this study, we propose developing a prodrug made by conjugating the 

primary amine of PDT-4G with polyethylene glycol as the pro-moiety. This will directly 

block one cationic charge, mask remaining charges, and increase hydrophilicity. We 

will further investigate three peptide linkers selected to be cleaved by excreted bacterial 

proteases, the cell-surface enzyme sortase A, and the Ces1C protease present in host 

serum. We hypothesize that the prodrug approach could improve the therapeutic 

potential of PDT-4G based on our previous results showing high toxicity after 

intravenous administration, but no toxicity after injection via the subcutaneous route. 

As subcutaneous injections result in slower release into the bloodstream, this suggests 

that a more controlled activation of PDT-4G may be well-tolerated in vivo.  Altogether, 

we predict this will lead to a new class of oligoTEA prodrugs with enhanced potential 

as therapeutics for the treatment of MRSA-induced bacteremia. 

 

5.2 Results and Discussion 

5.2.1 Toxicity Mitigation of PDT-4G Through PEGylation 

Based on numerous literature studies, we hypothesized that PEGylation would 

mitigate toxicity by masking charge and increasing hydrophilicity, and that these effects 
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would increase with PEG length.77,165,168–174 Towards that goal, we synthesized PEGn-

PDT4G conjugates by reacting the primary amine of PDT-4G with monodisperse 

PEG24-NHS (N-hydroxysuccinimide) (1.1 kDa) and polydisperse 2 kDa, 5 kDa, and 40 

kDa PEG-NHS (Scheme 5.1). 

 

Scheme 5.1: Synthesis PEGn-PDT4G conjugates, with stable amide bond formed through 

conjugation of primary amine of PDT-4G with PEGn-NHS. Conjugates prepared with PEG1k-

NHS, PEG2k-NHS, and PEG5k-NHS 

 

 

This first required synthesizing PDT-4G, as described previously. However, 

conjugation reactions with PDT-4G require a larger amount of oligoTEA than 

previously required, so the protocols were adjusted to increase yield and scalability. 

These changes are outlined in Appendices 5.3 and 5.4. We also re-evaluated whether 

PDT-3G or PDT-4G would be better for this work, as PDT-3G was more readily 

synthesized. Comparison of the minimum inhibitory concentrations showed that in the 

presence of physiological concentrations of divalent cations (Ca2+ and Mg2+) and serum, 

PDT-4G was substantially more active and was therefore selected (Figure 5.2). 
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Figure 5.2: Comparison of MICs of PDT3G and PDT-4G in media supplemented with 

12.5mg/L Mg2+ and 25mg/L Ca2+ and 20% heat-inactivated mouse serum 

 

It was difficult to separate unreacted PEG2k-NHS and PEG5k-NHS using 

HPLC due to their polydispersity and minimal shift in retenti on time after 

conjugation (Figure A5.8, A5.11). Purifying the reaction mixture using dialysis lead to 

inconsistent data (Figure A5.15-17). Therefore, an excess of PDT-4G was used to drive 

the reaction to completion and the reaction was purified using HPLC. The desired 

products were verified by MALDI-MS and 1H-NMR (Appendix 5.5), and all conjugates 

were successfully produced as pure compounds except for PEG40k-PDT4G. PEG40k-

PDT4G either was not synthesized or simply could not be verified because the 

molecular weight of the PEG was so much higher than that of PDT4G; therefore, it was 

not used for further analysis.    

As expected, the minimum inhibitory (MIC) against MRSA increased 

significantly after PEGylation (Figure 5.3b). This was true for conjugates made using 

all tested molecular weights of PEG but increasing PEG length did not directly correlate 

with an increase in MIC. Rather, PEG2k-PDT4G was the least active conjugate. 

Mammalian cell toxicity was analyzed using an MTS cell viability assay with HEK293T 
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cells, using a modified approach relative to the one described previously.97 In short, 

HEK293T cells were incubated with varying concentrations of PDT-4G or PEG-

PDT4G for 1 hour, then the percent cell viability was measured colorimetrically. 

HEK293T cells were chosen because nephrotoxicity is especially relevant and 

concerning for systemic application and long-term use of many antibiotics.128 PDT-4G 

was cytotoxic at 64 µM concentration, with an IC50 below 128 µM (Figure 5.3c). Both 

PEG2k-PDT4G and PEG5k-PDT4G did not cause any discernible loss of cell viability 

up to 256 µM. Even at the highest concentration tested, 512 µM, 75% of cells were 

viable. This is nearly 1000-fold above the MIC of PDT4G.  

 

Figure 5.3: (a) General structure of PEGylated PDT-4G conjugates (b) MIC of PEGylated 

PDT-4G against MRSA showing impact of PEG length (c) HEK293T cell viability after 1-hour 

incubation with PEGylated PDT-4G and unmodified PDT-4G 
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So far, preliminary studies by Meghan O’Leary show that PEG2k-PDT4G is 

tolerated in mice up to 5 mg/kg. Although 5mg/kg of PEG2k-PDT4G only corresponds 

to approximately 2 mg/kg PDT-4G, this could indicate that PEGylation with a 2kDa 

PEG sufficiently mitigates systemic toxicity, so this PEG size was chosen for prodrug 

development. In the future, if it is shown that this level of toxicity reduction does not 

allow sufficiently high dosing with PEG2k-PDT4G, a larger PEG could be used instead. 

Alternatively, an oligoglutamic acid chain between PDT-4G and the PEG could be 

incorporated to reduce overall net charge, which has been shown to reduce toxicity of 

cationic AMPs.160,163,164 

 

5.2.2 Leu-Leu linker for activation by secreted proteolytic enzymes 

As hypothesized, PEGylation did successfully reduce toxicity but did so at the 

expense of antibacterial activity. Therefore, to recover activity we tested three cleavable 

linkers which will remove the PEG from PDT-4G in response to different chemical 

cues.   

 

Figure 5.4: Approach of PEGylated PDT-4G prodrugs incorporating a linker cleaved by 

excreted bacterial proteases 
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The first linker selected was the short peptide Leu-Leu, which was shown by 

Kaman et al. to cleave  in the presence of B. subtilis proteases, but not S. aureus.175 Our 

end goal is to develop prodrugs to treat MRSA, so this linker was chosen only as a proof 

of concept to test the feasibility of linker cleavage by excreted bacterial enzymes.  A 

higher concentration of these enzymes will be present in sites of infection than normal 

host tissue, which should lend the prodrug specificity (Figure 5.3). 

Additionally, the short linker sequence provides fewer possibilities for cleavage 

sites which will make cleavage products easier to analyze by LCMS, and is readily 

synthesized in lab (Scheme A5.3). Monodisperse PEG24 (approximately 1kDa) was 

used to facilitate purification and characterization. The desired conjugate, PEG24-LL-

PDT4G (Figure 5.5a), was successfully synthesized, purified using reverse-phase 

HPLC, and verified by LCMS and 1H-NMR (Appendix 5.6).  

 

 

Figure 5.5: (a) Structure of PEG24-LL-PDT4G (b) MIC of PDT-4G and PEG24-LL-PDT4G in 

regular media and after pre-incubation in protease rich (PR) media, shown for B. subtilis and 

(c) MRSA. (d) Cell viability of HEK293 cells after 1 hour incubation with PDT-4G and PEG24-

LL-PDT4G  
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As expected based on the results of PEG24-PDT4G, the MIC of PEG24-LL-

PDT4G against B. subtilis and MRSA was significantly increased relative to the MIC 

of unmodified PDT-4G (Figure 5.5b,c). This loss of activity was expected for MRSA 

which does not produce the enzymes necessary to cleave Leu-Leu. B. subtilits should 

produce enzymes which cleave the linker; however, MIC assays are carried out at a low 

initial concentration of bacteria so it was hypothesized that there were not enough 

enzymes present in the starting bacterial broth to cleave the linker sufficiently quickly. 

Therefore, the compounds were incubated for 0, 4, or 24 hours in media containing a 

higher concentration of B. subtilis or MRSA protease enzymes before being used in a 

MIC assay against B. subtilis or MRSA, respectively. 0 hr and 4 hr incubations with this 

protease-rich media caused a partial recovery in the activity of PEG24-LL-PDT4G 

against B. subtilis. Surprisingly, this was not the case when PEG24-LL-PDT4G was 

incubated in protease-rich media for 24 hours. PEG24-LL-PDT4G was inactive against 

MRSA in all cases. MTS data shows a moderate reduction in toxicity of PEG24-LL-

PDT4G relative to PDT-4G (Figure 5.5d). The 24-unit PEG has a molecular weight 

approximately equal to PDT-4G, which may be insufficient to reduce toxicity, so a 

larger PEG2k or PEG5k could be used to further reduce toxicity in the future.  

The partial recovery of activity following incubation with B. subtilis protease-

rich media suggests either incomplete Leu-Leu linker cleavage, or the presence of a 

residue remaining on PDT-4G after cleavage which reduces activity. To test this, LCMS 

was used to analyze products produced by incubating PEG24-LL-PDT4G with B. subtilis 

protease-rich media. This led to inconclusive results, as the mass and half-mass of PDT-

4G were detected using an extracted ion chromatogram, but not at the expected retention 
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time on the TIC. Additionally, there was high background noise due to the presence of 

salts and proteins which made it difficult to determine whether the peak was actually 

PDT-4G. These results are shown in Appendix 5.8. 

Ultimately, the Leu-Leu linker was not used for further studies due to  

insufficient activity. However, this modest recovery of activity and toxicity reduction 

suggested that the prodrug approach could yield successful results for oligoTEAs if a 

longer PEG length and alternative linker with faster kinetics were selected. 

 

5.2.3 LPMTG linker for activation by cell-surface enzyme sortase A 

Literature sources report a vast number of cleavable groups employed by 

prodrugs and antibody-drug conjugates.75,176 However, many of these linkers cleave 

regardless of presence of bacterial infection or proximity to bacteria. In order to focus 

on targeting MRSA, we investigated use of the 5-residue peptide LPMTG as a linker. 

Peptides with the general structure LPXTG, where X is any amino acid, are cleaved by 

the bacterial protease sortase A.177–179 Sortase A is a well-documented cell-sorting 

enzyme produced by S. aureus to covalently bind proteins to the bacterial membrane 

surface through hydrolysis and transpeptidation reactions.177,178,180–182 Many of these 

proteins are necessary for bacterial viability or pathogenicity; for example Protein A, 

which helps inhibit opsonophagocytosis by the host immune system.180,183 Part of the 

cell-sorting process includes cleavage of the LPXTG motif between the threonine and 

glycine residues (Figure 5.6).177–179 Sortase A kinetic parameters vary widely in 

literature, but recent studies show that LPMTG-vancomycin conjugates were 

incorporated into the cell wall even at low substrate concentrations, likely due to the 
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binding of vancomycin with lipid II which enables more rapid LPMTG cleavage.184,185 

As oligoTEAs such as PDT-4G bind bacterial membranes, this suggests that LPMTG 

could cleave rapidly enough for use in an oligoTEA prodrug. Because Sortase A is a 

surface enzyme, the prodrug would re-activate only near the surface of S. aureus 

. 

 

Figure 5.6: Mechanism of LPMTG cleavage by sortase A to activate PDT4G. Sortase A cleaves 

peptide sequence between the threonine and glycine residues, then incorporates the portion 

containing LPMT into lipid II, a cell surface protein. The glycine-PDT4G is reactivated 

(Adapted from and Guimaraes et al186 and Ton-That et al187) 

 

Because LPMTG cleaves between the threonine and glycine residues, PDT-4G 

will not be released in its native form but will retain a glycine residue. The resulting 

compound, gly-PDT4G was therefore first synthesized as a control through reaction of 

PDT-4G with Fmoc-glycine-NHS. The equivalencies and reaction time had to be 

carefully tuned because Fmoc-glycine-NHS reacted with not only the primary amine on 

PDT-4G but also the guanidine residues. This was unexpected, as guanidine residues 

are not typically reactive, and is explored more in Appendix 5.9. PEGylated conjugates 

were synthesized with monodisperse PEG24 (approximately 1kDa), PEG2k (2kDa), and 

PEG5k (5kDa), which were selected based on the toxicity reduction previously shown 
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when PDT-4G was directly conjugated with PEG of those lengths (Figure 5.7a). 

Synthetic protocols for all compounds as well as 1H-NMR and LC-MS characterization 

are shown in Appendix 5.11. Antibacterial activity of all PDT-4G conjugates was first 

determined using a standard MIC assay with MRSA (Figure 5.7b). To determine 

whether sortase A alone provided sufficiently fast cleavage kinetics to recover activity, 

the assay was carried out in tryptic soy media without serum. Although gly-PDT4G 

showed enhanced activity against MRSA relative to PDT-4G, none of the PEGylated 

conjugates demonstrated any antibacterial activity up to 50 µM (Figure 5.7ab). This 

suggests that the LPMTG linker is not cleaving rapidly enough for complete inhibition 

of bacteria.  

