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Abstract Pathogenic microbes rapidly develop

resistance to antibiotics. To keep ahead in the

‘‘microbial war’’, extensive interdisciplinary research

is needed. A primary cause of drug resistance is the

overuse of antibiotics that can result in alteration of

microbial permeability, alteration of drug target

binding sites, induction of enzymes that destroy

antibiotics (ie., beta-lactamase) and even induction of

efflux mechanisms. A combination of chemical

syntheses, microbiological and biochemical studies

demonstrate that the known critical dependence of

iron assimilation by microbes for growth and viru-

lence can be exploited for the development of new

approaches to antibiotic therapy. Iron recognition and

active transport relies on the biosyntheses and use of

microbe-selective iron-chelating compounds called

siderophores. Our studies, and those of others,

demonstrate that siderophores and analogs can be

used for iron transport-mediated drug delivery

(‘‘Trojan Horse’’ antibiotics) and induction of iron

limitation/starvation (Development of new agents to

block iron assimilation). Recent extensions of the use

of siderophores for the development of novel potent

and selective anticancer agents are also described.
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Introduction

The development of resistance to antibiotics is now

very common and considerable research effort should

be devoted to keeping us one step ahead in the

perpetual war against microbial infection. While

resistance to antimicrobial agents is inevitable, over-

use of antibiotics has exacerbated the problem by

inducing microbes to alter permeability barriers and

drug target binding sites, biosynthesize enzymes such

as beta-lactamases, that destroy antibiotics, and

evolve efflux mechanisms to actively pump antibiot-

ics out of the target cell before they cause irreparable
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damage (Levy 1992). Still, even while microbes exert

such combined efforts to circumvent uptake and

action of antibiotics, they must assimilate nutrients

for survival. One of the most essential of these

nutrients is iron. Interestingly, microbes most often

rely on sequestration of ferric iron [Fe(III)] even

though it is inherently insoluble in aqueous and

organic media, hence also in lipid-like and membrane

barriers. Herein, we summarize efforts to exploit

microbial iron transport mechanisms for the design,

syntheses and study of novel antibiotics. The focus

will be two fold and emphasize the potential of iron

transport-mediated drug delivery and possible impli-

cations of limiting iron uptake by microbes.

Extensions of the chemistry developed during these

studies also has potential for the discovery of other

therapeutic agents, including anticancer compounds

and diagnostics.

To sequester physiologically essential iron,

microbes use three general mechanisms (Winkelmann

and van der Helm 1987; Hider 1984; Guerinot 1994):

(1) chelation and active transport, (2) low affinity

ferric transport directly from host iron sources, and

(3) ferric ion [Fe(III)] reduction to Fe(II) prior to

transport. In the first and most common iron transport

mechanism, microbes synthesize and secrete specific

low-molecular weight iron chelators called sidero-

phores. Once secreted, the siderophores bind

extracellular ferric iron from the media or host with

binding constants often ranging from 1030 to 1052,

depending on the nature of the ligands. Most sidero-

phores contain three bidentate iron binding moieties

(most often hydroxamates, catechols and/or alpha-

hydroxy carboxylic acids) attached to a single

platform to maximize binding efficiency. The biosyn-

thesis of siderophores is up-regulated under iron

deficient conditions, including those experienced

during infection of a host. Competition for iron

between a host and pathogenic microbes is one of the

most important factors in determining the course of a

microbial infection (Payne 1988; Bullen 1987). In

many infections, siderophores produced by microor-

ganisms are even able to acquire iron from the host’s

storage proteins, lactoferrin or transferrin. Most

microbes express specific outer membrane proteins

to recognize the iron complexes of their sidero-

phores and sometimes even evolve receptors for

siderophore-iron complexes made by other microbes

to insure a competitive growth advantage. Recognition

is followed by initiation of specific protein-mediated

active transport processes (Ferguson et al. 2002, 1998).

After siderophore-iron complex uptake, release of the

iron for storage or metabolic use proceeds through

either enzymatic degradation of the siderophore or,

more commonly, through reduction of the tightly

bound Fe(III) to Fe(II) which has a lower affinity for

the siderophores.

