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Cargo Delivery into Gram-negative Bacteria via Enterobactin

Uptake Machinery

By
Tengfei Zheng

Submitted to the Department of Chemistry on May 5, 2014 in partial fulfillment of
the requirements for the Degree of Doctor of Philosophy in Biological Chemistry

Abstract

Chapter 1. Introduction to Iron Homeostasis and Siderophores

Iron is an essential nutrient for almost all living organisms. This Chapter presents an overview of iron

homeostasis in human and bacteria, as well as the biology and chemistry of siderophores and siderophore

conjugates. Siderophores are small-molecule iron chelators synthesized by bacteria for scavenging iron

from the environment. Their iron-binding properties, structures, transport machineries and biosynthesis

are discussed with a focus on enterobactin and salmochelins, which are the two siderophores studied in

this thesis. The notion of conjugating functional molecules to siderophores has been actively studied for

decades. The syntheses and applications of siderophore conjugates are summarized, with an emphasis on

siderophore-antibiotic conjugates. New antimicrobial strategies targeting bacterial iron acquisition are

also described. A summary of project goals and thesis organization is presented at the end of this Chapter.

Chapter 2. Siderophore-mediated Cargo Delivery to the Cytoplasm of Escherichia coli and

Pseudomonas aeruginosa: Syntheses of Monofunctionalized Enterobactin Scaffolds and Evaluation

of Enterobactin-cargo Conjugate Uptake

This Chapter describes the design and syntheses of monofunctionalized enterobactin (Ent, L- and D-

isomers) scaffolds. A family of ten Ent-cargo conjugates is synthesized to probe the extent to which the

Gram-negative ferric Ent uptake and processing machinery recognizes, transports, and utilizes derivatized
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Ent scaffolds. The delivery of Ent-cargo conjugates is evaluated by a series of growth recovery assays.

The results demonstrate that the Escherichia coli K12 and Pseudomonas aeruginosa PAO 1 Ent transport

machinery identifies and delivers select Ent-cargo conjugates to the cytoplasm, and P. aeruginosa PAO

exhibits greater promiscuity than E. coli K12 for the uptake and utilization of the conjugates. This work

affords a new native siderophore platform amendable for synthetic modification and cargo attachment. It

also indicates that cargo size affects the delivery efficiency, which influences the conjugate design for

Ent-mediated delivery strategies described in the following Chapters.

Chapter 3. Enterobactin-Mediated P-Lactam Delivery into Gram-negative Bacteria

The design, synthesis, and characterization of two enterobactin-antibiotic conjugates, where the P-lactam

antibiotics ampicillin (Amp) and amoxicillin (Amx) are linked to a monofunctionalized enterobactin

scaffold via a stable polyethyleneglycol linker are reported. Under conditions of iron limitation, these

siderophore-modified antibiotics provide greatly enhanced antibacterial activity compared to the parent P-

lactams against Escherichia coli strains that include several pathogens. The mechanism of the

antimicrobial activity is probed and the results reveal that the improvement is due to Ent-mediated

delivery. Strain-specific killing and faster time-kill kinetics are also observed for the conjugates. These

studies demonstrate that the native enterobactin platform provides a means to effectively deliver

antibacterial cargo across the outer membrane permeability barrier of Gram-negative pathogens that

utilize enterobactin for iron acquisition.

Chapter 4. Stability Evaluation of Acyloxymethyl/Acyloxyethyl Ester Linker for the Design of

Enterobactin-fluoroquinolone Conjugates

Fluoroquinolones are widely used antibiotics that target DNA gyrase. Prior studies with siderophore-

fluoroquinolone conjugates suggest that a release step is required following cytosolic entry for the

conjugates to exhibit antimicrobial activity. We design and synthesize enterobactin-fluoroquinolone

conjugates harboring several acyloxymethyl/acyloxyethyl ester-based labile linkers and the stability of

these likers and the conjugates are studied. These linkers exhibit relatively short half-lives and afford

premature release of the antibiotics under our experimental conditions, which renders them not suitable

for siderophore-based antibiotic delivery. This conclusion is also supported by the Ent-independent

antimicrobial activity observed for the enterobactin-fluoroquinolone conjugates harboring the labile

linkers.
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Appendix 1. Chemoenzymatic Syntheses of Enterobactin-antibiotic Conjugates and Studies of

Antimicrobial Activity

In this Appendix, cargo attachment to enterobactin by using chemoenzymatic reactions is described. This

approach affords conjugates containing a 10-mer peptide as the linker between enterobactin and the cargo.

A series of enterobactin conjugates harboring antimicrobial peptides and fluoroquinolone antibiotics are

reported, and their antimicrobial activity against K coli is evaluated. Unfortunately, none of these

conjugates afford enhanced activity compared to the unmodified antimicrobial agents, which may result

from impropriate cargo selection or linker design.

Appendix 2. NMR, HPLC and UV-Vis Characterizations of the Reported Compounds.

Thesis Supervisor: Professor Elizabeth M. Nolan

Title: Pfizer-Laubach Career Development Assistant Professor of Chemistry
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Chapter 1

Introduction to Iron Homeostasis and Siderophores

Part of the text and figures are published in Metallomics, 2012, 24, 866-880.



1.1 Iron Homeostasis in Humans and Bacteria

Iron is an essential metal for almost all living organisms. It is able to cycle between ferric (Fe 3)

and ferrous (Fe2+) oxidation states readily and can therefore serve as a redox catalyst by donating or

accepting electrons. Iron-containing proteins and enzymes fulfill many critical biological functions,

including oxygen transport and storage (e.g., hemoglobin and myoglobin), metabolic processes like

respiration (e.g., cytochromes), syntheses of key metabolites (e.g., ribonucleotide reductase and NADPH

oxidase) and signaling (e.g., nitric oxide synthase).1 Despite the vital nature of this element, "free" iron

causes cellular toxicity by the Fe2+-triggered Fenton reaction (Figure 1.1.1), which generates harmful

reactive oxygen species including hydroxyl radicals that damage proteins, lipids and DNA. Therefore in

biological organisms, iron is almost always associated with prosthetic groups (e.g., heme and Fe-S

cluster) or coordinated by amino acid side chains of proteins. Moreover, the acquisition, storage and

transport of iron are highly regulated in living organisms to maintain homeostasis and constrain its

toxicity.

Fe 3+ + 02 -+ Fe2 + + 02

Fe 2
+ + H20 2 -- Fe3 + OH_ + OH

Net reaction: -02- + H20 2 -+ 02 + OH~ + *OH

Figure 1.1.1. Fenton reaction catalyzed by iron and generates toxic hydroxyl radicals. 2

Iron Homeostasis in Humans: Acquisition, Transport, Storage and Regulation. Iron is one of

the most abundant elements in the Earth's crust, although most living organisms face iron scarcity due to

its low solubility in the ferric form under biological conditions (e.g., 10-'8 M at neutral pH). In response,

humans and other mammals evolved efficient mechanisms to conserve and internally recycle iron.

Approximately 4-5 g of iron is in a healthy human adult body, most of which is in erythrocyte

hemoglobin (-2-3 g), and only 1-2 mg of the total iron is lost daily.3 Humans absorb iron in the heme-

bound form more efficiently, which usually comes from meat, poultry and fish.4 Plant-based foods

contain iron complexed in insoluble forms, and these iron is poorly absorbed. Iron uptake from the diet

takes place in the proximal duodenum by the enterocytes (Figure 1.1.2). During digestion, iron can be

partially released from heme or other protein complexes. This inorganic iron is reduced to ferrous ion by

ferric reductases expressed in the brush-border side of the enterocytes, and subsequently transported by a

divalent metal transporter DMT1 (also known as Nramp2) into the cytosol.i Heme- and ferritin- bound
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iron are absorbed through other less understood mechanisms. 7 Heme iron is thought to be released by

heme oxygenase 1 (HO-1), yielding ferrous iron.1 Following absorption, ferrous iron is used in cellular

processes, stored in ferritin, or exported through basolateral membrane by the iron exporter ferroportin

(the only known human iron exporter in all cell types).8 Copper-containing ferroxidases are also required

for iron export,9 most likely oxidizing Fe(II) to Fe(III) following export. Ferric iron is immediately

bound by transferrin in the plasma for transport to other cells.

Brush-border side

Basolateral side

0--0- Fe 2+/H+ Heme

Ferric DMT1
reductase 

D T

Fe3+
Fe 3+ Fe3+ Cellular
Fe+ afusage

Ferritin

eme
Insporter

Enterocyte

2
Ferroxidaset d

Figure 1.1.2. Iron uptake by intestinal enterocytes. Dietary ferric iron is reduced to ferrous iron prior to

transport into the enterocyte by DMT1. Heme is imported by separate transporters, and heme oxygenase

1 (HO-1) degrades heme to releases iron. Ferrous iron can be used in cellular processes, stored in ferritin

or exported to the plasma by ferroportin. Immediately following export, ferrous iron is oxidized by

ferroxidase and bound to transferrin (Tf).

Transferrin (Tf) is a 79-kDa glycosylated protein and is the main iron carrier protein in the

plasma. It can bind two ferric ions with a binding affinity of 1023 M-' (Ka) at pH 7.4.O Upon reaching the

target cell, Tf interacts with the transferrin receptor (TfR), and the complex is internalized by the cell via

endocytosis (Figure 1.1.3). The acidic environment in the endosome causes the release of iron and the

Tf-TfR complex is recycled to the cell surface. Ferrireductase STEAP3 in the endosome reduces the

ferric iron unloaded from Tf to ferrous iron, which is exported to the cytosol by DMT1 for cellular use or
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storage." When plasma iron concentration exceeds the capacity of Tf, iron can also be complexed with

acetate, citrate and albumin. The uptake mechanisms for those species are independent from the TfR.

Besides inorganic iron, iron-containing heme and hemoglobin present in plasma are bound by

hemopexin and haptoglobin, respectively, for delivery and recycling.'

TfR

Fe3+

STEAP3

F 2+

DMT1

Fe 2+

Ferrportin

Fe 2+

Figure 1.1.3. Transferrin receptor (TfR) mediated ferric transferrin uptake. The Fe-Tf/TfR complex is

acquired by endocytosis. The acidic environment in endosome triggers the release of ferric iron from Tf,

which is then reduced by STEP3 and exported to cytosol by DMTl. Tf and TfR are recycled.

Intracellular iron is used in heme and Fe-S cluster syntheses, which involve the mitochondria, or

incorporated into metalloenzymes. Unused iron is stored in ferritin, which is a spherical heteropolymeric

protein with a molecular weight of 450 kDa. Ferritin is composed by 24 units of heavy and light subunits,

and it can store up to 4,500 iron atoms in its interior.'2 Ferrous ions released from the endosome are

delivered to ferritin by chaperones (e.g., poly rC-binding protein 1),1 oxidized by the ferroxidase

domain of ferritin, and stored as a ferrihydrite or amorphous ferric phosphate core in the center cavity of

ferritin. Release of iron from ferritin is not well understood. Proposed release mechanisms include gated

pores, autophagy or lysosomal degradation of ferritin.'

Iron homeostasis in humans is tightly regulated at systemic and cellular levels. Systemically, the

regulation is achieved by a hormone called hepcidin. Hepcidin is a cysteine-rich 25-aa peptide that is

synthesized and secreted by hepatocytes and circulates in blood plasma. '" Hepcidin acts by controlling
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the membrane concentration of the iron exporter ferroportin post-translationally (Figure 1.1.4). Upon

binding to ferroportin, hepcidin induces the endocytosis of the complex and ferroportin is degraded in

lysosomes.15 Because iron from dietary absorption, cellular storage, and recycling in macrophages needs

to be exported by ferroportin, regulating ferroportin levels effectively controls the flux of iron into

plasma and also the iron supply to all iron-consuming tissues. The transcription of the hepcidin gene in

the liver is elevated with increased iron storage or plasma Fe-transferrin concentration, and upon

inflammation. Elevated hepcidin levels decreases iron export via ferroportin and therefore decreases the

iron concentration in plasma. In contrast, signals like accelerated erythropoiesis decrease hepcidin

transcription, which allows more iron to be transported to the bone marrow (Figure 1.1.4).1 On the

cellular level, iron regulatory protein 1 and 2 (IRPI and IRP2) control the cellular iron level post-

transcriptionally. When cell is under iron depletion, IRPs exist in their apo-form, which bind to the iron

response elements (IREs) in the mRNAs of proteins related to iron metabolism (e.g., ferritin and

transferrin receptor) to enhance or prohibit protein translation. 6

A

Increased iron storage +
Increased plasma Fe-Tf Iron deficiency
Proinflammatory cytokines

uver

4&Hepcidin

Cell

Fez
Fe2

Ferroportin

Figure 1.1.4. Regulation of iron homeostasis by hepcidin. A. Hepcidin production from hepatocytes is

promoted with signals of increased iron storage, increased plasma Fe-Tf concentration or inflammatory

cytokines like IL-6 and is inhibited with signals of iron deficiency or increased erythropoiesis. B.

Hepcidin binds ferroportin and causes ubiquitination and degradation of ferroportin, which in turn

decreases iron export.
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Bacterial Iron Acquisition: Siderophores and Other Mechanisms of Iron Uptake. As for

humans, iron is essential for most microorganisms and they face the challenge of limited iron availability

in the environment. For pathogens, the iron scarcity is more pronounced because the host usually

constrains the free iron levels tightly (e.g., 10-24 M in human serum)17 and upon infection, enhanced iron-

withholding is used as an innate immune response.'" Therefore, microorganisms need highly efficient

iron uptake systems.

The most well studied approach for bacterial iron uptake is through siderophore-mediated iron

delivery. Siderophores are small-molecule ferric iron chelators (typically <1000 Da) produced by

bacteria, fungi and plants under iron limited conditions. Siderophores coordinate iron with high binding

constants (Ka) ranging from 1030 M-1 to 1049 M-1, which allow them to solubilizing inorganic iron and

outcompete with the host iron-binding proteins like transferrin.19 Most siderophores are secreted into the

environment, although some of them, like mycobactins from mycobacteria, are associated with the cell

wall. 2 0 Ferric siderophores are recognized by specific receptors on bacterial cell membrane and

internalized by dedicated proteins and enzymes. Within the bacterial cytosol, iron is released by either

reduction of Fe(III) to Fe(II) or degradation of the siderophore. Different bacterial strains usually

produce different siderophores, but many bacteria also have the receptors for xenosiderophores, which is

an advantage when growing in the presence of other species. For example, human pathogen Vibrio

vulnificus is able to use desferrioxamine B (1, Figure 1.2.3), a siderophore produced by Streptomyces

pilosus. Therefore when treating iron overload diseases with deferoxamine, the patients face higher risk

of V. vulnificus and other bacterial infections.2 ' Because of their important role in iron assimilation,

especially when bacteria colonize the hosts, many siderophores are considered as virulence factors. 2 The

structures, iron-binding properties and transportation machineries of the siderophores are discussed in

more detail in Section 1.2.

Besides siderophore-mediated ferric iron transport, ferrous iron uptake has also been described

for bacteria. The first example of such systems was found in E. coli,2 3 and later in many other species

like Salmonella24 and Helicobacter pylori.2  Ferrous iron is more stable in anaerobic or acidic

environments, and the genes encoding ferrous iron uptake machinery (e.g., feoABC and efeUOB in E.

coli) are induced under such conditions.26 In fact, mutation of thefeoB gene in F. coli causes attenuated

colonization in the mouse intestine, which may be due to its inability to uptake ferrous iron in the

anaerobic mouse gut. 27 The mechanism of these ferrous iron uptake pathways are still under

investigation. For example, within the feoABC system in E. coli, FeoB is a GTPase and thought to be the

main energy-dependent transporter of Fe(II) in the cytosol membrane. 28 FeoA is a cytoplasmic protein

that may interact with FeoB, although its function is not understood. 29 FeoC has been suggested to be a

transcription regulator because of its helix-turn-helix structure. 30 Another type of inorganic iron
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transporter is the metal transport protein dependent ABC system. These systems transport ferric iron

directly, and are also used to transport other metals like Mn(II) and Zn(II). One example is the Sfu

system of Serratia marcescens.3' These ABC systems have been suggested to contribute to the virulence

of some pathogenic bacteria.

As most of the iron in the host is bound to heme or hemoproteins, bacterial pathogens have

developed mechanisms to utilize heme directly. Heme uptake is achieved either by direct recognition of

heme or heme-binding proteins by specific receptors or by hemophore-dependent systems.33 A paradigm

for the direct heme uptake system is the S. aureus iron-regulated surface determinate (Isd) system

(Figure 1.1.5).34 The Isd system contains cell surface receptors (IsdB and IsdH) that recognize

hemoglobin and haptoglobin, cell wall shuttle proteins (IsdA and IsdC) that transfer heme to the cell

membrane, ATP-binding cassette (ABC)-type transporters (IsdDEF) that internalize heme into the

cytosol, and heme oxygenases IsdG and IsdI that degrade heme to iron and staphylobilin. Although S.

aureus expresses other iron acquisition systems, including siderophore mediated machinery, heme was

found to be the preferred iron source.15 For hemophore-dependent systems, one example is the

Pseudomonas aeruginosa Has system, in which a hemophore protein, HasAp, is secreted to the

environment to steal heme from host hemoproteins. Next, it transfers the heme to the outer membrane

receptor HasR, which is a TonB-dependent system, and an ABC type inner membrane transporter deliver

the heme into the cytosol.36 Gram-positive bacteria typically utilize the direct heme uptake machinery

and Gram-negative bacteria employ the hemophore-mediated system as well.37

31



Hemoglobin Hemoglobin-haptoglobin

Peptidoglycan
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Figure 1.1.5. Heme uptake machinery of S. aureus. Heme is extracted from hemoglobin and transferred

to the cell membrane by IsdA and IsdC. The ABC-type transporter IsdDEF delivers heme into cytoplasm

where IsdG and IsdI degrade heme to release iron.

Transferrin (Tf) is the main iron-carrier protein in human plasma, and some pathogens have

developed mechanisms to liberate iron from it by using specific transferrin receptors. Neisseria

meningitidis encodes two transferrin receptors (TbpA and TbpB) which are located on the outer

membrane. The receptors strip iron from Tf and release the apo Tf back to extracellular space. A

periplasm ferric binding protein then transfers iron to the inner membrane where an ABC type

transporter takes iron into the cytosol (Figure 1.1.6).38 The structure of the TbpA-transferrin, TbpB

transferrin and TbpA/TbpB/transferrin triple complex have been solved recently, revealing that an

insertion of a helical element from TbpA into the transferrin iron-binding C loop induces iron release

and transfer to the bacterial receptor. 39 The transferrin uptake machinery is important for the virulence of

Neisseria spp. 0 Another iron-binding protein, lactoferrin, which is abundant in human neutrophils and

plays important role in the innate immune system by lowering the iron concentration at the infection

site, 4' has also been hijacked by bacteria. The lactoferrin uptake system is very similar to the Tf uptake

system except that different receptors are used.42
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Figure 1.1.6. Transferrin (Tf) uptake machinery of N. meningitidis. Ferric iron is extracted from

transferrin after binding to the outer membrane receptor. Periplasmic ferric binding protein then transfer

Fe(III) to an ABC-type transporter on the inner membrane which delivers ferric iron into the cytoplasm.

Iron Storage and Regulation in Bacteria. Like humans, microorganisms also face the challenge

of obtaining enough iron for normal biological activities and, at the same time, controlling the toxicity of

iron by proper iron storage and regulation of iron uptake.

Three types of iron storage proteins are found in bacteria: ferritin, which is also found in

eukaryotes, heme-containing bacterioferritin and a smaller Dps protein, which are specific for bacteria.4 3

Ferritin and bacterioferritin have similar molecular assemblies. Both proteins are comprised of 24

subunits and form a spherical shape with a central cavity for iron storage (Figure 1. 1.7).44 What is unique

about bacterioferritin is that it contains 12 heme molecules per 24-mer. The heme is proposed to

facilitate reduction of the ferric iron core for releasing the metal.45 Dps is a smaller protein (-250 kDa)

comprised of 12 subunits (Figure 1.1.7). Its storage capacity is also lower (-500 iron atoms per 12-mer).

Besides iron storage, Dps may have a more important role in protecting DNA from oxidative stress. Dps

stands for DNA-binding proteins from starved cells. During iron storage, Dps uses H20 2 as the oxidant

instead of 02 at the ferroxidase centers, generating water rather than hydroxyl radical, which may

contribute to its DNA protecting function.46
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Bacterioferritin

Figure 1.1.7. Crystal structure of E. coli bacterioferritin (left, heme is shown and labeled red) and Dps

(right). (PDB lBFR and IDPS).

Iron regulation in bacteria is achieved mainly by iron-sensor proteins. In . coli, the global

regulator is the ferric-uptake regulator protein (Fur), and its homologs are found in many Gram-negative

and some Gram-positive bacteria.4 7 Fur controls more than 90 genes in . coli on the transcriptional level,

and functions primarily as a repressor. Fur exists as a homodimer, and each 17-kDa monomer can bind

one regulatory ferrous iron. When the cellular iron concentration is high, Fur becomes iron-bound, which

increases its affinity to its DNA binding site by ~1000-fold. Binding of the Fur protein blocks the RNA

polymerases and thus inhibits the transcription of the downstream genes encoding iron uptake

machineries and sideophore biosynthesis pathways (Figure 1.1.8).48 Fur also regulates the expression of

many genes indirectly. For example, Fe 2 -Fur represses a small regulatory RNA molecule RyhB, which

is able to bind the mRNA sequence of iron-utilizing proteins and cause RNAase E-mediated

degradation.49 In this case, Fur acts as an indirect inducer. Examples of Fur acting as direct inducer are

also reported.50 Other divalent metal ions like Co(II), Mn(II) and Cu(II) can bind Fur competitively,

although under physiological conditions the concentrations of these ions are much lower and reportedly

do not affect the iron sensing of Fur.5' It should be noted that the Fur regulation system is also important

in oxidative stress response as it controls iron levels and affects many iron-containing enzymes that are

involved in oxidative stress resistance. 2 Other iron-sensor proteins, e.g., IdeR in Mycobacterium

tuberculosis,5 2 operate in a similar mechanism as Fur, although they are genetically unrelated.
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Figure 1.1.8. Fur regulation of iron acquisition genes. When cytosolic iron concentration is high, Fur

becomes iron bound and it binds to the DNA, which prohibits the RNA polymerase binding and

therefore turns of gene transcription. When cytosolic iron concentration is low, Fur is released from

DNA and the downstream gene is expressed.

In some bacteria, quorum sensing was found to influence siderophore production as well as the

regulation of iron-sensing proteins. Quorum sensing is a cell-density dependent signaling pathway that

allows the bacterial cells to function in a coordinated manner in response to environmental change, and it

can trigger biofilm formation and toxin production.5 3 The siderophore pyochelin production in P.

aeruginosa was decreased when the quorum sensing regulator lasR was mutated.54 A similar affect has

been reported for several other organisms including V. harveyi," V. alginolyticus,56 and Actinobacillus

actinomycetemcomitans." The detailed mechanism of how the quorum sensing pathway affects

siderophore production remains to be elucidated.

Battle for Iron between the Host and Microbes. Iron is an essential nutrient for the host and

microbes, and a battle for iron is always on-going at the host-pathogen interface. The human innate

immune system has developed mechanisms to limit iron availability for invading microbes, which

belongs to the defense mechanism often termed nutritional immunity. 58 At the same time, pathogens

have evolved strategies to circumvent these iron-withholding mechanisms to acquire enough iron for

their own physiological needs.

The two major components in the iron-related human immune response are lactoferrin and

lipocalin 2 (Lcn2, also termed siderocalin or NGAL). Lactoferrin is an 80-kDa globular glycoprotein that

belongs to the transferrin family. It was first identified in milk (therefore the name), and then in many

other places like tears, saliva, nasal and genital secretions and the granules of neutrophils. 4 1 This protein

can bind two ferric irons with a Kd ~1020 M, 59 which helps to create local iron deprivation and thereby
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inhibits bacterial growth and also biofilm formation. 60 To overcome lactoferrin, bacteria employ

lactoferrin receptors for removing iron from the protein directly as discussed earlier. In addition to

chelating iron, lactoferrin has many other functions that include antiviral and anticancer activity,

interaction with lipopolysaccharide, and activation of the immune system by acting like cytokines.41

Lcn2 was first identified in neutrophil granules, and it belongs to a functionally diverse protein

family: lipocalins. These proteins generally bind small hydrophobic molecules and they share a

conserved 8-stranded antiparallel p-barrel core structure (Figure 1.1.9). In 2002, Goetz and coworkers

discovered that Lcn2 has bacteriostatic activity that results from its ability to scavenge enterobactin (Ent,

3, Figure 1.2.3), a siderophore used by many Gram-negative bacteria.61 Tryptophan fluorescence

quenching assays revealed a Kd of-0.4 nM for Fe-Ent binding to Lcn2, which indicates that Lcn2 is able

to compete with the bacterial Ent receptor FepA (Kd= -24 nM for Fe-Ent)62 and prevent Ent-mediated

iron uptake. Structural analysis of Lcn2 shows that it has three rigid binding pockets that fit the three

catechol rings of Ent. The cation-7t interactions from Lys125, Lys134 and Arg 81 are important for Ent

recognition, as well as hydrogen bonding from Trp79 (Figure 1.1.9).63 The chirality and macrolactone

backbone of Ent does not affect the binding affinity significantly.6 4 Lcn2 was observed to release iron in

acidic endosomes, suggesting a possible destination and fate of the Lcn2-Ent complex.6 5 Iron release is

most likely due to acidic conditions in endosomes causing Ent degradation.6 6 Besides Ent, Lcn2 was

found to bind other siderophores like bacillibactin from Bacillus anthracis and some

carboxymycobactins from M tuberulosis.67 In response, pathogenic bacteria utilize alternative

siderophores to bypass Lcn2. One example is salmochelins, which are Ent analogs exhibiting sugar

modifications on the catechols (4, Figure 1.2.3). The sugar modification creates significant steric clashes

in the catechol binding pocket of Lcn2 and therefore decreases the binding affinity to Kd > 1 [tM.
68

Bacteria carrying the genes for salmochelin synthesis (the iroA gene cluster), including pathogenic E.

coli, Klebsiella pneumoniae and Salmonella spp., are shown to be insensitive to Lcn2 in vitro and exhibit

increased virulence in vivo due to their ability to evade Lcn2. 68 -69 B. anthracis utilizes another

siderophore petrobactin (8, Figure 1.2.3), which also clashes with the Lcn2 pocket wall, and thus

escaped capture of Len.64 E. coli can also utilize aerobactin (9, Figure 1.2.3), which lacks the catechol

groups, to avoid Lcn2 binding.70 Although petrobactin and aerobactin are not captured by Lcn2, these

siderophores bind iron with much lower affinity than bacillibactin and Ent.7' Therefore, iron uptake via

these alternative siderophores may be less efficient.
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Figure 1.1.9. Crystal structure of Lcn2 with Fe-Ent modeled in the binding pocket. Left: overall fold of

Lcn2. Right: binding pocket with the four key amino acid side chains shown (blue is positive charged

region and red is negative charged region). (PDB 1 L6M)

In summary, humans and microorganisms both evolved dedicated and complex systems to

maintain the homeostasis of iron, the essential but also toxic nutrient. With the great efforts put in

understanding host and microbe iron metabolism, new antimicrobial strategies that target bacterial iron

assimilation are under intense investigation. However, there are still many important questions needed

to be addressed like to what extent bacteria can alter its iron-uptake machineries in different conditions,

and are there mammalian siderophores, and if so, what are their roles in human physiology.

1.2 Bacterial Siderophores

As mentioned in Section 1.1, siderophores are structurally diverse natural products that

selectively bind ferric ion with high affinity. Since the first siderophore mycobactin P was isolated in

1949,72 over 500 siderophores have been discovered, and approximately half of these molecules have

been characterized structurally. Because of their impressive iron binding ability, their important roles in

bacterial iron acquisition and relevance to virulence, significant efforts have been put into understanding

the chemistry and biological processes of siderophores.

Siderophore-Iron Interaction: Selectivity, Affinity and Stability. All siderophores discovered to

date possess higher affinity for ferric ion than ferrous ion. Besides the fact that iron exists as Fe 3 under

aerobic conditions, another reason may be that it is harder to evolve a ligand that will differentiate Fe(II)

37



from many other biologically relevant divalent cations like Zn(II), Mn(II), Cu(II) and Ni(II). One

possible competitor for Fe(III) is AI(III), which is also quite abundant in the environment. However,

AI(III) has a much smaller radius (0.54 A) than Fe(III) (0.65 A), 73 and it is redox inert which means for

many siderophores that release iron via redox process, Al(III) will not be unloaded.

The high Fe(III)-binding affinity of siderophores is mainly achieved by proper donor atoms and

structural features that allow the formation of a octahedral coordination geometry with proper ligand-

metal distance upon Fe(III) binding. Ferrous ion is a borderline Lewis acid preferring borderline donor

atoms like nitrogen. In contrast, ferric ion is a hard Lewis acid and it prefers oxygen as the donor atoms

and the higher the charge on oxygen, the tighter the binding will be. There are three main types of iron-

binding moieties utilized by siderophores: catechol, hydroxamate and a-hydroxycarboxylate (Figure

1.2.1). Each of these moieties contains two oxygen atoms that can be deprotonated and bind Fe(III).

Other iron-binding groups that contain nitrogen and sulfur as donor atoms are also found in siderophores,

but these molecules have lower Fe(III) binding affinities. With few exceptions (i.e., pyochelin, 15,

Figure 1.2.3), most siderophores bind Fe(III) in a hexadentate mode with 1:1 stoichiometry and the six

ligands provide an octahedral geometry which minimizes ligand repulsion. Such coordination favors the

formation of the thermodynamically stable high-spin Fe(III) species. Crystal structures of four

representative siderophores in their metal-bound forms are shown in Figure 1.2.2. The binding of other

metal ions, including Al(III), Cr(III), Ga(III) and In(III), with catecholate ligands has been studied and

Fe(III) exhibits the highest affinity. The radius difference of metal ions was thought to be the main

source of selectivity.

Catechol I OH( -+

OH N

Hydroxamate

a-hydroxycarboxylate + 0

0 OH oo

Figure 1.2.1. Structures of the commonly used iron-binding ligands in siderophores. The oxygen atoms

involved in iron binding are labeled red.
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Ferrioxamine

[Fe(yersiniabactin)]~

[Fe(ferrichrome)]

[V(enterobactin)]2-

Figure 1.2.2. Structures of [Fe(ferrioxamine B)],75 [Fe(ferrichrome)],76 [Fe(yersiniabactin)], 7 7 and

[V(enterobactin)] 2- 78 determined by X-ray crystallographic analysis. The oxygen atoms are depicted in

red, the nitrogen atoms in blue, the sulfur atoms in yellow, and the carbon atoms in grey. The metal ions

are labeled in green and the hydrogen atoms are omitted for clarity. This figure is published in

Metallomics, 2012, 24, 866-880.

The stability of Fe(IIl)-siderophore complexes is contributed by both the enthalpy from donor-

acceptor bond energies and the entropy changes associated with the complex formation. For example,

hexadentate oxygen based siderophores generally exhibit high stability because i) the oxygen based

ligands form stronger bonds with Fe(III) than nitrogen or sulfur ligands; ii) the hexadentate ligands have

advantage in the entropy change from displacing coordinated water molecules comparing to lower

denticity ligands. Moreover, some siderophores, like enterobactin (Ent, 3, Figure 1.2.3), orient the iron-

binding moieties to favorable positions (the chiral serine residues in Ent put the catechols to the same

side of the macrolactone ring, Figure 1.2.2) before iron binding, which decreases the entropy loss of the

siderophores upon iron binding. Table 1.2.1 summarizes the iron affinities and producer organisms of
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select siderophores. Of note, the binding constants are pH dependent because most of the siderophores

require deprotonation steps to form Fe(III) complexes. The p[Fe"'] values listed in Table 1.2.1 are

defined as -log[Fe 3 (H2O)6 ] reported at a defined set of experimental conditions (usually at pH 7.4, total

iron concentration of 1 pM and total ligand concentration of 10 tM), which can provide a more direct

comparison between the affinities of different ligands. From the kinetic view, the dissociation rate of

iron from hexadentate siderophores is very low at neutral pH, although acidic conditions can accelerate

the process.7 9 This slow release is beneficial for bacterial iron acquisition because the concentration of

iron-bound siderophores may be very low in the environment and a long time may be needed for

siderophores to reach their receptors. Tri- and bidentate siderophores exist and are more kinetically

labile." It is possible that these siderophores solubilize iron first and then transfer iron to hexadentate

siderophores for cytosolic delivery. In terms of redox stability, siderophore coordination greatly reduces

the redox potential of Fe(III). For example, the [Fe(Ent)] 3- has a redox potential of -750 mV while the

[Fe(H 20)6 ]3 value is +770 mV.8

Table 1.2.1 Properties of select siderophores produced by bacteria and fungi.

No Siderophore Producing Organism(s)a iog{f p[Fe".]ic Refd

1 Desferrioxamine B Nocardia spp., Streptomyces spp. 30.6 26.6 82

2 Ferrichrome Aspergillus spp., Penicillium spp., Ustilago spp. 29.1 25.2 83

3 Enterobactin Klebisella spp., Enterobacter spp., Erwinia spp. 49 35.5 71b

7 Staphyloferrin B Staphylococcus hyicus n.df n.d.f

8 Petrobactin Marinobacter hydrocarbonoclasticus, Bacillus cereus, 43 23.1 71cBacillus anthracis
10 Parabactin Paracoccus denitrificans -48 n.df 84

11 Pyoverdine Pseudomonas spp. 30.8 27 85
12 Mycobactin S Mycobacterium smegmatis 26.6 n.df 86
13 Azotobactin 6 Azotobacter vinelandii 28.1 27.8 87

14 Yersiniabactin Yersinia enterocolitica, Yersinia pestis 36.6 n.d. 88
15 Pyochelin Pseudomonas aeruginosa, 5.4, 89

Burkholderia cepacia 17.2 e 16 90
a Select examples of producing organisms. Kf is the apparent forming constant of Fe"' and the fully deprotonated
ligand. C When [Fe"..]tota, = 10-6 M, [L]totai = 10-' M, at pH 7.4. d The references specify the source of the stability
constant. e The first value was determined in methanol due to the low solubility of the siderophore. The second
value was determined in 20% ethanol/water. f n.d. = not determined. This table is published in
Metallomics, 2012, 24, 866-880.

Structures of Siderophores. The siderophores have very diverse structures, with bi- (18, Figure

1.2.3), tri- (17, Figure 1.2.3), tetra- (15 and 16, Figure 1.2.3) and hexadentate (1-14, Figure 1.2.3)
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binding modes all observed. The bi- and hexadentate ligands usually form mononuclear complexes with

Fe(III). With the tri- and tetrahexadente ligands, binuclear or even multinuclear complexes can be

formed. 9' As mentioned previously, the hexadentate siderophores exhibit higher binding affinities and

are most commonly observed. The backbone of siderophores can be linear (e.g. desferrioxamine B, 1,

Figure 1.2.3) or cyclic (e.g. ferrichrome, 2, Figure 1.2.3). The amino acids components in the backbone

can be a mixture of L- and D-enantiomers (e.g., achromobactin, 16, Figure 1.2.3) which provides

protection from lytic enzymes. Capping N- and C- termini and forming cyclic structures may also

enhance the lifetime and avoid peptidase hydrolysis." Some siderophores have fatty acyl chains attached

(e.g., mycobactin S, 12, Figure 1.2.3) and are expected to stay connected with the cell membrane. This

feature may be beneficial for the bacteria that live in aqueous environments or have life cycles inside

host cells.92 Different organisms produce structurally diverse siderophores, and within one class of

related organisms or even one species, many analogs of the same siderophore can be produced. For

example, there are 62 variants of the Pseudomas siderophore pyoverdin reported.73

In Figure 1.2.3, selected structures representing the major groups of siderophores according to

their coordinating ligands are shown. A well-known class of tris-hydroxamate siderophores are

ferrioxamines (e.g. desferrioxamine B, 1) produced by Nocardia spp. and Streptomyces spp. These

siderophores are primarily assembled from alternating units of succinic acid and a monohydroxylated

diamine. Another example of tris-hydroxamate siderophore is ferrichrome (2), which is produced by

fungi. Tris-catecholate siderophores including enterobactin (3), salmochelins (4) and bacillibactin (5),

produced by enterobacteria and Bacilli spp. They are assembled from 2,3-dihydroxybenzoic acid and L-

serine, L-threonine and glycine with possible glucose modifications on the 2,3-dihydroxybenzoic acid

moiety. Tris-ci-hydroxycarboxylate siderophores include achromobactin (6) and staphyloferrin (7),

produced by Pectobacterium chrysanthemi and Staphylococcus spp. These siderohpres are assembled by

various carboxylic acids through the NRPS-independent (NIS) pathway. Besides these three classes, the

vast majority of siderophores are comprised of a mixture of different types of bidentate donor ligands, as

well as heterocycles as presented by compound 8-18 in Figure 1.2.3.
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Figure 1.2.3. Structures of representative siderophores. The atoms involved in iron binding are labeled

in red.
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Siderophore Transportation: Systems Employed by Gram-positive and Gram-negative

Organisms. Due to the different cell wall structures of Gram-positive and Gram-negative bacteria, the

transportation mechanism of siderophores differs. The Gram-positive bacteria cell wall is comprised of a

single layer phospholipid membrane encapsulated by a thick peptidoglycan cover. In contrast, Gram-

negative bacteria have one outer and one inner phospholipid membrane, and the periplasmic space

containing a thin peptidoglycan structure is in between (Figure 1.2.4). In both cases, the peptidoglycan

confers mechanical stability for the cell.

- ILipopolysaccharide
74 Outer

Peptidoglycan - - - Gram-positive membrane

-- ~-k-,Peptidoglyc-an
Cytosol Periplasmmembrane

ram-negativ mne
CytosolC membrane

Cytosol

Figure 1.2.4. Model of the cell wall structures of Gram-positive and Gram-negative bacteria with

phospholipid membranes and peptidoglycan shown.

The majority of siderophore transport studies have focused on Gram-negative bacteria. The

uptake of siderophore-iron complex requires three steps: outer membrane receptor recognition,

periplasmic transfer and inner membrane transport. Unlike smaller nutrients like sugars and amino acids

that can diffuse through the outer membrane via channel proteins called porins, iron-bound siderophores

have specialized receptor proteins to help cross the membrane. The affinities of the receptors to

siderophore-iron complex are high, typically in the nM range, to allow efficient scavenge of the

complexes from the environment. Many of these receptors have been structurally characterized and are

found to share a transmembrane P-barrel structure consisting of 22 P-strands (e.g., Ent receptor FepA

from E. coli, Figure 1.2.5 ).93 The receptors also have an N-terminal globular domain composed of a-

helixes and p-sheet that acts as a 'plug' of the barrel. It is hypothesized that the siderophore-iron

complex binds to the extracellular loops of the receptor, which triggers a conformational change in the

plug domain to allow the complex to pass through the transient channel. 4 This process also requires a

periplamic protein complex TonB/ExbB/ExbD. TonB spans the periplasmic space and is found to

interact with the N-terminal domain of the receptors and transmit the proton motive force from the inner

43



membrane as the energy source for this step. 9 b' '9 The tonB gene is conserved in over 65 genera of

Gram-negative bacteria and is involved in other active transportation systems.96 A periplasmic binding

protein (e.g., FepB for Ent in E. coli) then transfers the siderophore-iron complex to the inner membrane

permeases. These periplasmic binding proteins exhibit greater ligand promiscuity and lower binding

affinity compared to outer membrane receptors.97 The inner membrane permeases are ABC-type

transporters comprised of transmembrane channel proteins and ATPases tethered to the cytoplasmic side

of the membrane. The active transport of iron-siderophore complexes through the inner membrane is

energized by ATP hydrolysis by the ATPases. 98 The representative Ent uptake machinery for by E. coli

is shown in Figure 1.2.6.

Figure 1.2.5. Crystal structure of E. coli enterobactin receptor FepA. The N-terminal plug domain is

labeled with color and the P-barrel and extracellular loops are labeled grey. (PDB IFEP)
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Figure 1.2.6. Enterobactin (Ent) uptake system from E. coli. The outer membrane receptor FepA

recognizes ferric Ent and transports it into periplasm in a TonB-dependent manner. The periplasmic

binding protein FepB delivers ferric Ent to inner membrane where the ABC-type permease complex

FepCDG transport it into the cytosol. The esterase Fes hydrolyzes Ent backbone and iron is release from

the complex.

Less is known about the siderophore uptake machinery in Gram-positive bacteria. Lipid-

anchored extracellular proteins serve as the 'receptor' of siderophores, although they are homologous to

the periplamic binding proteins in Gram-negative bacteria. 99 Higher binding affinities (Kd of 10-50 nM)

were observed for these proteins compared to their Gram-negative homologues, which is reasonable

because in Gram-positive bacteria these proteins serve as the first recognition step for siderophore

transport. After binding to an iron-siderophore complex, they transfer the complex to the cytosol

membrane where ABC-type permeases similar to those found in Gram-negatives deliver the complex

into the cytosol. 96

Within the cytosol, iron needs to be released from the siderophore in an efficient manner for

cellular usage. The most often used strategy is through reduction of Fe(IlI) to Fe(II). As discussed

previously, ferrous iron has much lower affinity to the siderophores and can therefore be removed. This

mechanism also allows the recycling of apo-siderophores. Within the identified reductases involved in

this process, only a few possess specificity to iron-siderophore complexes, suggesting that other

established reductases can catalyze the reaction as well.' 00 Extracellular and periplamic ferrisiderophore
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reductases were also reported.' 00 The reductases usually use the cofactors NADH and FMN,'0 ' although

a Fe-S cluster dependent reductase was reported as well (FhuF in E. coli).102 The tris-catecholate

siderophores that bind Fe(III) with very high affinities, have redox potentials that are too low to allow

for intracellular reduction. A separate iron release mechanism is used for these siderophores by reducing

the denticity of the ligand. For example, esterase Fes in E. coli catalyzes hydrolysis of the Ent

macrolactone backbone, which results in the change of a hexadentate ligand to bidentate ligands. The

hydrolysis increases the redox potential from -750 mV to -350 mV,8 1 and a siderophore-interacting

protein YqjH is recently found to have reductase activity and may assist the release of iron by reduction

following Fes hydrolysis.'0 3 Compared to the first mechanism, the hydrolysis-based iron release is more

costly for the bacteria since it destroys siderophore scaffolds. However, hydrolyzed fragments of Ent

were also found in the bacterial growth media and used as lower affinity siderophores for iron uptake

(two receptors Cir and Fiu were identified to specifically recognize these fragments), 104 indicating

possible recycling of these fragments.

Enterobactin and Salmochelins. The work described in this thesis focuses on conjugating

enterobactin (Ent) and salmochelins with different types of cargos for versatile application. These two

siderophores are high-affinity tris-catecholate siderophores that are widely used by Gram-negative

Enterobacteriaceae including E. coli, Salmonella spp. and Klebsiella spp.. Ent is also used as

xenosiderophores by other bacterial species (e.g., Pseudomonas aeruginosa and Bacillus subtilis).45 Ent

and salmochelins play important roles in bacterial virulence.106 The fep-ent gene cluster encodes

fepABCDEG and entABCDEF genes, which are responsible for the uptake and biosynthesis of Ent,

respectively.' 7  The iroA gene cluster encoding iroBCDEN genes is responsible for salmochelin

biosynthesis and uptake, and is expressed in almost all pathogenic Salmonella serovars and many

pathogenic E. coli and Klebsiella strains. 17 Both gene clusters are regulated by Fur. Their synthesis,

secretion and uptake that are not covered in the previous sections are discussed in detail herein.
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Figure 1.2.7. Biosynthesis of Ent by the EntABCDEF assembly line. A. Overview of the assembly line.

Abbreviations: PPTase: phosphopantetheinyl transferase; A: adenylation domain; ICL: isochorismate

lyase domain; ArCP: aryl carrier protein; C: condensation domain; PCP: peptidyl carrier protein; TE:

thioesterase domain. B. 2,3-Dihydroxybenzoic acid (DHB) is synthesized by EntABC from chorismic

acid. C. The construction of Ent is performed by EntBDEF. The aryl carrier domain of EntB and EntF is

phosphopantetheinylated by EntD, and then acylated with activated DHB and serine by EntE. The

formation of the amide bond is catalyzed by the condensation domain of EntF. EntF also catalyzes the

cyclization and hydrolytic release of mature Ent.
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Enterobactin and salmochelins are synthesized in bacteria by non-ribosomal peptide synthetases

(NRPS). The aromatic amino acid precursor chorismic acid is used to build the 2,3-dihydroxybenzoic

acid (DHB) through three steps catalyzed by Ent C, Ent B and Ent A (Figure 1.2.7). The construction of

Ent from DHB and L-serine is achieved by adenylation enzyme EntE, phosphopantetheinyl transferase

EntD, aryl carrier domain of EntB, and the multi-domain enzyme EntF (Figure 1.2.7). Salmochelins

(Figure 1.2.8) are glucosylated Ent derivatives that result from post-assembly line tailoring, and the C-

glycosyltransferase IroB is responsible for attaching the glucose moieties to Ent using UDP-glucose as a

substrate. 108

Significant amount of enterobactin can be isolated from the cultures of a mutant F. coli strain

(-20 pmol per liter form F. coli AN3 11, which is deficient of Ent uptake),10 9 and the chemical syntheses

of enterobactin has also been reported. Corey and co-workers reported the first synthesis of Ent with low

overall yield (-1%), in which the triserine backbone was constructed through sequential couplings of the

monomers and involving multiple protection and deprotection steps."0 Subsequently, Ramirez et al.

reported an improved procedure with a single-step synthesis of the triserine lactone, which greatly

shortened the synthesis and also allows other groups besides DHB to be installed on the lactone

backbone (Figure 1.2.9)."' Besides the native siderophore, many Ent analogues have been synthesized

by changing the tri-serine backbone to e.g., alkyl ring (19),112 tricyclic tripods (20),"3 1,3,5 tri-

substituted phenyl ring (21, TRIMCAM and 22, MECAM)," 4 tris(2-aminoethyl)amine (23,

TRENCAM)," 5 and a chiral macrocyclic peptide (24)'16 (Figure 1.2.10). These siderophore mimics all

display lower iron binding affinity compared to Ent. The total synthesis of salmochelins was reported

recently."' Benzyl-protected glucose was connected to the DHB building block via a diastereoselective

Ni-catalyzed Negishi reaction, and this aryl C-glycoside subunit was subsequently coupled to the serine

backbone to afford the salmochelins after global deprotection (Figure 1.2.11). To obtain salmochelin S4,

a mixture of glucose-DHB and DHB subunits were used and statistical distribution of mono-, di- and tri-

glucose modified products was obtained.
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Figure 1.2.11. Chemical synthesis of salmochelins. DGE is salmochelin S4. MGE and TGE are mono-

and tri-glucosylated Ent."'7

The secretion of Ent across the inner membrane and into the periplasm is through an efflux

pump EntS, and its expression is regulated by Fur. EntS contains 12 trans-membrane domains and

belongs to the major facilitator superfamily.1 " The outer membrane channel protein ToIC is reported to

be required for Ent export, and therefore a two-step model is proposed for Ent secretion.'" 9 However, Ent
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breakdown products were identified in the growth media of EntS or ToIC deficient strains, which

indicates that other secretion pathways exist for these smaller siderophores. For salmochelins, an ABC-

type transporter IroC is reported to be the inner membrane exporter, and Ent is also a substrate of

IroC. 106c

As discussed previously, the uptake machinery for ferric enterobactin is comprised of outer

membrane receptor FepA, periplasmic binding protein FepB, TonB/ExbB/ExbD complex, inner

membrane ABC transporter FepD/FepG/FepC and cytoplasmic esterase Fes (Figure 1.2.6). The crystal

structure of FepA is solved, and revealed that the extracellular loops of FepA extend 30-40 A above the

outer membrane and facilitate the recognition of ferric Ent. Several arginines located on the loops were

hypothesized to interact with [Fe(Ent)]3- via electrostatic interactions. The total height of this 22-stranded

antiparallel P barrel is about 70 A with an elliptical cross-section of 40 A x 30 A.93b The dissociation

constant (Kd) of FepA for 59Fe-Ent was measured to be 24 nM and 0.2 nM by two different groups.' ""

Through testing synthetic Ent analogs that have opposite chirality, altered backbone or substituted

triscatechol iron center, it was found that the coordinated catechol amide groups are essential for FepA

recognition while the triserine backbone can be substituted with quite different scaffolds.' 2' The structure

of the periplasmic binding protein FepB has not been reported, although the binding affinity was

reported to be 30 nM (Kd) and it selectively binds Ent, but not other catecholate siderophores like

agrobactin.122 Cytoplasmic esterase Fes belongs to the a/P hydrolase family and it prefers iron-bound Ent

with a more than 100-fold lower Km, compared to apo-Ent.123

A model of the salmochelin biosynthesis and uptake system interplaying with the Ent system is

shown in Figure 1.2.12. The uptake machinery of salmochelins overlaps with the Ent machinery. The

outer membrane receptor IroN recognizes salmochelins and also transports Ent and its degradation

products. Moreover, the inner membrane Ent transporter FepCDG transfers salmochelins. 2 4 No

periplasmic salmochelin binding protein has been identified yet. The ABC-type transporter IroC was

proposed to be the inner membrane permease for salmochelins,125 although evidence for IroC

functioning as the salmochelin exporter was also reported. 16c Two esterases, IroD and IroE, hydrolyze

salmochelins and Ent.12 3 IroD is located in cytoplasm and, similar to Fes, it can cleave its substrates

down to monomeric DHB-serine fragments. IroE is predicted to be located in the periplasm with an N-

terminal transmembrane domain. The main product of IroE hydrolysis was found to be the linear trimer

of the cyclic substrate. A later study reported that IroD preferred apo Ent and salmochilin substrates,

while IroE catalyzed both iron-bound or apo substrate hydrolysis with equal efficiency. 25 Because linear

backbone salmochelin S2 was found to be the major salmochelin fraction in the supernatant of

salmochelin producers under iron-limited condition, 2 4 the IroD may have a more important role in the

synthesis of salmochelins besides the hydrolytic release of iron. The uncatalyzed hydrolysis of the
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trilactone backbone in aqueous solutions was observed (Chapter 4) and may also contribute to the

isolation of linearized and fragmented salmochelin structures.

Fe-(GDBS),
Fe-(GDBS)n Fe-(DBS)n

Fe-(GDBS)n Fe-(DBS), Fe-Ent
Fe-(DBS)n Fe-Ent Fe-Salmochelin

11 1 fillf outer
membrane

Periplasm

membrane

CytoplasmSalmochelins

Fe + GDBS Fe + DBS
(Ent] + [UDP-Glc]

Figure 1.2.12. Salmochelin synthesis and uptake machinery. Glycotransferase IroB installs the glucose

moieties onto Ent for salmochein synthesis. Esterase IroD may be involved in the synthesis to generate

the linearized salmochelins. IroN is the main receptor for salmochelins, which also recognizes Ent and

the degradation products of both siderophores. Ent receptor FepA and Cir can recognize degradation

products of salmochelin as well. The inner membrane permease FepGDC for Ent is proposed to transport

salmochelins. Periplasmic esterase IroE and cytoplasmic esterase IroD are involved in the release of

iron. Glc = glucose; DBS = DHB-serine; GDBS = glucosylated DHB-serine.

1.3 Siderophore Conjugates and their Applications

The high iron-binding affinity, specific recognition and efficient uptake by bacteria make

siderophores useful tools for antibiotic-delivery strategies, iron sensing, and pathogen detection.

Siderophore conjugates reported for these applications are discussed herein.

Naturally Occurring Siderophore-antimicrobial Conjugates. As discussed above, bacteria have

evolved dedicated machineries for iron uptake using siderophores. Besides de novo biosynthesis, they

also express receptors to recognize xenosiderophores for more efficient iron acquisition. Taking

advantage of this thievery process, some bacteria are able to biosynthesize and secret toxins ligated to
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siderophores and use these conjugates to kill competitors that utilize the corresponding siderophores.

Such naturally occurring conjugates include siderophore-small toxin conjugates termed sideromycins

and siderophore-peptide conjugates that belong to the microcin family.
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Figure 1.3.1. Structure of naturally occurring siderophore-antimicrobial conjugates albomycin, salmycin,

ferrimycin Al and MccE492m. The antimicrobial components are labeled blue.

The discovery of sideromycins predated the discovery of siderophores, and siderophores were

first thought to be antagonists of this class of antibiotics.126 The most well-studied sideromycin is

albomycin, (Figure 1.3.1) which is produced by Actinomyces subtropicus.12 7 Albomycin is composed by

a siderophore analog of ferrichrome and a thioribosyl pyrimidine antibiotic which is a seryl-tRNA

synthesase inhibitor. The ferrichrome receptor FhuA, periplasmic carrier protein FhuD and inner
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membrane transporter FhuBC were found to interact and deliver albomycin into the cytosol.12
1

Following cytosol delivery, a serine peptidase N is required to cleave the conjugate and free the tRNA

synthesase inhibitor.129 Without the siderophore moiety, the inhibitor itself was 30,000-fold less effective

against . coli and S. aureus due to poor permeability.13 0 Albomycin has been studied in animal models

with quite promising results, although resistant mutants appeared with very high frequency as a result of

either loss of the peptidase or decreased uptake efficiency.131 Another sideromycin example is salmycin

(Figure 1.3.1), produced by S. violaceus, and it acts almost exclusively on Gram-positive bacteria.126

Salmycin is composed by a desferrioxamine B derivative and an aminodisaccharide that inhibits an

unknown step in protein synthesis. This molecule exhibited a remarkable MIC value lower than that of

ampicillin in vitro, although an in vivo experiment using a mouse model of S. aureus septicemia revealed

limited efficacy and no further development towards clinical use was pursued.126 Ferrimycin Al is a less

studied example in this class (Figure 1.3.1). It is produced by Streptomyces griseoflavus, and is

comprised of desferrioxamine B and an iminoether group, and was recently suggested to be protein

biosynthesis inhibitor.13 2

Besides sideomycins, which harbor small-molecule toxins, antimicrobial polypeptides attached

to siderophores also exist. These conjugates belong to the microcin (Mcc) family, a class of

antimicrobial peptides synthesized ribosomaly by enterobacteria.133 Microcin E492m (MccE492m) is a

paradigm for siderophore-peptide conjugates (Figure 1.3.1). First isolated from a K. pneumoniae strain,

MccE492m is comprised of an 84-amino acid peptide and a linearized Ent, with a glucose moiety

bridging these two functional units. 3 4 The peptide portion of this conjugate interacts with the inner

membrane components of the mannose permease (ManY/ManZ) and presumably induces pore formation

and inner membrane depolarization. 3 5 MccE492m is most active against Gram-negative enterobacteria

which utilize Ent for iron uptake, with MIC values of 0.04-2.5 pM. Mutations of the Ent receptor FepA,

Fiu and Cir abolished its activity. "4 Later on, three additional microcins, MccM, H47 and 147, were

identified with or predicted to contain Ent component as in MccE492m.136 It should be noted that many

microcins that do not contain siderophore moieties utilize siderophore uptake machinery for cellular

entry. For example, MccJ25, a lasso-peptide targeting RNA polymerase, hijacks the ferrichrome receptor

FhuA for uptake. 3 7 The ability of siderophore receptors to transport these polypeptides with relatively

large molecular size (5-10 kDa) suggests the promiscuity of the siderophore uptake machinery and the

possibility to introduce modifications on siderophores while maintain their cell permeability.

Synthetic Siderophore-Antimicrobial Conjugates. Taking hints from natural sideromycins,

researchers have been developing synthetic molecules conjoining siderophore or siderophore mimics

with antibiotics for decades. Most of the synthetic conjugates were designed to target Gram-negative
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bacteria. Bacterial infections caused by Gram-negatives are a big threat to public health. From an

international study in intensive care units, 62% of hospital-acquired infections were caused by Gram-

negative bacteria.'38 Gram-negative infections are generally harder to treat compared to Gram-positives

due to permeability issue, and the siderophore-mediated delivery has a high potential to solve this

problem. The high permeability barrier of Gram-negative bacteria is caused by the double-layer

membrane structure, in which the outer membrane serves as a molecular sieve and only small nutrients

and molecules with specific outer-membrane receptors can cross (Figure 1.3.2). Most antibiotics and

small nutrients like sugars and nucleotides have to diffuse through protein channels called porins.139 The

porin channel has a constrained size and prefers hydrophilic molecules. The emergence of multi-drug

resistant bacteria that express mutated porins or have decreased porin expression level makes the

permeability problem more difficult to address. 40 The continuous and sometimes increased need for

siderophore-mediated iron acquisition during infection makes the siderophore-antimicrobial conjugates a

very promising solution. By hijacking the siderophore transport system, antibiotics will be delivered

actively, and large or hydrophobic antibiotics may be delivered as well. Moreover, the delivery

specificity to bacteria but not to host cells offers the possibility of recycling failed drug candidates with

high toxicity or repurposing available drugs like anti-tumor reagents to be used as antibiotics. The

delivery specificity can be further developed to select specific pathogens and leave the commensals

intact based on the fact that different bacterial strains utilize different siderophores.

Large or
hydrophobic Small nutrients; Large nutrient
antibiotics some antibiotics eg., siderophore

outer
membrane

- - -Peptidoglycan

Periplasm

~ inner
membrane

Cytoplasm

Figure 1.3.2. Model of Gram-negative bacterial cell wall with nutrient passage pathway shown.
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The first examples of synthetic siderophore-antibiotic conjugates, reported in 1977 by a Japanese

pharmaceutical company, were sulfonamide antibiotics linked to desferrioxamine B and ferricrocin.141

These compounds exhibited very limited antimicrobial activities against S. aureus. In the 1980s, more

reports were published from Japanese researchers addressing the attachment of siderophores to p-lactam

antibiotics. Since the late 1980s, the Miller group at University of Notre Dame has been very active in

this field and explored the syntheses and activities of many conjugates with various siderophores and

antibiotics. 14 2 Other contributors to this field include the Braun group, the Budzikiewicz group and the

M611mann group in Germany, and the Mislin group in France. In industry, Pfizer, Bristol-Myers Squibb

(BMS) and Basilea Pharmaceutica have described work with siderophore mimics conjugated with P-

lactams. 143 Although many synthetic conjugates exhibit promising preliminary activity in vitro, there is

only one compound, BAL-30072 from Basilea Pharmaceutica, that entered the clinical trials (Phase II)

and the outcome is awaited. 14
1c In the following text, major achievements in the development of

siderophore-antibiotic conjugates are summarized by the class of antibiotics employed in the design.

Among the available antibiotics, P-lactams are the most widely used in the clinic and well-

studied,144 and they have also been the most investigated warheads for siderophore-antimicrobial

conjugates. P-Lactam antibiotics covalently inhibit the transpeptidases, which are responsible for the

synthesis of peptidoglycan during bacterial cell wall regeneration. Within the p-lactam family, penams,

cephems, carbacephems and monobactams (Figure 1.3.3) have been applied to construct siderophore-

antibiotics conjugates.

R R R R

N N NH
COOH COOH COOH

Penams Cephems Carbacephems Monobactams

Figure 1.3.3. Core structures of the P-lactam antibiotics used in siderophore conjugates synthesis.

Aminopenicillins such as ampicillin and amoxicillin belong to the penam class, and a number of

successful examples applying these antibiotics in siderophore conjugate synthesis were reported. The

M611mann group described several conjugates containing aminopenicillins, and catechol-based

siderophore analogs were applied as the siderophore components (e.g., 25 and 26, Figure 1.3.4).145 The

hydroxyl groups on the catechols were acetylated to form prodrugs to avoid potential methylation by a

catechol 0-methyltransferase presented in host liver, which will eliminate the iron binding property of
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the catechols. 146 The conjugates exhibit much higher activity than their parent antibiotics against P.

aeruginosa, E. coli, K. pneumoniea and S. maltophilia strains with minimal inhibitory concentrations

(MICs) lower than 0.5 ptg/mL. However, the conjugates are less effective than their parent antibiotics

against Gram-positive S. aureus. More impressively, the conjugates remained active against efflux pump

overexpressing strains, suggesting that siderophore conjugation helped the antibiotic to circumvent the

efflux pathway. The increased activity was shown to be dependent on TonB and catecholate-siderophore

receptor Cir and Fiu. The Budzikiewics group developed pyoverdin-ampicillin conjugates (27 and 28,

Figure 1.3.4) to target P. aeruginosa, and low-micromolar MICs were observed against the

corresponding pyoverdin producing strain, while ampicillin was not active at all. 47 Time-kill kinetic

studies revealed that these conjugates delayed bacterial growth for 16 h and then mutant strains with

impaired pyoverdin uptake systems started to proliferate. These mutant strains were expected to be less

virulent under iron deficient conditions.148 More recently, Miller group reported an Ent analog

conjugated to ampicillin and amoxicillin (29, Figure 1.3.4) and the conjugates exhibit greatly enhanced

activity against selected P. aeruginosa strains under iron-limited conditions, but no significant

enhancement against E. coli or K. pneumoniea was observed.149
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components are labeled blue.

Cephems have been conjugated with catechol-containing siderophores, hydroxypyridones and

pyoverdines. Most of these molecules were studied in the late 1980s and through the 1990s. For example,

E-0702 (30, Figure 1.3.4), a cephalosporin-catechol conjugate reported by Watanabe et. al., exhibited

enhanced activity against enteric bacteria and P. aeruginosa.50 Spontaneous mutations in resistant
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strains showed that E-0702 enters the bacteria via the TonB-dependent iron transport system."'5 Later Fiu

and Cir were found to be the required outer membrane receptor in . coli.15 2 Hydroxypyridone (mimic of

catechol) modified cephalosporins (e.g., 31, Figure 1.3.4) showed very similar profiles as E-0702." 3

Pyoverdine-cephalexin conjugate with a pyrimidine linker (32, Figure 1.3.4) was reported to have no

activity, and exhibited growth promotion against P. aeriginosa.154 Miller's group investigated a number

of carbacephem-catechol or hydroxamate conjugates in the 1990s (e.g., 33, Figure 1.3.4). 148,155

Carbacephem-catechol/hydroxamate mixed ligand conjugates were also reported (e.g., 34, Figure

1.3.4).156 Compared to the penam-siderophore examples, most of these conjugates exhibit very limited

activities, although siderophore receptor dependent uptake was observed.

Monobactam-siderophore conjugates have been investigated intensively. Most of these studies

come from industrial research groups that focus on structure-activity relationships. The first example,

reported by BMS, was a monocarbam (aztreonam) attached to a hydroxypyridone (35, Figure 1.3.4).143b

Recently, Pfizer further developed this class of molecules and synthesized MC-1 (36, Figure 1.3.4), 143"

which exhibited moderate enhanced antibacterial activity against P. aeruginosa. However, MC-1 was

not active against multidrug resistant species, and while the unmodified aztreonam was able to inhibit

class C p-lactamases, MC-l lost this activity. Resistance was acquired quite readily in E. coli by loss of

TonB or the siderophore receptors.' Further optimization of MC-1 guided by a co-crystal structure of

the molecule and the penicillin binding protein PaePBP3 led to a new set of compounds with various

linkers.158 Moderate antimicrobial activity was observed for these conjugates against resistant . coli,

P.aeruginosa and K. pneumoniae strains and rat pharmacokinetic studies demonstrated low clearance

and low plasma protein binding. In vivo efficacy studies for these compounds are awaited. Basilea

Pharmaceutica developed another class of aztreonam-hydroxypyridone conjugates in which the positions

of the hydroxypyridones were switched to the other side of the molecule to leave the sulfamate acid

intact (e.g., 37, BAL30072, Figure 1.3.4). 143c BAL30072 exhibits potent activity against a broad

spectrum of Gram-negative bacteria, is resistant to class B and C p-lactamases, and therefore is active

against many multidrug-resistant species." 9 Unlike the previous examples, resistance against this

molecule evolved relatively slowly and TonB or receptor mutations are rare. In Burkholderia

pseudomallei, the activity of BAL30072 was suggested to be independent of siderophore uptake systems,

whereas in P. aeruginosa altered siderophore preference was found in the resistant mutant. 16 It is

possible that the siderophore moiety of BAL30072 has different functions against different bacterial

species. This compound is currently in early clinical development.
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In addition to p-lactams, the fluoroquinolone antibiotics were investigated in a number of

siderophore conjugate studies. These antibiotics target DNA gyrase and topoisomerase IV and cause

DNA fragmentation in bacteria.' 6' Siderophore moieties including citrate (38, Figure 1.3.5),16,

hydroxamate (39 and 44 Figure 1.3.5)63 pyoverdin (40 and 41, Figure 1.3.5)64, pyochelin (42 and 43,

Figure 1.3.5)165, vanchrobactin (45, Figure 1.3.5)66 and staphyloferrin A (46, Figure 1.3.5)67 have been

attached to fluoroquinolone antibiotics. Most of these conjugates exhibited decreased activity compared

to the unmodified antibiotics, raising the concern about proper linker design. For example, Hennard et al.

reported the synthesis of pyoverdin-norfloxacin conjugates with either a stable linker (40, Figure 1.3.5)

or labile methylenedioxy linker (41, Figure 1.3.5).164 Only the conjugates with the labile linker exhibited

similar activity as norfloxacin and the conjugates with stable linker have decreased activity against P.

aeruginosa. Transport assays employing 5 Fe-conjugate complexes suggested that all conjugates were

delivered into the bacterial cell with similar efficiency as pyoverdin. However, the possibility of

premature release of the antibiotic before delivery was not addressed in this work. In vitro inhibition

assays with isolated DNA gyrase showed that the siderophore modification of the fluoroquinolone

moieties render them up to 50-time less active compared to the parent antibiotic. Taken together, release

of the antibiotic moiety upon uptake maybe highly desired for fluoroquinolones, for the purpose of not

perturbing antibiotic-target interaction and preventing interference from the siderophore processing

system. Recently the Miller group reported desferrioxamine-ciprofloxacin conjugates with potential

esterase and phosphatase cleavable linker (e.g., 44, Figure 1.3.5), but the results suggested that

ciprofloxacin release in the cytosol was not achieved.163
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Several other classes of antimicrobials including nucleosides (47, Figure 1.3.6),168 macrolides

(48, Figure 1.3.6) 168 and glycopeptides (49, Figure 1.3.6)169 were investigated by the Miller group with

very limited success. The antimicrobial peptide gallidermin was also explored with conjugation to

pyochelin, desferrioxamin B and agrobactin by others. 70 Gallidermin belongs to the lantibiotic family

and is active against Gram-positive bacteria by inhibiting peptidoglycan biosynthesis. Conjugating
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siderophores used by Gram-negative bacteria might be able to help these peptides to penetrate the outer

membrane and exhibit activity. Although these conjugates retained their activity against Gram-positives,

they were not active against and even provided growth promotion for Gram-negative bacteria. On a

separate note, in 2011, the Miller group developed a mycobactin-artemisinin conjugate (50, Figure 1.3.6)

that was found to be a very potent inhibitor for M tuberculosis growth.171 Artemisinin is a natural

product and in the presence of ferrous ion it can undergo reductive cleavage and generate toxic oxygen-

based radicals which will eventually cause cell death. 7 2 Artemisinin itself is not active against M

tuberculosis, but after conjugating to mycobactin, the siderophore used by this species, it exhibited MIC

values in the 0.078-1.25 pg/mL range against many M tuberculosis strains including multidrug resistant

isolates. The high potency is thought to be related to the reductive removal of iron from mycobactin

following uptake, which presents ferrous iron in close proximity to artemisinin. In vivo studies of this

anti-TB compound have not been reported.

