Chemical Interactions of Actinides in the Environment

Siderophore-Mediated Chemistry
and Microbial Uptake of Plutonium

Mary P. Neu

Fe(lll) complex, and the Pu(IV)-DFO

etal ions can interact with plutonium by siderophore uptake mech<rystal structures of the free ligand, the
microorganisms via a range of anisms. We have focused on two tri.- , -

mechanisms. For example,
metals can sorb directly to an organismssiderophores—desferrioxamine E
cell wall, or can react with microbal
byproducts, such as extracellular
polymers. A classic system of microbial-and are readily available.
metal interaction involves low molecular
weight organic ligands (siderophores)
which are excreted and used by plants
and microbes to acquire iron.

All microorganisms, except the
Lactobacilli, have nutritional require-
ments for Fe(lll) that are not met in  tion of any plutonium biomolecule.
aqueous aerobic environments. Under (This complex also contains the first

characterized the first plutonium-
siderophore complex,

Al(H ,0)¢[Pu(DFE)(H,0)3] o(CF;S03)5

hydroxamate desferrioxamine (DFO)

complex have interesting similarities.
As seen in Figure 2, the DFE occupies

(DFE) and desferrioxamine B (DFB)— approximately one-half of the plutonium
because they are the most-well studiedcoordination sphere. Three water mole-

cules bind to the plutonium in the

We have prepared and structurally remaining space. The polytopal geometry

of the plutonium coordination sphere is
a slightly distorted tricapped trigonal
prism; the three bound waters and three

* 14H,0 (Neu et al. 2000). In fact, our oximate oxygens form trigonal planes
work is the first structural characteriza- while the three carbonyl oxygens cap

the prismatic faces.
Ruggerio et al. (2000) found that

those conditions, Fe(lll) has a low soluverified nine-coordinate Ptiion.) X-ray Pu(IV)-DFO is thermodynamically the

bility (at neutral pH, typical concentra- crystallographic data reveal that the
tions are about 138 molar) so that its

bioavailability it limited. In order to o
acquire sufficient iron, bacteria synthe- DFE

size and secrete siderophores that can
chelate Fe(lll) and carry it into the cell

via specific high-affinity uptake recep-

tors. The siderophores are typically {/«

multidentate, oxygen-donor ligands that /OH

usually have hydroxamate, catecholate,
or carboxylate moieties. Although they
are designed to have an extremely high
affinity for Fe™3, siderophores can bind
other “hard” ions, such as Al(lll),

Zn(Il), Ga(llly, Cr(1l),, and, Pu(lll,1V).
(Hard metal ions have high charge to

B o}
ionic radius ratios and form strong HO/ o
inner sphere complexes with ligands NH
containing “hard” donor atoms, such P HQ
as oxygen.) N \—OH O#N

We are examining the redox and Q/\/NH o
coordination chemistry of plutonium 2 °
with siderophores in order to under-
stand how they could affect actinide  Figure 1. Hydroxamate Siderophores
biogeochemistry. We have investigated The chemical structures of two desfer-
the ability of hydroxamate siderophoresrioxamine siderophores are shown above;
to coordinate Pu(lV) and solubilize the the linear trihydroxamate produced by ~ S.
Pu(lV) solid, Pu(OH)(s), at neutral pH, npilosus , Desferrioxamine B (DFB), and the
and have studied the potential for com-cyclic trihydroxamate produced by  P.
mon soil aerobes to interact with stutzeri., Desferrioxamine E (DFE).
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most stable complex among all the
possible Pu-DFO complexes: regardless
of the initial state of the plutonium,
eventually the Pu(lV)-DFO complex
forms. If Pu(lll) is present initially, it is
rapidly oxidized by DFO to Pu(IV).
Plutonium(V) and Pu(VI) are reduced
to Pu(IV). At neutral pH and higher,

the reduction to Pu(lV) is instanta-
neous. Under acidic conditions, Pu(VI)
is rapidly reduced to Pu(V), followed

by a slow reduction to Pu(lV), with the
rate dependent on the pH and the DFO
concentration. Stoichiometric titration

of Pu(VI) into a DFO solution showed
that up to 12 equivalents of plutonium
could be reduced per DFO, showing
that DFO is a powerful reductant for
Pu(VI). In contrast, U(VI)-DFO is inert
to reduction.

The formation constanf, for the
Pu(lV)-DFO complex formed at neutral
pH has been estimated to be extremely
high, logp = 30.8, for DFB (Jarvis, et
al.,, 1991). That constant is higher than
those known for many organic chela-
tors, such as EDTA, citrate, and tiron.
High complex-formation constants are
generally equated with effective solubi-
lization of the metal ion by the ligand.
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Figure 2. Sidereophore Complexation
(a) A space filling model of DFE.* (b) Fe-
DFE complex.** A twist of the carbon
backbone allows the three oximate
oxygens and the three carbonyl oxygens
to form a “cavity” that securely holds the
Fe3* ion. (c) The Pu-DFE complex is struc-
turally similar to Fe-DFE. The large Pu 4+
ion protudes slightly from the cavity. Three
water molecules remain bound to the ion.
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*Van der Helm, D., and M. Poling. 19786. Am. Chem. So88: 82. **Hossain, M. B., D. van der Helm, and M. Poling. 198&a Cryst. B39: 258.
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