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dried under a nitrogen stream, redissolved in 40 uL. 75 mm TRIS/HCI
buffer (pH7.4), which contained 0.05% Triton X-100 and 2.5 mm MgCl,,
and mixed with 10 uL of enzyme preparation. Together with control
experiments, the probes were preincubated for 90, 60, 45, 30 and 15 min at
37°C. After addition of 10 nmol "*C-sphingomyelin (ca. 40000 cpm (counts
per minute)) in 50 uL of the same buffer, the reaction was incubated for
another 30 min. The reaction was stopped by the addition of 750 pL
chloroform/methanol (1/1). After addition of 200 uL water, the lipids were
extracted and the radioactivity of the polar upper phase, which contained
4C-phosphorylcholine, was determined by scintillation counting.

The determination of A-SMase proceeded analogously, with use of an
Mg?*-free sodium acetate buffer (pH4.5).
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Structural Characterization of a Plutonium(v)
Siderophore Complex: Single-Crystal Structure
of Pu-Desferrioxamine E**

Mary P. Neu,* John H. Matonic, Christy E. Ruggiero,
and Brian L. Scott

In order to acquire sufficient essential iron, most micro-
organisms produce very powerful, low molecular weight
chelating agents that can deliver iron into cells via active
transport systems. Ferrioxamine siderophores are linear or
cyclic hydroxamates that contain 1-amino-5-hydroxyamino-
pentane as a building block.['l Desferrioxamine E (DFE) and
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D, (DFD,) are the cyclic compounds of this group; the linear
compound desferrioxamine B (DFB)P! has become the drug
of choice for iron and aluminum overload by transfusion.l*!
Desferrioxamines (DFOs) bind Fe' over a wide pH range
(1-12), while showing very little affinity for iron(i) (DFB-
Fe': logB;,,=30.6; DFB-Fe'': logf;;,=72).1! The hexaden-
tate, hard oxygen-donor DFO ligands also strongly bind other
hard metal ions.

We are studying the complexation and solubilization of
plutonium by siderophores. While plutonium does not occur
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naturally, six tons of plutonium have been released into the
biosphere since 1941.5) In addition, numerous U.S. Depart-
ment of Energy sites have significant plutonium-contamina-
tion problems due to accidental releases and past waste-
handling practices.”l Plutonium most likely enters into soils as
plutonium(iv) hydroxides and oxides.” These forms of
plutonium are thought to pose little risk for contaminating
ground water and/or becoming bioavailable because they
have very low solubility and uncomplexed plutonium(1v)
strongly sorbs to mineral surfaces. However, compounds that
solubilize the plutonium significantly increase its environ-
mental migration and thereby also increase its bioavailabilty.
Ferrioxamines are estimated to be present at 0.01-0.1 um
concentrations in soils,®l and the stability constant for a
Pu!V-DFB species is about logf;;, = 30.8.

We have prepared *Pu’V-DFO complexes by reacting
Pu'!, Pu®, PuY, or Pu"!ions with the free ligand. In all cases a
PuV-DFO species formed. To minimize Pu!¥ hydrolysis and
multiple species formation, the title complex was best
prepared by reacting one equivalent of H,DFE with Pu''' in
2™ trifluoromethanesulfonic acid. Following adjustment of
the solution to pH 2 with 0.01m Alin 1M NaOH, a Pu'-DFE
complex formed, which quickly oxidized in air to Pu!V -~ DFE.
The solution was concentrated and crystals formed within a
week on storing the solution at 7°C. An X-ray crystal
structure analysis reveals the product to be [AI(H,O)-
[Pu(DFE)(H,0);],(CF;SO5)s- 14H,0, 1.1 This is the first
plutonium —siderophore complex to be structurally charac-
terized.

The asymmetric unit contains the [Pu(DFE)(H,0);]" ion
(Figure 1), a hexaaquoaluminum(t1) ion, four trifluorometha-
nesulfonate groups and seven water molecules. The nine

Figure 1. Thermal ellipsoid plot of the Pu cation in 1. Selected bond
lengths [A] and angles [°]: Pu-O(1) 2.461(12), Pu-O(2) 2.472(11), Pu-O(3)
2.456(12), Pu-O(11) 2.315(10), Pu-O(12) 2.361(10), Pu-O(21) 2.296(11),
Pu-O(22) 2.341(11), Pu-O(31) 2.303(11), Pu-O(32) 2.386(12); O(1)-Pu-
0O(2) 74.5(4), O(1)-Pu-O(11) 85.3(4), O(1)-Pu-O(12) 71.0(4).