 

 

 
 

Figure 5.7: (a) Structure of PEG-LPMTG-PDT4G conjugates. Antibacterial activity of  gly-

PDT4G compared with PEG-LPMTG-PDT4G conjugates against MRSA, in normal tryptic 

soy broth shown by (b) MIC (c) kill curve data at 50 uM. (d) kill curves with varying 

concentration of gly-PDT4G 

 



 

120 

 

A kill curve assay was next performed to determine if the linker was cleaving 

rapidly enough for partial recovery of activity (Figure 5.7c). Either a delay in growth or 

decrease in number of bacteria over time would suggest at least partial recovery of 

antibacterial activity and therefore linker cleavage. None of the PEG-LPMTG-PDT4G 

conjugates inhibited growth of MRSA relative to the bacterial standard, while gly-

PDT4G partially delayed growth at concentrations as low as 1.56 µM (Figure 5.7d). 

Therefore, if even 4% of the linker cleaved within the first hour or so, one could expect 

to see a delay in growth. Altogether, the MIC and kill curve data suggest that regardless 

of PEG length, sortase A does not cleave the LPMTG linker sufficiently to recover 

adequate activity.  

Although cleavage by sortase A was insufficient, as a natural peptide the 

LPMTG linker should still be susceptible to proteolytic degradation.  To test this, PEG 

conjugates with and without the LPMTG linker were pre-incubated for 24 hours at 37 °C 

in 50% normal mouse serum, then analyzed in a MIC assay. All conjugates with the 

LPMTG linker showed partial recovery of activity, with MIC increasing with PEG 

length (Figure 5.8a). This is expected because PEG has been well demonstrated to 

protect peptides from proteolytic degradation.78  Although this will not provide the same 

degree of specificity as would sortase A cleavage, a linker cleaved by proteolytic 

enzymes could still be useful as a general method of controlled release and activation 

of PDT-4G from its inactive and non-toxic form. 

PEG2k-LPMTG-PDT4G was selected for further analysis into the kinetics of 

linker cleavage using MIC and kill curve assays based on the promising low toxicity 

shown by PEG2k-PDT4G. First, 0.5mM PEG2k-LPMTG-PDT4G was prepared in 1:1 
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water:normal mouse serum and used immediately in a MIC assay, or incubated at 37°C  

for 5 days, 2 days, or 1.5 days prior to the MIC assay. As expected, longer incubation 

in serum resulted in increased antibacterial activity, with a MIC of 4.7 µM after 5 days 

serum treatment (Figure 5.8b). The MICs after 1.5 days or 2 days could not be precisely 

determined due to large standard error, but were at or below 12.5 µM. Furthermore, a 

kill curve showed that 50 µM of the compound incubated for 24 hours in mouse serum 

was sufficient to kill and inhibit further growth of bacteria over 14 hours (Figure 5.8c).  

 

 

 

Figure 5.8: (a) MIC of PDT4G, PEG-PDT4G, and PEG-LPMTG-PDT4G conjugates after 24-

hour incubation at 37°C in normal mouse serum. (b) MIC of PEG2k-LPMTG-PDT4G after 

incubation in normal mouse serum for additional time points. (c) Kill curve against MRSA of 

PDT-4G and PEG2k-LPMTG-PDT4G without serum, with 5% serum, and after 24 hours 

incubation in 50% serum. 
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Next, we sought to further analyze the cleavage sites and kinetics using LCMS 

of conjugates incubated in serum. As anticipated based on the MIC after serum 

incubation, the rate of cleavage depends on PEG length and in all cases the linker was 

only partially cleaved (Figures 5.9-5.11). PEG24-LPMTG-PDT4G showed partial 

cleavage after 24 hours, while PEG2k-LPMTG-PDT4G cleaved after 48 hours and 

PEG5k-LPMTG-PDT4G showed no significant cleavage even after 48 hours. PEG24-

LPMTG-PDT4G and PEG2k-LPMTG-PDT4G both had the gly-oligoTEA, thr-gly, or 

met-thr residues as cleavage products. Products resulting from other cleavage sites were 

not present in high enough concentrations to be detected using an extracted ion 

chromatogram. This assay is not quantitative because non-PEGylated compounds are 

more likely to precipitate out with serum proteins during the formic acid, acetonitrile, 

and NaOH treatment before LCMS. This was evident when the assay was repeated with 

an equimolar mix of gly-PDT4G, PDT-4G, and PEG24-LPMTG-PDT4G. The peak 

corresponding to PEG24-LPMTG-PDT4G had greater abundance than the peak 

corresponding to PDT-4G and gly-PDT4G (Figure 5.12). Therefore, this method can be 

used to evaluate which cleavage fragments are present above the limit of detection but 

not the percentage of product which is cleaved. 

Taken together, these data point to the promise of using a linker which is cleaved 

by serum proteases. This approach may be additionally beneficial because serum 

proteases are produced by the host rather than the bacteria, so it will be more difficult 

for bacteria to develop resistance to prodrugs through inhibition of reactivation. 

However, the LPMTG linker did not fully cleave even after 24 hours with a 1 kDa PEG, 

which is likely too slow for therapeutic use.           
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Figure 5.9: LCMS trace of PEG24-LPMTG-PDT4G after 24-hour incubation in normal mouse 

serum, showing the cleavage fragments formed by cleavage between the thr-gly and met-thr 

residues. 

 

 

 
 

Figure 5.10: LCMS trace of PEG2k-LPMTG-PDT4G after 48-hour incubation in normal 

mouse serum, showing the cleavage fragments formed by cleavage between the thr-gly and met-

thr residues. 



 

124 

 

 

Figure 5.11: LCMS trace of PEG5k-LPMTG-PDT4G after 48 hours incubation in normal 

mouse serum, showing little or no cleavage of the LPMTG linker. 

 

 

Figure 5.12: LCMS trace of an equimolar combination of PDT-4G, gly-PDT4G, and PEG24-

LPMTG-PDT4G after recovery from normal mouse serum 
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5.2.4 Val-Cit-PAB linker for activation by host proteases 

Prodrugs made with the LPMTG linker lead to the conclusion that a linker 

cleaved generally by serum proteases produced by the host could be a promising 

approach for oligoTEA prodrugs. However, the LPMTG linker cleaved too slowly (24-

48+ hrs) to sufficiently recover antibacterial activity. Although PEG does increase 

retention time, bacteria can double as fast as every 15 minutes under ideal conditions, 

so we hypothesize that an oligoTEA prodrug will need to be reactivated more quickly 

than after 24 hours. However, it is not currently known what the ideal linker cleavage 

kinetics for such a prodrug would be, as it will depend on residence time of the specific 

prodrug in the body, in vivo binding kinetics to the bacterial membrane, and the 

possibility of aggregation of unconjugated oligoTEA in organs such as the lungs. 

Therefore, it would be beneficial to develop PEG-oligoTEA conjugates with linkers 

which cleave at different rates to evaluate the impacts on toxicity and antibacterial 

activity. 

The peptide sequence valine-citrulline-p-aminobenzyl carbamate (VC-PAB) is 

commonly used in antibody-drug conjugates for intracellular delivery.88–91 Valine-

citrulline is rapidly cleaved by cathepsin B present in the endosome, and p-aminobenzyl 

carbamate is self-immolative so that after cleavage the drug is released in its native 

form184,188,189 (Figure 5.13). Recently, groups have shown that linkers which incorporate 

the sequence Lys-VC-PAB are also cleaved by Ces1c present in mouse and rat 

serum.189,190 Through modification of the lysine by addition of certain functional groups 

on either the N-terminal amine or eta amine, the cleavage kinetics of the linkers were 

controlled.189,190  This ability to tune kinetics suggests that Lys-VC-PAB could be a 
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promising linker for development of PEGylated oligoTEA prodrugs and evaluation of 

ideal kinetics of linker cleavage.  

 

 

Figure 5.13: Design of PDT-4G prodrug made with VC-PAB linker and typical mechanism of 

linker cleavage 

 

Towards this goal, I first synthesized oligoTEA prodrugs made with 2kDa PEG 

and VC-PAB as the linker to establish a benchmark and evaluate therapeutic impact and 

kinetics (PEG2k-VC-PDT4G). PEG2k was selected because PEG(n)-LPMTG-PDT4G 

prodrugs made with PEG2k cleaved faster than those made with PEG5k, but PEG2k-

PDT4G still had promising low toxicity. The prodrug was successfully synthesized, 

purified by HPLC, and verified by MALDI-MS (Appendix 5.12). A side product of 

PDT-4G conjugated with two PEG2k-VC-PAB groups was also formed (2PEG2k-VC-

PDT4G). Stocks of each conjugates were prepared in 50% normal mouse serum in water 

and used in a MIC assay either immediately or after incubating for 24 hours or 3 days 

at 37°C. This was compared with the MIC of the compounds without any serum. 

Without serum the MIC of PEG2k-VC-PDT4G was 50 µM, but serum incubation 

resulted in partial recovery of activity (Figure 5.14a). Longer incubation lead to greater 

activity, with a MIC of 6.25 µM after a 3-day incubation. However, combining PEG2k-

VC-PDT4G with serum still partially recovered activity, with a MIC 2-fold lower than 



 

127 

 

in the absence of serum. The conjugate with two PEG2k-VC-PAB moieties had no 

activity up to the highest concentration tested. Conjugating PDT-4G with VC-PAB 

group alone slightly inhibited its activity, even after 3 days incubation in serum. This is 

surprising, and suggests that even without PEG conjugation, the linker does not fully 

cleave within 3 days. It is also worth noting that the MIC of PDT-4G goes down slightly 

in the presence of serum, likely due to mild complement effects with the serum as seen 

previously.59,97 

 

 

Figure 5.14: (a) MIC of PEG2k-VC-PDT4G conjugates and VC-PDT4G after pre-incubation 

in mouse serum for various times. (b) MIC of PEG-VC-PDT4G and PDT-4G after incubation 

in 50% normal mouse serum for additional timepoints. 

 

 Linker cleavage kinetics of PEG2k-VC-PDT4G were further analyzed by 

repeating the MIC assay but with additional incubation times of 2 hours, 3 hours, and 7 

hours (Figure 5.14b). There was no discernible difference in MIC after incubating for 2 

hours versus 7 hours; both had a MIC of 12.5 µM. After 3 days, the MIC was still over 

8x the MIC of PDT-4G, suggesting a high percentage of linker was not cleaved during 

this incubation in serum. However, this is not a perfectly accurate way to determine 

cleavage kinetics because the bacterial broth used for the MIC assay contained 5% 

serum. Therefore, some cleavage may have occurred during the MIC assay as well as 
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during the serum pre-incubation step. To get a better snapshot of cleavage, a propidium 

iodide uptake assay was performed on varying concentrations of PDT-4G to compare 

the fluorescence intensity with the intensity of PEG2k-VC-PDT4G before and after 

incubation in serum. However, PEG2k-VC-PDT4G has surprisingly high 

permeabilization even in the absence of serum and despite its low activity (Figure 

5.15a). A PI assay therefore cannot be used to evaluate cleavage kinetics, but this is still 

an interesting result for future investigations. 

 Because this prodrug is intended for systemic blood infections, it is valuable to 

mimic physiological conditions as best as possible. Therefore, we next determined the 

MIC in different concentrations of serum to determine the impact on antibacterial 

activity (Figure 5.15b). This MIC was performed using compounds which had not been 

pre-incubate in serum. In general, increased percentage of normal mouse serum resulted 

in increased activity, with a MIC of 6.25 µM in 20% serum. This is equal to the MIC 

after incubating PEG2k-VC-PDT4G in 50% serum for 24 hours, which makes sense as 

a MIC assay is carried out over 14 hours. As human blood is 50% serum, one could 

expect the MIC to further decrease under physiological conditions.  

To further analyze the kinetics of linker cleavage, kill curve assays were carried 

out in 0%, 5%, 10%, and 20% serum. The highest concentration tested, 50 µM, of 

PEG2k-VC-PDT4G was not sufficient to kill bacteria or inhibit growth in the absence 

of serum. In the presence of 10% or 20% serum, bacteria initially grew normally but 

cell death was observed after 4 and 1.5 hours, respectively (Figure 5.15c). This suggests 

that enough of the linker was cleaved by that time to yield a high enough concentration 

of PDT-4G to kill bacteria. The amount of PDT-4G necessary to kill bacteria depends 
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on the amount of bacteria present, so in the future a kill curve could be repeated with 

different concentrations of PDT-4G and different starting amounts of bacteria to 

estimate how much of the linker had cleaved at certain timepoints. The kill curves were 

normalized to media (no bacteria) and bacteria grown in each percentage of serum to 

ensure that any cell death or inhibition was not due to complement activity of the serum 

itself. 

