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Summary. Synthetic molecules that mimic the 
properties of the natural siderophores promise to 
become powerful tools in the exploration of mi- 
crobial iron(III)-uptake phenomena. Such mole- 
cules can serve as probes to (i) establish the essen- 
tial structural requirements for biological action, 
(ii) trace alternative reaction pathways and (iii) 
compare receptors of different biological origins. 
In this article a series of synthetic ferrichrome 
analogs will be described. The strategy adopted 
for the design and synthesis of these compounds 
will be outlined and their properties in vitro and 
in vivo examined. The growth promotion activity 
of these compounds in Arthrobacter f lavescens  is 
used to map the ferrichrome receptor surface. 
Their activities towards Zea  mays  allow us to 
trace the plants' reductive iron(Ill) uptake routes. 
Potential applications of modified ferrichrome 
analogs for the isolation of ferrichrome receptors, 
the generation of fluorescent probes and ulti- 
mately new families of antibiotic or antifungal 
agents, will also be indicated. 

Key words: Iron-upake -- Siderophores -- Fer- 
richrome -- Biomimetic siderophores -- Arthro- 
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Introduction 

Vital life processes are governed by specific inter- 
actions between molecules, such as those occur- 
ring between enzymes and substrates, hormones 
and receptors, antigens and antibodies. Much re- 
search effort has therefore been devoted by bio- 
logists, chemists and physical chemists to identify 
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the forces that dictate molecular recognition. 
Powerful physical techniques such as X-ray and 
NMR, coupled with computational methods, 
aided in these investigations and provided struc- 
tural information on the most complex biomole- 
cules. They also stimulated chemists to reproduce 
some of the structural characteristics of the natu- 
ral compounds with synthetic molecules and 
thereby reproduce the capability of molecular re- 
cognition (Cram 1988; Lehn 1988; Kellogg 1982, 
1984; Rebek 1987). A new branch of chemistry 
thus emerged; the branch of biomimetic chemis- 
try (Breslow 1980). Biomimetic chemistry aims to 
simulate biological processes with synthetic 
chemical tools. It relies on identifying the essen- 
tial structural features of the biological systems 
and on incorporating these very features into the 
simplest possible molecules. 

Microbial iron uptake, and specifically sidero- 
phore-mediated iron uptake (Neilands 1984; Ray- 
mond et al. 1984; Hider 1984), appears eminently 
suited to be studied by the tools of biomimetic 
chemistry. Siderophores are low-molecular-mass 
iron(Ill) chelators that are excreted by microor- 
ganisms under iron-deficient conditions in order 
to bind and transport iron from the environment 
into the cell (see Fig. 1). Siderophore-mediated 
iron(Ill) uptake, as elaborated below, is in es- 
sence governed by chemical recognition. 

For an iron(Ill) carrier to be biologically ac- 
tive it has to meet two requirements: (i) to bind 
iron(Ill) specifically and (ii) to interact favorably 
with membrane receptors (Fig. 2). This implies the 
presence of a double-recognition phenomenon: 
iron binding and receptor matching. Synthetic 
models that simulate the performance of the natu- 
ral iron(III) carriers may therfore provide infor- 
mation on the requirements for effetive sidero- 
phore-receptor interactions and make available 
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Fig. 1. Representative examples of sidero- 
phores. Enterobactin (left) and the ferri- 
chromes (right; A, B, C =  Gly or Ser resi- 
dues; R = CH3, or CH C(CH3)CH2CH2OH 
or CH C(CH3)CH2COOH) 

probes to trace the mechanism of siderophore- 
mediated iron uptake. The pioneering efforts in 
this field concentrated on the study of enterobac- 
tin, the most powerful natural iron(III) binder 
known. They aimed to identify the origin of ente- 
robactin's outstanding binding and transport 
properties (Raymond and Carrano 1979; Shanzer 
et al. 1986) and led to the preparation of synthetic 
analogs (Harris and Raymond 1979; Tor et al. 
1987a), some of which proved to facilitate 
iron(Ill) uptake into Escherichia coli (Raymond 
1984; Ecker et al. 1986, 1988). 