Tremendous efforts have been put forth into developing siderophore-antimicrobial conjugates

aiming to provide a new strategy for treating microbial infection. To date, very limited success has been

achieved, and many lessons are learned: i) one important factor to consider when designing such

conjugates is the redundancy of bacterial iron assimilation systems. The frequent resistance rate upon

treating with the siderophore conjugates indicates that bacteria can alternate their iron acquisition

methods easily in vitro, which presents a challenge for selecting proper siderophores in the design. With

accumulated knowledge about siderophores' role during infection, this challenge may be addressed by

selecting the ones that are required for bacterial virulence. On the other hand, the altered iron acquisition

pattern of the resistance strain may impair bacterial virulence as reported,148 and more information about

the relative expression levels of different iron uptake systems during infection is desired. ii) Another

possible aspect for improvement is applying native siderophores not siderophore analogs in the design.

In general, the native siderophores exhibit higher iron binding affinities and more efficient recognition

by the outer membrane receptors compared to their analogs. Therefore native siderophores have the

ability to out-compete the analogs carrying the warhead during iron acquisition, causing insufficient

uptake of the conjugates. Indeed the Pfizer group observed such competition when studying their

hydropyridone-monobactam conjugate MB-1 against P.aeruginosa and pyoverdine production was

found to be responsible for the attenuated MB-I activity in vivo.'73 Very limited synthetic approaches for

native siderophore modification are available, which poses a challenge for employing native

siderophores in the design. iii) The linker between the siderophore and the antimicrobial moieties needs

to be designed carefully based on the fact that many antimicrobial reagents studied are less or not active

upon siderophore modification, or the siderophore processing machineries may constrain the conjugates
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distribution in the cell and thereby prohibit the warheads to reach their target. In these cases an

intracellularly cleavable but extracellularly stable linker is highly desirable.

Siderophore-Based Iron Sensors. In addition to delivering antimicrobial reagents, the exquisite

specificity and high affinity of a siderophore for ferric ion or its receptor also provide the basis for using

these molecules as sensors or probes. Many fluorescence based siderophore sensors that provide rapid,

selective and sensitive responses to Fe(III) have been developed. These tools are useful for monitoring

iron concentrations in environmental and clinical samples, and can also be applied in investigating iron

uptake by siderophore-utilizing organisms and, more broadly, the roles of iron in biology with particular

emphasis on the labile iron pool.174 Iron is a paramagnetic metal ion and thus has a propensity to quench

fluorophore emission. As a result, most of the sensors reported afford fluorescence quenching or "turn-

off' following Fe(III) recognition.
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Figure 1.3.7. Structures of representative siderophore- fluorophore conjugates.

Naturally emissive siderophores exist and were applied in iron sensing in the 1990's. For

example, pyoverdines (i.e. 11, Figure 1.2.3) are well-studied fluorescent siderophores produced by all

fluorescent pseudomonads including P. aeruginosa and P. fluorescens.175 Pyoverdine exhibits high water

solubility, forms a 1:1 complex with Fe(III), and exhibits maximum emission at ca. 450 nm in solution.

It has been immobilized covalently to various solid phases and used in detecting aqueous samples in
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flow cell settings. 7 6 Other natural siderophores utilized as iron sensors include azotobactin i and

parabactin (13 and 10, Figure 1.2.3).177

A complementary approach to siderophore-based optical detection of Fe(III) is to modify

naturally-occurring siderophores with synthetic fluorophores, affording siderophore-fluorophore

conjugates that provide changes in emission following Fe(III) coordination. This tactic requires that the

siderophore has a functional group amenable to synthetic modification, and that fluorophore conjugation

has negligible impact the iron-binding properties of the chelator. The desferrioxamine (DFO, 1, Figure

1.2.3) and pyochelin (15, Figure 1.2.3) scaffolds have been utilized for the assembly of Fe(III) sensors.

There are several applications involving DFO-fluorophore conjugates, and the most recent example is an

integrin-targeted probe with a near-IR fluorescent moiety (cypate).178 The conjugate (51, Figure 1.3.7)

was designed for tumor imaging and treatment, and it was shown that compound 51 accumulated in the

mitochondria, lysosomes and the cytosol. Further studies addressing intracellular iron chelation by the

probe may afford insights about iron-related molecular-recognition processes. Two pyochelin-nitrobenz-

2-oxa-1,3-diazole (NBD) sensors have been reported and were found to afford turn-on response upon

iron binding (52 and 53, Figure 1.3.7).179 In both molecules, the linkers are connected to pyochelin via

the N3' position, which is involved in iron coordination. Five equivalents of Fe(III) were required for

maximum turn-on with 2.9- and 3.2-fold emission enhancement observed for 52 and 53, respectively.

This turn-on behavior is in striking contrast to the fluorescence quenching observed for unmodified

pyochelin following Fe(III) coordination,8 "' and how the synthetic modifications at the N3" position

influence the coordination behavior of pyochelin remains to be explored. Intracellular fluorescence from

the NBD chromophore was observed and the pyochelin receptor FptA is required for the cytosol labeling

of P. aeruginosa. These preliminary experiments indicate that 52 is suited for studying pyochelin uptake

in Pseudomonas and other organisms.

Besides detecting iron by direct binding, a lanthanide displacement approach applying a

desferrioxamin B-N-methylanthranyl conjugates (Figure 1.3.8) was also reported. 8 ' The N-

methylanthranyl moiety serves as the antenna and thereby transfer energy to the coordinated Ln(III) ion,

providing luminescence. Following excitation of 54 at 340 nm, Tb(III) emission was observed in organic

solvents such as ethyl acetate and acetonitrile. Addition of Fe(III) to a solution of 54 in ethyl acetate

resulted in luminescence quenching, attributed to displacement of Tb(III) from the chelate and formation

of 56. Because the Tb(III) emission was quenched in protic solvents, including methanol and

methanol/water mixtures, which limits its utility, a P-diketonate derivative, 55, was next prepared by

using hexafluoroacetylacetone (Hfac) as a blocking ligand to prevent water molecules from binding to

the Tb(III) center. This P-diketonate complex exhibited Tb(III) emission in water, which was quenched
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following addition of Fe(III). A detection of 5 nM in water was reported; however, compound 55 was

not tested in more complex or real-world samples.
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Figure 1.3.8. Iron detection based on lanthanide displacement. Molecules 54 and 55 exhibit terbium

luminescence, which is quenched following Fe(III)-mediated Tb(III) displacement.

Siderophore Based Pathogen Detection. Quick and effective identification of bacterial species

during infection is very important in clinical setting for diagnostics and proper treatment. The selectivity

and high binding affinity of siderophores to their receptors is attractive for developing species-specific

bacterial identification and capture technologies. Moreover, from the perspective of pathogen detection,

targeting siderophore receptors is worthwhile because the expression of functional siderophore uptake

pumps is essential for proliferation and virulence in the iron-limiting environment of the vertebrate host.

The likelihood of pathogens mutating these receptors is low.

A recent proof-of-concept example of siderophore-based pathogen detection involved

polydimethylsiloxane (PDMS) stamping and immobilization of pyoverdine onto gold-plated glass chips

for the capture of the opportunistic human pathogen P. aeruginosa (Figure 1.3.9).182 Pyoverdine was

complexed with gallium and coupled to bovine serum albumin (BSA) by using carbodiimide chemistry.

Subsequently, a PDMS stamp housing a pattern of repeating parallel ridges was treated with pyoverdine-

BSA and employed to imprint a parallel pattern of pyoverdine-BSA onto gold-plate glass chips.

Incubating the chips with P. aeruginosa cultures for only 15 min afforded maximum light scatting signal

and the detection limitation was as low as 102-104 CFU/mL. E. coli or Y. enterocolitica, species that

neither express FpvA nor utilize pyoverdine for iron acquisition, only exhibited negligible patterning,

supporting the requirement of a pyoverdine receptor for detection. This method is further extended to the

detection of Y. enterocolitica by immobilizing DFO to the chip.183 As expected, rapid and sensitive
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detection was achieved, although V. cholerae was also detected, pointing to a need for multiplexing and

incorporating orthogonal siderophores on a given chip for rapid species-specific identification in mixed

bacterial samples.

PDM stamp

Siderophore-BSA

~KInking Printing

Siderophore-BSA A B
on cotton swab

Glass Au

Bacteria
capre Imaging

-C D

Figure 1.3.9. Pathogen detection using siderophore-immobilization on glass chips. (A) Application of

the siderophore-BSA conjugate to a PDMS stamp. (B) Immobilization of siderophore-BSA onto a gold-

plated glass chip. (C) Exposure of the chip to a bacterial culture. (D) Imaging of bacterial capture.

Siderophore-modified CdSe/ZnS quantum dots (QDs) were employed to capture P. fluorescens

isolated from the Dong-Hu Lake in China. 8 4 In this work, QDs were coated with polyethyleneglyco-

phosphoethanolamine (PEG-PD-QD) and ferrichrome was coupled to the terminal amino groups of

PEG-PD-QD by using carbodiimide-based coupling chemistry. Incubation of the ferrichrome-QDs with

cultures of P. fluorescens resulted in clustering and sedimentation observable by fluorescence

microscopy and UV-visible spectroscopy. The clustering phenomenon was not observed when the

ferrichrome-QDs were incubated with B. subtilis or with P. fluorescens cultures that were pre-incubated

with ferrichrome.

The last proof-of-concept approach employs an immobilized siderophore designed to separate

siderophore-binding proteins from cell extracts and is applicable to pathogen detection (Figure 1.3.10).

Motivated to provide a simple and direct method for the discovery of siderophore-binding proteins in

cell extracts, a biotinylated derivative of petrobactin (57, B-petrobactin) was synthesized. The ferric

complex of B-petrobactin was incubated with streptavidin-agarose beads, which were used to prepare a

petrobactin-affinity column. The column was able to detect one single protein from B. subtilis cell

lysates, which is identified by SDS-PAGE and MS analysis as YclQ, an ABC transporter binding protein.

Prior work has established that YclQ is the petrobactin-binding protein utilized by B. subtilis, 15 and this

pull down assay suggested that it is the only petrobactin-binding protein expressed on the B. subtilis cell

surface. Although this approach was intended for the discovery of siderophore-binding proteins, its

applicability to pathogen capture is clear and warrants careful consideration. Incubating bacterial
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samples with biotinylated siderophores and resin or magnetic beads bearing streptavidin affords a means

to separate the bound and unbound cells. Moreover, the biotin/streptavidin interaction may be employed

in other immobilization strategies. A biotinylated ferrichrome, prepared by chemical synthesis'8 6 and a

biotinylated salmochelin, prepared by chemoenzymatic synthesis8 7 have been reported in the chemical

literature. Synthetic routes to other biotinylated siderophores, and biotin attachment strategies that do not

compromise iron coordination or interaction with the target receptor, are required for this approach to be

broadly applicable.

A
Crude cel extract Siderophore-

C~ptue Elbiding protein

Agarose-streptavidin Biotin-siderophore Typsin

OH di;est
0 HN

H O)~4 Yanalysis

B H2 H Protein identifiCation end
NH S N~~ NH I biochemical chareizto

HN NH

HO O O01

OH OH
57, Biotin-petrobactin conjugate (B-petrobactin)

Figure 1.3.10. (A) Isolation of siderophore-binding proteins by using biotin-siderophore conjugates. (B)

Structure of biotinylated petrobactin 57.

1.4 Other Antimicrobial Strategies Targeting Iron Assimilation

Chelation Therapy. Besides hijacking iron uptake pathways by siderophore conjugates, other

aspects of bacterial iron acquisition have been investigated for new antimicrobial strategies. The most

straightforward approach to block bacterial iron uptake is by using iron chelators to directly compete

with the bacterial siderophores. In humans, the iron-chelating proteins transferrin and lactoferrin are

examples of this strategy.

Iron chelators used in treating iron-overload diseases have been evaluated for this purpose since

they have been shown to be well tolerated in clinical trials. Deferoxamine B (DFO, 1, Figure 1.2.3),

which is a natural siderophore from Streptomyces pilosus, is the first iron chelator introduced to clinical

practice. 1' The antimicrobial activity of DFO was evaluated against many human pathogens, although

no promising MICs were observed in vitro. 8 9 Coadministrating DFO with antibiotics including

cephalothin and gentamicin decreased the MICs of the antibiotics, probably due to the iron chelation
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effect.'" 9 And since DFO is a siderophore, for the bacteria strain that can utilize DFO as xenosiderophore,

growth enhancement was observed.

Because the risk of increasing susceptibility for bacterial infection using natural siderophores

exists, more efforts have been made towards designing synthetic iron chelators. The clinical-approved

chelator ciclopirox (Figure 1.4.1) was evaluated for its antibacterial and also antifungal activities in vitro,

where antibacterial MICs ranging in 0.05-2 ptg/mL and antifungal MICs ranging in 0.001-0.25 ptg/mL

were observed.' 90 Due to its higher sensitivity against fungal pathogens, ciclopirox is used widely as a

treatment for superficial fungal and yeast infections, and other mechanisms besides iron chelation have

been proposed.'91 Similarly, deferiprone and deferasirox (Figure 1.4.1), two oral administrated drugs for

chronic iron overload,192 exhibit potent activity (MIC of -3 pg/mL) against fungal pathogen Rhizopus

spp., and mouse models proved their potency in vivo.193 Although not many examples for antibacterial

applications exist, such strategies are worthy of attention and further development. The lack of

antibacterial activity may be due to lower iron binding affinity of the synthetic chelators compared to

natural siderophores. Careful tuning of the iron chelator affinity is likely needed in the design so that it

can capture iron before the siderophores do, but should not affect the host iron transport and acquisition.
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Ciclopirox Deferiprone Deferasirox

Figure 1.4.1. Structures of synthetic iron chelators in clinical practice.

Inhibiting Siderophore Biosynthesis. During infection, siderophores play an important role in

bacterial iron acquisition, and many siderophores are shown to be required for virulence. Therefore,

inhibiting the biosynthesis of siderophores is an attractive strategy for developing new antibiotics.

Siderophore biosynthesis by nonribosomal peptide synthetases (NRPS) has been studied for decades,

which provides a wealth of information for inhibitor design. 94 With the accumulated knowledge of

catechol and salicyl containing siderophore biosynthesis, most of the efforts have focused on inhibiting

the enzymes that are involved in synthesis or incorporation of the catechol and salicyl moieties in the

assembly line. Another advantage for targeting these enzymes is that these two building blocks are not

present in human metabolism, and therefore low toxicity is expected.
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The salicylate synthases Irp9 in Yersinia pestis and MtbI in M tuberculosis were investigated for

inhibitor development. These two enzymes are responsible for the first committed step towards the

syntheses of yersiniabactin (8, Figure 1.2.3) and mycobactin (12, Figure 1.2.3). They catalyze

conversion of chorismate to salicylate in a two-step reaction (Figure 1.4.2). Benzoate analogs of

chorismate like 2,3-dihydroxybenzoate ethers (58, Figure 1.4.3) were evaluated for their inhibitory

activity against Irp9, which afforded inhibitors with Ki as low as 11 IM.195 Similar molecules are tested

with MtbI and subtle variation of the alkyl ether provides inhibitors with Ki in the 10 pM range (59,

Figure 1.4.3).196 In addition to rational design, a high throughput screening against MtbI was performed

and a new series of compounds composed by benzimidazole-2-thiones were identified (60, Figure 1.4.3).

This series was found to be noncompetitive reversible inhibitors with the best activity at IC50 of 7.6

pM.' 97 Antimicrobial activity of these lead compounds in iron-limitation conditions has not been

reported.

CO2  salicylate CO2  salicylate CO2
synthase OH synthase > OH

2o C2oOH
Chorismate C02 Salicylate

Figure 1.4.2. Reaction mechanism of salicylate synthase.
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58 59 60

Figure 1.4.3. Inhibitors of salicylate synthase.

The adenylation enzymes that activate catechol and salicyl groups to be incorporated into the

assembly line have attracted much attention as well. The adenylation reaction include two steps: first

ATP is consumed to form the aryl adenylate; then the peptidyl carrier protein forms a thioester with the

activated group and AMP is released (Figure 1.4.4). Nonhydrolyzable transition state mimics of the

adenylation reaction were first studied and are found to be very potent inhibitors. For example, the
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sulfamate analog of salicyl-AMP (61, Figure 1.4.5) exhibit apparent Ki of ~10 nM against the salicyl-

adenylation enzymes of P. aeruginosa (PchD), M tuberculosis (MtbA) and Y pestis (YbtE). Inhibition

of siderophore synthesis was observed, as well as inhibition of bacterial growth in iron-limited

conditions (MIC -10-100 pM) in M tuberculosis and Y pestis.'98 Preliminary pharmacokinetic studies

in mouse demonstrated that this inhibitor has poor oral bioavailability.' 99 Further optimizations afforded

another sulfamate analog with modification on the base (62, Figure 1.4.5), which exhibited MIC of 49

nM against M tuberculosis, 2 00 although no further development of this molecule is reported. Some

conformationally constrained intermediate analogs were synthesized recently as an extension to this

class (63, Figure 1.4.5). Although good enzymatic inhibition activities were observed, the MIC values of

this extended class were not promising (>50 pM). 20 ' Besides transition state mimics, other types of

inhibitors were found by screening. Computational studies using 3D-QSAR and shape-based virtual

screening against MtbA were recently reported and provided novel structures that warrant experimental

evaluation.20 2 High-throughput screening was performed against the adenylation enzyme BasE, which

initiates the acinetobactin biosynthesis in A. baumannii.20 3 The most potent inhibitor found during the

screen binds BasE in an unexpected way; its phenyl ring blocked the channel for the PCP to reach the

AMP-activated intermediate (64, Figure 1.4.5).203 Later on, the same group developed more inhibitors by

modifying the hits from the screening and found an improved inhibitor with tight biding to BasE (Kd 2

nM, 65, Figure 1.4.5). The crystal structure of the inhibitor-bound BasE reveals that the inhibitor

occupies all three substrate-binding sites; however, no antimicrobial activity of these BasE inhibitors

against A. baumannii was observed in iron sufficient or deficient conditions. 4 Hypotheses to explain

this lack of efficacy include the permeability issue due to loss of porins or efflux pump expression.

Further investigation is needed to test the hypothesis.

C0 Adenylation C02-AMP
OH Enzyme OH SH

ATP PPi AMP
Salicylate

Figure 1.4.4. Activation of salicylate catalyzed by adenylation enzymes.
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Figure 1.4.5. Inhibitors of salicylate adenylation enzymes.

Another siderophore biosynthesis enzyme investigated is PvdQ, the N-terminal nucleophile

hydrolase involved in the maturation of P. aeruginosa siderophore pyoverdine. High-throughput

screening of a bioactive molecule library afforded inhibitors with IC5 0 of 60-100 ptM (66, Figure 1.4.6)

and crystal structures of the most potent inhibitors bound to PvdQ are solved.205 The inhibitors were

found to bind deeply in the substrate binding pocket through hydrophobic interactions and not affect the

catalytic residues. Therefore, the inhibition mechanism may involve disruption of the substrate

positioning in the binding pocket. More recently, another class of inhibitors composed by alkylboronates

from rational design were found to be very potent against PvdQ with Ki > 190 pM (67, Figure 1.4.6).

These inhibitors were able to interact with the catalytic Ser residue in the active site to mimic the

transition state. Although co-administration of an efflux pump inhibitor is required to observe growth

inhibition of the bacteria in iron-limited conditions.20 6

Outside of the NRPS system, there are siderophores synthesized independently of these enzymes.

Staphyloferrin B from S. aureus and petrobactin from B. anthracis (7 and 8, Figure 1.2.3) are two

examples. High throughput screening using a library of marine microbial-derived natural product

extracts against, SbnE and AsbA, two enzymes that are involved in the synthesis of staphyloferrin B and

petrobactin, afforded a lead compound (68, Figure 1.4.6) with IC 50 values of 4.8 pM against SbnE and
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180 ptM against AsbA. Moderate growth inhibition activity was also observed against S. aureus, B.

anthracis and E. coli (MIC of 0.5-1 mM). 2
1
7 Although most of the works reported in this field are only

proof-of-concept studies, siderophore biosynthesis pathways remain to be attractive targets for

developing novel antimicrobial treatment.
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Figure 1.4.6. Inhibitors of P. aeruginosa enzyme PvdQ and non-NRPS enzyme SbnE and AsbA.

Disrupting Siderophore Export. For many of the siderophores that unload iron through

reduction, the apo siderophores are recycled and secreted back to the outer cellular environment. It has

been recently discovered that interfering this recycling process can result in self-poisoning of the

producing bacteria.208 In this study, the knock-out mutant of two membrane proteins MmrS4 and MmrS5

of M tuberculosis, which were required for the export of mycobactin and carboxymycobactin, was

found to be unable to recycle the siderophores. The mutant showed a strong virulence defect in a mouse

model and was unable to grow when hemoglobin was the sole iron source. Addition of extra mycobactin

and carboxymycobactin inhibited its growth at low micromolar concentration. Higher accumulation of

carboxymycobactin inside of the bacteria was also observed. However, when siderophore biosynthesis

was shut-down, the growth of the mutant was restored on a hemoglobin supplemented plate. Taken

together, these results suggest that extra siderophores accumulated in the bacteria are toxic, probably by

causing undesired iron deprivation. Another example is that when the Ent export protein TolC was

knocked out, E. coli exhibited growth and morphological defects attributed to Ent accumulation in the

periplasm.20 9 In a separate study, Ent and salmochelin secretion deficient extraintestinal pathogenic E.

coli strains (gene-knocked out of entS and iroC) were attenuated in a chicken infection model.4

Intracellular accumulation of Ent and salmochelins were also observed by LC-MS analysis. Although no

inhibitors have been reported for siderophore export, it is an interesting target for new antibiotic

development because it will both limit siderophore mediated iron-uptake and also cause toxic

siderophore accumulation unless siderophore biosynthesis is turned off.
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1.5 Goals and Organization of the Thesis

The focus of this thesis is to evaluate whether native siderophore platforms provide new efficient

approaches for delivering antibiotics and other functional molecules to Gram-negative bacteria. Since the

wide clinic use of antibiotics in the 1950s, antibiotic resistance has been emerging at an alarming rate

and new strategies to treat microbial infections are urgently needed. Siderophore mediated iron uptake

machinery plays important role in virulence and pathogenicity, and is essential for the proliferation of

bacteria, making it an attracting target for new antimicrobial development. Siderophore conjugates are

able to hijack the siderophore uptake machinery and hold great potential for developing highly effective

and microbe-selective antibiotics, as well as diagnostic tools and other applications.

One major challenge in siderophore-conjugate development is the very limited synthetic

methods allowing site-specific modification on native siderophores. Enterobactin, the most well studied

siderophore with the highest iron binding affinity among all characterized siderophores, has not been

applied in the context of siderophore-conjugates, probably is due to lack of feasible synthetic approaches.

In this thesis, we developed new synthetic routes to allow the native Ent scaffold to be employed in the

siderophore-conjugate strategies. Different classes of cargo molecules were attached to Ent through these

synthetic routes and the applications of these conjugates were evaluated.

In Chapter 2, a relatively short synthetic approach towards site-specific mono-, di- and tri-

modification on native Ent structure is described. The resulting modified Ent scaffolds allow use of

versatile functional groups for different applications. Next, the promiscuity of Ent uptake machinery

towards Ent-cargo conjugates was evaluated in E. coli and P. aeruginosa. The ability of Ent receptor

FepA to transport large protein like the 55-kD colicin B21' and bacterial phages2 12 make the assumption

that FepA can accommodate large cargos appealing. However we found that the cargo sizes affect the

delivery efficiency. This information is important for designing Ent-cargo conjugates that require

cellular entry for fulfilling their function. It also raises a general concern for conjugate design using other

siderophores, because their uptake machineries have similar features to that of Ent and may also present

limitations to cargo size.

In Chapter 3, guided by the information obtained in Chapter 2, two p-lactam antibiotics,

ampicillin and amoxicillin are attached to Ent, and the antimicrobial activity of conjugates are tested

against a wide range of bacterial species with the expectation that Ent-mediated delivery will greatly

enhance the activity of the antibiotics. These two widely used and well-studied antibiotics fall into the

acceptable cargo size range, and a 100-1000 fold activity improvement was observed upon Ent

modification against selected E. coli strains including human pathogens. The mechanism of the observed

antimicrobial activity was probed by using mutant strains and conjugate analogs, which proves that the

activity enhancement was due to Ent-mediated active delivery. Prior work employing ampicillin and
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amoxicillin in Ent-analog-antibiotic conjugates synthesis only afforded moderate activity against E

coli. 149 Our results indicate the selection of siderophores may have great influence on the spectrum of

bacterial sensitivity.

In Chapter 4, fluoroquinolone antibiotics attached to Ent were reported with a focus on studying

the linker design and stability. Different than P-lactams, fluoroquinolones target DNA gyrases locating

in the bacterial cytoplasm, and it is suggested that a release step from the conjugate is required for their

activity. 164 Ent-fluoroquinolone conjugates with a reported ester-based labile linker were synthesized,

and the stability of the linker was evaluated under neutral pH, which revealed that such linker was not

suitable for the siderophore conjugate application because it is very unstable and causes premature

release of the antibiotics before cellular entry. Alternative labile linker scaffolds are needed for applying

antibiotics targeting cytosolic enzymes in the siderophore conjugate strategy.

Lastly, chemoenzymatic approach for Ent-conjugate synthesis is reported in Appendix 1.
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Chapter 2

Siderophore-Mediated Cargo Delivery to the Cytoplasm of

Escherichia coli and Pseudomonas aeruginosa:

Syntheses of Monofunctionalized Enterobactin Scaffolds and

Evaluation of Enterobactin-Cargo Conjugate Uptake

Most work in this Chapter is published in J. Am. Chem. Soc., 2012, 134, 18388-18400.



Introduction

Siderophores are low-molecular-weight high-affinity Fe(III) chelators that are biosynthesized and

exported by bacteria, fungi, and plants during periods of nutrient limitation for acquiring this essential

metal ion from the extracellular milieu.' Enterobactin (Ent, 1, Figure 2.lA) is a canonical siderophore

biosynthesized by Gram-negative species of Enterobacteriaceae that include Escherichia coli, Salmonella,

and Klebsiella.2 Decades of exploration pertaining to enterobactin biosynthesis and coordination

chemistry, in addition to investigations of the proteins involved in its cellular transport and processing,

provide a detailed molecular and physiological understanding of how this chelator contributes to bacterial

iron homeostasis and colonization.2 Enterobactin coordinates Fe(III) by its three catecholate groups with

Ka ~ 104 M-'.1 In E. coli, the outer membrane transporter FepA (and to a lesser extent Cir and Fiu)

recognizes and binds ferric enterobactin with sub-nanomolar affinity,4 and provides periplasmic entry

where the siderophore forms a complex with the periplasmic binding protein FepB.' Subsequently,

[Fe(Ent)]3 is transported into the cytosol, which requires the action of ExbBD, TonB, and FepCDG, the

latter of which constitute the inner-membrane ATP-binding cassette (ABC) transporter system (Figure

2. 1B). 6 Fes, the cytosolic enterobactin esterase, catalyzes the hydrolysis of the [Fe(Ent)] 3- macrolactone

(Figure 2.1 B), 7 and the ferric reductase YgjH may subsequently assist in Fe(III) release such that the

metal ion can be used metabolically.' Several pathogenic Gram-negative species harbor gene clusters (e.g.,

iroA, MccE492) responsible for post-assembly line modifications of the enterobactin scaffold to provide

the salmochelins.'' Salmochelins are a family of glucosylated enterobactin derivatives where the sugar

moieties are attached to the C5 position of one or more catecholate rings (e.g., MGE 2 and DGE 3, Figure

2.1A).1

Gram-negative bacteria have an outer membrane that serves as a permeability barrier and

prevents cellular entry of many molecules, including antibiotics (e.g., vancomycin). Siderophore uptake

machinery provides one route to overcome this permeability barrier," and enterobactin and its transporter

FepA have been identified as a desirable siderophore/receptor pair for cargo delivery to Gram-negative

bacterial species.9c, "f FepA-mediated uptake of the ribosomal peptide antibiotics colicin B' 2 and

MccE492m,13 in addition to bacteriophage,14 indicates that this receptor has the capacity to transport large

molecules. Moreover, the catecholate siderophore transporters of . coli (e.g., Fiu, Cir) recognize

synthetic catechol-modified P-lactam antibiotics;"' these serendipitous observations motivated early

"Trojan horse" delivery strategies. Indeed, small-molecule antibiotics appended to siderophore-inspired

di- and tricatecholate platforms have been evaluated for antibacterial activity with mixed results.16

Recently, amoxicillin and ampicillin, P-lactam antibiotics that act in the periplasm and target bacterial cell

wall biosynthesis, were covalently linked to a tripodal catecholate platform and remarkably afforded ca.

102- to 103-fold enhanced activity against Pseudomonas aeruginosa PAOI compared to the free drug. 16c
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Figure 2.1. Siderophores and siderophore transport machinery relevant to this work. (A) Structures of

enterobactin 1 and the salmochelins MGE 2 and DGE 3. (B) Cartoon depiction of the enterobactin

transport and processing machinery in . coli.

The ability of FepABCDG and the TonB-ExbB-ExbD system of . coli, as well as the

enterobactin transport machinery of other bacterial species, to recognize and provide cytosolic transport

of unnatural cargo appended to the native ligand remains unexplored. Enterobactin exhibits C 3 symmetry

and houses no unique functional group for site-specific synthetic modification. Total syntheses of

enterobactin,'" hydrolytically stable enterobactin analogs,' 8 and salmochelins' 9 have been reported. To the

best of our knowledge, no enterobactin scaffold housing a site-specific synthetic handle has been

presented. Such scaffolds are a pre-requisite for employing enterobactin in a variety of paradigms that

include cargo delivery, iron and siderophore detection, and bacterial capture.

In this Chapter, we expand the current toolkit of site-specifically modifiable siderophore scaffolds

to include triscatecholate enterobactin. Inspired by the salmochelins, we have derivatized enterobactin at

the C5 position of the catecholate, which provides a point for site-specific modification without

compromising the Fe(III)-binding groups or the macrolactone (Figure 2.2). A family of ten enterobactin-

cargo conjugates that are based on a monofunctionalized enterobactin scaffold was synthesized. We

further demonstrated that depending on the cargo size, several synthetic enterobactin-cargo conjugates are

actively transported to the cytoplasm of the Gram-negative bacterial species E. coli and P. aeruginosa by

the enterobactin uptake machinery.
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Figure 2.2. Enterobactin substituted at the C5 position.

Experimental Section

Reagents. Dimethylformamide (DMF) and dichloromethane (CH2 Cl2 ) were dried over 4 A

molecular sieves or by using a VAC solvent purification system (Vacuum Atmospheres). Anhydrous

dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich and used as received. The triserine

lactone 4 and its D-isomer 5 were synthesized according to a literature procedure.17d 2,3-

Bis(benzyloxy)benzoic acid 6,20 vancomycin-alkyne 7,2 and tert-butyl (2-oxo-2-(prop-2-yn-1-

ylamino)ethyl)carbamate 8,21 were synthesized according to literature procedures. L-Ent 1 and its D-

isomer 9 were synthesized as reported elsewhere.17d, , Monoglucosylated Ent (MGE) and diglucosylated

Ent (DGE) were synthesized according to literature procedures.2 2  Tert-butyl (2-(2-(2-(2-

aminoethoxy)ethoxy)-ethoxy)ethyl)carbamate 10 was purchased from BOC Sciences (Shirley, NY), 11-

azido-3,6,9-trioxaundecan-1-amine 11 was purchased from Fluka, 6-((tert-butyoxycarbonyl)amino)

hexanoic acid 12 was purchased from Advanced Chem Tech, and Fmoc-PEG-CO2H 13 was purchased

from Chem-Impex International, Inc. Methyl-5-allyl-3-methoxysalicylate 19 was obtained from Sigma-

Aldrich. All other chemicals were purchased from Sigma-Aldrich, Alfa Aesar, or TCI in the highest

available purity and used as received.

General Synthetic Materials and Methods. EMD TLC silica gel 60 F254 plates were used for

analytical thin-layer chromatography. EMD PLC silica gel 60 F2 54 plates of I-mm thickness were used for

preparative TLC. Zeoprep 60HYD silica gel (40-63 ptm) obtained from Zeochem was used for flash

chromatography. 'H, '9F, and 1
3 C NMR spectra were collected on a Varian 300 or 500 MHz

spectrophotometer, which were operated at ambient probe temperature (283 K) and housed in the

Department of Chemistry Instrumentation Facility. The 'H and "C NMR spectra were referenced to

internal standards and 19F spectra were referenced to an external CF 3Cl standard. An Avatar FTIR

instrument was used to acquire IR spectra. Optical absorption spectra were recorded on an Agilent 8453
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diode array spectrophotometer (1-cm quartz cuvettes, Starna). 'H and 13C NMR spectra are provided in

Appendix 2.

General Liquid Chromatography and Mass Spectrometry Methods. HPLC-grade acetonitrile

(MeCN) and trifluoroacetic acid (TFA) were purchased from EMD. LC-MS grade MeCN containing 0. 1%

formic acid and water containing 0.1% formic acid were obtained from J. T. Baker. Semi-preparative and

analytical high-performance liquid chromatography (HPLC) were performed by using an Agilent 1200

series HPLC system outfitted with an Agilent Zorbax reverse-phase C18 column (5-ptm pore size, 9.4 x

250 mm) at a flow rate of 4 mL/min and a Clipeus reverse-phase C18 column (5-pam pore size, 4.6 x 250

mm; Higgins Analytical, Inc.) at a flow rate of 1 mL/min, respectively. The multi-wavelength detector

was set to read the absorption at 220, 280, and 316 (catecholate absorption) nm. For all HPLC runs,

solvent A was 0.1% TFA/H20 and solvent B was 0.1% TFA/MeCN. Each semi-preparative or analytical

run began with a five-minute equilibration at the %B used at the start of the gradient followed by a

gradient of increasing %B. The HPLC solvents were prepared with HPLC-grade MeCN and TFA, and

Milli-Q water (18.2 mQcm'), and filtered through a 0.2-ptm filter before use. For analytical HPLC to

evaluate conjugate purity, the entire portion of each HPLC-purified compound was dissolved in a mixture

of 1:1:1 1,4-dioxane/methanol/water and an aliquot was taken for HPLC analysis, and the solution was

subsequently lyophilized. Conjugate 42 was an exception, and this molecule was dissolved in DMSO

prior to analytical HPLC. Analytical HPLC traces of the purified compounds were generated using the

gradient of 0% B for 5 min followed by 0-100% B over 30 min, 1 mL/min. Most high-resolution mass

spectrometry was performed by using an Agilent LC-MS system comprised of an Agilent 1260 series LC

system outfitted with an Agilent Poroshell 120 EC-C18 column (2.7-jam pore size) and an Agilent 6230

TOF system housing an Agilent Jetstream ESI source. For all LC-MS analyses, solvent A was 0.1%

formic acid / H20 and solvent B was 0.1% formic acid / MeCN. The samples were run using a gradient of

5-95% B over five min with a flow rate of 0.4 mL/min. In some instances, high-resolution mass

spectrometry was performed by staff at the MIT Department of Chemistry Instrumentation Facility, which

houses a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion Cyclotron Resonance Mass

Spectrometer (FT-ICR-MS) with a direct analysis in real time (DART) ionization source.

N-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethyl)cyclohexanecarboxamide (14). Cyclo-

hexanecarboxylic acid (64 mg, 0.50 mmol) and 7 (192 mg, 0.599 mmol) were combined in 5 mL of dry

CH 2 CI2 , and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 143 mg, 0.751 mmol), 4-

dimethylaminopyridine (DMAP, 30 mg, 0.25 mmol), and NN-Diisopropylethylamine (DIPEA, 435 paL,

2.52 mmol) were added. The reaction was stirred for 4 h at rt, and the organic phase was washed with 50
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mM HC1 (3 x 20 mL) and brine (1 x 20 mL). The organic phase was dried over Na2 SO 4 and concentrated.

Flash chromatography on silica gel with a solvent gradient (CH 2CL2 to 10% MeOH/CH2 Cl2 ) afforded the

Boc-protected product as colorless oil (190 mg, 94%). TLC R1 = 0.65 (10% MeOH/CHCl2 ). 'H NMR

(CDCl 3, 300 MHz), 6 1.13-1.37 (14H, m), 1.58-1.60 (1H, m), 1.68-1.78 (4H, in), 1.97-2.05 (1H, in), 3.23-

3.24 (2H, m), 3.34-3.40 (2H, in), 3.45-3.50 (4H, in), 3.53-3.59 (8H, m), 5.09 (lH, bs), 6.11 (1H, bs). 3C

NMR (CDCl 3, 125 MHz), 6 25.5, 28.2, 29.4, 38.7, 40.1, 45.2, 69.7, 69.9, 70.0, 70.2, 78.9, 155.8, 176.0.

FT-IR (NaCl disk, cm-'), 3443 (in), 3325 (s), 3074 (w), 2976 (s), 2930 (s), 2858 (s), 1698 (s), 1652 (s),

1535 (s), 1451 (s), 1391 (in), 1366 (s), 1351 (in), 1329 (w), 1273 (s), 1253 (s), 1217 (w), 1173 (s), 1126

(s), 1041 (w), 969 (w), 945 (w), 895 (w), 865 (w), 780 (w), 756 (in). HRMS (ESI): [M+Na]< m/z calcd.,

425.2622; found, 425.2654.

A portion of this Boc-protected product (118 mg, 0.278 mmol) was dissolved in 2.5 mL of 40%

TFA/CH2 Cl2 and the light red solution was stirred at rt for 2.5 h. The reaction was concentrated to give 14

as light-yellow oil in quantitative yield. TLC R.= 0.2 (10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 500 MHz),

c 1.13-1.37 (5H, m), 1.62-1.64 (1H, in), 1.71-1.77 (4H, in), 2.10-2.15 (1H, in), 3.16 (2H, bs), 3.36 (2H,

bs), 3.48-3.65 (10H, in), 3.76 (2H, bs), 6.93 (1H, bs), 7.88 (2H, bs). "C NMR (CDCl 3, 125 MHz), 6 25.4,

25.5, 29.4, 39.1, 39.7, 45.1, 66.6, 69.6, 69.8, 69.9, 145.8. FT-IR (NaCl disk, cm-'), 3307 (m), 3084 (m),

2932 (s), 2855 (m), 1680 (s), 1644 (s), 1542 (in), 1453 (w), 1433 (w), 1351 (w), 1321 (w), 1308 (w), 1273

(w), 1203 (s), 1178 (s), 1137 (s), 932 (w), 897 (w), 836 (w), 799 (w), 722 (w), 706 (w). HRMS (ESI):

[M+Na]+ m/z calcd., 325.2098; found, 325.2119.

N-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethyl)-2-naphthamide (15). Compound 15 was

synthesized as described for 14 except that 2-naphthoic acid (86 mg, 0.50 mmol) was used instead of

cyclohexanecarboxylic acid. The Boc-protected product was obtained as light yellow oil (178 mg, 80%).

TLC R,= 0.7 (10% MeOH/CHCl2). 'H NMR (CDCl 3, 500 MHz), 6 1.36 (9H, s), 3.11-3.12 (2H, in), 3.28

(2H, t, J= 5.2 Hz), 3.34-3.35 (2H, in), 3.45 (2H, t, J= 4.5 Hz), 3.54-3.60 (4H, in), 3.65 (4H, bs), 4.99 (1H,

bs), 6.82 (1H, bs), 7.37 (1H, dd, J= 7.8, 7.8 Hz), 7.43-7.49 (2H, m), 7.55 (1 H, d, J= 7.0 Hz), 7.79-7.83

(2H, in), 8.26 (1H, d, J = 8.0 Hz). 13C NMR (CDC 3, 125 MHz), 6 28.2, 39.5, 39.9, 69.5, 69.7, 70.0, 70.1,

70.2, 78.9, 124.5, 124.9, 125.2, 126.1, 126.7, 128.0, 129.9, 130.2, 133.4, 134.3, 155.7, 169.4. FT-IR

(NaCl disk, cm-'), 3438 (w), 3326 (in), 3050 (w), 2975 (in), 2933 (m), 2870 (in), 1708 (s), 1648 (s), 1592

(w), 1580 (w), 1530 (s), 1455 (w), 1391 (w), 1366 (in), 1351 (w), 1303 (m), 1254 (in), 1172 (s), 1124 (s),

1041 (w), 970 (w), 866 (w), 807 (w), 785 (in), 756 (w), 655 (w). HRMS (ESI): [M+Na]+ m/z calcd.,

469.2309; found, 469.2335.

Compound 15 was obtained as light orange oil (quantitative yield from 91.6 mg, 0.205 mmol of

the Boc-protected precursor). TLC Rj= 0.15 (10% MeOH/CH2Cl). 'H NMR (CDC 3, 300 MHz), 3 3.06
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(2H, bs), 3.56-3.66 (14H, m), 7.15 (1H, bs), 7.40-7.56 (6H, m), 7.85-7.94 (2H, m), 8.08-8.11 (1H, m). 13C

NMR (CDC13, 125 MHz), ( 39.3, 39.6, 66.4, 69.6, 69.6, 69.7, 69.9, 124.7, 125.0, 125.1, 126.3, 127.0,

128.3, 129.8, 130.6, 133.5, 133.7, 170.7. FT-IR (NaCI disk, cm-1), 3270 (w), 3075 (m), 2918 (m), 2872

(m), 1680 (s), 1638 (s), 1592 (w), 1539 (m), 1480 (w), 1455 (w), 1429 (w), 1350 (w), 1307 (w), 1259 (w),

1203 (s), 1174 (s), 1135 (s), 945 (w), 880 (w), 834 (w), 798 (m), 785 (m), 721 (w), 706 (w). HRMS (ESI):

[M+Na]* m/z calcd., 369.1785; found, 369.1806.

N-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethyl)-4-benzylbenzamide (16). Compound 16 was

synthesized as described for 14 except that 4-benzylbenzoic acid (106 mg, 0.50 mmol) was used instead

of cyclohexanecarboxylic acid. The Boc-protected product was obtained as light yellow oil (220 mg,

90%). TLC Rf = 0.7 (10% MeOH/CH 2Cl2). 'H NMR (CDC13, 500 MHz), (5 1.48 (9H, s), 3.32 (2H, s),

3.51-3.54 (1H, m), 3.61-3.71(11H, m), 4.07 (2H, s), 5.10 (1H, s), 6.82 (1H, s), 7.21-7.34 (6H, m), 7.78-

7.81 (2H, m). "C NMR (CDC13, 125 MHz), (5 28.3, 39.6, 40.2, 41.7, 69.8, 70.1, 70.1, 70.2, 70.4, 70.4,

79.1, 94.0, 126.2, 127.2, 128.5, 128.8, 128.9, 132.4, 140.3, 144.7, 145.8, 145.8, 155.9, 167.3. FT-IR

(NaCI disk, cm-), 3346 (s), 3092 (w), 3071 (w), 3027 (m), 2977 (s), 2929 (s), 2863 (s), 2708 (w), 2498

(w), 1956 (w), 1693 (s), 1649 (s), 1543 (s), 1505 (s), 1454 (s),1392 (m), 1366 (s), 1301 (s),1251 (s), 1251

(s), 1201 (s), 1165 (s), 1131 (s), 1030 (m), 943 (w), 863 (m), 831 (m), 801 (m), 753 (s), 720 (m), 700 (s).

HRMS (ESI): [M+Na]+ m/z calcd., 509.2622; found, 509.2628.

Compound 16 was obtained as brown oil (quantitative yield from 220 mg of the Boc-protected

precursor). TLC Rf = 0.4 (10% MeOH/CH 2C 2). 'H NMR (CDC13, 500 MHz), (5 3.12 (2H, s), 3.55-3.62

(12H, m), 3.63-3.71 (2H, m), 4.00 (2H, s), 7.15-7.30 (8H, m), 7.68-7.73 (5H, m), 8.49 (3H, m). 13C NMR

(CDC13, 125 MHz), (5 39.2, 39.5, 41.6, 67.1, 66.8, 69.6, 70.09, 126.2, 127.4, 128.5, 128.7, 128.9, 131.5,

140.3, 145.1. FT-IR (NaCI disk, cm-1), 3426 (m), 3027 (m), 2918 (m), 1948 (w), 1683 (m), 1632 (m),

1548 (m), 1505 (m), 1454 (m), 1420 (m), 1351 (m), 1309 (m), 1203 (m), 1134 (m), 1022 (w), 940 (w),

862 (w), 836 (w), 801 (m), 743 (m), 722 (m), 700 (m). HRMS (ESI): [M+Na]+ m/z calcd., 409.2098;

found, 409.2093.

N-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethyl)-1 1-oxo-2,3,5,6,7,1 1-hexahydro-1H-pyrano-

[2,3-fjpyrido[3,2,1-ijlquinoline-10-carboxamide (17). Coumarin 343 (142 mg, 0.50 mmol), EDC (143

mg, 0.751 mmol), DMAP (30 mg, 0.25 mmol), and DIPEA (435 pL, 2.52 mmol) were mixed in 15 mL of

CH 2 CI2 . A portion (280 pL, 1.50 mmol) of 2,2'-((oxybis(ethane-2,1-diyl))bis(oxy))-diethanamine was

added and the reaction mixture was stirred overnight at rt. The solvent was removed under reduced

pressure and 17 was purified by preparative TLC (15% MeOH/CH 2Cl2 with 1% TEA) and obtained as

orange oil (86 mg, 38%). TLC Rf= 0.8 (10% MeOH/CH 2CI2). 'H NMR (CDC13, 300 MHz), ( 1.95 (4H,
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bs), 2.75 (2H, t, J= 6.0 Hz), 2.85 (2H, t, J= 6.3 Hz), 3.22 (2H, bs), 3.29-3.34 (4H, in), 3.56-3.70 (14H,

in), 3.89 (2H, bs), 7.03 (1H, s), 7.65 (2H, bs), 8.55 (1H, s), 9.10 (1H, s). 13C NMR (CDCl 3, 125 MHz), 6

19.8, 19.9, 20.8, 27.2, 39.3, 39.9, 49.6, 50.0, 66.5, 69.8, 69.9, 70.0, 105.3, 107.8, 108.0, 119.6, 127.0,

148.1, 148.2, 152.4, 162.8, 164.1. FT-IR (NaCI disk, cm'), 3412 (s), 2976 (in), 2919 (in), 2742 (in), 2673

(in), 2535 (in), 2497 (in), 1694 (s), 1616 (s), 1583 (s), 1521 (s), 1485 (s), 1445 (s), 1367 (s), 1398 (in),

1367 (s), 1310 (s), 1243 (in), 1212 (s), 1175 (s), 1098 (s), 1037 (in), 962 (w), 932 (w), 895 (w), 851 (w),

832 (w), 793 (m), 751 (in), 664 (w). HRMS (ESI): [M+H]* m/z caled., 460.2442; found, 460.2435.

7-(4-(3-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)propanoyl)piperazin-1-yl)-1-cyclopropyl-6-

fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (18). Ciprofloxacin (115 mg, 0.50 mmol) and

DIPEA (0.5 mL, 2.8 mmol) were mixed in 5 mL of CH2 Cl2, and TMSC (135 mL, 1.45 mmol) was added

to give a clear yellow solution. Fmoc-PEG-CO2 H 13 (333 mg, 1.50 mmol), EDC (144 mg, 1.50 mmol),

DMAP (30 mg, 0.050 mmol), and DIPEA (0.35 mL, 2 mmol) were dissolved in 2 mL of dry CH2Cl2 , and

the two solutions were combined and stirred at rt overnight. The resulting solution was washed with water

(lxlO mL), 0.1 M HCl (2x20 mL), and brine (1x20 mL), dried over Na2 SO 4, and purified by flash

chromatography on silica gel (3% isopropanol/CH2 Cl2 ) to give the product as yellow solid (206 mg, 54%).

TLC Rj= 0.6 (10% MeOH/CH2 Clb); mp = 83 0C (decomp). 'H NMR (CDCl 3, 300 MHz), 6 1.11-1.16 (2H,

in), 1.30-1.34 (2H, in), 2.64 (2H, t, J= 6.6 Hz), 3.23-3.69 (19H, m), 3.78-3.83 (4H, in), 4.17 (1H, t, J=

6.9 Hz), 4.35 (2H, d, J= 6.9 Hz), 5.64-5.66 (JH, in), 7.26-7.31 (3H, in), 7.34-7.39 (2H, in), 7.57-7.59 (2H,

in), 7.70-7.73 (2H, in), 7.90-7.94 (1 H, in), 8.66 (1H, s), 14.9 (1H, s). 13C NMR (CDCl 3, 125 MHz), 6 7.7,

33.0, 35.0, 40.5, 40.7, 44.9, 46.8, 49.5, 66.1, 66.8, 69.7, 69.8, 70.0, 70.0, 104.7, 170.2, 111.3, 111.6, 119.0,

119.1, 119.5, 124.7, 126.7, 127.3, 138.5, 140.7, 143.5, 144.8, 145.0, 146.9, 151.3, 154.6, 156.2, 166.4,

169.3, 176.2, 176.3. 19F NMR (CDCl 3, 282 MHz), 6 -121.2. FT-IR (KBr pellet, cm'), 3309 (in), 3049

(w), 3010 (w), 2924 (in), 2868 (in), 1719 (s), 1627 (s), 1508 (m), 1465 (s), 1390 (w), 1337 (w), 1295 (w),

1260 (in), 1148 (w), 1112 (w), 1024 (w), 949 (w), 884 (w), 833 (w), 807 (w), 745 (in). HRMS (ESI):

[M+Na]+ m/z calcd., 779.3063; found, 779.3052.

A portion of this product (182 mg, 0.240 mmol) was dissolved in CH 2Cl2 (2 mL) and

diethylamine (2 mL, 19.3 mmol) was added. The solution was stirred for 2 h and concentrated under

reduced pressure, and this procedure was repeated. A portion of the crude yellow product was dissolved

in 3:7 H2 0/DMSO and purified by semi-preparative HPLC (0% B for 5 min followed by 20%-70% B

over 20 min, 4 mL/min). Compound 18 eluted at 11 min and a yellow powder was obtained after

lyophilization (38 mg). TLC Rf1 = 0.15 (10% MeOH/CH2Cl). 'H NMR (CDC 3, 500 MHz), 6 1.15 (2H,

bs), 1.41 (2H, bs), 2.70 (2H, bs), 3.19 (2H, bs), 3.30-3.37 (4H, in), 3.62-3.82 (17 H, in), 7.37 (1H, bs),

7.83-7.85 (1H, m), 8.16 (3H, bs), 8.65 (1H, s). '3C NMR (CDCl 3, 125 MHz), 6 8.1, 33.1, 35.5, 40.0, 41.3,
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45.2, 49.0, 49.6, 66.4, 67.1, 69.9, 70.1, 70.2, 105.4, 107.7, 111.9, 112.1, 119.8, 119.8, 139.0, 145.2, 145.3,

147.4, 152.4, 152.4, 167.0, 170.4, 176.8. '9F NMR (CDC13, 282 MHz) (5 -121.4, -75.6. FT-IR (KBr pellet,

cm-1), 2918 (in), 2876 (in), 1718 (in), 1692 (s), 1628 (s), 1506 (in), 1470 (in), 1385 (w), 1340 (w), 1295

(w), 1251 (w), 1201 (in), 1178 (w), 1125 (m), 1025 (w), 947 (w), 886 (w), 831 (w), 799 (w), 776 (w), 748

(w), 720 (w). HRMS (ESI): [M+H]+ m/z caled., 535.2563; found, 535.2578.

Methyl-5-allyl-2,3-dihydroxybenzoate (20). Methyl-5-allyl-3-methoxysalicylate (19, 2.22 g,

10.0 mmol) and anhydrous DIPEA (1.94 g, 15.0 mmol) were dissolved in 125 mL of dry CH2Cl 2 and

stirred at rt for five min. The solution was cooled to -78 'C in an acetone/dry ice bath, and boron

tribromide (BBr3, IM solution in CH2 C 2, 30 mL, 30 mmol) was added slowly over ca. 10 min via a

syringe to afford a yellow solution. The reaction was stirred at 78 'C for 1 h, warmed to 30 'C over the

course of 1 h, and subsequently warmed to rt and stirred for another 4.5 h. Water (200 mL) was added

slowly to quench the reaction, and the organic phase was washed with saturated aqueous potassium

bicarbonate (K-,C0 3, 3100 mL). The organic phase was dried over sodium sulfate (Na2 SO4), and the

solvent was removed under reduced pressure to afford brown oil. Flash chromatography on silica gel with

a solvent gradient (100% hexanes to 20% EtOAc/hexanes) gave the product as a white solid (1.09 g,

53%). TLC Rf= 0.5 (silica, CH 2Cl2); mp = 55-56 0C. 'H NMR (CDC 3, 500 MHz), ( 3.29 (2H, d, J= 7.0

Hz), 3.95 (3H, s), 5.05-5.10 (2H, in), 5.80 (1H, s), 5.91 (1H, in), 6.97 (1H, s), 7.18 (1H, s), 10.76 (IH, s).

1
3 C NMR (CDCl 3, 125 MHz), ( 39.4, 52.3, 111.9, 116.0, 119.8, 120.4, 131.1, 137.0, 144.8, 147.2, 170.7.

FT-IR (KBr pellet, cm'), 3467 (s), 3177 (in), 3079 (in), 3005 (in), 2978 (in), 2955 (in), 2905 (in), 2854

(w), 1678 (s), 1640 (w), 1622 (in), 1485 (s), 1442 (s), 1411 (w), 1370 (m), 1319 (s), 1282 (s), 1235 (m),

1195 (s), 1168 (s), 1130 (in), 916 (m), 867 (w), 791 (s), 772 (w), 681 (in), 630 (w). HRMS (DART):

[M+Na]+ m/z caled., 231.0628; found, 231.0637.

5-Allyl-2,3-bis(benzyloxy)benzoic acid (21). Alkene 20 (2.18 g, 10.5 mmol), benzyl bromide

(10.8 g, 60.3 mmol), and K2 CO 3 (24.5 g, 17.8 mmol) were combined in 200 mL of acetone at rt. The

reaction was refluxed under N 2 for 16 h, which provided a yellow solution with white solids, and the

mixture was cooled to rt and filtered. The filtrate was concentrated under reduced pressure to afford

yellow oil. The oil was dissolved in a 375-mL mixture of 4:1 MeOH / 5 M NaOH (aq). The resulting

solution was refluxed for 3.5 h and concentrated under reduced pressure to afford white-yellow oil. Water

(300 mL) was added to the oil, and the aqueous phase was washed with hexanes (4 x 100 mL). The pH of

the aqueous phase was adjusted to ca. 1 by addition of 12 M HCl and the product precipitated as a white

solid. A I 00-mL portion of CH 2Cl2 was added, and the resulting mixture was partitioned. The aqueous

phase was extracted with additional CH 2Cl 2 (2 x 100 mL) and the combined organic layers were dried
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over Na2 SO 4 and concentrated under reduced pressure to yield 21 as a white solid (3.9 g, 99%). TLC R=

0.55 (silica, 100% CH2 Cl2); mp = 135-136 0C. 'H NMR (CDCl 3 , 300 MHz), 6 3.38 (2H, d, J = 6.6 Hz),

5.06-5.14 (2H, in), 5.17 (2H, s), 5.22 (2H, s), 5.92 (1H, in), 7.09 (1H, d, J= 2.1 Hz), 7.31-7.50 (1OH, in),

7.58 (1H, m).13C NMR (CDCl 3, 125 MHz), 6 39.6, 71.4, 76.9, 116.7, 119.3, 122.6, 123.9, 127.8, 128.4,

128.7, 128.7, 129.1, 129.2, 134.8, 135.8, 136.2, 137.2, 145.5, 151.2, 165.6. FT-IR (KBr pellet, cm-'),

3062 (in), 3032 (in), 2976 (in), 2937 (in), 2912 (in), 2889 (in), 1692 (s), 1639 (w), 1603 (w), 1578 (w),

1482 (in), 1453 (w), 1414 (w), 1378 (w), 1331 (m), 1268 (m), 1219 (w), 1146 (w), 1049 (in), 1028 (w),

968 (w), 914 (w), 858 (w), 791 (w), 758 (w), 697 (in). HRMS (DART): [M-H]- m/z calcd., 373.1445;

found, 373.1439.

(E)-2,3-Bis(benzyloxy)-5-(prop-1-en-1-yl)benzoic acid (22). A 30-mL portion of methanol

(MeOH) was degassed with N2 for 4 h at rt and 21 (750 mg, 2.00 mmol) was subsequently added. The

mixture was stirred at rt until 21 dissolved and PdCl2 (58 mg, 0.32 mmol) was added to give a cloudy

brown solution. The reaction was stirred at rt for 24 h and filtered. The filtrate was concentrated and

purified by column chromatography using silica gel (1:4:5 EtOAc/hexanes/CH-Cla) to yield 22 as a light

yellow solid (666 mg, 89%). TLC Rf= 0.4 (40% EtOAc/hexanes); mp = 140-142 0C. 'H NMR (CDC 3,

300 MHz), 6 1.88-1.90 (3H, in), 5.19 (2H, s), 5.23 (2H, s), 6.25 (1H, dq, J= 15.9, 6.0 Hz), 6.32-6.38 (1H,

in), 7.22 (1H, d, J = 2.1 Hz), 7.32-7.51 (10H, in), 7.69 (1H, d, J = 2.1 Hz). 13C NMR (CDC 3, 125 MHz),

6 18.3, 71.4, 77.0, 115.8, 121.6, 122.7, 127.4, 127.7, 128.4, 128.7, 129.1, 129.2, 129.3, 134.7, 135.0,

135.9, 145.7, 151.3, 165.5. FT-IR (KBr pellet, cm-1), 3084 (w), 3063 (in), 3031 (in), 2955 (in), 2941 (in),

2876 (in), 2846 (m), 1692 (s), 1599 (in), 1574 (in), 1498 (in), 1483 (in), 1454 (m), 1414 (in), 1377 (in),

1336 (in), 1272 (in), 1256 (in), 1218 (in), 1153 (in), 1081 (w), 1051 (s), 1028 (w), 958 (s), 940 (in), 914

(w), 887 (w), 859 (in), 843 (w), 782 (in), 757 (s), 744 (in), 727 (in), 695 (s), 650 (w). HRMS (DART):

[M-H]- m/z calcd., 373.1445; found, 373.1457.

Tertbutyl-((3S,7S,11S)-7,11-bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-1,5,9-trioxacy-

clododecan-3-yl)carbamate (23). A portion (370 mg, 1.00 mmol) of 4 and DIPEA (1.42 g, 11.0 mmol)

were dissolved in 5.0 mL of dry DMSO and stirred for 10 min at rt to give a colorless solution. PyBOP

(1.04 g, 2.00 mmol) and 6 (463 mg, 1.41 mmol) were dissolved in 12.0 mL of dry DMSO and the

solution was added to the solution containing 4 and DIPEA drop-wise over 20 min with stirring. The

reaction was stirred at rt for 3 h and di-tert-butyldicarbonate (434 mg, 2.00 mmol) was added. After

another 4 h of stirring at rt, the orange-red solution was mixed with 100 of mL CH2Cl 2 and 100 mL of

water. The organic phase was washed with brine (3 x 100 mL), dried over Na2 SO 4, and concentrated to

afford an orange-brown oil. Flash chromatography on silica with a solvent gradient (100% hexanes to 55%
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EtOAc/hexanes) yielded the product as a white oil (150 mg, 15%). TLC Rf= 0.3 (40% EtOAc/hexanes).

1H NMR (CDC 3, 300 MHz), (5 1.42 (9H, s), 4.02-4.21 (4H, m), 4.29-4.39 (2H, m), 4.60 (1H, bm), 4.80-

4.94 (2H, m), 5.05-5.23 (8H, m), 7.07-7.47 (22H, m), 7.62-7.66 (2H, m), 8.51 (1H, d, J= 7.2 Hz), 8.59

(1H, d, J= 7.5 Hz). HRMS (DART): [M+H]+ m/z calcd., 994.3757; found, 994.3721.

N,N'-((3S,7S,11S)-11-(5-allyl-2,3-Bis(benzyloxy)benzamido)-2,6,10-trioxo-1,5,9-trioxacyclo-

dodecane-3,7-diyl)bis(2,3-bis(benzyloxy)benzamide) (24). A portion (200 mg, 0.200 mmol) of 23 was

dissolved in 13.5 mL of dry CH2CI 2 and the solution was cooled on ice. TFA (1.5 mL) was added to the

solution drop-wise and the reaction was stirred on ice for 5 h. The reaction was washed by using a

saturated aqueous solution of NaHCO 3 (3 x 10 mL), dried over Na2 SO4, and concentrated to afford a light

yellow solid, which was dissolved in 10 mL of dry CH2 Cl2. DIPEA (258 mg, 2.00 mmol), PyBOP (208

mg, 0.400 mmol) and 6 (149 mg, 0.400 mmol) were added and the reaction was stirred overnight at rt.

After concentrating under reduced pressure, the crude product was purified by flash chromatography on

silica gel (5% to 50% EtOAc/hexanes) followed by preparative TLC on silica gel (20% EtOAc/CH 2CI2) to

yield 24 as a white solid (26 mg, 10%). TLC Rf= 0.45 (50% EtOAc/hexanes). 'H NMR (CDCl 3, 300

MHz), 6 3.36 (2H, d, J= 6.6 Hz), 3.99-4.05 (3H, m), 4.09-4.18 (3H, m), 4.88-4.95 (3H, m), 4.99-5.17

(12H, m), 5.92 (JH, m), 6.98-7.51 (33H, m), 7.65-7.68 (2H, m), 8.47-8.51 (3H, m). (10.11.10) HRMS

(DART): [M+H]+ m/z calcd., 1250.4645; found, 1250.4653.

N,N'-((3S,7S,1 1S)-11-(2,3-Bis(benzyloxy)-5-((E)-prop-1-en-1-yl)benzamido)-2,6,10-trioxo-

1,5,9-trioxacyclododecane-3,7-diyl)bis(2,3-bis(benzyloxy)benzamide) (25). Trilactone 4 (740 mg, 2.00

mmol) and DIPEA (2.58 g, 20.0 mmol) were mixed in dry DMSO (8 mL) and stirred for 10 min at rt to

give a clear solution. PyAOP (3.13 g, 6.07 mmol), 22 (748 mg, 2.00 mmol) and 6 (1.00 g, 2.99 mmol)

were dissolved in dry DMSO (10 mL) and added to the solution containing 4, and the reaction turned

yellow and became orange after stirring for 2 h at rt. The orange solution was mixed with EtOAc (50 mL)

and water (50 mL) and partitioned. The organic phase was washed with brine (350 mL), dried over

Na2 SO 4 , and concentrated to afford a yellow oil. Flash chromatography on silica gel with a solvent

gradient (10% EtOAc/hexanes to 55% EtOAc/hexanes) yielded the product as a white foam (931 mg,

37%). TLC Rf = 0.3 (50% EtOAc/hexanes); mp = 100-102 0C (decomp). 'H NMR (CDCl 3, 300 MHz), 6

1.88-1.91 (3H, m), 4.01-4.11 (3H, m), 4.16-4.22 (3H, m), 4.91-4.98 (3H, m), 5.03-5.19 (12H, m), 6.17-

6.40 (2H, m), 7.10-7.47 (32H, m), 7.66-7.71 (3H, m), 8.51-8.53 (3H, m). 13C NMR (CDC 3, 125 MHz), 5

18.2, 40.6, 51.2, 63.9, 70.9, 76.0, 76.1, 114.2, 117.3, 120.4, 122.8, 124.1, 125.7, 126.1, 126.3, 127.4,

127.5, 127.9, 128.0, 128.2, 128.4, 128.4, 128.4, 128.7, 128.7, 129.6, 134.1, 135.8, 135.8, 136.0, 136.0,

145.5, 146.7, 151.4, 151.4, 164.7, 168.8, 168.8. FT-IR (NaCl disk, cm-'), 3356 (m), 3065 (w), 3031 (w),
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2954 (w), 2927 (w), 2876 (w), 1752 (s), 1660 (s), 1597 (w), 1576 (m), 1514 (s), 1455 (m), 1424 (w), 1376

(w), 1346 (m), 1312 (m), 1266 (s), 1205 (s), 1133 (w), 1082 (w), 1054 (w), 1029 (w), 962 (w), 914 (w),

852 (w), 806 (w), 754 (s), 698 (s), 668 (w). HRMS (DART): [M+H] m/z caled., 1250.4645; found,

1250.4653.