 

Figure 5.15: (a) Propidium iodide uptake assay showing membrane permeabilization by 

PEG2k-VC-PDT4G even in the absence of serum. (b) MIC in varying percentages of normal 

mouse serum. (c) Kill curve of 50 µM PDT-4G or PEG-VC-PDT4G in different percentages of 

normal mouse serum. All assays were performed with MRSA 

 

Based on these results showing incomplete prodrug reactivation even after a 3-

day incubation in 50% serum, our next goal was to increase the rate of linker cleavage.  

We therefore began synthesizing a prodrug incorporating a Lys-VC-PAB linker (Figure 

5.16), which had previously been shown to cleave rapidly and release the native 

therapeutic, with kinetics dependent on the lysine functionalization (Figure 5.16).190 

Although HPLC indicated the desired product was made, challenges with synthesis and 
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scale-up precluded antibacterial testing. The synthetic protocol is provided in Appendix 

5.14, and this approach is further discussed in Chapter 7.  

 

 

 
Figure 5.16: Structure of PDT-4G prodrug made with the Lys-VC-PAB linker and mechanism 

of linker cleavage. R will be modified to tailor cleavage kinetics. 

 

 

5.3 Conclusions 

This study provides preliminary research into the feasibility of prodrug 

development as a means to improve the therapeutic potential of oligoTEAs. In it we first 

demonstrated that PEGylation successfully reduces in vitro mammalian cell toxicity as 

well as antibacterial activity, which has since lead to in vivo investigations by another 

student. We then built on these results by investigating three potential prodrug linkers 

to recover activity. Incorporating each peptide linker effectively released and 

reactivated PDT4G. All three linkers were cleaved more slowly than expected but it 

remains to be seen whether this is an issue; as PEGylation potentially increases the 

retention time of a drug from hours to weeks, it is possible that a slower cleavage could 

actually be beneficial in vivo.78 Although these prodrugs are PEGylated and therefore 

will have higher retention time, it is important to note that the PEG used is still below 

the renal clearance threshold of 50 kDa, so it will eventually be cleared from the body.158 

One of the causes contributing to the emergence of antibiotic resistance is incomplete 
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antibiotic dosing regiments, so a slow-release antibiotic which only requires one dose 

could help remedy this issue.   

The prodrug which saw greatest recovery of activity used the VC-PAB linker, 

although this we do not know if this cleavage is due to the presence of Ces1c in the 

serum or if there are additional peptide proteases which contribute. Ces1c is not present 

in humans, so this linker may not be directly translatable for clinical antibiotics. 

However, based on literature this work provides a base for the development of prodrugs 

which tune cleavage kinetics by modifying the linker with a functionalized lysine.189,190 

The prodrug cleavage kinetics required for sufficient antibacterial activity without 

systemic toxicity in vivo are currently unknown, so this could have significant 

implications for the field.   

Altogether, these results will aid in the development of antibiotics which are 

potent and challenging for bacteria to evade. It has been suggested that membrane-active 

bactericidal antibiotics could be more difficult for bacteria to resist.7 However, the 

clinical use of such antibiotics is typically reserved for localized or topical treatments; 

for example Brilacidin.27,28 Therefore, by mitigating toxicity without impacting the 

mechanism of action, the prodrug approach could harness the benefits of membrane-

active antibiotics. The prodrug approach may also reduce likelihood of cross resistance 

because it decreases the overall exposure to the antibiotic.159 

Furthermore, many of the problems which currently inhibit systemic use of 

antimicrobial peptides and their mimetics could potentially be mitigated through this 

PEGylated prodrug approach: systemic toxicity, poor solubility, low residence times, 

and poor stability. Therefore, if we can develop an approach to mitigate the toxicity of 
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oligoTEAs, it could likely be translated to the many other antibiotics which are 

otherwise too toxic for treating bacteremia. This is especially promising, because it is 

much easier to get new drugs approved by the FDA if they are variations on existing 

drugs. Altogether, we hope that these first steps in investigating various linkers for 

PEGylated oligoTEA prodrugs will lead to a thorough analysis of required linker 

kinetics and a new direction for the field of antibiotic development.  
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APPENDIX 5: 

 

A.5.1: MATERIALS AND INSTRUMENTATION FOR CHAPTER 5 

 

1,3-Di-boc-2-methylisothiourea was purchased from Combi-Blocks. PEGylated 

precursors were purchased from Laysan Bio and Quanta BioDesign. Fmoc-Val-Cit-

PAB-PNP was purchased from ChemImpex. Fluorous silica and fluorous BOC-ON 

were purchased from Boron Specialities. MTS solution (CellTiter 96® AQueous Non-

Radioactive Cell-Proliferation Assay) was purchased from Promega. Other general 

reagents, serum, and biological media were purchased from VWR, Santa Cruz 

Biotechnology, Sigma Aldrich, Alfa Aesar, and Fisher. 

 

1H-NMR was performed on a Bruker Avance III 500 mHz spectrometer and analyzed 

using MestReNova. HPLC purification and LCMS characterization were carried out as 

described in Chapters 2 and 3, using the C18 column for all compounds. Silica column 

flash chromatography was also carried out as described in Chapters 2 and 3 Data were 

processed using GraphPad Prism. 
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A5.2: GENERAL BIOLOGICAL PROTOCOLS EMPLOYED IN CHAPTER 5 

 

Determination of CFU/mL from A600 measured on Tecan 

A subculture of MRSA was prepared in tryptic soy broth and incubated at 37°C. At 

various timepoints, the OD600 of the subculture was recorded using a TECAN Infinite 

M1000 PRO Microplate reader (Männdorf), and 10 µL subculture was diluted by a 

factor of 105-106 in tryptic soy broth. 100 µL diluted subculture was added to a tryptic 

soy agar plate and spread using plating beads. The agar plates were incubated overnight 

at 37°C, after which colonies were counted to determine the number of colony forming 

units (CFU) and calculate CFU/mL as a factor of OD600 measurements.   

 

 

Figure A1: Conversion between OD600 as measured on Tecan and CFU/mL observed by agar 

plating method. 
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Minimum inhibitory concentration (MIC) assay 

1 mM oligoTEA stock solutions were prepared in water. MRSA (ATCC33591) or B. 

subtilis strains were streaked onto a tryptic soy or Luria Broth (LB) agar plate, 

respectively, and incubated overnight.  5-6 colonies of MRSA or B. subtilis were 

selected and incubated in tryptic soy broth at 37°C overnight.  Bacteria were sub-

cultured and grown to mid-exponential phase (2.5-3.5-hour incubation).  The subculture 

was diluted to an OD600 of 0.002 (3.2x106 CFU/mL).  50 µL total of tryptic soy broth, 

oligoTEA (1-10mM in water), divalent cations stocks (added for final concentration of 

12.5 mg/L Mg2+ and 25 mg/L Ca2+) and serum (if used) were added to each well in a 96 

wellplate. 50 µL diluted bacteria subculture was added to each well, and the wells 

containing the antibiotics were serially diluted. The wellplate was incubated overnight 

and the absorbance was measured at 600 nM using a TECAN Infinite® M1000 PRO 

Microplate Reader (Männdorf, Switzerland).  Data were normalized between the 

absorbance of a media blank and bacteria grown without antibiotic. The MIC was 

calculated as the first point at which the absorbance was below 10% of the maximum.  

 

Minimum inhibitory concentration (MIC) assay to test for cleavage 

To test for cleavage by serum or protease-rich media, 1mM stock (in water) of 

compounds to be tested were incubated in an equal volume of either normal serum or 

protease-rich media at 37°C for the indicated time. Then the mixture was used in a MIC 

assay as normal. Additional serum or protease-rich media was added to each well to 

maintain a constant %volume of serum or protease-rich media. 
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Preparation of protease-rich media 

5-6 colonies of B. subtilis or MRSA, were selected and grown overnight in LB or tryptic 

soy broth, respectively.  This overnight culture was then centrifuged for 5 min at 10,000 

x g and the supernatant was collected.  This supernatant was then sterilized using a 

syringe filter.  

 

Kill curve assay 

Bacteria were subcultured as described previously and grown to mid- to late- 

exponential phase. OligoTEA stocks, desired percentage of serum, and media were 

added to the bacteria so that the final OD600 of the mixture was 0.5 and there was 100 

µL total per well in a clear 96 wellplate. The plate was incubated at 37°C in a TECAN 

plate reader, and absorbance at 600 nm was recorded over 14 hours with periodic 

shaking. 

 

Membrane permeabilization propidium iodide assay 

1 mM oligoTEA stock solutions were prepared in water. MRSA or B. subtilis strains 

were streaked onto a tryptic soy or Luria Broth (LB) agar plate, respectively, and 

incubated overnight.  5-6 colonies were selected and incubated in media overnight, then 

subcultured and incubated until the OD600 measured between 0.5 and 0.6.  Bacteria 

were harvested, washed, and resuspended in a solution of 5 mM HEPES, 5 mM glucose, 

and 10 μM propidium iodide for a final OD600 of 0.5. Antibiotic stocks were added to 

a black 96 wellplate, and 150 μL bacteria solution was added to empty adjacent wells 

of a black 96 well plate.  Fluorescence measurements were taken at 535 nm excitation, 
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617 nm emission on a TECAN Infinite M1000 PRO Microplate reader (Männdorf) 

(TECAN) for 2 minutes. The wells containing bacterial solutions were immediately 

pipetted into the wells containing antibiotic stocks using a multi-channel pipette to 

reduce time differentials between samples, and fluorescence measurements were taken 

for an additional 20 minutes. 

 

MTS assay with HEK293T cells 

2250 human embryonic kidney (HEK293T) cells in 15μL media without phenol red 

were added to each well of a 96 well plate and incubated 24 hours at 37°C. OligoTEA 

was serially diluted in 10 µL fresh media in separate wells, the added to cells in wellplate 

without removal of original media. After 1 hour incubation at room temperature, 3.5 µL 

MTS solution (Promega), diluted in 6.5 µL fresh media was added to each well, and the 

plate was again incubated 1 hour at 37°C. Absorbance measurements were taken at 490 

nm on a TECAN Infinite M1000 PRO Microplate reader (Männdorf).  

 

Cleavage kinetics analysis by LCMS 

Conjugates were incubated at a concentration of 0.5 mM in 50% normal mouse serum 

or 50% protease-rich media at 37°C. At various timepoints, 2 µL of reaction mixture 

was added to 20 µL of 1% formic acid in acetonitrile. 0.4 µL of 500 mM NaOH was 

added, and the mixture was allowed to react for 5 minutes at room temperature. The 

mixture was then centrifuged for 10 minutes at 17000 x g and analyzed using LCMS 

without additional treatment or dilution. 
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A5.3: UPDATED SYNTHESIS OF PDT-4G AND GUANIDINE MONOMER 

 

PDT-4G Synthesis 

Thiol-ene and thiol-Michael addition reactions: PDT-4G was synthesized as described 

previously,97 with some adjustments to improve yield.  

Briefly, 200 mg of fluorous-allyamine was solubilized with 5 eq propane dithiol 

and 0.5 eq 2,2-dimethoxy-2-phenylacetophenonone in methanol to yield a final 

concentration of 200 mM (or as low as 100 mM, if solubility was an issue). The mixture 

was treated with UV light at 20 mW/m2 for 270 seconds, then purified using fluorous 

solid phase extraction (FSPE). Assuming 100% yield of the previous step, 2 eq 

guanidine monomer and 0.1 eq of dimethylphenylphosphine were added to the eluted 

product after FSPE before drying off methanol and acetone, then the entire mixture was 

dried in a vacuum centrifuge on low temperature. The resultant product was again 

purified by FSPE, dried fully, and the process was repeated 3 times to yield a 4-mer. 

The moles of starting material for each thiol-ene/Michael addition iteration were 

calculated based on the mass of dried product from the previous Michael addition. The 

final product was solubilized at 10-50mM in trifluoroacetic acid for 90 minutes, then 

dried under nitrogen and purified using reverse-phase HPLC on a C18 column. 

Gradient: 5-60% acetonitrile in water over 30 minutes (both with 0.1%v/v 

trifluoroacetic acid). 

 

Fluorous solid phase extraction: A column was prepared with 2 g fluorous silica and 

without a top frit (if top frit is left on, the product crashes out in a sticky clump and 
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cannot be purified). A mixture of 80:20 methanol:water was added to the column and 

flowed through until approximately 0.5 cm height of liquid remained on top of the silica. 