Siderophore-mediated drug delivery

(‘‘Trojan Horse’’ antibiotics)

Siderophore-mediated drug transport in bacteria and

fungi has been demonstrated in our laboratories

(Miller and Malouin 1993; Miller et al. 1993) and

others (Budzikiewicz 2004). Furthermore, nature has

provided examples of iron transporters used to deliver

toxic substances to bacteria in the albomycins (Benz

et al. 1982; Benz 1984, 1984, 1984 Paulsen et al.

1987), ferrimycin A1 (Rogers 1987; Neilands and

Valenta 1985), and the salmycins (Vertesy et al.

1995), recently synthesized for the first time in our

laboratory (Dong et al. 2002). The following discus-

sion will not be all inclusive, but will highlight

design, syntheses and studies of siderophore-drug

conjugates. The studies included detailed demonstra-

tion of the ability to actively transport drugs to

targeted pathogens by microbial iron assimilation

mechanisms. Recent reviews also emphasize the

importance of siderophores for virulence and the

potential of the ‘‘Trojan Horse’’ approach (Miethke

and Marahiel 2007).

Studies have demonstrated that the use of sider-

ophore-mediated drug delivery for the development

of new antibacterial agents is feasible and effective.

In an early example, E-0702, a semisynthetic iron-

chelating antipseudomonal cephalosporin derivative,

was proposed to be incorporated into microbial

cells by the tonB-dependent iron transport system

(Watanabe et al. 1987; Katsu et al. 1982). Subse-

quently, many other catechol (e.g., LB10522 and

several conjugates reported by the HKI) and

hydroxypyridone-substituted cephalosporin deriva-

tives were prepared and shown to have significant

antipseudomonal activity, presumably because of

iron chelation facilitated uptake by otherwise resis-

tant microbes (Heinisch et al. 2002; Jaynes et al.

1996) .
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Albomycin is actively carried into Gram positive

and Gram negative bacterial cells by iron transport

processes and, once in the cells, the thionucleoside

analog is enzymatically released to exert its toxic effect

(Braun et al. 1983). Intracellular release of the amino-

glycoside-like antibiotic from salmycins has been

postulated to involve hydrolysis of the hexopyranose

linker. The overall result was natural evolution of a

siderophore-drug conjugate with outstanding microbial

selectivity and activity (MIC = 0.01 lg/mL) against

Staphylococci and Streptococci, including multidrug

resistant strains! Taken together, these examples of

siderophore-linker-drug combinations suggest that it is

possible to use iron transport-mediated processes for

microbe-selective drug delivery.

Synthetic and mode of action studies in our

laboratories and others indicated that the rational

design and syntheses of siderophore antibacterial

agent-conjugates (‘‘Trojan Horse’’ antibiotics) are

possible (Roosenberg et al. 2000). For example, we

have reported the only synthesis of salmycins and

analogs (Dong et al. 2002). We previously reported

the design, syntheses and antimicrobial activity of

unnatural carbacephalosporin conjugates (1 and 2)

with separate hydroxamic acid-based and catechol-

based siderophore components (Dolence et al. 1990,

1991a; Mckee et al. 1991; Miller 1989). As expected,

detailed biological assays revealed that the hydroxa-

mate- and catechol-containing conjugates utilized

different outer membrane receptor proteins to initiate

cellular entry of Fhu and cir receptors, respectively,

(Dolence et al. 1991b; Minnick et al. 1992; Brochu

et al. 1992). Control experiments with the sidero-

phore components alone indicated that the

siderophores were recognized by and assimilated by

the wild-type target bacteria, but not by the respective

transport deficient mutants, thus confirming involve-

ment in iron assimilation. Once in the cell, the ß-

lactam drug conjugates were found to directly

interact with penicillin binding proteins (PBPs),

induce cell lysis and inhibit growth of the parent

organism. In vitro studies suggested that strains

without appropriate outer membrane receptor pro-

teins (as determined by outer membrane protein

analysis) for 1 or 2 were rapidly selected. While these

strains were resistant to the individual conjugates,

they were still susceptible to the alternate conjugates.