-coordinate plutonium atom is bound by DFE in approx-
imately one hemisphere and three water molecules in the
other. The polytopal geometry of the plutonium coordination
sphere (Figure 2) is slightly distorted tricapped-trigonal prism
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0(32)

Figure 2. Drawing showing the tricapped trigonal-prismatic geometry.

(a twist angle of 10.1° relates the two trigonal planes), in
which three water molecules and three oximate oxygen atoms
form trigonal planes and three carbonyl oxygen atoms cap the
prismatic faces. The four trifluoromethanesulfonate groups
form a hydrogen-bonding network with the interstitial water
molecules.

Characterization of plutonium complexes is scarce; for the
most common oxidation state, plutonium(v), only a few
complexes with mono- and bidentate ligands have been
characterized by single-crystal X-ray diffraction. Most pluto-
nium(1v) complexes characterized by X-ray diffraction are
eight-, ten-, or twelve-coordinate and contain several biden-
tate ligands arranged in a square-antiprismatic, dodecahedral,
or icosohedral geometry, for example, in the oxalato, nitrato,
carbonato, and sufonato complexes.'l Compound 1 is the first
discrete molecule containing a nine-coordinate plutonium(1v)
ion.

The free DFE ligand and its complex with Fe'! have been
structurally characterized.l'”) An overlay of the [Fe"™(DFE)]
and [PulY(DFE)] complexes is shown in Figure 3. Remark-
ably, the DFE molecule spans the same diameter in both

Figure 3. Overlay of Ferrioxamine E (dashed line) and the plutonium
cation in 1 (solid line).
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complexes, yet has the flexibility to twist the hydroxamate
groups roughly 20° relative to the [Fe(DFE)] structure to
accommodate the three coordinated water molecules in 1.
This has the effect of making the oxygen atoms that were trans
(about 180°) in the iron complex to lie in the plutonium
complex 140.8(4)° (O(11)-Pu-O(22)), 136.5(4)° (O(21)-Pu-
0(32)), and 135.7(4)° (O(12)-Pu-O(31)) apart. This rotation
and the larger size of the plutonium atom allows the DFE
ligand to span only one half of the atom as compared to fully
encapsulating the iron center. The larger plutonium(v) ion
also increases the metal —hydroxamate bonds from 1.938(4) -
2.089(3) A in the iron complex to 2.303-2.375 A in the
plutonium complex, which in turn decreases the average bite
angles from 79.1° to 65.6°. The structure has three distinct
Pu—O bonds: a Pu—O (water) mean length of 2.463(12) A and
two different Pu—O (hydroxamate) lengths, reflecting a
negative charge localized on the oximate oxygen atom. On
average, the Pu—Oy distances are 0.06 A shorter than the
Pu—O¢ lengths. This is a smaller difference than those
reported for other M"Y —hydroxamato complexes (range from
0.105-0.142 A.03)

The cis-cis configuration of the oximate oxygen atoms of
the DFE molecule relative to one another is the same as that
in its iron complex. A correct designation of trans or cis
configuration of the nine-coordinate plutonium is impossible;
however, a “pseudo designation” can be inferred from the
angles. This configuration may be a result of the hydrogen
bonding interactions of the oximate oxygen atoms and the
hydrated aluminum cation. The aluminum cation is on an
inversion center between two [Pu(DFE)] units. The water
molecules from the hydrated AI'! ion form strong hydrogen
bonds to all three oximate oxygens of the DFE hydroxamate
groups (O(21)-O(70) 2.63(5), O(11)-0(72) 2.62(5), O(31)-
0(71) 2.61(4) A).

The DFO ligand has shown extraordinary ability to
coordinate a much larger and structurally diverse metal
center than that of iron. The unique properties of this ligand,
specifically the lipophilic pentane groups and hydrophilic
polar carbonyl and hydroxamate groups, appear to dictate a
specific molecular structure upon metal complexation. All
three polar peptide carbonyl groups lie on the same side of the
molecule in both [Pu’V(DFE)] and [Fe"™(DFE)], not the case
in the free ligand. This change in molecular conformation may
provide a microorganism with a mechanism by which metal
complexes are recognized and transported into the cell. Initial
studies of the aqueous speciation of plutonium(iv) in the
presence of DFB and DFE show the formation of similar
products as a function of pH: one at lower pH (<4) and
additional species at higher pH (4 —10). Studies of the solution
properties of 1 and other [Pu’V(DFO)] complexes and the
bacterial uptake of plutonium in the presence of DFB are in
progress.
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