Water was added to the top of the column so that when the reaction mixture (in 

methanol) was added, the final solution remained 20% water. The reaction mixture was 

then added to the top of the column, and the entire mixture was flowed through at 

minimum speed. To achieve minimum speed, one or two red plugs were removed from 

the manifold to allow a lower vacuum pressure. The column was washed with 20 mL 

80:20 methanol:water, then the product was eluted with 15 mL methanol and 5 mL 

acetone. These volumes were used for any scale between 100mg and 250mg fluorous-

allylamine. Previous papers do not mention using acetone in FSPE elution, but we 

recently found that using acetone improves yield. 

 

Guanidine Monomer Synthesis  

 

Scheme A5.1: Guanidine monomer synthesis, using updated approach 
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Note: this describes a new approach used to prepare guanidine monomer on a higher 

scale with improved yield and purity. The troubleshooting to develop this protocol is 

described in section A5.4. A reaction starting with 2g of 1,3-Di-boc-2-

methylisothiourea typically yields 1-1.5g monomer after final purification. 

 

Step 1—Guan-amine synthesis: 1 eq 1,3-Di-boc-2-methylisothiourea (250 mM) was 

solubilized in dichloromethane with 5 eq ethylenediamine and stirred for 70 minutes at 

room temperature. The mixture was washed 3 times with water and 3 times with brine, 

then used without drying or further purification to yield guan-amine. 

 

Step 2—Acylation: Assuming 100% yield in the previous step, guan-amine was 

combined with 1.5 eq triethylamine (TEA) and dichloromethane to yield a final reaction 

concentration of 150mM guan-amine, and the mixture was stirred 15 min on ice. 1.5 eq 

acryloyl chloride was diluted in 6 times its volume of dichloromethane, added dropwise 

over 15 minutes. The reaction was stirred 1 hour on ice, an additional  1 hour at room 

temperature, then quenched with water. The product was extracted three times with 

dichloromethane, washed with brine, and dried under reduced pressure. After drying, 

the product was further purified by trituration with hexanes: in a 20 mL vial, the impure 

product was combined with hexanes and let sit at room temperature until the desired 

acylation product precipitated out in a white powder. The mixture was centrifuged at 

1000 x g for 1 minute, and the hexane supernatant was discarded. This was repeated 

twice to yield the purified product, which was dried under reduced pressure and weighed 

to calculate the yield.  
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Step 3—Alkylation: Acylation product was solubilized in dry N,N-dimethylformamide 

(DMF) equal to half the final reaction volume minus 10 mL, for a final reaction 

concentration of 200mM acylation product. 4 eq sodium hydride (60% suspension in 

mineral oil) was solubilized in the same volume of DMF, and added to the acylation 

product in DMF. This mixture was stirred at room temperature for 10-15 minutes, then 

2 eq allyl-bromide (in 10 mL DMF) was added dropwise over 10-15 minutes. The 

reaction was stirred for an additional hour at room temperature, then placed in a cool 

water bath and slowly quenched with water. The product was extracted three times with 

diethyl ether, washed with an aqueous saturated sodium bicarbonate solution, and dried 

under reduced pressure. The desired product was further purified using silica column 

flash chromatography (Teledyne ISCO) on a 40g pre-packed silica column to yield 

purified guanidine monomer as a clear or very pale yellow oil. 
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A5.4 TROUBLESHOOTING GUANIDINE MONOMER SYNTHESIS TO 

IMPROVE YIELD AND SCALABILITY 

 

Guanidine monomer synthesis has always resulted in low overall yield due to difficulty 

separating the desired monomer from unidentified side products, both with a molecular 

weight of 477 (Figure A5.2a). 1H NMR suggested these were due to reaction of the 

acylation product with three allyl-bromide groups instead of one, and a guanidine 

monomer-bromine adduct. The bromine adduct was further indicated by a bright orange 

color during oligoTEA synthesis. There was also a significant amount of side di-

substituted diamine side product formed during the first reaction to synthesize guan-

amine (Figure A5.2b).  

 

 

Figure A5.2: (a) Sample ISCO of guanidine monomer demonstrating some of the side products 

formed which result in low yield and difficulty purifying and (b) di-substituted diamine side 

product 

 

To improve this reaction, I first focused on reducing the side product formed by 

reaction of ethylenediamine with two equivalencies 1,3-di-boc-methylisothiourea by 

increasing the equivalencies of ethylenediamine to 5 and using additional water/brine 

washes. Additionally, after the acylation reaction and extraction, the resulting product 
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was triturated with hexanes. The di-substituted diamine side product is soluble in 

hexanes as shown in the LCMS trace of the supernatant of the trituration (Figure A5.3b), 

while the desired acylation product is insoluble in hexanes (Figure A5.3b).  

 

 

Figure A5.3: LCMS of (a) supernatant and (b) precipitate after centrifugation of hexanes 

trituration. Starred peaks represent the product shown in the MS 
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This allowed accurate determination of the mass of starting material before the 

alkylation reaction (previously, impurities resulted in yields by mass of over 100%), and 

therefore more accurate calculation of the mass of allyl bromide needed. 2 equivalents 

allyl bromide yielded the desired product, guanidine monomer, with very little tri-allyl 

side product. Quenching the reaction more slowly and on a cool water bath helped 

mitigate the suspected reaction with bromine. These changes resulted in dramatically 

increased purity, with the overall yield after purification increasing from the 0-7% to 

39% (Figures A5.4). 

 

Figure A5.4: (a) ISCO purification of guanidine monomer with the updated protocol. (b) 

Nearly the entire predominant peak (fractions 10-23) was pure guanidine monomer as evidenced 

by the LCMS. 
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A5.5: PEG-PDT4G SYNTHESIS AND CHARACTERIZATION  

Synthesis of PEG-PDT4G 

 

Scheme A5.2: Synthetic scheme of PEG-PDT4G, used for all PEG lengths 

 

1.5 eq PDT-4G was combined with 1 eq PEG24-NHS, PEG2k-NHS, PEG5k-NHS, or 

PEG40k-NHS and 10 eq triethylamine (TEA). The mixture was reacted overnight at 

room temperature, followed by purification using reverse-phase HPLC on a C18 column 

with a gradient of 5-100% acetonitrile in water (with 0.1% TFA) over  30 minutes. 

 

Purification and Characterization of PEG24-PDT4G 

 

Figure A5.5: HPLC of PEG24-PDT4G. Desired product eluted at 42% acetonitrile in water. 

Excess PDT-4G eluted at 40% acetonitrile 
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Figure A5.6: LCMS of PEG24-PDT4G. Desired product half, third, and fourth masses are 

shown. Full mass not shown because molecular weight is too high for analysis software and 

LCMS detection. 

 

 

Figure A5.7: Quantitative 1H NMR of PEG24-PDT4G using 500 Hz NMR in D2O with 

acetonitrile as the standard 
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Purification and Characterization of PEG2k-PDT4G 

 

 

Figure A5.8: HPLC of PEG2k-PDT4G, showing desired product and unreacted PDT-4G 

 

 

 

 

 

 

 

 

 

 

Figure A5.9: MALDI-MS of PEG2k-NHS (left) and PEG2k-PDT4G after purification. PDT-

4G has an exact mass weight of 1274, so this reaction went to completion and produced the 

desired product.  
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Figure A5.10: LCMS analysis of PEG2k-PDT4G after HPLC purification. Starred region 

shows where PDT-4G would be if it had not been removed during purification. Note that PEG 

is polydisperse and does not ionize well before conjugation, so this cannot be used to determine 

product purity, only presence of PDT-4G 
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Purification and Characterization of PEG5k-PDT4G 

 

 

Figure A5.11: HPLC of PEG5k-PDT4G, showing desired product at 16 min 

 

 

 

    

Figure A5.12: MALDI-MS of PEG5k-NHS (left) and PEG5k-PDT4G after purification. PDT-

4G has an exact mass weight of 1274, so this reaction went to completion and produced the 

desired product.  
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Figure A5.13: LCMS analysis of PEG5k-PDT4G after purification. Starred region shows where 

PDT-4G would be if it had not been removed during purification. Note that PEG is polydisperse 

and does not ionize well before conjugation, so this cannot be used to determine product purity, 

only presence of PDT-4G 

 

 

Purification and Characterization of PEG40k-PDT4G 

 

   

Figure A5.14: MALDI-MS of PEG40k-NHS (left) and PEG40k-PDT4G after purification. 

PDT-4G has an exact mass weight of 1274, so this reaction went to completion and produced 

the desired product.  
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Notes on Difficulties Purifying PEG5k-PDT4G using Dialysis 

 

 

Figure A5.15: PEG5k-PDT4G conjugation product after dialysis with 2kDa membrane. 

PEG5k-PDT4G conjugate product is not predominant product, but this could be due to high 

ionization of PDT-4G. Therefore, this does not show degree of reaction, merely that there is 

excess PDT-4G present in the reaction mixture after dialysis. 

 

 

Figure A5.16: (a) MIC assay with MRSA and (b) MTS assay of PEG5k-PDT4G purified by 

dialysis. In both cases, PEG5k-PDT4G is more potent than seen when it was purified by HPLC, 

suggesting that all PDT-4G was not successfully removed by dialysis  

 

 



 

152 

 

A5.6 PEG24-LL-PDT4G SYNTHESIS AND CHARACTERIZATION 

 

Fmoc-Leu-Leu Linker Synthesis  

 

 

Scheme A5.3: Synthesis of Fmoc-Leu-Leu 

 

Linker synthesis: 1 equivalent N-Fmoc-L-leucine pentafluorophenyl ester (50 mM) was 

combined with 1.05 equivalents L-leucine (52.5 mM) in a 1:1 mixture of 1,2-

dimethoxyethane (DME): aqueous 0.2M sodium bicarbonate solution. The reaction was 

incubated overnight at 40°C, after which it was quenched with 0.1M hydrochloric acid.  

The product was extracted with ethyl acetate and washed with brine.  The desired 

product mass was verified using LCMS.  The resulting product was used without need 

for further purification. 

 

 

 



 

153 

 

PEG24-Leu-Leu-PDT4G Synthesis  

Reaction 1, PDT-4G and Leu-Leu conjugation: 1M stocks of N-

methylmorpholine (NMM) and HBTU were prepared in 1:1 dimethyl sulfoxide 

(DMSO): N,N-dimethylformamide (DMF). One equivalent Fmoc-Leu-Leu (1 mg/100 

µL stock in 1:1 DMSO:DMF) was combined with 1.5 equivalents PDT-4G, 20 

equivalents HBTU, and 30 equivalents NMM.  The mixture was allowed to react 15 

minutes, then quenched with 5 times the total reaction volume of 1:1 methanol:water.  

The reaction product was purified using HPLC.  

Reaction 2, Fmoc deprotection: Fmoc-Leu-Leu PDT-4G conjugation product (8 

mM final concentration) was deprotected by dissolving in a 60% diethylamine in DMF 

solution for 3 hours.  Solvent and diethylamine were removed under reduced pressure 

and the product was used without further purification. 

Reaction 3, PEG24 conjugation: 1 equivalent Leu-Leu PDT-4G product (13 mM 

final concentration) was combined with 2 equivalents monodisperse PEG24 and 10 

equivalents of triethylamine (TEA) in DMSO.  The mixture reacted for 3 hours at room 

temperature and was purified using HPLC.  The desired product was verified using 

LCMS and quantified by 1H NMR. 
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Scheme A5.4: Synthesis of PEG24-Leu-Leu-PDT4G 

 

 

 

Characterization of Fmoc-Leu-Leu 

 

Figure A5.17: LCMS of Fmoc-Leu-Leu showing desired product [M+H]+ and minimal side-

products 
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Characterization of Fmoc-Leu-Leu-PDT4G 

 

 

Figure A5.18: HPLC of Fmoc-Leu-Leu-PDT4G.  Desired product (starred peak) eluted at 18 

minutes. 

 

 
Figure A5.19: LCMS of Fmoc-Leu-Leu-PDT4G after HPLC purification 
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Figure A5.20: HPLC purification of PEG24-Leu-Leu-PDT4G. The desired product (starred) 

eluted at 15 minutes. 