Further, collaborative studies revealed that the

selected mutants were not pathogenic in vivo,

presumably since the mutants lack a full complement

of iron assimilation mechanisms and therefore are at

a growth disadvantage in serum. Additionally, com-

bined therapy using hydroxamate and catechol-

carbacephalosporin conjugates 1 and 2 resulted in

more effective inhibition of microbial growth than

the individual conjugates alone. Based on these

interesting observations we postulated that combina-

tion of catechol and hydroxamate components into a

single conjugate structure might promote recognition

and transport by multiple siderophore assimilation

processes and minimize the development of resis-

tance by selection of mutants defective in one type of

siderophore recognition. Any multiply resistant strains

would be especially prone to iron starvation. Indeed,
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our first synthetic mixed hydroxamate- and catechol-

containing siderophore-like conjugates (3 and 4) of

carbacephalosporins can use multiple transport pro-

cesses in E. coli and are not only effective against the

parent strains, but also the individual mutants

selected from prior incubation with conjugates 1

and 2 (Ghosh et al. 1996). Moreover, the new ‘‘mixed

ligand’’ conjugates have more diverse activity. For

example, when tested against strains of methicillin-

resistant Staphylococcus aureus, 3 had MIC values of

2–8 lg/mL, unexpectedly potent levels for a beta-

lactam (MIC values for Lorabid, the drug component

of the conjugate, against the same strains were

[128 lg/mL). Incubation of 3 with mutants previ-

ously isolated from the exposure of E. coli X580 (gift

from Eli Lilly and Company, Indianapolis, IN) to

hydroxamate conjugate 1, and shown to be missing

the outer membrane triornithylhydroxamate receptor

protein (FhuA), resulted in significant inhibition of

growth. The effect of 4 on this mutant was less

dramatic. Repetition of the growth inhibition/delay

studies with E. coli X580 in the presence of 10 lM of

3 or 4 and EDDHA [ethylenediamine bis(o-hydroxy-

phenylacetic acid] to simulate an iron deficient

medium similar to mammalian serum, resulted in

complete inhibition of growth in the presence of 3.

These fascinating results suggested that conjugate

3 may use alternate receptor and/or transport systems

compared to the original conjugates 1 and 2, while 4,

which contains five rather than the usual three

bidentate ligands, might not be as versatile. Indeed,

further studies with previously selected and charac-

terized mutants indicate a dependence of the activity

of 3 on tonB, cir and fiu. Thus, the new mixed ligand

siderophore conjugate 3 is able to utilize a variety of

active transport processes to deliver antibiotics to and

inhibit the growth of parent strains of pathogenic

bacteria. Subsequently selected iron transport defi-

cient mutants are iron starved and, based on

precedent with 1 and 2, might not be as virulent.

Complimentary disc diffusion assays are often

performed as well as the liquid kinetic growth

inhibition studies (Fig. 1) with representative patho-

gens and each of the siderophore conjugates

synthesized. In some cases, separate colonies could

be observed within inhibitory zones provided by some

conjugates whereas a two-zone phenomena could be

observed with other conjugates. Again, isolation and

studies of these separate colonies revealed that they

were mutants lacking specific siderophore receptor(s)

and/or transport capabilities. We now know that there

is a relationship between the number of individual

colonies within the inhibitory zone or the type of

inhibitory zone observed and the number of ferri-

complex receptors used by a given conjugated drug.

For example, a two-zone phenomena correlated with

the capability to use two ferri-complex receptors for

entry into E. coli cells. We now also know that a lower

frequency of resistance is a very good indicator of

multiple receptor-mediated entry occurring simulta-

neously. This observation is very important and

validated the use of mixed siderophore ligands in

conjugates, such as 3, or use of a mixture of conjugates

(such as 1 plus 2) to achieve greater inhibitory activity

concomitantly with a lower frequency of resistance.

Also, as discussed above, in the case of siderophore

conjugates, the development of resistance should be

viewed with much more latitude and vision since even

one single type of mutation selects strains that are not

able to survive or grow in an in vivo environment

where competition for iron availability is crucial for

pathogenesis.