N,N'-((3S,7S,11S)-11-(2,3-Bis(benzyloxy)-5-formylbenzamido)-2,6,10-trioxo-1,5,9-trioxa-

cyclododecane-3,7-diyl)bis(2,3-bis(benzyloxy)benzamide) (26). A portion of compound 25 (285 mg,

0.228 mmol) was dissolved in 1,4-dioxane (9 mL) at rt, and water (3 mL) was added to give a colorless

solution. Osmium tetraoxide (Os0 4, 68pL of 2.5% wt solution in 2-methyl-2 propanol, 6.7 tmol) was

added and the reaction was stirred for 0.5 h at rt, which afforded a light brown solution. Sodium periodate

(NaIO 4, 76.5 mg, 0.570 mmol) was then added and the reaction was stirred for another 2 h at rt. The

suspension was partitioned in water (20 mL) and EtOAc (50 mL). The organic phase was washed with 0.1

M sodium thiosulfate (Na2 S2 O3, 320 mL) and brine (220 mL), and dried over Na2 SO 4. Flash

chromatography on silica gel with a solvent gradient (20% EtOAc/hexanes to 65% EtOAc/hexanes)

yielded the product as white solid (165 mg, 58%). TLC Rf = 0.6 (70% EtOAc/hexanes); mp = 74 C

(decomp). 'H NMR (CDC 3, 300 MHz), 6 4.03-4.11 (3H, m), 4.18-4.26 (3H, m), 4.90-4.96 (3H, m), 5.05-

5.28 (12H, m), 7.09-7.44 (31H, in), 7.65-7.67 (2H, m), 8.14-8.15 (1H, m), 8.46-8.52 (3H, m), 9.86 (1H, s).

"C NMR (CDCl 3, 125 MHz), 3 51.4, 51.4, 51.7, 64.1, 64.2, 71.0, 71.2, 76.2, 76.2, 76.5, 113.1, 117.3,

117.4, 122.9, 123.0, 124.2, 126.2, 126.3, 126.5, 127.5, 127.6, 127.8, 128.1, 128.3, 128.4, 128.4,

128.5,128.5, 128.5, 128.6, 128.8, 128.9, 132.1, 135.2, 135.3, 135.9, 135.9, 136.0, 146.7, 146.8, 151.5,

151.5, 151.7, 152.2, 163.7, 164.9, 164.9, 168.7, 168.9, 169.1, 190.6. FT-IR (KBr pellet, cm-1), 3359 (m),

3062 (w), 3031 (w), 2957 (w), 2881 (w), 1752 (s), 1697 (m), 1660 (s), 1601 (w), 1577 (m), 1516 (s), 1454

(in), 1376 (m), 1345 (m), 1312 (m), 1266 (s), 1205 (s), 1135 (w), 1081 (w), 1053 (w), 1027 (w), 956 (w),

915 (w), 851 (w), 754 (s), 698 (s), 668 (w). HRMS (DART): [M+H] m/z calcd., 1238.4287; found,

1238.4279.

3,4-Bis(benzyloxy)-5-(((3S,7S,11S)-7,11-bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-

1,5,9-trioxacyclododecan-3-yl)carbamoyl)benzoic acid (27). A portion of 26 (112 mg, 90.3 ptmol) was

dissolved in 1,4-dioxane (3 mL) at rt. Sulfamic acid (NH 3SO 3, 15.8 mg, 0.162 mmol) was dissolved in

water (0.75 mL) and added to the dioxane solution. Sodium chlorite (NaClO>, 14.7 mg, 0.163 mmol) was

dissolved in 0.2 mL of water and the resulting solution was added to the reaction over the course of 10

min, and the reaction turned yellow. After stirring for 0.5 h at rt, the reaction was partitioned in water (10

mL) and EtOAc (20 mL), the aqueous phase was extracted with EtOAc (210 mL), and the combined

organic phases were dried over Na2 SO 4. Flash chromatography on silica gel with a solvent gradient
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(CH 2 CI2 to 10% MeOH/CH 2Cb2) yielded the product as white solid (87 mg, 76%). TLC Rf= 0.5 (10%

MeOH/ CH 2CI2); mp = 128-129 C (decomp). 'H NMR (CDC 3, 500 MHz), 5 4.05-4.08 (3H, m), 4.22-

4.25 (3H, m), 4.93-4.98 (3H, m), 5.06-5.25 (12H, m), 7.06-7.47 (31H, m), 7.67-7.69 (2H, m), 7.86 (1H, s),

8.44-8.47 (2H, m), 8.54-8.57 (2H, m). "C NMR (CDCl 3, 125 MHz), 5 51.4, 51.5, 51.6, 64.1, 71.1, 71.2,

76.2, 76.4, 117.5, 117.6, 123.0, 124.2, 125.4, 125.6, 126.2, 127.5, 127.6, 127.8, 128.1, 128.3, 128.4, 128.4,

128.5, 128.6, 128.7, 128.8, 128.9, 135.4, 135.6, 135.9, 136.1, 146.8, 150.7, 151.4, 151.5, 164.1, 165.0,

168.8, 168.9, 169.0, 169.3. FT-IR (KBr pellet, cm-1), 3654 (w), 3628 (w), 3359 (m), 3088 (w), 3064 (w),

3032 (w), 2946 (w), 2933 (w), 2874 (w), 1761 (s), 1660 (m), 1599 (w), 1576 (m), 1519 (m), 1490 (m),

1454 (m), 1427 (w), 1374 (m), 1345 (m), 1267 (m), 1203 (m), 1134 (w), 1081 (w), 1048 (w), 1028 (w),

954 (w), 912 (w), 849 (w), 807 (w), 754 (s), 734 (s), 697 (s). HRMS (DART): [M+H]f m/z calcd.,

1254.4230; found, 1254.4204.

N,N'-((3R,7R,11R)-11-(2,3-Bis(benzyloxy)-5-((E)-prop-1-en-1-yl)benzamido)-2,6,10-trioxo-

1,5,9-trioxacyclododecane-3,7-diyl)bis(2,3-bis(benzyloxy)benzamide) (28). Compound 5 (0.441 g,

1.19 mmol) was dissolved in 8 mL of DMSO and DIPEA (2.28 mL, 13.1 mmol) was added. In a separate

flask, compounds 6 (0.591 g, 1.78 mmol), 22 (0.669 g, 1.78 mmol), and PyAOP (2.48 g, 4.76 mmol) were

combined in 15 mL of DMSO. This mixture was added drop wise to the solution of 5, and the resulting

solution was stirred for 2 h at rt during which time it turned dark red-brown. The reaction was diluted

with 50 mL of EtOAc and 25 mL of water. The layers were partitioned, and the organic phase was

washed with saturated brine (2 x 25 mL). The organic phase was dried over Na2 SO 4 and concentrated

under reduced pressure, which yielded red-orange oil. Flash chromatography on silica gel with a solvent

gradient (10% EtOAc/hexanes to 50% EtOAc/hexanes) afforded 28 as a white-yellow solid (207 mg,

15%). TLC Rf= 0.4 (50% EtOAc/Hexanes). 'H NMR (CDCl 3, 500 MHz), 5 1.88-1.89 (3H, m) 4.01-4.04

(3H, m) 4.14-4.16 (3H, m) 4.91-4.92 (3H, m) 5.02-5.27 (12H, m) 6.18-6.22 (1H, m) 6.35-6.40 (IH, m)

7.12-7.68 (36H, m) 8.48-8.49 (3H, d, J= 7.5 Hz). "C NMR (CDC 3, 500 MHz) 5 18.4, 51.4, 51.4, 64.1,

71.2, 76.3, 76.4, 76.7, 117.6, 120.7, 123.2, 124.3, 126.0, 126.4, 126.5, 127.6, 127.7, 127.8, 128.2, 128.4,

128.6, 128.6, 128.8, 128.8, 128.9, 128.9, 129.3, 129.8, 134.3, 136.0, 136.3, 147.0, 151.6, 164.9, 169.1.

FT-IR (KBr pellet, cm-'), 3356 (m), 3058 (w), 3032 (w), 2929 (w), 2881 (w), 1750 (s), 1660 (s), 1597

(w), 1576 (m), 1514 (s), 1455 (m), 1375 (w), 1346 (w), 1312 (w), 1266 (s), 1204 (s), 1133 (w), 1082 (w),

1053 (w), 1027 (w), 962 (w), 914 (w), 851 (w), 802 (w), 754 (s), 698 (m). HRMS (ESI): [M+Na]+ m/z

caled., 1272.4464; found, 1272.4434.

N,N'-((3R,7R,11R)-11-(2,3-Bis(benzyloxy)-5-formylbenzamido)-2,6,10-trioxo-1,5,9-trioxa-

cyclododecane-3,7-diyl)bis(2,3-bis(benzyloxy)benzamide) (29). Compound 28 (159 mg, 0.127 mmol)
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was dissolved in 6 mL of 1,4-dioxane. Water (2 mL) was slowly added drop wise to the solution. With

each drop of water, a white cloudy precipitate appeared and then disappeared. Os0 4 (39 ptL of a 2.5 wt %

solution in 2-methyl-2-propanol, 3.8 ptmol) was then added to the solution, and the reaction was stirred

for 0.5 h, which yielded a brown solution. Na1O 4 (67 mg, 0.42 mmol) was added to the reaction, which

was stirred for 2 h and a white precipitate formed. The reaction was diluted with EtOAc (25 mL) and

water (10 mL). The organic phase was washed with 0.1 M NaS2O 3 (3 x 20 mL) and brine (1 x 20 mL).

The organic phase gained a yellow tint with the addition of NaS2O 3. The organic phase was dried over

Na2 SO 4 and concentrated in vacuo. Flash chromatography on silica gel using a solvent gradient (20%

EtOAc/hexanes to 70% EtOAc/hexanes) yielded the product as a white foam (101 mg, 64%). TLC R =

0.7 (10% MeOH/CH2 Cl2 ). 'H NMR (CDC 3, 500 MHz), 5 4.00-4.08 (3H, m), 4.15-4.22 (3H, m), 4.88-

4.93 (3H, m), 5.03-5.26 (12H, m), 7.08-7.43 (31H, m) 7.65-7.65 (2H, m), 8.14 (1H, s), 8.41-8.47 (3H, m),

9.88 (1H, s). "C NMR (CDCl 3, 125 MHz), 6 51.4, 51.5, 51.5, 51.7, 64.1, 64.3, 71.2, 71.3, 76.3, 76.6,

113.2, 117.5, 117.5, 123.1, 123.2, 124.3, 126.3, 126.3, 126.6, 127.6, 127.6, 127.8, 128.2, 128.2, 128.4,

128.4, 128.5, 128.6, 128.6, 128.7, 128.9, 128.9, 129.0, 132.2, 135.3, 135.4, 136.0, 136.0, 136.2, 146.8,

146.9, 151.6, 151.8, 152.3, 163.8, 165.0, 165.0, 168.8, 169.0, 169.2, 190.7. FT-IR (NaCl disk, cm-'), 3358

(m), 3062 (w), 3031 (w), 2957 (w), 2928 (w), 2876 (w), 1751 (s), 1697 (m), 1660 (s), 1577 (m), 1517 (s),

1455 (m), 1375 (w), 1346 (w), 1303 (w), 1266 (s), 1206 (m), 1134 (w), 1082 (w), 1054 (w), 1022 (w),

957 (w), 914 (w), 851 (w), 806 (w), 754 (s), 698 (m). HRMS (ESI): [M+Na]+ m/z calcd., 1260.4101;

found, 1260.4094.

3,4-Bis(benzyloxy)-5-(((3R,7R,1IR)-7,11-bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-

1,5,9-trioxacyclododecan-3-yl)carbamoyl)benzoic acid (30). Aldehyde 29 (0.092 g, 0.074 mmol) was

dissolved in 2 mL of 1,4-dioxane. In a separate flask, NH 3SO 3 (12.8 mg, 0.132 mmol) was dissolved in

0.5 mL of H,O. The sulfamic acid solution was added to the 1,4-dioxane solution. The reaction turned

cloudy shortly after the addition of NH 3SO 3. NaClO2 (12 mg, 0.13 mmol) was dissolved in 0.4 mL of

H20 and added drop wise over ten minutes to the dioxane solution. The reaction was stirred for 30 min

and diluted with 10 mL of H20 and 10 mL of EtOAc. The aqueous phase was back extracted with EtOAc

(2 x 10 mL), and the combined organic phases were dried over Na2 SO 4 and concentrated under reduced

pressure. Flash chromatography on silica gel with a solvent gradient (CH 2 Cl2 to 10% MeOH/CH2Cl 2)

yielded a white solid (83 mg, 89%). TLC RB= 0.6 (10% MeOH/CHCl2 ). 'H NMR (CDCl 3 , 500 MHz), (5

4.08-4.11 (3H, m), 4.25-4.28 (3H, m), 4.96-5.00 (3H, m), 5.08-5.29 (12H, m), 7.14-7.51 (30H, m), 7.70-

7.72 (2H, m), 7.89 (1H, s), 8.45-8.48 (2H, m), 8.53-8.59 (2H, m). 13 C NMR (CDCl 3, 125 MHz), (5 29.1,

51.5, 53.6, 64.2, 71.1, 71.3, 76.3, 76.5, 117.5, 123.1, 124.3, 126.3, 127.6, 127.6, 127.9, 128.2, 128.4,

128.5, 128.6, 128.7, 128.8, 128.9, 129.0, 135.5, 135.6, 136.0, 136.2, 145.9, 146.9, 150.8, 151.4, 151.6,
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164.1, 165.1, 168.9, 169.0, 169.1. FT-IR (KBr pellet, cm-'), 3356 (m), 3088 (w), 3064 (w), 3032 (w),

2957 (w), 2924 (w), 2872 (w), 1753 (s), 1718 (m), 1662 (s), 1599 (w), 1577 (s), 1517 (s), 1454 (s), 1427

(w), 1375 (m), 1346 (m), 1267 (s), 1205 (s), 1133 (w), 1112 (w), 1082 (m), 1052 (m), 1029 (m), 957 (m),

914 (m), 851 (w), 808 (w), 755 (s), 736 (s), 699 (s).

Tert-butyl(1-(3-(((3S,7S,11S)-7,11-bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxa-

cyclododecan-3-yl)carbamoyl)-4,5-dihydroxyphenyl)-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)carba-

mate (31). Compound 27 (50 mg, 40 pimol), PyAOP (34 mg, 60 pmol) and DIPEA (15.2 pL, 160 ptmol)

were mixed in 2 mL of dry CH 2Cl2 at rt. A portion of 7 (15 mg, 48 ptmol) was then added and the

resulting yellow solution was stirred for 4 h at rt. The crude reaction was washed with 0.01 N HCl (2 x 10

mL), dried over Na 2 SO 4 , and concentrated. The benzyl-protected product was purified by preparative

TLC (10% MeOH/CH 2Cl2 ) and obtained as a white viscous solid (46 mg, 75%). TLC Rf = 0.7 (10%

MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 500 MHz), 6 1.42 (9H, s), 3.27-3.28 (2H, m), 3.50-3.52 (2H, m), 3.59-

3.66 (12H, m), 4.02-4.07 (3H, m), 4.15-4.18 (3H, m), 4.90-4.94 (3H, m), 5.03-5.20 (12H, m), 7.10-7.45

(36H, m), 7.65-7.67 (2H, m), 7.85-7.85 (IH, m), 7.99 (1H, bs), 8.49-8.54 (3H, m). 13C NMR (CDC 3, 125

MHz), 6 28.3, 39.9, 40.2, 51.3, 51.4, 63.9, 64.1, 69.7, 70.0, 70.2, 70.3, 70.4, 71.1, 71.2, 76.2, 76.3, 79.0,

116.7, 117.5, 120.3, 123.0, 124.2, 125.4, 126.1, 126.2, 127.6, 127.6, 127.8, 128.2, 128.3, 128.4, 128.4,

128.4, 128.5, 128.6, 128.6, 128.7, 128.8, 128.8, 129.0, 130.2, 135.4, 135.7, 135.9, 135.9, 136.1, 146.8,

146.9, 149.0, 151.5, 151.8, 155.9, 164.2, 164.8, 164.9, 165.8, 168.9, 169.0, 169.1. FT-IR (NaCl disk, cm-

'), 3356 (m), 3064 (w), 3033 (w), 2931 (m), 2872 (m), 1752 (s), 1710 (m), 1661 (s), 1577 (m), 1516 (s),

1455 (s), 1367 (m), 1346 (m), 1266 (s), 1205 (s), 1130 (m), 1083 (m), 1047 (m), 958 (w), 915 (w), 851

(w), 808 (w), 755 (m), 699 (m). HRMS (ESI): [M+Na]+ m/z calcd., 1550.5942; found, 1550.5977.

This benzyl-protected product was dissolved in 2 mL of 1:1 EtOAc/EtOH, the reaction flask was

purged with N2, and 45 mg Pd/C (10% wt) was added. The reaction was stirred under H2 (1 atm) for 6 h at

rt, and the Pd/C was removed by centrifugation (13,000 rpm, 10 min). The clear supernatant was decanted,

concentrated, and re-dissolved in a 4:2:1 mixture of 1,4-dioxane/HO/MeOH, and purified by semi-

preparative HPLC (20% B for 5 min followed by 20-70% B over 15 min, 4 mL/min). The product eluted

at 15.8 min and was lyophilized to give 31 as white solid (15 mg, 50%). The analytical HPLC trace of the

purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z calcd., 1010.3125; found,

1010.3173.

N3-((3S,7S,11S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclodode-can-

3-yl)-N'-(1-cyclohexyl-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)-4,5-dihydroxyisophtha-lamide (32).

Compound 32 was synthesized as described for 31 except that 14 (13.6 mg, 45.0 pmol) was used instead
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of 7. After purification by preparative TLC (10% MeOH/CH2 Cl2 ), the benzyl-protected precursor of 32

was obtained as a white viscous solid (37 mg, 60%). TLC R = 0.6 (10% MeOH/CH2 Cl2 ). 'H NMR

(CDCl 3, 500 MHz), 5 1.17-1.21 (3H, m), 1.37-1.43 (2H, m), 1.62-1.63 (1H, m), 1.72-1.74 (2H, m), 1.78-

1.81 (2H, m), 2.00-2.06 (lH, m), 3.39-3.42 (2H, m), 3.51-3.53 (2H, m), 3.59-3.61 (2H, m), 3.64-3.65

(10H, m), 4.01-4.06 (3H, m), 4.13-4.17 (3H, m), 4.88-4.93 (3H, m), 5.04-5.21 (12H, m), 6.23-6.25 (1H,

m), 7.09-7.45 (35H, m), 7.64-7.66 (2H, m), 7.86 (1H, d, J= 2.0 Hz), 8.02 (1H, d, J= 2.0 Hz), 8.49-8.54

(3H, m). "C NMR (CDC13, 125 MHz), 6 25.6, 29.5, 38.8, 40.0, 45.3, 51.3, 51.4, 63.9, 64.1, 69.8, 69.8,

70.0, 70.3, 70.4, 70.4, 71.2, 71.2, 76.2, 76.3, 116.8, 117.5, 120.4, 123.0, 124.3, 125.4, 126.1, 126.2, 127.6,

127.6, 127.9, 128.2, 128.3, 128.4, 128.4, 128.5, 128.5, 128.6, 128.6, 128.8, 128.8, 128.9, 129.0, 130.1,

135.4, 135.7, 135.9, 136.0, 136.1, 146.8, 146.9, 149.1, 151.6, 151.8, 164.3, 164.9, 164.9, 165.8, 168.9,

169.0, 169.1, 176.2. FT-IR (NaCi disk, cm'), 3353 (m), 3065 (w), 3032 (w), 3010 (w), 2930 (m), 2855

(m), 1752 (s), 1660 (s), 1593 (w), 1577 (m), 1518 (s), 1454 (m), 1424 (w), 1374 (w), 1346 (m), 1301 (m),

1265 (s), 1206 (s), 1130 (m), 1083 (m), 1050 (m), 1022 (w), 957 (w), 915 (w), 850 (w), 809 (w), 755 (s),

699 (m), 659 (w). HRMS (ESI): [M+Na]+ m/z calcd., 1560.6150; found, 1560.6269. Following benzyl

deprotection, compound 32 was purified by semi-preparative HPLC (20% B for 5 min followed by 20-70%

B over 15 min, 4 mL/min). The product eluted at 15.1 min and was obtained as white solid (20 mg, 58%).

The analytical HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z

calcd., 1020.3333; found, 1020.3346.

N3-((3R,7R,11R)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-

3-yl)-N'-(1-cyclohexyl-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)-4,5-dihydroxyisophthalamide (33).

Compound 33 was synthesized as described for 32 except that 30 (36 mg, 29 pmol) was used instead of

27. After purification by preparative TLC (10% MeOH/CH2 Cl2), the benzyl-protected precursor of 33 was

obtained as a white oily solid (29 mg, 65%).TLC R = 0.6 (10% MeOH/CH2Cl2 ). 'H NMR (CDCl 3, 500

MHz), 6 1.17-1.25 (3H, m), 1.38-1.44 (2H, m), 1.63 (IH, m), 1.72-1.81 (4H, m), 2.01-2.06 (1H, m), 3.40-

3.41 (2H, m), 3.39-3.42 (2H, m), 3.51-3.53 (2H, m), 3.58-3.65 (12H, m), 4.01-4.06 (3H, m), 4.13-4.16

(3H, m), 4.87-4.95 (3H, m), 5.03-5.21 (12H, m), 6.22-6.23 (lH, m), 7.09-7.45 (35H, m), 7.65-7.66 (2H,

m), 7.86 (1H, s), 8.02 (1H, s), 8.49-8.54 (3H, m). "3 C NMR (CDCl 3 , 125 MHz), c 25.6, 29.5, 38.8, 40.0,

45.3, 51.3, 51.4, 63.9, 64.1, 69.8, 69.8, 70.0, 70.3, 70.4, 70.4, 71.2, 71.2, 76.2, 76.3, 116.8, 117.5, 120.4,

123.0, 124.3, 125.4, 126.1, 126.2, 127.6, 127.6, 127.9, 128.2, 128.3, 128.4, 128.4, 128.5, 128.5, 128.6,

128.6, 128.8, 128.8, 128.9, 129.0, 130.1, 135.4, 135.7, 135.9, 136.0, 136.1, 146.8, 146.9, 149.1, 151.6,

151.8, 164.3, 164.9, 164.9, 165.8, 168.9, 169.0, 169.1, 176.2. FT-IR (NaCl disk, cm'), 3354 (m), 3062

(w), 3032 (w), 3006 (w), 2929 (m), 2855 (m), 1752 (s), 1660 (s), 1577 (m), 1518 (s), 1454 (m), 1374 (w),

1346 (w), 1303 (w), 1265 (m), 1206 (m), 1130 (w), 1083 (w), 1061 (w), 1031 (w), 957 (w), 915 (w), 850
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(w), 811 (w), 755 (s), 698 (m). HRMS (ESI): [M+Na]+ m/z caled., 1560.6150; found, 1560.6141.

Following benzyl deprotection, compound 33 was purified by semi-preparative HPLC (20% B for 5 min

followed by 20-70% B over 15 min, 4 mL/min). The product eluted at 14.8 min and was obtained as

white solid (5.1 mg, 27% yield). The analytical HPLC trace of the purified product is reported in

Appendix 2. HRMS (ESI): [M+Na]+ m/z calcd., 1020.3333; found, 1020.3328.

N3-((3S,7S,11S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-

3-yl)-4,5-dihydroxy-N'-(1-(naphthalen-2-yl)-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)isophthalamide

(34). Compound 34 was synthesized as described for 31 except that 15 (20 mg, 44 tmol) was used instead

of 7. After purification by preparative TLC (5% MeOH/CH 2CI 2), the benzyl-protected precursor of 34

was obtained as a white-yellow oily solid (37 mg, 59%). TLC R= 0.6 (10% MeOH/CH 2CI2). 'H NMR

(CDCl 3, 500 MHz), (5 3.44-3.74 (16H, m), 3.94-4.08 (4H, m), 4.12-4.16 (2H, m), 4.78-4.82 (1H, m), 4.87-

4.92 (2H, m), 5.02-5.17 (12H, m), 7.01-7.52 (39H, m), 7.58-7.59 (lH, m), 7.64-7.66 (2H, m), 7.79-7.84

(3H, m), 7.94-7.94 (IH, m), 8.29-8.31 (lH, m), 8.47-8.50 (3H, m). 13C NMR (CDCl 3, 125 MHz), (5 39.6,

39.9, 51.4, 51.4, 63.9, 64.1, 69.6, 69.7, 70.2, 70.4, 71.1, 71.2, 71.2, 76.2, 76.3, 76.3, 116.7, 117.5, 120.3,

123.1, 124.3, 124.6, 125.0, 125.2, 125.4, 126.1, 126.2, 126.2, 126.9, 127.6, 127.6, 127.9, 128.1, 128.2,

128.4, 128.4, 128.5, 128.6, 128.6, 128.8, 128.9, 128.9, 129.0, 130.0, 130.1, 130.3, 133.5, 134.5, 135.4,

135.7, 135.9, 136.0, 136.2, 146.9, 146.9, 149.0, 151.6, 151.7, 164.2, 164.9, 164.9, 165.7, 168.9, 169.0,

169.1, 169.6. FT-IR (NaCl disk, cm-'), 3353 (m), 3067 (w), 3028 (w), 2997 (w), 2924 (m), 2859 (m),

1751 (s), 1659 (s), 1577 (m), 1519 (s), 1455 (m), 1372 (w), 1346 (w), 1295 (m), 1205 (m), 1122 (w),

1083 (w), 1053 (w), 1027 (w), 958 (w), 914 (w), 845 (w), 806 (w), 785 (w), 754 (m), 698 (m). HRMS

(ESI): [M+Na]+ m/z calcd., 1604.5837; found, 1604.5964. Following benzyl deprotection, compound 34

was purified by semi-preparative HPLC (20% B for 5 min followed by 30-55% B over 10 min, 4mL/min)

and eluted at 12.7 min. The isolated product was lyophilized and obtained as a white solid (4.4 mg, 18%).

The analytical HPLC trace of the purified product is provided in Appendix 2. HRMS (ESI): [M+Na]+ m/z

calcd.,1064.3020; found, 1064.3084. Mass spectrometric analysis of the crude reaction indicated M+4 in

addition to the desired product 34 and suggested partial reduction of the naphthalene cargo under the

deprotection conditions. From analysis of HPLC peak areas, the ratio between 34 and the partial reduction

product is ca. 4:1.

N-(1-(3-Benzylphenyl)-1-oxo-5,8,1 1-trioxa-2-azatridecan-13-yl)-N 3-((3S,7S,11S)-7,1 1-bis-

(2,3-dihydroxybenzamido)-2,6,1 0-trioxo-1,5,9-trioxacyclododecan-3-yl)-4,5-dihydroxyisophthalami-

de (35). Compound 35 was synthesized as described for 31 except that 16 (24 mg, 62 pimol) was used

instead of 7. Partial purification by preparative TLC (10% MeOH/CH 2Cl 2) afforded the benzyl-protected
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precursor of 35 as a white-yellow solid with a grease contamination (43 mg, 67%).TLC R,= 0.6 (10%

MeOH/CH2Cl 2 ). 'H NMR (CDCl 3, 500 MHz), 5 3.57-3.61 (12H, in), 3.94-3.95 (2H, d, J= 6.0 Hz) 3.97-

4.05 (3H, m), 4.07-4.15 (3H, in), 4.85-4.90 (3H, m), 5.01-5.17 (12H, in), 7.01-7.40 (30H, m) 7.62-7.70

(3H, m), 7.82 (1H, d, J= 2.0 Hz), 7.99-8.00 (1H, d, J= 2.0 Hz), 8.47-8.51 (3H, in). FT-IR (NaCl disk,

cm-'), 3356 (in), 3071 (w), 3031 (w), 2924 (in), 2868 (in), 1751 (s), 1660 (s), 1576 (in), 1519 (s), 1454

(in), 1374 (w), 1346 (m), 1301 (m), 1265 (s), 1205 (in), 1130 (w), 1083 (w), 1057 (w), 1022 (w), 957 (w),

915 (w), 851 (w), 806 (w), 754 (s), 698 (m). HRMS (ESI): [M+Na]+ m/z calcd., 1644.6150; found,

1644.6105. A portion (32.5 mg, 20.0 tmol) of this material was carried on without further purification or

characterization. Following benzyl deprotection, compound 35 was purified by semi-preparative HPLC

(20% B for 5 min followed by 20-70% B over 15 min, 4 mL/min). The product eluted at 15.8 min and

was obtained as white solid (13.5 mg, 62%). The analytical HPLC trace of the purified product is

provided in Appendix 2. HRMS (ESI): [M+Na]* m/z calcd., 1104.3333; found, 1104.3305.

N3-((3S,7S,11S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1 ,5,9-trioxacyclododecan-

3-yl)-4,5-dihydroxy-N'-(1-oxo-1-(11-oxo-2,3,5,6,7,11-hexahydro-1H-pyrano[2,3-/]pyrido[3,2,1ij]qui-

nolin-10-yl)-5,8,1l1-trioxa-2-azatridecan-13-yl)isophthalamide (36). Compound 36 was synthesized as

described for 31 except that 17 (18 mg, 39 Rmol) was used instead of 7. After purification by preparative

TLC (10% MeOH/CH2 Cl2 ) the benzyl-protected precursor of 36 was obtained as an orange oily solid (18

mg, 26%). TLC R1 = 0.7 (10% MeOH/CH 2Clb). 'H NMR (CDCl 3, 500 MHz), , 1.93-1.95 (4H, in), 2.71-

2.83 (4H, in), 3.26-3.32 (4H, in), 3.56-3.69 (16H, in), 3.99-4.18 (6H, in), 4.88-4.94 (3H, m), 5.01-5.18

(12H, m), 6.94 (1H, s), 7.06-7.43 (35H, in), 7.62-7.66 (2H, in), 7.80-7.80 (IH, in), 7.97-7.97 (1H, in),

8.47-8.53 (4H, m), 9.02-9.03 (IH, m). 13 C NMR (CDCl3, 125 MHz), 6 19.9, 20.0, 21.0, 27.3, 39.4, 40.1,

49.7, 50.2, 51.5, 64.1, 69.9, 71.1, 71.2, 76.3, 105.4, 108.1, 115.9, 117.5, 119.8, 123.0, 124.3, 125.7, 126.3,

127.2, 127.6, 127.6, 127.8, 128.1, 128.2, 128.5, 128.5, 128.6, 128.9, 128.9, 129.0, 130.0, 135.7, 136.0,

136.2, 146.9, 148.2, 148.3, 149.0, 151.6, 151.7, 152.6, 162.9, 164.4, 165.0, 165.0, 168.9, 169.1. FT-IR

(NaCl disk, cm-1), 3350 (in), 3088 (w), 3065 (w), 3033 (w), 2931 (in), 2868 (in), 1752 (s), 1660 (s), 1616

(m), 1577 (s), 1518 (s), 1455 (s), 1369 (in), 1348 (m), 1309 (s), 1266 (s), 1211 (s), 1152 (w), 1129 (in),

1083 (m), 1053 (w), 1027 (w), 958 (w), 912 (in), 844 (s), 794 (w), 734 (s), 699 (in). HRMS (ESI):

[M+Na]+ m/z calcd., 1717.6313; found, 1717.6287. Following benzyl deprotection, compound 36 was

purified by semi-preparative HPLC (20% B for 5 min followed by 20-70% B over 15 min, 4 mL/min).

The product eluted at 17.1 min and was obtained as an orange solid (4.5 mg, 48%). The analytical HPLC

trace of the purified product is provided in Appendix 2. HRMS (ESI): [M+Na] m/z calcd., 1177.3496;

found, 1177.3540.
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7-(4-(1-(3-(((3S,7S,1 I S)-7,11 -Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclo-

dodecan-3-yl)carbamoyl)-4,5-dihydroxyphenyl)-1-oxo-5,8,1 1-trioxa-2-azatetradecan-14-oyl)pipera-

zin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (37). Compound 37

was synthesized as described for 31 except that 18 (26 mg, 48 pmol) was used instead of 7, and TMSC

(10 ptL, 79 ptmol) and DIPEA (15 ptL, 160 pmol) was mixed with 18 before addition to the solution

containing 27. After purification by preparative TLC (10% MeOH/CH 2CI 2), the benzyl-protected

precursor of 37 was obtained as a yellow oily solid (46 mg, 65%). TLC Rf= 0.65 (10% MeOH/CH 2CI2 ).

H NMR (CDCl 3, 500 MHz), 5 1.13 (2H, bs), 1.33 (2H, bs), 2.64 (2H, bs), 3.23-3.30 (4H, m), 3.51 (1H,

bs), 3.63 (14H, bs), 3.79 (4H, bs), 3.99-4.04 (3H, m), 4.11-4.14 (3H, m), 4.86-4.91 (3H, m), 5.01-5.19

(12H, m), 7.06-7.43 (39H, m), 7.59-7.61 (2H, m), 7.83 (1H, s), 7.97-7.99 (2H, m), 8.45-8.49 (3H, m),

8.69 (1H, s). 13C NMR (CDC 3 , 125 MHz), 5 8.2, 33.4, 35.4, 40.0, 41.1, 45.3, 49.3, 50.0, 51.3, 51.4, 51.4,

63.9, 64.1, 67.1, 69.7, 70.2, 70.3, 70.4, 70.5, 71.2, 71.3, 76.2, 76.3, 105.2, 108.0, 112.3, 112.4, 116.7,

117.5, 120.0, 120.0, 120.5, 123.0, 124.3, 125.6, 126.1, 126.1, 127.6, 127.6, 127.8, 128.2, 128.3, 128.4,

128.4, 128.5, 128.6, 128.6, 128.8, 128.8, 128.8, 129.0, 130.2, 135.5, 135.7, 135.9, 136.0, 136.1, 138.9,

145.2, 145.3, 146.8, 146.8, 147.4, 149.0, 151.6, 151.6, 151.8, 152.4, 154.4, 164.2, 164.9, 164.9, 165.8,

166.9, 168.9, 169.0, 169.1, 169.7, 176.9. '9F NMR (CDC13, 282 MHz), 5 -121.3. FT-IR (NaCl disk, cm-'),

3369 (m), 3075 (w), 3036 (m), 3015 (m), 2950 (m), 2907 (m), 2855 (m), 1750 (s), 1662 (s), 1627 (s),

1577 (m), 1512 (s), 1464 (s), 1375 (m), 1339 (m), 1302 (m), 1263 (s), 1208 (s), 1121 (m), 1082 (m), 1053

(m), 1027 (m), 962 (m), 910 (w), 884 (w), 867 (w), 849 (w), 806 (w), 754 (s), 699 (m), 664 (w). HRMS

(ESI): [M+Na]' m/z calcd., 1792.6434; found, 1792.6337. Following benzyl deprotection, compound 37

was purified by semi-preparative HPLC (20% B for 5 min followed by 20-70% B over 10 min, 4mL/min)

and eluted at 15.2 min. The isolated product was lyophilized and obtained as a white solid (2.5 mg, 9%).

The HPLC trace of the purified product is provided in Appendix 2. HRMS (ESI): [M+Na]+ m/z calcd.,

1252.3617; found, 1252.3633.

7-(4-(6-Aminohexanoyl)piperazin-1 -yI)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydro-quinoline-

3-carboxylic acid (38). Ciprofloxacin (39, 331 mg, 1.00 mmol) and DIPEA (1.0 mL, 5.7 mmol) were

mixed in 6 mL of dry CH 2Cl 2 , and TMSC (370 pL , 2.91 mmol) was added to give a clear yellow

solution. 6-((Tert-butoxycarbonyl)amino)hexanoic acid (12, 346 mg, 1.50 mmol), PyAOP (834 mg, 1.60

mmol), and DIPEA (700 tL, 4.02 mmol) were dissolved in 4 mL of dry CH2 C 2, and the two solutions

were combined and stirred overnight at rt. The reaction was quenched with MeOH (10 mL), and the

resulting solution was concentrated to dryness, and the crude product was redissolved in 40 mL of EtOAc.

The organic phase was washed with 10 mM HCI (2 x 40 mL) and saturated aqueous NaHCO 3 (2 x 40 mL),

dried over Na 2 SO 4 , and purified by flash chromatography on silica gel (3% MeOH/CH 2CI2 ) to give 40 as
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yellow solid (243 mg, 45%). TLC Rj= 0.7 (5% MeOH/CH2 Cl2 ). 'H NMR (CDC 3, 300 MHz), d 1.14-1.20

(2H, m), 1.32-1.53 (13H, m), 1.59-1.69 (2H, m), 2.36 (2H, t, J= 6.0 Hz), 3.08 (2H, dt, J= 6.3, 6.3 Hz),

3.26-3.56 (4H, m), 3.51-3.59 (1H, m), 3.69-3.82 (4H, m), 4.68 (1H, bs), 7.32 (1H, d, J = 7.2 Hz), 7.82

(I H, d, J= 12.9 Hz), 8.60 (1H, s), 14.9 (1H, bs). 1
3 C NMR (CDC 3, 125 MHz), (5 8.1, 24.7, 26.4, 28.3,

29.8, 32.9, 35.3, 40.2, 41.0, 45.1, 49.3, 49.9, 78.9, 105.0, 107.7, 111.9, 112.1, 119.6, 119.7, 138.8, 145.2,

145.3, 147.3, 152.4, 154.4, 155.9, 166.6, 171.4, 176.7. '9 F NMR (CDCl 3, 282 MHz), 6 -121.1. FT-IR

(NaCl disk, cm-'), 3345 (m), 3019 (m), 2967 (m), 2931 (m), 2863 (m), 1707 (s), 1628 (s), 1509 (s), 1467

(s), 1389 (m), 1365 (w), 1338 (m), 1301 (w), 1260 (s), 1170 (m), 1109 (w), 1026 (m), 988 (w), 940 (w),

888 (w), 834 (w), 807 (w), 751 (m), 711 (w), 665 (w). HRMS (ESI): [M+H]+ m/z calcd., 545.2775; found,

545.2768.

The TFA salt of 38 (202 mg, 98%) was obtained as a yellow solid from 40 (201 mg, 0.369 mmol)

by stirring 40 in 40% TFA/CH2 Cl2 at rt for 3 h and removing the solvent. TLC Rf = 0.1 (10%

MeOH/CH2 Cl2 ). 'H NMR (CD 30D, 300 MHz), 6 1.41-1.52 (4H, m), 1.65-1.77 (4H, m), 2.52 (2H, t, J=

7.2 Hz), 2.96 (2H, t, J= 7.2 Hz), 3.34-3.43 (4H, m), 3.82 (5H, m), 7.57 (1H, d, J= 7.5 Hz), 7.85 (1 H, d, J

= 13.2 Hz), 8.76 (1 H, s). 1
3 C NMR (CDCl 3, 125 MHz), 6 7.8, 23.8, 25.4, 26.5, 26.6, 32.2, 35.4, 39.0, 39.1,

41.0, 45.0, 48.1, 48.3, 48.5, 48.6, 48.8, 49.0, 49.1, 49.5, 105.0, 107.0, 111.6, 111.8, 119.3, 119.4, 138.8,

145.1, 145.2, 147.4, 152.3, 154.3, 167.3, 171.8, 176.5. '9 F NMR (CDCl 3, 282 MHz), 6 -76.0, -120.9. FT-

IR (NaCl disk, cm), 2954 (m), 2922 (m), 2859 (m), 1718 (m), 1682 (s), 1616 (s), 1469 (s), 1385 (w),

1333 (w), 1255 (w), 1199 (m), 1165 (m), 1139 (m), 1022 (w), 828 (w), 799 (w), 720 (w). HRMS (ESI):

[M+H]+ m/z caled., 445.2251; found, 445.2255.

7-(4-(6-(3-(((3S,7S,11S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclo-

dodecan-3-yl)carbamoyl)-4,5-dihydroxybenzamido)hexanoyl)piperazin-1-yl)-1-cyclo-propyl-6-fluo-

ro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (42). Compound 42 was synthesized as described for

37 except that DMSO (1.5 mL) was used as the solvent and compound 38 (19.4 mg, 34.8 umol) was used

instead of 18. After preparative TLC purification (10% MeOH/CH2 Cl2 ), 41 was obtained as white viscous

solid (17 mg, 74%). TLC Rf= 0.6 (10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 300 MHz), 5 1.17-1.83 (1OH,

m), 2.40 (2H, bs), 3.29-3.44 (6H, m), 3.70-3.86 (5H, m), 4.02-4.17 (6H, m), 4.86-4.93 (3H, m), 5.04-5.21

(12H, m), 7.07-7.42 (33H, m), 7.60-7.64 (2H, m), 7.85-8.05 (3H, m), 8.47-8.50 (3H, m), 8.74 (1H, bs),

15.0 (1H, bs). 13C NMR (CDCl 3, 125 MHz), 3 8.1, 12.3, 17.2, 18.6, 24.4, 26.3, 26.4, 26.5, 29.0, 32.8, 34.7,

39.7, 41.2, 45.3, 46.2, 46.3, 51.4, 51.5, 51.5, 52.0, 54.8, 63.9, 64.1, 64.2, 71.1, 71.2, 71.2, 76.2, 76.3, 76.3,

105.2, 109.5, 113.0, 113.2, 116.6, 117.5, 120.1, 123.0, 124.3, 125.5, 126.1, 127.6, 127.8, 128.2, 128.3,

128.4, 128.4, 128.5, 128.6, 128.6, 128.6, 128.8, 128.9, 128.9, 129.0, 130.3, 135.5, 135.8, 135.9, 136.0,

136.1, 138.1, 145.4, 146.8, 148.4, 149.0, 151.6, 151.8, 152.3, 164.4, 164.9, 165.0, 165.8, 166.1, 168.8,
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169.0, 169.1, 171.5. FT-IR (NaCI disk, cm-'), 3354 (m), 3065 (w), 3028 (m), 3009 (m), 2933 (m), 2859

(w), 1751 (s), 1658 (s), 1619 (s), 1577 (m), 1499 (s), 1455 (s), 1374 (m), 1346 (s), 1308 (s), 1262 (s),

1208 (s), 1128 (w), 1083 (m), 1028 (m), 979 (w), 957 (w), 914 (w), 851 (w), 806 (w), 754 (s), 699 (s),

665 (m). HRMS (ESI): [M+H]+ m/z caled., 1680.6303; found, 1680.6352. Following benzyl deprotection,

compound 42 was purified by semi-preparative HPLC (20% B for 5 min followed by 20-70% B over 15

min, 4mL/min) and eluted at 16.1 min. The isolated product was lyophilized and obtained as a white-

yellow solid (6.7mg, 59%). The HPLC trace of the purified product is provided in Appendix 2. HRMS

(ESI): [M+H]+ m/z calcd., 1140.3486; found, 1140.3482.

N1 -(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-4,5-bis(benzyloxy)-N-((3S,7S,11S)-7,11-

bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-3-yl)isophthala-mide (43).

11-Azido-3,6,9-trioxaundecan-1-amine (11, 8.2 gL, 42 pmol) and 27 (40 mg, 32 pimol) were dissolved in

1 mL of dry CH2C12. PyAOP (33.2 mg, 63.8 ptmol) and DIPEA (22.2 ptL, 128 pimol) were added to give a

light yellow solution. The reaction was stirred for 4 h at rt and concentrated, and the crude product was

purified by preparative TLC (50% EtOAc/CH2CI2 ) to afford 43 as a light yellow oil (31 mg, 68%). TLC

Rf= 0.3 (50% EtOAc/CH2 Cl2 ). 'H NMR (CDC 3, 300 MHz), 6 3.34 (2H, t, J = 5.1 Hz), 3.61-3.69 (14H,

m), 3.97-4.18 (6H, m), 4.88-4.94 (3H, m), 5.02-5.22 (12H, m), 7.08-7.46 (34H, m), 7.64-7.67 (2H, m),

7.85 (1H, d, J= 1.8 Hz), 7.99 (1H, d, J= 2.1 Hz), 8.48-8.52 (3H, m). 13C NMR (CDCl 3, 125 MHz), 6 40.0,

50.6, 51.4, 64.0, 64.1, 69.7, 69.9, 70.3, 70.6, 71.2, 71.2, 76.3, 116.7, 117.5, 120.4, 123.1, 124.3, 125.5,

126.2, 126.2, 127.6, 127.6, 127.9, 128.3, 128.4, 128.4, 128.5, 128.6, 128.7, 128.8, 128.9, 129.0, 130.2,

135.5, 135.8, 136.0, 136.0, 136.2, 146.9, 146.9, 149.1, 151.6, 151.8, 164.2, 164.9, 164.9, 165.9, 168.9,

169.1, 169.1. FT-IR (NaCI disk, cm-'), 3409 (s), 3002 (w), 2963 (m), 2918 (m), 2855 (m), 1748 (m), 1660

(s), 1576 (w), 1541 (w), 1437 (m), 1403 (m), 1342 (w), 1313 (m), 1260 (m), 1204 (w), 1025 (s), 953 (m),

845 (w), 798 (w), 703 (w). HRMS (ESI): [M+Na]+ m/z calcd., 1476.5323; found, 1476.5345.

Vancomycin-PEG-Ent (44). A DMSO solution of 43 (19 mg/mL, 1.3 mM, 250 piL), an aqueous

solution of 8 (20 mg/mL, 1.3 mM, 250 ptL), a DMF solution of benzoic acid (49 mg/mL, 450 mM, 50 pL),

and an aqueous solution of CuSO 4 (10 mg/mL, 45 mM, 50 pL) were mixed together, and an additional

400 pL of DMSO was added to yield a clear light blue solution. An aqueous solution of sodium ascorbate

(NaAsc, 18 mg/mL, 90 mM, 50 pL) was subsequently added. The reaction become colorless to yellow

and was stirred at rt for 15 min, at which time another 50 pL of aqueous NaAsc was added. After stirring

for 15 min, the crude reaction was frozen and lyophilized to give brown oil. The oil was dissolved in a

2:1:1 ratio of dioxane/MeOH/H 20 and purified by semi-preparative HPLC (50% B for 5 min followed by

50-100% B over II min, 4 mL/min). The benzyl-protected precursor of 44 eluted at 13 min and was
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obtained as white solid after lyophilization (3.5 mg, 36%). HRMS (ESI): [M+2Na]2 */2 m/z calcd.,

1520.5030; found, 1520.5171.

A portion of this precursor (14 mg, 4.7 ptmol; obtained from four 250-pL scale Click reactions)

was dissolved in 30% H20/MeOH, the flask was purged with N, and 16 mg Pd/C (10% wt) was added.

The reaction was stirred under H, (1 atm) for 24 h at rt, and the Pd/C was removed by centrifugation

(13,000 rpm, 10 min). The supernatant was concentrated by lyophilization and the resulting residue was

dissolved in a 2:1:1 mixture of dioxane/MeOH/H20. HPLC purification (20% B for 5 min followed by

20-46% B over 8 min, 4 mL/min) gave 44 as white solid (6.3 mg, 55%). The HPLC trace of the purified

product is reported in Appendix 2. HRMS (ESI): [M+2H] 2+/2 m/z calcd., 1228.37960; found, 1228.37961.

tert-Butyl(2-(((1-(1-(3-(((3S,7S,11S)-7,11-bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-

trioxacyclododecan-3-yl)carbamoyl)-4,5-dihydroxyphenyl)-1-oxo-5,8,11 -trioxa-2-azatridecan-13-

yl)-1H-1,2,3-triazol-4-yI)methyl)amino)-2-oxoethyl)carbamate (45). Compound 45 was synthesized as

described for 44 except that a DMSO solution of 7 (2.8 mg/mL, 13 mM, 25 pL) was used instead of 8.

HPLC purification gave 3.3 mg of the benzyl-protected precursor of 45 as a white solid (58%). HRMS

(ESI): [M+H]+ m/z calcd., 1688.6489; found, 1688.6421. Compound 45 (3.3 mg, 33%) was obtained from

the precursor (13.3 mg, 7.88 pmol; obtained from four 25-pL scale Click reactions) following the same

procedure as synthesizing 44. HPLC purification (0% B for 5 min followed by 0-45% B over 8 min, 4

mL/min) afforded 45 as a white solid with a retention time of 12.8 min. The HPLC trace of the purified

product is reported in Appendix 2. HRMS (ESI): [M+H]+ m/z calcd., 1126.3853; found, 1126.3832.

N 3-((3S,7S,1IS)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-

3-yl)-N'-cyclohexyl-4,5-dihydroxyisophthalamide (46). Compound 46 was synthesized as described for

31 except that compound 27 (60.0 mg, 47.8 [tM) and cyclohexanamine (8.2 ptL, 72 ptmol) instead of 7

were used in the reaction. After purification by preparative TLC (5% MeOH/CH2Cl,), the benzyl-

protected precursor of 46 was obtained as a white viscous solid (36.6 mg, 57%). TLC R,= 0.7 (10%

MeOH/CHCl2). 'H NMR (CDCl 3, 300 MHz), 6 1.10-1.42 (4H, in), 1.64-1.78 (4H, in), 1.98-2.01 (2H, in),

3.92-3.96 (lH, in), 4.01-4.09 (3H, in), 4.14-4.21 (3H, m), 4.88-4.93 (3H, in), 5.02-5.22 (12H, in), 6.18

(1H, d, J = 7.8 Hz), 7.08-7.44 (35H, in), 7.64-7.67 (2H, in), 7.86 (2H, in), 8.48-8.54 (3H, m). HRMS

(ESI): [M+Na]+ m/z calcd., 1357.4992; found, 1357.4990. Following Pd/C catalyzed hydrogenation,

compound 46 was purified by semi-preparative HPLC (20% B for 5 min followed by 20-70% B over 15

min, 4 mL/min). The product eluted at 15.8 min and was obtained as white solid (12 mg, 55%). The

analytical HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z

calcd., 817.2175; found, 817.2135.
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General Microbiology Materials and Methods. . coli 33475 (ent-) was purchased from

American Type Culture Collection (ATCC). . coli K-12 JW0576 (fes-) was obtained from the Keio

Collection (Japan). P. aeruginosa K648 (pvd-/pch-) and K407 (pvd-/pFr-) were gifts from Professor

Keith Poole (Department of Biomedical and Molecular Sciences, Queen's University, Canada). Freezer

stocks of all E. coli strains were prepared in 25% glycerol/Luria Broth (LB) medium. Freezer stocks of all

P. aeruginosa strains were prepared in 7.5% DMSO/LB base medium supplemented with 2.5 g/L NaCl.

LB (tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L), LB base (pancreatic digest of casein 10 g/L, yeast

extract 5 g/L, NaCl 0.5 g/L), Mueller Hinton Broth (MHB, beef extract powder 2.0 g/L, acid digest of

casein 17.5 g/L, soluble starch 1.5 g/L), and agar were purchased from BD. All growth media and Milli-Q

water used for bacterial cultures or for preparing solutions of the enterobactin-cargo conjugates were

sterilized by using an autoclave. The iron chelator 2,2'-dipyridyl (DP) was purchased from Sigma-Aldrich.

A DP stock solution (200 mM) was prepared in DMSO and used in the bacteria growth assays. All

enterobactin-cargo conjugates, L-Ent and D-Ent were stored as DMSO stock solutions at -20 'C. With the

exception of the coumarin 343 conjugate, the stock solution concentrations were determined by using the

reported extinction coefficient for enterobactin (316 nm, 9,500 M-Icm-1) with the assumption that the

cargo had no effect on catecholate absorption. Working dilutions of the Ent conjugates, L-Ent, and D-Ent

were prepared in 20% DMSO/H 20. For all growth recovery assays, the cultures contained 2% v/v DMSO.

Sterile polypropylene culture tubes and sterile polystyrene 96-well plates used for culturing were

manufactured by VWR and Corning Incorporated, respectively. OD600 values were recorded on an

Agilent 8453 diode array spectrophotometer or by using a BioTek Synergy HT plate reader.

Growth Recovery Assays. Overnight cultures were prepared by inoculating 5 mL of LB (E. coli)

or LB base supplemented with 2.5 g/L NaCl (P. aeruginosa) with the appropriate freezer stocks and the

cultures were incubated at 37 C in a tabletop incubator shaker set at 150 rpm. The overnight culture was

diluted 1:100 into 5 mL of fresh media with or without 200 ptM 2,2'-dipyridyl (DP) and incubated at 37

0C with shaking at 150 rpm until the optical density at 600 nm (OD600 ) reached 0.6. The cultures were

diluted to an OD600 value of 0.001 in 50% reduced MHB medium (10.5 g/L) with or without 200 piM (E.

coli) or 600 ptM DP (P. aeruginosa). A 90-pL aliquot of the diluted culture was mixed with a 10-piL

aliquot of a 1Ox solution of the siderophore or siderophore-cargo conjugate in a 96-well plate, which was

wrapped in parafilm and incubated at 30'C with shaking at 150 rpm for 19 h. Bacterial growth was

assayed by measuring OD600 using a BioTek Synergy HT plate reader. Each well condition was prepared

in duplicate and three independent replicates of each assay were conducted on different days. The

resulting mean OD6oo are reported and the error bars are the standard deviation of the mean obtained from

the three independent replicates.
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Fluorescence Titrations for Lipocalin 2 and Ent-Conjugates. The titration was performed

according to a reported procedure. 4 Recombinant human lipocalin 2 (or Lcn2, from mouse myeloma cell

line, NSO-derived, Gln2l-Gly198, with a C-terminal Hiso tag) was purchased from R&D Systems

(Minneapolis, MN). Ubiquitin (from bovine erythrocytes) was purchased from Sigma. Lcn2 was diluted

in the assay buffer containing NaCl (150 mM), DMSO (5%), TCEP (5 mM) and Tris at pH 7.5 (50 mM)

to final concentration of 0.88 ptM and kept on ice. Ent-conjuagtes (100 mM) were incubated with one

equiv. of FeCl 3 in the assay buffer for 1 h at room temperature, which afforded a wine-color solution.

This solution was further diluted to 5 pM in the assay buffer. Ubiquitin was dissolved in the assay buffer

to afford a 16 mg/mL solution.

At the beginning of the titration, Lcn2 and ubiquitin were added to the assay buffer to afford a

final concentration of 88 nM and 32 pg/mL, respectively. The total volume of the solution was 1 mL and

was equilibrated in the fluoremeter for 18 min before the emission spectrum was collected. Then an

aliquot (2 ptL) of the ferric Ent-conjugate solution (5 pM) was added at a time (0.1 equiv.). After each

addition the solution was mixed by inverting the cuvette, equilibrated for 2 min and the emission

spectrum was collected from 300 nm to 450 nm with integration time of 1 s (k, = 281 nm). In total 18

data points were recorded and the fluorescence intensities at 340 nm versus the concentration of Ent-

conjugate added were plotted and the resulting titration curves were fit to a one-site binding model using

the DynaFit software to obtain the approximate binding affinity. The fluoremeter slit widths were set to 3

nm for all measurements.

Results and Discussion

Design of Monofunctionalized Ent Platform. As probably the most well studied siderophore,

Ent has not been studied in the context of siderophore conjugates. One challenge for applying Ent in such

strategies is that, excluding the catechol hydroxyl moieties required for iron chelation, Ent presents no

functional group amenable to modification. Therefore, the first step towards Ent-mediated cargo delivery

is to synthesize a modified Ent or Ent precursor that can be easily attached to other molecules without

affecting iron binding or recognition by the Ent receptor. The structures of MGE and DGE (Figure 2. lA)

indicate that the C5 position of one catechol ring, which is remote from the iron-binding hydroxyl groups

and the macrolactone ring, is a promising modification site (Figure 2.2). Glucosylation at this position

does not compromise Fe(III) binding or subsequent esterase hydrolysis of the macrolactone.7 , 25 Moreover,

the naturally occurring antimicrobial peptide-Ent conjugate MccE492m also has the modification at the

C5 position (Figure 2.3).26 Therefore, we decided to synthesize 2,3-dihydroxy-benzoic acid with a

functional group at C5, which enables the access to mono-, di- and tri-functionalized Ent platforms.

Inspired by the structure of MccE492m, we focused on the monofunctionalized form in this work.
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Moreover, we reasoned that monofunctionalized platforms would maximize transport efficiency based on

the fact that DGE seems to be less efficiently (if at all) transported into the E. coli strain used in this study

comparing to MGE (vide supra).
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Figure 2.3. Structure of Microcin E492m.

Synthesis of Modified 2,3-Dihydroxybenzoic Acid. To obtain 2,3-dihydroxybenzoic acid

modified at the C5 position, we started with a commercially available starting material 19 (Scheme 2.1).

Demethylation of 19 was performed in the presence of BBr 3 at -78 'C. Following a reported

demethylation procedure, 27 a byproduct resulting from HBr addition to the double bond was observed by

LCMS, which also revealed that the crude reaction contained both mono-demethylated and double-

demethylated products. The double-demethylated product was minor and difficult to separate by flash

chromatography because of tailing on the column, therefore we focused on obtaining the mono-

demethylated product 20. To suppress the formation of brominated byproduct, DIPEA was added to the

reaction prior to the addition of BBr 3 to deprotonate the phenols. The best yield (53%) of 20 was obtained

when 1.5 equiv. of DIPEA and 3 equiv. of BBr3 were employed. Benzyl protection and subsequent

methyl ester hydrolysis of 20 followed literature procedures20 using benzyl bromide and sodium

hydroxide afforded the C5 modified DHB building block 21 in 99% yield as a white powder.

Isomerization of terminal olefin 21 to 22 was performed because the internal olefin afforded much higher

yield in later oxidative transformations to the aldehyde or carboxylic acid. Palladium-catalyzed

isomerization of the alkene was achieved by using PdC 2 in degassed methanol and 22 was obtained in 89%

yield as a light yellow solid.
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Scheme 2.1. Synthesis of C5-modified DHB building block 22.

Syntheses of Monofunctionalized Ent Precursors. To achieve the monofunctionalized Ent

scaffold, two synthetic routes were explored. First, a tandem coupling approach was evaluated (Scheme

2.2). We aimed to first couple two unmodified DHB to the trilactone backbone and couple one C5-

modified DHB in the subsequent step. In the first step, benzyl-protected DHB 6 was coupled to trilactone

4 using a controlled ratio, and any remaining free amine groups on 4 were capped by addition of di-tert-

butyl dicarbonate (Boc2 O) to simplify purification. The highest yield of 23 was obtained when 1.5 equiv.

of 6 was used, and the rate of addition (over 5 min to 1 h) of 4 did not affect the yield significantly. A

statistic mixture of 23, mono-DHB-di-Boc, tri-DHB, and tri-Boc derivatives was obtained, which was

separated by flash chromatography. According to the isolated yield, ~15% of the trilactone was converted

to 23 and -10% was converted to the mono-DHB-di-Boc analogue. Compound 23 was treated with 10%

TFA at 4 'C to remove the Boc group and coupled with 21 without purification to yield 24. However, the

reaction was messy and low yielding, most likely due to hydrolysis of the trilactone ring following TFA

treatment. HPLC analysis of Benzyl-protected Ent subjected to the same condition confirmed this

hypothesis (data not shown). Further optimization showed that using 1.25 M HCl in methanol at rA to

remove the Boc group minimizes by-product formation resulting from Ent hydrolysis. Based on the

statistical distribution of mono-, di- and tri-DHB derivatives found during the synthesis of compound 23,

we reasoned that the Boc protection would not improve the yield of di-DHB trilactone derivative,

therefore this step may not be necessary, which led us to develop the second synthetic route.
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Scheme 2.2. Synthetic scheme of monofunctionalized Ent platform by a tandem coupling strategy.

The second route involves a one-pot coupling of C5-modified DHB 22, DHB 6 and the trilactone

4 to generate the desired product (Scheme 2.3). We reasoned that this route should afford higher yield

because it avoids the Boc protection and deprotection steps. A similar mixture of all possible products

was formed that can be separated by careful silica gel chromatography, affording gram quantities of 24.

Further optimization revealed that the addition of 1.5 equiv. 6 and 1 equiv. 22 relative to the tri-lactone

afforded the highest yield of 25 (37%). The multi-step synthesis could only provide an overall yield of

15%.

Starting from the alkene group on 25, further transformations can afford versatile functional

groups. For example, in the current study, 25 was oxidized to aldehyde 26 by Os04 and NaIO 4 in mixed

1,4-dioxane/water with 58% yield. Further oxidation with NaClO 2 afforded carboxylic acid 27 in 76%

yield (Scheme 2.3). These monofunctionalized Ent scaffolds can be obtained in gram quantities and are

stable when stored as dry solids at 4 0C. It is noteworthy that other transformations can be done on Ent

derivatives 25-27 for other applications.

The one-pot coupling and oxidations were also performed using triserine lactone 5 to afford the

D-enantiomers alkene 28, aldehyde 29, and acid 30 (Scheme 2.3). The D-enantiomer of Ent is transported

into E. coli by FepA, but it is not a substrate for the enterbactin esterase Fes.28 We therefore reasoned

that conjugates based on D-Ent would provide useful controls for conjugate uptake studies, and that this

enantiomer may also be advantageous in antibacterial drug delivery applications because it provides an

iron-starvation effect (see Chapter 3).
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Scheme 2.3. Synthetic scheme of one-pot synthesis of monofunctionalized Ent scaffolds.

Design and Synthesis of Ent-Cargo Conjugates. With the monofunctionalized Ent scaffolds

25-30 in hand, we first aimed to construct a series of Ent-cargo conjugates with variable cargo sizes and

structures. These compounds were utilized to probe the promiscuity of the bacterial Ent uptake machinery.

Compound 27 was selected as a starting point and two strategies for appending cargo to 27 were

evaluated. In one thrust, an amide coupling was used to link cargo to the Ent acid; in the other approach,

Cu(I) catalyzed azide-alkyne cycloaddition (or 'Click' chemistry) was used. A global benzyl deprotection

unmasked the Ent catecholates as the last step in both strategies and afford the final Ent-cargo conjugates.

Before installation of the cargos, a proper linker needs to be chosen such that the functions of the

Ent scaffold are minimally perturbed. We selected PEG3 as a stable and water-compatible linker which

provides ca. 14-A separation between Ent and the cargo. When coupling a PEG3 linker with two primary-

amine termini to the Ent scaffold, degradation of the Ent backbone was observed. Therefore we chose

compound 10, which is a commercially available PEG3 linker with mono-Boc protection. This linker was

first coupled to the cargos followed by Boc deprotection to reveal the second amine (Scheme 2.4),

affording the PEG-derivatized cargos. In order to probe the consequences of variable linker composition

and hydrophilicity, a C5 alkyl chain was evaluated in one Ent-cargo conjugate (Scheme 2.6).

For the cargos, we selected a variety of commercially available molecules housing carboxylic

acids for attachment to the linker. The selected cargos include Boc, cyclohexane, naphthalene,

phenylmethylbenzene, ciprofloxacin, and coumarin 343. Besides variations in size and shape, this

selection contains cargo expected to be non-toxic (e.g., Boc, cyclohexane) in addition to an antibiotic

(ciprofloxacin) and a fluorophore (coumarin 343). These Ent-cargo conjugates were prepared by coupling

the PEG-derivatized cargo 10, 14-18 to 27 using PyAOP as the coupling reagent. The resulting benzyl-

protected conjugates were purified by preparative TLC and obtained in yields ranging from 26% (Bn-36)

to 75% (Bn-31). Benzyl deprotection reactions were performed by hydrogenation over Pd/C and the

resulting enterobactin-cargo conjugates were purified by reverse-phase semi-preparative HPLC.
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Conjugates 31-37 were obtained in milligram quantities and high purity judging by analytical HPLC

(Appendix 2) and LC/MS analysis (Table 2.1). Conjugate 33 houses D-Ent and was prepared to probe the

role of Fes-mediated hydrolysis in the bacterial growth recovery assays (vide infra). The conjugate 42

containing C5 alkyl chain linker was obtained by reacting ciprofloxacin with 6-Boc-aminohexanoic acid

12 followed by Boc deprotection, coupling of the resulting free amine to 27, and benzyl deprotection

(Scheme 2.5). The carboxylic acid of ciprofloxacin was protected in situ with trimethylsilyl chloride

(TMSCl) to prevent self-coupling in the syntheses of both 37 and 42. In this general approach of attaching

a carboxylic acid cargo, the linkers were first coupled to the cargo rather than to the Ent scaffold because

the Ent macrolactone decomposed in the presence of primary amines or under highly acidic conditions

required to remove Boc protecting groups.

0 1. EDC, DIPEA 0
ko A, W-'_NH, + RC02H CH2C2, rt ,------0 R N' O ONH2

2. TFA/CH 2C 2, rt
10 14.17

R = or or o Ny' 0 0

14 15 16 17

O F 1) TMSCI, DIPEA, H F
HO HHOCH2C12, rt N 11

N N') 2) Fmoc , , OH N N
13NH N H 3 R

Ciprofloxacin, 39 EDC, DMAP, DIPEA, rt 0
R = Fmoc N ,CH2C2
18, R = H H

Scheme 2.4. Syntheses of PEG-derivatized cargos 14-18.
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Scheme 2.5. Syntheses of Ent-cargo conjugates 31-37.
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01 O 0OR'

41, R'= Bn Pd/C, H2 (I atm)

42, R'= H Dioxane/EtOH. rt

Scheme 2.6. Synthesis of enterobactin-ciprofloxacin conjugate 42.

Using the second approach involving the "click" reaction, we present the synthesis of 44, an Ent-

vancomycin conjugate (Scheme 2.7). Vancomycin is a nonribosomal peptide antibiotic active against

Gram-positive organisms that inhibits cell wall biosynthesis by binding to the D-Ala-D-Ala of lipid II and

blocking peptidoglycan cross-linking. 29 The reason to use "click" reaction for the conjugate assembly is to

avoid complications with the various functional groups exhibited by vancomycin. This antibiotic exhibits

poor activity against Gram-negative bacteria because it is too large to cross the outer membrane.
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Moreover, it is important to test if the Ent uptake machinery will accept a large cargo like vancomycin. If

it is the case, then siderophore modification may greatly increase the activity of vancomycin against

Gram-negative bacteria. Modification of the vancomycin C-terminal carboxylic acid with a PEG chain

did not perturb its antibacterial activity;30 therefore, we selected this site as a point of attachment. The

azide-functionalized PEG linker 11 was first coupled to 27 to generate Ent-azide 43 in 68% yield.

Copper(I)-catalyzed azide-alkyne cycloaddition of 43 with alkyne 821 subsequently afforded Ent-

vancomycin 44 in 55% yield after hydrogenation and purification. This synthetic approach was extended

to 45, a small analog of 44 that houses a tert-butyl cargo, and the strategy is also applicable to other

alkyne-substituted cargos that are compatible with the benzyl deprotection condition.

Table 2.1 Characterization of Ent-cargo conjugates.

No. Cargo HPLC retention time (min)' m/z obs. m/z cald.