 

 
Figure A5.21: LCMS of PEG24-Leu-Leu-PDT4G after HPLC purification. Desired product half 

through fifth masses are shown. 
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Figure A5.22: Quantitative 1H NMR of PEG24-LL-PDT4G.  Integrations of peaks shown were 

compared to that of the acetonitrile standard 
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A5.7 TROUBLESHOOTING PEG24-LL-PDT4G SYNTHESIS USING PDT-3G 

Table A5.1: Reaction conditions were optimized by testing synthesis steps using PDT-3G 

   

Conditions Tested Result 

2 eq N,N’-diisopropylcarbodiimide (DIC) 

5 eq PDT-3G, 2 eq TEA, 5eq NHS 

low yield of desired product  

(Figure A5.23) 

HBTU/NMM (as in Scheme A5.4) 

3 eq PDT-3G, 5 min reaction 

Reaction went to completion but high 

excess oligoTEA wasted (Figure A5.24) 

HBTU/NMM (as in Scheme A5.4) 

1.5 eq PDT-3G, 15 min reaction 

Reaction went to completion 

(Figure A5.25) 

HBTU/NMM (as in Scheme A5.4) 

0.2 eq PDT-3G (excess Fmoc-Leu-Leu) 

Precipitate formed and no desired 

product detected 

 

 

 

 

Figure A5.23: LCMS of Fmoc-Leu-Leu-PDT3G synthesis using DIC as coupling agent.  

Desired product half and third masses are shown. These conditions produced very low yield of 

the desired product. MS trace of starred peak shown. 
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Figure A5.24: LCMS of product produced using HBTU as coupling agent with three 

equivalents PDT-3G per equivalent Fmoc-Leu-Leu. The reaction went to completion, as shown 

by the lack of remaining Fmoc-Leu-Leu. MS trace of starred peak shown. 

 

 
Figure A5.25: LCMS of product produced using HBTU as coupling agent with 1.5 equivalents 

PDT-3G per equivalent Fmoc-Leu-Leu. The reaction went to completion, as shown by the lack 

of remaining Fmoc-Leu-Leu. MS trace of starred peak shown. 



 

160 

 

A5.8: PEG24-LL-PDT4G CLEAVAGE EXPERIMENTS USING LCMS 

 

Figure A5.26: LCMS trace of PEG24-LL-PDT4G treated with protease-rich media from B. 

subtilis. 

 

 
Figure A5.27: TIC and extracted full, half, and third mass of PDT-4G on LCMS trace of PEG24-

LL-PDT4G treated with protease-rich media from B. subtilis. 
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A5.9 GLY-PDT4G SYNTHESIS AND CHARACTERIZATION 

 

Gly-PDT4G Synthesis 

 

 

 

Scheme A5.5: Synthesis of gly-PDT4G 

 

1 equivalent PDT-4G combined with 10 eq triethylamine and 3 eq Boc-glycine-NHS in 

dry DMSO and reacted for three hours at room temperature. The product was purified 

by HPLC and dried under reduced pressure. The Boc group was removed by treatment 

with 1:1 trifluoroacetic acid:dichloromethane for 3 hours, then the mixture was dried 

under nitrogen and purified using HPLC to remove t-butyl alcohol. 
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Figure A5.28: HPLC traces of gly-PDT4G conjugation reaction when done with (a) 2.5 eq Boc-

Gly-NHS over 22 hours and (b) 2 eq Boc-Gly-NHS over 3 hours. First large peak after 20 

minutes is desired product, with later peaks representing reaction of PDT-4G with extra Boc-

Gly-NHS groups. (c) HPLC of gly-PDT4G after Boc deprotection 
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Figure A5.29: 1H-NMR of gly-PDT4G after Boc deprotection showing excess peaks around 

1.3ppm indicative of side products formed during Boc deprotection. This illustrates the need to 

HPLC purify after Boc deprotection. 

 

 

Figure A5.30: 1H-NMR of gly-PDT4G after Boc deprotection and HPLC 
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A5.10 PEG-LPMTG-PDT4G SYNTHESIS AND CHARACTERIZATION  

 

 

Scheme A5.6: Synthesis of PEG-LPMTG-PDT4G 

 

 

PEG-LPMTG-PDT4G Synthesis:  

1 eq PEG2k-NHS, PEG5k-NHS, or PEG24-NHS was combined with 2 eq LPMTG and 

10 eq triethylamine in dry DMSO and reacted overnight at room temperature. The 

product was purified using HPLC then dried under reduced pressure and combined with 

20 equivalents HBTU and 30 equivalents N-methylmorpholine in 1:1 DMSO:DMF. 

After 15 minutes at room temperature, the reaction was quenched with five times the 

reaction volume of 1:1 water:methanol. This was dried under reduced pressure and 

purified by HPLC. The resultant products were characterized using LCMS and/or 

MALDI-MS, and quantified by 1H NMR with an acetonitrile standard. 
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Figure A5.31: HPLC traces of (a) PEG24-LPMTG and PEG24-LPMTG-PDT4G (b) PEG2k-

LPMTG and PEG2k-LPMTG-PDT4G, and (c) PEG5k-LPMTG and PEG5k-LPMTG-PDT4G 
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Figure A5.32: LCMS of PEG24-LPMTG-PDT4G after HPLC purification. Expected product 

[M+H]+ is shown. 

 

 

 

Figure A5.33: MALDI-MS of (a) PEG2k-LPMTG-PDT4G and (b) PEG5k-LPMTG-PDT4G 

after HPLC purification 
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Figure A5.34: 1H NMR of PEG24-LPMTG-PDT4G, with acetonitrile as the standard for 

quantitation. Peaks annotated in red were used for quantification 

 
Figure A5.35: 1H NMR of PEG2k-LPMTG-PDT4G, with acetonitrile as the standard for 

quantitation. Peaks annotated in red were used for quantification 
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Figure A5.36: 1H NMR of PEG5k-LPMTG-PDT4G, with acetonitrile as the standard for 

quantitation. Peaks annotated in red were used for quantification. 
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A5.11 ADDITIONAL KILL CURVE DATA FOR PEG-LPMTG-PDT4G  

 

Figure A5.37: Kill curves of PDT-4G, gly-PDT4G, PEG2k-PDT4G, PEG5k-PDT4G, PEG24-

LPMTG-PDT4G, PEG2k-PDT4G, and PEG5k-PDT4G at varying concentrations against 

MRSA in cation-adjusted tryptic soy broth. 
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A5.12 PEG2K-VC-PDT4G SYNTHESIS AND CHARACTERIZATION 

PEG2k-VC-PDT4G Synthesis  

 

Scheme A5.7: Synthesis of PEG2k-VC-PDT4G 

 

Protocol: One eq PDT-4G was combined with 1.5 eq Fmoc-Val-Cit-PAB-PNP and 6 

eq N,N-diisopropylethylamine (DIPEA) in dry DMSO and reacted 5.5 hours at room 

temperature. The desired product, compound 1, was verified by LCMS and used without 

further purification. Compound 1 was treated with 60% DIPEA in DMSO for 90 

minutes at room temperature to remove the Fmoc protecting group on the N-terminal 

amine. This product (compound 2) was dried overnight under reduced pressure and 

purified by reverse-phase HPLC on a C18 column. 1.5 eq purified compound 2 was then 

reacted with 1 equivalent PEG2k-NHS and 10 eq triethylamine for 8-16 hours in dry 

DMSO and purified using reverse-phase HPLC on a C18 column with a gradient of 5-
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100% acetonitrile in water (with 0.1% TFA) over 50 minutes to yield compound 3, 

PEG2k-VC-PDT4G which was verified using MALDI-MS.  

 

 
Figure A5.38: HPLC of reaction mixture yielding compound 2 (Scheme A5.7), Val-Cit-PAB-

PDT4G. Although LCMS of this product appeared sufficiently pure without further purification, 

this HPLC demonstrated presence of impurities. 

 

 

Figure A5.39: LCMS of compound 2 (Scheme A5.7), Val-Cit-PAB-PDT4G after HPLC 

purification, showing desired product half, third, and fourth masses. PDT-4G  is also seen in the 

MS trace, but this is likely due to fractionation because PDT-4G does not elute at 5.5 minutes 

on the LCMS. 
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Figure A5.40: HPLC trace of PEG2k-VC-PDT4G, (a) superimposed on HPLC trace of PEG2k-

COOH as control and (b) shown with both 210nm and 230nm absorbance to show that peak at 

24 min is not just PEG, as PEG has very low 230nm absorbance. Peaks at 24 min and 26 min 

were collected and identified as PEG2k-VC-PDT4G and 2PEG2k-VC-PDT4G 

 

 

 

Figure A5.41: MALDI-MS of peaks from HPLC of PEG2k-VC-PDT4G reaction mixture. (a) 

Peak at 24 min, showing full and half mass of PEG2k-VC-PDT4G. (b) Peak at 26 min, showing 

full and half mass of product with mass suggesting 2 PEG2k-VC-PAB moieties conjugated with 

PDT-4G. 
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A5.13 ADDITIONAL KILL CURVE AND PI DATA FOR PEG2K-VC-PDT4G 

 

Figure A5.42: (a)-(c) Kill curves of PEG2k-VC-PDT4G against MRSA at different 

concentrations and in different percentages of normal mouse serum. (d) Kill curve against 

MRSA of 50 µM PEG2k-VC-PDT4G in varying percentages of normal mouse serum compared 

with kill curve data of different concentrations of PDT4G, in order to estimate amount of linker 

cleavage at beginning of assay  
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Figure A5.43: (a)-(c) Kill curves of PEG2k-VC-PDT4G against MRSA at different 

concentrations and after combining 1mM compound in equal volume normal mouse serum and 

either using immediately or after incubating 24 hours at 37°C 
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Figure A5.44: B. subtilis propidium iodide uptake assay of different concentrations PDT-4G 

and 50 µM PEG2k-VC-PDT4G (1mM in water). PDT-4G (1mM in water) was serially diluted 

in water before adding to bacteria/propidium iodide mixture.  

 

 

 

Figure A5.45: B. subtilis propidium iodide uptake assay of different concentrations PDT-4G. 

PDT-4G (1mM in water) was serially diluted by a factor of 2 in normal mouse serum and 

incubated 5 minutes at room temperature before adding to bacteria/propidium iodide mixture.  
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A5.14 PEG2K-KVC-PAB-PDT4G SYNTHESIS DEVELOPMENT  

 

 

 

Scheme A5.8: Synthesis of PEG-Lys-Val-Cit-PAB-PDT4G 
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Protocol: 

          Step 1: One equivalent PDT-4G was combined with 1.5 eq Fmoc-Val-Cit-PAB-

PNP and 6 eq N,N-diisopropylethylamine (DIPEA) in dry DMSO. After a 6-hour 

reaction at room temperature, compound 1 was verified by LCMS and used without 

further purification.  

          Step 2: Compound 1 was treated with 60% DIPEA in DMSO for 90 minutes at 

room temperature to remove the Fmoc protecting group and yield compound 2, which 

was dried overnight under reduced pressure and verified by LCMS.  

           Step 3: Compound 2 was then reacted with 4 equivalents Fmoc-Lys(Boc)-OPfp 

and 10 eq triethylamine for 8 hours in dry DMSO and purified using reverse-phase 

HPLC on a C18 column with a gradient of 5-100% acetonitrile in water (with 0.1% 

TFA) over 50 minutes to yield compound 3.  

          Step 4: Compound 3 was treated with 30% TFA in dichloromethane for 15 

minutes and dried under reduced pressure to yield compound 4. 

          Step 5: Compound 4 was combined with 0.5 eq PEG2k-NHS and 10 eq 

triethylamine in dry DMSO for 7 hours at room temperature. This was purified by HPLC 

to yield compound 5.  

          Step 6: Compound 5 was treated with 60% diethylamine in DMSO for 90 minutes 

to remove the Fmoc group, but this step was never completed due to synthetic 

challenges. In particular, the Boc deprotection in Step 4 caused the linker to cleave, so 

that the yield was very low. This made it challenging to calculate the product mass and 

therefore determine the required mass of PEG2k-NHS to add in Step 5. By Step 6, the 

yield was too low to continue. 
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Synthetic steps 1-3 consistently produced the desired product, compound 3, with 

reasonably high yield. The HPLC purification after Step 3 and LCMS characterization 

of compound 3 are shown below. 

 

 

Figure A5.46: HPLC trace of reaction mixture after 3rd step yielding compound 3, (Scheme 

A5.8) Fmoc-K(boc)-VC-PAB-PDT4G. Desired product elutes at 19 min and 55% acetonitrile 

in water (starred) with multiple side products formed. 