To further demonstrate the mode of action of these

antibiotic siderophore conjugates, we reduced the

‘‘essential’’ C=C of the drug (Lorabid) and determined

that neither the ‘‘reduced Lorabid’’ nor any of its

conjugates retained any antibiotic activity. In fact, the

reduced conjugate was a growth promoter since the

antibiotic itself is inactive. This simple study was very

important as it illustrated that the antibiotic activity of

conjugates cannot just be attributed to carrying

anything into a targeted microbe, but, at least for

‘‘drug delivery’’ the ‘‘warhead’’ of the conjugate must

be able to hit a target.

We have synthesized and studied many other

siderophore-drug conjugates and found that most that

do not incorporate beta-lactam antibiotics are not very

antimicrobially effective, even though active transport

through the outer membrane still occurs. This sug-

gests a need for release of the drug at some point,

presumably so that the drug can diffuse to the proper

site of action. Again, nature seems to have addressed

this situation. Albomycin is only active against

microbes that possess a serine peptidase to cleave

the thionucleoside moiety from the siderophore pep-

tide (Benz 1984, 1984, 1984; Braun and Endriß 2007).

Based on our earlier syntheses and studies of the

salmycins, we hypothesize that reductive removal of
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iron from the trihydroxamate siderophore may trigger

release of the pendant amino glycoside antibiotic

portion. As shown in Fig. 2, iron release generates

free hydroxamic acids or hydroxamates, one of which

is perfectly poised to anchimerically assist drug

release by an intramolecular attack at the ester-drug

linkage. The potential of generalizing this and other

reductive-triggered drug release process in the design

of new siderophore-drug conjugates is under active

investigation in our laboratories.

Research related to the use of siderophores to

smuggle drugs into pathogenic microbes is becoming

extensive, and justifiably so since new antibiotics are

so desperately needed. Perhaps antibiotics of the

future can be rationally designed to be microbe-

selective based on the generalized structure shown

below (Fig. 3). Meanwhile, other methods of

developing antibiotics based on the amazing impor-

tance of microbial dependence on iron should be

considered. At least two other methods are obvious:

(a) limiting microbial iron uptake and (b) taking

advantage of the actual processing steps required by

microbes to use iron once it is assimilated. A brief

discussion of the potential of iron limitation follows.

Limiting microbial iron uptake: towards

the development of novel antituberculosis agents

Many studies suggest that microbes compete for

limited iron by selective biosyntheses of siderophores

and selective siderophore transport and some studies

indicate that siderophores from one type of organism

can antagonize the growth of other microbes.
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Inhibition of siderophore biosynthesis has become a

target of intense research. Related studies in myco-

bacteria, notably M. tuberculosis, are especially

exciting.

Mycobacterial iron acquisition is essential for

pathogenicity, and provides an attractive target for

the development of TB-selective antibiotics. Chela-

tion and low affinity transport mechanisms have been

found to be operative in mycobacteria (Snow 1970).

Acquisition of iron by mycobacteria depends on the

presence of soluble Fe(III) complexes generated from

host iron sources. These solubilized Fe(III)-com-

plexes must then be sequestered by the mycobacteria

to initiate iron transport across the cell envelope to be

utilized immediately or stored for future metabolic

need. Iron transport mechanisms have been proposed

involving media soluble ferric-exochelins and/or

carboxymycobactins and membrane bound mycobac-

tins. Additional involvement of membrane bound

proteins also has been examined (Vergne et al. 2000;

Wheeler and Ratledge 1994; Ratledge 1984, 1987,

2004). The figure below, updated by us and adapted

from the one developed by Ratledge, represents the

proposed modes of iron transport employed by

mycobacteria. Additional details of the iron transport

processes in mycobacteria are provided below to set

the stage for our proposed use of mycobacterial iron

assimilation processes for the design and syntheses of

novel antimycobacterial agents. The involvement of

two structurally distinct peptide-based siderophores

(media/aqueous soluble and membrane soluble) is

unique for microbial iron transport (Fig. 4).

