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Siderophores are microbial iron transport agents that are
produced when the organism is iron deficient. Their medical
significance is due to iron being a limiting nutrient to bacterial

growth, hence siderophores often are determinants of bacterial

pathogenicity:—* Siderophores form strong and selective
complexes of Fe(lll) which are usually taken up via membrane

receptors. The recognition and transport of these complexes

are generally stereoselective, primarily recognizing the metal
ion coordination geometry> Most siderophores are hexaden-
tate, completely encapsulating octahedral Fe(lll). In order to

encapsulate completely the metal ion, a dihydroxamate sidero-

phore (represented by L) must form minimally a binuclear metal
complex with a stoichiometry of BLes. An early example is
provided by rhodotorulic acidRA, Figure 1), the linear
dihydroxamate siderophore &hodotorula pilimanagwhich
forms a complex of stoichiometry He;.57 What is the structure

of such a complex? As shown in Figure 1 there are two
topologies which can equally conform to the;Egstoichiom-
etry; a related system, dimerum acid, was proposed to form a
monobridged dimet however theRA complexes were assigned
tri-bridged helical structures as found in a synthetic hydroxy-
pyridonate analog that was fully structurally characterized.
These can be regarded as the first helicates, a class o

supramolecular structures that have been recent synthetic

goals!® We report here the first example of the alternative
mono-bridged structure (Figure 1) as found in theLzeomplex
of alcaligin.

Alcaligin (AG) is a 20-membere@; symmetrical macrocy-
clic dihydroxamate (Figure 1) that was first isolated from a
marine algaeAlcaligenes denitrificansubsp xylosoxydan$?

It very recently was found to be the siderophore for two
mammalian pathogensBordetella pertussis(which causes
whooping cough in humans) anB. bronchiseptica(which
causes kennel cough in dogs and a similar disease in sWine).

* Author to whom correspondence should be submitted.

(1) Neilands, J. BBiochem. Biophys1993 302 1-3.

(2) Telford, J. R.; Raymond, K. N. i€omprehensie Supramolecular
Chemistry Elsevier Science, Ltd.: Oxford, In press; Vol. 1.

(3) Matzanke, B. F.; Mller-Matzanke, G.; Raymond, K. N. lfron
Carriers and Iron ProteinsVCH Publishers: New York, 1989; Vol. 5, pp
1-121.

(4) Wooldridge, K. G.; Williams, P. HFEMS Microbiol. Re. 1993
12, 325-348.

(5) van der Helm, D.; Jalal, M. A. F.; Hossain, M. B.liron transport
in microbes plants and animals VCH Publishers: New York, 1987; pp
135-139.

(6) Carrano, C. J.; Raymond, K. N. Am. Chem. So&978 100, 5371~
5374.

(7) Carrano, C. J.; Cooper, S. R.; Raymond, K.JNAm. Chem. Soc.
1979 101, 599-604.

(8) Mahbudul, A. F. J.; Love, S. K.; van der Helm, ID.Inorg. Biochem.
1986 28, 417-430.

(9) Scarrow, R. C.; White, D. L.; Raymond, K. N. Am. Chem. Soc.
1985 107, 6540-6546.

(10) Lehn, J.-M.Angew. Chem.Int. Ed. Engl.199Q 29, 1304-1319.

(11) Meurer, K. P.; Vgtle, F.Top. Curr. Chem1985 127, 1-76.

(12) Nishio, T.; Tanaka, N.; Hiratake, J.; Katsube, Y.; Ishida, Y.; Oda,
J.J. Am. Chem. S0d.988 110, 8733-8734.

(13) Moore, C. H.; Foster, L.-A.; Gerbig, D. G., Jr.; Dyer, D. W.; Gibson,
B. W. J. Bacteriol.1995 177, 1116-1118.

S0d.996,118,5148-5149

H

¢ QE/ﬁN:ﬁ{\/\,:‘-ﬁ_CHS
HyC-C-N Ay~o  HOO

H

Alcaligi (AG) Rhodotorulic Acid (RA)

Q

™ = ligand dianion, 12

= Fe(llf) cation

mono-bridged tri-bridged

Figure 1. The bis-hydroxamate siderophores alcaligin and rhodotorulic

acid and schematic diagrams of their possible dimeric six-coordinate
iron complexes.

Figure 2. The structure of thd=e,AG3; complex showing the three
different ligand fragments: terminal\(andC) and bridging B). The
iron atoms are labeled as Fel and Fe2.

With other recently characterized compout{d8they represent

@ new class of macrocyclic dihydroxamate siderophores.