 

 

Figure A5.47: LCMS peak at 19 minutes from above HPLC trace, verifying product is pure 

compound 3, Fmoc-K(Boc)-VC-PAB-PDT4G (Scheme A5.8). 
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CHAPTER 6 

TOWARDS THE DEVELOPMENT OF OLIGOTEA ANTIBODY-ANTIBIOTIC 

CONJUGATES FOR TARGETED DELIVERY 

6.1 Introduction 

 Antibody-drug conjugates (ADCs) encompass an important and growing class 

of pharmaceuticals.88 In these therapeutics, the antibody facilitates targeting and 

delivery of the drug, thereby improving its desired activity while reducing undesirable 

effects such as off-target toxicity.191,192 ADCs generally contain a linker which cleaves 

under certain conditions, so that the free drug is released only upon binding to the target 

antigen.88,192 In this way, antibody-drug conjugates can be used to selectively deliver 

relatively toxic compounds that would otherwise cause serious harm in systemic 

exposure, most notably cancer therapeutics.88,191,192 Linkers which cleave intracellularly 

such as in endosomes or lysosomes are most frequently used, particularly in anti-tumor 

treatments because this approach intrinsically precludes the possibility of toxic effects 

outside of the cell.88 However, recent studies have found that ADCs can also be designed 

for effective extracellular delivery.93,193  

 Similar to cancer therapies, this approach could have potential for reducing 

systemic toxicity of antibacterial agents.89 Antibody-drug conjugates have currently 

been investigated in a small but growing number of antimicrobial agents.90,91,93,193–195 

Researchers at Genentech have developed ADCs which treat intracellular MRSA, a 

significant challenge for patient recovery.90,91,194 These ADCs employ antibodies to 

deliver rifampicin analogues inside mammalian cells, with no toxicity shown in 

preliminary phase I clinical trials.92 An antimicrobial peptide ADC was developed by 
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Franzman et al. to combat P. gingivalis commonly implicated in periodontal disease.93 

Treatment with 20 µg/mL antibody conjugate (approximately 0.13 µM) selectively 

killed only P. gingivalis in a mixture of bacteria. Treatment at a higher concentration of 

50 µg/mL resulted in a loss of specificity, and the purity of these conjugates was also 

not known, as the characterization only determined whether the product contained both 

antibody and antimicrobial peptide. However, this work still suggests the potential of 

antibacterial ADCs for extracellular selective treatment of bacteria. These limited 

studies highlight the promise of antibody-antibiotic conjugates as therapeutics, although 

there is still a wide experimental region to explore, such as ADCs for treatment of 

extracellular MRSA, and ADCs using AMP mimetics. 

 In our previous studies, we proposed a promising new antibiotic compound 

using the oligoTEA backbone with excellent activity against MRSA and low in vitro 

mammalian cell toxicity. However, it demonstrated in vivo toxicity which lead us to 

pursue improved selectivity by first incorporating a lipid II-binding motif (Chapter 4). 

However, despite selectively binding bacteria over mammalian cells, this moiety 

substantially increased mammalian cell toxicity due to hydrophobicity of the dipicolyl 

group. We then sought to reduce systemic toxicity through development of a PEGylated 

prodrug which successfully reduced in vitro toxicity (Chapter 5). A prodrug made with 

a valine-citrulline-p-aminobenzyl carbamate linker recovered activity in the presence of 

20% serum, with a MIC of 6.25 µM. In this chapter we build upon these past studies by 

developing antibody-PDT4G conjugates made with a polyclonal S. aureus antibody. 

This antibody was chosen because of its low cost which facilitates yields sufficient for 

antibacterial assays. Additionally, polyclonal antibodies bind to multiple targets on the 
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bacterial surface and therefore ADCs which contain polyclonal antibodies may present 

be a greater challenge for bacteria to overcome through resistance. We hypothesize that 

this will improve specificity by targeting S. aureus, while the non-toxicity of the 

antibody will reduce systemic toxicity and off-target binding. Towards this goal, we 

have developed a preliminary antibody-PDT4G conjugate made with a stable PEG 

linker. This provides preliminary results and establishes protocols for the future design 

of antibody-oligoTEA conjugates which incorporate cleavable linkers or longer PEG 

linkers. 

 

6.2 Results and Discussion 

6.2.1 Evaluating and Testing Protocols for Conjugation 

 

Figure 6.1: The four methods for antibody conjugation tested: Direct conjugation of amine or 

NHS functionalized target molecule to deglycosylated glutamine residues or lysine residues, 

respectively. Two-step approach with initial conjugation to antibody with short DBCO-PEG-

amine or DBCO-PEG-NHS, followed by reaction with DBCO-functionalized target molecule  
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 To determine the best method to attach the target molecule, PDT-4G, to the 

antibody, we evaluated four possible approaches (Figure 6.1). The first uses microbial 

transglutaminase to conjugate deglycosylated antibodies with primary amines.196 This 

was done in a one-pot approach using microbial transglutaminase (MTG) and peptide 

N-glycosidase F (PNGase F), previously adopted in the Alabi lab.197,198 This approach 

carries the benefit of site-specificity when employed with humanized IgG antibodies 

which have no free glutamine residues, and results in a maximum degree of labelling of 

two. These two conjugation sites are located on each heavy chain of the antibody. The 

second approach utilizes an NHS-ester functionalized compound which reacts with free 

amines present on the antibody. This method is commonly employed in literature for 

non-site-specific modification of antibodies, although it leads to 

heterofunctionality.192,199–201 NHS conjugation allows a greater degree of labelling, and 

has previously been used to conjugate up to 8 drugs per antibody.192 For each of these 

conjugation techniques we initially analyzed the potential of the MTG and NHS 

conjugation to the antibody using a direct conjugation of the functionalized compound 

(amine or NHS ester), then tested conditions for the two-step conjugation employing 

DBCO-azide “click” chemistry.158,202,203 The latter includes the initial conjugation of a 

short azido-functionalized PEG to the antibody, which is subsequently reacted with the 

DBCO-functionalized target compound. 

 

6.2.1a Direct glutamine conjugation 

We first attempted to conjugate PDT-4G directly to deglycosylated Her2 antibody using 

the one-step reaction, which was analyzed using hydrophobic interaction 
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chromatography (HIC). The Her2 antibody was used as a proof of concept for this 

conjugation strategy, because another member of the Alabi lab, Dr. Josh Walker, was 

using it for his work and the antibody was therefore readily available. When analyzed 

using hydrophobic interaction chromatography, a shift in the spectrum before and after 

conjugation with PDT-4G was observed, which corresponds to a change in 

hydrophobicity of the antibody (Figure 6.2). The main antibody peak is likely the larger 

peak which eluted around 37 minutes, while the identity of the smaller peak at 46 

minutes is unknown. However, the identities of these products must be confirmed by 

MALDI-MS. Further studies such as MALDI-MS are also needed to determine the 

purity and degree of labelling. 

 
Figure 6.2: (a) Direct conjugation of PDT-4G or PEG5k-amine to antibody (b) HIC spectra 

showing shift in retention time after PDT-4G conjugation, illustrating conjugation was 

successful  
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6.2.1b Direct lysine-NHS conjugation  

For the remaining conjugations, we used polyclonal S. aureus antibody because it would 

be used for the final antibody-oligoTEA conjugates. Non-specific conjugation to lysine 

residues on the antibody was tested using different equivalencies of PEG5k-NHS 

(Figure 6.3a). Conjugation efficiency was analyzed using polyacrylamide gel 

electrophoresis (PAGE),  which uses a voltage potential across a polyacrylamide gel to 

sort macromolecules by molecular weight. Smaller molecules move further in the gel 

than larger molecules, so the molecular weight of molecules such as antibodies can be 

determined through comparison with the shifts of known standards. Before PAGE 

analysis, all samples were denatured by boiling for 5 minutes at 100 °C to improve the 

correlation between gel shift and molecular weight, which could be otherwise effected 

by protein folding and geometry. The unmodified antibody and conjugates were also 

treated with  β-mercaptoethanol, which reduces the thiol linkages to separate the light 

and heavy chain fragments of the antibody. PAGE determined the  molecular weights 

of the unmodified antibody light and heavy chain fragments to be 25 kDa and 54 kDa 

(Figure 6.3b). After treatment with 20 or 40 eq PEG5k-NHS a second band appeared 

which was shifted upward relative to the unmodified heavy chain band. Based on the 

standards, this molecular weight shift was approximately 5 kDa which corresponds to 

modification with one 5 kDa PEG group on the heavy chain. However, the band at 54 

kDa was still present so there was still some unconjugated heavy chain present. After 

treatment with 160 eq PEG5k-NHS, the band representing 54 kDa was no longer seen, 

and was replaced with a broad series of bands around 64-119 kDa. The observed range 

of molecular weights in this sample corresponds to heavy chain fragments conjugated 
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with 2-13 PEG5k moieties, which is expected for a non-site-specific conjugation 

approach such as lysine-NHS conjugation. This result also showed that 160 eq was 

necessary to achieve full conjugation of each heavy chain of the antibody. 

 

Figure 6.3: (a) Direct conjugation of PDT-4G or PEG5k-amine to antibody (b) Conjugation of 

PEG5k-NHS to polyclonal S. aureus antibody using various conditions. Each well contains 

antibody modified with 1: Unmodified antibody 2. 20 eq PEG5k-NHS 3. 40 eq PEG5k-NHS 4. 

160 eq PEG5k-NHS. 4-20% PAGE gel 

 

 

6.2.1c Two-step glutamine conjugation  

We next evaluated conditions for the two-step conjugation approach in which the 

antibody was first conjugated with PNGaseF, MTG, and azido-PEG3-amine then treated 

with a DBCO-functionalized molecule (Figure 6.4a). PEG5k-amine was used to 
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evaluate conditions for the MTG reaction step, as it yields a molecular weight shift 

easily seen with gel electrophoresis. This conjugation strategy yields a maximum degree 

of labelling of two, with one modification per heavy chain of the antibody and no 

modification of the light chain fragment. Therefore, we expected to see a shift of the 

heavy chain fragments by 5 kDa using gel electrophoresis if the conjugation was 

successful. This experiment tested using MTG versus Moo Gloo (a food-grade MTG 

formulation marketed for the culinary adhesion of animal matter), and either 600 or 

6000 iu/mg antibody of PNGase F. There was no significant difference in conjugation 

efficiency observed with purified MTG versus Moo Gloo, so Moo Gloo was selected 

for future conjugations as it is commercially available (Figure 6.4c). The higher 

equivalence of PNGaseF was necessary for more complete conjugation. 

 For the DBCO-azide reaction, we evaluated using either 25 or 50 equivalencies 

DBCO-PEG13-PDT4G for 24 or 48 hours (Figure 6.4d). Because PEG13-PDT4G has a 

molecular weight of only 2 kDa, it was not possible to observe the small resultant shift 

in molecular weight using a 4-20% PAGE gel. Therefore, a 7.5% PAGE gel was used 

which allowed this smaller shift in molecular weight to be clearly seen.  

 Conjugation efficiency was similar across all conditions, so 25 equivalencies 

DBCO-functionalized compound and a 24-hour reaction time were used going forward 

to save on reagents and time. Only the band shift corresponding to zero or one DBCO-

PEG13-PDT4G modification per heavy chain fragment was observed, verifying that the 

maximum degree of labelling for the antibody before reduction was two. This suggested 

that there were no solvent-exposed free glutamine residues present despite the 

polyclonal S. aureus antibody not being humanized. These preliminary results suggest 
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that the only modification was the anticipated a site-specific conjugation, but this must 

be confirmed through additional studies such as sequencing. 

 
 
Figure 6.4: (a) Two-step conjugation of PDT-4G to antibody (b) Structure of DBCO-PEG13-

PDT4G (c) Conjugation of PEG5k-amine to polyclonal S. aureus antibody testing various 

conditions for the MTG reaction. Each well contains antibody modified using the reagent 

specified. PNGase F is given in iu PNGase F per mg antibody. 4-20% PAGE gel (d) Conjugation 

of DBCO-PEG13-PDT4G (MW 2.2kDa) to polyclonal S. aureus antibody using various 

conditions for the DBCO-azide reaction, 7.5% PAGE gel. 
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6.2.1d Two-step lysine-NHS conjugation  

We next tested a two-step conjugation approach where a small azido-PEG-NHS was 

conjugated to lysine residues, then treated with DBCO-PEG13-PDT4G. Previous 

experiments had indicated that 160 equivalencies of NHS-PEG was necessary for all 

heavy chains to be conjugated with at least one PEG 5ka. However, those conditions 

did not work for this approach because although the antibody conjugate remained 

soluble after treatment with 160 eq N3-PEG4-NHS, a white precipitate formed upon 

reaction with DBCO-PEG13-PDT4G. Absorbance at 280 nM determined that no 

antibody was present but had all precipitated out of the reaction mixture. This was true 

following initial conjugation with even 40 equivalencies N3-PEG4-NHS. To test 

whether the isoelectric point of the antibody was lower after conjugation with N3-PEG4-

NHS, which could lead to precipitation, the DBCO-azide reaction was carried out in a 

lower pH buffer. However, a precipitate still formed within one hour so this was not the 

cause of the precipitation. As a control, separate samples of the antibody were also 

treated with just triethylamine and/or PDT-4G to see whether these compounds were 

responsible for the precipitation;  neither of these compounds caused any precipitation 

of the antibody. Finally, we considered whether there were simply too many DBCO-

PEG13-PDT4G groups conjugated to the antibody and that was leading to precipitation.  