Mycobactins have been found in nearly all types of

mycobacteria. Different strains of mycobacteria

produce mycobactins with differing substructures,

but all mycobactins have the same general structure

shown above. The key features of the mycobactin

structure are the two hydroxamic acids and the

2-(2-hydroxyphenyl)-D2-1,3-oxazoline residue which

act as iron-chelating components. Mycobactins are

lipophilic, water insoluble siderophores (iron complex

Ks * 1036), and are membrane associated iron chela-

tors as determined by electron microscopy (Ratledge

et al. 1982). Ratledge demonstrated their involvement

in iron transport in M. smegmatis through radioactive

Fe-mycobactin uptake (Ratledge 1971; Ratledge and

Marshall 1972). Their water insolubility precludes

their use as extracellular iron chelators. Exochelin MS

(Sharman et al. 1995a) is a water-soluble iron binding

peptide-based siderophore produced by M. smegmatis

(Macham and Ratledge 1975; Macham et al. 1977).

Exochelins have been isolated from M. bovis (Macham

and Ratledge 1975; Macham et al. 1975), M. avium
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(McCready and Ratledge 1977), M. intracellulare,

M. scrofulaceum, M. paratuberculosis (Barclay and

Ratledge 1983), M. vaccae (Messenger et al. 1986),

M. tuberculosis, M. smegmatis, M. neoaurun

(Sharman et al. 1995b), and M. africanum. Exochelin

MN, isolated from M. neoaurum, can also mediate iron

transport in M. leprae cells, the causative agents of

leprosy (Ratledge et al. 1982). The fact that other

exochelins do not mediate iron uptake in M. leprae

suggests a specific uptake mechanism involving

exochelin MN. An iron transport mechanism was

proposed in which the exochelins act as extracellular

iron scavengers, migrate to the cell wall and transfer

iron to the mycobactins (Stephenson and Ratledge

1978, 1979; Morrison 1995). The presence of free

amine groups in exochelins suggested that iron binding

might be dependent on the protonation state of the

amine. In a collaborative study with Prof. Crumbliss at

Duke University and Prof. C. Ratledge at the Univer-

sity of Hull, UK, we reported the first synthesis and

studies of exochelin MN that allowed us to determine

that iron binding was indeed pH dependent and

proceeds by the detailed process described in our

related publication (Dhungana et al. 2003).

The critical dependence of the growth and viru-

lence of mycobacteria, including M. tuberculosis, on

iron assimilation has generated strong interest in

utilizing this potential ‘‘Achilles heel’’ for the devel-

opment of new anti-TB agents. The known anti-TB

drug, p-aminosalicylate (PAS), was originally pro-

posed as an inhibitor of folic acid biosynthesis. Yet, it

is relatively inactive against other bacteria. Brown

and Ratledge showed that PAS inhibits iron uptake in

M. smegmatis by 50% at 0.33 mM (Ratledge and

Brown 1972; Brown and Ratledge 1975). Iron

dependent enzymes, such as glycerol dehydrogenase

and NADH-cytochrome c reductase, showed reduced

activity as well. Finally, PAS affects the biosynthesis

of mycobactin S. These data suggest that a primary

mode of action of this drug is a disruption of the iron

acquisition and utilization. Since PAS may partially

exert its inhibitory action through a disruption in

mycobactin biosynthesis, further exploration of

agents designed to inhibit the biosynthesis of the

mycobacterial siderophores may be a viable route for

the development of anti-infectious drugs. The use of

modified intermediates in the biosynthetic pathway or

development of novel inhibitors of the biosynthetic

enzymes may reduce the amount of the siderophores

present for iron acquisition. Recent elegant indepen-

dent studies by Aldrich (Somu et al. 2006) and

Quadri (Ferreras et al. 2005; Quadri 2007) have

shown that designed inhibitors of early steps of

siderophore (mycobactin) biosyntheses by M. tuber-

culosis are potent anti-TB agents, again reflecting the

absolute dependence on iron acquisition for growth

and virulence of TB.