Thermodynamic studies d®A7 and AG® (Table 1) show
that both form Fel3 species at neutral pH while a tetradentate
monomeric complex, Fet, predominates at pH 2. For the
reactions F& + L2~ = FeL" (K1) and 2Felr + L2~ = Fe)l s
(K>), the value of the stability constakt (10%3-5() for AG is
about 100 times that faRA (10?19, while K3 is correspondingly
about 100 times weaker (17@vs 109, It will be seen that
these values devolve directly from the stereochemistry; alcaligin
is the first preorganized siderophore.

An X-ray quality crystal of the 2:3 ferric complex &G
(FexAG3) was obtained from a solution of JA/CHsCN. As
shown in Figure 2, the structure &&,AG3 adopts a mono-
bridged binding mode, with a U-shaped molecular conforma-
tion1” The bridging ligand twists significantly fronC,
molecular symmetry. Each Feis coordinated in a pseudooc-
tahedral environment provided by three hydroxamates. The
absolute configuration is confirmed by the structure analysis
and with the determination of structure by synthé&isThe
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Table 1. Thermodynamic Comparison of Alcaligin with Rhodotorulic Acid

protonation constants formation constants witfi'Fe
ligand logKa1 log Kaz log K1 log K> log 230 pMa
alcaligin 9.42(5) 8.61(1) 23.5(2) 17.74(22) 64.66(4) 23.0
rhodotorulic aciél 9.44(3) 8.49(3) 21.6 19.8 62.3 21.9
apM = —log[Fe*"] at pH 7.4 with total ligand concentratios 105> M and total iron concentratioss 10°¢ M. ® From ref 7.
Table 2. Metrical Parameters of the Ferric Alcaligin Complex and Other Ferric Hydroxamate Complexes (from Ref 5)
ferric alcaligin
parameter Fe Fe ferrichrome ferrichrome A ferrioxamine E
Fe—O(C) (A) 2.045 2.046 2.034 2.033 2.055
Fe—O(N) (A) 1.981 1.974 1.983 1.980 1.953
O---0 (A) 2.526 2.532 2.534 2.527 2.549
normalized bité 1.25 1.26 1.26 1.26 1.27
trigonal twist angle (deg) 33.0 33.1 42.9 41.4 45.1
O—Fe—0 (deg) 77.7 78.0 78.2 78.0 78.9

1)

Normalized bite: 2 sirf/2), 6 = O—Fe—-0 angle.

of the free ligand conformation of iron chelating fragments of
Fe,AGsis remarkable and can be viewed as resulting from the
inherent structural features 8§G. That is,the free ligand is
highly preorganized for binding Fe3*.

The Fe,AG3 structure is unique in being the first g
siderophore structure crystallographically characterized and in
providing the first example of the mono-bridged structural
alternative to the triple helicates. The latter topology has been
assigned to the complexes of rhodotorulic acid and its synthetic
analogs. Many recent studies have indicated that both stereo-
chemical preference of metal ions and the ligand spacer
separating two binding groups are essential for the formation
of a triple-helix supramolecular structu#e?® The ground state
conformation of the alcaligin macrocyclic ring is inconsistent

Figure 3. Comparisons of structure which show the preorganization

of alcaligin for metal binding. (a, left): The structure of the free ligand W'thhhel'x forrl'natlon. id d | ion for th
(the lighter) is overlaid on one of the terminal ligand (he darker) The crystal structure provides a ready explanation for the

of the iron complex. The rms deviation in atom positions is 0.227 A, differences seen in the stability constants for alcaligin and
(b, right): The structure of the centrd (the lighter) and terminal, rhodotorulic acid. The preorganization of the alcaligin ring puts
the darker) ligands ifFex(AG)s are overlaid. The central ring must both chelate rings in the correct position for the metal complex.
twist from its ground state structure, which is preorganized to bind a This results in a 100-fold increase in the stability of the complex

common metal center, in order to bridge two metal ions. compared to the flexible rhodotorulic acid. However, this
conformational stability is a liability in the trimer complexation

metal centers are each infaabsolute configuration, and are  reaction represented by-Kwith a resultant 100-fold decrease

separated by 7.44 A. In general, the two chelate centers arein relative stability. Overall the trimer formation involves K

not only quite similar to each other, but also are consistent with twice and K once, such that the alcaligin trimer is 100 times

other characterized ferric hydroxamate structures (Tablé 2). as stable as that of rhodotorulic acid. Alcaligin is a siderophore

However, the twist angles (33,133.0°) of the structure are ~ whose geometry is optimized for initial complexation of iron,

about 10 smaller than that of the other ferric tris-hydroxamate a key to its role as a pathogen growth factor.

siderophore complexes and the complexes are trans isomers, ] ) ) )
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