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Uptake of plutonium and uranium mediated by the
siderophore desferrioxamine-B (DFOB) has been studied
for the common soil aerobe Microbacterium flavescens (JG-
9). M. flavescens does not bind or take up nitrilotriacetic
acid (NTA) complexes of U(VI), Fe(III), or Pu(IV) or U(VI)-
DFOB but does take up Fe(III)-DFOB and Pu(IV)-DFOB. Pu-
(IV)-DFOB and Fe(III)-DFOB accumulations are similar:
only living and metabolically active bacteria take up these
metal-siderophore complexes. The Fe(III)-DFOB and
Pu(IV)-DFOB complexes mutually inhibit uptake of the
other, indicating that they compete for shared binding sites
or uptake proteins. However, Pu uptake is much slower
than Fe uptake, and cumulative Pu uptake is less than Fe,
1.0 nmol of Fe vs 0.25 nmol of Pu per mg of dry weight
bacteria. The Pu(IV)-DFOB interactions with M. flavescens
suggest that Pu-siderophore complexes could generally
be recognized by Fe-siderophore uptake systems of many
bacteria, fungi, or plants, thereby affecting Pu environmental
mobility and distribution. The results also suggest that
the siderophore complexes of tetravalent metals can be
recognized by Fe-siderophore uptake proteins.

Introduction
Actinide contamination in soils and groundwater poses a
risk to both human and environmental health. In 1993, the
U.S. Department of Energy identified numerous sites with
significant Pu and/or U contamination in the soils and
groundwater (1). Reports that are more recent suggest that
much more plutonium was released into soil or buried in
containers than was previously estimated (2).Wildfires near
the Los Alamos National Laboratory and the Idaho National
Environmental Engineering Laboratory and on the Hanford
Nuclear Reservation have renewed concerns about actinide
contamination and its migration in soil (3). It is becoming
increasingly clear that many contaminated sites will require
long-term stewardship in addition to remediation (4). Ef-
fective remediation and stewardship will require a better
understanding of plutonium environmental chemistry.

The aqueous geochemistry of Pu and other actinides is
anareaof extensive study;however, few researchefforts have
examined the environmentally relevant interactions of Pu

with microorganisms and microbial products. Microorgan-
isms are known to oxidize, reduce, biosorb, bioaccumulate,
and bioprecipitate many transition metals and can form
metal-binding colloids and films (5, 6). They can also affect
transition metal speciation by causing changes in local pH,
electrochemical potential, or anion availability or by pro-
ducing or catabolizing metal chelating agents (5). Although
fewer effects of microorganisms on actinides have been
demonstrated, and the specific cellular mechanisms of
microbe-actinide interactionshavenot beendetermined (6),
it is clear that thedirect or indirect actionsofmicroorganisms
could similarly alter the solubility, bioavailability, and
mobility of Pu and other actinides in the environment.

The chemical similarity of Pu(IV) and Fe(III) ions may
provide insight to actinide-microbial interactions. Both
Pu(IV) and Fe(III) are hard Lewis acids and have high charge
to ionic radius ratio; both have similar hydrolysis products
onaperhydroxidebasis;bothhave similar solution formation
constants for complexeswith organic andbiological ligands;
and both form colloidal hydroxide species and highly
insoluble hydroxides and oxides (7, 8). In some instances,
particularly when U(VI) is reduced to U(IV), uranium
chemistry may also be similar to iron chemistry. However,
under aerobic conditions uranium will almost certainly
remain in the hexavalent, dioxo form (OdUdO), and its
organic chelator complexes will have significantly different
coordination geometries than the corresponding Fe(III)
complexes. Because of the low solubility (i.e. bioavailability)
of Fe in the environment, most microorganisms have
developedways to solubilize, sequester, takeup, and/or store
the Fe they need to meet their nutritional Fe requirements.
Theseprocessesmayalso affectPu, includingmaking itmore
bioavailable.

We have examined the interaction of Pu with microbial
siderophores. Siderophores are low molecular-weight chelat-
ingagents that areexcretedbymanymicroorganisms inorder
to obtain sufficient iron. Siderophores chelate Fe in the
environment and transport Fe into the bacteria via multi-
protein uptake systems (9, 10). The soil aerobe Microbac-
terium flavescens (JG-9)waschosen for studying siderophore-
mediated uptake of Pu because this microorganism is a
hydroxamate siderophore auxotrophsit requires a sidero-
phore for growth, although it produces none of its own,
allowing for strict control of siderophore concentrations in
all experiments (10, 11). M. flavescens has been shown to
acquire Fe mediated by a variety of hydroxamate sidero-
phores, including desferrioxamines. The desferrioxamines,
desferrioxamine-E andB (DFOE andDFOB, cyclic and linear
trihydroxamates, respectively), arewidely studied, including
their chemical interactions with lanthanides and actinides
(12-14).Weareexamining the chemical interactionsof these
siderophores with Pu (15) and recently reported the crystal
structure of the Pu(IV)-DFOE complex (16), which has
interesting similarities to the Fe(III)-DFOE structure (17).
Herein we report results that indicate Pu(IV) siderophore
complexes can interact with a common microorganism in
an energy-dependent process similar to Fe and seem to be
transported by an Fe-siderophore uptake system.