Detailed studies and the structural elucidation of

the mycobactins in the 1960s led Snow to hypothe-

size and demonstrate that antagonists to the growth of

one species of mycobacteria may be found in the

naturally occurring mycobactins of another (Snow

1970). Depressed growth rates of M. paratuberculo-

sis, M. kansasii and M. tuberculosis were found when

cultures were inoculated with either mycobactins

M or N. Furthermore, treatment of M. paratubercu-

losis with combinations of mycobactins P and either

M or N led to growth rates significantly slower than

treatment of the microbes with any of them individ-

ually. Another study on the growth inhibition by

natural mycobactins revealed the growth inhibition of

M. aurum by ferrimycobactins J and S (Bosne-David

et al. 1997). We have verified Snow’s hypothesis by

synthesizing and studying mycobactin analogs that

posses potent antituberculosis activity.

As with many natural products, especially peptide-

based compounds, synthesis of the mycobactins and

anlogs required preparation of the components (A–F,

Fig. 5) and subsequent assembly either in a linear

fashion or by segment condensation. A generalized

structure of mycobactins, analogs and their compo-

nents is shown in Fig. 5. Most often, the two main

constituents, mycobactic acids and cobactins, are

synthesized and then coupled to give the complete

mycobactin core. Mycobactins consist of a phenolic

oxazoline derived from hydroxybenzoic acid and

serine or threonine and a lysine-based hydroxamate,

whereas the cobactins are composed of cyclic lysine

hydroxamates that are N-acylated with a beta-

hydroxy carboxylic acid. We and others have

synthesized each of the individual component frag-

ments (A–D) and assembled them to give complete

mycobactins, analogs and truncated versions for anti-

TB screening (Walz and Miller 2007; Somu Somu

et al. 2006) (Fig. 6).

The power of syntheses to prepare mycobactins

directly related to those in nature and unnatural

analogs is also demonstrated by the few examples
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shown in Fig. 5. For instance, synthesis and study of

a form (C16 acyl group) of mycobactin T confirmed

that it was a growth promoter for tuberculosis;

however, we found that change of a single diaste-

reomeric center of the beta-hydroxy butyrate

component to generate the corresponding mycobactin

S, produced a potent TB growth inhibitor, thus,

further illustrating Snow’s hypothesis! With the

intent of eventually preparing mycobactin-like sider-

ophore-drug conjugates, we synthesized YPX-I-145
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in which we substituted a beta-amino acid, diamino-

propionate, for the usual beta-hydroxy carboxylic

acid component. Through broad screening of our

compounds we found that YPX-I-145 was a potent

anti-TB agent (0.2 lg/ml)! Interestingly, the corre-

sponding free amine generated by removal of the Boc

‘‘protecting group’’ was completely inactive, presum-

ably because the resulting free amine is protonated

under physiological conditions and is not compatible

with the hydrophobic environment normally associ-

ated with natural mycobactins. As with the difference

in activity between mycobactin T and S, we also

found that while YPX-I-145 with the ‘‘S’’ configu-

ration of the diaminopropionate had impressive anti-

TB activity while the ‘‘R’’ analog was completely

inactive! (Fig. 7).

Subsequent to these early syntheses and generation

of significant anti-TB activity our goal was to

develop scalable syntheses of mycobactins and,

especially, the lead analog YPX-I-145. This has been

accomplished and is summarized below. Note that the

assembly was accomplished in up to 50% overall

yield!.

Using similar methodology, many full mycobactin

analogs were synthesized for our studies. In addition

to optimizing the synthesis of YPX-I-145, we

repeated the syntheses of mycobactins T (TB growth

promoter), S (TB growth inhibitor), S2 [analog with

short acyl (acetyl) side chain, not active], and other

YPX analogs [pivaloyl (NOT active, though struc-

turally only one oxygen different than YPX-1-145!)],

Cbz (only slightly active), free amine (not active, is

positively charged at physiological pH), retrohydr-

oxamate, small side chain amides and esters

(presumably not hydrophobic enough)] to more fully

elaborate SAR. The latter compounds indicate the

need for a complete hexadentate iron (III) binding

core.