In this article we describe our approach to- 
wards synthetic ferrichrome analogs. We will first 
discuss the strategy adopted and the principles 
applied for the design and synthesis of these com- 
pounds. We then examine the activity of these 
iron(Ill) binders in two inherently different bio- 
logical systems, Arthobacter flavescens and Zea 
mays (corn roots), while emphasizing their utility 
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Fig. 2. Effective iron(llI) binding and receptor binding as re- 
quirements for biological activity 

as probes, and conclude by briefly speculating on 
future possibilities. 

Results and discussion 

Ferrichrome was selected as a target siderophore 
since it is one of the best studied and offers a 
large opportunity for biological testing (Emery 
1971; Leong et al. 1974; Leong and Neilands 
1976; Matzanke et al. 1984; Adjimani and Emery 
1988). Ferrichrome possesses a non-symmetric tri- 
podal structure and is composed of a hexapeptide 
ring and three side chains that carry the hydroxa- 
mate-ion-binding sites. When binding iron(III), 
the latter create an octahedral ion-binding cavity, 
while the hexapeptide ring merely serves as an an- 
chor. A priori, two coordination isomers are possi- 
ble: either right- or left-handed. Since ferrichrome 
possesses chiral centers, the two isomers are dias- 
tereomeric and therefore not energetically equi- 
valent nor equally populated. The left-handed 
complex is the predominant one in ferrichrome 
(Emery 1966; Van der Helm et al. 1980) and is the 
only active isomer. Enantio-Ferrichrome, which 
forms complexes of predominantly A-cis configu- 
ration, is inactive (Winkelmann 1979; Winkel- 
mann and Braun 1981). The predominantA confi- 
guration is shared by all members of the ferri- 
chrome family of siderophores, which all possess 
a non-symmetric tripodal structure, but differ in 
the constituents of the hexapeptide ring and the 
nature of the terminal groups (see Fig. 1). 

For a synthetic molecule to simulate ferri- 
chrome it has to fulfill two requirements. Firstly, 
it has to bind iron(Ill) specifically in a left- 
handed configuration and, secondly, it has to 
create an envelope prone to interact favorably 
with the ferrichrome receptor. The challenge of 
the latter task is further highlighted by the lack of 
structural information on the membrane receptors 
and implies the search for a key to a largely un- 
known lock. 
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Fig. 3. Natural ferrichrome (left) and 
principle design of synthetic ferrichrome 
analogs (right) 

We chose to assemble the ferrichrome analogs 
from three modular subunits: (i) a C3-symmetric 
anchor, (ii) extending chiral bridges and (iii) ter- 
minating binding groups (Fig. 3). The substitution 
of the non-symmetric hexapeptide rings by C3- 
symmetric residues was to facilitate synthesis 
while simultaneously generating a tripodal ar- 
rangement fit for octahedral iron(III) binding. 
The chiral information of the hexapeptide ring 
was transmitted into the bridges by using chiral 
amino acids. The latter were also used to direct 
the absolute configuration of the iron complexes 
formed towards the desired A configuration, and 
to allow systematic modifications of the mole- 
cules' spatial requirements by varying the nature 
of the amino acid used. 

Following this principle two series of tripode- 
like hydroxamate binders (Fig. 4) were synthe- 
sized (Tor et al. 1987b; Shanzer et al. 1988). One 
was based on a trigonal amine as anchor, the sec- 
ond on a tetrahedral carbon. The synthesis of 

R"-NOH-(COCHRN R')n-CO 

y L.~ F o ~ CO-(NR'CHRCO)n-NOH-R" 

o v A z ]  Et V 

R"-NOH'(COCHRNR')n-CO / O 

Y 

R'-CH2CH2CO-(NHCH RCO)n-NH l/'~" NH-(COC H RN H)n-COCH2 CH2 -R ' 