Experimental Section
Preparation ofMedia and Solutions. Natural Fe (1000 ppm,
in 2% HCl) and depleted uranium (10 000 ppm in 5% HNO3)
were from Spex Certiprep, Inc. 55Fe (FeCl3 in 0.5 M HCl) was
from NEN Life Sciences Products, Inc. 233U (UO2(NO3)2 in
dilute HNO3) was from Isotope Products Laboratories.
Desferrioxamine-B (DFOB) was purchased from Sigma
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Chemical Co. and used without further purification (purity
was checked by NMR). DFOE was purchased from Prof. Dr.
G.Winkelmann (Microbiology/Biotechnology, University of
Tuebingen, Tuebingen, Germany). Remaining chemicals
were purchased from common commercial sources. 239Pu
was prepared from crude weapons-grade Pu(IV) residues
(93% 239Pu)usinga standardprocedure, as follows: A solution
of Pu(IV) in 50% HNO3 was loaded onto a Lewitite MP500
anion-exchange resin column (1 cm ! 10 cm) that had been
pretreated with 8 M HNO3. The column was washed with
100 mL of 8 M HNO3 and then 150 mL of 9 M HCl to remove
all cationic andneutral species and retain the anionicPu(IV)
hexachloro complex. The plutonium was eluted with 0.5 M
HCl. The initial blue elutant (primarily Pu(III)) and a second
brown fraction (Pu(III)/Pu(IV)) mixture ("10 mL) were set
aside; a third fraction (brown-orange) was used as Pu(IV)
stock solution and assayed for concentration by UV-vis
spectrophotometry. All other chemicals were used without
furtherpurification.Formetal-freeexperiments, all glassware
was acid washed, and all plasticware was EDTA washed.

Rich Media and Agar, per Liter. Peptone (10.0 g), 10.0 g
of yeast extract, 2.0 g of K2HPO4, 0.0/15.0 g of agar, pH 7.4,
was sterilized in an autoclave and then supplemented with
0.080 mg of DFOB (50 mM) from a filter-sterilized solution.
Minimal media, per liter: Dextrose (10.0 g), 10.4 g of MOPS,
60 mg of !-glycerophosphoric acid disodium salt pentahy-
drate, 2.0 g of (NH4)2SO4, and 5.0 g of aspartic acid
monosodium salt passed through a Chelex-100 column to
remove trace metals. After sterilizing in an autoclave, the
media was supplemented with 0.080 mg of DFOB (50 mM),
1 mL of a trace-metal solution (per 100 mL: 7 mg of CuSO4,
3.5 mg of MnSO4‚H2O, 2.4 mg of ZnCl2, 100 mg of CaCl2, 1.8
mg of CoCl2, 0.70 mg of H3BO4, 6 mg of (NH4)6Mo7O24‚4H2O,
filter-sterilized), and the following supplements from filter-
sterilized solutions: 0.5 g of MgSO4‚7H2O, 0.2 g of Ca
pantothenate, 0.1 g of !-mercaptopurine, 10 mg of thiamine
HCl, and 0.10 mg of biotin. Radio-labeled metal-chelator
complexes: The stockmetal solutionswerepreparedas0.5-4
M HCl solutions of metals with spikes of radionuclides, as
needed, to allow for scintillation counting: weapons grade
Pu(IV) (92% 239Pu), 12% 55Fe(III) in natural Fe(III), and 4%
233U(VI) in depleted U(VI). An aliquot of the stock metal-
radionuclide solution was added to a 12-fold molar excess
of nitrilotriacetic acid (NTA) and, when used, a 5-fold molar
excess of DFOB to give final metal-chelator stock concen-
trations of 80 µMmetal, 960 µMNTA, and 0 or 400 µMDFOB.
Excess chelator ensured that the metals remained in soluble
metal-ligand complex forms throughout the experiment,
and precipitation and hydrolysis colloid formation were
avoided. Optical absorbance spectroscopy (Cary 5E UV-
vis-NIR spectrophotometer) confirmed that the metal-
siderophore complex forms immediately in the presence of
DFOB, even with excess NTA present.