The lack of activity of the analogs missing at least

one iron binding component indicates the apparent

need for a complete hexadentate iron (III) binding

core. The synthesis of an analog missing the iron

binding groups was reported in 1969 (Carpenter and

Moore 1969). No activity was reported. We synthe-

sized the corresponding dideoxy mycobactin T (no

hydroxamates, i.e., N–OH groups replaced with NH)

and several analogs and found that they had no anti-

TB activity. Coincidently, Dr. Branch Moody, Chil-

dren’s Hospital at Harvard, had obtained preliminary

evidence that dideoxy mycobactins were biosynthe-

sized by mycobacteria, including TB, and the

implication was that they might be biosynthetic

precursors of hydroxamate containing mycobactins.

While this would be consistent with recent reports

from the Walsh group (Quadri et al. 1998), it would

represent a departure from the usual biosyntheses of

siderophore hydroxamates that reportedly occur by

amine oxidation followed by acylation. Still more

interesting was the preliminary finding that these

lipopeptide dideoxymycobactins stimulated T cells.

We established a collaboration with Dr. Moody and

confirmed this unique character of the dideoxy

mycobactins (Moody et al. 2004). A subsequent

detailed rationale for the interaction of dideoxymy-

cobactins based on an x-ray structure determination

of one of our synthetic analogs bound to CD1 has

been published (Zajonc et al. 2005). Thus, while

again reaffirming the obvious need for iron binding
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groups for mycobactins to be effective mycobacterial

growth promoters or inhibitors, ‘‘offshoots’’ of our

synthetic work have had additional value (Fig. 8).

Besides preparing and testing all of the individual

components, protected versions and analogs, we

combined them into ‘‘truncated’’ mycobactins that

contain some, but not all of the normal components of

mycobactins and active analogs. Representative

examples of the many prepared are shown above.

None of the truncated analogs had significant activity.

Early in this synthetic program, we also submitted

representative synthetic intermediates of mycobactin

components for testing and obtained significant,

unexpected hits that produced new lead anti-TB

structures! Thus, the simple protected, non-iron

binding oxazoline JH-II-122, was found to have

notable anti-TB activity (Fig. 5), though the corre-

sponding deprotected phenol and acid derivatives had

no activity. Detailed extensive structure-activity-

relationship (SAR) studies have been performed

around this small molecule anti-TB lead compound

and will be reported separately.

Since we found significant anti-TB activity with the

oxazoline analogs and derivatives, we also submitted

hundreds of samples of the linear and cyclic forms of

the lysine components and the beta-hydroxy acids,

esters and amides, and, as indicated earlier, entire

mycobactic acid fragments, cobactin fragments, trun-

cated analogs of mycobactins, related esters and

amides in protected and unprotected forms and found

none to have significant activity against TB or other

forms of mycobacteria and a broad set of Gram positive

and Gram negative bacteria. For example, all zone

‘‘C’’, ‘‘D’’, ‘‘E’’ and ‘‘F’’ components and protected

forms were inactive against TB at 32 lM and all zone

‘‘C’’ ? ‘‘D’’ ? ‘‘E’’ ? ‘‘F’’ combinations were inac-

tive at 32 lM. These combined SAR studies indicate

that, besides finding that hydrophobic forms of the

oxazolines corresponding to zones ‘‘A’’ ? ‘‘B’’, full

mycobactin structures are needed for growth promo-

tion or inhibition. Thus, future studies will focus on

elaboration of the SAR of the oxazoline lead and

design, syntheses and studies of mycobactin-drug

conjugates to test the ‘‘Trojan Horse’’ concept for

development of new anti-TB agents.

Additional therapeutic potential of mycobactins:

siderophores as potential anti cancer agents

Other possible therapeutic applications of mycobac-

tins and related compounds are summarized here to

emphasize the overall potential of mycobactins. A

number of mycobactin-like compounds have been

isolated and determined to have interesting biological

activity. Interestingly, these natural analogs have not

been tested for anti-TB activity, but would help

determine further SAR parameters (Fig. 9).