31 Boc 25.3 1010.3173 1010.3125

32 Cyclohexyl 24.6 1020.3346 1020.3333

33 Cyclohexyl (D-Ent) 24.6 1020.3328 1020.3333

34 Napthyl 25.3 1064.3086 1064.3020

35 Phenylmethylbenzyl 25.2 1104.3305 1104.3333

36 Coumarin 343 27.2 1177.3570 1177.3496

37 Ciprofloxacin (PEG) 24.9 1252.3633 1252.3617

42 Ciprofloxacin (alkyl) 26.7 1140.3482 1140.3486 d

44 Vancomycin (triazole) 20.4 1228.3796 1228.3796 c

45 Boc-glycine (triazole) 23.8 1126.3775 1126.3832 d

46 Cyclohexyl (no linker) 25.6 817.2175 817.2135

aHPLC gradient used for all compounds is 0% B for 5 min followed by 0-100% B over 30 min, I
mL/min. bAll m/z valuescorrespond to [M+Na]+ unless specified otherwise.cThe m/z value corresponds to
[M+2Na]2+. dThe m/z value corresponds to [M+H]+.
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Fe(III) Coordination of the Ent-Cargo Conjugates. Before evaluating the delivery of the Ent-

cargo conjugates into Gram-negative bacteria, it is important to ascertain the cargo attachment does not

impair the Fe(III) coordination by the Ent moiety. The optical absorption spectrum of each enterobactin-

cargo conjugate exhibited catecholate absorption at ca. 316 nm (MeOH, rt). With the exception of 36,

which afforded a yellow solution because of the coumarin moiety, methanolic solutions of each conjugate

turned from colorless to wine-colored following the addition of ca. one equiv. of aqueous Fe(III), and the

expected ligand-to-metal charge transfer (LMCT) bands were observed, indicating Fe(IIl) coordination to

the enterobactin catecholates (Figure 2.4 and Appendix 2).3 The binding affinity of Fe(IlI) and the

conjugates were not determined.

Ent-cargo Conjugates Delivery to the E. coli Cytoplasm. To probe Ent-cargo conjugate

delivery into bacterial cells, a growth recovery assay was designed. Three nonpathogenic E. coli strains

which are defective in Ent biosynthesis, Ent transport or ferric Ent utilization (Table 2.2) were used in this

assay. E. coli ATCC 33475 (entA-) cannot biosynthesize Ent, but retains the capacity to import and

metabolize the siderophore. 3' E. coli H 1187 (fepA-) lacks the outer membrane Ent receptor. E. coli K-12

JW0576 (fes-) can accumulate ferric Ent, but cannot release the iron because it is deficient in the Ent

esterase Fes. As a result of these defects in iron metabolism, all three strains grow poorly under

119



conditions of iron limitation.3 ' The iron chelator DP was used to generate iron-deficient conditions and

promote expression of siderophore transport machinery in the growth recovery assays. For E. coli entA-

grown in the presence of DP, if the growth media is supplemented with Ent or Ent-cargo conjugate that

can be transported to the bacterial cytosol and releases iron, a recovery of bacterial growth should be

observed. The extent of recovery can qualitatively indicate the delivery efficiency of the conjugates to the

cytoplasm. For the fepA- and fes- strain, we expect no growth recovery because they cannot transport or

utilize ferric Ent.

A L-Ent B Conjugate 31

0)
C')
C
Cu
.0
0
C',
.0

+Fe(III)

- . 8
300 400 500 600 700

Wavelength (nm)

0.8

0.6

0.4

0.2

0
300 400 500 600

Wavelength (nm)

Figure 2.4. UV-spectra of represented apo/Fe-bound Ent (A) and Ent-cargo conjugate 31 (B)

Table 2.2. Bacterial strains used in this study.

Bacterial strain Description Source

E. coli ATCC 33475 ent- ATCC

E. coli JW0576 fes- Kieo Collection

P. aeruginosa K648 pvd-, pch- Professor Keith Poole (Queen's University, Canada)

P. aeruginosa K407 pvd-, pFr- Professor Keith Poole (Queen's University Canada)

We first validated the assay using unmodified Ent. In 96-well plates, . coli entA- grew to OD600

= 0.35 in 50% MHB medium (30 C, t = 19 h), and this value decreased to <0.05 when 200 ptM DP was

added to the media. Low-micromolar concentrations of Ent restored growth, as expected, 3 and the

cultures reached OD600 ~0.2 in the presence of 10 pM Ent (Figure 2.5A). No growth restoration was

observed when E. colifepA- or E. colifes- were cultured with Ent (Figure 2.5B), which supports the

notion that the growth recovery of E. coli entA- results from FepA-mediated cytoplasmic transport and
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Fes-catalyzed hydrolysis of the enterobactin moiety to release iron. Moreover, the D-enantiomer of Ent,

D-Ent 9, is not a substrate for Fes and does not provide growth recovery (Figure 2.5C).28 Therefore we

concluded that these assays are suitable for evaluating Ent-cargo conjugate delivery. We also tested the

growth recovery effect of monoglucosylated Ent (MGE, 2) and diglucosylated Ent (DGE, 3) on E. coli

entA- (Figure 2.5D), which revealed that MGE afforded growth recovery but to a less extend compared to

Ent. In contrast, DGE did not provide any growth recovery under iron limited conditions and exhibited

growth inhibition under iron sufficient conditions, most likely due to iron sequestration by DGE. These

data indicate that a monofunctionalized Ent may be better tolerated by the Ent uptake machinery than

difunctionalized scaffolds, which influenced our decision to proceed with monofunctionaliation of Ent.
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Figure 2.5 (A) Growth recovery assay of . coli entA- with Ent in the absence and presence of 200 tM

DP. (B) Growth recovery assay of E. colifes-, entA- andfepA- with Ent in the presence of 200 pM DP. (C)

Growth recovery assay of E. coli entA- with D-Ent. (D) Growth recovery assay of F. coli entA- with Ent,

MGE and DGE at 10 pM concentration. Error bars are the standard deviation of the mean for at least

three independent repetitions.
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With validation of the growth recovery assays, we tested whether the Ent-cargo conjugates

deliver iron to the E. coli cytoplasm. Like Ent, low-micromolar concentrations of 31-35 and 45 exhibiting

Boc (31, 45), cyclohexyl (32), napthyl (34), and phenylmethylbenzyl (35) cargos afforded growth

recovery to similar levels as Ent (Figures 2.6 and 2.7). No growth restoration was observed when E. coli

fepA- or E. colifes- were cultured with 31 or 32 (Figure 2.8). Moreover, no growth promotion occurred

when E. coli entA- was treated with conjugate 33, the D-enantiomer of 32 (Figures 2.6 and 2.7). Taken

together, these results demonstrate that the Ent transport machinery has the capacity to recognize and

transport cargo-derivatized Ent scaffolds to the E. coli cytoplasm, and that these molecules are substrates

for the cytoplasmic esterase Fes.
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Figure 2.6. Comparative effects of Ent-cargo conjugates on bacterial cell growth. E. coli (A) and P.

aeruginaosa (B) were cultured in the presence of 10 pM of the tested compounds. NC refers to a no-

conjugate control. Error bars are the standard deviation of the mean for at least three independent

repetitions.
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Figure 2.7. Growth recovery assays of E. coli entA- with various concentrations of Ent, compound 31-37,

42, 44 and 45 in the absence and presence of 200-pM DP. Error bars are the standard deviation of the

mean for at least three independent repetitions.
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Figure 2.8. Growth recovery assays of E. colifes-, entA- and fepA- with compound 31 (A) and 32 (B) in

the presence of 200 p.M of DP. Error bars are the standard deviation of the mean for at least three

independent repetitions.

For larger cargos like coumarin in conjugate 36, much less growth recovery was observed under

iron limitation condition, and no toxicity was observed when grown in iron sufficient condition,

indicating that E. coli entA- may not readily import 36 (Figure 2.6). Similarly, no growth recovery

occurred following treatment of E. coli with either ciprofloxacin 37 or 42 (Figure 2.6). However, in the

absence of DP, these conjugates afforded a concentration-dependent inhibition of E. coli growth.

Likewise, 10 pM Ent-vancomycin 44 inhibited the growth of E. coli (± DP, Figure 2.6). This behavior

contrasts that of unmodified vancomycin, which is inactive against E. coli over the concentration range

employed in this study (data not shown). Two possible origins for inhibitory activity of the ciprofloxacin

and vancomycin conjugates are (i) Ent-antibiotic uptake and resulting antibacterial action or (ii) a lack of

active transport into E. coli, resulting in extracellular iron chelation and hence nutrient deprivation.

Taking all observations into account, including those for P. aeruginosa described below, we contend that

the latter option is the most probable explanation. Based on this hypothesis, we probed whether such large

cargo-Ent conjugates would occupy and block the Ent uptake machinery by performing a competition

assay where varying concentrations of Ent were added at the same time or one hour after the addition of a

fixed concentration of Ent-vancomycin 44 to E. coli entA-. The growth inhibition diminished with an

Ent:44 ratio of 1:1 or greater (Figure 2.9), with or without pre-incubating the bacteria with 44. Moreover,

in the presence of DP, a grow recovery effect was observed as the concentration of Ent increased (Figure

2.9B). These data indicate that the Ent uptake machinery was not blocked by Ent-vancomycin and

remained functional in the presence of Ent.
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Figure 2.9. Competition assay of Ent-vancomycin conjugate 44 and Ent in the absence (A) or presence (B)

of 200 ptM DP. Compound 44 (5 or 10 ptM) was incubated with the bacterial culture for I h, and various

concentrations of Ent were added. Similar results were obtained without pre-incubating 44 with the

bacteria. Error bars are the standard deviation of the mean for at least three independent repetitions.

The data presented above suggested that the Ent uptake machinery is able to transport cargo

attached to Ent; however, it has a size limitation. The growth recovery observed when Ent was co-

administrated with compound 44 suggests that 44 exhibits inhibitory effect solely because of extra-

cellular iron-chelation, therefore most likely FepA is excluding large cargos to be transported. However,

other components in the Ent transportation machinery, e.g., FepCDG, may also discriminate between

different cargos. Further experiment to determine the contribution of these proteins to this size cut-off

effect will provide more insights about the promiscuity of the whole Ent uptake system and help the

design of Ent-cargo conjugates with higher uptake efficiency.

Ent-cargo Conjugates Delivery to the P. aeruginosa Cytoplasm. Many Gram-negative bacteria

utilize Ent for iron uptake, even if they do not biosynthesize this molecule. Because in physiologically

relevant environments a mixture of different bacterial species is often found where they share nutrients

and encounter the same pool of chemicals, it is important to learn how these microorganisms respond to

Ent-cargo conjugates. For this purpose, we chose P. aeruginosa PAO1, a Gram-negative opportunistic

human pathogen which synthesizes and exports two siderophores, pyoverdine (pvd) and pyochelin (pch),

and employs multiple additional mechanisms for iron acquisition.3 2 P. aeruginosa utilizes Ent as a

xenosiderophore, and the genes pftA 3 3 and pirA34 encode outer membrane enterobactin transporters.

Similar to the E. coli experiments, we focused on using P. aeruginosa strains deficient in siderophore

production or utilization in growth recovery assays. P. aeruginosa K648 (pvd-, pch-) is deficient in both
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pyoverdine and pyochelin biosynthesis, and shows attenuated growth in iron-deficient conditions,

whereas P. aeruginosa K407 (pvd-, pFr-) is deficient in pyoverdine biosythesis and lacks the Ent

transporter PfeA (Table 2.2).33a

Under the same condition used for earlier E. coli studies, P. aeruginosa K648 (pvd-, pch-) grew

to OD600 ~ 0.45 (30 0C, t = 19 h) and this value diminished to ca. 0.25 in the presence of 600 pM of DP.

Supplementation of the iron-limiting growth medium with low-micromolar concentrations of L-Ent

resulted in the restoration of P. aeruginosa growth to OD600 ~0.40 (Figure 2.10 A). Comparable growth

recovery was observed for cultures treated with eight of the nine conjugates based on L-Ent (Figure 2.6B

and Figure 2.10). Vancomycin 44, which exhibits the largest cargo, afforded a growth inhibitory effect

(±DP) as observed for E. coli entA-. In contrast to its L-Ent analog 32, conjugate 33 based on D-Ent was

growth inhibitory as was D-Ent (Figure 2.6B and Figure 2.10D). This result demonstrates that P.

aeruginosa also requires the L-isomer for iron utilization. Lastly, no growth enhancement of P.

aeruginosa K407 (pFr-) was observed in the presence of L-Ent or conjugate 32 (600 pM DP); instead,

these siderophores caused growth inhibition at micromolar concentrations (Figure 2.11). These results

demonstrate that PfeA is necessary for conjugate-mediated growth recovery, supporting its role as a

transporter for the Ent-cargo conjugates. In total, these assays demonstrate that the Ent transport

machinery of P. aeruginosa, and PfeA in particular, recognizes and delivers various cargo-modified Ent

scaffolds to the cytoplasm.
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Figure 2.11. Growth recovery assay of P. aeruginosa PAOI K407 (pvd-, pFr-) with Ent (A) and

conjugate 32 (B). The DP concentration was 600 .M. Error bars are the standard deviation of the mean

for at least three independent repetitions.

Ciprofloxacin is a fluoroquinolone antibiotic that acts in the cytoplasm and inhibits DNA

gyrase. The fact that ciprofloxacin conjugates 37 and 42 each restored P. aeruginosa growth

demonstrated that the cargo was successfully delivered to the cytoplasm of this microbe with negligible

impact of the variable linker composition, and that conjugation of ciprofloxacin to Ent attenuated its

antibacterial activity. This observation is in general agreement with reports of pyoverdine-

fluoroquinoline 6 and pyochelin-fluoroquinoline3 1 conjugates where the antibiotic was covalently

attached to the siderophore and point to the need for appropriate linker design for fluoroquinolone

delivery and release after cellular entry.38 These pyoverdine/pyochelin-antibiotic conjugates afforded no

antipseudomonal activity or diminished activity relative to the unmodified drug, and the pyoverdine-

fluoroquinolone antibiotic exhibited decreased E. coli gyrase inhibitory activity in vitro.36 Further

exploration for optimizing the linker to achieve an Ent-ciprofloxacin conjugate with antimicrobial activity

is discussed in Chapter 4.

A comparison of the Ent-cargo growth recovery profiles for . coli and P. aeruginosa (Figure 2.6)

reveals that these particular microbes have different capacities for internalizing Ent-cargo conjugates, and

that cargo size is an important factor. Vancomycin has a rigid dome-like structure and a molecular weight

of ca. 1.4 KDa, and the assays presented above suggest that this molecule is too big for Ent-mediated

transport into . coli or P. aeruginosa (Figure 2.7J and Figure 2.1 OJ). In contrast, small and malleable

cargos such as a Boc protecting group and cyclohexane afforded growth recovery comparable to that of L-

Ent for both strains. A comparison of OD600 values for bacterial cultures treated with such conjugates (e.g.,

31, 32, 33, 36) shows that growth recovery to levels comparable to that of L-Ent occurs at a conjugate
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concentration of I [tM for P. aeruginosa whereas 10 pM is required for E. coli (Figure 2.7BCDG and

Figure 2.1OBCDG). P. aeruginosa responds to lower Ent concentrations than E. coli, which indicates a

higher uptake efficiency. Coumarin 343 is an example of a cargo that exhibits no signs of toxicity over

the concentration range tested and affords markedly different results on microbial growth promotion for

these two species. A comparison of the ciprofloxacin conjugate 37 and 42 data for E. coli and P.

aeruginosa also suggests differential uptake. For both the ciprofloxacin and coumarin cargo, the growth

recovery assays indicate that the Ent transport machinery of P. aeruginosa imports these cargos whereas

the E. coli system does not do so readily. Although no significant growth recovery was observed for E.

coli, the Ent-coumarin conjugate 36 is not growth inhibitory under iron sufficient conditions, which

suggests less efficient transport. In fact, this compound was sent to Professor Kevin Young at University

of Arkansas recently and they observed TonB-dependent accumulation of fluorescent signal in E. coli,

supporting our hypothesis that this molecule is taken up by the bacteria via the Ent transportation

system.3 9 These observations suggest that species-selective targeting may be possible with strategic cargo

choice even when a siderophore is utilized by multiple microbial species.

Binding of Ent-cargo Conjugates to Lipocalin 2. One potential application of Ent-cargo

conjugates is the delivery of antibiotics (see Chapter 3). If used to treat a bacterial infection, the conjugate

will be exposed to mammalian physiological environment where lipocalin 2 (Lcn2, also known as

siderocalin or NGAL) is present. During infection, Lcn2 binds Ent to interfere with bacterial iron

acquisition and thus inhibit bacterial growth. 24' 40 At the same time, some bacteria synthesize modified Ent

derivatives (salmochelins), which cannot be recognized by Lcn2, to evade this immune response. 41 It is

important to determine whether the Ent-cargo conjugates interact with Lcn2 in order to gain some insights

about the potential fate of these conjugates if administrated to the host.

An in vitro binding assay for Lcn2 and its ligands has been reported,24 4 2 and recombinant human

Lcn2 may be purchased from R&D Systems. The reported binding assay measures the intrinsic

tryptophan fluorescence quenching upon ligand binding. In this assay, besides Lcn2, its ligand and a

buffer system, TCEP and ubiquitin were also included in the experimental solutions. During the assay

optimization, it was found that TCEP (5 mM) was necessary to minimize self-quenching of the protein.

Ubiquitin (32 ptg/mL) was required to reproduce the reported weak binding behavior of monoglucosylated

Ent (MGE) (Figure 2.12A and B). 4' Without Ubiquitin, MGE causes fluorescent quenching similar to that

of Ent (Figure 2.12A and Figure 2.13A). However, the function of ubiquitin in this assay is not clear from

the available literature. It should be noted that the buffer pH affect the fluorescence property of Lcn2. The

relatively high concentration of TCEP was found to be able to lower the pH of the final solution to ~5.5

and without pH adjustment a blue shift of the emission spectrum with decreased fluorescence intensity
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was observed. Therefore pH adjustment should be performed after adding TCEP to the buffer solution to

maintain the desired pH value.
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Figure 2.12. Fluorescence spectra of Lcn2 (88 nM) titrated with 0-180 nM of [Fe(MGE)] 3- in the absence

(A) or presence (B) of ubiquitin. The assay buffer contains NaCl (150 mM), DMSO (5%), TCEP (5 mM)

and Tris at pH 7.5 (50 mM). kex = 281 nm; slit widths = 3 nm; integration time = 1 s.

Two conjugates, 32 (Figure 2.13B) and 35 (Figure 2.13C), were tested in this assay together with

Ent, MGE and DGE (structures shown in Figure 2.13E). From the growth recovery assays, compound 32

was internalized by the Ent transportation machinery with similar efficiency as Ent, and the uptake of 35

was less effective (Figures 2.6A and 2.7CF). The Lcn2 binding titrations show that the ferric complexes

of 32 and 35 both bind to Lcn2 with affinities higher than MGE and DGE but lower than Ent, and 35

binds Lcn2 more tightly than 32 (Figure 2.13D). Preliminary analysis using a one-site binding model by

DynaFit gave Kd values as following: Ent, 2.4 nM (reported Kd is 0.43 nM41 ); 32, 29 nM; 35, 9.9 nM;

MGE, 84 nM; and DGE, 15 pM. These experiments need to be repeated and optimized for accurate

binding affinity determination, although these preliminary data suggested it is highly possible that the

Ent-cargo conjugates with PEG linker will be captured by Lcn2 and this protein may have different

promiscuity than the bacterial proteins involved in the Ent uptake machinery.
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Summarized titration curves (D) and the structures of the tested compounds (E) are also shown. The

titration buffer contains NaCl (150 mM), DMSO (5%), TCEP (5 mM), ubiquitin (32 ptg/mL) and Tris at

pH 7.5 (50 mM). X = 281 nm; slit widths = 3 nm; integration time = 1 s.
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Scheme 2.8. Synthesis of Ent-cyclohexane 46.

To deliver antimicrobial compounds into Gram-negative bacteria and better to treat infection, it

would be ideal to have the Ent-cargo conjugates that cannot interact with Lcn2. Inspired by the structure

of MGE and DGE, one possible linker modification is to install a cyclohexane moiety at the C5 position

on the catechol to mimic the glucose structure. Following this notion, compound 46 was synthesized from

benzyl-Ent-COOH 27 and aminocyclohexane through acid-amine coupling followed by Pd/C catalyzed

hydrogenation (Scheme 2.8). Optimal absorption spectroscopy of 46 in the presence and absence of 1

equiv. of FeC13 afforded spectra similar to those of Ent, showing the modification did not affect the iron-

binding property (Figure 2.14A). In growth recovery assays, 46 also gave a similar level of E. coli growth

promotion as Ent, indicating successful cellular entry (Figure 2.14B). Fluorescence titration suggested

that this molecule binds Lcn2 with similar affinity as Ent (Figure 2.15, Kd is -4.2 nM calculated by

DynaFit). Therefore, addition of the cyclohexyl moiety did not significantly affect the interaction between

Lcn2 and Ent conjugate. The decreased binding affinity of MGE and DGE may not only come from steric

hindrance of the glucose. The charge effect or hydrophilic properties of the glucose moiety may play a

more important role. Possible further modifications to prevent conjugate binding to Lcn2 is to synthesize

conjugates based on MGE or DGE, which may still be transported by bacterial strains that utilize MGE

and DGE and at the same time circumvent Lcn2 capture.
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Figure 2.15 Fluorescence spectra of Lcn2 titrated with Fe(III) complex of 46. The titration buffer

contains NaCl (150 mM), DMSO (5%), TCEP (5 mM), ubiquitin (32 pg/mL) and Tris at pH 7.5 (50 mM).

X = 281 nm; slit widths = 3 nm; integration time = 1 s.

Summary and Perspectives

We have designed and prepared a family of monofunctionalized enterobactin derivatives, and

utilized these scaffolds for the preparation of enterobactin-cargo conjugates bearing cargos of varying size

and complexity. Growth recovery assays employing E. coli and P. aeruginosa revealed that the

enterobactin uptake machineries of these Gram-negative species recognize and transport enterobactin-

cargo conjugates to the Gram-negative cytoplasm. These studies are significant in several respects. First,
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the notion of using siderophores for antibiotic delivery across the Gram-negative outer membrane, which

serves as a permeability barrier, has achieved long-term interest.' a-c, If Such "Trojan horse" antibiotics

are largely inspired by the sideromycins, Ile, Ili a family of siderophore-antibiotic conjugates produced by

the soil bacterium Streptomyces, and by early observations that catechol-modified p-lactams were

recognized by the iron-uptake machinery of Gram-negative microbes." Significant efforts have been

made to prepare and characterize synthetic siderophore-antibiotic conjugates with the goal of targeting

drug-resistant Gram-negative pathogens.' if, g Timely examples of siderophore-antibiotic conjugates with

antimicrobial activity include a mycobactin-artemisinin conjugate that kills Mycobacterium tuberculosis

and Plasmodium falciparum,43 and amoxicillin/ampicillin-appended tripodal triscatecholates that exhibit

potent antipseudomonal activity relative to the parent p-lactam antibiotics.16 c One bottleneck with this

general approach, and using siderophores in other applications, is that few synthetically tractable and

modifiable native siderophores are available. DFO B and pyoverdine, which are readily obtained

commercially (DFO B) or from bacterial cultures (pyoverdines), provide free amino groups useful for

conjugation and are most commonly derivatized for application-based work.44 Syntheses of modified

pyochelin, 4 5 petrobactin,4 6 and mycobactin 43' 47 platforms that house functional groups amenable to site-

specific elaboration have been reported, and these scaffolds are important contributions to the toolkit of

siderophores that can be modified without compromising Fe(III) coordination in addition to recognition

by siderophore-binding proteins. The syntheses described in this work provide enterobactin with a

functional handle for exploring new chemical space, and will allow strategic use of this canonical

siderophore in a multitude of chemical biology and biotechnology initiatives.

Unanswered questions regarding the antibacterial activity and fate of reported synthetic

siderophore-antibiotic conjugates exist. Whether a given conjugate is actively transported into the

bacterial cell is oftentimes unclear. Because FepA recognizes relatively large biomolecules including

MccE492m (84-aa) and colicin B (324-aa), it is tempting to predict that FepA may accommodate almost

any cargo appended to an enterobactin or catecholate platform. The results presented in this work

challenge this notion and indicate that cargo size is an important and species-specific parameter. Our

assays indicate that P. aeruginosa PAOl has a greater capacity to import enterobactin-cargo conjugates

than E. coli ATCC 33475. It will be interesting to determine the cargo scope of other F. coli strains and

bacterial species that utilize enterobactin for iron acquisition, and understand the molecular and

physiological basis for such variations. Colicins are largely a-helical' 2 and MccE492m shares some

sequence homology with colicins. 48 It is likely that some enterobactin receptors have decreased

propensity to transport synthetic small molecules or natural products with less structural malleability (i.e.

vancomycin) than an a-helical peptide.
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The mechanisms of iron release from siderophores, which vary tremendously for the myriad of

siderophores produced by different bacterial species, are another important consideration in siderophore-

cargo conjugate design. Guided by studies of chiral recognition in enterobactin transport, which

demonstrated that D-Ent is transported into B. subtilis but cannot be hydrolyzed by Fes, 28 we designed the

monofunctionalized D-Ent scaffolds to probe cytosolic delivery. This design feature prevents esterase-

catalyzed iron release from enterobactin-based conjugates in the cytoplasm and may have practical utility.

From the standpoint of drug delivery, a tug-of-war may result from utilizing an iron-supplying

siderophore that confers a growth advantage for delivering a toxic payload to a bacterial cell, and

preventing iron release may be beneficial. In other applications, siderophore-fluorophore conjugates are

of interest for bacterial detection and diagnostics, and Fe(III) binding to and release from the siderophore

will likely influence the photophysical properties of such molecules.

The mammalian protein lipocalin 2 (Lcn2) generated from the innate immune system specifically

binds Ent and inhibit bacteria growth by iron depletion. 49 For the purpose of drug delivery, the interaction

of Ent-conjugates with Lcn2 should be minimized. It is reported that glucose adducts of Ent (salmochelins,

including MGE and DGE) binds lipocalin 2 with > 10 3-fold weaker affinity than Ent, and structural

analyses revealed significant steric clashes after modeling in a single glucose in the catechol-binding

pockets of Lcn2.41 Moreover, synthetic analogs of Ent with methyl or tert-butyl groups at the C5 position

on all three catechol moieties do not bind Lcn2.42 Based on these observations, it is unexpected to find

several Ent-cargo conjugates synthesized in the current work still bind Lcn2, including compound 46 in

which a cyclohexane group is appended to the C5 position through an amide bond. The flexible PEG

linker in these conjugates may help to guide the cargo group away from the binding pocket, although this

model does not explain the binding of 46. The binding pocket of Lcn2 is hydrophobic, which may

contribute to the relatively high binding affinity of 46 compared to MGE. Other factors besides steric

constraints may contribute to the weak binding of salmochelins. To preclude binding to Lcn2, one

possible modification is to introduce glucose moieties to the Ent-cargo conjugates and applying these

salmochelin scaffolds for antibiotic delivery.

In summary, these investigations reveal that the enterobactin transport machineries of E. coli (e.g.,

FepABCDG and TonB-ExbB-ExbD) and P. aeruginosa will deliver enterobactin-modified cargo to the

Gram-negative cytoplasm. Moreover, the preparative work affords a new siderophore platform amenable

to synthetic elaboration and an entry route for employing the native enterobactin scaffold in a multitude of

application-based initiatives that include intracellular cargo delivery, iron sensing, siderophore labeling,

protein and pathogen detection, and therapeutic development.
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Chapter 3

Enterobactin-Mediated p-Lactam Delivery into

Gram-negative Bacteria



Introduction

Building upon the synthetic routes developed for monofunctionalized enterobactin (Ent) scaffolds

and the cargo size tolerance evaluation for the Ent uptake machinery described in Chapter 2, we aim to

incorporate cargos with defined functions into the Ent-cargo conjugates to explore possible applications

(Figure 3.1). With the increasing demand for new antimicrobial treatments, it is very attempting to test

whether the Ent-mediated delivery of existing antibiotics will result in enhanced antimicrobial activity.

Decreases in the retention of antibiotics within the bacterial cells caused by either decreased membrane

permeability or expression of efflux pumps greatly contribute to the frequently observed antibiotic

resistance.' Siderophore mediated delivery employs specific uptake machineries including membrane

receptors, periplasmic binding proteins and permeases, therefore has the potential of bypassing these

resistance mechanisms. Siderophores play very important role in pathogenesis, and the possibility for the

bacteria to evolve resistance towards siderophore-mediated delivery and at the same time maintain

virulence is very low.

OH O N OH

H OH HOOC 0
NH 0

HO HN N9 000NHHO 0
HH HN HO HN O N

HO O 00 HO HO O 0 HO OHR

1, Enterobactin (Ent) R = cargo (e.g., antibiotics. fluorophores) R = H, Ampcillin (Amp)
Ent-cargo conjugate R = OH, Amoxicillin (Amx)

Figure 3.1. Structure of enterobactin , Ent-cargo conjugate for cargo delivery applications, and the two p-
lactam antibiotic cargos (ampicillin and amoxicillin) studied in this Chapter.

A wealth of literature discussing synthetic siderophore-antibiotic conjugates exists; 2 however, Ent

has not been studied in this context, likely due to the synthetic challenge of modifying this molecule

without affecting its extraordinary iron binding affinity. There are several advantages of applying Ent in

this strategy. The uptake machinery for Ent is well characterized, which will facilitate investigations of

antimicrobial activity mechanisms for the Ent-antibiotic conjugates. Ent is widely produced by many

pathogenic Escherichia coli, Salmonella and Klebsiella species and was found to be required for

virulence in some infection models.3 Other bacteria like Pseudomonas aeruginosa that do not synthesize

Ent also utilize Ent as a xenosiderophore for iron uptake, 4 which suggests another possible target for Ent-

mediated antibiotic delivery. However, it should be noted that lipocalin 2 (Lcn2), a host protein produced
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by the innate immune system to scavenge Ent and prevent bacterial iron acquisition, makes Ent less

effective during infection.'

Several classes of antibiotics have been employed in siderophore conjugate studies, from which

the P-lactams are most investigated (see Chapter 1). The p-lactam antibiotics target transpeptidases (or

penicillin binding proteins or PBPs), which are responsible for the synthesis of peptidoglycan during

bacterial cell wall construction. Covalent modification by P-lactams causes inactivation of the PBPs and

cell wall decomposition, which eventually results in cell death. Extensive studies of the mechanism of P-
lactam action, including the targets, the drug-target interaction and resistant mechanism are available.

The most often observed P-lactam resistance either comes from the expression of P-lactamases, which

hydrolyze the P-lactam core structure and inactivate the antibiotic, or alteration of PBPs to decrease the

binding affinity of the antibiotics. However, reduced membrane permeability also accounts for

resistance,' which can be overcome by Ent-mediated delivery. The molecular weights of these antibiotics

are ca. 300-400 Da, which falls into the range of proper cargo sizes for Ent-mediated delivery based on

our previous results (Chapter 2)., Two compounds within this antibiotic class, ampicillin (Amp) and

amoxicillin (Amx), were selected for our current study. Both of these p-lactams belong to the

semisynthetic aminopenicillin family, and harbor a primary amine group (Figure 3.1). Modifications of

Amp and Amx on the amine group for different applications have been reported, including conjugation to

siderophores, and the results suggested that manipulation at this site does not affect their interaction with

the target PBPs.8 Therefore, the primary amine groups can be used as a synthetic handle for conjugation

to Ent.

In this Chapter, the synthesis of Ent-Amp and Ent-Amx conjugates were achieved through

copper(1) catalyzed azide-alkyne cycloaddition. The D-enantiomer of Ent was also incorporated in the

conjugate synthesis to probe whether the Ent enantiomer will afford periplasmic delivery. The

antimicrobial activity of these conjugates was evaluated against a range of bacterial species, including

Gram-negative E. coli, P. aeruginosa, K. pneumoniae and Gram-positive B. cereus and S. aureus. The

mechanism of the antimicrobial activity was investigated by testing the conjugates against mutant . coli

strains that either lack the components of Ent uptake machinery or express P-lactamases. A time-kill

kinetic study was also performed to probe if the conjugates result in faster cell death due to Ent-mediated

active delivery. Strain selectivity of the conjugates was investigated. Lastly, the possibility of Lcn2

binding to the conjugates and cytotoxicity to human cells were studied.

Experimental Section

Synthetic Reagents. Dimethylformamide (DMF) and dichloromethane (CH 2 Cl2 ) were obtained

from a VAC solvent purification system (Vacuum Atmospheres). Anhydrous dimethyl sulfoxide (DMSO)
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was purchased from Sigma-Aldrich and used as received. HPLC-grade acetonitrile (MeCN) was

purchased from EMD. L-Ent 1 was synthesized according to a previously reported procedure.' The D-

enantiomer of benzyl-protected Ent-CO 2H 2 and the benzyl-protected Ent-PEG 3-N3 3 were reported in

Chapter 2. 11-Azido-3,6,9-trioxaundecan-1-amine was purchased from Fluka. All other chemicals and

solvents were purchased from Sigma-Aldrich or Alfa Aesar in the highest available purity and used as

received.

General Synthetic Materials and Methods. EMD TLC silica gel 60 F 254 plates were used for

analytical thin-layer chromatography. 'H and 13C NMR spectra were collected on a Varian 300 or 500

MHz spectrophotometer operating at ambient probe temperature (293 K) housed in the Department of

Chemistry Instrumentation Facility. The 'H and 13C NMR spectra were referenced to internal standards.

'H and 3C NMR spectra are provided in Appendix 2. An Avatar FTIR instrument was used to acquire IR

spectra. Optical absorption spectra were recorded on an Agilent 8453 diode array or Beckman Coulter

DU800 spectrophotometer (1-cm quartz cuvettes, Starna). Semi-preparative and analytical high-

performance liquid chromatography (HPLC) were performed by using an Agilent 1200 series HPLC

system outfitted with an Agilent Zorbax reverse-phase C18 column (5-pam pore size, 9.4 x 250 mm) at a

flow rate of 4 mL/min and a Clipeus reverse-phase C18 column (5-pam pore size, 4.6 x 250 mm; Higgins

Analytical, Inc.) at a flow rate of 1 mL/min, respectively. The multi-wavelength detector was set to read

the absorbance at 220, 280, and 316 (catecholate absorption) nm. Preparative HPLC was performed by

using an Agilent PrepStar system outfitted with a Phenomenex Luna reverse-phase C18 column (10-ptm

pore size, 21.2 x 250 mm) at a flow rate of 10 mL/min. Absorbance at 220 and 280 nm was monitored for

preparative HPLC. For all HPLC, solvent A was 0.1% TFA/H 20 (or 0.05% TFA/H 20 for the Ent-

Amx/Amp conjugates) and solvent B was 0.1% TFA/MeCN (or 0.05% TFA/MeCN for the Ent-

Amx/Amp conjugates). Each HPLC method began with a five-minute equilibration at the %B used at the

start of the gradient followed by a gradient of increasing %B. The HPLC solvents were prepared with

HPLC-grade MeCN and TFA, and Milli-Q water (18.2 mQcm-'), and filtered through a 0.2-pam filter

before use. For analytical HPLC performed to evaluate conjugate purity, the entire portion of each HPLC-

purified compound was dissolved in a mixture of 1:1 MeCN/H 20 and an aliquot was taken for HPLC

analysis, and the remaining solution was subsequently frozen and lyophilized to dryness. Analytical

HPLC traces of the purified compounds were generated using the gradient of 0% B for 5 min followed by

0-100% B over 30 min, 1 mL/min. High-resolution mass spectrometry was performed by using an Agilent

LC-MS system comprised of an Agilent 1260 series LC system outfitted with an Agilent Poroshell 120

EC-C18 column (2.7-jam pore size) and an Agilent 6230 TOF system housing an Agilent Jetstream ESI

source. For all LC-MS analyses, solvent A was 0.1% formic acid/H 20 and solvent B was 0.1% formic
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acid/MeCN. The samples were analyzed using a solvent gradient of 5-95% B over 5 min with a flow rate

of 0.4 mL/min.

NJ-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-N3-((3S,7S,1 I S)-7,1 1-bis(2,3-dihydroxy-

benzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-3-yl)-4,5-dihydroxy-isophthal-amide (4).

Benzyl-protected Ent-azide 3 (80 mg, 55 .tmol) and pentamethyl benzene (PMB, 147 mg, 0.99 mmol)

were dissolved in 5 mL of anhydrous CH2Cl2 to give a light yellow solution. This solution was cooled to -

78 0C in an acetone/dry ice bath under N2 , and BCl 3 (660 pl of 1 M solution in CH2 Cl2, 660 pmol) was

added slowly along the flask wall. After stirring for 1.5 h, DIPEA (300 ptL, 1.73 mmol) was added to the

flask, followed by addition of MeOH (2 mL) to quench the reaction. The reaction was then warmed to

room temperature and the solvents were removed under reduced pressure. The resulting white solid was

dissolved in 5:3 MeOH/1,4-dioxane and purified by preparative HPLC (33% B for 5 min and 33-60% B

over 20 min, 10 mL/min). The product eluted at 17 min and was lyophilized to yield compound 4 as white

solid (13.9 mg, 28%). 'H NMR (DMSO-d6 , 500 MHz), 6 3.35-3.57 (16H, in), 4.38-4.41 (3H, in), 4.63-

4.69 (3H, m), 4.89-4.96 (3H, m), 6.74 (2H, dd, J= 7.5, 8.0 Hz), 6.97 (2H, d, J= 7.5 Hz), 7.35 (2H, d, J=

8.0 Hz), 7.46 (1H, s), 7.94 (1H, s), 8.33-8.35 (1H, m), 9.12 (2H, d, J= 6.0 Hz), 9.29 (1H, d, J= 6.0 Hz),

9.44 (2H, bs), 9.76 (1H, bs), 11.6 (2H, bs), 11.9 (1H, bs). 1
3 C NMR (CDCl 3 , 125 MHz), (5 50.1, 51.5, 63.6,

69.1, 69.4, 69.8, 69.8, 69.9, 69.9, 115.3, 115.4, 115.4, 117.7, 118.5, 118.7, 119.4, 125.2, 145.9, 146.3,

148.7, 148.7, 150.8, 166.0, 168.4, 169.1, 169.6, 169.7. IR (KBr disk, cm-'), 3389, 2954, 2928, 2868, 2111,

1754, 1645, 1589, 1535, 1460, 1384, 1329, 1266, 1176, 1132, 1074, 992, 846. HRMS (ESI): [M+Na]+

m/z calcd., 932.2506; found, 932.2520.

NJ-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-4,5-bis(benzyloxy)-N3-((3R,7R, 11R)-7,11-

bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-1,5,9-trioxacyclo-dodecan-3-yl) iso-phthalamide (5).

11-Azido-3,6,9-trioxaundecan-l-amine (36.4 tL, 0.186 mmol) and D-Bn 6Ent-COOH (2, 177 mg, 0.142

mmol) were dissolved in 5 mL of dry CH2Cl9 . PyAOP (147 mg, 283 tmol) and DIPEA (98.5 ptL, 0.568

mmol) were added to give a light yellow solution. The reaction was stirred for 4 h at rt and concentrated,

and the crude product was purified by preparative TLC (50% EtOAc/CH2 Cl 2) to afford 5 as a white foam

(159 mg, 77%). TLC R = 0.6 (10% MeOH/CH2 Cl2 ). 'H NMR (DMSO-d, 500 MHz), 6 3.33 (2H, J= 5.2

Hz), 3.62-3.69 (14H, m), 4.02-4.06 (3H, m), 4.15-4.18 (3H, in), 4.91-4.94 (3H, m), 5.04-5.21 (12H, in),

6.96 (1H, s), 7.11-7.45 (36H, in), 7.65-7.67 (2H, m), 7.85-7.85 (1H, m), 7.97-7.97 (1H, in), 8.50-8.54 (3H,

m). 3 C NMR (CDCL3, 125 MHz), 6 39.9, 50.5, 51.3, 51.4, 63.9, 64.1, 69.6, 69.8, 70.2, 70.5, 70.5, 71.1,

71.2, 76.2, 76.3, 116.7, 117.5, 120.3, 123.0, 124.2, 125.4, 126.1, 126.2, 1276, 127.6, 127.8, 128.1, 128.3,

128.4, 128.4, 128.4, 128.5, 128.5, 128.6, 128.7, 128.8, 128.8, 129.0, 130.2, 135.4, 135.7, 135.9, 135.9,
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136.1, 146.8, 146.8, 149.0, 151.5, 151.8, 164.1, 164.8, 164.9, 165.8, 168.9 169.0, 169.0. IR (neat, cm 1),

3357, 3062, 3032, 2958, 2923, 2859, 2104, 1751, 1551, 1576, 1515, 1455, 1375, 1345, 1299, 1264, 1204,

1126, 1082, 1040, 1018, 957, 915, 854, 811. HRMS (ESI): [M+H]* m/z calcd., 1476.5323; found,

1476.5318.

N1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-N3-((3R,7R,1 IR)-7,1 1-bis(2,3-dihydroxy-

benzamido)-2,6,10-trioxo-1,5,9-trioxacyclododecan-3-yl)-4,5-dihydroxyiso-phthal-amide (6).

Compound 6 was synthesized from 5 (153 mg, 105 ptmol) following the same procedure as for compound

4. The crude reaction was purified by preparative HPLC (33% B for 5 min and 33-60% B over 20 min, 10

mL/min). The product eluted at 17.0 min and was lyophilized to yield compound 6 as white solid (31 mg,

33%). The analytical HPLC trace of the purified product is reported in Appendix 2. 'H NMR (CDCl 3, 500

MHz), 6 3.34-3.56 (16H, m), 4.39-4.41 (3H, m), 4.61-4.66 (3H, m), 4.88-4.94 (3H, m), 6.74 (2H, dd, J=

7.8, 7.8 Hz), 6.96 (2H, d, J= 7.8 Hz), 7.33 (2H, d, J= 7.8 Hz), 7.44 (1H, s), 7.91 (1H, s), 8.31-8.33 (1H,

m), 9.12-9.13 (2H, m), 9.27-9.28 (1H, m), 9.50 (2H, bs), 9.84 (1H, bs), 11.6 (2H, bs), 11.9 (IH, bs). "C

NMR (CDCl 3, 125 MHz), (5 50.1, 51.5, 63.6, 69.1, 69.4, 69.8, 69.8, 69.9, 69.9, 115.3, 115.4, 115.4, 117.7,

118.5, 118.7, 119.4, 125.2, 145.9, 146.3, 148.7, 148.7, 150.8, 166.0, 168.4, 169.1, 169.6, 169.7. IR (KBr

disk, cn 1), 3390, 2958, 2925, 2863, 2110, 1754, 1645, 1589, 1535, 1460, 1384, 1342, 1262, 1176, 1117,

1074, 841, 800. HRMS (ESI): [M+Na]+ m/z calcd., 936.2506; found, 936.2512.

(2S,5R,6R)-6-((R)-2-(Hex-5-ynamido)-2-phenylacetamido)-3,3-dimethyl-7-oxo-4-thia-1-aza-

bicyclo[3.2.0]heptane-2-carboxylic acid (7). 5-Hexynoic acid (113 pL, 1.00 mmol) and thionyl chloride

(1.00 mL, 13.8 mmol) were combined and refluxed for 1 h. The reaction was cooled to room temperature

and concentrated under reduced pressure, and the resulting crude acetyl chloride was dissolved in acetone

(0.5 mL) and carried on to the next step without purification. Ampicillin sodium salt (186 mg, 0.500

mmol) was dissolved in a solution of NaHCO 3 (210 mg, 2.5 mmol) in 4:1 water/acetone (2.5 mL) and

cooled on ice, to which the acetyl chloride was added slowly with stirring. The reaction was subsequently

warmed to room temperature and stirred for 1 h. Water (3 mL) was added to the reaction and the aqueous

phase was washed with EtOAc (2 x 10 mL), acidified to pH 2 by addition of HC1, and extracted with

EtOAc (20 mL). The resulting organic phase was washed with cold water (2 x 5 mL), dried over Na 2SO 4 ,

and concentrated under reduced pressure. The crude reaction was triturated with hexanes, which afforded

a yellow solid (180 mg, 77%). This solid was used in the following steps without further purification.

TLC Rf= 0.1 (10% MeOH/CH 2CI 2). 'H NMR (DMSO-d6 , 500 MHz), 6 1.41 (3H, s), 1.55 (3H, s), 1.64-

1.69 (2H, m), 2.13-2.16 (2H, m), 2.29-2.32 (2H, m), 2.77-2.78 (1H, m), 4.20 (1H, s), 5.39 (1H, d, J= 4.0

Hz), 5.52 (1H, dd, J= 4.0, 8.0 Hz), 5.70 (1H, d, J= 8.0 Hz), 7.25-7.43 (5H, m), 8.57 (1H, d, J= 8.0 Hz),
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9.11 (1 H, d, J= 8.0 Hz). "C NMR (DMSO-d, 125 MHz), 3 17.4, 24.4, 26.6, 30.4, 33.8, 55.5, 58.1, 63.7,

67.3, 70.3, 71.5, 84.2, 127.2, 127.6, 128.2, 138.2, 169.0, 170.2, 171.5, 173.5. IR (KBr disk, cm'), 3297,

3058, 3023, 2970, 2937, 2863, 2626, 2526, 2120, 1780, 1688, 1518,1455, 1437, 1390, 1373, 1324, 1295,

1208, 1139, 1027, 1001, 843. HRMS (ESI): [M+H] t m/z caled., 444.1588; found, 444.1585.

(2 S,5R,6R)-6-((R)-2-(Hex-5-ynamido)-2-(4-hydroxyphenyl)acetamido)-3,3-dimethyl-7-oxo-

4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylic acid (8). Compound 8 was synthesized as described for

compound 7 except that amoxicillin (760 mg, 2.08 mmol) was used instead of ampicillin sodium salt.

Compound 8 was obtained as light yellow solid (533 mg, 56%) after trituration and employed without

further purification. TLC Rf= 0.1 (10% MeOH/CH 2Cl2). 'H NMR (DMSO-d, 500 MHz), 3 1.42 (3H, s),

1.56 (3H, s), 1.63-1.68 (2H, in), 2.12-2.15 (2H, in), 2.25-2.29 (2H, in), 2.76-2.78 (1H, in), 4.19 (1H, s),

5.39 (1H, d, J= 4.0 Hz), 5.51-5.54 (2H, m), 6.69 (2H, d, J= 8.5 Hz), 7.19 (2H, d, J= 8.5 Hz), 8.41 (1H, d,

J= 8.0 Hz), 8.93 (1H, d, J= 8.0 Hz), 9.40 (1 H, bs). "C NMR (DMSO-d, 125 MHz), 5 17.6, 24.5, 26.8,

30.4, 34.0, 55.4, 58.2, 63.9, 71.6, 71.7, 84.4, 115.1, 128.4, 128.7, 128.8, 157.0, 169.2, 170.9, 171.7, 173.8.

IR (KBr disk, cm-'), 3356, 3294, 3045, 2970, 2928, 1770, 1738, 1650, 1615, 1515, 1457, 1373, 1208,

1009, 945, 839, 815. HRMS (ESI): [M+Na]f m/z calcd., 460.1537; found, 460.1534.

(4 S)- 2 -(((R)-2-(hex-5-ynamido)-2-phenylacetamido)methyl)-5,5-dimethylthiazolidine-4-car-

boxylic acid (9). Compound 7 (60 mg, 0.13 mmol) was dissolved in 1:1 H2 0/MeCN (5 mL) and TFA

was added to a final concentration of 1%. The solution was incubated at 37 0C for 24 h and purified by

preparative HPLC (20-50% B over 25 min, lOmL/min), which afforded a white powder (12 mg, 25%).

The white powder is a diastereomeric mixture of products and no further separation was performed. 'H

NMR (DMSO-d, 500 MHz), 3 (mixture of two diastereomers) 1.22-1.23 (3H, pair of s), 1.54-1.58 (3H,

pair of s), 1.62-1.68 (2H, in), 2.12-2.14 (2H, in), 2.28-2.30 (2H, m), 2.77 (IH, s), 3.18-3.24 (0.5H, in),

3.30-3.36 (0.5H, in), 3.44-3.49 (0.5H, in), 3.55-3.60 (0.5H, in), 3.92 (0.5H, s), 4.01 (0.5H, s), 4.67 (0.5H,

dd, J= 6.7, 6.5 Hz), 4.78 (0.5H, dd, J= 5.2, 5.2 Hz), 5.45-5.48 (JH, in), 7.27-7.40 (5H, in), 8.50-8.61 (2H,

in). "3C NMR (DMSO-d, 125 MHz), 5 (mixture of two diastereomers) 18.1, 25.0, 27.6, 28.1, 28.4, 29.5,

34.4, 42.2, 56.8, 56.8, 72.1, 72.2, 84.8, 127.9, 128.2, 128.9, 139.2, 139.4, 171.2, 171.4, 172.0. IR (KBr

disk, cm-'), 3297, 3071, 3041, 2967, 2938, 2535, 2124, 1734, 1653, 1527, 1456, 1427, 1375, 1299, 1199,

1137, 1070, 1027, 836. HRMS (ESI): [M+Na]+ m/z calcd., 440.1614; found, 440.1626.

(4S)-2-(((R)-2-(hex-5-ynamido)-2-(4-hydroxyphenyl)acetamido)methyl)-5,5-dime-th-

ylthiazolidine-4-carboxylic acid (10). Compound 10 was synthesized as described for compound 9

except that compound 8 was used instead of 7 (60 mg, 0.13 mmol). The product was purified by
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preparative HPLC (20-50% B over 25 min, lOmL/min), and obtained as white powder (14.5 mg, 24%).

'H NMR (DMSO-d, 500 MHz), 3 (mixture of two diastereomers) 1.26 (3H, s), 1.55-1.59 (3H, pair of s),

1.61-1.67 (2H, m), 2.12-2.14 (2H, m), 2.24-2.27 (2H, m), 2.77 (1H, s), 3.20-3.26 (0.5H, m), 3.34-3.39

(0.5H, m), 3.42-3.47 (0.5H, m), 3.56-3.60 (0.5H, m), 4.03 (0.5H, s), 4.12 (0.5H, s), 4.68 (0.5H, dd, J= 6.5,

6.5 Hz), 4.79 (0.5H, dd, J= 5.5, 5.5 Hz), 5.28-5.31 (1H, m), 6.69 (2H, d, J= 8.5 Hz), 7.17 (2H, d, J= 8.5

Hz), 8.36-8.50 (3H, m). 3C NMR (DMSO-d6 , 125 MHz), 6 (mixture of two diastereomers) 17.5, 24.3,

26.9, 27.5, 27.7, 28.8, 33.8, 41.4, 55.7, 55.8, 71.4, 71.6, 84.2, 114.8, 115.0, 128.5, 128.7, 128.8, 156.9,

158.3, 158.6, 171.2, 171.3. IR (KBr disk, cm-1), 3301, 3071, 3028, 2973, 2928, 2548, 2111, 1737, 1662,

1606, 1593, 1515, 1435, 1377, 1197, 1139, 837. HRMS (ESI): [M+Na]+ m/z caled., 456.1564; found,

456.1569.

Ent-Amp (11). Ampicillin-alkyne 7 (120 tL of an 80-mM solution in DMSO, 9.6 gmol) and

Ent-PEG 3-N3 (4, 250 ptL of a 13-mM solution in 1,4-dioxane, 3.25 tmol) were combined and 400 tL of

DMSO was added. CuSO 4 (100 piL of a 90-mM solution in water, 9.0 tmol) and tris[(l-benzyl-1H-1,2,3-

triazol-4-yl)methyl]amine (TBTA, 200 piL of a 50-mM solution in DMSO, 10 pimol) were combined and

100 iL of DMSO was added to give a blue-green solution, to which NaAsc (400 pL of a 90-mM solution

in water, 36.0 pmol) was added. This solution became light yellow and was immediately added to the

alkyne/azide solution. The reaction was shaken on a bench-top rotator for 2 h at room temperature and

purified by semi-preparative HPLC (20% B for 5 min and 20%-50% B over 11 min, 4 mL/min; 0.005%

TFA was used in the solvent system to prevent decomposition of the P-lactam). The HPLC fractions

containing 11 were collected manually and flash frozen in liquid N2 immediately after collection to

prevent p-lactam decomposition. The product was obtained as white powder (3.3 mg, 76%). The

analytical HPLC trace of the purified product is reported in Appendix 2. 'H NMR (DMSO-d6 , 500 MHz),

( 1.40 (3H, s), 1.54 (3H, s), 1.78-1.81 (2H, m), 2.27 (2H, t, J= 6.8 Hz), 2.58 (2H, t, J 6.5 Hz), 3.48

(12H, m), 3.76 (2H, s), 4.19 (1H, s), 4.38-4.44 (5H, m), 4.64-4.66 (3H, m), 4.91-4.92 (3H, m), 5.39 (1H, d,

J = 3.5 Hz), 5.51-5.52 (1H, m), 5.72 (1H, d, J= 7.5 Hz), 6.74 (2H, dd, J= 7.8, 7.8 Hz), 6.96 (2H, d, J=

7.5 Hz), 7.26-7.35 (5H, m), 7.42-7.45 (3H, m), 7.81 (1H, s), 7.92 (1H, s), 8.33 (1H, s), 8.55 (1H, d, J=

7.5 Hz), 9.12 (3H, d, J= 7.0 Hz), 9.29 (1H, d, J = 6.5 Hz), 9.42 (2H, bs), 9.74 (1H, s), 11.6 (2H, s), 11.9

(IH, bs), 13.35 (1H, bs). HRMS (ESI): [M+Na]+ m/z calcd., 1379.4021; found, 1379.4046.

Ent-Amx (12). Compound 12 was synthesized as describe for 11 except that compound 8 was

used instead of compound 7. The product was obtained as white powder (2.9 mg, 66%). The analytical

HPLC trace of the purified product is reported in Appendix 2. 'H NMR (DMSO-d, 500 MHz), (5 1.40

(3H, s), 1.54 (3H, s), 1.78-1.80 (2H, m), 2.23 (2H, t, J= 6.5 Hz), 2.57 (2H, t, J= 6.5 Hz), 3.47 (12H, m),
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3.76 (2H, bs), 4.18 (1H, s), 4.39-4.43 (5H, in), 4.63-4.65 (3H, in), 4.90 (3H, bs), 5.38 (1H, s), 5.52-5.56

(2H, m), 6.68 (2H, d, J= 8.5 Hz), 6.73 (2H, dd, J= 7.8, 7.8 Hz), 6.96 (2H, d, J = 7.5), 7.19 (2H, d, J=

8.5 Hz), 7.33 (2H, d, J= 7.5 Hz), 7.44 (1H, s), 7.80 (1H, s), 7.92 (1H, s), 8.33-8.39 (2H, m), 8.94 (1H, d,

J= 8.0 Hz), 9.11-9.12 (2H, in), 9.29 (1H, bs), 9.38-9.43 (3H, m), 9.75 (1H, s), 11.6 (2H, bs), 11.9 (1H,

bs). HRMS (ESI): [M+Na] m/z calcd., 1395.3970; found, 1395.3982.

D-Ent-Amp (13). Compound 13 was synthesized as described for 11 except that compound 6 was

used instead of compound 4. The product was obtained as white powder (1.6 mg, 36%). The analytical

HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z calcd.,

1379.4021; found, 1379.4022.

D-Ent-Amx (14). Compound 14 was synthesized as described for 12 except that compound 6 was

used instead of compound 4. The product was obtained as white powder (2.9 mg, 66%). The analytical

HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z calcd.,

1395.3970; found, 1395.3995.

Ent-Hydro-Amp (15). Compound 15 was synthesized as described for 11 except that compound

9 was used instead of compound 7. The product was obtained as white powder (1.8 mg, 21%). The

analytical HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+H]+ m/z calcd.,

1331.4409; found, 1331.4389.

Ent-Hydro-Amx (16). Compound 16 was synthesized as described for 12 except that compound

10 was used instead of compound 8. The product was obtained as white powder (1.5 mg, 17%). The

analytical HPLC trace of the purified product is reported in Appendix 2. HRMS (ESI): [M+Na]+ m/z

calcd., 1369.4177; found, 1369.4191.

General Microbiology Materials and Methods. Information pertaining to all bacterial strains

used in this study is listed in Table 3.1. Freezer stocks of all Escherichia coli, Klebsiella pneumoniae,

Bacillus cereus and Staphylococcus aureus strains were prepared from single colonies in 25%

glycerol/Luria Broth (LB) medium. Freezer stocks of Pseudomonas aeruginosa strains were prepared

from single colonies in 7.5% DMSO/LB base medium supplemented with 2.5 g/L NaCl. Luria Broth

(tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L), Luria Broth base (pancreatic digest of casein 10 g/L,

yeast extract 5 g/L, NaCl 0.5 g/L), M9 minimal media (Na2 HPO4 6.8 g/L, KH2P0 4 3 g/L, NaCl 0.5 g/L,

NH 4 C1 1 g/L, 0.4% glucose, 2 mM MgSO 4 , 0.1 mM CaCb) and agar were purchased from BD. Mueller
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Hinton Broth (MHB, beef extract powder 2.0 g/L, acid digest of casein 17.5 g/L, soluble starch 1.5 g/L)

was purchased from Fluka. MHB purchased from Bacto afforded similar bacterial growth for . coli K- 12

and CFT073 cultured in both the absence and presence of 2,2'-dipyridyl and thus was not used in the

current study. CHROM-UTI plates were purchased from Hardy Diagnostics (Santa Maria, CA).

Recombinant human lipocalin-2 was purchased from R&D System (Minneapolis, MN). The iron chelator

2,2'-dipyridyl (DP) was purchased from Sigma-Aldrich. All growth media and Milli-Q water used for

bacterial cultures or for preparing solutions of the enterobactin-antibiotic conjugates were sterilized by

using an autoclave. A DP stock solution (200 mM) was prepared in DMSO and used in the bacteria

growth assays requiring iron-dependent conditions. All enterobactin-antibiotic conjugates and Ent were

stored as DMSO stock solutions at -20 'C. The stock solution concentrations were determined by using

the reported extinction coefficient for enterobactin in MeOH (316 nm, 9,500 M-cm-'). 10 Working

dilutions of the Ent conjugates and Ent were prepared in 10% DMSO/H 20. For all assays, the final

cultures contained 1% v/v DMSO. Sterile polypropylene culture tubes and sterile polystyrene 96-well

plates used for culturing were purchased from VWR and Corning Incorporated, respectively. The optical

density at 600 nm (OD60O) values were recorded on a Beckman Coulter DU800 spectrophotometer or by

using a BioTek Synergy HT plate reader.

General Procedure for Antimicrobial Activity Assays. Overnight cultures of the bacterial

strains were prepared by inoculating 5 mL of LB with the appropriate freezer stock and the cultures were

incubated at 37 0C in a tabletop incubator shaker set at 150 rpm. The overnight culture grew to saturation

in 16-19 h and was diluted 1:100 into 5 mL of fresh LB media containing 200 tM DP and incubated at 37

C with shaking at 150 rpm until OD600 reached 0.6. The cultures were subsequently diluted to an OD600

value of 0.001 in 50% reduced MHB medium (10.5 g/L) with or without 200 pIM DP. A 90-pL aliquot of

the diluted culture was combined with a 1 0-ptL aliquot of a 1 Ox solution of the antibiotic or Ent-antibiotic

conjugate in a 96-well plate, which was wrapped in parafilm and incubated at 30 'C with shaking at 150

rpm for 19 h in a tabletop incubator housing a beaker of water to maintain the humidity in the incubator.

Bacterial growth was determined by measuring OD600 using a BioTek Synergy HT plate reader at the

endpoint. Each well condition was prepared in duplicate and at least three independent replicates using

two different synthetic batches of each conjugate were conducted on different days. A 10-fold dilution

series were employed to determine the minimal inhibitory concentration (MIC) values. The resulting

mean OD6oo are reported and the error bars are the standard error of the mean obtained from the

independent replicates.
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Antimicrobial Assays with p-lactamase Inhibitors. These assays were performed with E. coli

ATCC 35218 and K. pneumoniae ATCC 13883 following the general procedure except that sulbactam

(SB) or potassium clavulanate (PC) were mixed with ampcillin or amoxicillin and Ent-Amp or Ent-Amx,

respectively. The molar ratios of the mixtures are: sulbactam/Amp or Ent-Amp, 1.5:1; potassium

clavulanate/Amx or Ent-Amx, 0.9:1. These ratios were taken from the recipe of commercial drug

combinations." Sulbactam and potassium clavulanate were stored as DMSO solutions at -20 "C.

Antimicrobial Assays in the Presence of Exogenous Ent. These assays were performed with E.

coli K-12 and CFT073 following the general procedure except that varying concentrations (1-100 tM) of

synthetic L-Ent were mixed with Ent-Amp/Amx.

Killing Kinetic Assays. A 5 mL-overnight culture of E. coli K-12 or CFT073 grown in LB was

diluted 1:100 into 5 mL of fresh LB media with 200 ptM DP and incubated at 37 0C with shaking at 150

rpm until OD600 reached -0.3. The culture was centrifuged (3000 rpm x 10 min, rt) and the resulting pellet

was resuspended 50% MHB and centrifuged two times. The resulting pellet was resuspended in 50%

MHB with or without DP and the OD600 was adjusted to 0.3. A 90-ptL aliquot of the resulting culture was

mixed with a 10-[tL aliquot of a IOx solution of the P-lactam or Ent-p-lactam conjugate in a 96-well plate,

which was wrapped in parafilm and incubated at 37 'C with shaking at 150 rpm. The OD600 values were

recorded by using a plate reader at t = 0, 1, 2, 3 h. In a parallel experiment, a 10-pL aliquot of the culture

was taken at t = 0, 1, 2, 3 h and serially diluted by using sterile phosphate-buffered saline (PBS) and

plated on LB-Agar to obtain colony forming units (CFU/mL). Each well condition was repeated at least

three times independently on different days. The resulting mean OD600 or CFU/mL is reported and the

error bars are the standard error of the mean.

Mixed-Species Assays. A 5-mL overnight culture of tested bacterial strain grown in LB was

diluted 1:100 into 5 mL of fresh LB media with 200 ptM DP and incubated at 37 0C with shaking at 150

rpm until OD600 reached 0.6. The cultures were diluted to 106 CFU/mL in 50% MHB separately or in a

1:1 mixture (106 CFU/mL for each strain), with or without 200 tM DP. These cultures were serially

diluted by using sterile PBS and aliquots were plated on a CHROM-UTI plate as the 'starter culture plate'

to confirm the CFU of the starter culture. A 90-ptL aliquot of these cultures was combined with a 10-pL

aliquot of a 10-tM solution of the antibiotic or Ent-antibiotic conjugate in a 96-well plate, which was

wrapped in parafilm and incubated at 30 'C with shaking at 150 rpm for 19 h. Bacterial growth was

assayed both by measuring OD600 using the plate reader and by plating on CHROM-UTI plates after serial

dilution as the 'assay plate'. Each well condition was repeated at least three times independently on
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different days. The resulting mean OD600 is reported and the error bars are the standard error of the mean.

Images of representative plates are presented.

Antimicrobial Activity Assays in the Presence of Lipocalin 2. This assay is based on a

published protocol" and was conducted with E. coli CFT073. Overnight cultures of . coli CFT073 were

grown in M9 minimal medium. Each overnight culture was serially diluted into M9 minimal medium to

provide 103-104 CFU/mL. Lipocalin 2 was diluted in PBS from a concentration of ~110 pM to 10 pM

upon arrival, aliquoted, and stored at -20 0C until use. A 90-ptL aliquot of the diluted culture was added to

well of a 96-well plate that contained varying concentrations of lipocalin 2, Ent-Amp, and Ent, and the

final volume was adjusted to 100 ptL with sterile PBS. The 96-well plate was incubated at 37 0C for 24 h

in a tabletop incubator set at 150 rpm and bacterial growth was determined by measuring OD600 using a

plate reader. Each well condition was repeated at least three times independently on different days and

with different batches of lipocalin 2. The resulting mean OD 600 is reported and the error bars are the

standard error of the mean.

Cytotoxicity Assays. The human colon epithelial T84 cell line was purchased from ATCC and

grown in DMEM/F12 medium with 1% penicillin and streptomycin (v/v, purchased from ATCC). The

cells were grown to 70-80% confluency and passed and plated in a 96-well flat-bottom plate ~16 h before

treatment. Each well contained 90 pL of the cell culture at a density of 10 5/mL. Stock solutions (10x) of

Ent, Ent-Amp and Amp were prepared in sterile-filtered 10% DMSO/water and 10 pL of each solution

was added to the appropriate well. The plate was incubated at 37 "C and under 5% CO 2 for 24 h at which

time 20 ptL of 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT, 5 mg/mL in sterile

PBS) was added to each well. The plate was incubated at 37 "C and under 5% CO 2 for 4 h and the

supernatant was removed from each well. DMSO (100 [tL) was added to each well and the absorbance at

550 nm was recorded by using a plate reader. Blank readings were recorded on wells that only contained

the growth medium. The assay was repeated in triplicate on different days and the mean and standard

errors are reported. The effect of DMSO on cell growth was also evaluated by performing the same assay

with varying DMSO concentrations and 1% DMSO had no effect on cell viability over the course of this

assay.

Results and Discussion

Design and Syntheses of Enterobactin-p-lactam Conjugates. As described in Chapter 2, we

developed synthetic approaches to obtain monofunctionalized enterobactin (Ent) scaffolds and Ent-cargo

conjugates, and cellular uptake of the conjugates with proper cargo sizes were observed. To expand the
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application of this Ent-mediated delivery strategy, we selected to incorporate the small antibiotics

ampicillin (Amp) and amoxicillin (Amx) into the Ent scaffold and hypothesized that Ent-mediated active

delivery of the antibiotics would result in improved antimicrobial activity.