 Therefore, lower equivalencies of N3-PEG4-NHS were tested: 10 equivalencies, 

5 equivalencies, and 2 equivalencies. 2 and 5 equivalencies did not cause any 

precipitation and PAGE analysis determined that the conjugation went partially to 

completion. There was not a clear shift in molecular weight between the heavy chain of 

the unmodified antibody versus that of the antibody conjugated with PEG13-PDT4G as 
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had been seen with the MTG/PNGase conjugation approach. Rather, the band 

corresponding to the heavy chain grew broader to represent a range of molecular 

weights including both the unmodified heavy chain and the higher  molecular-weight 

molecules after conjugation (Figure 6.5b). A range of molecular weights was expected 

for the final conjugate, as lysine-NHS conjugation is non-specific and can include 

multiple conjugation sites. The band corresponding to unmodified antibody did not 

disappear, so the conjugation likely did not go to completion. This can be validated by 

MALDI-MS in the future. 

 

Figure 6.5: (a) Two-step conjugation of PDT-4G to antibody using NHS-lysine reaction (b) 

Testing various conditions for NHS-lysine conjugation step. 7.5% PAGE gel used 
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6.2.2 Antibody-Fluorescein Conjugates Demonstrate Selective Binding to MRSA 

We next sought to verify whether the polyclonal S. aureus antibody selectively 

bound MRSA using fluorescently labelled antibody and epifluorescent microscopy. 0.5 

equivalencies to 40 equivalencies fluorescein-NHS (FITC-NHS) was directly 

conjugated to lysine residues, and conjugation was verified using absorbance to 

calculate degree of labelling (Figure 6.6, Appendix 6.4).204 While fluorescein absorbs 

strongly at 493 nm, unmodified antibody does not; therefore, if the antibody-fluorescein 

conjugate has a high absorbance at this wavelength it indicates successful conjugation. 

Antibody conjugates were incubated for three hours with 100 nM and 1 µM with MRSA 

and B. subtilis, then washed to remove unbound antibody and imaged using an 

epifluorescent microscope with an eGFP filter. 10 µM SYTO9, an intracellular dye, was 

used as a positive control. Conjugates showed clear binding to MRSA, with increasing 

fluorescence intensity correlated with increased degree of labelling (Figure 6.7). No 

binding was seen with B. subtilis after incubation with up to 1 µM antibody conjugates 

which was expected because the polyclonal S. aureus antibody should selectively bind 

S. aureus and not B. subtilis. Slight binding was observed with 100 nm antibody 

conjugates incubated with MRSA, but low intensity prevented camera imaging. 
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Figure 6.6: Degree of labelling of polyclonal S. aureus antibody as a function of equivalencies 

FITC-NHS used 

 

 

    

                  SYT09                                 40 eq FITC-NHS                       10 eq FITC-NHS                        

    

           5 eq FITC-NHS                          1 eq FITC-NHS                        0.5 eq FITC-NHS     

Figure 6.7: Microscopy images of MRSA incubated with 10 µM SYT09 (top left) or 1 µM 

antibody conjugates. Conjugates prepared with polyclonal S. aureus antibody and between 0.5-

40eq FITC-NHS               
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 6.2.3 Antibacterial Activity of Antibody-OligoTEA Conjugates Prepared with a Stable 

PEG Linker 

 DBCO-PEG13-PDT4G was synthesized using an excess of PDT-4G as described 

in Appendix 6.3. Using an excess of PDT-4G eliminated the need for HPLC purification 

before adding to the antibody, as any remaining PDT-4G could simply be removed by 

spin-filtration. The conjugate was prepared using the two-step lysine-NHS conjugation 

protocol described in 6.2.1d. This conjugation approach was selected to facilitate 

purification, as all excess reagents have a low enough molecular weight for removal by 

spin-filtration. Antibacterial activity was analyzed using a minimum inhibitory (MIC) 

assay with MRSA (Figure 6.8). Unfortunately, the antibody conjugate had no detected 

antibacterial activity up to 6.25 µM of antibody, the highest concentration tested while 

PDT-4G alone has a MIC of 0.78 µM. Further analysis such as MALDI-MS is needed 

to verify that the conjugation went to completion, as it was not certain whether the loss 

of activity was due to incomplete conjugation or if PDT-4G lost activity upon 

conjugation to the antibody. MALDI-MS would also determine degree of labelling, 

which is an important consideration for comparison of the µM of antibody conjugate 

versus the µM of PDT-4G present, i.e. if the degree of labelling is 2, then 1 µM of 

antibody-PDT4G conjugate would effectively correlate with 2 µM PDT-4G. Further 

studies are also needed to determine whether conjugation with the antibody successfully 

reduces the mammalian cell toxicity of PDT-4G. 
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Figure 6.8: Minimum inhibitory concentration assay of antibody conjugated to PDT-4G using 

non-site-specific binding to lysine residues (Ab-PDT4G) and a PEG13 linker, compared with 

PDT-4G alone. 

 

 

Conclusions 

In this work, we investigated use of MTG conjugation to glutamine residues 

after deglycosylation versus NHS-ester conjugation with lysine residues on a polyclonal 

S. aureus antibody, either as direct conjugation or two-step conjugation using DBCO-

azide “click” chemistry. The four approaches successfully yielded the desired antibody 

conjugates, further illustrating their robustness and potential with non-humanized IgG 

antibodies as well as humanized antibodies as recently shown.197,198  

 Despite results indicating that the antibody binds MRSA in micromolar 

concentrations, the antibody-PEG13-PDT4G conjugate demonstrated no antibacterial 

activity up to 6.25 µM, the highest concentration tested. This is not surprising, as Touti 

et al had previously shown decreased activity upon AMP conjugation with a monoclonal 

antibody.195 This may be because the length of PEG13 is estimated to be under 2.5 nm, 

which is likely too short for PDT-4G to reach the bacterial surface, depending on the 

conjugation location.205,206 However, because the lysine-NHS conjugation is not site-
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specific, it is not know where PDT-4G is located. Furthermore, this is not consistent 

across all conjugates, which may effectively lower the concentration of potentially 

effective conjugate. Further studies are also needed to improve conjugation efficiency 

and determine degree of labelling for this conjugate. Therefore, it may be more 

beneficial in the future to investigate conjugates made with MTG conjugation as it is 

site-specific and yields a known number of binding sites. However, this will require 

purification by protein A/G column. 

Altogether, this work serves as a foundation for future studies into the 

development of antibody-oligoTEA conjugates which use longer PEG linkers, cleavable 

linkers, and/or alternative antibodies, which is discussed in more detail in Chapter 7: 

Future Directions and Outlook. 
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APPENDIX 6 

 

A6.1 MATERIALS AND INSTRUMENTATION FOR CHAPTER 6 

 

Gels and buffers were purchased from Bio-Rad. Polyclonal S. aureus antibody 

was purchased from ThermoFisher/Invitrogen, and Her2 antibody was generously 

supplied by Dr. Joshua A. Walker. PEG compounds were purchased from Laysan Bio, 

Quanta Biodesign, and Click Chemistry Tools. Moo Gloo was purchased from 

Modernist Pantry, LLC. Other reagents were purchased from VWR, Millipore-Sigma, 

and Fisher. 

LCMS characterization and analysis were carried out as described in chapters 2 

and 3. Gel electrophoresis data and microscopy images were processed using Fiji 

(ImageJ). All additional data were processed using GraphPad Prism. Microscopy was 

performed using a Zeiss Upright Epifluorescent Microscope with the eGFP filter. MIC 

and cell viability assays were evaluated using a TECAN Infinite M1000 PRO 

Microplate reader (Männdorf).  
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A6.2 METHODS EMPLOYED IN CHAPTER 6 

Antibody Site-Specific Conjugation to Glutamine using Microbial Transglutaminase  

Polyclonal S. aureus antibody (6.4 mg/mL in 1XPBS, pH 7.4, 0.1% NaN3) was treated 

with PNGase F (6000 iu/mg antibody) and 160 eq N3-PEG3-NH2 or PEG5k-NH2 (100 

mM in water). (Note that the 0.1% NaN3 in the antibody storage buffer was not removed 

prior to conjugation because it is removed during the spin-filtration step so there was no 

risk of it reacting with the DBCO moiety during any subsequent DBCO-azide 

reactions.) MTG (as Moo Gloo formulation) was dissolved at 500 mg/mL in phosphate 

buffer  (100 mM phosphate, 27 mM KCl, 137 mM NaCl). This stock of Moo Gloo was 

added to the antibody mixture. The amount added was determined on a volumetric basis: 

the final reaction mixture contained 2 parts Moo Gloo stock (by volume) to 1 part 

antibody. For example, if 10 µL antibody stock was used, then 20 µL of 500 mg/mL 

Moo Gloo stock was used. The final reaction mixture was incubated at 37 °C for 24 

hours, then purified and concentrated using 35kDa centrifugal filtration units to yield 

the antibody-PEG conjugate.  

 For two-step conjugation using a DBCO-azide reaction as outlined in section 

6.2.1c, the above mixture was treated with 25 eq (relative to the antibody) of DBCO-

PEG13-PDT4G. DBCO-PEG13-PDT4G was added as a 2.5 mM stock in DMSO. The 

reaction mixture was incubated at room temperature overnight. Products were analyzed 

by gel electrophoresis. 
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Antibody Non-Site-Specific Conjugation to Lysine Residues  

Polyclonal S. aureus antibody (6.4 mg/mL in PBS, pH 7.4, 0.1% NaN3) was treated with 

up to 160 eq PEG-NHS or N3-PEG(n)-NHS (1 mg/100 µL in 1XPBS buffer) at room 

temperature overnight. (Note that the 0.1% NaN3 in the antibody storage buffer was not 

removed prior to conjugation because it is removed during the spin-filtration step so 

there was no risk of it reacting with the DBCO moiety during any subsequent DBCO-

azide reactions.) The conjugates were purified using a 35kDa centrifugal filtration unit. 

For two-step conjugation using a DBCO-azide reaction, the mixture was diluted to 1.5 

µg/µL in 1XPBS and treated with 25 eq (relative to the original antibody) DBCO-

PEG13-PDT4G. For antibacterial studies, the product was again purified using a 35kDa 

centrifugal filtration unit with one extra 1XPBS wash/spin. Antibody conjugate was 

quantified using gel electrophoresis to compare band intensity with intensity of a known 

quantity of unmodified antibody. 

 

Purification by Centrifugal Filtration Units 

35kDa 0.5 mL Amicon centrifugal filtration units were used for all purifications. The 

filtration insert was filled with antibody conjugation mixture diluted into 1XPBS (pH 

7.4) for a final volume of 500 µL and the device was centrifuged at 14000 x g for 8 

minutes. 450 µL 1XPBS was added and the device was centrifuged again at 14000 x g 

for 8 minutes. 450 µL 1XPBS was again added and the device was centrifuged as before, 

but for 15 minutes to concentrate the sample. Finally, the insert was inverted into a clean 

collection tube and centrifuged for 2 minutes at 1000 x g to collect the purified antibody 

conjugate (and MTG, if used). 
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SDS-PAGE Gel Analysis of Antibody Conjugations            

All gels were run under reducing/denaturing conditions. The antibody conjugation 

mixtures were treated with Laemmli buffer as described by the manufacturer. This 

mixture was heated at 100 °C for 5 minutes, then analyzed using a 4-20% or 7.5% SDS-

PAGE gel with 1X SDS tris-glycine buffer. The gel was run at constant voltage of 120V 

for 45-80 minutes, then stained with BioSafe Coomassie following manufacturer 

instructions. Run time varied depending on the conjugates tested, but on average the 4-

20% gel ran in 45 minutes while the 7.5% gel required 80 minutes. 

 

Minimum Inhibitory Concentration (MIC) Assay 

The MIC assay protocol was modified to allow testing using smaller quantities of 

conjugates. Antibody conjugate stocks were prepared in 1XPBS at as high a 

concentration as possible (34 µM for the MIC data shown). A subculture of MRSA 

(ATCC33591) was prepared and grown to mid-exponential phase (2.5-3.5-hour 

incubation), then diluted to an OD600 of 0.002 (3.2x106 CFU/mL) in tryptic soy broth.  