Inhibition of oxidative damage in mammals

Hydrogen peroxide and superoxide radicals can initiate

Fenton reactions that is in the generation of damaging

hydroxyl radicals (Walling 1975) in vivo, and are

catalytic in iron(II) (Zweier 1988; Graf et al. 1984;

Floyd and Lewis 1983). This chemistry can cause

reperfusion injury to ischemic organs. Desferrioxamine

(Gutteridge et al. 1979) and some of our previous
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synthetic siderophore analogs, spermetaxins and

spermetaxols (Miller and Malouin 1994), are able to

inhibit this type of oxidative damage. Carboxymyco-

bactins from M. tuberculosis were found to be cardiac

reperfusion injury inhibitors (Horwitz et al. 1988, 1999).

Desferricarboxymycobactins were markedly more

active than desferroxamine, in their ability to preserve

systolic and diastolic left ventricular function and blood

flow after a period of ischemia in isolated rabbit hearts.

Chelation of ferric iron by carboxymycobactins in the

cardiac cellular lipid compartments may be the basis for

the activity in that lipid oxidation is thought to be a cause

of reperfusion injury (Kong et al. 1994). The use of

desferricarboxymycobactins for the treatment of ath-

erosclerosis and vascular injury by prevention of smooth

muscle proliferation has been patented (Horwitz 1998).

The mycobactins were originally thought to be

exclusively produced by mycobacteria. However,

recently mycobactin-like structures have been isolated

from other microbes, including Rhodococcus (Hall

and Ratledge 1986) and Nocardia (Ratledge and Patel

1976; Ratledge and Snow 1974; Patel and Ratledge

1973). Formobactin, from Nocardia sp. strain ND20,

exhibited an IC50 of 0.65 lM against lipid peroxida-

tion in rat brain homogenate (Murakami et al. 1996). It

also reduced l (L)-glutamate toxicity in neuronal cells

(EC50 0.017 lM) and suppressed apoptotic cell death

by the oxygen radical producer buthione sulfoximine

(EC50 0.072 lM). These studies suggest that the

mycobactins, carboxymycobactins, and analogs may

possess potent anti-oxidative activity due to their lipid

solubility and ability to chelate iron(III). Nocardimic-

ins A–F, have been isolated from Nocardia sp.

TP-A0674 and reported to have potent muscarinic

M3 receptor inhibiting activity, but no indication was

given regarding microbial growth promotion or inhi-

bition (Ikeda et al. 2005) (Fig. 10).

Anticancer agents

BE-32030 A–E isolated from Nocardia sp. A32030

(Tsukamoto et al. 1997) and the amamistatins A and

B from an actinomycete (Suenaga et al. 1999) have

anticancer activity. Growth of T47D-YB human

breast cancer cells was inihibited by the carboxymy-

cobactins of M. tuberculosis (Horwitz et al. 1999).

Screening the compounds above against TB to further

elaborate the SAR of ‘‘Snow’s Hypothesis’’ would be

of interest, but no reports have appeared regarding

activities of these compounds as either TB growth

promoters or inhibitors.
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We recently reported the syntheses of amamistatin

B, a diastereomer and an analog lacking iron binding

hydroxamates. Although the structurally similar, but

more hydrophobic mycobactin M reportedly has anti-

TB activity, we found that amamistatin B, its

diastereomer and non-iron binding analog had low

anti-TB activity, and that amamistatin B and its

diastereomer promoted the growth of several strains

of mycobacteria and other Gram positive bacteria.

Consistent with the earlier reports that natural

amamistatins have potent anticancer activity, we

found that synthetic amamistatin B and its diastereo-

mer were active against both breast and prostate

cancer cell lines (Fennell et al. 2008).

Conclusion

Siderophores have tremendous therapeutic potential

that is barely tapped. The critical need by all

microbes to assimilate iron can be utilized to develop

new microbe-selective antibiotics either by limiting

microbial iron uptake by competitive iron chelation,

inhibiting siderophore biosynthesis or developing

‘‘Trojan Horse’’ antibiotics based on siderophore-

drug conjugates. New applications of siderophores in

chemotherapy are also being realized.
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