During the initial attempts to synthesize Ent-Amp/Amx, we found that the previously developed

synthetic route for the Ent-cargo conjugates presented in Chapter 2 was not suitable for these targets. The

thioether present in Amp and Amx poisoned the Pd catalyst in the final step for benzyl group removal,

and the two molecules themselves were not stable under hydrogenation conditions. We observed similar

sulfur-related catalyst poisoning during the synthesis of Ent-biotin conjugates (data not shown). Therefore,

we selected to remove the benzyl groups before attaching the p-lactams to Ent. This modification raised a

new challenge for the acid-amine coupling step designed in the original synthetic routes because the

unmasked catechols were found to interfere with the coupling reaction and form byproducts. Inspired by

the Ent-vancomycin conjugate synthesis presented in Chapter 2, we replaced acid-amine coupling by Cu(I)

catalyzed azide-alkyne cycloaddition ('click chemistry'). The triazole structure formed in this

cycloaddition reaction does not affect uptake of the conjugate by the bacteria as demonstrated in Chapter

2. A PEG 3 linker was included in the design to separate the P-lactams and Ent for minimizing possible

intramolecular interference of their own functions.

In our previous work, an Ent intermediate featured an azide PEG linker (3) was already reported

(Scheme 3.1). The benzyl group was removed from compound 3 using BCl 3 at -78 0C rather than

hydrogenation over Pd/C because the latter condition is not compatible with the azide group.13 The

resulting product was purified by reverse-phase preparative HPLC and obtained in 28% yield. For the p-

lactam moiety, an alkyne group was installed by thionyl chloride coupling of 5-hexynoic acid to the

primary amines of Amp and Amx, which afford compound 7 and 8 (Scheme 3.1). The final step for the

conjugate synthesis was through 'click chemistry'. Initial attempts following the procedure used for the

synthesis of Ent-vancomycin failed, probably due to copper catalyzed decomposition of the P-lactams. 4

Including the copper ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in the reaction

mixture greatly improved the yield (Scheme 3.1).'5 The final Ent-Amx and Ent-Amp conjugates were

purified by semi-preparative HPLC and obtained as white powders in yields of 66% and 76%,

respectively. The synthesis was repeated to afford different batches of these conjugates, all of which were

tested in the following antimicrobial assays to assure the results are independent of any given batch. It

should be noted that the P-lactam moiety in the conjugates is prone to hydrolysis even when stored at -20

C as a DMSO stock solution. After a month, ca. 10% of the conjugates were degraded to hydrolyzed

derivatives judging by peak area in the analytical HPLC traces. Further decarboxylation of the hydrolyzed

derivatives was also observed in LC-MS analysis. Such degradation behavior is well documented for p-
lactams in physiologically relevant conditions.16
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Scheme 3.2. Syntheses of hydrolyzed Ent-p-lactam conjugates 15 and 16.

The p-lactam conjugates with D-Ent were also synthesized following the same route (Scheme 3.1).

D-isomer of Ent binds Fe(III) similarly as its L-isomer and can be transported into bacterial cytosol, but it

is not a substrate for the Fes esterase and cannot be used by the bacteria for iron uptake.'" Therefore D-Ent

can inhibit bacterial growth by iron-starvation (see Chapter 2). With D-Ent-p-lactam conjugates we aim to

test if the enantiomer will affect the delivery of the conjugates. Moreover, two Ent-p-lactam analogs 15

and 16 featuring products of Amp and Amx degradation 9 and 10 were synthesized. These two

compounds have similar structure as the Ent-f-lactam conjugates, and they should not exhibit

antimicrobial activity as the P-lactam structure is perturbed. Hydrolysis of 7 and 8 in acidic conditions

under elevated temperature afforded 9 and 10 as diastereomeric mixtures (Scheme 3.2). The formation of

these derivatives followed reported degradation pathways for penicillin and no further degradation was

observed during the course of their synthesis and purification. ,a Compound 9 and 10 were then
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conjugated to Ent via click chemistry following the same conditions for compound 11-14. Conjugates 15

and 16 were obtained as white powder in 21% and 17% yield, respectively (Scheme 3.2). The lower yield

resulted from further degradation of the P-lactam analogs under the click conditions as evidenced by

HPLC traces, the reason for which is unclear. The purified 15 and 16 remained stable during the course of

the experiments.

Table 3.1. Bacterial strains employed in this study.

Strain Source Comments

E. coli K-12 ATCC

E. colifepA-, fepB-feC-, fes- Keio Collection Single gene knock-out of E. coli K- 12

E. coli 25922 ATCC FDA strain Seattle 1946

Clinical isolate
E. coli CFT073 ATCC Clinical isolate, uropathogenic

Salmochelin production

E. coli UT189 L. Cegelski Clinical isolate, uropathogenic

(Stanford Univ.) Salmochelin production
E. coli H9049 C. T. Walsh Clinical isolate

(HMS)

E. coli 43895 ATCC Serotype 0157:H7
Clinical isolate from raw hamburger meat

implicated in hemorrhagic colitis outbreak
E. coli 35401 ATCC Serotype 078:H 11

Clinical isolate
E. coli 35218 ATCC P-lactamase-producing strain

Isolated from canine

P. aeruginosa PAOI K. Poole Renamed as Ki 184, wild type

(Queen's Univ.)

K. pneumoniae 13883 ATCC Chromosomally-encoded P-lactamase

S. aureus 25923 ATCC Seattle 1945
Clinical isolate, standard laboratory test strain

B. cereus 14579 ATCC

Antimicrobial Activity of Ent-Amp/Ent-Amx Against E.coli K12. First, we chose to test the

activity of the Ent-p-lactam conjugates against E. coli K12. . coli, like other Gram-negative bacteria,

generally exhibits relatively low sensitivity to p-lactams due to the outer membrane permeability barrier."'

At the same time, they utilize Ent as the major siderophore for iron uptake. Therefore, we expect an

increase of activity from the Ent-p-lactam conjugates compared to the unmodified P-lactams under iron
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limited conditions. The experimental data agreed with our hypothesis. About 100-fold decrease in MIC

value was observed for Ent-Amp (11) and Ent-Amx (12) compared to the parent antibiotics when the

bacteria were grown in the presence of 200 .M of 2,2'-dipyridyl (Figure 3.2B). 2,2'-Dipyridyl (DP) is an

iron chelator commonly used to generate iron-deficient conditions and promote expression of siderophore

transport machinery.' 9 When the antimicrobial assay was performed without DP, less activity

improvement was observed (Figure 3.2A), which indicates that the enhanced activity of Ent-Amx and

Ent-Amp is related to the iron uptake mechanism.

A B

0.40 K-12 0.16 - K-12
-DP +DP

0.30 . 0.12 -

O 0.20 . 0 0.08 -
o 0 J

0.10 . 0.04 -

0.00 0.00 -

1110- 10-8 10-7 10-6 10-1 10-4 0 10 10-9 10-8 10 10-6 10 0 10

Concentration (M) Concentration (M)

OAmx * Ent-Amx

DAmp M Ent-Amp

Figure 3.2. Antimicrobial activity assay of E. coli K12 with Ent-Amp (11, solid square), Ent-Amx (12,

solid circle), Amp (hollow square) and Amx (hollow circle). The bacterial growth is represented by OD600

values. Error bars are the standard error of the mean for at least three independent repetitions.

To further probe the mechanism of activity enhancement observed for the conjugates, a series of

single gene knock-out mutants of E. coli K12 were tested under the same conditions. The knock-out genes

include the outer membrane receptor of Ent (fepA), the inner membrane transporter component (fepC),

and the cytosol esterase of Ent (fes) (Figure 3.3). These three mutants lose the ability to utilize Ent for

iron acquisition, but the transport is halted at different stages. In the case of thefepA- strain, the activity of

Ent-Amx and Ent-Amp decreased to MIC of 10 RM, whereas the unmodified antibiotic exhibited the

same activity as compared to wild-type (Figure 3.4A and B). This result is expected because, without

FepA, the conjugates should not be able to cross the outer membrane. The growth inhibition at 10-pM

concentration is most likely due to an iron starvation effect. A similar MIC was observed when this strain

was treated with D-Ent and other Ent conjugates with large cargos as described in Chapter 2. ICP-OES of
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the 50% MHB revealed a total iron concentration of ca. 4 [M (Table 3.2), which can be compared to 10

pM of a high-affinity extracellular iron chelator. These data confirmed that FepA is required for the

enhanced antimicrobial activity observed for Ent-Amp/Amx.

Fe 3*

Ent P-lactam

Outer membrane

Periplasm

Inner membrane

Fe + Cytoplasm

Figure 3.3. Ent uptake machinery of E. coli and possible fates of Ent-P-lactam conjugates.

Table 3.2. Iron content of the assay media."

Media Fe concentration (ppm) Fe concentration (pM)

Luria Broth (LB) 0.339 6.05
0.342 6.11

50% Mueller Hinton Broth (MHB, Fluka) 0.265 4.73

0.173 3.09

M9 Minimal Media n.d.b n.d.b

n.d.b n.d.b

a ICP-OES (University of Illinois Urbana-Champaign) was used to determine the total iron content of the growth
media. Two independently prepared batches of media were autoclaved as described in the main text and sent to
analysis without any dilution, and both values are reported. Samples were stored at room temperature and shipped at
ambient temperature. b The iron content is below the detection limit (n.d. = not determined).

In contrast, for the fepC- andfts- strains, the conjugates exhibited similar activity as against the

wild type, which indicates that the activity enhancement benefits from increased outer membrane

permeability and the downstream processing steps of Ent do not affect the activity of Ent-Amp/Amx

significantly (Figure 3.4 C and D). This observation is reasonable because the PBPs are located in the

periplasm in Gram-negative bacteria; as long as the conjugates cross the outer membrane through FepA,
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the PBPs can interact with the p-lactam moieties on the conjugates. The lack of further enhanced activity

from the fepC- and fes- strains compared to wild type also indicates that the Ent uptake machinery (i.e.,

FepB) was not able to compete with the PBPs for Ent-Amp/Amx. A more direct answer to this question

may be achieved from testing afepB- mutant, which lacks the periplasm binding protein of Ent. However,

the fepB- mutant from the Keio collection exhibited a severe growth defect under iron-deficient

conditions and we observed contradictory results from different experimental trials with either enhanced

or decreased activity observed using this strain comparing to wild type. Therefore, no conclusion is drawn

at this time.

wild-type

0 10-10 0-1 108 10- 10.6 10- 10~4
Concentration (M)

fepC-

-
(M)

0 "10-10 10-1 10-1 10~7 10-1 10~1 1014
Concentration (M)

B
0.25

0.20

0

CI
0

0.05[

0.00

D
0.08

0.06

000.04
0

0
0.02

0.00

fepA-

0 10-10 10-9 10-8 10-1 10-6 10-5 10-4
Concentration (M)

fes-

0 -10 0 10~9 10-1 10~1 10-6 10-1 10-4

Concentration (M)

( Amx 0 Ent-Amx

F Amp M Ent-Amp

Figure 3.4. Antimicrobial activity assay of E. coli K 12 and its mutants with Ent-Amp (solid square), Ent-

Amx (solid circle), Amp (hollow square) and Amx (hollow circle). The bacterial growth is represented by

OD600 values (data presented here are all obtained in the presence of 200 pM DP in the growth medium).

Error bars are the standard error of the mean for at least three independent repetitions.
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Ent-Amp/Amx and L-Ent Compete for FepA Recognition. In addition to employing mutant

strains to prove the increased activity observed for the conjugates were due to Ent-mediated delivery, we

designed and conducted a competition assay where a fixed concentration of the conjugates (1 pM) were

added to E. coli K12 together with various amount of Ent. Bacterial growth was recovered when an

excess amount of exogenous Ent was added to the media (Figure 3.5A), indicating an competition

between the conjugates and Ent in the uptake process.

-DP

I I I
Conjugate 1:1 1:5 1:20 Control

Conjugate: Ent

A
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0.25

C 0.20
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0.00

B
0.16

0.14
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0.10

8 0.08
0
o 0.06

0.04

0.02

0.00

0
0
to

0

0.40
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0.25 -

0.20 -

0.15 -

0.10 -

0.05

0.00 **
Conjugate 1:1 1:5 1:20

Conjugate: Ent

Figure 3.5. A. Competition assays of Ent-p-lactam conjugates (1 pM) and Ent (various concentrations as

labeled) against E. coli K12. B. Antimicrobial activity of apo or Fe(III) loaded Ent-f-lactam conjugates

against wild type E. coli K12. Error bars are the standard error of the mean for at least three independent

repetitions. The "**" indicates OD600 < 0.01.

Under iron-limited conditions, the Ent-Amp conjugate requires higher Ent concentration to

recover the bacteria growth (5 equiv.) comparing to Ent-Amx (1 equiv.), which may result from a more

efficient delivery. Only -75% growth recovery was observed when >5 equiv. of Ent was included in the
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assay for both Ent-Amp and Ent-Amx. The Fe concentration in the assay media was evaluated to be ca. 4

pM (Table 3.2) and the total concentration of Ent was 5 pM and 20 pM for the 1:5 and 1:20 condition,

respectively. The excess amount of Ent compared to total Fe may result in slight growth inhibition

because it may prevent bacteria from accessing other forms of iron in the growth media. We also

observed that pre-incubating the conjugates with 1 equiv. FeCl 3 gave similar antimicrobial activity as the

apo conjugates (Figure 3.5B), which ruled out the possibility that the activity observed is due to

nonsufficient uptake and iron starvation. These data suggest that Ent-Amp and Ent-Amx share the same

uptake pathway as Ent.
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Figure 3.6. Antimicrobial activity of the Ent-p-lactam conjugates against p-lactamase expressing strain E.

coli 35218 with (B) or without (A) P-lactamase inhibitors. Error bars are the standard error of the mean

for at least three independent repetitions.
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The Ent-Amp/Amx P-lactam Warhead is Essential for Antimicrobial Activity. With support

for Ent-mediated delivery of Ent-Amp/Amx to the E. coli periplasm, we sought to confirm the essentiality

of the P-lactam warheads in antibacterial action. We performed two experiments to demonstrate that the

killing effect from the conjugates results from the activity of the P-lactam warhead. E. coli 35218 is a

class A serine p-lactamase expressing strain available from ATCC." When tested against this strain, both

the conjugates and the P-lactams lost their activity in both iron sufficient and iron deficient conditions

(Figure 3.6A). Slight growth inhibition was observed at 10 piM under conditions of iron limitation, which

may be attributed to iron chelation. When P-lactamase inhibitors (sulbactam, SB or potassium clavulate,

PC) were included in the assay, the activities of the conjugates as well as the unmodified antibiotics were

regained, and the conjugates exhibited greater antibacterial activity than the parent antibiotics (Figure

3.6B.) It should be noted that SB itself exhibited a MIC value of 100 tM against this strain (data not

shown), and the possibility of a synergistic effect from the inhibitors and conjugates cannot be ruled out

completely. When the Ent-p-lactam analogs 15 and 16 which contain a hydrolyzed P-lactam analog were

tested against E. coli K12, no antimicrobial activity could be observed (Figure 3.7). These data supported

the conclusion that the p-lactam moieties are required for the antimicrobial activity observed from the

conjugates and their interaction with PBPs was not affected by the Ent attachment.

All the results described above strongly suggest that the enhanced activity of the Ent-p-lactams is

due to increased delivery of the p-lactams via Ent uptake machinery and inhibition of the PBPs by the p-
lactam moieties. Both p-lactams and Ent retain their original function in the conjugates.
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Figure 3.7. Antimicrobial activity of the Ent-Hydro-Amp/Amx (15 and 16) against E. coli K12. Error

bars are the standard error of the mean for at least three independent repetitions.
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Antimicrobial Activity of Ent-Amp/Ent-Amx against Clinically-relevant E.coli Strains.

Following the activity improvement found for E. coli K12, we tested the conjugates against several other

E. coli strains to see if such improvement is a general behavior against E. coli. We selected six clinical

isolates, including urinary tract pathogenic strains CFT073 and UT189, non-pathogenic clinical isolate

strain H9049, diarrhea causing enterohemorrhagic (EHEC) strain 43895 (0157:H7) and enterotoxigenic

(ETEC) strain 35401(078:H 11), and a standard antibiotic activity testing strain ATCC 25922 (Table 3.1).

Among these E. coli strains, the genome of E. coli K12, CFT073, 43895 and UT189 are available and a

BLAST search revealed that besides the Ent uptake machinery, the genome of E. coli CFT073 and UT189

contains the iroA gene cluster for salmochelin (C-glucosylated Ent derivatives) biosynthesis and uptake. E.

coli 25922 was reported to be sensitive to lipocalin 2,20 which indicates that its major iron acquisition

pathway is through Ent and it does not produce salmochelin. The urinary tract pathogen E. coli CFT073

has more than one receptor for importing iron-bound Ent and its linear degradation products, including

FepA and Iha.21

For these six E. coli strains, the P-lactams exhibit the same minimum inhibition concentrations

(MICs), which are 10 ptM, in both iron sufficient and deficient conditions. Each of the six strains responds

differently to the conjugates, but with a general trend that all are more sensitive to the conjugates under

iron limited conditions compared to iron sufficient conditions (10 to 100-fold decrease of MICs, Figure

3.8 and Table 3.3). This difference agrees with the Ent-mediated delivery mechanism. Ent-Amp/Amx are

100-fold more potent against E. coli 25922, UTI89, and H9049 than Amp/Amx under iron deficient

conditions (Figure 3.8 A, B and D). Although the MIC values for E. coli 35401 and 43895 are only ca.

10-fold higher than Amp/Amx in this assay (Figure 3.8 E and F), a significant reduction in growth is

observed at 100 nM Ent-Amp/Amx whereas this concentration of Amp/Amx affords no growth inhibition.

The lowest MICs of Ent-Amp/Amx were found for uropathogenic E. coli CFT073, which is more

sensitive to the conjugates than to the p-lactams in both iron sufficient and deficient conditions (0.1 ptM

without DP, 0.01 ptM with DP, Figure 3.9 A and 3.8 C). Moreover, when the Ent-hydro-Amp and Ent-

hydro-Amx were tested against this strain under iron deficient condition, growth promotion was observed

(Figure 3.9B). Compared to the results obtained for the hydrolyzed conjugates with E. coli K12 (Figure

3.7), which is slight growth inhibition at the highest concentration tested, the growth promotion implies a

more efficient uptake of at least the hydrolyzed conjugates by this strain. This may explain why E. coli

CFT073 is more sensitive than other strains. E. coli CFT073 expresses multiple outer membrane

siderophore receptors including the salmochelin receptor IroN, which is able to transport Ent as well, and

Iha, an outer membrane Ent receptor distinct from FepA. It is possible that these extra receptors also

transport the conjugates and contribute to the distinct sensitivity.
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Figure 3.8. Antimicrobial activity of the Ent-p-lactam conjugates against clinical isolated E. coli strains

in the presence of 200 pM DP. Error bars are the standard error of the mean for at least three independent

repetitions.
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Figure 3.9. A. Antimicrobial activity of the Ent-f-lactam conjugates against . coli CFT073 without DP.

B. Antimicrobial activity of the Ent-P-lactam conjugates and their analogs against . coli CFT073 with

DP. Error bars are the standard error of the mean for at least three independent repetitions.
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Table 3.3 MICs of the Ent-f-lactam conjugates. Values are reported in pM.

Ent-Amp Ent-Amx Amp Amx Ent-hydro- Ent-hydro- D-Ent D-Ent-

Strain Name Amp Amx Amp Amx
-a + - + + + - + + + - +

. coliK12

F. colifepA-

E colifepC-

E. colifes-

F. coli 25922

E. coli CFT073

F. coli UT189

F. coli H9049

E. coli 43895

E. coli 35401

. coli 35218

P. aeruginosa
PAGI

K.pneumnoniae
1388 3

S. Typhimurium
IR715

S. aureus 25923

B. cereus 14579
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Figure 3.10. A. Killing kinetics of the Ent-p-lactam conjugates and the p-lactams against E. coli K12. All

compounds were tested at 50 pM concentration. B. Killing kinetics of the Ent-P-lactam conjugates and

the p-lactams against E. coli CFT073. Ent-p-lactam conjugates were tested at 5 ptM concentration and the

P-lactams were tested at 50 pM concentration. A 200-ptM DP was added to all assays present in this figure.

Error bars are the standard error of the mean for at least three independent repetitions.

Time-Kill Kinetics of Ent-Amp and Ent-Amx against E.coli K12 and CFT073. All small-

molecule antibiotics enter Gram-negative bacteria through outer membrane channel proteins called porins

by passive diffusion.2 2 Ent-mediated antibiotic delivery changes this outer membrane entering process

from passive diffusion to active transport, which may not only increase the amount, but also the speed of

the antibiotic influx. Therefore we performed a time-kill kinetics study to compare the time needed for the

conjugates and the p-lactams to cause bacterial death. Following reported procedures, 23 exponential phase

bacterial cultures were treated with the conjugates or the p-lactams and grown at 37 C. At different time

points, the OD600 values were recorded and the colony forming units (CFU/mL) were measured by plating

the culture on agar plates after serial dilutions. Higher concentrations of the conjugates and the P-lactams

than their MICs were used because a more dense culture (~108 CFU/mL) was treated in such assays. Two

E. coli strains, K12 and CFT073, were evaluated. Under the same concentration (50 pM), the conjugates

cause bacterial population decrease faster in both OD600 and CFU measurement for E. coli K 12 (Figure

3.10 A). For E. coli CFT073, the results were more remarkable. The OD6 00 value was almost reduced to

the baseline value at t =1 h for 5 jiM Ent-Amp/Amx, corresponding to a two-fold log reduction in

CFU/mL. In contrast, the change in OD600 and CFU/mL for E. coli CFT073 treated with 50 pM

unmodified Amp/Amx exhibits negligible change over this time period. (Figure 3.10 B). This is in
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accordance with the enhanced antibacterial activity observed for CFT073 relative to the other . coli

strains considered in this work. Taken together, these data suggest that besides lowering the MIC values,

the Ent mediated delivery strategy also help the p-lactams to reach their target more rapidly.

A

0
0

C

0

0

0 10 10~9 10-8 10-7 10~6 10~5
Concentration (M)

B

0
00

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

D
0.50

CFT073
-DP

- J

-DP-7

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0.20 k

0

0

0.10 }

0.00

10 4

CFT073
+DP

-J

0' 10-1 109 108 10- 10- 10- 10-
Concentration (M)

25922
+DP

10 -9 8 7 6 5 -4
0 10 10 10- 10~ 10- 10~ 10

Concentration (M)

o D-Ent-Amx 0 L-Ent-Amx
EID-Ent-Amp E L-Ent-Amp

Figure 3.11. Antimicrobial activity of D-Ent-Amp and D-Ent-Amx against E. coli CFT073 and 25922.

Data for L-Ent-Amp and L-Ent-Amx are plotted for comparison. Error bars are the standard error of the

mean for at least three independent repetitions.

D-Ent-p-lactam Conjugates do not Further Improve Antimicrobial Activity. The enantiomer

of Ent, D-Ent, binds Fe(III) with similar affinity and was suggested to be recognized by all the

components of Ent transport machinery except for the cytosol esterase Fes.'7 Therefore when D-Ent is

added to the growth medium, it exhibited growth inhibitory effect due to iron starvation (Chapter 2). We

conjugated Amp and Amx to D-Ent via the same synthetic route for Ent-Amp and Ent-Amx to afford

compound 13 (D-Ent-Amp) and 14 (D-Ent-Amx), and these two compound were tested against several .
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coli strains to see if the D-enantiomer of Ent affects the delivery of the antibiotics. The experiments were

carried out the same way as with Ent-Amp/Amx, and the results showed a ~10 fold decrease of activity

(Figure 3.11 A-D and Table 3.3). These conjugates still exhibit higher activity in the presence of DP

comparing to no DP condition, which indicates they were delivered through the Ent-uptake machinery. It

is reported that D-Ent binds to the outer membrane receptor FepA with similar affinity of L-Ent;24

however, its overall uptake efficiency maybe lower than L-Ent. The same literature also reported lack of

transport of D-Ent-Fe into E. coli BN1071 .24 Therefore, the activity decrease comparing to the L-

conjugates may due to a less effective transport, which can be studied in the future by treating the bacteria

with radioactive Fe-conjugate.

The Enhanced Antibacterial Activity of Ent-Amp/Amx is Specific to E. coli. In addition to E.

coli, many other bacteria species utilize Ent for iron uptake. We therefore selected several other strains

that are known to express the Ent receptor to determine whether Ent-Amp/Amx exhibit broad-range or

species-selective activity. These selected bacterial strains include Gram-negative Pseudomonas

aeruginosa PAO1, Klebsiella pneumoniae 13883, Salmonella Typhimurium IR715, and Gram-positive

Bacillus cereus 14579, and Staphylococcus aureus 25923 (Table 3.1). P. aeruginosa is a Gram-negative

bacteria that utilizes enterobactin as a xenosiderophore and expresses two Ent receptors PfeA and PirA.4'
25 K. pneumoniae is a Gram-negative species that biosynthesizes and utilizes enterobactin for iron

acquisition. 26 S. aureus and B. cereus are both Gram-positive bacterial species and their ability to utilize

ferric enterobactin as an iron source is reported.2 7 In contrast to Gram-negative bacteria, where the PBPs

are located in the periplasm, the targets of P-lactam antibiotics are in the extracellular peptidoglycan of

Gram-positive organisms.

When tested with Ent-Amp and Ent-Amx, these bacterial strains were generally less sensitive

compared to E. coli (Figure 3.12 and Table 3.3). The MIC of the conjugates against P. aeruginosa

PAOlwas 10 ptM with or without DP present in the growth media, which is higher than the values

observed for E. coli, but still lower than the unmodified P-lactams (> 100 ptM, Figure 3.12 A). However,

the activity improvement compared to the P-lactams may not result from the Ent-mediated delivery

because of the lack of correlation with iron supply. From our previous study in Chapter 2, an iron

starvation effect resulting from no delivery usually affords a MIC of 10 ptM. It should be noted that Miller

et al. reported two Ent analog-Amp/Amx conjugates exhibiting selective high activity against P.

aeruginosa but not E. coli.b The two conjugates reported in this paper featured different structures than

our conjugates with a modified Ent backbone and a different attachment site for the P-lactams. As

reported in Chapter 2, the Ent uptake machinery in P. aeruginosa and E. coli have different response or

tolerance for cargo sizes and shapes, which may explain why different strain sensitivity was observed.
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Moreover, various P. aeruginosa strains exhibit different phenotypes, and highly variable activity of

triscatecholate-p-lactam conjugates against multiple P. aeruginosa strains has been observed.b Therefore,

it is possible that the lack of sensitivity is only specific to the particular strain utilized in our current study.

Another possibility is quick induction or selection of resistant strains during the course of antimicrobial

assays. Budzikiewicz et al. reported pyoverdin-ampicillin conjugates that were able to delay the growth of

P. aeruginosa 27853 for approximately 16 h and the bacterial culture started to grow again with mutation

in pyoverdin uptake machinery identified.2 8 Because we only took an end point reading after 19 h

incubation time in our antimicrobial assays, it is possible that some growth delay effect was missed. A

kinetic growth curve study with Ent-Amx/Amp will be helpful to evaluate this hypothesis.
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Figure 3.12. Antimicrobial activity of the Ent-p-lactam conjugates against non-F. coli strains. Error bars

are the standard error of the mean for at least three independent repetitions. To be continued on the next

page.
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The K. pneumoniae strain was not sensitive to Amp or Amx, and the conjugates at high

concentration (10 pM) only provided slight growth inhibition (Figure 3.12 B). However, the lack of

activity for this strain likely results from P-lactamase expression, not insufficient delivery. K. pneumoniae

13883 chromosomally encodes Class A P-lactamase (SHV-1). 2 9 Indeed, when P-lactamase inhibitors were

included in the assays, K. pneumoniae exhibited greater sensitivity to Amp/Amx (with MIC of 100 pM)

and Ent-Amp/Amx (with MIC of 10 ptM); however, we observed some growth inhibitory activity of the

P-lactamase inhibitor sulbactam (100 ptM) alone and the possibility of a synergistic effect from the

inhibitors and conjugates cannot be ruled out completely. The lack of activity of Ent-Amp/Amx against K.

pneumoniae ATCC 13883 is reminiscent of results published by Miller and co-workers of Amp/Amx-

substituted triscatecholate ligands. b In that study, the MIC of the siderophore-antibiotic conjugates were

determined to be >100 pM against the K. pneumoniae ATCC8303X68 strain. The low sensitivity was

hypothesized to result from resistance strains evolved during the course of antimicrobial assays. S.

Typhimurium IR715 behaves similarly as E. coli CFT073 in the way that even without DP, it is quite

sensitive to the conjugates (with MIC of 0.1 ptM, Figure 3.12 C). These two strains both are able to

synthesize and utilize salmochelins, therefore express the IroN receptor, although whether this common

feature contribute to their unique response under iron sufficient conditions was not clear.

The two Gram-positive bacteria tested both exhibited MICs of approximately 10 pM with Ent-

Amp/Amx, in iron sufficient or deficient conditions (Figure 3.12 D and E). For B. cereus this value is a

10-fold decrease compared to the f-lactams, but the lack of response to DP may indicate other

mechanisms rather than Ent-mediated delivery. Surprisingly, for S. aureus, the conjugates exhibit a 10-

fold lower activity than the P-lactams. S. aureus is generally more sensitive to P-lactams than many other

bacterial species.6
a It should be noted that Gram-positive bacteria have dense cell wall structures and the

target of the P-lactams (PBPs) are located within the peptidoglycan layer which is outside of the bacteria

membrane. Two possible explanations for the conjugates to be less active than their parent antibiotics are:

i) the increased molecular size slows down their diffusion within the cell wall and lowers the chance of

hitting the PBPs; ii) the Ent uptake machinery transports the conjugates into the cytosol which is away

from the targeted PBPs. Without further studies we cannot draw any conclusions, although the lack of

response to DP may indicate the first hypothesis is more likely.
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Figure 3.13. A. Representative images of the colonies from mixed cultures of E. coli CFT073/S. aureus

25923 treated with Ent-p-lactam conjugates (1 pM) or P-lactams (1 pM) in the presence of 200 pM DP

(similar results were obtained without DP with more colonies). B. Bacterial growth monitored by OD600

in the mixed culture assay of E. coli CFT073/S. aureus 25923 in the presence of 200 piM DP (similar

results were obtained without DP with higher OD values). The "*" indicates OD600 < 0.01. Error bars are

the standard error of the mean for at least three independent repetitions. C and D. Represented pictures of

the colonies from mixed cultures of E. coli CFT073/K. pneumoniael3883 or E. coli CFT073/P.

aeruginosa PAOI treated with Ent-Amp (1 pM) or Amp (1 ptM) in the absence of DP (similar results

were obtained with DP with less colonies). All experiments were repeated three times.
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Ent-P-lactam Conjugates Exhibit Selective Activity against E. coli in Mixed Bacterial

Cultures. Inspired by the different responses from different bacterial species when treated with the Ent-p-

lactam conjugates, we hypothesized that when treating a mixed culture comprised of different species, we

should be able to selectively inhibit the growth of a sensitive strain without affecting the growth of other

species. Such selective targeting is important because when treating bacterial infection, there is often a

mixed bacterial population and ideally the antibiotic should only kill the pathogens and leave the

commensals intact. We selected E. coli CFT073 to pair with S. aureus 25923, or K. pneumoniae 13883, or

P. aeruginosa PAOI as model systems based on their responses after treating with the conjugates. In

these mixed-culture assays, we combined the two species in about 1:1 ratio based on CFU values, treated

with the conjugates or the P-lactams, grew the culture overnight at 30 C, recorded the OD600 values and

plated the culture on a CHROM-UTI plate. This plate contains a mixture of chromophores and different

bacteria give colonies with different colors, which allows us to differentiate the species in the assay

culture easily. 30 Single species controls were ran in parallel with the mixed culture. In accord with our

hypothesis, selective killing was observed in these experiments. For example, in the E. coli CFT073/S.

aureus 25923 pair, at 1 p.M concentration, the conjugate treated culture had only white S. aureus colonies,

the P-lactam treated culture had only pink E. coli colonies, and the control culture had a mixed pick and

white colonies (Figure 3.13 A). The same results were observed from OD600 values (Figure 3.13 B). For

the other two pairs, the conjugates kill only the E. coli CFT073 as well (Figure 3.13 C and 3.13 D). Based

on these observations, it is very promising that with careful design the Ent-mediated delivery strategy can

achieve highly selective activity against targeted bacteria.

Ent Competes with Ent-p-lactam Conjugates for Lipocalin 2 Binding. Lipocalin 2 (Lcn2, also

known as siderocalin or NGAL) is a protein produced by mammalian immune system during bacterial

infection. It binds Ent to interfere with bacterial iron uptake and thus inhibits bacterial growth.3 In

Chapter 2, it was found that several Ent-cargo conjugates also bind Lcn2, albeit to less degrees than Ent,

and it is possible that the Ent-f-lactam conjugates behave similarly. We tested this hypothesis by

performing an antimicrobial assay with Lcn2 in the growth medium. We chose the E. coli CFT073 strain

to minimize Lcn2 usage. Because this strain requires a lower concentration of the conjugates to inhibit

bacterial growth, most likely a lower concentration of Lcn2 is needed to block the activity. M9 minimal

medium was used following a reported condition for assessing the antimicrobial activity of Lcn2.12

Although under this condition, Lcn2 failed to inhibit the growth of E. coli CFT073 up to a 1 -p.M

concentration, it was able to recover the growth of the bacteria at 0.5 and 1 pM concentration when 0.1

p.M of Ent-Amp was present (Figure 3.14A). When the same amount of bovine serum albumin (BSA) was

added instead of Lcn2, the Ent-Amp remained active. This observation suggests that Ent-Amp
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specifically binds to Lcn2 and the binding attenuated the activity of Ent-Amp. However, Ent was found to

be able to compete with Ent-Amp. At fixed concentrations of Ent-Amp (0.1 pM) and Lcn2 (0.5 pM),

increased amount of Ent (0 - 0.5 jM) was able to recover the activity of Ent-Amp (Figure 3.14B). When a

1:1 ratio of Lcn2 and either Ent-Amp (Figure 3.13A) or Ent (Figure 3.14B) were included in the assay, no

growth was observed, indicating Lcn2 may bind Ent better than Ent-Amp. Therefore, when treating

bacterial infection, because of the presence of Ent secreted by the bacteria, the conjugates still may be

able to escape Lcn2 and reach the bacterial cells.
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Figure 3.14 A. E. coli CFT073 growth in M9 minimal media with siderochalin and/or Ent-Amp. B. E.

coli CFT073 growth in M9 minimal media with siderochalin, Ent, and Ent-Amp. BSA with the same

concentration as siderochalin was tested as a control. Error bars are the standard error of the mean for at

least three independent repetitions. The "*" indicates OD6 00 < 0.01.

Ent-Amp Exhibits Low Cytotoxicity to Mammallian Cells. One advantage of applying Ent-

mediated delivery strategy to treat bacterial infection is that Ent should be able to direct the antibiotics or

other cargo compounds specifically to bacteria and leave the host cells intact. Therefore, we evaluated the

cytotoxicity of Ent-Amp against a colon epithelial cell line (T84). We choose this cell line because the

Ent-p-lactam conjugates were most sensitive against E. coli and colon is the most common environment

for these bacteria to live. The survival of mammalian cells was evaluated by MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay after 24 h treatment with Ent-Amp, Amp

or Ent. To assess whether Ent will chelate iron in the growth medium and result in any iron-starvation

effect, these compounds were also preincubated with one equiv. of Fe (III) and tested in parallel. Up to a

10 pM concentration, Ent-Amp did not exhibit any obvious cytotoxicity, neither did Amp (with or
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without Fe) (Figure 3.15A and B). Apo Ent with a 10 pM concentration seems to decrease the percent

survival of T84 cells by approximately 30%, but with pre-loaded Fe no effect was observed (Figure

3.15C). The effect of DMSO was also evaluated, and no growth inhibition was observed at 1% of DMSO

in the media (Figure 3.15D). Therefore, the Ent-f-lactam conjugates were not toxic to the mammalian

cells at the highest concentration used in the current study.
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Figure 3.15. Cytotoxicity studies of Ent-Amp (A), Amp (B), Ent (C) and DMSO (D) against T84 cells.

Percent cell survival quantified by MTT assay after a 24 h treatment. Error bars are the standard error of

the mean for at least three independent repetitions.

Summary and Perspectives

In this chapter, we described the synthesis of two enterobactin-antibiotic conjugates, Ent-Amp

and Ent-Amx, as well as their analogs featuring D-enantiomer of Ent or hydrolyzed P-lactam moieties.

The synthetic route employing copper catalyzed azide-alkyne cycloaddition is robust and reliable, and can

be applied to incorporate other cargos into the Ent scaffolds as well as to append Ent to surfaces, other
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materials, or biomolecules harboring alkyne groups. This synthesis also provides possibilities for

elaborating P-lactams in a variety of applications. Indeed, very few examples employing copper(I)-

catalyzed click chemistry with fused p-lactams are reported in the literature, 8a, 32 and it is likely that this

paucity stems from the fact that P-lactams are incompatible with standard conditions for copper-catalyzed

click chemistry.' 4 The conditions defined in this work employing TBTA allow for copper-catalyzed

triazole formation and preserve the penam core structure.

Microbiological studies with the Ent-Amp/Amx conjugates revealed potent and unique

antimicrobial properties. The conjugates were significantly more active against various E. coli strains,

including human pathogens, under iron-deficient conditions compared to the unmodified antibiotics. We

also demonstrated that the activity enhancement requires the presence of Ent receptor FepA as well as an

intact P-lactam warhead, which suggests that the improved activity is due to Ent-mediated antibiotic

delivery. However, it is possible that the cell killing mechanism is more complex. Capture of Ent-

Amp/Amx by PBPs presumably results in accumulation of ferric enterobactin in the periplasm. The fact

that knock-out mutants of inner membrane Ent permease FepC and cytosol Ent esterase Fes exhibited

similar response upon conjugates treatment as the wild-type strain indicates the conjugates do not enter

the cytosolic space. A recent study of an E. coli TolC mutant indicated that enterobactin accumulation in

the periplasm affords growth defects and abnormal cellular morphologies.3 3 Although the origins of this

effect are unclear, this study suggests the possibility of dual action for our conjugates.

Another interesting observation from the current work is that Ent-Amp/Amx exhibit quite

different activities against different bacterial strains. Within the E. coli groups, the uropathogen CFT073

was the most sensitive strain, with a MIC value as low as 10 nM under iron-deficient conditions, and

significant growth inhibition was observed at 1 nM concentration. Although CFT073 and the other

uropathogen UT189 both harbor the salmochelin synthesis and uptake gene cluster iroA, UIT89 was less

sensitive. Other E. coli strains each has slightly different response upon conjugate treatment. The

redundant Ent transport machineries as seen in CFT073, different capacities for transporting modified Ent

and different expression levels of Ent uptake machineries in different species may contribute to such

diverse responses. Outside of the E. coli group, other bacteria tested in the current work were all less

sensitive to the conjugates. For example, the P. aeruginosa PAO1 only exhibited a MIC of 10 pM which

is also independent of DP presence. In contrast, catecholate-based siderophore analogs have been reported

for conjugation with ampicillin and amoxicillin by the M6llmann group and Miller group, and these

conjugates exhibit greatly improved antimicrobial activity against selected P. aeruginosa strains in

response of iron-deficiency, although in these studies E. coli 25922 appeared to be less sensitive than P.

aeruginosa.",34 The origin of such different strain selectivity was not clear. Incorporating native

siderophore (Ent) as shown in our study rather than siderophore analogs may affect the conjugate uptake
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by different species. And the P. aeruginosa strains used in each study were different which makes it

difficult to draw direct comparisons. One common observation we notice is that S. aureus was less

sensitive against the conjugates reported by the M611mann group compared to unmodified antibiotics,32

and older work involving catecholate-piperacillin/cephalosporin conjugates reported similar results.35

Together with our data, S. aureus may not be a good target to be treated with catechol-based siderophore-

p-lactam conjugates.

Ent-Amp and Ent-Amx were shown to be able to kill . coli CFT073 selectively in the presence

of other bacterial species including S. aureus 25923, P. aeruginosa PAOI and K. pneumoniea 13883. The

strain selective properties of Ent-Amp and Ent-Amx may be an advantage for new antimicrobial

therapeutic development. The vast microbe population colonized in human body greatly affects our

physiology, metabolism, nutrition and immune function. 36 Traditional administration of therapeutic doses

of antibiotics cause disturbance of the normal microbiota.37 New antibiotics that can specifically target the

pathogenic subpopulation will be beneficial.

Another remarkable property of the conjugates is that they cause faster bacterial population

decrease than the unmodified antibiotics. We hypothesize that this improvement is due to active transport

through the Ent uptake machinery, and the quick influx of significant amount of antibiotics may allow

less time for the bacteria to turn on the resistance response.

Although the Ent-p-lactam conjugates exhibited great antimicrobial properties in our in vitro

experiments, several limitations still exist. It is known that human neutrophil and epithelial cells express

lipocalin 2 in response to inflammatory signals, which is bacteriostatic due to its Ent-binding property. 2

Our studies demonstrated that excess Lcn2 attenuated the antimicrobial activity of Ent-Amp, and Ent

competitively recovers its activity. This data suggests possible capture of the Ent-p-lactam conjugates by

Lcn2 if the molecules are tested in infection models in vivo, which will affect their efficacy. One solution

to this issue is to modify the Ent moiety with glucose, because it is reported that the glucosylated Ent

derivatives (salmochelins) can escape Lcn2 binding. 38 Another unaddressed point is the possibility of

resistance upon treatment with the conjugates caused by mutation in iron uptake machineries in vitro,

which is observed with many siderophore- or siderophore-analog-p-lactam conjugates.28' Growth curve

study with extended incubation time to monitor regrowth of the affected strains is one way to gain

insights into this issue. With the resistance caused by P-lactamase expressing, other p-lactam antibiotics,

e.g. monobactams like aztreonam, that are stable to P-lactamases can be incorporated into the conjugate

design. Pfizer and Basilea Pharmaceutic have reported conjugates employing monobactams and activities

against multi-drug-resistant strains were observed. 0 Therefore, we reason that by changing the antibiotic

warhead in the Ent conjugates more improved antimicrobial activity may be achieved.
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Chapter 4

Stability Evaluation of Acyloxymethyl/Acyloxyethyl Ester Linker

for the Design of Enterobactin-fluoroquinolone Conjugates



Introduction

With the success of synthetically modifying Ent and applying the scaffold for cargo delivery into

Gram-negative bacterial cytosol described in Chapter 2 and the greatly enhanced activity from Ent-p-

lactam conjugates described in Chapter 3, we aimed to load the Ent scaffold with antibiotic cargos that

have cytosolic targets. We hypothesized that Ent-mediated delivery would increase the activity of these

antibiotics as well.

Fluoroquinolones are a class of widely used antibiotics that target DNA topoisomerase IV and

gyrases, both of which are located in the cytoplasm.' These bacterial enzymes are responsible for

modulating the topological state of the DNA double strands by generating transient DNA breaks and

ligating them back after switching the two strands.2 Fluoroquinolone antibiotics noncovalently bind to the

active site of the enzyme-DNA complex, stabilize the transient DNA breaks and prevent the ligation step

occurring, which eventually causes DNA fragmentation and cell death.3 Resistance to fluoroquinolones

mainly comes from mutations of the target enzymes that lower the binding affinity of these drugs. 4 Down

regulation of porin expression levels and increased expression of efflux pumps also contribute to

resistance.4 Conjugation of fluoroquinolones to Ent may help overcome resistance caused by the

insufficient drug uptake and retention.

Siderophore-fluoroquinolone conjugates have been reported by several groups using different

types of siderophores, including desferrioxamine B,5 pyoverdine, pyochelin and staphyloferrin A.8 From

these studies, as well as the observations in Chapter 2, siderophore-fluoroquinolone conjugates with a

stable linker (e.g., PEG3 or polymethylene as in the Ent-ciprofloxacin conjugate 37 and 42 in Chapter 2)

exhibit decreased or no antimicrobial activity compared to the unmodified antibiotics. However, in vitro

assays with purified DNA gyrase and DNA templates demonstrated that some of the conjugates still

retain some inhibitory activity against DNA gyrase." Successful cytosolic delivery was observed for the

Ent-ciprofloxacin conjugates by P. aeruginosa in Chapter 2, although no antimicrobial activity was

observed. Taken together, these data suggest that a release step following cell entry may be required to

apply fluoroquinolones in a siderophore-mediated delivery strategy. Meanwhile, the conjugates need to be

stable before cellular entry to prevent premature release of the antibiotics which will compromise the

siderophore-mediated delivery strategy. Therefore, we aim to design Ent-fluoroquinolone conjugates with

labile linkers to enable the release of antibiotic from the conjugates only in the cytoplasmic space.

Inspired by the pyochlin-norfloxacin conjugate reported by Rivault et al.(Figure 4.1),7 in which

an acyloxymethyl ester linker was used and the modified conjugates exhibited activities that were equal to

or exceeded the free drug by two to four folds, we selected this linker as a start point. Acyloxymethyl

esters (Figure 4.1) are widely used in pro-drug synthesis to improve the gastrointestinal absorption of

drugs containing ionizable polar groups like carboxylic acids.9 This labile linker was also used to modify
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electron paramagnetic resonance (EPR) imaging agents to allow the imaging agents to cross the brain-

blood barrier.' 0 These studies suggested that the acyloxymethyl esters were hydrolyzed by intracellular

esterases, which releases the original molecules. We pursued three synthetic routes to obtain Ent-

antibiotic conjugates containing this ester linker: olefin metathesis, reductive amination, and acid-amine

coupling reactions (These works were performed before the optimized routes were developed as

presented in Chapter 2 and 3, and they provided important intermediates and information for the

optimized routes). Antimicrobial activity of these conjugates was evaluated, and more importantly, the

linker stability in aqueous solution was studied. To achieve Ent-mediated delivery, the linker should

remain intact prior to cellular entry. Our stability studies demonstrated that the conjugates featuring the

acyloxymethyl/ethyl ester linkers decompose quickly in aqueous solution; thus, the antimicrobial activity

observed likely results from the released antibiotics rather than the Ent-mediated delivery. This result

suggests that these linkers are not suitable for the design of siderophore-antibiotic conjugates.

0
HOOC F

HOOC
N H

KN ,0 0 N -N/

0 0
N

HON
Pyochein-ciprofoxacin conjugate

OH

O 0 IOH

Antibiotics o o 0 OH
HN,,-, 0 s .NH OH

Acyloxymethyl ester

0 NH

HO

Figure 4.1. Structure of a pyochelin-ciprofloxacin conjugate with labile linker7 and the general model of

Ent-antibiotic conjugates with acyloxymethyl esters. The antibiotic moiety is highlighted with a black box,

the siderophore moiety is labeled blue and the acyloxymethyl ester is labeled red.

Experimental Section

General Materials and Methods. Dimethylformamide (DMF) and dichloromethane (CH2 Cl2 )

were dried over 4 A molecular sieves. Anhydrous dimethyl sulfoxide (DMSO) was purchased from
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Sigma-Aldrich and used as received. EMD TLC silica gel 60 F2 54 plates were used for analytical thin-

layer chromatography. EMD PLC sillica gel 60 F254 plates of 1-mm thickness were used for preparative

TLC. Zeoprep 60HYD silica gel (40-63 tm) from Zeochem was used for flash chromatography. The

syntheses of compounds 8, 9, 10, 11, 20, 34, 39 and 40 were described in Chapter 2. Other chemicals

were purchased from Sigma-Aldrich, Alfa Aesar or TCI and used as received. Semi-preparative and

analytical high-performance liquid chromatography (HPLC) were performed by using an Agilent 1200

series HPLC system outfitted with an Agilent Zorbax reverse-phase C 18 column (5-ptm pore size, 9.4 x

250 mm) at a flow rate of 4 mL/min or a Clipeus reverse-phase C18 column (5-pm pore size, 4.6 x 250

mm) from Higgins Analytical, Inc. at a flow rate of 1 mL/min, respectively. Solvents used in all HPLC

experiments are: solvent A, 0.l%TFA/H2 0; solvent B, 0.l%TFA/MeCN. Absorbance at 220, 280 and 316

nm was monitored. NMR spectra were collected on a Varian 300 or 500 MHz spectrophotometer

operating at ambient probe temperature (298 K) in the Department of Chemistry Instrumentation Facility.

The 'H NMR spectra were referenced to internal standards and '9F spectra were referenced to an external

CF 3Cl standard. 'H and 3C NMR spectra are provided in Appendix 2. Most of the high-resolution mass

spectrometry was performed by using an Agilent LC-MS system comprised of an Agilent 1260 series LC

system outfitted with an Agilent Poroshell 120 EC-C 18 column (2.7-Rm pore size) and Agilent 6230 TOF

system outfitted with an Agilent Jetstream ESI source. Solvents used for LC-MS are A, 0.1% formic

acid/H,O and B, 0.1% Fomic acid/MeCN. All samples were run using a gradient of 5-95% B over 5 min

at 0.4 mL/min. In some instances, high-resolution mass spectrometry was performed by staff at the MIT

Department of Chemistry Instrumentation Facility, which houses a Bruker Daltonics APEXIV 4.7 Tesla

Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR-MS) with a direct analysis in

real time (DART) ionization source.

General Spectroscopic Methods. Millipore water (18.2 MQ.cm') was used for all aqueous

solutions. Buffers are prepared by using minimum 99.5% (titration) 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) from Sigma-Aldrich. A Mettler ToleDo In lab Routine Pro glass

electrode, calibrated prior to each use, was used to adjust solution pH. Optical absorption spectra and

optical density measurements were obtained by using an Agilent 8453 UV-visible diode array

spectrophotometer operating at room temperature. An Agilent ultra-micro quartz cuvette (50 pL) or VWR

semi-micro two sided disposable plastic cuvettes (1 mL) with 1-cm path lengths were employed for UV-

visible measurements.

Chloromethyl pent-4-enoate (1). 4-Pentenoic acid (500 mg, 5.00 mmol) was dissolved in 25 mL

of aqueous NaHCO 3 (2.0 g, 24 mmol) and tetrabutylammonium hydrogen sulfate (170 mg, 0.500 mmol).
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The colorless solution was stirred at rt for 10 min and bubbles formed. Chloromethyl chlorosulfate (1.45

g, 8.80 mmol) was then added drop-wise with stirring and 25 mL of CH 2CI2 was subsequently added to

the reaction, which was stirred vigorously at rt overnight. The organic phase was separated and washed

with brine (3 x 25 mL), dried over Na 2 SO 4 , and passed through a 10 g silica plug. A portion of the

solvent was removed by distillation under atmospheric pressure to give a colorless product solution in

CH 2 Cl 2 (469 mg, 63%; the yield was calculated from the ratio of CH 2CI2 and the product based on 'H

NMR integration). TLC Rf = 0.8 (silica, CH2C2). 'H NMR (CDCl 3, 300 MHz), 5 2.42 (2H, m), 2.49 (2H,

m), 5.01-5.12 (2H, m), 5.71 (2H, s), 5.82 (1H, m). HRMS (DART): [M+H]+ m/z caled., 149.0364; found,

149.0375.

Chloromethyl hex-5-enoate (2). As described for 1, except that hex-5-enoic acid (114 mg, 1.00

mmol) was used as the starting material. The product was obtained as a CH 2 CI2 solution (83 mg, 51%; the

yield was calculated from the ratio of CH 2 CI2 and the product based on 'H NMR integration). TLC Rf=

0.8 (silica, CH 2Cl2). 'H NMR (CDC 3, 300 MHz), 6 1.76 (2H, m), 2.10 (2H, m), 2.39 (2H, t, J= 7.5 Hz),

4.93-5.03 (2H, m), 5.70 (2H, s), 5.76 (1H, m).

Chloromethyl hept-6-enoate (3). As described for 1, except that hept-6-enoic acid (128 mg, 1.00

mmol) was used as starting material. The product was obtained as a CH 2CI2 solution (119 mg, 68%; the

yield was calculated from the ratio of CH 2CI2 and the product based on 'H NMR integration). TLC Rf =

0.8 (silica, CH 2Cl 2 ). 'H NMR (CDC 3, 300 MHz), 6 1.43 (2H, m), 1.66 (2H, m), 2.06 (2H, m), 2.38 (2H, t,

J= 7.2 Hz), 4.92-5.03 (2H, m), 5.69 (2H, s), 5.77 (1H, m).

(Pent-4-enoyloxy)methyl-9-fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-3,7-dihyro-

2H-[1,4]oxazino[2,3,4-ijIquinoline-6-carboxylate (4). Levofloxacin (180 mg, 0.500 mmol) was

dissolved in 5 mL of dry DMF to give a light yellow solution. A portion (160 mg, 1.16 mmol) of K2CO3

was added to the solution and the mixture was stirred at 50 'C for 5 h to afford a gel-like mixture. A

portion (81 mg, 0.55 mmol) of 1 was dissolved in I mL of dry DMF and added to the reaction together

with a few crystals of KI. The reaction was stirred overnight at 50 'C. Water (10 mL) and CH 2Cl2 (30 mL)

were added to the reaction, and the organic phase was washed with brine (3 x 15 mL). The organic phase

was dried over Na2 SO 4 and concentrated under reduced pressure to yield a light yellow solid. Flash

chromatography on silica gel with a solvent gradient (100% CH2 C 2 to 10% MeOH/CH 2CI2) afforded the

product as a white solid (94.4 mg, 40%). TLC Rf = 0.4 (silica, 10% MeOH/CH 2Cl2 ). 'H NMR (CDC 3,

500 MHz) 5 1.50 (3H, d, J= 6.5 Hz), 2.36 (3H, s), 2.38 (2H, m), 2.49 (2H, t, J= 7.5 Hz), 2.55 (4H, bm),
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3.34 (4H, bm), 4.36 (2H, m), 4.49 (1H, m), 4.97-5.06 (2H, m), 5.80 (1H, m), 5.92 (2H, m), 7.37 (1 H, d, J

12.5 Hz), 8.18 (1 H, s). HRMS (DART): [M+H]+ m/z caled., 474.2035; found, 474.2017.

(Hex-5-enoyloxy)methyl-9-fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-3,7-dihydro-

2H-[1,4]oxazino[2,3,4-ij]quinoline-6-carboxylate (5). As described for 4, except that compound 2 (83

mg, 0.51 mmol) was used instead of compound 1 and EtOAc was used to extract the product instead of

CH2Cl2. The product was obtained as an impure white solid and no further purification was performed.

TLC Rf = 0.45 (silica, 10% MeOH/CH2Cb2). 'H NMR (CDC13, 300 MHz), 6 1.50 (3H, d, J= 6.6 Hz), 1.73

(2H, m), 2.08 (2H, m), 2.40 (3H, s), 2.40 (2H, t, J= 7.5 Hz), 2.65 (4H, bm), 3.37 (4H, bm), 4.35 (2H, m),

4.49 (1H, m), 4.93-5.06 (2H, m), 5.74 (1H, m), 5.93 (2H, m), 7.38 (1H, d, J= 12.3 Hz), 8.17 (1H, s).

HRMS (DART): [M+H]+ m/z calcd., 488.2191, found: 488.2202.

(Hept-6-enoyloxy)methyl-9-fluoro-3-methyl-1 0-(4-methylpiperazin-1-yl)-7-oxo-3,7-dihydro-

2H-[1,4]oxazino[2,3,4-ijjquinoline-6-carboxylate (6). As described for 4 except that compound 3 (119

mg, 0.672 mmol) was used instead of compound 1, and EtOAc was used to extract the product instead of

CH 2 C12. The product was obtained as an impure white solid and no further purification was performed.

TLC R= 0.45 (silica, 10% MeOH/CHCl2 ). 'H NMR (CDCl 3, 300 MHz), 6 1.42 (2H, m), 1.51 (3H, d, J

6.6 Hz), 1.65 (2H, m), 2.04 (2H, m), 2.41 (3H, s), 2.41 (2H, t, J= 7.5 Hz), 2.61 (4H, bm), 3.38 (4H,

bm), 4.37 (2H, m), 4.47 (lH, m), 4.90-5.02 (2H, m), 5.76 (1H, m), 5.94 (2H, m), 7.45 (1H, d, J= 12.6

Hz), 8.20 (1 H, s). HRMS (DART): [M+H]P m/z caled., 502.2348; found, 502.2342.

(1 R,7S)-(Pent-4-enoyloxy)methyl-3,3-dimethyl-6-oxo-7-(2-phenylacetamido)-2-thiabicyclo

[3.2.0]heptane-4-carboxylate (7). Penicillin G potassium salt (373 mg, 1.00 mmol) and 1 (327 mg, 2.00

mmol) were combined in 10 mL of dry DMF with a few crystals of KI. The mixture was stirred at 40 'C

overnight to afford an orange solution with some white solids. Water (20 mL) and CH2 Cl2 (50 mL) were

added to the reaction, and the organic phase was washed with brine (3 x 30 mL) and dried over Na 2 SO 4.

The solvent was removed under reduced pressure to give an orange oil. Flash chromatography on silica

gel with a solvent gradient (5% to 50% EtOAc/hexanes) afforded the product as a white solid (139 mg,

31%). TLC RI = 0.5 (silica, 40% EtOAc/hexanes). 1H NMR (CDCl3, 300 MHz), 6 1.43 (3H, s), 1.44 (3H,

s), 2.38 (2H, m), 2.47 (2H, m), 3.64 (2H, s), 4.38 (2H, s), 5.00-5.10 (2H, m), 5.49 (1H, d, J= 4.2 Hz),

5.66 (1H, dd, J= 4.2, 9.3 Hz), 5.73-5.86 (3H, m), 6.04 (1H, d, J = 9.3 Hz), 7.25-7.40 (5H, m). HRMS

(DART): [M+H] t m/z caled., 447.1632; found, 447.1624.
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8-(3,4-Bis(benzyloxy)-5-(((3S,7S,1 I S)-7,1 1-bis(2,3-bis(benzyloxy)benzamido)-2,6,10-trioxo-

1,5,9-trioxacyclododecan-3-yI)carbamoyl)phenyl)oct-6-enoic acid (12). A portion of 8 (14 mg, 11

pmol) and hept-6-enoic acid (6.4 mg, 50 pmol) were dissolved in dry CH 2C 2 (10 mL). Hoveyda-Grubbs

second generation catalyst (2.5 mg, 4 ptmol) and 1,4-benzoquinone (0.22 mg, 2 pmol) were added. The

reaction flask was then purged with N2 three times, and the solution was stirred at 35 OC overnight. The

solvent was removed and the crude reaction was purified by preparative TLC (8% MeOH/CH 2Cl 2) to

yield 8 as a white solid (9.6 mg, 64%). TLC Rf = 0.6 (10% MeOH/CH 2Cl2). 'H NMR (CDC 3, 300 MHz)

(5 8.49-8.46 (3H, m), 7.66-7.64 (1H, m), 7.41-6.96 (37H, m), 5.51-5.49 (2H, m), 5.16-4.91 (15H, m), 4.14-

4.13 (3H, m), 4.04-4.01 (3H, m), 3.29-3.28 (2H, m), 2.32 (2H, m), 2.05-2.03 (2H, m), 1.64-1.61 (2H, m),

1.42-1.40 (2H, m). HRMS (ESI): [M+H]+ m/z calcd., 1350.5175; found, 1350.5131.

7-(4-((Chloromethoxy)carbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydro-

quinoline-3-carboxylic acid (13). Ciprofloxacin (331mg, 1.00 mmol), trimethylsilyl chloride (TMSCI,

350 pL, 2.76 mmol) and DIPEA (1.7 mL, 10 mmol) were combined in 20 mL of dry CH 2Cl2 to give a

light yellow solution. The solution was stirred at rt for 20 min, and chloromethyl chloroformate (108 ptL,

1.20 mmol) was subsequently added slowly to afford a dark orange solution. The reaction was stirred

overnight at rt, water (10 mL) was added, and the mixture was stirred vigorously for another 1 h. The

mixture was extracted with CH 2 Cl2 (3 x 20 mL), and the combined organic phase was washed with 0.02M

HCl (4 x 50 mL). After drying over Na 2 SO 4 , the organic phase was concentrated to give 13 as an orange

solid (284 mg, 67%). TLC Rf = 0.75 (10% MeOH/CH2 CI 2). 
1H NMR (CDCl 3, 300 MHz), 8 1.20-1.23 (2H,

m), 1.37-1.42 (2H, m), 3.33-3.35 (4H, m), 3.53 (1H, m), 3.78-3.90 (4H, m), 5.83 (2H, s), 7.39 (1H, d, J

6.9 Hz), 8.06 (1H, d, J = 12.9 Hz), 8.78 (1H, s). 19F NMR (CDCl 3, 300 MHz), 6 -121.36- -121.29 (m).

HRMS (DART): [M+H]+ m/z calcd., 424.1070; found, 424.1057.

3-(((4-(3-Carboxy-1 -cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinolin-7-yl)piperazine-I -car-

bonyl)oxy)methoxy)-3-oxopropan-1-aminium-2,2,2-trifluoroacetate (14). TMSC (65 ptL, 0.51 mmol),

DIPEA (118 ptL, 0.674 mmol) and 13 (57 mg, 0.14 mmol) were combined in 3 mL of dry DMF and

stirred for 5 min at rt to give a light yellow solution. N-Boc-p-alanine (56 mg, 0.30 mmol) and DIPEA

(118 ptL, 0.674 mmol) were combined in 2 mL of dry DMF to give a colorless solution. The two solutions

were mixed together and stirred overnight at 75 'C. EtOAc (15 mL) and water (15 mL) were added to the

reaction, and the organic phase was washed with H 20 (2 x 15 mL). The aqueous phase was back extracted

once by using 10 mL of EtOAc, and the combined organic layers were dried over Na2 SO 4 and

concentrated. The crude product was purified by preparative TLC (10% MeOH/CH 2Cl2) to yield Boc

protected precursor of 14 as a light yellow solid (45 mg, 57%). TLC Rf = 0.7 (10% MeOH/CH 2Cl 2). 'H
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NMR (CDCL3, 300 MHz), 6 1.18-1.21 (2H, m), 1.37-1.39 (2H, m), 1.43 (9H, s), 2.61 (2H, t, J = 6.9 Hz),

3.28-3.38 (4H, m), 3.41 (2H, t, J = 6.9 Hz), 3.71-3.80 (4H, m), 5.00 (1H, s), 5.83 (2H, s), 7.37 (1H, d, J=

7.2 Hz), 8.03 (1H, d, J = 13.5 Hz), 8.76 (1H, s). '9F NMR (CDCl3 , 300 MHz), 6 -121.27 (d, J= 12.6 Hz).

A portion (45 mg, 0.078 mmol) of this product was dissolved in 1.2 mL CH2Cl2, and TFA (0.8

mL) was added drop-wise to give a yellow solution. The reaction was stirred for 3 h at rt, and

concentrated under reduced pressure to afford 14 as a light yellow solid (29 mg, 79%). TLC Rf = 0.2 (10%

MeOH/CH2Cl 2 ). 'H NMR (DMSO, 300 MHz), 6 1.17-1.19 (2H, m), 1.29-1.32 (2H, m), 2.72 (2H, t, J =

6.9 Hz), 3.03 (2H, t, J = 6.9 Hz), 3.32-3.35 (4H, m), 3.61-3.64 (4H, m), 3.80 (1H, m), 5.75 (2H, s), 7.58

(1H, m), 7.84 (3H, m), 7.92 (1H, d, J = 13.5 Hz), 8.65 (1H, s). 19F NMR (DMSO, 300 MHz), 6 -121.41

(IF, m), -73.16 (3F, s). HRMS (DART): [M+H]+ m/z calcd., 477.1780; found, 477.1762.

2-(((4-(3-Carboxy-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinolin-7-yl)piperazine-1-

carbonyl)oxy)methoxy)-N-methyl-2-oxoethanaminium 2,2,2-trifluoroacetate (19). Trityl-protected N-

methylglycine was synthesized from N-methylglycine (Alfa Aesar) by using a literature procedure."

Trimethylsilyl chloride (TMSC, 100 pL, 0.785 mmol), DIPEA (236 piL, 1.34 mmol) and 13 (114 mg,

0.270 mmol) were combined in 3 mL of dry DMF and stirred for 5 min at rt to give a light yellow

solution. N-Trityl-methylglycine (223 mg, 0.675 mmol) and DIPEA (236 ptL, 1.34 mmol) were combined

in 2 mL of dry DMF to give a colorless solution. The two solutions were mixed together and stirred

overnight at 75 'C. EtOAc (15 mL) and water (15 mL) were added to the dark orange solution, and the

organic phase was washed with brine (2 x 15mL). The aqueous phase was back-extracted once by using

10 mL of EtOAc, and the combined organic layers were dried over Na 2 SO 4 and concentrated. The crude

reaction product was purified by two silica flash columns (50% hexanes/EtOAc and 10% MeOH/CH2 Cl2 )

to yield 18 as a light yellow solid (119 mg, 62%). TLC R1 = 0.7 (10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3,

300 MHz) 5 14.9 (1H, bs), 8.77 (1 H, s), 8.06 (1H, d, J= 12.6 Hz), 7.54-7.12 (15H, m), 5.88 (1H, s), 3.75

(4H, bs), 3.46 (1H, bs), 3.30 (4H, bs), 3.09 (2H, s), 2.14 (3H, s), 1.34-1.26 (4H, m).

Compound 19 was obtained from 18 according to a reported procedure. 2 A portion of 18 (59.0

mg, 82.0 pmol) was dissolved in 2 mL of CH 2Cl2 and 2% TFA and 1% H2O was added to give an orange

solution. The reaction was stirred for 1.5 h at rt and concentrated. Water was removed by lyophilization,

and the crude product was redissolved in 1 mL of acetone. Compound 19 precipitated as a yellow solid

following addition of 20 mL of diethyl ether. (35.7 mg, 74%). TLC Rf = 0.1 (10% MeOH/CH2 Cl2 ). 'H

NMR (CDCl 3, 300 MHz) 6 8.68 (1H, s), 7.91 (1H, d, J= 12.9 Hz), 7.35 (lH, bs), 5.78 (lH, s), 3.91-3.82

(7H, m), 3.63 (4H, bs), 2.64 (3H, s), 1.31 (2H, s), 1.10 (2H, s). '9F NMR (CDCl 3, 282 MHz), 6 -75.9, -

121.1. HRMS (ESI): [M+H]+ m/z caled., 477.1786; found, 477.1775.

189



7-(4-(((2-((3-(((3S,7S, 1S)-7,1 1-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-trioxacy-

clododecan-3-yl)carbamoyl)-4,5-dihydroxybenzyl)(methyl)amino)acetoxy)methoxy)carbonyl)pipe-

razin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (22). In 0.7 mL of

DMSO, 19 (11.8 mg, 20.0 pmol) and 20 (12.4 mg, 10.0 pimol) were dissolved. Then, NaBH 3CN (2.8 mg,

40 ptmol) was added to afford a yellow solution. The reaction was stirred at rt overnight, and partitioned

in 30 mL of EtOAc and 15 mL of brine. The organic phase was washed by brine (2 x 15 mL), dried over

Na2 SO 4 and concentrated. The product was purified by preparative TLC (10% MeOH/CH 2Cl2) to yield 21

as a light yellow solid (8.6 mg, 51%). TLC Rf = 0.6 (10% MeOH/CH 2C 2). 'H NMR (CDC 3, 300 MHz) (

14.9 (IH, bs), 8.75 (1H, s), 8.49-8.44 (3H, m), 8.04 (1H, d, J= 12.6 Hz), 7.66-7.63 (1H, m), 7.55-7.54

(1H, s), 7.43-7.10 (37H, m), 5.85 (2H, s), 5.17-5.00 (12H, m), 4.90-4.88 (3H, m), 4.16-4.01 (6H, m), 3.72

(4H, bs), 3.65 (2H, s), 3.52 (1H, bs), 3.33 (2H, s), 3.27 (4H, bs), 2.38 (3H, s), 1.33-1.16 (4H, m).