Preparation of Fe-Deprived Uptake Cultures. Cultures
of Microbacterium flavescens JG-9 (ATCC# 25091, formally
classified as Aureobacterium flavescens JG-9 and also called
Arthrobacter flavescens JG-9 (18)) were maintained on rich
media slants prior to use.The initial culture (inoculated from
a slant into 10mLof rich growthmedia)was grownovernight
to an OD of "1.0 at 600 nm. All liquid cultures were grown
in the dark in a shaker-incubator at 100 rpm and 30 °C. A 1%
innoculumof the initial culturewas added tominimalmedia.
Bacteria were grown for 48 h, until o.d. " 0.2. Bacteria were
separated fromthemediabycentrifugation for7minat17 500
G, washed and with minimal media and reseparated twice,
and finally suspended inminimalmediawithout added trace
metals or DFOB. Final bacteria concentrations for uptake
were between 0.25 and 0.45 mg/mL as determined by
comparison to a standard curve of optical density versus dry
weight.

Uptake Procedures. The bacteria suspensions (19.5 or
29.25 mL depending on the number of time-points to be
acquired) were placed in 150 mL baffled flasks. At the start
of the experiment, 500 or 750 µL of themetal DFOB (ormetal
withoutDFOB) solutionwasadded to thebacteria suspension
yielding final concentrations of 2 µM metal, 10 µM DFOB (if
added), and 24 µMNTA.Temperatureswere between 21 and
23 °C, and flasks were shaken at 100 rpm throughout the
experiment.The concentrations ofmetals and isotopes used
were determined to be nontoxic to the bacteria (toxicity, as
50% decrease in growth in 2 days, "10 mM for U, "1 mM
for Fe and Pu) (19). At set intervals, 3 mL of a wash solution
(333 mM NaCl; 5.0 mM EDTA; pH 5) was added to a filter
well (0.2-µm-pore size PFTE membrane on a Millipore 1225
SamplingVacuumManifold) immediately followedbya1-mL
aliquot of the bacteria suspension. Bacteria were isolated by
vacuum filtration, and filters and bacteria were thenwashed
twice with 3 mL of the wash solution. This removed readily
displaceable metal from the bacteria or filters. Filters were
removed and added to scintillation cocktail (10 mL Ultima
Gold XR; 2 mL H2O). Liquid scintillation counting was
performedusing aWallacGuardian 1414Liquid Scintillation
Counter. Background metal association with the filters was
determined tobenegligible after the rinsingprocedure.Error
for each data point was determined to be approximately 5%
of the experimental value based upon analysis of the spread
in data for multiple samplings at a single time-point in a
representative experiment. The desired use of replicates for
each time-point inall individual experimentswasnotpossible
inour studiesbecauseof limitations in radionuclidehandling
and inventory.Rather, weperformed individual experiments
multiple times to ensure accuracy and reproducibility. Data
reported herein are from truly representative indivdual
experiments.

Radioactivity associated with the filtered bacteria was
correlated to metal concentration by counting a known
volume and concentration of the radionuclides. Uptake
experiments were halted after 10 h to ensure that the culture
remained viable.Thebacterial biomass didnot increase over
the duration of the uptake experiments, within the limits
determinable by OD measurement.

For experiments with heat-killed bacteria, bacteria cul-
tures were placed in an autoclave for 5 min at 120 °C and 15
psi before use. For experiments withmetabolically inhibited
bacteria, bacteria cultures were treated with 10 mM NaN3

for 10 min before use.

Competition experimentswere performedas above,with
the followingdifferences: Indirect competitionexperiments,
bacteria cultures from the same batch of bacteria were
inoculated at the start with only 2.0 µM Fe(III)-DFOB, with
only 2.0 µM Pu(IV)-DFOB, or with both 2.0 µM Fe and 2.0
µM Pu added simultaneously at the start of the experiment.
Sequential competition experiments were performed by
adding thePu-orFe-DFOB complex first and then theother
metal DFOB complex after 30 min, in the same amounts as
above.Sequential additionexperimentswere alsoperformed
by adding the Pu-DFOB at the start in amounts as above
and then either adding the Fe-DFOB in variable amounts
(to give concentrations of 0, 0.20, 2.0, 20 µM Fe(III)-DFOB)
after 30 min or adding Fe-DFOB at variable times (to give
2.0 µM Fe(III)-DFOB added at 30, 135, or 315 min).

In all competition experiments, samples without com-
petitive metal-siderophore complex addition were run
simultaneously so that experimental results could be com-
pared toother resultswith thesamebatchofbacteria.Amount
of uptake varied by as much as a factor of 3 with different
batchesofbacteriaondifferentdaysbutwasconsistentwithin
a single experiment. This difference in uptake is similar to
that observed in previous Fe uptake studies and is attributed
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to differences in bacteria activity and vitality. All uptake is
reported in pmoles ofmetal permg of dry cell mass, thereby
normalizing fordifferences inbacteria abundance indifferent
runs.