R'-CH2CH2CO-(NHCHRCO)n-NH ~ 

Fig. 4. Synthetic ferrichrome analogs: Carbon-based binders 
(top, Y= amino acid residues, Ile, Leu, Pro, Ala, Sar; R"= CH3 
or H); nitrogen-based binders (bottom, n=0.1; R=iBu, 
Rr' = NOHCOC4H4OCH3, CONHOH) 

these binders was performed by condensation of 
the selected amino acid derivatives, hydroxamate 
derivatives, with the tripodal trisamine or triscar- 
boxylate. All ligands were found to bind F e  3+ in 
a 1 : 1 stoichiometry, on the basis of ultraviolet ti- 
tration experiments, and to form complexes of 
preferentially left-handed configuration when us- 
ing L-amino acids, as revealed by their CD spec- 
tra 1. The absolute configuration of these iron(III) 
complexes was thus identical with that of natural 
ferrichrome (Emery 1966; Van der Helm et al. 
1980). 

In order to test the biological performance of 
these compounds, Arthrobacter flavescens was 
chosen as model (Burnham and Neilands 1960). 
This bacterium possesses ferrichrome receptors 
but does not produce ferrichrome itself. It is 
therefore completely dependent on externally ad- 
ded ferrichrome, or ferrichrome substitutes, for 
growth. Addition of the synthetic ferrichrome 
analogs to the culture medium of this bacterium 
and measurement of its resulting growth provides 
a sensitive indicator for the biological effective- 
ness of these compounds. While the nitrogen- 
based binders showed no appreciable activity, the 
carbon-based L-Leu derivative (R" = C H 3 )  

showed 1% of the growth-promotion activity of the 
natural ferrichrome. We therefore concentrated 
on the carbon-based derivatives. If the observed 
activity is of any significance, it should be possi- 
ble to optimize these structures by further modifi- 
cations. 

Considering the fact that the ion-binding 
chains in ferrichrome do not possess substituents, 
we proceeded to reduce the bulkiness of the pro- 

Circular dichroism of iron hydroxamates is a most useful 
tool to determine the absolute configuration of hydroxamate 
complexes and also to obtain an estimate of their optical pur- 
ity 
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Fig. 5. Relative activity of synthetic fer- 
richrome analogs as growth promoters 
of Arthrobacterflavescens (% relative of 
ferri- 
chrome) 

jecting amino acids residues and started by re- 
placing L-Leu by either L-Pro or Sar. And indeed, 
the activity increased from 1% to 80% and 85% re- 
spectively (Fig. 5). In order to establish whether 
the observed effect derived from the 'shrinking' of 
the amino acid, or from a conformational change 
caused by replacing secondary amide bonds by 
tertiary amide bonds, the L-Pro and Sar were sub- 
stituted by L-Ala. The L-Ala derivative was found 
fully to equal ferrichrome in its growth-promotion 
activity towards A. flavescens. Although the de- 
tails of the observed growth-promotion activity 
are still under investigation (Winkelmann, unpub- 
lished results), the considerations given below 
strongly support the involvement of a membrane 
receptor. 

The higher activity of the L-Ala derivative re- 
lative to the more lipophilic L-Leu derivative ex- 
cludes the possibility of mere diffusion. More- 
over, the similar biological activity of the L-Pro 
and L-Ala derivative is in line with the observa- 
tion that L-Ala has most frequently been found to 
replace L-Pro during the evolutionary process 
(Dayhoff et al. 1978). Further support for the oc- 
currence of a receptor-driven process was ob- 
tained when the D-Ala derivative, which forms 
iron(III) complexes of A-cis configurations in- 
stead of A-cis configuration, was found to lack 
any activity. This pronounced chiral discrimina- 

tion is analogous to that observed with ferri- 
chrome, where the antipode of the natural isomer, 
enantio-ferrichrome, lacked any transport activity 
in fungi and showed reduced activity in E. coli 
(Winkelmann 1979; Winkelmann and Braun 
1981). Moreover, replacement of the terminal me- 
thyl group in the synthetic L-Ala derivative by hy- 
drogen decreased the molecule's effectivenes, as 
did analogous replacements of the terminal me- 
thyl group by hydrogen in retro-ferrichrome 
(Emery et al. 1984). 