A portion of 21 (8.6 mg, 5.1 pmol) was dissolved in 2 mL of 1:1 1,4-dioxane/EtOH, and 9.0 mg

Pd/C (10% wt, Sigma-Aldrich) was added after the flask was purged by N 2. The reaction was stirred

under H2 (1 atm) at rt for 3 h, and the Pd/C was removed by centrifugation (13,000 rpm, 10 min). The

clear solution was concentrated and redissolved in 4:2:1 1 ,4-dioxane/H20/MeOH and purified by semi-

preparative HPLC (10-70% B over 20 min, 4 mL/min). The product eluted at 19.5 min and the combined

fractions were lyophilized to give 22 as white solid (1.2 mg, 20%). The HPLC trace of purified 22 was

reported in main text. HRMS (ESI): [M+H]+ m/z calcd., 1158.3228; found, 1158.3193.

7-(4-((1-Chloroethoxy)carbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydro-

quinoline-3-carboxylic acid (23). Ciprofloxacin (993 mg, 3.00 mmol) and TMSC (800 ptL, 6.27 mmol)

were combined in 50 mL of dry CH2Cl2. After stirring at rt for 10 min, DIPEA (5.1 mL, 29 mmol) was

added to afford a clear light yellow solution. Chloroethyl chloroformate (400 ptL, 3.70 mmol) was

subsequently added slowly to afford a dark orange solution with a little smoke forming. The reaction was

stirred overnight at rt. MeOH (10 mL) was added, and the mixture was stirred vigorously for another 0.5

h. The crude reaction solution was concentrated, redissoved in 80 mL of CH2 Cl2, and washed with 0.1 M

HCI (3 x 30 mL) and H2 0 (2 x 50 mL). After drying over Na2 SO 4 , the organic phase was concentrated to

give 23 as an orange solid (746 mg, 57%). TLC Rf = 0.75 (10% MeOH/CH 2CI 2). 'H NMR (CDCl3, 300

MHz) 6 14.9 (1H, s), 8.75 (1H, s), 8.02 (IH, d, J= 12.6 Hz), 7.37 (1H, d, J=7.2 Hz), 6.62 (1H, q, J= 4.4

Hz), 3.83 (2H, bs), 3.75-3.71 (2H, in), 3.57-3.52 (1H, in), 3.33-3.32 (4H, in), 1.85 (3H, d, J= 6.0 Hz),

1.44-1.37 (2H, in), 1.24-1.19 (2H, in). HRMS (ESI): [M+H] m/z calcd., 438.1232; found, 438.1221.

I-Cyclopropyl-6-fluoro-7-(4-((1-(2-(methylamino)acetoxy)ethoxy)carbonyl)pipera-zin-1-yl)-

4-oxo-1,4-dihydroquinoline-3-carboxylic acid (24). TMSCI (100 ptL, 0.785 mmol), DIPEA (236 ptL,
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1.34 mmol) and 23 (118 mg, 0.269 mmol) were combined in 3 mL of dry DMF and stirred for 5 min at rt

to give a light yellow solution. N-Trityl-methylglycine (223 mg, 0.675 mmol) and DIPEA (236 p.L, 1.34

mmol) were combined in 2 mL of dry DMF to give a colorless solution. The two solutions were mixed

together and stirred overnight at 65 'C. MeOH (2 mL) was added to the reaction, and the mixture was

stirred for another 15 min. A brown precipitate formed. The crude reaction was concentrated and

redissolved in 50 mL of EtOAc. The organic phase was washed with brine (3 x 20 mL) and dried over

Na2 SO 4 . The crude reaction product was purified by flash chromatography on silica gel (40%

EtOAc/CH2Cl2 and 10% MeOH/CH1 Cl2) to afford 24 as a yellow solid (56 mg, 28%). It was found that

24 decomposes on silica gel. TLC R= 0.5 (10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 300 MHz) 6 8.72

(1 H, s), 8.01 (1H, d, J= 12.6 Hz), 7.53-7.12 (16H, in), 6.94 (1H, q, J= 4.0 Hz), 3.82-3.67 (4H, in), 3.38-

3.32 (5H, in), 3.08-2.98 (2H, in), 2.13 (3H, s), 1.54 (3H, d, J= 5.5 Hz), 1.31-1.24 (4H, m). This product

was used in the next step without further purification.

The trityl group was removed from 24 (56 mg) as described for 18 to give 26 as orange solid (31

mg, 8 1%). TLC R= 0.1 (10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 300 MHz) 5 8.64 (1H, s), 7.84 (1H, d,

J= 12.9 Hz), 7.32 (1H, d, J= 6.9 Hz), 6.79 (1H, q, J= 5.4 Hz), 3.80-3.53 (11H, in), 2.68 (3H, s), 1.48

(3H, d, J= 5.4 Hz), 1.34-1.32 (2H, in), 1.1 (2H, bs). HRMS (ESI): [M+H]+ m/z calcd., 491.1942; found,

491.1927.

1-Cyclopropyl-6-fluoro-7-(4-((1-((3-methyl-2-(methylamino)butanoyl)oxy)ethoxy)carbonyl)-

piperazin-1-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (27). Compound 25 was synthesized as

described for 24 except that N-Boc-methylvaline (156 mg, 0.675 mmol) was used. Compound 25 was

obtained as orange solid (93 mg, 53%). TLC Rf= 0.7 (10% MeOH/CHCl2 ). 'H NMR (CDC13, 300 MHz)

6 8.68 (H, s), 7.92 (1H, d, J= 12.6 Hz), 7.37 (1H, bs), 6.88-6.85 (1H, m), 4.42-4.04 (1H, in, due to

rotamers), 3.70 (5H, m), 3.30 (4H, bs), 2.86-2.78 (3H, in, due to rotamers), 2.19-2.16 (1H, in), 1.53-1.40

(14H, m), 1.19 (2H, bs), 0.99-0.96 (3H, in), 0.87 (3H, d, J= 6.6 Hz).

A portion of 25 (93 mg, 0.15 mmol) was dissolved in 10 mL of 40% TFA/CH2Cl and the green-

brown solution was stirred at rt for 2.5 h. The crude reaction material was then concentrated to ~1 mL,

and the product was precipitated by addition of 17 mL of diethyl ether. After filtration and washing with

ether, 27 was obtained as orange solid (73.7 mg, 94%). TLC R, = 0.5 (10% MeOH/CH2 Cl,). 'H NMR

(CD 30D, 300 MHz) 6 8.64 (1 H, s), 7.68 (1H, d, J= 12.6 Hz), 7.53 (1H, bs), 6.99-6.96 (1 H, in), 3.98 (1H,

bs), 3.76 (5H, m), 3.39 (4H, bs), 2.78-2.75 (3H, m, due to rotamers), 2.34 (H, bs), 1.63 (3H, d, J= 5.1

Hz), 1.42 (2H, bs), 1.22-1.06 (8H, in). HRMS (ESI): [M+H]+ m/z calcd., 533.2416; found, 533.2414.
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1-Cyclopropyl-6-fluoro-7-(4-(((hept-6-enoyloxy)methoxy)carbonyl)piperazin-1-yl)-4-oxo-

1,4-dihydroquinolinc-3-carboxylic acid (28). As described for 18 except that hept-6-enoic acid (92 mg,

0.71 mmol) was used instead of N-trityl-methylglycine and the crude reaction organic phase was purified

by passing through a silica plug in 10% MeOH/CH 2Cl2 . Compound 28 was obtained as yellow solid (77

mg, 57%). TLC Rf = 0.6 (10% MeOH/CH 2C2). 1H NMR (CDC 3, 300 MHz) 5 14.9 (1H, bs), 8.78 (IH, s),

8.05 (1H, d, J= 12.9 Hz), 7.36 (1H, d, J= 6.9 Hz), 5.83-5.72 (3H, in), 5.04-4.94 (1H, m), 3.76 (4H, bs),

3.57-3.49 (1H, in), 3.32 (4H, bs), 2.39 (2H, t, J= 7.5 Hz), 2.07 (2H, dt, J= 7.1, 7.1 Hz), 1.72-1.62 (2H,

in), 1.48-1.18 (6H, m). HRMS (ESI): [M+H]* m/z calcd., 516.2146; found, 516.2157.

7-(4-((1-(((S)-2-Benzamidopropanoyl)oxy)ethoxy)carbonyl)piperazin-1-yl)-1-cyclopropyl-6-

flu oro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (29). Compound 29 was synthesized similarly as

24 using 0.054 mmol of 23 and N-benzoyl alanine was used instead of N-trityl-methylglycine. Preparative

TLC (7% MeOH/CH2C 2) purification afforded 29 as yellow solid (14 mg, 44%). TLC Rf = 0.7 (10%

MeOH/CH 2CI2). 1H NMR (CDCl3 , 300 MHz) 6 14.9 (1H, bs), 8.73 (1H, s), 7.98 (1H, d, J= 12.0 Hz),

7.78-7.42 (6H, in), 6.94-6.89 (1H, in), 6.77 (1H, bs), 4.80-4.78 (IH, in), 3.74-3.32 (9H, in), 1.58-1.20

(IOH, in). HRMS (ESI): [M+H]+ m/z calcd., 595.2204; found, 595.2202.

7-(4-((1-(((S)-2-Benzamido-3-methylbutanoyl)oxy)ethoxy)carbonyl)piperazin-1-yl)-1-cyclo-

propyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (30). Compound 30 was synthesized as

29 except that N-benzoyl valine was used instead of N-benzoyl alanine and obtained as a yellow solid (16

mg, 48%). TLC Rf= 0.5 (10% MeOH/CH2Cl2). 'H NMR (CDCl 3, 300 MHz) (3 14.9 (1H, bs), 8.73 (1H, s),

7.98 (1H, d, J= 12.0 Hz), 7.80-7.38 (6H, in), 6.94 (1H, q, J= 5.6 Hz), 6.63 (1H, d, J = 9 Hz), 4.82-4.75

(1H, in), 3.72-3.31 (9H, in), 2.31 (1H, bs), 1.57 (3H, d, J= 5.1 Hz), 1.38-0.98 (1OH, in). HRMS (ESI):

[M+Na]+ m/z calcd., 645.2337; found, 645.2306.

7-(4-((1-(((S)-2-(Benzyl(methyl)amino)-3-methylbutanoyl)oxy)ethoxy)carbonyl)piperazin-1-

yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (31). A portion of 27 (9.5

mg, 18 ptmol) and benzaldehyde (1.8 ptL, 18 ptmol) were dissolved in DMSO (0.2 mL). NaBH 3CN (2.3

mg, 36 pimol) was added to the solution and the reaction was stirred at rt overnight. The crude reaction

was partitioned with 0.8 mL of CH 2Cl 2 and 0.8 mL of H20. The organic phase was washed by brine (2 x

1 mL) and dried over Na2 SO 4 . The product was purified by preparative TLC (10% MeOH/CH 2CI 2) to

give an orange solid (4.5 mg, 40%). HRMS (ESI): [M+H]+ m/z calcd., 623.2881; found, 623.2879.
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7-(4-((1 -(((S)-2-Aminopropanoyl)oxy)ethoxy)carbonyl)piperazin-1-yl)-1-cyclopropyl-6-

fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (32). Compound 32 was synthesized as 27 except

N-Boc-alanine (127.6 mg, 0.675 mmol) was used instead of N-Boc-methyl-valine. The final product was

obtained as orange solid (72 mg, overall 44% yield from 23). TLC R = 0.4 (10% MeOH/CH2 Cl2 ). 'H

NMR (CDCl 3, 300 MHz) 6 8.52-8.51 (1H, m, due to diastereomers), 7.71-7.64 (1H, m, due to

diastereomers), 7.26 (IH, bs), 6.71-6.66 (lH, m, due to diastereomers), 4.45 (1H, bs), 3.86 (1H, m), 3.53

(5H, bs), 3.17-3.14 (4H, m), 1.40-1.02 (10H, m). HRMS (ESI): [M+H]f m/z calcd., 491.1942; found,

491.1919.

7-(4-((1-(((S)-2-Amino-3-methylbutanoyl)oxy)ethoxy)carbonyl)piperazin-1-y)-1-cyclopro-

pyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (33). Compound 33 was synthesized as 27

except N-Boc-valine (146.6 mg, 0.675 mmol) was used instead of N-Boc-methyl-valine. The final product

was obtained as orange solid (39 mg, overall yield 27% from 23). TLC Rf = 0.5 (10% MeOH/CH2 Cl2 ). 'H

NMR (CD 30D, 300 MHz) (5 8.62 (1H, s), 7.67-7.51 (2H, m), 6.98-6.93 (1H, m, due to diastereomers),

3.98 (1H, bs), 3.75-3.35 (9H, m), 2.32 (1H, bs), 1.62-1.60 (3H, m), 1.42 (2H, bs), 1.22 (2H, bs), 1.12-1.08

(6H, m, due to diastereomers). HRMS (ESI): [M+H]+ m/z calcd., 519.2255; found, 519.2247.

7-(4-((1-(((S)-2-(3-(((3S,7S,11S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-

trioxacyclododecan-3-yl)carbamoyl)-4,5-dihydroxybenzamido)propanoyl)oxy)ethoxy)carbonyl)-

piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (37). In a

mixture of 0.5 mL of DMSO and 1 mL of CH 2 Cl1 , 34 (29 mg, 23.2 ptmol) and 32 (28.0 mg, 46.4 pimol)

were combined, and PyAOP (17.5 mg, 33.6 pmol) and DIPEA (40.4 pL, 0.232 mmol) were added. The

reaction was stirred at rt overnight and partitioned in CH2 Cl2 (5 mL) and brine (5 mL). The organic phase

was washed twice with 5 mL of H20, dried over Na 2SO 4 and concentrated. Compound 35 was purified by

preparative TLC (8% MeOH/CH2Cl 2 ) and obtained as a white-yellow solid (9.6 mg, 22%). TLC R1 = 0.6

(10% MeOH/CH2 Cl2 ). 'H NMR (CDCl 3, 300 MHz) 3 14.9 (1H, bs), 8.76-8.71 (1H, m), 8.50-8.47 (3H, m),

8.06-7.97 (2H, m), 7.79-7.76 (1H, m), 7.65-7.60 (2H, m), 7.40-7.10 (49H, m), 6.90-6.86 (2H, m), 5.22-

5.01 (12H, m), 4.89 (3H, m), 4.77-4.70 (1H, m), 4.14-4.01 (6H, m), 3.75-3.30 (9H, m), 1.58-1.50 (6H, m),

1.38-1.14 (4H, m).. HRMS (ESI): [M+H] t m/z calcd., 1726.5994; found, 1726.5964.

A portion of 35 (9.6 mg, 5.6 ptmol) was dissolved in 2 mL of 1:1 1,4-dioxane/EtOH, and 10.0 mg

Pd/C (10% wt) was added after the flask was purged with N2 . The reaction was stirred under H2 (1 atm) at

rt for 5 h, and the Pd/C was removed by centrifugation (13,000 rpm, 10 min). The clear reaction solution

was concentrated and redissolved in 4:2:1 1,4-dioxane/H20/MeOH and purified by semi-preparative

HPLC (20-70% B over 15 min, 4 mL/min). The product eluted at 17.2 and 17.5 min (diastereomers) and
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lyophilized to give 37 as white solid (2.0 mg, 30%). The HPLC trace of the purified product is reported in

Appendix 2. HRMS (ESI): [M+H]- m/z calcd., 1186.3177; found, 1186.3145.

7-(4-((I-(((S)-2-(3-(((3S,7S,1 1S)-7,11-Bis(2,3-dihydroxybenzamido)-2,6,10-trioxo-1,5,9-

trioxacyclododecan-3-yl)carbamoyl)-4,5-dihydroxybenzamido)-3-methylbutanoyl)oxy)ethoxy)car-

bonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (38).

Compound 36 was synthesized as described for 35 except that the reaction scale was adjusted to using 50

mg (39.9 pamol) of 34 and compound 33 (21.3 mg, 34.4 gmol) was used instead of 32. After purification,

36 was obtained as white solid (46.6 mg, 74%). TLC Rf = 0.5 (5% MeOH/CH 2Cl). 'H NMR (CDCl 3, 300

MHz) 5 14.9 (1H, bs), 8.2 (IH, bs), 8.51-8.47 (3H, in), 8.00-7.97 (2H, m), 7.79-7.77 (1H, in), 7.64-7.62

(2H, m), 7.40-7.10 (49H, m), 6.94-6.79 (2H, in), 5.22-5.01 (12H, in), 4.89 (3H, bs), 4.78-4.70 (1H, m),

4.14-4.00 (6H, m), 3.75-3.13 (9H, m), 1.83-1.79 (lH, in), 1.58-1.55 (3H, m), 1.37-1.18 (4H, m), 1.04-

0.99 (6H, m). HRMS (ESI): [M+H]+ m/z calcd., 1754.6307; found, 1754.6267.

Compound 38 was obtained from 36 following the same procedure as described for 37. A mixture

of two diastereomers was obtained as a white-yellow solid (7.1 mg, 22%). The HPLC trace of the purified

product (diastereomeric mixture) is reported in Appendix 2. HRMS (ESI): [M+H]+ m/z calcd., 1236.3309;

found, 1236.3321.

Antimicrobial Activity Assays. E. coli K12 was obtained from Christopher T. Walsh (Harvard

Medical School). Frozen cell stocks of E. coli K12 were stored in M9 minimal media, which is necessary

for the strain to maintain its ability to grow in minimal media. E. coli NR698 was kindly provided by

Professor Daniel Kahne (Department of Chemistry and Chemical Biology, Harvard University). E. coli

H 1876 (fepA-, cir-, fiu-) was a gift from Professor Klaus Hantke (Department of Membrane Physiology,

University of Tifbingen). Staphylococcus aureus ATCC 25923, E. coli ent- (ATCC 33475) and E. coli

CFT073 (ATCC 700928) were purchased from American Type Culture Collection (ATCC) and revived

and stored in LB medium.

For antimicrobial assays, bacterial strains were grown in LB media at 37 'C for 16 h and diluted

in a 1:100 ratio with fresh LB with or without 200 tM 2,2'-dipyridyl (DP) and incubated at 150 rpm at

37 'C until the optical density at 600 nm (OD 60 0) reached ~0.6. The cultures were subsequently diluted

with poor-broth (PB) nutrient medium (1% Bacto Tryptone, 5% NaCl, w/v) with or without 200 piM DP

to OD6 00 = 0.001 (except for E. coli ent- where 50% MHB medium was used because PB cannot support

its growth in the presence of DP). The concentration of each Ent-ciprofloxacin conjugate was determined

by using the extinction coefficient of 39 at 279 nm (F 2179nm = 12600 M-cm-), which was determined based

on accurate sample mass recorded by a 5-digit balance (Professor Klibanov's lab). Working dilutions of
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the conjugates were prepared in filter-sterilized milli-Q H2 0 except for the iron-loaded samples where

filter-sterilized 75 mM HEPES buffer at pH 7.5 was used. A 90-pL aliquot of the diluted culture was

mixed with a 10-pL aliquot of the conjugate solution at various concentrations in 96-well plates and

incubated at 30 'C for 19 h. Bacterial growth was assayed by measuring OD600 using a BioTek Synergy

HT plate reader. The growth recovery assay was conducted in the same manner.

Stability Studies of the Ciprofloxacin Conjugates. All compounds tested were stored as DMSO

stock solutions and diluted with 75 mM HEPES buffer at pH 7.5 to a final concentration of 40 PM. The

samples, with a total volume of 600 pL, were placed into the HPLC auto-sampler thermostated at 30 0C.

At 1-h intervals, 50-pL of the sample was injected into the analytical column and analyzed using a

gradient of 10% B for 5 min and then 10-70% B over 7 min at 1 mL/min. The HPLC traces obtained by

monitoring absorbance at 280 nm were used to evaluate conjugate stability. The signal at 316 nm was

used to monitor hydrolysis of native Ent. The peak area of the tested compound was manually integrated

and plotted over time to obtain a degradation curve. The degradation curves were fitted by Prism to first

order reactions. Three repetitions were performed for each compound, and the averaged half-lives of the

three trials are reported in Table 4.1. Example fits for each compound are shown at the end of the chapter

in Figure 4.11.

MceD Hydrolysis Assay with Ent-ciprofloxacin Conjugates. MceD (provided by Professor

Elizabeth Nolan, with a His6 tag on the C-terminus, 103 pM) was diluted 10-fold by 75 mM HEPES

buffer at pH 7.5. The reaction solution (500 pL) was prepared in 75 mM HEPES buffer at pH 7.5,

containing 32 pM substrate and 20 nM MceD. At t = 0, 2, 5, 8, 25 min, 100 pL of the reaction was taken

and quenched by addition of 20 pL of 3% TFA/H20. The quenched reactions were stored on ice,

centrifuged (13,000 rpm, 10 min) and analyzed by HPLC using the same method for the stability assays.

Results and Discussion

Design of Ent-Antibiotic Conjugates with Acyloxymethyl Ester Linker via Olefin

Metathesis. To incorporate the acyloxymethyl ester linker, we first designed a synthetic route involving

an olefin metathesis reaction. This route was chosen because the metathesis reaction is highly

chemoselective, therefore no additional protection/deprotection steps are needed for the antibiotics or the

Ent scaffold during the syntheses. If successful, this approach could be easily applied to a variety of

molecules featuring different functional groups for Ent conjugation. We placed the metathesis reaction

towards the end of the syntheses such that the enterobactin and antibiotic portions could be synthesized in

parallel as a convergent synthetic route. We therefore aimed to (i) couple the acyloxymethyl ester with a
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terminal olefin group to the antibiotics (Scheme 4.1), and (ii) use olefin metathesis to connect the

antibiotic to Ent (Scheme 4.2). The cis- and trans-alkene isomers generated from the metathesis will be

reduced when removing the benzyl groups from the catechol hydroxyls, which will afford the final

enterobactin-antibiotic conjugates.

0
O A.

C Cl 0 R OH
0 00'KCC00 0 0~

' FCl K2CO 0 -0 R
" DCM/H 2O, rt n DMF, 40-60 C

n=2, 3, 4 1, n=2
2, n=3
3, n=4

0

5N n= R =7<sJ 7, n=2
O N 6, n=4 H

Levofloxacin moiety Penicillin G moiety

Scheme 4.1. Syntheses of antibiotic-alkenes with acyloxymethyl ester (labeled red) linkages.

Synthesis of Modified Antibiotics with Acyloxymethyl Ester Linked Olefin Groups.

Acyloxymethyl esters are usually formed between two carboxylic acids,' 0 and have also been inserted

between one carboxylic acid and one amino group." We chose levofloxacin, ciprofloxacin and penicillin

as targeted antibiotics for this study, all of which have a free carboxylic acid group. The secondary amine

on ciprofloxacin was protected with tert-butyloxycarbonyl (Boc) to avoid side reactions. The

acyloxymethyl esters were first synthesized by reacting each antibiotic with chloromethyl chlorosulfate to

yield chloromethyl esters. We intended to couple each chloromethyl ester to a carboxylic acid with a

terminal alkene moiety to give the antibiotic-alkenes containing an acyloxymethyl ester linker.

Unfortunately, following the reported procedure,10 no significant new species could be found judging by

analytical TLC. We changed the reaction order (Scheme 4.1), and the alkene-acids were first reacted with

chloromethyl chlorosulfate, which gave yields of 50% to 70%, and the antibiotics were coupled to

chloromethyl ester 1-3 under basic conditions to give the corresponding antibiotics 4-7 modified with

acyloxymethyl ester and olefin groups.

It should be noted that compounds 1-3 are very volatile and using the rotavap to remove the

reaction solvent (CH 2CI2) resulted in significant product loss. These three compounds were purified by

passing the crude reactions through a silica plug followed by distillation under atmospheric pressure.

During the purification of 4-7, it was also found that these molecules are unstable on silica gel. 2-D

analytical TLC showed product decomposition. The reason might be that the antibiotic moieties are good

leaving groups and the silica gel is slightly acidic, the latter of which catalyzes decomposition.
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Olefin Cross Metathesis Screening for the Synthesis of Ent-antibiotic Conjugates. With the

antibiotic-alkyne 4-7 in hand, we proceeded to connect them with the mono-alkene functionalized Ent

precursor 8 through olefin metathesis (Scheme 4.2). Compound 8 can be synthesized as described for the

compound 9 in Chapter 2 by using the terminal olefin modified benzyl-protected 2,3-dihyroxylbenzoic

acid (21, Chapter 2) instead of the substituted olefin derivative (22, Chapter 2). Many metal-based

catalysts for olefin metathesis have been developed. We chose four widely used ruthenium catalysts,

shown in Figure 4.2, for our initial screening. These catalysts are relatively stable when exposed to air and

water, and can tolerate many functional groups including alcohols, carboxylic acids and amides. 4

o 0
R AlR 0 0 08n

~O~n 0 0Q ~
O H 1V o R O R

o4-7 . 0 NH H2,cat. P

o 0 0 Cross metathesis caK.

BnO HN O '-'NH 03n NH n

BnO N BnN 08nBn 08n
0 0 nO , 0 -& OBn

PdC 2MeOH

OBn

11

OBn

OBn

0 COOH

d/

0 0

R ( C 0

CH

000H
C o R=

OH HN OJICNH OH
HO o 0 o OH

anbiotics

OBn
Grubss I

MeOH. 60 OC Oft
0 COOH

10

Scheme 4.2 Proposed syntheses of Ent-antibiotics conjugates through olefin cross metathesis and olefin

isomerization on 9 observed under catalysis conditions. The labile linker is labeled red.

Ru.
0#Ph

Grubbs I

0 RP

Grubbs il

I.CI Ru-C
Ru\ C1

CA 
0 0

Hoveyda-Gfubbs I Hoveyda-Grubbs 11

Figure 4.2. Ruthenium-based olefin metathesis catalysts used for screening.

Various metathesis reaction conditions were screened on a 1 pmol (1.5 mg) scale of 8, and 2 or 4

equiv. of 4 / 5 in the presence of 30% catalyst in mol. The reagents were weighed in 10 to 20 mg

quantities, dissolved in solvent and aliquoted to provide the required amounts. Two solvents, CH2 Cl and

toluene, were used in the screening, and the reactions were carried at 35 'C (CH2 Cl2 ) or 40 'C (toluene)
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overnight. Analytical TLC of these reactions revealed many new species without a major product. Data

obtained from MALDI-TOF mass spectroscopy of the crude reactions showed that cross-metathesis

occurred when Grubbs first/second generation or Grubbs-Hoveyda second generation catalyst and a 4:1

ratio of compounds 4 and 8 were employed. However, a peak with -14 Da relative to the m/z of the

desired product was always present in the mass spectra. In the reaction of 8 with 5, another peak with -28

Da was also observed. In all of the conditions where the desired products were identified, the homo-dimer

of 4 or 5 was also present, again accompanied by a -14 Da peak. For reactions employing compound 5,

species with +14, +28 and -28 Da relative to the homo-dimmer of 5 were also observed. One likely origin

for these unexpected peaks is migration of the C-C double bond during the reaction; cross metathesis of

the isomerized starting materials gives the mass of losing methylene groups (14 Da). Similar side

reactions have been reported." This hypothesis was further confirmed by treating 9 with Grubbs second

generation catalyst in MeOH at 60 'C for 3 h, which afforded 50% conversion of 9 to 10 (Scheme 4.2)

based on crude NMR analysis.

These metathesis results suggest isomerization of the starting materials during the reaction. To

overcome this problem, 8 was isomerized to 11 using PdCl 2 as a catalyst (Scheme 4.2). It was expected

that, by using 11, the cross metathesis step would be improved. However, when treating compound 11

and 5 under the previously described conditions (Hoveyda-Grubbs II, CH2CI2, 35 'C, overnight), no

cross-metathesis product was observed in the crude reaction by mass spectrometry. Homodimers of 5

were found as well as peaks corresponding to -14 and +14 Da compared to the homodimer of compound

5 (m/z [M+H]+ cald. 919.3684; found 919.3161, 905.2579, 933.3160). This result indicated that the

reactivity of substituted olefin 11 was much lower than the terminal olefin 8. Therefore, the conversion

from terminal olefin 8 to substituted olefin 11 was not a good approach to solve the isomerization

problem.

Olefin isomerization/migration is a common side reaction in olefin metathesis. 5 It was reported

that 1,4-benzoquinone could inhibit the isomerization of certain long-chain aliphatic alkenes by reacting

with the metal hydrides formed by the decomposition of the catalysts.16 The cross metathesis between 5

and 8 was thus performed again using the same catalyst (Hoveyda-Grubbs II) and 0.2 equiv of 1,4-

benzoquinone. Unfortunately, analysis of the crude reaction by mass spectrometry showed that a

byproduct with a mass of 14 Da less than the desired product resulting from isomerization was still

present ([M+Na]* m/z cald. 1718.6153; found 1718.6162 and 1704.6027). Significant amounts of starting

materials were also observed. Effort was made to isolate the product by preparative TLC (10%

MeOH/CH 2Cl2), and hydrogenation of the putative product fraction was performed. However, it afforded

a mixture of multiple species analyzed by HPLC without significant amount of the desired product as

analyzed by mass spectrometry.
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In conclusion, the attempts of using olefin cross metathesis to connect the antibiotics with Ent

were not successful under the conditions explored above. It was possible that the complex structure of

levofloxacin affected the cross metathesis reaction. To test this hypothesis, a simple olefin substrate hept-

6-enoic acid was reacted with 8 using Hoveyda-Grubbs II as the catalyst and 0.2 eq 1,4-benzoquinone

(Scheme 4.3). The desired product 12 was formed without any -14 Da peak observed ([M+H]+ m/z cald.

1350.5175; found 1350.553 1). Then, compound 12 was coupled to acetyl chloride activated ciprofloxacin

13, which should afford the benzyl protected Ent-ciprofloxacin conjugate housing the acyloxymethyl

ester linker. After evaluating several conditions, these coupling did not proceed well and no desired

product was identified by mass spectrometry. Moreover, the TLC of the crude reaction revealed many

byproducts. We decided to no longer pursue a metathesis route for Ent conjugate synthesis.

OBn
Ncn 0

H 0 OBn

Hoveyda-Grubbs 11, N 0- NH Ofn

0 1_4-Benzoquinone 0 o 0o o
OH + 8 ---

ON DCM,35 GCON 'I o
Hept-6-enoic acid HN 0

nO 0

no OH
12

0 0

OH

ON

DIPEA 1313

DMSO 50 C, OIN

Desired product, not observed

Scheme 4.3. Proposed synthesis of Ent-ciprofloxacin conjugate through cross metathesis.

Design and Synthesis of Ent-Antibiotic Conjugates with Acyloxymethyl Ester Linker via

Aldehyde-Amine Reductive Amination. Because the olefin metathesis was unsuccessful, we pursued

another route for conjugate assembly. As described in Chapter 2, the olefin group on 11 can be oxidized

to an aldehyde, which affords several possible means to couple Ent to antibiotics. One route is through

aldehyde-amine reductive amination. First, an antibiotic harboring a carboxylic acid moiety can be

modified to a chloromethyl ester (13, Scheme 4.4), which can be coupled to an amino acid to yield an

antibiotic-acyloxymethyl ester with free amine group (14, Scheme 4.4). Reaction of this amine group with
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the aldehyde on the Ent scaffold will afford the final conjugates (Scheme 4.5). The reductive amination

step was designed to be the last step before the deprotection of benzyl group on Ent to reduce the reaction

steps and allow more flexibility.

00 00 CF 3COOH31T

OH 1. TMSCI, DIPEA, DCM. it OH 1. TMSCI, DIPEA, D1F, rt 0 F OH~N~N 2 0 DIEDM.r
2. H(C3

HN, ) C11-0 0 CI, rt O 2. CO3, BOC OH N

Ciprofloxacin 13 3. 40% TFA in DCM, it 14

Scheme 4.4. Synthesis of amine-modified ciprofloxacin with acyloxymethyl ester linkage.

The synthesis of the amine-modified antibiotic with acyloxymethyl ester linkage was similar to

previously described synthesis of 4-7. Ciprofloxacin was used in this study and the reactions were carried

out according to reported procedures." The poor solubility of ciprofloxacin in organic solvents was

significantly improved by in situ protection of the carboxylic acid using trimethylsilyl (TMS) group prior

to the addition of chloromethyl chloroformate. Compound 13 was isolated following on an aqueous work

up (Scheme 4.4). Compound 14 was obtained by the coupling of Boc-p-alanine with 13 with in situ

protection of TMS, and subsequent TFA treatment afforded 14 as the final amine-modified antibiotic.

This synthetic route can be applied to any antibiotic with an amine group, and the resulting conjugates are

ready to be coupled to the aldehyde-modified Ent precursor 20 (Scheme 4.5).

The next step was to attach modified ciprofloxacin 14 to aldehyde-modified Ent precursor 20

through reductive amination (Scheme 4.5). We performed this reaction before the deprotection of phenol

groups on the Ent precursor because the deprotection conditions (catalytic hydrogenation with Pd/C) will

also reduce the aldehyde. Compound 14 was shown to be stable under these conditions.

For reductive amination, commonly used reagents include the hydride reducing agents NaBH 4,

NaBH 3CN and NaBH(OAc) 3.'7 Catalytic hydrogenation is also routinely employed.' 8 Initial screening

revealed that, in MeOH, ciprofloxacin decomposed in the presence of NaBH 4 , but remained intact with

NaBH 3CN and NaBH(OAc) 3. We therefore performed small-scale screenings to optimize the reaction

conditions with 14 and 15 (benzylaldehyde analog of 20) using NaBH 3CN, NaBH(OAc) 3 and Pd/C

catalyzed hydrogenation. Different solvents (THF, CH 2Cl2/MeOH, and DMSO) were also screened. The

optimal results came from the reaction using 1 equiv. of 15, 1 equiv. of 14 and 12 equiv. of NaBH 3CN in

DMSO, where the desired product 16 was observed by mass spectrometry ([M+H]+ m/z cald. 837.3147,

found 837.3099). However, compound 17 was also detected ([M+H]+ m/z cald. 1197.4430, found

1197.4446), which is a tertiary amine formed by two equiv. of 15 reacting with 14. Varying the ratio of
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the amine and aldehyde did not reduce the formation of 17 as revealed by MS analysis (Scheme 4.5A).

This result was reasonable since the product of a single reductive amination was a secondary amine,

which is more nucleophilic and thus may be prone to additional reductive amination. This problem can be

avoided by putting a secondary amine on the terminus of compound 14. A test reaction was performed by

substituting 14 with N-methylglycine in the reaction. As expected, only one-to-one adduction was

observed in mass spectrometry.

A CF3CO 2  0 0
HF NN OH

0
14

0

H 08n

08n

N0 0

15

0 O'

NaBH 3CN BfL0 0-n1
I H + B " N OBri

DMSO, rt Sf0 .0 ~ ~

16 17

B
0 0

C OH

0

13

C

0 1)TMSCIIPEA N0~ 
0 CF3CO

H Nt F OH 2% TFA, % H2 H

2) K2 C 3, 75 C \ N N rH2CI, 0

0 8 016 19

CF 3CO2  0

+ 0 F C O 3 H

20 N

0

0

H 08

OBn

0 NH

BnO HN~((N -

Bn0 0 00 BoO

20 OBn

NaBH3C

DMSO, r

0
HOzC FR F

0-N OR'
N 0 ORA KN0 R

N 0 NH

00 
0 

-

OR' H
0 ORP

- OR'

21, R' = Bn Pd/C, H2 1 atm

22, R' = H ) dioxane/EtOH. rt

Scheme 4.5 Synthesis of Ent-ciprofloxacin conjugates via reductive amination.

Based on these results, a new ciprofloxacin-linker moiety 19 containing a secondary amine was

synthesized (Scheme 4.5B). Compound 19 was reacted with 20 using NaBH 3CN in DMSO, which gave

the expected product 21 in moderate yield (51%). Catalytic hydrogenation in 1,4-dioxane/ethanol

afforded the final Ent-ciprofloxacin conjugate 22 in 20% yield after HPLC purification (Scheme 4.5C).

HPLC analysis indicated that conjugate 22 was not very stable (Figure 4.3). Re-injection of freshly

collected pure fractions gave impurity peaks with quite different retention times (from 18 to 23 min,
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Figure 4.3). Given the fact that acyloxymethyl ester linkers are known to be labile and the HPLC solvents

are acidic (with 0.1% TFA), it was not surprising that some degradation was observed.

1400.

1200. 316 nm 22

S 1000.

800.

S600-

6 400- 15 19 20 21 2 2 23

< 200

0 5 10 15 20 25 30 35
Retention Time (min)

Figure 4.3. HPLC trace of purified Ent-Ciprofloxacin conjugate 22. (0-100% MeCN over 30 min, 1

mL/min)

Antimicrobial Activity of Ent-ciprofloxacin Conjugate 22. Preliminary antimicrobial activity

assays with compound 22 were performed by using a broth dilution method as described in Chapter 3. In

these assays, three E. coli strains were tested under iron sufficient or deficient (by including 200-pM 2,2'-

dipyridyl (DP) in the growth medium) conditions. E. coli K12 was used as a wild-type strain, E. coli ent-

(ATCC 33475) is deficient in Ent biosynthesis, and E. coli H1876 lacks the receptors (FepA, Fiu and Cir)

for Ent and its degradation fragments.' 9 The growth of bacteria was represented by OD6 0 0 values

normalized by dividing the apparent OD6 00 values with the value of the untreated E. coli K12 culture

under iron sufficient conditions. It was observed that the minimal inhibitory concentration (MIC) values

of 22 were the same (1 [M) for all strains tested and independent of whether the media contained DP

(Figure 4.4A). It should be noted that E. coli H 1876 cannot grow in PB containing 200 pM DP, therefore

this strain was not tested in the presence of DP. Ciprofloxacin was tested as a positive control, and gave

MIC values of ~100 nM against E. coli K12 and H1876 and ~10 nM against the ent strain. The activity

decrease of 22 relative to ciprofloxacin may result from the extra hydrolysis step required for drug release.

However, it was a surprise to see the same activity of 22 towards E. coli H1876, which lacks the Ent

receptor, as the other strains. If the activity observed was from the uptake of 22, this strain should not be

sensitive. This result, together with the HPLC data, indicated that ciprofloxacin may be released from 22

before it is transported into the bacterial cell. The linker incorporated here may be too unstable within the

timeframe of the assay (16 h at 30 'C). In earlier work by Hennard et al.,2 0 pyoverdin-fluoroquinolone

conjugates employing the same linker were found to exhibit activity against pyoverdin receptor deficient
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strain as well, although with a four-fold increased MIC than against wild type strain. Noel et al. observed

slightly enhanced activity of pyochelin analog-fluoroquinolone conjugates with the same linker against a

TonB deficient strain compared to the wild type strain.2' These results agree with our observations and

support the notion of linker instability, although no linker stability study was reported in these examples.

Further investigation of the linker stability was therefore conducted.
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Figure 4.4. Antimicrobial activity of compound 22 (A) and ciprofloxacin (B) against E. coli K 12, H 1876,

and ent-. Bacteria were grown in PB medium with or without 200 pM DP at 30 0C for 16 h. Normalized

growth was calculated by dividing the OD600 value in each condition by the OD600 value of the E. coli

K12 grown in PB with no compound added. The experiment was performed only once.

Stability Study of the Acyloxymethyl Ester Linker and Linker Modification. The unexpected

activity of the Ent-ciprofloxacin conjugate 22 against the Ent receptor-deficient strain F. coli H1876

raised the question of whether ciprofloxacin remained attached to Ent before entering the bacterial cell. If

the cargo is released from Ent in the extracellular environment, then Ent-mediated delivery cannot be

achieved. Therefore, we evaluated the stability of the compound 22 as well as the cipro-linker moiety 19

using HPLC.
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Figure 4.5 HPLC traces (280 nm) of the ciprofloxacin conjugates with acyloxymethyl/ethyl linkers.

Conditions: 40-pM compound in 75-mM HEPES pH 7.5, 30 'C; 50-pL injections. HPLC gradient: 10% B

for 5 min, 10-70% B over 8 min and 100%B for 5 min. The traces of 0 h and 2 h incubation for each

compound were plotted.

HPLC analysis of compounds 19 (ciprofloxacin with the ester linker) and 22 (Ent-ciprofloxacin

conjugate connected with the ester linker) incubated in HEPES buffer (75 mM, pH 7.5) at 30 'C

confirmed that these compounds decompose readily. By plotting the changes in peak area of these

compounds over time, the degradation reaction was best fitted to a first order reaction and the half-lives

(t1 / 2) of these compounds were determined. Compound 19 has a t/ 2 value of 0.35 h under these conditions

(this value may be inaccurate because the first data point taken was at I h), and ciprofloxacin was

observed in the degradation products (Figure 4.5 and Table 4.1). The Ent-ciprofloxacin conjugate 22

exhibited a longer t1/ 2 of ~2.4 h, probably because it doesn't contain a secondary amine as in compound

19 (Figure 4.5 and Table 4.1). LC-MS analysis identified free ciprofloxacin (m/z calcd, 332.14104; found,

332.14162) and Ent-N-mentylglycine (m/z calcd, 771.19972; found, 771.19907) as the decomposition

products of 22. A proposed decomposition mechanism is shown in Figure 4.6, although other degradation

mechanisms like 0H- attacking the carbonyl group at the carbamate site will also result in formation of

free ciprofloxacin.
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Figure 4.6. Proposed degradation mechanism of 22.

Table 4.1. Half-lives of the ciprofloxacin derivatives."

0
HO 2C F

'&o O NH
ciprofloxacin

HO,, N

E 0 - - OH

OH

Ent-N-methyl-glycune

Compound Structure t1/2 / h Compound Structure t1/2 / h

19 N 0-O0 Cipro 0.35±0.02 29 N0 o Cipro >6 0b
H- Y I H

22 Ent, N OO. Cipro 2.38±0.73 30 0 : O Cipro >130b

26 N O0 Cipro 1.57±0.02 31 X 0 0o Cipro 16.2±2.20
H0  ~- 0

27 0 Cipro 2.36±0.42 37 En0 0 0 Cipro 8.12±1.43
HToT Y Ent'iN~O~~ 8.214

28 OO Cipro 8.94±0.10 38 Ent0 0 Cipro 9.95±1.13
a a H0 00 0

Ent see Fig. 1A 3.75±0.62 39 Ent Cipro 8.73±0.77
H 0

a The stability assay was performed as described in Figure 4.5, and the t 1 2 values were determined by assuming the
decay is a first order reaction. Three repetitions were performed for each compound and the average t/ 2 values with
the standard error of the mean were reported unless noted otherwise. Example fitting curves for t/ 2 determination are
shown at the end of the chapter in Figure 4.11. b, The compound decay was slow and more error was observed from
the peak area measurement which results in relatively big variations of the calculated tv2 values. The shortest value
among the repetitions was reported.

The data indicate that a more stable linker is needed for the conjugate design. In the development

of tranexamic acid drugs for better absorption, more steric hindrance at either ester carbonyl group

enhanced the stability. We therefore synthesized compounds 26 and 27, in which additional methyl or

isopropyl groups are incorporated to either side of the carbonyl group (Scheme 4.6). Judged by HPLC

analysis, both 26 and 27 were more stable than 19 with t1 2 values of -1.6 h and ~2.4 h, respectively

(Figure 4.5 and Table 4.1). To further investigate whether the secondary amine from the N-methylglycine
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moiety contributed to the fast decomposition of 19, a similar synthetic route used to synthesize 19 was

used to obtain 28 (Scheme 4.6). Compound 28 has a terminal olefin group instead of an amine, and it

decomposed much more slowly (t1/2= 8.9 h) (Figure 4.5 and Table 4.1), indicating that the amine group

may facilitate decomposition.
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Scheme 4.6. Syntheses of ciprofloxacin-acyloxyethyl linker.

Stability Study of Ciprofloxacin-acyloxyethyl-benzoic Acid Conjugate with Amide Linkage.

The stability study of compounds 19, 22, 26, 27 and 28 revealed that two aspects can be improved to

achieve better stability for this linker: (i) to increase steric hindrance in the vicinity of the ester as seen in

26 and 27; (ii) to avoid the amine group as evidenced by the enhanced stability of 28. One possibility to

avoid the amine in the final conjugate is to form an amide bond through acid-amine coupling. Two

ciprofloxacin-benzoic acid conjugates 29 and 30 were therefore synthesized using 23 and commercially

available N-benzoyl alanine and N-benzoyl valine under similar conditions as in the synthesis of 24 and

25. As a comparison, compound 27 was reacted with benzylaldehyde through reductive amination to give

compound 31 presenting an amine-based linkage (Scheme 4.7).

206



0 R 0 0

F. OH 1) TMSCI, DIPEA, DMF, rt " OH
N N 2) DIPEA.N-benzoyl alanine O N,_)

. A or N-benzoyl valine, 65 0C
0

23 29. R = Methyl
30, R = Isopropyl

0 "0 00
NI N OH H o OH

O Y N,) NaBH3CN, DMSO, rt O Y N,)
0 0

27 31

Scheme 4.7. Syntheses of ciprofloxacin-acyloxyethyl-benzoic acids.

The stability of these three compounds was also evaluated at pH 7.5 (75 mM HEPES) and 30 'C.
After 21 h incubation, only -20% of 29 and ~10% of 30 decomposed, demonstrating increased stability

relative to 26, 27 and 28. The slow decomposition rate results in more error when monitoring the peak-

area change of these two compounds, and more error in the t1/2 values was observed (ranging from -60 h
to -920 h). The shortest half-lifes among repetition was reported in Table 4.1, which are 60 h and 130 h,
respectively. As expected, the t1/2 value of compound 31 was determined to be -16.2 h, less stable than the
amide containing analog 30. The HPLC traces for these compounds after 0 and 9 h incubation are shown
in Figure 4.7. One observation to note is that for compound 31, two peaks with identical m/z value for the
desired product were found in the HPLC trace, which may come from the two diastereomers of this
compound. Moreover, not much ciprofloxacin was detected in the degradation products of 31, although
the peak area of 31 decreased in a time-dependent manner. When incubated in PB medium at 30 'C for 10
h, -33% of 29 and -3% of 30 decomposed. Antimicrobial activity assays showed that both 29 and 30 had
MIC values of 1 ptM towards E coli K12 and E coli NR698 (data not shown). The NR698 strain has a
compromised outer membrane and is more permeable for antibiotics. Ciprofloxacin exhibited a MIC of
0.1 tM with these two strains. The similar MIC value obtained for K12 and the NR698 strain indicates
that 29 and 30 enters both strains with similar efficiency, and their decreased activity compared to
ciprofloxacin is not due to decreased cellular entry. We cannot rule out the possibility that the observed

activity was still from extracellular release of ciprofloxacin as a result of degradation, although for
compound 30, within the timeframe of the experiment (19 h) the release of ciprofloxacin should be less
than 10% unless the bacteria interfere with the progress. Nevertheless, it is evident that amide linker is

more stable than a tertiary amine.
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Figure 4.7. HPLC traces (280 nm) of the ciprofloxacin-acyloxyethyl linker conjugates with amide or

amine connection for stability study. Conditions: 40-pM compound incubated in 75 mM HEPES, pH 7.5,

30 'C; 50-ptL injection. HPLC gradient: 10% B for 5 min, 10-70% B over 8 min and 100%B for 5 min.

Synthesis and Stability of Ent-Ciprofloxacin Conjugates with Acyloxyethyl Linker via Acid-

amine Coupling. Given that the amide linkage is more stable, we modified the synthetic route towards

Ent-ciprofloxacin conjugate. The new approach applied the carboxylic acid-modified Ent precursor 34

reported in Chapter 2 and a ciprofloxacin-acyloxyethyl linker with a primary amine terminus. The acid-

amine coupling is designed to be performed before the removal of benzyl protection on the phenols to

avoid side reactions and likely simplify the purification.

To assemble the ciprofloxacin-acyloxyethyl intermediates with primary amine terminus, N-Boc-

alanine and N-Boc-valine were reacted with 23 in basic condition and the Boc group was removed by 40%

TFA/CH 2Cl2 to give compounds 32 and 33 in 44% and 27% yield, respectively (Scheme 4.8A). Then, 32

and 33 were reacted with 34 in CH 2Cl2 using PyAOP as the coupling reagent. Catalytic hydrogenation of

the resulting benzyl-protected conjugates afforded the final products 37 and 38 after HPLC purification in

7.1% and 16% yield respectively (Scheme 4.8A). During the coupling step of 32/33 with 34, it was found

that if the TMSCI was quenched with MeOH, byproducts with a mass of 14 Da larger than the desired

products formed, and these byproducts were hard to separate from the desired products. In each reaction,

the byproduct likely formed from methylation of the carboxylic acid of ciprofloxacin when quenched with

MeOH under basic conditions. When MeOH was substituted by water, the byproduct was not observed.

Because the chloro-ethyl-chloro ester used was a racemic mixture, compounds 37 and 38 were formed as

diastereomers as seen for compound 31. In the case of 37, the two diastereomers were separable on HPLC
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and hence collected separately, but the relative stereochemistry was not determined. Two diastereomers

of 38 were collected as a mixture due to poor separation on HPLC.
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F 
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2) DIPEA, N-Boc-alanine N N
or N-Boc-valine, 65 0C N
3) 40% TFA in DCM, rt 032, R=CH3

33, R=CH(CH 3)2
0 R1 0

H0 2C F 0 OR'
1 N N R

IN

HN 0 1) TMSCI, DIPEA. CH 2C2, rt

2) 34, PyAop, DIPEA, rt
'O 0

RO; N JO NH

0 
-

RO0
OR'

35, R' = Bn, RI=CHa; 36, R'=Bn, R1=CH(CH3)2 ) Pd/C, H2, 1 atm
37, R' = H. R1=CH3; 38. R'=H, R1=CH(CH 3)2- dioxane/EtOH, rt

0 0
HO2C F OH

N N OH

Ni

HO 0 0 O NH

H0 O -

HO
39 OH

00

40

Scheme 4.8. Syntheses of Ent-ciprofloxacin conjugates with acyloxyethyl linker via acid-amine coupling.

The linkers are labeled in red.

An analog of 37/38 with non-hydrolyzable linker was also employed in this study (39, Scheme

4.8B), in which the linker was an alkyl chain with the same length as in 37/38. Compound 39 will be used

to probe the linker stability properties in antimicrobial activity studies. The synthesis of 39 is described in

Chapter 2.

The stabilities of ciprofloxacin-Ent conjugates 37, 38 and 39 were evaluated as for the other

ciprofloxacin-conjugates (Figure 4.8). Compared to the model compounds 29 and 30, these molecules

exhibited shorter half-lives (37, ~8.1 h; 38, -9.9 h; 39, -8.7 h), but compared to 22 the stability was

greatly increased (Table 4.1). The same test was also performed on Ent and the result indicated that

degradation of the Ent moiety contributed to the overall degradation of the conjugates as well (Figure 4.8
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and Table 4.1). During the degradation of 37 and 38, the new peak at 10.7 min was identified to be

ciprofloxacin by HPLC retention time and mass spectrometry. This peak was not observed for compound

39, which indicates that no free ciprofloxacin was released in this conjugate with the stable alkyl linker,

as expected. The stability of these conjugates was also tested once, subsequent to pre-incubation of 0.9

equiv. of Fe(IIl), to determine whether Fe(II)-bound forms will have enhanced stability. The results

showed that the conjugates became less stable (t 1 of 37-Fe -3 h; 39-Fe ~4.4 h; Ent-Fe -1.6 h), which

suggests in growth media, following iron coordination, the conjugates may decompose even faster.

Ciprofloxacin

A37, 0 h

37, 9 h

38, 0 h

38, 9 h

39, O h

39, 9 h

-- Ent, O h

Ent, 9 h
I I I I I I I

9 10 11 12 13 14 15 16 17
Retention Time (min)

Figure 4.8. HPLC traces (280 nm) of the Ent-ciprofloxacin conjugates. Conditions: 40-ptM compound,

75-mM HEPES pH 7.5, 30 "C; 50-pL injection. HPLC gradient: 10% B for 5 min, 10-70% B over 8 min

and 100%B for 5 min.

Antimicrobial Activity of Ciprofloxacin-Ent Conjugates with Acyloxyethyl Linker.

Antimicrobial assays were performed for 37, 38, and 39 against several E. coli strains including K12, ent-

and H1876. The MIC values obtained in the absence and presence of DP are summarized in Table 4.2.

The conjugates 37 and 38 were 10- to 100-fold less active than ciprofloxacin, and no increase of

activity was observed when using the Ent biosynthesis deficient strain (ent-) or under iron deficient

conditions. Moreover, compounds 37 and 38 remained active towards the H1876 strain lacking Ent

receptors, although they were less active than 22 which had a less stable linker. Taken together, the data

indicate that the observed activity does not correlate with Ent-mediated delivery. The activity may still

result from conjugate degradation before cellular uptake, which is reasonable because the stability study

revealed that in the time frame of the activity assay (19 h), enough free ciprofloxacin may accumulate
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(e.g., for the 10-pM conditions, 1% degradation would afford 0.1 p.M ciprofloxacin, which is the MIC of

the free antibiotic) and cause bacterial death.

Compounds 39 and the ciprofloxacin-alkyl linker conjugate 40 (Scheme 4.8C) both exhibit weak

activity (MIC of 100 pM). The growth inhibition observed for 40 may come from the DNA gyrase

inhibition by the ciprofloxacin moiety. The 1000-fold activity decrease may due to lower binding affinity

to its target because of the linker modification or less efficient cellular uptake because of increased

molecular weight and the hydrophobic alkyl chain. An in vitro DNA gyrase assay will be helpful to

evaluate this hypothesis. When ciprofloxacin and Ent were added together to the bacterial culture in a 1:1

ratio, the activity of ciprofloxacin remained the same (Table 4.2), which supports the hypothesis that the

conjugation between ciprofloxacin and Ent as seen in compound 39 resulted in the activity decrease.

Similar to compound 40, the Ent modification may affect the antibiotic-target interaction, but it is also

possible that the observed activity is due to poor internalization of the iron-bound conjugate by the tested

bacteria strains and chelation of Fe(III) of the media.

Table 4.2. MIC values of ciprofloxacin-Ent conjugate against E. coli."

Compound

37 38 38 39 39 40 40 40 40 Cipro Cipro Cipro Cipro

Strain +Dpb +DP +DP +Ent" +Ent +Ent +Ent +DP

+DP +DP

K12 1 1 1 100 100 100 100 100 100 0.1 0.1 0.1 0.1

ent' 10 1 >100 100 >100 100 100 100 100 0.1 0.1 0.1 0.1

H1876 10 10 N/Ad >100 N/A >100 N/A 100 N/A 0.1 N/A 0.1 N/A

". All MIC values are presented in tM, and each experiment had been repeated at least twice. h 200 pM DP was
added to the tested culture. " Compound and Ent were mixed in 1:1 ratio. "* H1876 strain did not grow in the
presence of DP, therefore these experiments were not performed. e- ent- strain did not grow well in the presence of
DP, and the MIC values in such conditions are inaccurate.

As discussed above, one key question to fully understand the antimicrobial activity observed for

these conjugates is whether they are still able to be transported by the Ent uptake system. The growth

recovery assay described in Chapter 2 suggests that the delivery efficiency of Ent-ciprofloxacin

conjugates in E. coli may be low. A direct monitor of the conjugate internalization can be achieved by

using "Fe(III) loaded conjugates and monitoring the radioactivity retained by the bacteria over time. An

alternative method to probe whether the conjugates are internalized is to pre-incubate the conjugates with

Fe(III) and test their antimicrobial activity. If the conjugates enter the cell, the same activity as the apo

form should be observed; if they cannot enter the cell and the growth inhibition observed is due to iron

starvation, the pre-loaded conjugates should have no activity because they cannot chelate iron from the

medium. To avoid the interference from endogenous Ent, the E. coli enti strain was used in this study.
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And, to simply the analysis, only 39 was studied since no free ciprofloxacin will be released. The results

showed that after pre-incubating with 0.3 equiv. of Fe(III), compound 39 lost its activity (Figure 4.9),

which was evidence that 39 could not be internalized efficiently. It was a surprise to see only 0.3 equiv.

Fe(III) was enough to eliminate all activity and when 0.5 equiv. and 0.9 equiv. Fe(III) were loaded, the

growth was promoted. One possible reason was the actual concentration of 39 was lower than calculated,

and the extra free iron facilitated bacterial growth. As a putative positive control, D-Ent (D-serine instead

of L-serine composed the trilactone backbone) was tested under the same conditions. It is known that D-

Ent has the same binding affinity towards iron but cannot be used by the bacteria to uptake iron, because

it is not a substrate of Fes (esterase in cytosol for Ent degradation and iron release)." We hypothesized

that the growth inhibition observed for D-Ent was solely from chelation effect and pre-incubation with

iron should abolish its activity. The result agreed with our expectation (Figure 4.9). We also tested

whether 39 was a substrate to MceD, an analog of Fes available in our lab, to see whether the chelation

effect was from failure of iron release.2 4 It was found that 39 was hydrolyzed when incubated with MceD

(Figure 4.10). At this point, all data indicate that 39 might not be able to enter the bacteria. Therefore,

besides the requirement for the releasing step, the low uptake efficiency makes ciprofloxacin not a good

cargo candidate for Ent-mediated delivery into the tested E. coli strains. However, from the data in

Chapter 2, P. aeruginosa PAO1 exhibit similar level of growth recovery when treated with 39 and Ent,

which suggests that ciprofloxacin was tolerated by the Ent transport machinery in this organism.

Moreover, in Chapter 3, E. coli CFT073 exhibited growth recovery when treated with Ent-Hy-Amp/Amx

while E. coli K12 was slightly inhibited by the conjugates, indicating different E. coli strains may have

different tolerance to the cargos being delivered by Ent. Therefore, with proper linker design, it is

promising that Ent-mediated delivery of ciprofloxacin will result in enhanced antimicrobial activity

towards certain bacteria species.
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Figure 4.10. HPLC traces (316 nm) of compound 39 treated with (A) or without (B) MceD.

Summary and Perspectives

In this chapter, continued efforts to develop the Ent-mediated cargo delivery strategy were

described. In particular, this chapter focused on the incorporation of labile linkers into the conjugate
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scaffold for cargos requiring release after cytosolic delivery. We chose an ester linker that has been

reported in the siderophore-fluoroquinilone conjugate literature and explored several synthetic routes to

achieve Ent-ciprofloxacin conjugates. Stabilities of ciprofloxacin derivatives connected to the labile

acyloxymethyl ester linker were evaluated together with the Ent-ciprofloxacin conjugates harboring these

linkers or a stable alkyl linker. The labile linkers were found to be unstable at neutral pH and promote

sufficient premature ciprofloxacin release to fully account for the observed antimicrobial activity. We also

indirectly demonstrated that ciprofloxacin was not efficiently delivered into the E. coli ent- cytosol when

conjugated to Ent with a stable alkyl linker, which is in agreement with our hypothesis in Chapter 2.

In the synthetic siderophore-conjugate field, there are few examples of applying antibiotics with

specific cytoplasmic targets except for the siderophore-fluoroquinolone conjugates. The requirement of a

labile linker has been reported by several groups; 6-8,21 although to date a successful design has not been

reported. We conclude that the examples applying the acyloxymethyl linkers all suffered from premature

release and the 'trimethyl-lock' based linkers reported by the Miller group recently have limitations.'

Albomycins, naturally occurring siderophore-antibiotic conjugates, contain linkers that are cleaved by

specific intracellular enzymes, 5 and can therefore provide inspiration for an alternative linker choice.

This linker may be more challenging to incorporate into the conjugates synthetically, and the application

may be limited as a result of the distribution of the specific enzymes among different bacterial species.

Disulfide based linkages have been used in antibody-drug conjugates as anti-tumor reagents, and the

reduction of the disulfide bond during endocytosis was proposed to result in release of the free drug.

The reducing environment in bacteria cytosol with a redox potential estimated to be -260 mV to -280 mV

may also afford cleavage of disulfide bond (e.g., the redox potential for oxidized glutathione is -220

mV), 27 and the linker should remain oxidized in the periplasm because of the oxidizing environment

(estimated to be -165 mV). 2 8 In conclusion, further optimization of the linker design is needed for

delivering cargos with specific cellular target by the siderophore mediated uptake systems. Future work

addressing whether the efflux pumps will extrude the cargos after cytosol delivery and release step is

needed as well.
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215

FD

28

G

0 100 200 300 400 500 600
Time / min

J

37

37+Fe 38
1000

t 800

41.600

S 400

. 200

C 0-

1400

1200

S1000

800

o 600

400

1! 200

S 0

I



Acknowledgement

I thank Professor Elizabeth Nolan for providing the MceD enzyme.

References

1. Hooper, D. C., Mode of action of fluoroquinolones. Drugs 1999, 58, Suppl 2, 6-10.
2. Levine, C.; Hiasa, H.; Marians, K. J., DNA gyrase and topoisomerase IV: biochemical activities,
physiological roles during chromosome replication, and drug sensitivities. Biochim. Biophys. Acta. 1998,
1400 (1-3), 29-43.
3. Mitscher, L. A., Bacterial topoisomerase inhibitors: quinolone and pyridone antibacterial agents.
Chem. Rev. 2005, 105 (2), 559-592.
4. Aldred, K. J.; Kerns, R. J.; Osheroff, N., Mechanism of quinolone action and resistance.
Biochemistry 2014, 53 (10), 1565-1574.
5. Ji, C.; Miller, M. J., Chemical syntheses and in vitro antibacterial activity of two desferrioxamine
B-ciprofloxacin conjugates with potential esterase and phosphatase triggered drug release linkers. Bioorg.
Med Chem. 2012, 20 (12), 3828-3836.
6. Hennard, C.; Truong, Q. C.; Desnottes, J. F.; Paris, J. M.; Moreau, N. J.; Abdallah, M. A.,
Synthesis and activities of pyoverdin-quinolone adducts: a prospective approach to a specific Therapy
against Pseudomonas aeruginosa. J. Med Chem. 2001, 44 (13), 2139-215 1.
7. Rivault, F.; Liebert, C.; Burger, A.; Hoegy, F.; Abdallah, M. A.; Schalk, I. J.; Mislin, G. L.,
Synthesis of pyochelin-norfloxacin conjugates. Bioorg. Med Chem. Lett. 2007, 17 (3), 640-644.
8. Milner, S. J.; Seve, A.; Snelling, A. M.; Thomas, G. H.; Kerr, K. G.; Routledge, A.; Duhme-Klair,
A. K., Staphyloferrin A as siderophore-component in fluoroquinolone-based Trojan horse antibiotics. Org.
Biomol. Chem. 2013, 11 (21), 3461-3468.
9. Gupta, D.; Gupta, S. V.; Lee, K. D.; Amidon, G. L., Chemical and enzymatic stability of amino
acid prodrugs containing methoxy, ethoxy and propylene glycol linkers. Mol. Pharm. 2009, 6 (5), 1604-
1611.
10. Burks, S. R.; Ni, J. H.; Muralidharan, S.; Coop, A.; Kao, J. P. Y.; Rosen, G. M., Optimization of
Labile Esters for Esterase-Assisted Accumulation of Nitroxides into Cells: A Model for In Vivo EPR
Imaging. Bioconjugate Chem. 2008, 19 (10), 2068-207 1.
11. Barlos, K.; Papaioannou, D.; Theodoropoulos, D., Efficient "one-pot" synthesis of N-tritylamino
acids. J. Org. Chem. 1982, 47 (7), 1324-1326.
12. Applegate, H. E.; Cimarusti, C. M.; Dolfini, J. E.; Funke, P. T.; Koster, W. H.; Puar, M. S.;
Slusarchyk, W. A.; Young, M. G., Synthesis of 2-Methylthio-Substituted,4-Methylthio-Substituted, and
7-Methylthio-Substituted Cephalosporins. J. Org. Chem. 1979, 44 (5), 811-818.
13. Rivault, F.; Lidbert, C.; Burger, A.; Hoegy, F.; Abdallah, M. A.; Schalk, I. J.; Mislin, G. L. A.,
Synthesis of pyochelin-norfloxacin conjugates. Bioorg. Med Chem. Lett. 2007, 17 (3), 640-644.
14. Binder, J. B.; Raines, R. T., Olefin metathesis for chemical biology. Curr. Opin. Chem. Biol.
2008, 12 (6), 767-773.
15. Hanessian, S.; Giroux, S.; Larsson, A., Efficient allyl to propenyl isomerization in functionally
diverse compounds with a thermally modified Grubbs second-generation catalyst. Org. Lett. 2006, 8 (24),
5481-5484.
16. Hong, S. H.; Sanders, D. P.; Lee, C. W.; Grubbs, R. H., Prevention of undesirable isomerization
during olefin metathesis. J. Am. Chem. Soc. 2005, 127 (49), 17160-17161.
17. Cheng, M. F.; Yu, H. M.; Ko, B. W.; Chang, Y.; Chen, M. Y.; Ho, T. I.; Tsai, Y. M.; Fang, J. M.,
Practical synthesis of potential endothelin receptor antagonists of 1,4-benzodiazepine-2,5-dione
derivatives bearing substituents at the C3-, NI- and N4-positions. Org. Biomol. Chem. 2006, 4 (3), 510-
518.