5 µL total of tryptic soy broth and antibody conjugate were added to PCR tubes along 

with 5 µL diluted bacteria subculture. The PCR tubes were capped and incubated 

overnight at 37°C with shaking. To determine whether growth was inhibited, the tubes 

were diluted with 50 µL tryptic soy broth, pipetted into wells in a clear 96-wellplate, 

and their absorbance was measured at 600 nM using a TECAN Infinite® M1000 PRO 

Microplate Reader (Männdorf, Switzerland).  Data were normalized between the 

absorbance of a media blank and bacteria grown without antibiotic. The MIC was 



 

199 

calculated as the first point at which the absorbance was below 10% of the maximum. 

As a control, the tubes were also visually inspected for turbidity/bacterial pelleting. 
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A6.3 SYNTHESIS OF DBCO-PEG13-PDT4G 

1.5 eq PDT-4G (dry) was combined with 1 equivalent DBCO-PEG13-NHS and 10 eq 

TEA in dry DMSO and reacted overnight at room temperature. The reaction mixture 

was diluted by a factor of 2 in 50% DMSO in water and lyophilized until dry to remove 

solvent and triethylamine. Desired product was verified using LCMS and used without 

further purification.  

 

Scheme A6.1: Synthesis of DBCO-PEG13-PAB-PDT4G 

 

 

Figure A6.1: LCMS of DBCO-PEG13-PDT4G without purification, showing desired product 

as well as unreacted PDT4G, as expected 
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A6.4 DEGREE OF LABELLING CALCULATIONS  

 

The absorbance of fluorescein-antibody conjugates in 1XPBS (pH 7.4) was recoreded 

at 280 nm and 493 nm using a NanoQuant plate. After subtracting the absorbance of 

1XPBS alone, the values were plugged into the following equations to calculate the 

degree of labelling.204 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐 (𝑃) =
𝐴280 − (𝐴493 × 𝐶𝐹)

𝜀𝑙
 

 

CF = correction factor of dye = 0.3 

𝑙 = path length = 0.05 cm 

ε = extinction coefficient of antibody = 210,000 M-1cm-1 

ε’ = extinction coefficient of fluorescein = 70,000 M-1cm-1
 

 

𝐷𝑜𝐿 =
𝐴493

𝜀′ 𝑙 𝑃
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A6.5 MALDI-MS OF ANTIBODY CONJUGATED WITH PEG13-PDT4G 

 

 

 
Figure A6.2: MALDI-MS of antibody conjugated to PEG13-PDT4G using the two-step 

approach with lysine-NHS conjugation. MALDI-MS shown with native conjugate (left) and 

after reduction (right) 

 

 

 

 

A6.6 INTENDED USE OF MOO GLOO AS IMPLIED BY PRODUCT NAME 
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CHAPTER 7 

FUTURE DIRECTIONS AND OUTLOOK 

7.1 Introduction 

 The previous chapters provide valuable insight into the potential of oligoTEAs 

in the design of membrane-active antibiotics for therapeutic use. We first determined 

which physicochemical properties lead to antibacterial activity, then developed a 

particularly promising antibacterial agent, PDT4G. From there, we began studies 

towards furthering its potential as a systemic therapeutic through the conjugation with 

moieties chosen to reduce host toxicity while maintaining or improving antibacterial 

potency. Altogether, our results point to several essential considerations in the design 

of these conjugates: 

• Reducing toxicity to mammalian cells is essential for systemic applications of 

cationic oligoTEAs: any targeting moiety must be carefully selected to ensure it 

does not increase toxicity or hydrophobicity 

• Conjugation of oligoTEAs with PEG successfully reduces host toxicity, but also 

results in lower antibacterial activity. This loss of activity is also seen with 

antibodies and likely other large, non-toxic molecules. 

• Conjugates should include linkers which are optimized to allow the oligoTEA 

to remain active: they must either cleave rapidly enough to recover activity 

without inducing host toxicity, or be stable but not inhibit activity.  

With these considerations in mind, we propose further research into the development of 

conjugates which improve the therapeutic window of oligoTEAs. We first discuss ways 
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to improve upon previously developed PEGylated oligoTEA prodrugs (Figure 7.1a), 

then ongoing work towards antibody-oligoTEA conjugates similarly made with a 

cleavable linker (7.1b) and a long, flexible linker (7.1c). 

  

 

Figure 7.1: Approach of (a) PEGylated prodrugs versus antibody conjugates made with (b) 

cleavable linker and (c) long flexible linker. In the former, the oligoTEA is reactivated by 

enzymatic degradation of the linker, while the latter contains a sufficiently long linker that the 

oligoTEA can still reach the membrane  

 

7.2 Continuing research toward the development oligoTEA prodrugs 

Of the PEGylated PDT-4G prodrugs tested, those made with the valine-

citrulline-p-aminobenzyl alcohol linker showed the most promise in terms of recovery 

of activity, with the MIC against MRSA decreasing from 50 µM in media to 6.25 µM 

in media supplemented with 20% mouse serum. Next, we plan to perform MIC and kill 

curves in 50% serum to better mimic the composition of blood.207 Based on our results, 

this higher percentage of serum will likely lead to improved activity. It will also be 

valuable to repeat these assays in a non-rodent serum such as goat or human to 

determine whether the linker is cleaved by Ces1c as expected, or by more general serum 

proteases. Ces1c is not present in humans, so this is an important consideration if this 

linker is to have potential for human therapeutics.  

If proteases which cleave the linker are not present in human serum, this linker 
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could still have potential for treatment of lung infections in patients with cystic fibrosis 

(CF). Bronchoalveolar lavage from patients with CF contains high concentrations of 

proteases including cathepsins.208  Cathepsin S is a proteolytic enzyme which degrades 

antibiotics such as beta-defensins and lactoferrins, while cathepsin B is well-

documented to cleave the sequence valine-citrulline and has demonstrated increased 

activity in the acidic conditions of  CF patient lungs.208,209 Possible approaches to 

developing prodrugs which activate in this way could include testing activity after 

incubation in bronchoalveolar lavage and using BDT4G instead of PDT4G. Another 

graduate student in the lab, Meghan O’Leary, has already shown that BDT4G has potent 

activity against many strains of P. aeruginosa, the primary pathogen colonizing the 

lungs of cystic fibrosis patients.  

In order for antibiotic prodrugs are to achieve clinical success, it is necessary to 

evaluate how linker cleavage kinetics relate to activity and host toxicity.  One way to 

investigate this is through development of prodrugs which incorporate a lysine on the 

end of the VC-PAB linker. Previous studies found that modifying the functionalization 

of the N-terminal or eta-amine nitrogen on the lysine tuned cleavage kinetics.184,190 The 

effects of cleavage kinetics could be analyzed using the LCMS and kill-curve techniques 

developed in Chapter 5, as well as in vivo studies.  However, enzymatic cleavage may 

be too slow, as none of the linkers investigated in Chapter 5 cleaved fully even after 24 

hours. This is consistent with literature results of PEGylated prodrugs activated by 

cathepsin B.163 Bonds which do not require enzymes for cleavage may be more 

promising, as Gong et al showed that the size of the PEG had no impact on the cleavage 

of an mPEG-phenylglyoaxal linker cleaved by nucleophilic addition of water.165 
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A large number of linkers have been studied which cleave without enzymes.75,77 

For example, disulfide bonds are cleaved in the presence of glutathione and are 

commonly used in cancer treatments because glutathione is overexpressed in cancer 

cells.158 Inflammation often leads to high concentrations of oxidizing agents, so linkers 

which oxidative-labile bonds could be promising for antibacterial prodrugs.158 This 

approach was recently implemented successfully to deliver mRNA to an inflamed 

intestine using a conjugate containing an oxidative-labile thioketal bond.210 Hydrozone 

bonds are also frequently used in antibody-drug conjugates, including for extracellular 

use.158,211  These bonds are cleaved under acidic conditions, typically pH 5-7. However, 

many patients with severe sepsis develop metabolic acidosis, when the blood pH drops 

to 7.14-7.15.158,212 This pH may still be too high to cleave a hydrozone bond, but may 

merit investigation.  

Results from these studies will have implications extending beyond oligoTEAs: 

if we can determine the linker kinetics needed to design prodrugs, this will make the 

approach easier to design for human use and potentially open up an entire class of 

antibiotics which are otherwise too toxic for systemic applications. Therefore, this work 

represents an important step in the field of antibiotic development, especially for 

cationic antibacterial agents such as AMPs and AMP mimetics 

. 

7.3 Continuing research toward antibody-oligoTEA conjugates 

 In addition to aiding in the design of oligoTEA prodrugs, these studies into linker 

kinetics could be used to develop antibody-oligoTEA conjugates made with a cleavable 

linker. Many important factors remain unknown including binding kinetics of the 
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antibody to bacteria in circulation and what the concentration of PDT-4G must be at the 

bacterial surface to result in membrane rupture. However, linker cleavage kinetics 

would be an important step toward the development of a model which evaluates these 

parameters and more.  

Based on the propidium iodide membrane permeabilization assay shown in 

Chapter 5, PEGylated PDT-4G causes membrane permeabilization,  despite not 

inhibiting bacterial growth. This suggests that PEGylation inhibits activity by 

decreasing the ability of PDT-4G to bind bacteria rather than interfering with membrane 

disruption. Additionally, PEGs mask the cationic charges which typically allow AMPs 

and AMP mimetics to bind bacterial membranes. Taken together, this suggests that 

enhanced binding due to antibody conjugation could improve the antibacterial activity 

of PDT-4G. 

This was not the case for the preliminary antibody-oligoTEA conjugate tested 

in this work: PDT-4G lost activity when conjugated to a polyclonal S. aureus antibody 

with a stable 13-unit PEG linker. This loss of activity could possibly be attributed to the 

length of the linker, the conjugation site, or conjugation efficiency. Because PEG-

PDT4G was conjugated randomly to lysine residues, the location of PDT-4G relative to 

the bacterial membrane is not known (Figure 7.2a). In the future, it would be beneficial 

to test conjugates made using site-specific MTG conjugation to deglycosylated 

glutamine residues. Furthermore, the length of a 13-unit PEG is under 2 nm in 

solution,206 which is likely too short considering IgG antibodies are typically 8.4nm x 

13.7nm.205 If we approximate the glutamine conjugation site as half the “height” of the 

antibody, the linker must be at least 4.2 nm for PDT-4G to reach the bacterial surface 
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(Figure 7.2b,c). A 5kDa PEG is approximately 4.6nm in solution;206 therefore future 

studies will test PEG linkers which are at least this size. 

 

 

Figure 7.2: Relative position of drug depending on linker length and conjugation site used for 

antibody-drug conjugates. (a) Random conjugation with a short linker yields some drugs close 

enough to interact with the bacteria surface, while others cannot. This lowers the effective 

concentration of the active conjugate. Site-specific conjugation to glutamine residues after 

deglycosylation provides a known conjugation site, where short linkers (b) result in drugs which 

cannot reach the bacterial membrane while longer flexible linkers could allow the drug to access 

and interact with the membrane (c).  

 

 

Towards this goal, we have already begun development of antibody-oligoTEA 

conjugates made with PDT-4G and a 5kDa and 10kDa PEG linker, but initial attempts 

at using the 2-step MTG conjugation approach outlined in Chapter 6 were unsuccessful. 

The same was true for an antibody-oligoTEA conjugate incorporating the VC-PAB 

linker. Investigations into improving this method are currently underway. 

 Although the polyclonal S. aureus antibody has several benefits including low 

cost and multiple binding sites, having unknown binding sites introduces more 

uncertainty into the rational design of conjugates. Therefore, in the future we could use 

a monoclonal antibody such as the F598 antibody which targets β-(1→6)-linked 

polymeric-N¬-acetylglucosamine (PNAG), a polysaccharide present in the bacterial 

surface capsules of a wide range of pathogenic bacteria, fungi, protozoa, and 
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sporozoites.213 Although the F598 antibody alone does not cause bacterial death upon 

binding PNAG due to challenges with deposition of complement opsonins, it could hold 

potential for use with antibody-antibiotic conjugates.213 Furthermore, therapeutics  

including vaccines and immunotherapies made using this antibody were tested in phase 

I clinical trials, and showed no toxicity or adverse side effects up to  17 mg/kg injection 

in humans, including any adverse effects normally observed for antibiotics which kill 

gut microflora. Additionally, this antibody did not bind 33 human tissues tested. PNAG 

is highly conserved which suggests that it is important to bacterial function or viability, 

so an antibiotic which targets it will be less likely to induce resistance. 

 Altogether, we anticipate that these future studies combined with the work in 

this document will provide valuable insight into the field of AMPs and AMP mimetics 

by developing approaches to reduce off-target host toxicity without sacrificing 

antibacterial activity. This challenge is currently the most pressing issue in the field, so 

work done to overcome it could open up an entire new class of antibiotics, lowering one 

more barrier in the fight against antibiotic resistance.  
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