It is appealing to use the observed scale of ac- 
tivity for defining the domains relevant for recogni- 
tion. Of major importance is the stereochemistry 
around the metal center, where A configuration is 
a prerequisite for biological activity and where a 
terminal methyl group is significantly superior to 
a terminal hydrogen. The lateral portion of the 
molecule allows fine tuning to match the respec- 
tive biological receptor optimally. The anchor, on 
the other hand, seems to allow significant modifi- 
cations. The nitrogen-based derivatives failed to 
provide active compounds, presumably due to 
their prevalence in the protonated form. These 
findings are in line with those reported for entero- 
bactin (Ecker et al. 1986, 1988), where the ex- 
posed part of the iron(III)-binding region was 
suggested to be of relevance for biological activi- 
ty. 
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Fig. 6. Relative activity of syn- 
thetic ferrichrome analogs as ion 
carriers into corn roots 

With a systematic series of biomimetic ferri- 
chrome analogs at hand, we have produced a 'kit' 
that offers itself as a probe to examine iron-up- 
take mechanisms in other biological systems. We 
chose to examine this possibility on Zea mays 
(corn roots), which has been shown to make effec- 
tive use of ferrichrome as an iron(III) carrier in a 
highly specific iron(III)-uptake process (Crowley 
1987). 

Iron-uptake experiments (using radioactive 
59Fe3+) established facilitated iron(III) uptake 
with the L-Ile and L-Ala derivatives, and to a 
smaller extent with the corresponding L-Leu and 
L-Pro derivatives (Ganemore-Neumann et al., un- 
published results). In order to establish whether 
iron(III) uptake by the synthetic compounds is 
specific and involves the same pathway as that 
promoted by ferrichrome, we tested its sensitivity 
to stereochemical effects. Most informatively, the 
D-Ala derivative proved practically inactive (Fig. 
6). This pronounced chiral discrimination in favor 
of the left-handed isomer supports the involve- 
ment of a highly specific chiral recognition site. 

A priori, the observed high chiral discrimina- 
tion may imply either the involvement of (i) a chi- 
ral receptor or (ii) a highly stereoselective enzyme. 
A plausible candidate would be a reductive en- 
zyme. In order to examine this possibility, 59Fe3 + 
was replaced by 69Ga3+ and its uptake moni- 
tored. Gallium(III) simulates iron(III) in its coor- 
dination to hydroxamate binders and forms hy- 
droxamate complexes of the same overall shape 
(Borgias et al. 1986). However, gallium(III) hy- 
droxamates can not undergo reduction and can 
therefore only be taken up via non-reductive 
processes. None of the most active synthetic 
iron(III) carriers facilitated gallium(III) uptake. 

This result suggests that the synthetic-ferri- 
chrome-mediated iron(III)-uptake processes in- 
volve as stereoselective enzymatic reduction step. 

C o n c l u s i o n s  

Synthetic models provide powerful tools for eluci- 
dating the intricate mechanisms of microbial iron 
uptake and assimilation. The biomimetic ap- 
proach is eminently suited for this task as it pro- 
vides ever better models through a series of reiter- 
ative steps from design and synthesis to biological 
testing. Should elements other than those initially 
considered prove relevant, they may be easily in- 
troduced by modifications of the model. 

The biological activity of the synthetic ferri- 
chrome analogs indicates that there can be more 
than a single structural solution to fit a given bio- 
logical receptor. Moreover, it led to a method for 
distinguishing between two types of molecular 
domains: those that are responsible for the bond- 
ing interactions with the receptor sites and those 
that seem to be exogeneously positioned and of 
little importance for recognition. The conservative 
structural features of the bonding domains allow 
us to map the surface of biological receptors by 
applying the principle of complimentary. The al- 
most non-interacting exogeneous domains, on the 
other hand, lend themselves to chemical modifi- 
cations in order to gain specific advantages. At- 
tractive possibilities include the attachment of la- 
bels that would allow us to probe the iron-uptake 
pathway, or the anchoring to polymeric supports 
that would enable membrane receptors to be iso- 
lated by affinity chromatography. Considering the 
high specificity of some of these receptor-driven 
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iron-uptake processes, synthetic siderophores 
might well be used as 'Trojan horses' for the in- 
troduction of toxic antimetabolites. 
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