216



18. Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; Shah, R. D., Reductive
Amination of Aldehydes and Ketones with Sodium Triacetoxyborohydride. Studies on Direct and Indirect
Reductive Amination Procedures(1). J Org. Chem. 1996, 61 (11), 3 849-3862.
19. Rabsch, W.; Winkelmann, G., The specificity of bacterial siderophore receptors probed by
bioassays. BioMetals 1991, 4 (4), 244-250.
20. Hennard, C.; Truong, Q. C.; Desnottes, J. F.; Paris, J. M.; Moreau, N. J.; Abdallah, M. A.,
Synthesis and activities of pyoverdin-quinolone adducts: a prospective approach to a specific Therapy
against Pseudomonas aeruginosa. J Med. Chem. 2001, 44 (13), 2139-215 1.
21. Noel, S.; Gasser, V.; Pesset, B.; Hoegy, F.; Rognan, D.; Schalk, 1. J.; Mislin, G. L. A., Synthesis
and biological properties of conjugates between fluoroquinolones and a N3 "-functionalized pyochelin.
Org. Biomol. Chem. 2011, 9 (24), 8288-8300.
22. Svahn, C. M.; Merenyi, F.; Karlson, L.; Widlund, L.; Gralls, M., Tranexamic Acid-Derivatives
with Enhanced Absorption. J Med. Chem. 1986, 29 (4), 445-448.
23. Abergel, R. J.; Zawadzka, A. M.; Hoette, T. M.; Raymond, K. N., Enzymatic Hydrolysis of
Trilactone Siderophores: Where Chiral Recognition Occurs in Enterobactin and Bacillibactin Iron
Transport. J. Am. Chem. Soc. 2009, 131 (35), 12682-12692.
24. Nolan, E. M.; Fischbach, M. A.; Koglin, A.; Walsh, C. T., Biosynthetic tailoring of microcin
e492m: Post-translational modification affords an antibacterial siderophore-peptide conjugate. J. Am.
Chem. Soc. 2007, 129 (46), 14336-14347.
25. Braun, V.; Gunthner, K.; Hantke, K.; Zimmermann, L., Intracellular activation of albomycin in
Escherichia coli and Salmonella typhimurium. J Bacteriol. 1983, 156 (1), 308-315.
26. Austin, C. D.; Wen, X. H.; Gazzard, L.; Nelson, C.; Scheller, R. H.; Scales, S. J., Oxidizing
potential of endosomes and lysosomes limits intracellular cleavage of disulfide-based antibody-drug
conjugates. Proc. Natl. Acad. Sci. U S. A. 2005, 102 (50), 17987-17992.
27. Jocelyn, P. C., The standard redox potential of cysteine-cystine from the thiol-disulphide
exchange reaction with glutathione and lipoic acid. Eur. J. Biochem. 1967, 2 (3), 327-331.
28. Depuydt, M.; Messens, J.; Collet, J. F., How Proteins Form Disulfide Bonds. Antioxid. Redox.
Sign. 2011, 15 (1), 49-66.

217



Appendix 1

Chemoenzymatic Syntheses of Enterobactin-antibiotic Conjugates

and Studies of Antimicrobial Activity



Introduction

The "Trojan horse" strategy of conjugating antimicrobial agents to siderophores has been utilized

by Nature. Naturally occurring antibiotics covalently linked to siderophores have been discovered and

termed "sideromycins."' One example of these siderophore-antibiotic conjugates is Microcin E492m

(MccE492m), which was discovered in cultures of Klebsiella pneumoniae RYC492 (Figure Al.lB).2

MccE492m has MIC values in the nM to pM range for several E. coli and other Gram-negative strains.

This conjugate is comprised of an 84-residue peptide and a monoglycosylated enterobactin moiety

(linearized MGE, Figure Al. lB). The 84-residue peptide has possible membrane-disrupting activity. The

unmodified peptide in MccE492m exhibits lower activity compared to the enterobactin-modified

conjugate. Furthermore, if the enterobactin (Ent) receptor protein FepA is mutated, the conjugate loses its

activity.2 These results suggest that if synthetic small molecules or peptides with antimicrobial activity are

attached to enterobactin, they may be co-transported through the iron-uptake pathways and compromise

bacterial growth. It is also reported that the Ent receptor FepA is able to transport colicins and

bacteriophages into the periplasm.' This promiscuity suggests that a variety of cargo, including

antimicrobial peptides, may be recognized and transported by the Ent uptake system.

The Ent scaffold is perfect for chelating iron, but it is relatively difficult to chemically modify its

structure for attachment without affecting the iron-binding affinity. The synthetic routes described in

Chapters 2 and 3 successfully tackled this challenge. As an alternative route, the biosynthetic pathway for

MccE492m was characterized recently and this work revealed the enzymes responsible for the ligation of

the peptide moiety to Ent. In this work, the biosynthetic enzymes MceCDIJ for MccE492m maturation

were isolated with in vitro activity. Milligram quantities of products can be isolated applying the in vitro

assay, and the native 84-amino acid peptide substrate can be substituted with a 10-mer peptide.' These

results make the attachment of antimicrobial agents and other types of cargos to Ent through a

chemoenzymatic approach practical and appealing.

In this Appendix, conjugates of Ent and several antimicrobial peptides, small molecule antibiotics,

and one fluorophore were synthesized chemoenzymatically by using the enzymes from the MccE492

gene cluster. Although we did not pursue this route further due to lack of improvement of antimicrobial

activity from the conjugates, the utility of the enzymes for cargo attachment to Ent is demonstrated.

Experimental Section

General Materials and Methods. Chemicals and resins for solid-phase peptide synthesis were

purchased from Novabiochem. MSI-CIOE492, PGI-CIOE492, ATCUN-G,-CIOE492 (x=2, 4, 6) and FL-

CIOE492 were ordered from Chi Scientific and used as received. Other chemicals were purchased from

Sigma-Aldrich, TCI or Alfa Aesar and used without further purification. The pET-20b-sp-H1O-TEV
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plasmid was a kind gift from Dr. Susan Buchanan at NIH. Mass spectrometry was performed by using a

Bruker Omniflex MALDI-TOF instrument located in the Department of Chemistry Instrumentation

Facility and using ct-cyano-4-hydroxycinnamic acid as the matrix. In some instances, high-resolution

mass spectrometry was performed by staff at the MIT Department of Chemistry Instrumentation Facility,

which houses a Bruker Daltonics APEXIV 4.7 Tesla Fourier Transform Ion Cyclotron Resonance Mass

Spectrometer (FT-ICR-MS) with a direct analysis in real time (DART) ionization source. Semi-

preparative and analytical high-performance liquid chromatography (HPLC) were performed by using an

Agilent 1200 series HPLC system outfitted with an Agilent Zorbax reverse-phase C18 column (5-pim

pore size, 9.4 x 250 mm) at a flow rate of 4 mL/min or a Clipeus reverse-phase C 18 column (5-pm pore

size, 4.6 x 250 mm) from Higgins Analytical, Inc. at a flow rate of 1 mL/min, respectively. Solvents used

in all HPLC experiments are: solvent A, 0.2%TFA/H 20; solvent B, 0.2%TFA/MeCN. Absorption at 220

and 316 nm was monitored. Product purity was verified by analytical HPLC (0-80% B over 40 min) and

the traces are reported in the main text or in Appendix 4. NMR spectra were collected by using a Varian

300 MHz spectrometer operating at ambient probe temperature (283 K) in the Department of Chemistry

Instrumentation Facility. Chemical shifts are referenced to internal solvent peaks. 1H NMR spectra are

provided in Appendix 4.

General Spectroscopic Methods. Millipore water (18.2 MQ.cm) from Professor JoAnne

Stubbe's lab was used for all aqueous solutions. Minimum 99.5% (titration) 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (HEPES) from Sigma-Aldrich was used as received. A Mettler ToleDo

Inlab Routine Pro glass electrode, calibrated prior to each use, was used to adjust solution pH. Optical

absorption spectra and optical density measurement were obtained by using an Agilent 8453 UV-visible

diode array spectrophotometer. An Agilent ultra-micro quartz cuvette (50 ptL) or VWR semi-micro two

sided disposable plastic cuvettes (1 mL) with 1-cm path lengths were employed for UV-visible

measurements. Fluorescence spectra were collected on a SPECTRAmaxTM GEMINI XS Dual-Scanning

Microplate Spectrofluorometer housed in the MIT Biophysical Instrumentation Facility and samples were

placed in 96-well plates (Corstar, Black plate, clear bottom with lid).

Antimicrobial Activity Assays. E. coli BL21 (DE3) were purchased from Stratagene. E. coli

K12 and Pseudomonas patho virus putida were obtained from Professor Christopher T. Walsh (Harvard

Medical School). Frozen cell stocks of E. coli K12 were stored in M9 minimal media, which is necessary

for the strain to maintain its ability to grow in minimal media. E. coli NR698 was kindly provided by

Professor Daniel Kahne (Department of Chemistry and Chemical Biology, Harvard University). E. coli

H 1876 and E. coli KB4 were gifts from Professor Klaus Hantke (Department of Membrane Physiology,
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University of Tiibingen). E. coli K12RW193 and . coli B were purchased from ATCC. The minimal

inhibitory concentrations (MIC) were determined following a reported procedure.6 Overnight culture of

the bacteria strains were grown in fresh LB media with 1:500 dilution at 37 'C with shaking at 150 rpm

until the optical density at 600 nm (OD 60 0) reached 0.6. The cultures were subsequently diluted with poor-

broth (PB) nutrient medium (1% Bacto Tryptone, 5% NaCl, w/v) with or without 200 ptiM 2,2'-dipyridyl

to OD6 0 0 =0.001. A 90-pL aliquot of the diluted culture was mixed with a 10-pL aliquot of the conjugate

solution at various concentrations in 96-well plates and incubated at 30 'C for 16 h. Bacterial growth was

assayed by measuring OD600 . The growth recovery assay was conducted in the same manner. Stock

solutions of the conjugates were prepared in filter-sterilized milli-Q H20 and the resulting concentrations

were verified by measuring absorbance at 316 nm and using the calculated extinction coefficient of

enterobactin in MeOH (6316 =9500 cm-M-1). 7

Preparation of MGE (1). MceC, the C-glucosyltransferase expressed by Klebsiella pneumoniae

RYC492, was over-expressed as a His6-fusion protein in . coli BL21 (DE3) and purified as previously

described. 4 C-Glucosylation of enterobactin was carried out by a modified literature protocol. 4 A-10 mL

solution containing 200 pM enterobactin, 800 pM uridine diphosphoglucose (UDP-glucose), 5 mM

MgClb, and 0.4 pM MceC was prepared in 75 mM Tris-HCl buffer at pH 8.0 and divided into ten 1000-

ptL aliquots. The 1000-pL reactions were incubated at room temperature, monitored by analytical HPLC,

and quenched by addition of 200 pL of 3% TFA (aq). The quenched reactions were centrifuged (13,000

rpm, 10 min) and 1 was purified from the supernatant by using semi-preparative HPLC (0-40% B over 8

min, 4 mL/min). The purity and identity of the isolated product was verified by analytical HPLC and

mass spectrometry. HPLC retention time, 7.6 min; MS (MALDI-TOF): [M+H] m/z calcd, 832.21; found

832.39.

General Method for MceIJ-catalyzed Conjugate Assembly. MceIJ, the protein complex that

links MGE to the C-terminus of CIOE492 (Figure AI.IC), was over-expressed and purified as reported

elsewhere.4 MceIJ-catalyzed reactions were conducted as previously described.' In brief, 500 pM

modified CIOE492 peptide (SATSSSGSGS), 5 mM MgCl2 , 2.5 mM TCEP, 500 pM ATP, 100 pM MGE,

and 2 pM MceIJ were combined in 75 mM Tris-HCl buffer at pH 8. The 1000-pL reactions were

incubated at room temperature for 8 h and quenched by addition of 200 piL 3% TFA aq. The quenched

reactions were centrifuged at 13,000 rpm for 10 min, and the conjugates were purified from the

supernatant by using semi-preparative HPLC (10-40% B over 10 min, 4 mL/min).
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Synthesis of MSI-C10E492-MGE (2). The MceIJ catalyzed reaction was performed as described

above using 8 ptmol peptide. Product 2 eluted at 9.7 min and was obtained as a white powder after

lyophilization (1.7 mg). MS (MALDI-TOF): [M+H+] m/z calcd, 4101.28; found, 4101.62.

Synthesis of PGI-C1 oE492-MGE (3). As described for 2 except that before using in the MceIJ

assay, the PGI-CIoE492 peptide was oxidized by stirring in 75 mM Tris-HCl buffer (pH 8.0) at room

temperature for 3 h with the solution open to air. The oxidation process was monitored by analytical

HPLC (10-40% B over 10 min, 1 mL/min) until the peak at 6.9 min, corresponding to the reduced peptide,

completely converted to a 7.5 min peak corresponding to the oxidized peptide. The oxidized peptide was

used in MceIJ assay without further purification. Conjugate 3 eluted at 8.4 min, and was obtained as a

white powder after lyophilization (0.5 mg). The MS was not determined (the product did not ionize well

under the standard MS condition and cannot be detected using MALDI-TOF).

Synthesis of ATCUN-Gx-CIoE492-MGE (x=2, 4; x=4, 5; x=6, 6). As described for 2 except that

4, 5 and 6 eluted at 10.2 min, 11.0 min and 10.2 min, respectively, and were obtained as white powders

after lyophilization (4, 0.3 mg; 5, 0.8 mg; 6, 0.2 mg). MS (MALDI-TOF): [M+H+] m/z calcd, 2093.68,

2207.72, 2321.76; found, 2094.00, 2208.07, 2322.11 for 4, 5 and 6, respectively.

Synthesis of FL-ClOE492-MGE (7). As described for 2 except that 7 eluted at 8.5 min and was

obtained as an orange powder (1.5 mg). The isolated product contained multiple peaks in analytical

HPLC analysis which may result from isomers of fluorescein. MS (MALDI-TOF): [M+H+] m/z calcd,

1998.56; found, 1998.95.

Synthesis of Penicillin-ClOE492 (8). The CIOE492 peptide was synthesized on a 0.066 mmol

scale by using 2-chlorotrityl chloride resin and standard Fmoc solid-phase peptide synthesis methodology.

The synthesis was performed manually in a 10-mL peptide synthesis vessel (Chemglass). For each

coupling reaction, 2.5 equiv. amino acid, 2.5 equiv. benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate (PyBOP) and 5 equiv. NN-diisopropylethylamine (DIPEA) were dissolved in dry

DMF (1 mL), and incubated with the resin for 2 h at rt with vigorous shaking. The reaction solution was

drained and the resin was washed with DMF (3 x 5 mL). Subsequently, the Fmoc protecting group was

removed by incubating the resin with 25% piperidine in DMF for 0.5 h at rt, and then the resin was

washed by DMF (3 x 5 mL), and subjected to the next coupling reaction. After the Fmoc group of the N-

terminal serine of CioE492 was removed, 6.5 equiv. succinic acid, 2.5 equiv. PyBOP and 17.5 equiv.

DIPEA were dissolved in I mL of dry DMF, and incubated with the resin for 2 h to attach a succinic acid
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moiety to the CIOE492 N-terminus. The resin was washed by DMF (3 x 5 mL) and 0.5 mL of dry DMF

containing 1 equiv. PyBOP, 2.5 equiv. DIPEA was added, the reaction was vigorously shaken for 20

min at rt, the solution was drained, and the resin was washed with DMF (1 x 5 mL). A solution containing

2.5 equiv. 6-aminopeniellic acid, 5 equiv. DIPEA, 2 mL DMF and 200 piL H20 was added to the resin

and the reaction was shaken vigorously at rt overnight. Following cleavage from the resin (95% TFA, 2.5%

H20 and 2.5% p-cresol), the product was purified by using HPLC with a gradient of 0-7.5% B over 10

min. A white powder was obtained (1.6 mg). The calculated m/z for desired product [M+H*] is 1125.39.

A m/z of 1143.39 was found, which corresponds to addition of water to the desired product. Hydrolytic

ring-opening of the P-lactam ring was confirmed by tandem MS-MS spectrometry (data not shown).

Synthesis of Boc-ciprofloxacin (9). Ciprofloxacin (1.66 g, 5.00 mmol) and NaHCO 3 (0.84 g, 10

mmol) were combined in 100 mL of H20 with stirring. A 10 M NaOH aqueous solution was added drop-

wise until all of the solids dissolved. Di-tert-butyl dicarbonate (2.29 g, 10.5 mmol) was added and the

reaction was stirred overnight at rt. The product precipitated as a white solid. The precipitate was filtered

and washed with an aqueous NaOH solution of pH 9-10 (10 mL) and then with H2 0 (2 x 10 mL), which

afforded 9 as a white solid (2.0 g, 94%). TLC R.= 0.6 (silica, 9:1 dichloromethane/MeOH). IH NMR

(CDCl 3, 300 MHz) c (ppm) 1.20 (2H, in), 1.39 (2H, in), 1.49 (9H, s), 3.29 (4H, t), 3.55 (1H, in), 3.66 (4H,

t), 7.35 (1H, d), 7.95 (1H, d), 8.70 (lH, s), 14.94 (1H, s). HRMS (DART): [M+H]' m/z calcd., 432.1929;

found, 432.1926.

Synthesis of Boc-ciprofloxacin-CIOE492 (10).The CIoE492 peptide was synthesized as described

for penicillin-CIOE492 on a 0.03 mmol scale except that pre-loaded Fmoc-Ser-Wang resin was employed.

Some peptides were synthesized by using a peptide synthesizer in Professor Tania A. Baker's lab in the

Department of Biology. One additional L-serine building block with an unprotected side chain hydroxyl

group was added at the N-terminus of the CIOE492 sequence. Before removing the Fmoc group on this

additional serine, 4 equiv. Boc-ciprofloxacin, 10 equiv. l-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC-HCl) and 8 equiv. 4-dimethylaminopyridine (DMAP) were dissolved in 4 mL of dry

CH2CL- and combined with the resin. The mixture was incubated overnight at rt with shaking. The crude

peptide was cleaved from the resin, deprotected and purified as described for 8, which yielded a white

powder (4.7 mg). MS (MALDI-TOF): [M+H+] m/z calcd, 1227.49; found, 1227.82.

Synthesis of Ciprofloxacin-C1 OE492-MGE (11). As described for 2 except that 2.5 pM

ciprofloxacin-CIOE492 was used and the HPLC gradient for purification was adjusted to 0 to 55% B over
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20 min, which afforded 11 as a white powder (0.4 mg). MS (MALDI-TOF): [M+H+] m/z calcd,

2040.6789; found 2040.6803.

Synthesis of Levofloxacin-C 10E492-MGE (12). Levofloxacin-CIOE492-MGE was synthesized

and purified as described for 11. The product was obtained as a white powder (0.6 mg). MS (MALDI):

[M+H+] m/z calcd, 2070.6875; found, 2070.6972.

Fluorescence Study of FL-CIOE492-MGE (7). A 50 pM Fe(III) solution was prepared by

dissolving 16.2 mg of FeCl 3 in a minimal amount of 12 M HCl, then bringing the volume up to 10 mL by

addition of milli-Q H2 0, followed by an 1:1000 dilution by using 75 mM HEPES buffer, pH 7.5 and used

immediately. Stock solutions of FL-C10E492-MGE and FL-CIOE492 were prepared in 1:5 DMSO/H 20,

and the concentrations were determined by absorbance at 493 nm (c = 76900 M~1cm-1 for fluorescein).8

For each experiment, the peptide stock solutions were diluted to 10 pM with 75 mM HEPES buffer, pH

7.5. MceD enzyme was over-expressed and purified as reported4 and diluted to 200 nM with 75 mM

HEPES buffer, pH 7.5. In a 96-well fluorescence plate, 1 pM FL-CIOE492-MGE or FL-CIOE492 was

mixed with varying concentrations of aqueous FeC 3 with or without MceD and incubated for 0.5 h at rt.

The total volume of each well was 100 pL. The emission spectra were measured by using

SPECTRAmaxTM GEMINI XS Dual-Scanning Microplate Spectrofluorometer (excitation wavelength,

494 nm; scan, 250 nm to 850 nm; cut off, 495 nm).

FepA Cloning, Overexpression and Purification. The fepA gene was amplified from E. coli

CFT073 genomic DNA using the forward primer 5'-ggaattcggatccgaacaagaagattcatcc-3' (BamHI

restriction site underlined) and reverse primer 5'-gatcctcgagtcagaagtgagtattaatgctc-3' (XhoI restriction site

underlined). Pfu Turbo DNA polymerase (Stratagene) was employed for polymerase chain reactions, and

the amplified genes were digested with BamHI and XhoI (New England Biolabs), ligated into the BamHI

and XhoI-digested pET20b-sp-HIO-TEV using T4 DNA ligase (New England Biolabs) and transformed

into chemically-competent E. coli TOP 10 cells. The identity of the resulting construct was confirmed by

DNA sequencing. The over-expression and purification of Hisjo-FepA followed a previously reported

procedure. 9 E. coli BL21 (DE3) cells were transformed with pET20b-sp-H I 0-TEV-FepA. A single colony

was picked and grown in LB media containing 50 ptg/mL ampcillin at 37 'C until OD600 reached 0.5-0.6

(not over 0.6). Glycerol cell stocks were prepared by mixing 100 piL of the culture with an equal volume

of sterile-filtered 50% glycerol/LB. The resulting cell solution was flash frozen in liquid nitrogen and

stored at -80 'C.
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For trial over-expression of Hisio-TEV-FepA, a 200-ptL aliquot of the glycerol cell stock was

thawed on ice and added to 20 mL of terrific broth (TB). The culture was grown at 37 'C until the OD600

reached 0.5-0.6 (not over 0.6). This starter culture was diluted with TB (1:1000, 750 mL final volume)

and incubated at 20 'C for 3 days with shaking at 150 rpm. The final OD600 of the culture was around 10,

and the cells were pelleted by centrifugation, flash frozen in liquid nitrogen, and stored at -80 'C.

For protein purification, all buffers were prepared according to reported procedures.9

Approximately 10 g (wet weight, from one 750-mL culture) of cells were suspended in 40 mL of lysis

buffer (50 mM Tris-HCI at pH 8.0, 200 mM NaCl, 10 mM MgCl2 ), and disrupted by sonication (Is on

followed by 4s off, with a total sonication time of three minutes) on ice. The crude lysate was clarified by

centrifugation (10,000 rpm, 10 min). The resulting supernatant was centrifuged at 160,000xg for 1 h at

4 'C to pellet the membranes. The membrane pellet was transferred to a glass homogenizer and

homogenized in 20 mL of solubilizaion buffer (50 mM potassium phosphate buffer at pH 7.5, 200 mM

NaCl, 30 mM imidzole, 5% Elugent). The mixture was stirred at 4 'C overnight, and centrifuged at

200,000xg for lh. The supernatant containing solubilized proteins was passed through 1 mL pre-washed

Ni-NTA resin slurry (Qiagen) and eluted by using an imidazole gradient (100 mM to 250 mM). Fractions

rich in FepA, determined by SDS-PAGE, were combined and dialyzed in dialysis buffer (50mM Tris-HCI

buffer at pH 7.5, 2 mM DTT, 1 mM EDTA) at 4 'C overnight. The protein solution was concentrated to

600 pL by using a 30-kDa cut-off centrifuge tube and applied to 12% SDS-PAGE gel (Tris-HCI) with or

without 100 'C heating after mixing with the loading dye.

Results and Discussion

General Strategy for the Design of Enterobactin-antibacterial Conjugates. With the aim of

directing antibiotics to Gram-negative bacteria, a "Trojan horse" strategy was conceived to overcome the

outer membrane permeability barrier. In this work, antimicrobials, including membrane-disrupting

peptides, DNA-damaging agents and small-molecule antibiotics, were connected to enterobactin via a 10-

amino acid peptide linker and a glucose molecule (Figure A1.IA). This linkage design was based on the

known biosynthetic pathway of MccE492m. The MceIJ protein complex, which catalyzes ester bond

formation between the C-terminal serine residue of the microcin peptide and the glucose moiety of MGE,

can accept a 10-mer peptide (CioE492) comprised of the ten C-terminal amino acids (SATSSSGSGS) of

the 84-residue peptide as a substrate.5 It also accepts C1oE492 derivitized at the N-terminus and links

these substrates to MGE.5 Based on these data, we picked several antimicrobial agents and

chemoenzymatically attached them to Ent, which yielded the final Ent-antimicrobial agents conjugates

(Figure Al.1C). Because E. coli has a dedicated Ent uptake and transport machinery, we expected that
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these conjugates would be transported into the bacterial cytosol via this pathway, thus bypassing the outer

membrane permeability barrier of Gram-negative bacteria.
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Figure A1.1 General design of the Ent-antimicrobial conjugates. (A) Scheme of the conjugate

components. (B) Structure of Microcin E492m. (C) General synthetic route for the conjugates.

Synthesis and Activity Study of Enterobactin-antimicrobial Peptides Conjugates. Many

organisms biosynthesize short, ribosomal-derived antibacterial peptides that exhibit broad spectrum

antimicrobial activity. Examples include melittin,' 0 LL-37," protegrin,' 2 and members of the defensin

family.13 These peptides can be attached easily to CIOE492 by solid-phase peptide synthesis, and thus

provided a good starting point to test the Trojan-horse strategy. We selected two antimicrobial peptides,

Magainin-I (MSI) and Protegrin-I (PGI), for preliminary work. Their sequences are listed in Table Al.1.

MSI and PGI are short peptides (about 20 residues) and have broad spectrum antimicrobial activity via

membrane disrupting effects.14 The peptides exhibit a-helical and P-sheet secondary structures,

respectively.

It is well-established that the inner membrane of Gram-negative bacteria is more permeable than

the outer membrane. We therefore expected that MSI- and PGI-CIOE492-MGE (2 and 3, Table A.1.1)

may have higher activity compared to the MSI and PGI peptides alone resulting from FepA-mediated

226

A



transport across the outer membrane. The chimeric peptides containing the MSI/PGI and CIOE492

components were purchased from Chi Scientific and used in the MceIJ catalyzed reaction with MGE to

afford the final conjugates following HPLC purification. Unfortunately, the observed antimicrobial

activity of MSI-Ent and PGI-Ent did not agree with our expectation. The MIC values against several E.

coli and one Pseudomonas strain are listed in Table Al.2. MSI and PGI peptides and their Ent conjugates

yielded similar MIC values. To test whether these results were due to lack of FepA expression, identical

assays were performed in the presence of 2,2'-dipyridyl (DP, 200 ptM). This small molecule is routinely

employed to chelate iron present in the growth medium and thus induce the iron-uptake pathway related

gene expression level, including FepA. 5 No enhancement of bactericidal activity was observed under

these iron-limiting conditions (Table Al.3). MSI and PGI are membrane-penetrating peptides, and it is

possible that interaction between MSI/PGI peptides and the outer membrane interfered with the FepA-

mediated uptake of the conjugate.

Synthesis and Activity Study of Enterobactin-Amino Terminal Cu and Ni Binging Motif

(ATCUN) Conjugates. Besides membrane disrupting peptides, the amino terminal Cu and Ni binding

motif (ATCUN), a peptide comprised of three amino acids (e.g., AspSerHis) with potential DNA damage

activity, was also selected in this study. The ATCUN motif is a binding site found in the N-terminus of

many naturally occurring proteins. Upon Cu(II) binding in the presence of a reducing reagent such as

ascorbate, the motif catalyzes the reducing reaction of 02 and generates hydroxyl radical, which has been

indicated to cause DNA damage in vitro. 16 To avoid interference from the CIOE492 sequence, four glycine

residues were inserted between the ATCUN motif and the CIOE492 peptide (5, ATCUN-G 4-CIOE492-

MGE); conjugates with two or six glycine spacers were also synthesized (4, ATCUN-G 2 -CIOE492-MGE

and 6, ATCUN-G6 -C1OE492-MGE, Table Al.1).

The synthesis of these conjugates followed the same routes as the antimicrobial peptide derived

conjugates, and we questioned whether these ATCUN conjugates would deliver the ATCUN motif into

the cytoplasm and generate hydroxyl radicals to cause DNA damage and cell death. The conjugates did

not exhibit any activity within the tested concentration range (up to mM, Table Al.2). Supplement the

assay media with copper provided the same results.

Synthesis and Activity Study of Enterobactin-small Molecule Antibiotic Conjugates. In

addition to short peptides, small-molecule antibiotics are another class of candidates for this strategy. 6-

Aminopenicillanic acid (6-APA), ciprofloxacin, and levofloxacin were considered in this study. Penicillin

is a well-known antibiotic that inhibits formation of peptidoglycan cross-links in the bacterial cell wall.

Ciprofloxacin and levofloxacin are both fluoroquinoline drugs that target DNA gyrase in bacteria,
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inhibiting DNA replication.17 These small molecules are all commercially available and contain

functional groups amenable to synthetic modification, and were therefore attached to the N-terminus of

CIOE492 by solid-phase peptide synthesis.

Table A1.1 Characterizations of the Ent-antimicrobial conjugates synthesized in this chapter.

Compound Peptide sequence retenton time /Z cald." m/z obs.

MSI-CIOE492-MGE (2) GIGKFLKKAKKFGKAFVKILKK- 9.7 min 4101.28 4101.62SATSSSGSGS

PGI-CIOE492-MGE (3) RGGRLCYCRRRFCVCVGR- 8.4 min 3780.57 N.A.SATSSSGSGS
ATCUN-G2-COE492- DSHGGSATSSSGSGS 10.2 min 2093.68 2094.00MGE (4)
ATCUN-G4-CIOE492- DSHGGGGSATSSSGSGS 11.0 minb 2207.72 2208.07MGE (5)
ATCUN-G6-COE492- DSHGGGGGGSATSSSGSGS 10.2 minb 2321.76 2322.11MGE (6)
Fluoroscein-C10E492- FL-SATSSSGSGS 8.5 min 1998.56 1998.95MGE (7)

Ciprofloxacin-C 10E492- Cipro-SSATSSSGSGS 12.6 min' 2040.6789 2040.6803MGE (11)
Levofloxacin-C10E492- Levo-SSATSSSGSGS 14.2 min' 2070.6875 2070.6972MGE (12)

a. The values are calculated for [M+H] . b. The retention time was obtained with a HPLC gradient of 10-40% B over
10 min. C The retention time was obtained with a HPLC gradient of 0-55% B over 20 min.

Scheme AL.1 illustrates the attempted synthesis of 6-APA-CIOE492 (8). Because many

penicillanic acid derivatives, including those used in the clinic, are prepared by N-acetylation of the 6-

APA amino group and the 6-APA carboxylic acid moiety is required for antibacterial action, we chose to

connect 6-APA to CIOE492 off the primary amine group via a succinic acid linker. The succinic acid was

coupled to the N-terminus of CIOE492 first to afford 8a, and then the free carboxylic acid was coupled to

the amino group on 6-APA. The coupling of the amino group of 6-APA to the carboxylic group of 8a did

not follow the normal solid-phase synthesis procedure because the 6-APA is an unprotected amino acid,

therefore the homo coupling of 6-APA must be prevented. This selectivity was achieved by incubating

8a with PyBOP and DIPEA first to activate the carboxylic acid group on the peptide, followed by a wash

step to remove the activation reagents, and then 6-APA was added to the reaction. This strategy was

proved to be successful judged by the relatively clean HPLC trace of the crude reaction. Unfortunately, a

m/z of 1143.39 was found for the purified product whereas the calculated m/z for penicillin-CIOE492

[M+H+] is 1125.39. Tandem MS-MS spectrometry data indicated that the CIOE492 moiety in the purified

product was intact. We reasoned that the increase of 18.00 Da results from the hydrolysis of the p-lactam

ring. The TFA cleavage step in the penicillin-CIOE492 synthesis probably caused the opening of p-lactam
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ring (see Figure Al.2A). This hypothesis was confirmed by incubating 6-APA in the TFA cleavage

mixture used in the synthesis, which also resulted in decomposition of 6-APA as seen by analytical HPLC

(data not shown). The penicillanic acid conjugate was not pursued further.

0 OH
HO O01B Otou O'Bu O'Bu O O

00 _rO H (HO( 0 0 H 0
HN NN NPyBop,DIPEA N

S0 B 117 0-BU o 0 0 0O4i DMF 0

ea

H2N

PyBop HOOC H N0 OH OH OH OH
DIPEA DIPEA COOH T H 0 H 0 H 0 H OH_________ TFA cleavage. 01 '-O H o OH 00 O

DMF DMF
8

Desired penicillin-C10E492

Scheme A1.1. Synthesis of penicillin-C10 E492 (8).

Ciprofloxacin contains both an amino and a carboxylic acid group. Like 6-APA (Scheme A1.2),

the acid moiety is also required for its activity. However, the target for its antimicrobial action is an

enzyme localized in cytosol (DNA gyrase). In this case, a stable amide bond linkage between

ciprofloxacin and CIOE492-MGE may be problematic because the appended peptide and MGE structure

may interfere with the binding of ciprofloxacin to its target. This agrees with our previous observations in

Chapter 2 and 4. Other siderophore-fluoroquinolone conjugates with stable linkers have been shown to be

inactive as well.' 8 From these considerations, we decided to install a labile ester linker in the target

compound ciprofloxacin-CIOE492-MGE (11) to allow release of the antibiotic after the conjugate is

transported into the cell. Levofloxacin has a similar structure and the same antimicrobial mechanism as

ciprofloxacin, so the same strategy was used to synthesize levofloxacin-CIOE492-MGE (12). As shown in

Scheme Al.2 and Table AL.l, one additional serine was added between cipro/levofloxacin and CIOE492

and its hydroxyl side chain was used to form an ester bond with the carboxylic acid moiety of

cipro/levofloxacin. Due to the low solubility of ciprofloxacin in organic solvents, the secondary amine of

this molecule was protected by using tert-butyl carbamate (Boc) and Boc-ciprofloxacin (9) was obtained

in 94% yield. The CIOE492 peptide was coupled with 9 and the Boc group on ciprofloxacin was removed

during the TFA cleavage step (Scheme Al.2). Levofloxacin was soluble in organic solvent and was used

229



in the coupling without any modification. The ciprofloxacin-CIOE492 and levofloxacin-CIOE492 were

purified by semi-preparative HPLC and subjected to the MceIJ catalyzed reaction with MGE. Figure A1.2

illustrate the analytical HPLC traces obtained for compound 11 and 12.

0 0 0 0

H diAronate FN I -C03 , pH 10-11 O

(NN N

N A H20 OyN)

Ciprofloxacin 9, Boc-ciprofioxadn

0 0
F N OH

I O

-,NJ 0x.1)n
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HO OtBIJ 0 0u o 0u o ou Re0
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R 0
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Scheme A1.2. Synthetic route for cipro/levofloxacin-C10E492-MGE 11 and 12.
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Figure A1.2. Analytical HPLC traces for ciprofloxacin-CIOE492-MGE (11, A) and levofloxacin-

C1oE492-MGE (12, B).
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Results from antimicrobial activity studies for ciprofloxacin, levofloxacin, 10, 11, and 12 are

summarized in Table A1.2. We expected enhanced activities of 10 and 11 relative to the free antibiotics

because the active transport machinery of enterobactin should deliver more antibiotics into the cell

compared to diffusion. In contrast, the results showed that the conjugates did not exhibit improved

activity. The MIC values of the conjugates increased at least ten-fold compared to the corresponding

small molecules. In case of cipro-CIOE492, the MIC value increased over 300-fold. Adding 2,2'-dipyridyl

did not decrease the MIC values (Table A1.3). Possible explanations for these results are (i) the

conjugates did not enter the cell or (ii) the conjugates were not able to release the small molecule after

crossing the outer membrane.

0.35

0.3

0.25

0 0.2

o 0.15

0.1

0.05

0

Figure A1.3. Recovery assay for Ent and relative conjugates. All conditions has 200 pM 2,2'-dipyridyl

except the noted one. The error bars represent the standard error for three independent repetitions.

To test whether the conjugates were transported into the cell, E. coli K12RW193, which is

deficient in enterobactin synthesis, was used in a recovery assay. The bacteria was grown in PB media

supplemented with 2,2'-dipyridyl (200 pM), and in the presence of varying concentrations of enterobactin,

CIOE492-MGE or 12 (Figure A1.3). As a negative control, the E. coli H1876 strain, which lacks all

enterobactin receptor proteins (FepA, Fiu and Cir), was also evaluated. The data in Figure 5 show that, by

adding enterobactin, the growth of E. coli K12RW193 recovered (at 50 pM, 71% recovery based on

OD6 00 ). As expected, there was no recovery for E. coli H1876 lacking enterobactin receptors. When

CIOE492-MGE or levo-CIOE492-MGE 12 was added to the medium, some recovery (at 50 pM of levo-

CIOE492-MGE, 17% recovery based on OD600 ), but not as much as with the same concentration of Ent,
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was observed. There was no obvious difference between CIOE492-MGE and levo-CIOE492-MGE in the

recovery assay, which agrees with the previous MIC results where no activity was detected for levo-

CIOE492-MGE. These results indicate that the conjugates entered the cell and at least some of that

conjugate-bound iron was utilized. Nevertheless, the conjugates may not transport iron as well as

unmodified enterobactin, which may result from less efficient uptake by outer membrane receptors.

Alternatively, the conjugates may not reach the cytosol to be hydrolyzed by Fes, a cytoplasmic esterase

that cleaves the enterobactin trilactone ring to allow iron release, or they are not good substrate for Fes.
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Table A1.2 Minimal inhibitory concentrations (MIC) of the Ent-antimicrobial conjugates determined without DP.a

Compound Strain

E. coli E. coli H 1876 E. coli E. coli Pseudonionas
BL21 E. coli E. coli B (fepA ,cir-, KB4 K12RW 93 E. coli NR698 Pathovirus
(DE3) K12 fiu) (ompF) (ent, ATCC putida

33475)

MSI-CIOE492 3.5±1.5 3.5±1.5 3.5±1.5

MSI-CIOE492-MGE 3.5±1.5 5±0 5±0

PGI-CioE492 5±0 5±0 5±0

PGI-CIOE492-MGE 50 5±0 50

Ciprofloxacin 0.07±0.03 0.1±0 0.1±0 0.1±0

Ciprofloxacin-CIOE492 >25 >25 >25 >25 >25 >25 >25

Ciprofloxacin-CIOE492-MGE >1 >1 >1 >1

Levofloxacin 0.09±0.01 0.08±0.02 0.1±0.2 0.1±0 0.1±0 0.08±0.2 1

Levofloxacin-CIOE492-MGE >1 >1 >1 >1

CIOE492-MGE >100 >100 50 >100 >100 >100 >100

MccE492m 0.5±0 0.08±0 0.09±0.01 >10 0.08±0 0.08±0 >0.3

MccE492 >20 15±5 >20

ATCUN-G4-CIOE492 >200 >200

ATCUN-G4-CIOE492+Cu(II) >200 >200

ATCJN-G4-C 0E492-MGE 200 10

ATCUN-G4-CIOE492- >200 10
MGE+Cu(II)

a. The values listed are in tM. Values in the table with standard errors are the average of two or three experiments and the standard deviation of the

mean was shown. Other values are from a single experiment.
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Table A1.3. The MIC of the Ent-antimicrobial conjugates determined in the presence of 200 pM of 2,2'-dipyridyl.a

Compound Strain

E. coli H 1876 E. coli E. coli Kl 2RW193
E. coli K12 (fepA-,cir-, fiu-) KB4 (entA-, ATCC

(ompF-) 33475)

MSI-C 10E492 2

MSI-C 10E492-MGE 2

PGI-C 10E492 2

PGI-C 10E492-MGE 5

Ciprofloxacin 0.1 0.1

Ciprofloxacin-C10E492-MGE >1 >1 >1 >1

Levofloxacin 0.1 0.1

Levofloxacin-C10E492-MGE >1 >1 >1 >1

MccE492m 0.5

MccE492 10

ATCUN-G4-C I 0E492 >200

ATC UN-G4-C 10E492+Cu(II) >200

ATCUN-G4-C10E492-MGE >100

ATCUN-G4-C10E492- >100
MGE+Cu(II)

a. The values listed are in pM from a single experiment.

234



Fluorescence Study of FL-CIOE492-MGE (7). In addition to antimicrobial delivery, we are also

interested in having conjugate with a fluorescence tags so that by tracking the fluorescence signal we will

be able to probe the uptake efficiency of the conjugate.

0  OH OO
O N, 0 <~O~}

OH OH OH N 0 OH

0 C OH 0( 00 0OHH 0O

C02 H OYP
HN (.N OH

OH 0

7, FL-C10E492-MGE
NH

0.5'

HO

OH

- FL-C 10E492

4000 - - FL C10E492 MGE
FL-C1OE492-MGE-Fe(II1)

----- FL-C10E492-MGE-Fe(IlI) with MceD

S3000 - --- Fluoroscein

2000 -
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Figure A1.4. Structure and fluorescent spectra of FL-CIOE492-MGE (7) in the absence or present of

Fe(III) compared to FL-CIOE492 and fluorescein. MceD treatment result in recovery of fluorescent signal

with or without ferric ion.

Fluorescein (FL)-CioE492-MGE (7) was synthesized via chemoenzymatic reactions as conjugates

2-6 from fluorescein-CoE492 (Chi Scientific) and MGE. Before using it to track conjugate uptake, it was

necessary to determine the effect of Fe(III) binding on the fluorescence signal. Because of its 3d 5

electronic configuration, Fe(III) has the propensity to quench fluorophore emission. In this experiment,

the emission spectra of FL-CIOE492 and 7 were compared to evaluate the effect of MGE on fluorescence

quenching. FL-CioE492-MGE (I pM) was also mixed with FeCl 3 with different molar ratios in HEPES
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buffer (pH 7.5) with or without MceD, the enzyme in the MccE492m biosynthesis pathway that
hydrolyzes the Ent backbone, and the emission fluorescence spectra were recorded (Figure Al.4). A
comparison of the emission spectra of FL-CIOE492 and 7 reveals that Ent quenches the fluorescence

signal of FL-CIOE492 by ~45% independent of Fe(III) binding. MeeD-catalyzed hydrolysis of the Ent
macrolactone results in signal recovery. Although the conjugates are not as emissive as fluorescein alone,
we expect that FL-C1 oE492-MGE is sufficiently bright for use in intracellular tracking studies.

Over-expression and Purification of FepA. For in vitro binding studies between the synthesized

conjugates and FepA, thefepA gene from E. coli CFT073 genomic DNA was cloned. Originally, thefepA

gene was cloned into the NdeI and XhoI restriction site of the pET28b vector, which affords a His6 -FepA
fusion protein.

Heated Not heated

250 KDa-
150 KDa-

100 KDa-

80 KDa-

60 KDa- 6

50 KDa-

Figure A1.5. SDS-Page of purified FepA (12% Tris-HCI gel) illustrating the shift on the FepA band upon
heating.
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Preliminary attempts at overexpression and purification of His6-FepA in E. coli BL21(DE3)

indicated that the expression level was high (observed by SDS-PAGE), but most of the protein was

insoluble. Several different detergents were used to solubilize the protein, but the protein remained

insoluble. As a result, a new vector was used for the cloning. This vector (pET20b-sp-HIO-TEV) includes

a membrane-targeting signal sequence (pe/B) so that after expression the FepA protein is transported to

the outer membrane.9 The N-terminus PelB sequence of the recombined protein is cleaved off after the

protein is transported to the outer membrane, which affords Hislo-TEV-FepA. The over-expression strain

was grown at 20 'C in terrific broth (TB) until OD6 0 0 reached 10 without induction. The purification was

performed as previously described.9 A SDS-PAGE gel shift was observed upon heating at 100 'C (Figure

A1.5), which indicated that the purified FepA is properly folded.' 9 FepA will be further purified and used

in in vitro binding studies in the future. The yield of this purification was low (-300 tL of FepA solutions

was obtained from a 10-g pellet and the gel in Figure A1.6 was run with only 1.25 times dilution from

this sample). IN the purification, a significant portion of the protein remained in the insoluble portion.

Further improvement of this purification is needed in the future.

Summary and Perspective

This Appendix details the synthesis of some Ent-cargo conjugates containing several

antimicrobial peptides and small-molecule antibiotics. A chemoenzymatic approach was developed and

utilized to successfully prepare eight conjugates comprised of Ent, a peptide linker, and a cargo moiety.

This synthetic route provides an alternative way to attach cargo to the Ent platform. A series of

antimicrobial assays revealed that the Ent-antibiotic conjugates did not provide improved activity as

compared to the antibiotic alone. Nevertheless, growth recovery assays employing CoE492-MGE

suggested that this conjugate is indeed transported by FepA, but with decreased efficiency compared to

Ent. In related work, an Ent-fluorophore conjugate was synthesized and it affords significant fluorescence

decrease with iron binding, which indicates that it may be useful for labeling studies.

There are many possible reasons for the lack of antimicrobial activity observed for these

conjugates. For example, the interaction of the membrane-disrupting peptides PGI and MSI with the .

coli outer membrane might be strong and thus interfere with the binding of Ent to FepA or impede FepA-

mediated transport. The ATCUN motif presents a relatively complicated mechanism. It requires copper

binding, the presence of reducing reagents, and must be in close proximity to DNA to cause DNA damage.

These conditions may not be all sufficient at the same time when treating the target with an ATCUN

conjugate. Another concern is that even if some DNA (or cellular) damage occurs, it might not be

significant to kill the cell due to DNA repair mechanisms. For the small molecule conjugates described

above employing fluoroquinolones, the release of the drug after entering the periplasm or cytosol is quite
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important, especially for the molecules chosen in this study, because the acid moiety used for the ester

linkage is required for activity. In the cases of cipro-C1 oE492-MGE and levo-CIOE492-MGE, it is highly

possible that release did not occur based on the MIC and recovery assay results.

Our innate immune system employs defense mechanisms that target bacterial iron uptake

pathways by releasing iron-chelating proteins or ferric-siderophore binding proteins at sites of infection,

and by increasing peptide hormone levels, which effectively blocks iron uptake by the gut and iron

release from storage when infection is detected.20 Inspired by the innate immune response, siderophore

mimics, molecules that would chelate iron but cannot be utilized by bacteria, could be another way to

combat bacterial infection. The results in Figure Al.4 illustrated that CIOE492-MGE and levo-CIOE492-

MGE could not recover the growth as well as Ent when the extracellular iron level was low. This

observation indicates that these conjugates are not used as effectively as the siderophore alone, which

could be a starting point to develop modified siderophores that compete with normal siderophores and

inhibit bacteria growth by causing iron starvation.
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Appendix 4

NMR Spectra, HPLC Traces and UV-Vis Characterizations of
Reported Compounds



Chapter 2
NMR Spectra
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IV 16$24.2 iris 3.0fb not usid homso
be 4 DIC2tPwr S6 dfrgt 26 6nt

1i 2.460 ipar2 1tot 2233.2 =afS 0nt da
ct 6 c662

ea = int 200
,abn nt niSi inaq2

ItAGS dret2 1.2
n 10se2 A

Sn n DIC3ip y ditrq3 ahe nn dnS
DISPLAY dpwrj 2sp -19.4 def I

wp 623.0 i n
we I2 dm3 cIc 0 ds3 203-C 23 dseq3

S7?m 24.36 irnS3 2.5Is 452.266hom23 nrfI 46.5 PROCES1SIN
rtp 362.1 atfile

h S prac ftIns 2.000 Pa 262144

Warr
woup
wnt ftt

I -7.

11 10 9 8

6.62 6.3.62
1.73 2.64

7 6 5

2.63
0,61

4 3

3. 73. 3 3
6..63 3.6.1.32

STANOGAO CARBON PAR*I6TIRS

SAI3.E DEC. a Vidate Apt I1 26Mt dfro 496.744Solvnat CO1dSS to,3P10 hAts.,oaanju- pwa 3401251/442122ip51.- 3ft 4PE23 -sc-CI.fid *1 yyAd2SITI d m -sera 122.672 let 10400
t" Cis isa

3at 2.000 dr2 1.0
t 122$2 homp n

IV 31397.2 OCCfl not ned dfrat 053 12 dW2
16u 5 iwr2 2

at 632 *613 0tot t 1,.4Ic.t 9990: dr W se22 g99cct tell d8@42

ILAGS DEC3
In n i
66 a eapdoy dpwr9

D2Sft ft *3DISPLAY ell n
SP -3234.2 l3 CVP 3139.7 daf3 1060at 32 ilaq3

SC S 41615 1.0wc 25: ep
2M3 3.40 PR3CESS1G

36 566.6 1.22'P3 13432., w ilsrfp 0675. proc ftth 6 fr 131672
ins 266.062 mathAt I de ph

werr

wtewrt

2

1.27

pp.
1.2

7.3

0

N NHBoc
H

Boc-15

201 180 160 140 120 100 80 60 40 ZO 0 pp2
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0
STANOAD IN OSEVE 

N NH2H
XPL stdh Da l 15SAOPLI DEC. h VTdat0 Apr 13 2012 dtrq 300.107

solvent COdCIS 0. 01file /data/eprt/- owr 30
ho/nolan/MOth*/- do f
erhat/041312dipho-- IN na

PCG-0.fVi dW cACU11S2T10N 'of 200sfrg 30,10 PROCESSING
tin II wildat 4.093 proc ft

hi 480$2 in 331012
sw 6002.4
f not used %errbs 4 wap

tpwr 54 %s
su8.0 wet

di 0.00
tot s8.7
nt 32
ct 1
alock i
:.in not Used

FLAGS

in n
dp y

DISPLAY
6p -310.0
Vp 4156.

sc
c 2115

h2m 10.27
is 14.25
rO 2813.3
rtp 3170.0th 4
ins 2.000
ne ph

14 13 12 11 10 9 8 7 6

2, 49 1.02 6.07
0.6.154 0.57

000112_%aphtaPEGaamimsn3C

SA"I'll 0C. a VT
se. AN: 1 211 dfrq 010.744

1Olvsnt COC13 den oi
file lxp dpw 34

ACQUISITION dof 0
Wtig 125.672 do

In C13 W
at 2.,00 dm0 10400

"P 1256 ease
1. 31307.2 dras 1.6

lb not used Osin
00 10 OtC2
tper 59 dftel 0OW a. 7 dfi2

1l 0 dpw I
tof g d0l 0
nt 0000 dm a
Ct 2b0 dm C
SIoCk a deft 10000
$ain "ot used deet

FLAGS drest 1.0

Op y d1i3 0
00 nn 4.5

DISPLAY d8pr3 I5p -3717.4 60#3 0
Wp 31360.7 dm3 Vs 1312 dons

510 fluff 10000
Vc 200 00.03hte 11.s1 dres3 1.0

is 00.00 bhoS3 nrfe 13473.7 PROCESIIIN
rft 1670.0 lb 1.00

mtth

1 00r
.. pwbs

Writ

200

5 4 3 2

2.00

0

H
15

ill ~ A

180 160 140 120 100 80 6 40 20 0

-0 ppm

ppM

245



STANNIANO PftOYS. PARAN!TCAS

$APPLE OS C. a vr
d~t is 16 561 drrq 2.7

Wolvat COCOS, di C1 3
Me~ /dmta/opoort- dow 20

,allml 0/97191210- do n
ACb..ISgI I S do? tl

sttq 419.746 dt"
to MI d,*9 I.:at 3.6011 htS.top 63650 PROC1S4M
ow 13564.2 .?1'..

nbot alo; ploc ft

tpvr 56 math

at W291 P0
CO 6oc otft

3.60 not used
FLACS

10 0
1t

ISPLAV

sp 61Y.0

to-*#6

rIO 1233.8
rfp
th0
Ing 1.666
at cft ph

12 1

0

N'"O
H

B,

L," '_ O-'_NHBoc

oc.16

10 7 6 5 4 3 2 1

6.14 2030 .66

ppm

STANDARD CAMPO PARAME1'MS

0-01 02pum

UPLE CC. A VT
I50 Jul 16 2612 dtrq 492.744

SOOt COCIS do Hel
700/ta/suort/- deo 34

ooanla4 9 a AM- dot Vv
**obrIcar. ttd dm
LOSJI 1 a 100460tw

&fro 121.600 dea4
to C13 dreg 1.0
at I.0 Ammo a
np if SOS: PROOCcaS1IN

00 1397.2 lb .6
fb net 063: atf~lo

Spat so to 131*72

501 6Warr

Ial n at used

dno

DISPLAY

V0 308

am. 111.00
1. 160.60

I'l 13474.7

Ihe S
I n 161.96
at sCd Ph

I I.

N"--O--'O"-O--NHBOC
H

Boc-IS

h20 100 _ S" _-,0.

200 18 S 40 -2 r,0 so 60 40 20 0 ppe
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STANOARD PROTON PARAWTERS

expi i2p.'

SAOPIE DEC. & VT
date Jul 1 2412 1Mrq 12.972

%Otw*t CDC 13 Cisfile /dot&/expvrt/: dpwr so
hime/Iila"/MOJhul/- mfe

t /ti AGt2b- e Ma
eNtebnodtp.id 0me

81,41 415.746 dseq
ii si oil 1.0
at 3.661 INmao n
"P 630se PiOCES3110

14354.2 wtfile
fb not use prt it

as S Re 262144
Ipw 66 math

I wer
tot 1511.0 INIP"Of Isat iS idav
ct it Wnt wat

-11n fict ueFLA"$
11 n
opy
sp -312.9

v 7se
1 1 33.51
rfp 392S.L
ans 2.648&I cdc ph

12 11 10

STANOARO CARSON PANME-ERS

a.P1 12pul
SAMPLE atC. a VT

data Jun 1, 22&2 dtsq 6gg.74,golveat COdS Ao
file /date/export/- dpi. 34
hAom an/iNO bui- dot

AC IO de og
strq 125.472 e.4to Cis drs 1.6
at t.900 hoe a

120088 PROCESSINO
it 31391.2 lb 1.46

1b not used otfile
hi S Proc it

tpr 9 T. 131172
go 4.7 math V
di 6tof S hrr
it 5120 bSIasci
gal N its Vollalc n wa.
gain not usedFLAGS

ain
do yhs MR

DISPLAY

ip 31301.2

!C 250
hama 151..5

rfl 3759.4
rfp S

is, 104.606
al cdc ph

9

0
N 16 O O NH2H

-- r T
8 6 S 4 3

3.18 1.812.6 11.47
4All 1.01 2.11 2.00

2 F -ppO

0

N 6O O O NH
H2

_,,e 16

200 AS0 :160 140 120 100 80 60 40 - 20 0 ppm
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N' N

0 
0'-

0 
" NH 2I H

N 00O

671S2*2.coomar I ai-PI-1.with.T9A
exp1 stpul

SAMPLE KC. & VT
"ato Jul 18 2012 ifrq 12s.672Sol ent CeC13 in C12
file e-p diob 3ac"0IS2TION dot 6strq 466.n46 - non
at 3.001 dof loose

ip 6S65 diem
Ow 16564.2 .rgs 1.0

to not maid Nm6 a
be 4 SOdt
tpnr S6 ifrq2 S
V 6.6 drt
V2 2.646 ipifi 1
tot 1510.1 dot e
At 16 02
ct I6 iint C

iloca n deft 26
'e f not used dieq

fLaGS dri, 1.6
in n %cCo

dp y 1irq3 I
he m dn3
s -4.0 d=32 6

Vp 49s7.4 dM a
at 21 023 aV, il dMI3 co
VC 226 d"3
him 19.06 dresS 1.5

I 321.20 ho6S 6
Ift 4967.1 RO0CE810
rip 3628.1 wifile

tI proc ft
Ins 4.666 is 262144

St ph 66th f

werr
wqxv
Wet wrt

J

I I

a
6.12

7

6.13

6 5 4 3

12.4? 1.13 1.0
2.79 2.10 1.64

07162912_cousarin-Pt5-UH2_12C.WlthTEA
emp3 stpul

SA.PLE SIC. a VT
data I 1 2612 dfrq 429.744

;soiSnt COWCI o o1f ale 615 dpir 34
efrq 125.672 yyy
Cn CI =. V
at I.016 11 f 21046
np 1236 derg

Ia 31397.2 4fvs 1.0
rb not ased 02 *
be 16 OtC2
tpr So dfT 2
Pl 6.7 gtad, sport I
tof a dli? 6
"t 95126 02 a
Ct 3$2 d2t C

locu " doft 16066
gain not uses 41642

FLAGS dresI 1.6
ii n haul? A
In n SIC3
ap y dLWg3 Ift. nn dr3OISPLAY awrS I
56 -2602.0 daf) 6

Wp 21396.7 053 nvs Its: do"3
Sc 4 OtS 16666
wc 250 dise3
hawl 12$.51 dres3 1.0see 'I.0 hem*3 o
rf1 11466.2 PROCESSIN
rup 2675.8 16 1.00

th 6 Vifile
las 1060.69 proc ft

at cdC ph f" 131072
Math f
worr
Wbs

wat

11I- . 1....

0

N ~
H

O 1

'19 -- ,,-wwwwrmm

limbiodk 1.6A-" i I imwm I I --------------

20 lag 10 140 123 166 86 60 46 20 0

I
S

6.11

OffA A I-

2 2.
4.66

ppm

O O -0 NH2
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022812ciproPE03.mocl

ap3 ILdibh

SARPLI DIC. A VT
dato may 8 2M12 d1er 300.107

Il.apt COC13 dcm
trIl NI"P d'.e 3.

AC1123TI2O df asfrj 380.144 d. n
1n 01 dim c
at 4.0S3 dI 2. 8
np 48082 P08C2S60

V 8002.4 wVflil
1b not used poc ft

61 4 1c 131072
tpwr 24
p . 1.0 wcre

dl 0.010 csxp
to, 8,7.7 ,.Pnt 1: wit
&lock ingain .01 U*411fLAWS

1110n
In ndpy
Sp -118.2
Wp 4601.7

Is is I

ha6m 1.21
Ia 147.13

rf1 322.2
rIp 2174.8

16 2
In. 2.000

no ph

o o
H J F

HO -

N

N N H Fmoc

F Fmac-18

15 14 13 12 11 1e 9 8
0.833 -

05222012ciproPE03focC13

OMp3 StdI3c
SAMLE 09C. a VTdat. Nay 22 C212 :.rq 300.107

Solaaat CO1i11 82
file exp apw 48ACIlSITION def 8
sfr 7.471 do yyyIn C13 dam.
01 1.500 d 168t

p 67874 FIOCESS.1
sw 22624.4 S6 -1.80

?b 12400 SB -IsSO
66 16 V~fil.
tOPr 85 proc ft

pa 10.0 fm 262144i 0
101 2264.8 vrrfft I I J wjKP
ct 410 a&IQ"x n watgain not use,IFLAGS4301 a c

Op y
DISPLAY

Op -137.7
Vp 22624.3so5
S1 0
CI 250

1aa 30.80

rfI 7338.4
rfp 5410.2
28s 10.0a n 116.0

no on p

I ii

7 6 5 4 3 2

1 1.68 3.34 2.00
0.60 9.70 19.36 1.35

.01
2.07

ppm

0 0
HO F

' N a N
NN NHFmoc

0
Fmoc-18

Ii

2-0 246 220 200 180 160 140 120 lis 80 60 40 20 0 ppm
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lS2262ciproaFG3FmeoC 1

sop3 olpul

SAMPtI EC. A VT
4616 May 2* 2612 dfrq 36.197
lolont COCIS dot6

file 0~ x 0 I 3:
sofr 21112.3t n n
to Pie as c
at 6.266 .1 206

fb 506 w.ftIe
bh 26 proc ft

tpwr sI iii 262144PW 13.
d1 4.00 werr

tof 29637.2 WIP
nt 64 wee
ct 64 wot

gain not used
F LAGS

in n
DISPL.AY

op -4261.9
-p 60103.29i 12.us 22
wc Is
hoe. 26.46

eft 42062.6
rip 6
th 12
Inc togeg
Co ph

150 lie 5 i

0 0

HO F

N O O O-0-- NHFmoc

0
Fmoc-18

-so -log

STANDARD PROTMo PARAVITIAS

elpI 112101

SAN,"L EC. I VT
61to Jul 12 1612 11rq 22.1112

Mlveat COK13 n cis
fiet /dat&/Sxport/- dpwe 36hoe - dolte/- 601 6

hlloh2616712C- do neo
liso-Ptc-o2.6 dom W,

ACQlSITION dot 14100
shio 499.746 doq

to 3.611 dle0at a.1som M"
Ale ses PROCESSING
ow 16564.: stfileth not us*: froe rt

b 8 n 221144
tp. So lath

4 2.666 werp
tot 151.1 Veop

it I Vs.
Ct I vt wit
a act

gin not used
FLAGS

11

h: n02

DISPLAY
sp -314.1
Wp 1777.3
vs ailEC
I 'Coa 226

ho. 27.11rIi 20e.2

rfp 3eie.1

4ot 2.80
ci ph

0 0

HO F

N

N Y1 0 O NH 2 -TFA
0

18

1 1 10 9 a 7 6 5 4: 3 2 1 -0 .ppm

. 6 1.64 26.62 2.3s 2 22.62 6.16 .20 2.24 2-21
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STANDAD CAMOM PA**ANtItS

exPl stpl

SAMPLE Cc. & VT
date Jul 12 2622 dfrq 410.744solvent CDC 13 ov .I
tile exp frt' 3:aceelSITIlu dot
sfrq 125.672 d yyytn Cl) -.
at 2.000 dot 10660
op 12iD$S des
s 31327.2 :r.s 1.0
fb not used h6o

be 16 DIC2
tp.r SI 64re2 6
P. 6.7 d9
dI 0 dpwr2 1
tof 6 doft ant 00 dot n
Ct 1112 dW2
l 0k - df2 1060gain not used dimeS

FLAG3 dro62 1.0
11 n ho62 n
In n DEC3
.p y dfrm3 6
hs n dm3

DISPLAY dwr3
so -37)6.6 ee3

!p 31316.7 do3 n
ci 2247 do C
IC S doft 1600WC 251 63

hlme 125.59 61613 1.0
Is 066.60 heme n
rft 13472.3 PROCESSING
rfp 175. 11 1.00
th 12 .Iftle
Ins 160.460 proc ft
.1 Cdc ph t. 131072

;0th f
Were
wump.bswet

I I~ 1,1 I

0 0

HO' F

N N

N Y NH 2 -TFA

0
18

150 146 126 10 80 60 43 20

STANDARD PARAMET(IRS

exp3 s2pu

SAPIE DEC. a IT
dAte Jul 12 2012 drrq 300.107
solvent COC13 do M1file /data/nolen/- dpwr 36OtCse/O7:12l2tIpro- of 6

PIG-62-Frl.fid do nn
,%C@UISITIIM d" C

sfre 262.392 daf 2oto Fie PstDC9S31NG
at 6.30 II 0.21

00 106666.0 proc ft
ft 1$000 t 262144

bs 4
tour 56 worr
pw 11.0 w1p
di 4.0060 .4
tof 21037.2 w0t
nt 1
10 16a lockc m
gain not used

FLAGSlininn

up -411.2

00 s
we 210
hem 460.60

rfl 49166.1
tIp 6
t h 16

lno 140.066
m ph

0 0

HO F

N N

N N - -TFA
0

18

150 140 5 -50 -100 -150 ppm

203 lie
6 ppM
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STANDARD 1N OBSERVE

Oxpi stdu

SAmPLE DEC. & VT
date Aug 10 610 dOfrq 300.167
SOOVWnt COCOI an I1

sib /mIrforI/Oata- Opwt 30
/elgort/home/nolan. 00W 0
/NotZho/.rhat/8610- do nn

I IGMBHnna Ient . fi dem c
AcoUhoTION def 260

*fre 300.100 tep 16.0
65 "I PROCESSIO

it 4.003 wtftil
np 402 roc ftS l .::.4 oc 191672

fb not miedas4 wer
tpvt 50 ,ep
di 6.6 wae

01 0.050 Vat
tof S67.?
nt S
ct a
gain not used

FLAS
inn

Op y

sp -176.6
Wp 3233.7

05 151we It

1f1 2512.1
rIp 2176.6
th 2
ins 2.006

na ph

OBn

OBn

0 OH

21

I
10 9 8 7

0.02 (.65

632311..13C....Ikoo2006

expI 62p411

SAMPL9 DEC. 6 VT
Ato par 23 2011 frq 490.744

Solvent COCIS On 0I
fil /data/*x rpt/- Opwr 34om /nolan/mG tbo/ dof
b"lolw nOlO031I:. - O

W- 1.1 14000
ICSITION "01:0sfrq Its.972 11a . .:

tn C13 homn
at 2.600 PRoCtC13tw
Op 111606 10 1.06
ow 36307.2 tfible

Fb not usd proc ft
b6 16 In 131672

tpwr S6 .th
Ow 6.7

d1 5 worr
tot 6 toxp
at 00600 wbs
ct 224 Wt

gain mot use:FLAGS
01 n

Op yhsnnOISPLAY
op -3663.2

Wp 31316.7
tO 1032

210
62.6 122.16

I, 506.00
rf1 13479.1
rfp 5675.8
th 6

In, 100.00
1, dce ph

0.3

5 4 3 2 1 6 ;pa

3.06 3.06

OBn

OBn

0 OH

21

8 160...... 140 120 1o 80 60 40 20 0 Pp.
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iSOlkn#D. B

4PI 60420t

AMPLE DC. 6 VTd 0te Oct IS 2010 dfeg 300.1n7
loisest COC3 dn 61
file /mirrarl/Uota- dPwr 30
/export-/hlUA/Man65 lOt 
/Oitzha/arhat/1915- do i
10% 6Oel neablO.fld c

AcUI$1200 df 200
efre 300.100 tmp 20.0
tn "I PROCESSI'N
At 4.003 wtfIle

"p 4002 proc ft
6002.4 to 131072

fb not ws*.
b0 1: warr
tpwt 14 wexp
pw 0.0 whO
61 NO: w,,t

tOf 607.7
uot 0FrtCi0
clodC n

gusn rot Used
ftAOS11n

in S

0ISPLAY
OP -100.2

wp 2t02.2vs 121
c 0

VI 260
aSm 12.32
is 200.00
1f1 2012.3

rfp 2170.5
th 3
In, 3.000
- ph

11 10 9 8 7 6 5 4 3 2 1 ppm

0.9 6 1.19 3.000.15 0.95 4.00

032311.53C._o&10fl4n4n200B
expl 62Pet

SALEp KcC. a VT
Ie "all 23 2011 dfrq 411.744

.O.:nt CC13 n isi
r ite /40ta0ExportI/ ~wr 54

h 'e/nolan/S1tzhe/- d04 0
builwiftrle/032311 - s yyy

1SCio0alkene0286- d. M w
S.f1d ist 06400

AC@UISITION dseq
afr 1215.071 dres 1.0
In C15 hOmo n
At 2.000 P*OCESSIN0

up 125100 1h 1.00
sw 3137.2 wtfile
f not as;d poc ft

he 1 Pf 131072
tpvwr 59 math f
sV 6.7
V1 0 we r
tot 0 wexp
nt 1111M wb
It 210 wst
.1010
gain sot use"

FLAGS

in
dppe n

DISPLAY
Op -2502.7
Wp 3216.7
vs S73
Sc 0SIC 21wc 25:

iT 500.00
rfl 13471.0
rtp 1071.0tp 0th 6
leo 100.0 0
ci Cdl ph

Y OBn

OBn

O OH

22

-1
200 180 160 140 120 100 80 60 40 20 0

OBn

OBn

0 OH

22
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*IssI "on I sot I Jac: It

SAM94 f C. &VT
date Am@ is ZO16 4f21  $06. L#7
solo0,,t CICO3In4. i
fit. /a, .. t/8el&49 Cr
/eopors/hesioleo- Oof0
10201680oerl,0811- ne a..

notai.ff6 Per 2..
AcQOjEStTIU lop 20..

Ifni 300.106 ,eoCIfSIpO

&it 0. 003 groc it
AV 4462 4in 13117

s. 1104 re.p
btpow $4 wes

It 016

ct 16
.10c8 n

pt Ac

0OILIAY y
'p -114.
w 3141.?7

VS 312

I..0

tip W e I

1~ 203.0

no ph

0 0 0

BnO HNf '
8n0 0 H N

N 0 BnO )

0Bn
23

169B16 5 4 3 2 1 -. ppm

0.814. 11 OIt 60.06 4.70 6.32

STAISAUD Do0 MtS1vt

epiP 6%43#0

WAPLC DEC. a VT
"a0 act 11 111: dErq 200.167?
solvent cal 4a I)
File M/t roel/data. dpwr 36

/apot/I.16/ne".- dot 0
/Otxboehat/1611- do Ann.

JOI ensoms6trlaect- a
a"o IdFl dof to:

ACOISITIOI tow to.6
f.Vrq 0.168 PROCSSING

6% 4.0on1 paO ft
4.462 8. 3071

CV 6003.4
flu ea eCed u8Tt
4. 4 40

Ow &.6.4t2

to(

gel.. eat Coed
FLAGS

Is

DISPLA

it
bz10

-08 20
Ins, 1.000

m Pik

'. OBn
OBn

0 NH

0 0 0

BnO HN'[O:
InC 0 H N

'0 BnO

24 
OBn

109876 5 4 3 2 1 -O ppm

3.035?A614.11 3.80 0
OAS.0 3.17 3.08
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64102111..isoseea*etont.14

eapi st1
SANPLE DEC. 6 VT

date Air It tell dfrq 310.107
solvent COC13 dn 141file /data/export/- donor 3:
home/nbolaft OtleI/- V1 1orhat/6419(ilsoalk- ft n

aneSeTrIusre.fd don eAMIZIs 20" oaf too
Itre 34 . is P'ocexsseotn M1mtste'ft~ ft iliat 4*3 ro ft

4 Lost a 131472
sf Se10.4fb net used %err
t14r 081 abe t1 . %.btp

pa e.g be
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STANDMV PROTON PAMNETERS

exp2 s2pul
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rIle sop dpwr 30
OCOUISTI0. Got 0

$fr4 459.746 do nnn
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Op y dfrq3 6

DISPLAY dpwr3 I
Sp -402.6 dOf3 0

Wp 0706.5 d"
va 243 dam3 c
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STANDARD PROTON PARAMETER

expi stpul
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EDlant C 2C1 :. C3?
file /da~t/export/- dpit 30
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pr s oath f
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Et . waSl
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FLAGS
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259

111



0njot..*iiehyde.:_2H

4oot stol

SAM E EC. A vt
dte eg12012 dtrq 500.174
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.p -250.1WP 902.

ase
ft. 24.9

rfp 2021.5
10 2
ins 3.000
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s64oAR Ppovou pA4am6t6ts6
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6411.84688/04i126- 46 64
-0.12-co-C13. M4- 4a w
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-
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ST*ANA*0 POOTOM PARANCOT94

expi 22pul

SAMPLE DEC. S V7
.ata may tell dfrq 1211.172
Iovtent 1CC13 4. C13
file /vta/*port/- dpwf sobe"I/nolon/tuhs/ dotb" I VIar40 esm:a " mnoc-pAoso et.fti a

ACQUISITION tot t0ast
strip 414.168 Iseta fa ees as
at 3.001 "0m e
o L63:10 PO.OCISSIMiO
I. 1s56.2 asOt

VS not used Sfee ft
hi 4 In 2144tow as: Bath F
Pi 2.9114 wer'r

to 119.6 mp
fit 8 ,as

cc a wat wrt.ae n
wnt ftol Used

ah
pas otaa

DIPLAY

vs it
cO I

00 2s

OROPLAY.2
Op -051.0

0
BOCHN ' -' - ' N OBn

HI
OBn

0 NH

IOBn

Bn-31

fp 3628.5

at ph

11 10 9 a 7 6 S 4 3 2 1

27 1614 29.7 1 2.78 11.11 a.Is-
Yt. 1 0.9s 184 2.70 1.07 9.00

STANOAAO C800N PARaMETERS
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data May s 201* efrq 409.744
hsotift COC1S do "I
fit* /datalewport/- 3 Ia
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STANDARD PROTON PARAAETERS

a-P 52pul

IA6PiE 1tC. a VT
dame Nay IF 2612 difrq Ia2.Gi
illvelc CDC13 is C13
file /awt/esxport/- sewr shome/neln/NOtzhe/- #of I
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he an
OISPLAY
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H
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OBn
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In C13 PIOC D

at 1.553 Pb ill
3131.2 wtIle

tb not used re itas is fn SLI72
o 50 fese

:w, 0 wer'
to a W670at $less waset s741 at
A loce.&in not us*:

inn
dpV

hean013PLAYes -36:2.z
WIF 313 6.1vs 2622

1e c

3i 1&~I
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th 7
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al c 3c ph,

-I

200 180 160 140 120 100 83

0 0
N 0--- O N OBn

S H H I
OBn

0 NH

Bn Hf O O
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SANotI ECc. 4
date Jul t t812 drq
solvent CDC13 C.

afrq 419.746 do
In "1
at 3.601 =ot

So 16s64.2 Cr65
to not .. d hemo

614 61
196ff 56 Wrq2S.u so rrt

V, 2.00 wrt
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O NH
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VT
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6
16666

2.6

266c

1.6

ft

n
Mc

tt:

1.0 n"111

fto
26.l4 f

W"in

11 1i 9 8 7
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6 5 4
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3 2
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ailn n eft
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is sosee b6o3
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BnO 00 H

SBnON
OBn

Bn-33

A * J.

233 153 130 140 120 103 8 60 43 a ppm

264

ppe

as a --- - 4 I -- --NmmwlftI
I
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STANDARD PROTONJ PARAMETERS -O . n

*.p0 ~pnlH HOn

SAM91. I DC. 6 VT
ALsApr .A 2612 Afrq L25.672 n

1:16.11 Cocos en CIS 
~

1110 /66sa1e/Oxrt/- *or is 0 NH
bhuAvoluAImma- . dot 0 N
apO-PIO-ma.? doe 0

afrq 61.... aeq 
Y -

to HIS dres 1.6

not void. s~ BnO HNf~ '

5: Anlth 292t44I BnO 0 H .

PW Va I'l 0 . BnO

"t ios .,. p. 
OBn

.11 32 Bn-34
in not UsedAl

DISPLAY
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is 
A

hadd. 27.27
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th 7
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DISPLAY 1-~r 3 A
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STADADRD PROTON5 PARAMETERSt
exs stpul
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Ins 3.*09
. P.

0 0
N N ~ NOBn

H HI
NF 00 XOBn

O NH

BnO HN( ' -
HBnO 0 nO

5fl.35 OBn
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dt4 Jo) 26 2012 dttrq 491.7?44solvent CAC2 n l

fl$e0 /data/lblan'S- ipwf -
Otghe.'87192012 coo- dot

efIn ._PEO.n 13- U yyy
9di w

ACQUISITION Uot 10405
sffq L 272 dete C13 d,:, 1.4
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hrtp 17.53 tb 1102
tO 1 3 5
InS1 0141.110

at tic p
.I c", I. 0r

[LLiJL

N

0 0

N O O O N OBn
H H i

0 OBn

0 NH
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Bn-36 OBn

Ii ii. 1 1 1
A'~ ~ - -~~~'1 -jl - -,. I

20 185 160 140 120 ISO 80 60 40 20 I pF.

072612.ciproSn-Ent.1
epI 62pul

date Jul 60 2012 iir
solvent CIu1 do

AMtISMT1ON dot
Ir 500.170 Uo

at 2.04 Uf
so 22705 dIe

0r 4 Cu
02

tot 0 tant 32 met
ct 32,sock "n wer

gasin not uSd we
FLAGS Wbe

DISPL.AY
S1 -256.1
WP 692.J

ECC. A V.

1r 32

22.006

I.le
ft

not Sed

r
P

511

0
HO 2C F

N 0
N 0-,0-'-' - N OBn

0 Hi
OBn

0 NH

OY-

BnO HN 0:N 0
BnO 0 BnO

OBn
Bn-37

00 21

rff 5185.7
rfp 3631.3

on$ 3.60

I! II I If , if i

11 II 9 7 6 5 4 3 2 1
e. 11 6.4 1.52.05 0.05 22.71

11.70 3.0 3.0.65 1. 0
2.74 2.159 12.22 3.14 1.51 1.05

1.16
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0EC. a VT

Iper 38
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der 11370
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I 11111t JIIi II I

0
HO 2C F
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H
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jes Jui a 2512 W"r 365.51
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file /date/*epert/- 3.
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acrat/W7tI1jlCpr-- d an"

Ifrq 242. IN.1 P00CUS2
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o 1030.9 V1
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212144
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pal 11. bei

tt 20137.2
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N 01 0-'-01 N " - OBn
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STANOAS 1 06SRVES

SMPLE DeC. a vT
dae~ Aug 5 2011 ifrq 300.10,1
60 lv0n t C0300 d. "1
file /dta/oxport/- dpwr 30
hbow/nolan/MOj bw/- dt 0

swot/580501c 0proC- de nn
Sa.Soe.fid own c

ACoUlsOT100 i0 f 200
$fee $00.100 PROCESSINO
to MI wet0Is

St 4.002 proc ft
np 40052 fn 131072

SO 0N2.4
fV not used were

b0 4 0amp
tpwr 54 %be

dl 6.050
tot a7.?
"t 32
Ct to
dalock a

gaIn not Used

11n
DISPLAY

sp -150.1
W0 3501.0

vs 101
IC 0

MC 250
OZmm 11.00

rVU 1020.3"Zn It
th 20

Ins 2.000
na ph

0 0

HO F

N N

N O

TFA. H2N

38

9 8 7 6 5 4 3 2 1 0 ppm

.08 100 4.01 2.00 4.09
1.02 l.12 2.11 4.08 2.03

0 0

HO F

N N
N O

TFA. H2N

38

STAOOO CAONSO PARAMETERS

sups *Zpus
ASaPLI OC. 0 VT

date Oct 20 2011 Ofre 490.744
solvent COC13 cs MI
file /d"ta/export/~ *we 34
howe/nolan/0OtOh/- OfV 0

bWI Inl 0/192411c- d' yyy
lS-CIPPCO~s CDC- d. Vo3.cfpoc d9ef lease

ACOSOIS2TIO0 0
Sar4 025.072 00 1.0

tn C13 1000 n
it 2.000 plo.CMSS10

12500 lb 1.00
31S37.2 wtflIlo

Ob not USed prOC ft
s 15 0n 131072

twr St nth f
PW 6.7

41 0 were
tof 0 "ON0nt 919:9 Wb4
ct 0 0t.t&ack ngain not usod

Ul n
dp yh. nn

DISPLAY
so -3412.3

WP 3305.7
vs 370
sc S

Vc 250
bim 025.10

00 500.00
rfl 03440.0
rfp 0070.0
th 4

IIS 100.000
SI cdc ph

I-1 1
208 18 160 140 120 1@ 80 60 40 20 0 ppM
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0 0
O F

H NaF

N N

N N 0

TFA- HN

38

ISV 05EtRVE
STANDMID PARANETERS
*opt a~pol

SAMPLE DEC. a VT
dat. Oct 28 2011 dire 341.107
Solvnt COCIS on 1
file /data/export/- dpwr 30
hele/n 011102216/ t dt 0
*rhat/10211F1IcIp- do """

roC.tid it c
Astq 282.31 der OCISSI M

to fit 1b 0.30
81 0.309 wtfll
np 1000 proc ft

a 100660.6 # 102144
fb 5300060 4 %err
tpVr 56 u6xp
Pu 21.61.01
dl 4.06 Znt
tot 26037.2
"t 64
Cl 64aloce ngain not used

VLAO8
.1 n
In

ISPLAY
sp -4683S.3
p 1001.2

vs 11.c
we 20

6,Zm 406.00

I 4626+.1rfp 93.rIp 6
t 6
Ins 1.001
no ph

_ _ _ _ __ _ _ __ _ _ _ I _ __ _

103 50 0 -50 -103 -150 OpM

0 0

HO

1 N _

Z N 0

3ocHN

40

STAODARD 16 Ost031

OAPLt DEC. 4 VT
date Aug 1 2011 6trq 300.107
Solvent CDC13 S 01
file /deta/ex t/- :;r 30
homs/ooltnA / 0af
.ehst/4 01129Ipro- d rNM

ItaOl-soc.ft1 deC
AcOIVSITIo* dot 20

ofrq 300.10 PROCESSING
1n 11 %ttite
at 4.003 c ft
np 40051 *t 121471
sw 6062.4
fb not 0o46 wsrr

be 4 Waptpwe 54 1.bs
0.: Writ

V2 0.056
tof $67.7nt is
ct Is
alock
gain not one:

FLAGS

In n
dp 7

DISPLAY
Ip *115.1

wp 4801.?
Vs 131sc
wV 250

,;1. 10.11
II 181.52

eli 1812.1
rip 2175.6

tIh 26
ins 2.006

N ph

-, -. ,- If,.fI. I If

__ - -.- ~ JL&& -

12 11 10 9 8

6.17
1-17 1-17

7 6 5 4 3 2 1 ppm

.01 1.974.20 2.46 11.71
2.06.10 2.23 7.32 2.19

150

15
0.74

14 13
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STANOARO CARGON PARAPOTIRS

6xp1 12pul

sa1t4t 1CC. a VT
date Oct 27 2011 dfrQ 493.744
solvent CDCCI3 O 6Ifili /dota/06pvrt/- dpwr 34
hOea/no P/60tZ11/- d4f 0
bullwinkle/102711C- doyyy

13lurfC56oc.fid dm w
ISITIN def 10400s6re 125.672 d"::tn C 13 dr. 1.0a, 2.040 .Io a
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PW 6.7 matS
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at 1ts: Uomp
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sp -3*005.6
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£c 0
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63 cdc ph

I I

0 0
HO F

N N

N O
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40
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1Sf 0AERVE
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ept i2pul

SAMP1.1 OIC, a VT
date Oct 27 2011 dorq 300.107
solvet CCC13 dn "1file /d=ta/exporL/- uwr 30
hoa./nooan tzlhe/- do 0

r 2.0c~i amreclloc.flC cACQUISITI0 on df 20srrq 262.382 PROCES31166
In F61 10 0.30
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nw 166666.6 fa 262144
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01 4 err
tpur 56 wgxp

PW 11.6 *b
di 4.666 I61
tOf 29657.2
at 16
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gain not used

FLAGS
in a
dp

sp -40666.1
up 13316.2
vs 56
Ic 0
.C 250hams 400

If, 46060sIa 560.00
iti 4666.6

rip a
t1 20
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n6 ph

0 0

HO F

NN N
N ,

BocHN

40

150 100 50 0 -50 -100 -150 ppA
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STAOIARD IN OS10v1

expl Stiaab

SAMPLE
dats Sep 2 2011
solvent COC13
file /data/export/-
howd/nolan/M0tlZ/-
orhat/Ol2911 nntp-

1003.514
*CO4JISIWTIOM

Sfr, 300.10"
in i

a 4.003
vp 40452

6042.4
fb not used

ea4to', 54
P0.0
d1 0.010
tor 67i.7
.t 3ct 24

gain uot sed5

DEC. & VT
drq 300.

dh
dpwr
daferdm

PROCE3IN

proc
fn 131

Was

1
0

nnnc20e

200

ft
72

FLAGS
it

DISPLAY
Op -150..5

SC0wc 2s:
hm 12.0
iS 202.05

r"i 2112.2
rfp 2174.0
th 20
inS 3.000
nm ph

0

OBn
H ~B

0 NH
0 Y-

BnO HNf 0'.XN
B0 H

BnO 
nO

OBn

43

9 8 7 6
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5
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11.S6
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Solvent COC13 dn "1
file /dta/eOxpOrt/ dpWr 34
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sw 31317.2 iN 1.00fe not ue %.f isb0 15 proc ft
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W .I seth
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ct 4640 %bS
clock In oit
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FLAGS

in In
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he nfl
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p -3115.1
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I-. iI,
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0
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0  

0 o- N OBn
H
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0 NH
0 Y-

BnO HN 0)N
BnO 0 H
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60 40 20 0 ppm
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BnO 0 H

O BnO08
B- OBn
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12 11 10 S
81
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7
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Chapter 2
Analytical HPLC Traces
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Chapter 2
UV-Vis Spectra
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STANDARD PROTON PA*552 IS

aspi preset

SINPLl SATMArgw5
$ate Avg 2& 2013 SSlul "
solvent 0.50 sae -s
file /deta/e t #tqsatr -731.s
ase/setasI tx 10/- l10ly 2.019

bulllinkla/~tSts- ea"ed. yea
-Ist-pea- -llOeup- ceaeast t

.f19 WOC. 4 VT
ACQUISITION din "1

sfrq 431.748 def -139.5
in "I do Wee
at 3.64S do w
1s 46141 det 1IM06

Is 7753.4 dper 30
rb net sed PROCMa80U1

Is4 sttlls
t ;rs ft

1pwr Se Ia 2821''
ow *.i mats f

di t.ea.
tot 1187.1 wer.
Ct 16 wamp

gan hot Usea ItSPLA
PLAGS p -122

o1 p so 7213.4
Il 0 h s 213

basnse a
65 561.24

It1 297.7
rfp I
th 7

In, 3.09
ai ph

0
OH

0'-',-'N - OH

o OH

0 NH

3N OY -
N3 f0 

00
OH HN N

HO 0 0 HO

OH

14 13 12 11

ild
10 9 8 7

6.73 I. ee ice i.ee
I.1.se 9.13 1.AX te.

* S

3.00 2.s3

4 3
3.eaas

STANDARD CARSS P44NC2T5AS

aepI stpul
SAMPLE DC. a VT

late Aug 28 2653 dIre ae.7
solvent MAM da 81
file /datafaaprt/- dpwr 3:

ecame/eeleeff labe/- del S
bslilt/e6e8a1t$3 do yY
Cat-PV-W3-C13.fid de w

ACUSITION dot lease
ifrq 121.673 bag

in C13 dre 1.5
at .eee hoes

ep 125s48 PROCESSING
lv 31*97.2 it 1.se

S enot used intile
bs 14 proc ft

ltsas 11 V 131072
PW 4.7 .att I

ft w999 vell
Ct 22S MII
ackes a wal
gaen not used

FIAIS

lpii

s nIp -2724.4
s lelIB.7

vs alevc ts

f1 SeSIIfl "103.:
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Sd144.644al cdc ph

0
OH

0'---N OH

O OH

0 NH
o

N3  0 0 0

OH HN N
HO,,(

HO o 0 HO
OH
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2 1 ppM
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Sr"GOAAD Mao" PAAMETERS

deI Na 27C2013 df rq 12S.12

file /da%&/Gs104711 dpw I0lim/sslonl~izhel- do
bullwOle1Z722130- naft5

otrq 411.749 dseq

41 .401 M.5
so OHI PROCIISIIO

S. 1654.2 wits2
VI not used psoc It

II a Vs 142144

Ss eat0 sft

lot Isis.1 765p

It 1I I ws

gai 16t used ~ t

7 LAOS

dp v

DISPLAY
to -ISIS
We 6211.)
vs I

IC 
6

I, 3420.

VI 3416.

... ph

0

0 OBn

0 NH
0 0Y1

N3f0

Bn0 HNf O: N
Bn0 0 H

0 Bn0 O~

5

12 IL 10 9 8

7.1 .47 32.31
0.441.7* 0.9.

STANDARD CAOMI P&04011277
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dIs M04y 27 Ills 4frq 411.?4
ma1..1 CDCS 1 s 4 NI44
file /d~t*/sgp077/: dp77 3nmwv/006A/14tzh@/ oft

-ss-010-4i3-CIIl
Vid *of 1600

AMI71111451 dl:Q
sfrq I t2.672 drs 1.4
tr. C13 ISds I

Ii Z.5 PIROCSSING
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I 3311. ' 1V116
VS 71650 P70 ft

16 fI V 131072
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II s
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0 08n
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08n
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STAN0ARD PROTON PaRAETEAS

&.pI SXpul

Sa6po lC. I VT
date Ot 2 2633 dtfq 125.473
solvent U6so d" C13
file /Vets/eopqrt/. 4gwr 36
mseotn/usse/- 464 6
b1t l.6MIS/102120- do Ron

-ent-It -63.fid 46m

Otro 4240.6 46
to 1 ,66 1.41
at 3.401 hoe n
.p 5305 PROCESSINO

, 10564.2 twrtie
It not :sd proc ft

WI a f6 262144
tpwt S m4th
PUP as

41 2.60 Vern
to 2511.5 ep
Pt 04 0b6

cI a6 Vnl wft

Balm not UsedFa LACt 40

Ii.

Hp y

he y
DISPLAY

sp -113.6
a, 7664.7

00 40?
It a

5666 26.36

rft 2402.3

566 324.4

al ph

0

OHO "-N OH

0 OH
0 NH

000

N3  0

OH HN" 'N /
HO O 0 H-

HOH6 OH

I
__ ilL ___

3 2 1 pst

STANDARD CaRON PARAMETERS

SA66Pit 01C. a VT
Ses Jl f 26S3 dfrQ 409.4?

folvoot 66652 4n ma
file /4te/omport/- dpsr 24

A e/otao/Ota0./- dot a
S:T1V/aI ./97*t23D- do fvy
-tnt-PIC-0U-C13.fi- 4. ad dot iloos
sfr 121.673 4265 1.6
to CIS 5o6o n

op 125160 th 1.66
IV 3121.2 Vtwtle;b not us*d fl: i

05 24 to 131672
ar So 4455 f7

SI werr
tof 6 :atp

2t 302 Vat

: lock a
.n not used

sin
3n n

DISPLAYsp -14e
do 21441.4

6 t454.c ISA

5246 205.16I I see:@*
rIp 4964.0th J$
..0 1ph .00
at p5

0

S0 '-'"N OH
H

0 OH

0 NH

fo O
N3  0 0

OHHN 'N
HHO 0 H

N Q:,L HO
1- 6 OH

II
180 160 140 120 100 so 60 40 20 0 pps

13 12 11 10 9

6.66 1.65

8 7

69.3 1.01 2.129.2, 1 .18 A Z.Z

6 5

3.64 3.113.1 7

4£
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lTANDARD PROTONI PARAMETERS

expl s2pl 1
SAMPLE DEC. & VT

44t0 JU. 24 2013 ifrq 325.672
solcst CC13 0s c23
file /data/gxport/- dpw 36
o05e/nols/Nattha/f dot I
lulI0.1tj0/642413A- :f nnn
sp-kns-40PLC.r d dm

SITION do, 10056
tfri 411.746 issI
to 01 :rIs . .

a, 3.061 hoon
Ap 030SA PROCCS51N1

1014.2 wtfIle
1b not used proc ft

. 1 sa In 262144
tPur 56meth
41 2.020 werr
Isf 11. S *p
"t 32 -b$cl IS wnt vft
elock n
gain not us"6

FLAGSlin
ip 4
los so

0SPLAY
sp -222.2
op 1724.2
vs 25:
vc 25

h1aO 22.22
Is 330.14

I1 4653.2
'rp 1241.4

tO 7
241 3.86

ii ph

HOOC 0
N

SH H

7

-V
4-fI'4

r 11

8 7 6

I .03 211 as 2.413 I.

STAMW2O CARON PINMA1RS

empl 52pul
$-461C DCC. & VT

dote Jun 24 2013 dirq 400.747solvent Ono do -1
III6 /dsta/export/- 4pw 24homR/ftolaf/*O1Zh&/: d I,
boFi.Inkie/ 0243A: d: yyy
*p-a21y

1
,s.0Pc-CII. - 4..

f71 del 10e0ACQUISITION dassfr S1.673 dr 1.0to C13 hoso
1. 2.0 PROCESSING,

sp 21158" 1 2.66
sw 31397.2 wtille

fb not s d prCc It
as 1 tf 131672

I pur S8 ELI*
912 10 *60r

iiv 6

tof 6 osop
5 111: w056ct $12 -at&I oci cfain not use:

FLAGS

Ifnn
DISPLAY

sp -3041.5
.P 3136y.7
01 2224sc

his 21.0

1, 10666
rtl 4801.2
rIp 4013.6
021 1600

51 040 p1

HOOC 0

N H

S NH H- 0

zoo 1i0 160 140 120 100 80 60 40 20 0 ppm

2.4L3.06

10 g

0.32

S 4

6.33. 3 a-'

3 2

0.61 2.310.70 1 .22S

PP2
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SOTANCOR PROTON PAiMiEIiS

ept ilpol

SOXPL9 09C. a VTI
fat. f4132 t diErg 125.472

ZIvii CDC)3 do C13f110 /iii2/e-pott/- dpoi 3:home/00aao/mutzha/ dotbuIIl6il 42413A- dm .n
SoVI lY"Oi-HLC.f. damv

ACISIT1ON E~
sera 491-746 ders 1.4to "Tl ho"

:p 41616 Vile
o VId ;r

Ci4 math
SO

PW .s weer
ci a.
640 it sotso

Ii AC 
a

OP n

015 PLAY

is -y it's

9c

HOO 0

8 OH

'VP 1:.

t h 7
1., 3.666

10 r5F

6 2 74ltao~o so 1.00 2. 10.04

STAKOR CARSOM PARACaIRS
WepI 2511

SASPLI GEC. a VT
date Nov 7 2613 dtr% 499.747
solen VO , IaS do H1tile 'Eata/Oapart/- dpi? 34
'0oa,/0, ao/NWtah@/- dot
b",l'wlakI/1@713A- do 7Wy

a-lineaClI.11d dosV
AMO STIM4 do, Islas

steq I2.7 IS iPRis Cll d1e1: 1.*
at 2.46 "Oo

sv 31397.2 lb 1.09
tO no~t VsiC Vitil
b, 1s a7cc t

iq ttaof,

Ct 912 00

PLAS
Ii 0
IV

OKSPLAY
&P 433.7

vs 27.?
It 0

rep 4164.1
tk i3
1.. 196.60
&I cdt ph

HOOC 0

SbH H 0

8 OH

~1il.I -v~~~~. Iv, "" .1- 1 --1--

200 10 160 160 12 100 S0 60 40 20 p
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STANDARD PRTON PARANMIASS

expi stput
SAOPLE DOC. A VT

date siov I6 2413 dtrq 116.673
solvent 040 n C13
fite /doto/XPOft/: 'pr 0
oas/oo /0ohe/ do? 0
ul lvwftle/11143A- do non

op-CI-ol y00-0yito- 6.0 w
imcarb.1td :i lass eACOUISITION d,4q

ttrq 4 is.140 ira 1.0

05 3.401 t00p 10.0
op 63450 PROCESS1NG

SX 10504. wtftOl
#6 nou wood pro: ft

106 to, z1014

P0 4.6
I1 I .000 werr

t 1X 00

c t is Will wft
at 0000gin not 0604

In n
oDISPLAY_,nOp -*37.3

Op 6400.6
Is 378Icvc IS:

0030 *5.4
.1 22 14

toP 124.4
0h 12
i . 2..6.
as ph

HOOC

-NH 0 H
N '

H 0

9

12 11 10 9

STANDM CARBON PARAM0TERS,

SANPLI DEC. 0 VT
"to 6 ov I0 2013 dirq 419.747

solvent 0110 1n 1
tile sop ip.rr 34

AC*UISTIO1 dof 0
otrt 1*0.673 6 Y

5n C13 do m
at 2.44 dEr 100

.p lIss" Soso
00 31307.2 ergo 1.0

fb not used hoo
be 10 5640 15.0

tpowr 5 DEC
9W 6.7 ifro 0

a0 0 an%of a dpwr2 1
nt fil oft
ct 3164 dmt 0
0oc 0 dm2

g.In not used iota 10006FLAGS det
I1 n dr02 1.4n, hommot n
ip y 0C3

no 00 df-q3 0
DISPLAY d0

Sp -375.8 dpwr: 1
wp 31306.7 doft
v0 3178 dw3 0

c 0 dm3 1
00 250 d*13 H46
"0 125.50 60q3

Os 000.00 4r*03 1.0
rf1 3750.3 1o00o3 nrfp 0 PROCESS1NG

t1 5 10 1.46
Ono 000.606001014t

.i cdc ph poi rt
to 13107*

werrwelp
wn*.

8 7 6 5 4 3 2 1 ppm

2.5 122 0.63 S.57 0.46.57 2.44 0.19 3.14
1.2 . b? 0.46as . AS 51 0.7 Z.Gs -. 1

HOOC
'NH 0 H

%NK
H900

290 180 160 140 120 100 80 80 40 20 0 ppa
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STAIARD PROTON PARIETERS

owp3 atowl
SAMPLE OEC. & VT

date Nov 18 2013 dfrq 12.673Solvent 5650 do, Cisfile /date/ea1ev/- doff
Otthe/11o3AMM-C3- det 4
-elyne-eydroe&rp- do nnn

*c45T1I0e dof lew
sfrq 411.748 dobq

t. N drag 1.e
61 2.001 %Mo M

os 63050 tamp S9
ow Jes4.2 14C2

F1 eot sed difrt 0
60 4 diitoner 5: dpwrZlw SI Si 2PC 6.6 daft
di 2.661 d.
to 111.1 dm2 C
nt 32 doft 2o
Ct 32 des t

Glacir O rest 1.0
galn not used 11o01 n

FLAGS DCS
ft d fr 3

IC C dii
dp y dperS I
hS fm dft3 0

DISPLAY des n
sp -26.7 d3 c
Wp 1414.6 OF3 266
Vs 251 dooll

C 6 dr*63 1.0
W 250 hisml A

sa. nets Paoctssimo
11 317.21 wilie

il 145.1 pIUC ft
rtp 124 . r oc 242144

th 7 Both f
IC. 2.60
ii pie were

Weep
Wae
woe wft

HOOq

SNH 0 H
S N N

10 piI3
OH

11 10 9 8 7 1 5 4 3 2 1 -0 p m
.4.06 et 4.16 0 .46.61 2.64 2.0.*

2.47 4.42 6.43.24 1.71 2.17 1.303. II

TANIARD CARSMN PAXANEUTIIS

.pl stpol
SaNWLC 2C. A VT

date SOv 1 2.12 dfrq 496.747
1Oledt OMSO n "1
file /det./e.pert/ dpwr 34
ieees/eOlafl0tsie/- det I

buollitrl6/121612C* do yyy13-Asme-1kyne-hydr dam
odeceb.fid #at 1ots

ACQU2SITI6N I16lsfrq 121.673 dret 1.6
t C13 he" n

at 2. l toep 111.
fp 121466 PAOCISSIN

C 313267.2 lb 1.09
fb not us.d ntfile

I Is prec ft
Op'i fS I 131472

pC 4.7 eatb
41 9
10 f worr
It 99 1: exp
Ct 2666 Wba
cloc n Wt

44i Illit used
FLAG u

11 n1. n
Is yto n

DISLAYsp -33.

Op a166
CC 210

11n 166.06

til 20.6fip 4964.
t hins tio.000a I cdc ph

I. 1

HOOq
NH 0 H

N N

10 H 0
1H

OH

LJWAMWLJJLI..
wvw7w~i..iw

1 2
jTr.....-,. -....... ~ -

200 180 I60 140 120 100 80 60 40 20 0 ppv
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STANDARD PROTON PARAMETERS

Icpl sipu1

sAMO. DEC. & VT
date act 31 2913 Ottq 126.672
solvent 06440 d e 23

file /d t/*oE'0 OPt'

bu.'c401313.0buwIVnl l a13IIA- "= n""
.,Pea 

..
t.1.4 doe IACQUISITIZON dffi l0s66

I"' " 1 . 1.4

:t 1.661 aou
p 43X1s PROCESSING
I. 10114.2 wtfile
t5 not used *f01 It

be4t 262144
1tp. 1 6 ;ath I

ter 1311 1W
It 1 Wit Wft

.0. not 440
FLAGS

op

DISPLAY
sp -141.0

I C0
cc 210

tip 1240.4
III 7

0
/ N-

0  
-N O N OH

N-N 3 H
OH

H NH

HN o

N OH HN 0 0

COOH HO H
HO

OH

&I ph

13 12 11 10 9 8 7 6 5 4 3 2 1 ppS

C.43 1.1s .712. Is 0.s1 0.se 4.672.02 0.6s1.57 3.0. 1.1 21Z 2.43 3.5
6.640 0,001.03 0.16 0.14 3.25.21 1.35 0.40 3.06 2.00.00 7 11 2.61 3 24

STANDAR PROTON PARAMETERS

.pI sItpul

SAMPI'l DEC. £ VT
#at* Oct 3L 2013 dr0 125.673

solvent 0NSO on C 13
f c610 /dts/cuopr%- dpwt 0

be& nos':N X"4

bollI.M/1030I4A-40 Min
ex 1-2-tt.fid 4..
ACQUISITION def 166oo

lf16 41s Sowq
tOn N dres 1.6
41 3.001 035.2 64

to cot W164 PrOC it
0.0 4 TO 20244

196-64 14 6 01

411 2.OS ,:rr

It i4 Vie

:1cc 64 ut WE

In06 cot Used
FLAGS,

do
49 nn

OP ISPLAY

0
OH

N N
N 3 OH

HO NH
A- o 0 NH

H O O O O
H 

0

S NOH HN' ' N

OOH H(O, o HOHO
12 HN

12 I~I

-0 138;

Ic S ga :1

'TI 1433.0
tVp I

In$ 3.40
at pht

14 13 12 11 10 9 8 7 6 S 4 3 2 1 FIFE

1.00 S.,3 1.000.02 1.00 1.04 3.422.22.37 1.04 3.00 s-42 2.40 3.47 1.731.14.45
l.t 3.43.06 1.34 1.A .43.64 2.63 1.1103 3.08 1.16 31.44 4.13452.19.1
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Chapter 3
Analytical HPLC Traces
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Chapter 3
UV-Vis Spectra

299



Ent-Amp

-+Fe(II)

300 400 500 600
Wavelength (nm)

700

a)
C.)

-0
En
.0

11

1

D-Ent-Amp

+Fe(III)

300 400 500 600
Wavelength (nm)

700

.0

12

1.2

1.0

0.8

0.6

0.4

0.21

0.0
300 400 500 600 700

Wavelength (nm)

4

2

1.0

0.8

0.6

0.4

0.2

0.0
300 400 500 600

Wavelength (nm)
700

16

Ent-Hydro-Amp

+Fe(oll)

300 400 500 600 700
Wavelength (nm)

a)
C-)

Ent-Hydro-Amx

+Fe(III)

0.81-

0.6

0.4

0.2

0
300 400 500 600

Wavelength (nm)
700

Ent-Amx

+Fe(Ill)

30-0 0 0 0

1.

0.

0.
0.

0.

(D

.0

-0E.
.0

13

cu
0
Cn

1.0

0.8

0.6

0.4

0.2

0.0

D-Ent-Amx

+Fe(III)

15

1.2.

1

0.8

0.6

0.41

0.2

E.

.0
Cn

0

300

I -lef

.2

1

1

1



Chapter 4
NMR Spectra
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STANOMO IN OBSERVE

#UPI stolh
SMPLE DEC. a VT

date Jul I 21 drs 340.107
solvent COCl3 di "1file /ateroe/data- deer 30
/export/howM/nolam- df 0
/Nt.ho/srhat/0762- do nm
lsmlenechlorometh- dam, c

ydtte~rtsre.ftId def 200
ACIS t10 twop 20.0Sfrq Ses.1S IIICESIN

tn "1 WtIlle
at 4.603 prOc ft

OP 40152 1i 131672
Sw 4002.4
(D not used wrr

be 4 wixp
tpwr 54 wst

MC 5.0 witfl, 0.0154
tof 567.7
nt is
ct SAloCk n
gain not used

rLAOS
In a

DISPLAy
up -126.3

Wp 3249.6
vs 152
sc 6

wC 256
hm 13.66

Is 566.60
rtl 2412.9
rfp 2178.6
th 26
ins 2.020
ri ph

10 9 8 7 6 S

1.., 2.06
2.0 2.23

STANOMD IN OBSERVE

SAMPLE SEC. & VT
date Sep 17 2010 dfeq 301.107
solvent COC13 da 1
file /mIrrorl/d0t.- dawr 30
/export/*,efneolan- daf 0
/56t580/Wh dt/17 . nnn
ltlknecholoromet. d C

5Veater3CH2.ftld def 260
UII1Tt0l teap 20.0

sfrq 360.168 PROCESSING
t" M1 wtfile

at 4.003 p-oc ft
eM 45052 i 131072

so 602.4
lb not used w:rr
62 4 ua p
tpvr 54 .1t

pW 6.6 wit
di 0.151
tof 667.7
nt 1
Ct 1aloc. n

gAn not Used
?LAOS

In
dp y

DISPLAY
sp -121.4

WP 3241.7
vs 066
sc 20C0C 216
ham 12.07
rtt 2611.0
rtp 2176.6
th 20
ins 2.000
em ph

0

0 Cl

-~

4 3 2 £ PPI

2.25
2.42

0

2

4 3 2 1 ppm

2.0 2.10
2.OS

10 9 8 7 6
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STANDARD li GOSERVIE

angI stdh

SAMPLE DEC. a VT
Ato Sep 17 2610 dirq 300.107

solvent CDC13 o I1
file /eirror/itata- *pwr 30
/export/hoe/nobat- df 0
/10tthemrhat/0917- as non
10 lkn6ChIOr60Uth- dem c

y= Ister4C02.fid der 200UISIT20N tNe 20.0sftr 300.104 PROCE3IN
Io It Woile

at 4.001 proc ft
np 4A02 n 131072

6w 6062.4
fb not aged warr

be 4 wsxp
tpwr 54 *aO

PW 0.0 unt
dl 0.010
tof 467.7
nt 1
ct 10alocK n
gain not used

FLAGS11n
in
dp y

DISPLAY
sp -137.3

WP 326S.3
vs 161
sc 0
wc 20
h0M2 11.00
to 200.00

rIO 2013.1
rIp 170.0
th 20

invu 2.000
n ph

0

0 CI
3

10 a 7 4 3 2 1 ppm

1.t3 2.03 2.00 2.311.3 2.03 1.06 P.1i

N 0

N N

I I
F

0 0 0
4

9 8 7 6 S 4 3

1.60 6.74 5.05
0.06 0.71 2.05

0 ppm2

4.01 5.00
1. 06. 02

I

3.01

303

Lovoai0..ajni

6xP1 62put

SAMPt
"0to May is 200
solvent COC13file depACOUISITION
$fro 401.070

at 2.1:1no $276:
IV 1201.2

to not "sad
00 4
50 2

OW 12.6di e
tof 800.0
nt 32
ct 32a locc ngain not used

FLAGS
11 n
in n
d, y
hi no

DISPLAY
sp -250.2
0p 4000.0
06 110

wc 25:

Its 4469.9rfP 3629.1th I
In, 1.040

ne ph

DEC. & VT
dirq 409.874
dl 

I1deer 3
de 0

do nnn

200
0564
dres 1.0hcao n
tqsp 24.6

DEC2
dloql 6
inlderll 0doori 1
d 2 0

d=62 Cdaft 200
010q2

:. 2 1.0
tCmol n

DCC3

0003 6:;3.s A

8r.61 1.0

h003

homes n
PROCESSING

it 1.10

fr, Was6
Math f

wore
wgxpwtscOOP wi

-
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STAODOO IN OLsavE N

N N
#wpI stdlh

SN .t DEC. a VT V
"4t0 et 2 lo dfr 300.107 F

solvent CDC13 dn N1file /MOrfor1/dats- Opwt 30 0 0
/export/imos/nmtan- e
/110tht1/orhat/192- de Mnn
l0levooloenr3C$.f- dom c

d dof 200
ACQUISITION temp 20.0

sfrq 300 .0 PROCESSING
tn "1 Wtfileat 4.003 proc ft

np 40052 in 131072
OW 0002.4

ft not uSed worr
6. 4 wCop
tpwr 04 Cbs
pw 0.0 suot

dl 0.00
tot 007.7

Ot 
clock
gain not used

FLAGS

inn
DISKP.AY

Op -120.0
Vp 3140.0

Vo 151
St
wc 21
h 1.00

0s 360.00
rf1 2012.0
rIp 2170.0

th 20
ins e3.00
N ph

10 9 8 7 6 5 4 3 2 1 ppm
1 1.03 2.28 1.$0 3.71 0.72 0.140.90 1.11 0.10 3.03 4.83 2.11 3.00

STANDARD IN OSERV

owpl gtdlh 
NAMP.E DEC. A VT

"nto Out 2 2010 drq 300.107 N Nsolvent CDC3 dn "1ftile /oirrort/data- dpwr 3ewport//oms/noln- 00f 0
/0*oc(rblost- m n F

id loc 2000
ACOUISMIO tomp to.0fer 300.100 POOCESSING 6

tn 01 Cile
at 4.003 proc ft

Op 4021 I 1 231012
SW 6002.4

(b not us: worr
65 4 wwxp
tpwr 54 %do
pW 0.0 soot

08 0.026
tof 067.7nt 11
aloc n
gain not used

FLAGS,
11n
In
Op y00 DSPLAY
5p -820.7

Wp 321,.7
vs 121
Sc 

CC 20
SSmm 12.97

iS 200.00
rfl 21.3

rfp 2170.0
th 20

5no 2.060
no ph

18 9 8 7 6 5 4 3 2 ppm
01 711.00 .50 2.03 3.040 0 0. 94 3.80 4.01 1.032 2.12
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STANOAD 14 OBSERVE

sMPLE KCC. & VT
date Aug 3 2010 dtr; 300.107

O tent CDCI3 'i "1
file /m.eror1/deta- dpwr 3
/export/hose/nolen- Oft
/N10tZh/athat/6009- NO

2opon6CIllinalken-e dm
.130 461 200

ACQUISITION teG 20.0
ifr . PROCESSIMO
tn "I wtfils
at 4.003 proC ft

np 46002 tn 131072
S 662.4

lb eat used barr
be 4 wsxp
tpwr 04 36

d1 0.03
tot 067.7
at 13
It 26alocic n
Sole n nt used

FLAOS

in n

DISPLAY
so -121.3

vs 33?

-c 250
him 12.71

is 50.40
rf7 2612.6
rtp 2170.0
th 20

on" 2.00
n, ph

H H
N -S

- 0
0 )

70 
0

8 7 6 5 4 3 2 1 ppm
5.14 0.85 0.96 2.21 2.00 2.53

6.S6 3.40 0.10 0.30 2.37 5 1V

STANDARD ICO 0 0RVC

eapi atdlh
SARPL2 DCC. £ VT

date Feb 6 2011 dfrq 300.107
solvent COCIS d "I
r13 /dOta/620rt/- dpwer 30
home/nolan/WOtzbe/- dOf
*rbdt/020616hex43k- d' nan5
ene0CTIactone.fti- c

d df 20
ACQUISITION tmp 20.0

srrq 3.0.20& P~oCjIO
tn "I wtfi1e

at 4.003 proe ft
op 4022 fn 131072

SW 0002.0fb not Used %err
00 34 Wxp
tpwr SO 0bs

dl 0.00
tot as?.7at is
ct 1.
*ack n
gain not used

fLAGS

dop
DSPLAY

soP -150.1
WP 3034.0

.C 0
we 250
himk 12.00
30 464.3S

It, 2612.1
rfp 2174.0

In 3.000
i ph

OBn
OBn 0 ' 0Bn

H
N NH OBn

0 r-
11 0

HN 0

BnO 0

BnO
12

-r T i --

987 6 54 3 210 ppm

2.71 27.06 2.25 32.3
17.33 2.26

1.03 6.56 5A.54
4.32 6.20

10 9
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STANDARD in OBSERVE

*NpI 55055

SAMPLE DIEC. & VT
dats Rev 3 tole Efq 306.197
.0o:vont CKS 3 'I III

file /mlrrog1/oats-spCow 30

jUo loromehti15O- co nc

efrit 300.19 PROCESING
in RI stfll*at 4J043 IprC ft
.P 413 2 s 5n31672
sw $02.4
fb not utid verr

554 cvp
tpwr 54 ybs

St 5

gots not slog
P LAOS

do y
DISPLAY

O -131.4
Vop 343s: 1

Re, 0,

"" 13.2)
Is 5041C
rll ME502
ftp 2125.5

555 20
InS t.0
no Pho

0 0
F N OH

N N
0 lyN,_)

01 i 13

10 9 8 7 6 S 3 2 1ppm

5 .02 1.5 4.20 4.00 2.70
0.07 2.00 1.02 2.25

1111 DDCug"V

isto 5 120 21 Ef sl

IN". 1, Zell4st efo~ 9.is
osos,?.,ts, 4Sf 0

to" somret,1411- 4sw

fqd9 4sf too

of.t~ ~ o* P~~n

1"1 26000 C5 262144

10 110 0

rtno

Vs; 4164.2
ISOI

Vt Its

fe Fs

0 0

N N O

0yN,.)

0- 13

I I
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S£AN7420 1 OSAVI

*xpI Gtdlh
SaPPLE eEC. VT

date DOe 20 2030 f-q 306.107
solvent COCOS do HO
f100 /m Irror0/data- deor 3.
/apOIt/oa/noiso- dor 0

10bocbesanineciro- doa c
.tid emf200ACUISITIa tON p 2o.o

sfrq 300.00G PRODCCS0010
tn 00 tIl

at 4.003 pr0C ft
np 40052 n* 131072
n £6002.4

lb not used no-r
01 4 wep
tpnr 24 wbopw . n
dl 0.600tof as?.7
nt 10
Ct 100aloce
gal no 00F LAGS

In n
d. Dipkp y

OtSPt0V
ap -633.1

*p 6002.3
W6 1 1

no 220
hum 24.00

o 5000.00
rIf 2012.7
rfp 2176.0

in. 2.000
m ph

IL

H
Boc'N 0 0

0 F 0

0N) N

0 N

16 14 12 10

11f COSERVE
STANDUAO PAAMEERS

.upst 2pul
$"PLC DtC. a VT

date Nov 30 2010 dfrq 300.107
solvent COC13 an M1
file /0rrort/deta- dpwr 30
/export/bome/nolan- dot 0

/No 2b/mhat/I11s- em nn30baleaoteciproUIO- am0 C
.J4 dot 2oo

ACUISITION tamp 20.0
sfr. 202.202 PUOCE(30NG

to F12 lb 0.30
at 0.30 wtfile

0 500000 proc ftsw 200000.0 In 262144
(b SSG.:

tpwr 56 W00PW 11. s
40 4.060 not

tot 21621.2

000 lOt 00
11.ck n

to

Op y
OIOPLAY

op -400002.0
no 00000.2

Ic 0
01 250
0060 400,00

00 0000.00
ff0 40002.0

tfp S

000 200.006
neph

8 6 4 2

1.00 2.06 4. 0I.21 2.35 ZZOU
1.00 1,00 0.2 1.4370 104429

H
Boc' 0 0

0 F OH

N Nr N

0

ii
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3TANCIA110 1 ERVIE

expi Stish

SAMPLE Dec. a VT
date Sec 1 2010 dirin 300.100
solvent On0 dm "I
fi e /Mirrerl/dsta- dpwr 26
/export/hOmeneolan- dot 0

/000t200/aitt/1201- da n6
10baainecipro.fl- dam cd OWf too

AC0UTSITON tamo 16.0sfre 360.16 PROCES8160
in II wifile

at 4.003 proc ft
op 4802 n 131672

W 600M2.4
tb rot *led worr
b0 4 wqxp
tpwr 54 oo

dl 0.0 W"
to, 007.7
.t 4
at 64
alock 1
gain not usedFLAGS11nin 8

DISPLAYso -124. 3Wp 3739.6
sc
wcm 11,hZW 14 is
Its 13?0.4rfp ?So.3
th i
Ins 2.8.no ph

G e
CF 3COO H3N

0 F

r0 r

N N
14N

11 10 9 8

0.60 1.7?
1.73 1.13

8TAN0ARD P0*AM0TER7S

expi sOpal

sAMPi. DEC. a VT
"0to aec 1 2010 dire 300.105

So'vent 0M do I
fle /Irror1/data- dero 30

/ooport/iima/bolan- mr a
/60t200#/ftdt/1101. 66 nn
ISFplbalannectpro- dm c

.rid dat 20
AC0UIST1 01 top 2.6
sor. 2 2 .383 P6OCE.1.0

to F14 16 0.30
at 0.300 wtfile

np suow proc ft
sw 10600.0 10 203044
tO 9000

be 4 wirr
SP.t to %AeNP

0W 11. 0 Z.
dl 4.900 wt
toE 107.2
nt 32
ct
alock
gain not used

FLAGS
Onn inn

DISPLAY
sp -40525.5
00 61000.2
vs 151sc
9c 25
him 4,0.0

11 300.06
If, 49126.2
0rfp0top 8th
Ins 3.ee
no pit

15 108

7 6 5 4 3 2 1 pp
1.00 3.as 2.03 2.12

0.84 360 I.03

E (
CF 3COO H3N

O F

N N

O N

14

5 o -so -L

O

AOH

-15 ppm

0 0
OH

N

LA1

308



2748248 in OB"tOYC

3"p t I OIC. & VT
date Fob 1S 1011 di8e 00.18?
slveont CDCO 13 0w2

h nolon/O~txho/- OCt 0

tOO d 20c
8C9SITI00 LOAD 20.0

%f rqC See.188S PROCESSING

t1 4.003 Meo ft
4880832 ;r 131072

as 4 ogopipof 54 .10
808 8.0 wot
"I 0.0

gaon 007.7oo
FLAG

DISPLAY

V, 121

oc 250
18t~m 10.21
I ' 302.81tOl tell.3
ro 2178.8

t0n0 2.00
no h

N 0 F 0 OH

- 0F :,:y0

0/ K N, A
0 18

r-

Is 1 3 1 115 a 6 5 4 3 2 1 prm

001.02.02 00. 11I 2.01
0.6; 10.42 3.40 3.0i 3.02 2.41

1Y080800 00 OBSERVE

4810 fob 22 tell
OIot C0C13

fib /O4#;t4/qoPort/-

4thyblylonel18

sfiq 300.108

np 48102
to 0002.4

bIpor 54

111

nt 
1

ga8n nOt aoo
FLAGS

.1 DISPLAY-

wP 30 ".0

01 250
hum. 12.0

80 30218,ii

011. . w!~
afrq 3 1. 107
do 01
dpwr 30
dot a
do 00.

ottI 10 IM
Proc f
to 117

0800

0801

0 0
F)~ OH

CF 3COO 0y
0

19

If, 2 0

to 2.00

-- T - 'T TJ--I

9 7 6 5 4 3 2 1 ppm
0.60 6.08

309
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lo* MesRVESTANDAD PiiAMMITERS

SANOL! DEC. a VT
dte Feb 11 2611 dtre 300.107

solvent CDC013 n NIfile /"dto/oeport/- dpwr 30
Oaose/lan/00t20/- dot 0

rhat/62211110icip10- """
00o n'f" don tst1se""1 set~eti it

stfq 1.2.382 tmp 20.0
tn Il PROCESSING
at 0.300 lb 0.30

IV 100000.0 p Oc ft
t s3e to 202144

be 10tvwr s: werr
Ow 210 mp
dl 4.660 v,,,

tof 2037.2 WlA
nt 8
Ct 0alock
gain not used

F LAGS11 nin
DSPLAY

sp -40000.2
WP 0 I300.2
Vo 151

SC0
we 250

21m 10.51

is 400
itp 0
th to

in, 100.000
no ph

156 50

F

r 0
0 N

'2 0 0 N
CF 3COO

0
19

~~~'?YY1!W'YWW'~'1' '~'~"~'~'VYY P
10 a a -5.

STA2000 10 0Ill MU

expi stal"
SAmPLE etc. a VT

date fob 23 2011 drtq 360.107
solvent COC12 4h 1
tile /data/oport/- dywr so
hmaelnolan/AOtlhol- dot
mrbat/023&10Io00- do

otr Ilactone.tid dw c
ACQt1ISITo a.t w0M

sfrq S30.100 tiap 20.0
In "1 PROCESSI0
at 4.002 ViM*

1p 40602 p'oc ft
le $002.4 fm 231071

tb not uedb. 4 wirr
tpff s4 wtne
hi 4 Vi .

tot 07.7
Nt 10

esa , ntusCt10 mots

nAG
in n

DISPL.AY
or -1s1.

w 4001.7
vs 151sc

itl 034.0

Oh 20
Int 3.000na ph

HOC.
0

F 0

I N 0 OBn
N N

. N O OBn
0 O NH

BnO HN O H-/
BnO 0 Bno

OBn
21

/ , i h

15 14 L3 12 11 1 9 8

. ?1 0.12 i.12

7 6 5 4 3 2 1 P30

12.50 7.01 124.94
6.70 3.0 3.7.37 .0

21.42

0 0

OH

N

-100 -150 ppm

310
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STANDARD 1 MUMLROC

SAMPLE DEC. 6 VT
date Apr 22 2011 dire 300.107
sotvent CDC13 da 1
file /data/moport/- dow 30

towuI/nolan/fttzho/- 0f 0
*rhat/04221c1proc- 0 nin0

klorost 1.fid dC
ACQUI0ITI dof 24c

ufrq 360.101 POCES1ING
tn "t wIlS.

At 4.003 proc ft
op 08052 Is 130072

Ow 602.4
n0 not used rr

Pt 4 weOp
Ipswr 54 W"l

1W .0 wet

tof 6?7.?
nt 16
ct to

gal0 not use:

01 ainn
DISPLAY

up -050.1
wp 401.?

-i 1$1sc

It 107.80
110 2012.0

rfp 2178

Ot 4.40
ph

_r -II

0 0
F OH

CI I
N NNaY

0
23

I
15 14 3 12 11 10 9 8 7 6 S

0.14

/

4 3 P 1pm

4.00 4.13
2.60 2.54

Z.46

.. 00 1.S21.R.38a.7
1.20 0.675.424?

0 0
F OH

Tr O
NbN. N

0 0 N 4
0

24

1

6 45

... .. .. .. ..

3
0.00 2.02

3.08 2.18.74

2 1
0.38 3.80 2.28

2.8 5.65

Ii
Ii

ILLI
9 8 7 Ppm
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STAMDRO I" OSERVE

@opI 55411.

S20590. 5(C. A VT
"at. Npay I Z9l1 dfq 300.107
solvent COCIS do 'I
tol /.fdata/eort/- d,- 3:iim/tilasliiulit-do?

ar*t/6013ciproo-. do nn
thylyiy.tld - c

srrq 2 PROCS10
Is 01 "IWile
at 4.603 p-oc Ft

"1 4652 fi 131072
a. 02.4
t mot used wer,

bh 4 wIsp
Spit 54 .es

si0.0 ndl .0
tof 167.4
nt is
St 10
als is
=an w t use:

FLA
inn

dp CISPtLO V
5p -1$0.1

top sssi.o
Vi 121

iv0

2s:
Vt 220
himm 12.00

ii 200.00
rfl 2812.?
ftp 2178.3
tO 20
toil 3.3000
-a p11

9 a 7

2.04 .7

£?ANOabo Ii 03850WE

cospI stdlh
s8091.1 DCC. 8 VI

dos Nay 7 2011 dlrg 200.10?
solsest COCS do 01:
tile /dotespOrt/- do-i 36
*fiiat/SOellleipfos'- do 5n0

dot 20

otrq 260.138 P8OCSSInO.
ts 31 wth.l
at 4.082 eroe ft

Se 002 to, 521072

bi 4 wisp
to-f 14 tos
pg 8.3 Vol
d1 .023
tot 607.7

5.1 10
atocl M
gal n ot sled

FLAGS
5111 .0 O

011SIILA at to

19 -128.1
Vp 405.?
V5 251

toe 250
h"m 13.21
is 423.6 .
fti 2312.0

ftp 2170.0
tO 2i

iso.k n

I 6.360

FLAGS

0 0

F OH

HN rN N

0
26

~0~

6 5 4 3 2

1-.1 2.00
4-.5

1 6 ppm

3 .1
3.06 2.

0 0

F - N OH
Boc 0 N

'N NN

0
25

15 14 3 12 11 is 9 8

0.76 2.02
0.13

7 6 5 4 3 1 ppm

0.03
0.0l

1.77 3.01 13.20 0.02
1.44 4.17 1.13 2.91
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to,* 1910
to0 £ 99£ 0' 001 1 10! SC du

odd T z E P, S 9 1 6 a T T I z t v I S T

JJj f Y

it's 9 *1J

HO Id C £100 110

doIP Afdo
0o; I~i SCT

.is* C 001 C U'SCE
or-Z Wti se-C III-I

odd I T

-~~~~ r7----~- -

N N

HO,:

0 0

0

J 00O

99 6

d000 I

cc5 Car

00 
-qt

@0? 3

1001- dS
A d11

TIMI
Petri 300 UITI

1,91 9OY

lon 50 ld
,in I's I jm I

~£Ot10 Si 4uCI d

ONSIIIOC0d got Iset bojS
Go Je w01jxU o

p Clil I'AI IHO

o uop ./eOjdu/uusl/%bJ

0103 Ago "10 /1 Ado mI

ILA 1 '330 3 '12.
4IP)' vex*

JAMISIO St OVV±£

EiE

10-S k l I I ol -2 Iz -t11A



5TMDM0 I" OBSERVE

*xp1 stdl

SA6PLE 01C. 0 VT
dato Jul It 2011 dlr 30.1e?
solvent C0C13 do 01

til / iexport/- dpwr 30
how0/ 0fWtZhO&~ dot 0

arbat/07 123IC pros.- n
" S!I~la.fld d

h dtef 200
6fr 301 .146 PROCESSINGt. III Wsile
at 4.03 ;,oe ft

.P 4805? 131072
9w 6002.4

tb not used wirr
Do 4 woup
tpwr 54 wbg
pw a.0 wt1
dl 0.050
tOt 67.7
nt it
Ct 32
al00 n

gal not used
F LAGSItt0in

dp yDISPLAY
sp 058.0

Wp 4401.7
00 151
Sc0
-c 290

imm 00.s1
I. 106.0
rt 2016.1
rfp 2170.5
th 2

Ino 1.000
n ph

0 0
F OH

0 N N
NNij ON

I N1IyOrO N__H 0

29

16 15 14 1 12 11 1 9 8 7 6 5 4 3 2 ppm
0.66 3.34 0.80 4.31 17.130.70 1.86 0.00 3.00 3.?3

STANDOAD IN DUCKY[t

OA0kt 0CC. £ VT
dote Jul 12 2011 dirq 300
solvent COCOS d
fit1 /data/&xpoft/- dpwr
Iona/0@niA/oft*1/- do!
*rhat/9712110iprot- do

" 192aVGI.fied..ACO!rSr105 dot
frit 306.105 P51ocSSI5

tn "I wtfile
at 4.002 proc

no 400s1 to 1t

ft not Us .,r
be 4 woxp
tpwr 04 wes
III $.e wet
dl 0.0s20
tot $57.7
61 32wt $
galuck 0

gn not used
FLAGS

Inn

dpy
DISPLAY

sp -16.1
010 4501.vs 051sc

w0 250
h2"n 1.21
i 6804.23

rfl 2011.5rfs 2 1 7.8
thp 20
On. 1.000

n0 plo

15
0.61

14 13 12

.107
01
26

t0

ft
1072

0 0
F YOH

0 N L

K N O N

0 0
30

V-
11 10 9 8 7 5 5 4 3 2 1 ppm

0.06 3.38 1.02
0.61 1.14 1.01

4.41 1.43 13.04
1.00 4.12 3.01

/
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STANDAD IN OSSRVE

SAPLC OC. A VIT
dte Jul 10 2011 dfrQ 300.107

solvent COC13 do NI
told /damt/Oepor%/ dpr 30
ho.u/m.I.,/Ntxh,/- do?
arhet/O 1,0110proe- do .nn

Ol I.. fi m c
gcuoTen et zoo

ottq T :0,toll PMOCtSSIMO 6sfrq 3:~es s~esra
tn "I wifilo

at 4.003 poc ft
nP 48052 1. 131072

sw 000.4
00 wit 1usd rr

DI 4 2xp
tPur 54 wus

Wu 0.0 Idal
di 0.00
to( 007.7
nt 32
ct 0

04in not uses
Sil .,t,2

4P.00

DISPLAY
So -100.2
wp 2001.0
20 150
II 0wc 25

0 0
F OH

N N

H2 N 0 0 N

0 0
32

Its" 12.as
00 000.00

rff 2001.2
rfp 2170.5

tO 20

iii 4.000
ph

9 T 7 6 4 3 2 1 0 ppm

0.03 1.01 0.2.0 4.77 6.14

STANDARD IN OASERVE

0-901 stdih
sA0PtE DC. a VT

05t Aug 12 2011 dlrq 300.100
)olvnt CD300 do 01

file /ata/axprt/- dpsr 30
h04/n,0lat/fOtlht/- def 4

.arOt/001211CiprO- dd
thriVel.fid dm c

ACQUIS TSON df 2000
sfrq 300.100 P00CSSIN2
tol MI W.filo

.1 4.003 "r0' ft
np 46452 to 131072
ww 0002.4r.0,o used werr

00 4 wOIP
tpwr 04 Wbd
s4 0.0 Wat
d, 0.060
tot 067.7nt i2Ct 24

g.lenl no, ...no
in 1 n

0 0
F , OH

N N
0 0 N

0 0 33

DISPLAY
sP -150.2

up 3001.0vs 101
sc 0.c I5:

hnm 12.0Is ' sl.30
rfp 112:.
th
ins 3.000

mmph

4 3 2 1 0 ppm

1.20 0.V6

315
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STANDARD 1 30SERVE

vpwl Steaf

2*031.3 OrC. a VT
"to Jul 24 2011 dfr

0  340.107solvent Cocos on "I
file /03ta 3pore ttf op r 3
61* 3/nla./mt1zP- P s

arte/07M433pro. Ubn
th~ognstntCfitI0

ZAt IONdo 200.0 0615
In 31 wI.fIIa
at 4.003 prof t
as WIN n 131t2

ow 6662.4
ft not used warr

PW 6.0 wot
at 0.305

At 4.
ct 00

gain not used

11 nF LAGS
In

do 3
OISPLAY

313 400117
vs 151

IC 
0

1i 34.53
f1i 2033.0
0 to 2yS.S

Ing 3.000
o ph

15 14 13 12

0.03

STADRD IN OSSERVE

3.01 33030

SAnnE OCC. & VT03t1 sep A 2013 Vr'q 300.10
60oent COC1S do "ItilI. /0613/euort/- dt.r 30

hm./.olan/atzho/- ot 0
aubatJ9411960 3l~pro- am nnn

COU1SIT2ON Uf oo
re tn 0.1In PROCESIN0

at 4.003 proc ft
S 08t to 133372

fb not ".s6 wre
be 0 wMp
tu 5.3 wat

tot 507.2

Ct St
gn not Mood

FLAGS

inn
o y

so S -IS'

.C0
w 2.2

f3 1012.0l1 to is. 4rp 
tips.I

In$ 0.000
. ph

11 1II

0 0
HO 2C F 0 N OBn

F 
0

N H
N N OBn

N O HN 0

OBn 0 0
BnO N &S NNH

0
1 rl H 0 0 "

35 nO
OBn

-T

9 a 7 6 5 4 3 2 ppm

i .026.7631.61 2.84 2 s2s 1..43.07 l.082.14 11.7 10.31.09 2.94 3.97 11.60

0 0
HO2C F 0 OBn

1~ 0.~ H NN N OOBn

N H
y H

0 .-
r),

36 BnO
OBn

_ _ A

15 14 13 12 11 to 9 8 7 6 S 4 3 2 1 ppM
-72 2.57 3.32.413.1 .74-23 2.20 3.34 3.032.353.01 1.773.33 33.30.34 2.33 0.02 4.75 3.332.324.30
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B
200,.

1000 220nm

800
cu

a) 600

-u 400
0
$ 200

0

150

0
c)
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Retention Time (min)

1000

- 800

a 600
C

.D 400
0

200

0

- 220nm

I
0

316 nm

1 00-

50

01
0

-i--I-
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Retention Time (min)

B
500.

316 nm
400.

300.
c

cu 200.
.0

-n 100.

0
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Retention Time (min)
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Appendix 1
NMR Spectra
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STANDARO 1 O&SIRVI

axpl stdib

SAMPLE DEC. a VTdate Jan 7 2010 dtrq 300.107
Solvent COC13 an Hi
file /datalexport/- dpwr 30
homO/nolen!NOtzhe/- dof 0
mrhat/0I07!0boc-c0 dot nn

ptO.fid dm c
ACQUISITION dof 200

frq 300.106 tamp 20.0In Ni PoCEssING

at 4.003 Stftle
np 48452 proc ft
sw 6002.4 In 131072
tb vot used
bt 4 werr
tpwr S4 wvxp
PW 0.0 wbS
di 0.050 Wnt
tof 07.7
nt 1
Ct to
a lock n
gain not used

ItA0
tn n
dp y

DISPLAY
ip -748.4
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