Bacteria Washing and Lysing Procedures. Bacteria
cultures were allowed to incubate with both 2.0 µM Pu(IV)-
DFOB and 2.0 µM Fe(III)-DFOB for 4 h and were then
concentrated by centrifugation, washed twice with metal-
freemedia, and then suspended inmedia free of anymetal-
siderophore complex. The bacteria were incubated for 1 h
with 50% ethanol to lyse the bacteria orwere incubated with
a combination of 1 mM DFOB and 2.4 mM NTA for either
one or 18 h. The resulting bacteria suspension was pelleted
by centrifugation at "12 000 ! g for 15 min, and Fe and Pu
associated with both the bacteria pellet and the supernatant
was determined by liquid scintillation counting.

Results and Discussion
Independent uptake ofFe(III),Pu(IV), andU(VI)was studied
first (Figure1).WhenculturesofM. flavescenswere incubated
with any of the metal-NTA complexes (no DFOB), no metal
was found associated with the bacteria. However, when the
Pu(IV)-DFOB or the Fe(III)-DFOB complex was added to
the culture, time-dependent metal association with the
bacteriawasobserved.The initial rateofFeuptakewasgreater

than for Pu uptake. The rate of Fe uptake decreased over the
first 2 h until no increase in Fe accumulation by the bacteria
was observed. This type of uptake curve, attributed to
fulfillment of the Fe nutritional requirement, is typical for
Fe-siderophore complexes (10, 11, 20, 21).Puaccumulation
occurred more slowly but generally increased linearly for
the 10-h duration of the experiment (Figure 1). After 10 h,
M. flavescens had accumulated approximately 1 nmol (60
ng) of Fe per mg of dry weight bacteria and approximately
0.25nmol (60ng) ofPupermgofdryweight bacteria (0.006%
of each by mass). The U-DFOB complexwas not associated
with the bacteria, which was expected based upon the likely
structural differences between U(VI)- and Fe(III)-sidero-
phore complexes. Bacteria that were heat-killed showed no
capacity for accumulation of the metal-DFOB complexes.
Bacteria that had been metabolically inhibited exhibited
reduced accumulation of the metal-DFOB complexes. This
indicates that uptake of both Fe(III)-DFOB and Pu(IV)-
DFOB is a metabolically dependent process that requires
living bacteria and that nonspecific surface association to
cell wall and cell wall components is negligible. Surface
associationof themetal-siderophore complexes afterEDTA
wash is minimal as determined by the lack of metal
association by EDTA-washed heat-killed cells. Surface as-
sociation of the metal complexes in solution may be
significant, but quantifying this associationwith andwithout
EDTA wash was not the focus of this study.

FIGURE 1. Uptake of Fe(III), Pu(IV), and U(VI) by M. flavescens in
the presence and absence of DFB. Fe in the presence (9) and absence
(0) of DFB. Pu in the presence (b) and absence (O) of DFB. U in
the presence (2) and absence (4) of DFB.

FIGURE 2. Independent and direct competitive initial rate of uptake
of Fe(III)-DFB and Pu(IV)-DFB complexes. Initial rate of Fe uptake
in the presence (0) and absence (9) of equimolar Pu(IV)-DFB and
initial rate of Pu uptake in the presence (O) and absence (b) of
equimolar Fe(III)-DFB.

FIGURE 3. Uptake of metal-DFB complexes when equimolar
competing metal-DFB complex is added after 30 min. A. Fe uptake
(9) and Pu uptake (b) with no Pu added. Fe uptake (0) and Pu
uptake (O) with equimolar Pu added at 30 min. B. Fe uptake (9) and
Pu uptake (b) with no Fe added. Fe uptake (0) and Pu uptake (O)
with equimolar Fe added at 30 min.
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A series of competition experiments was performed to
determine if thepresenceofeither theFe(III)-DFOBcomplex
or the Pu(IV)-DFOB complex would affect uptake of the
other. When added separately to cultures, the initial rate of
Fe uptake was about seven times as fast as Pu uptake (3.0
nmol of Pu per mg of dry weight bacteria per min and 20
nmol of Fe per mg/min) (Figure 2). When both metal
complexes were added simultaneously to the same culture,
the initial rates of uptake of both Pu and Fe were half the
initial rates of independent uptake (1.7 nmol Pu/mg/min
and 9.0 nmol Fe/mg/min). The fact that the initial uptake
rate of both metals was half as fast when Fe(III)-DFOB and
Pu(IV)-DFOB were added in direct competition in equal-
molar amounts suggests that they interact with similar
affinities to a common binding site. This also suggests that
the receptor sites are nearly saturated at 2 µM metal-DFOB
concentrations.

In a second competition experiment, the metals were
added sequentially, allowing the culture to incubate with
the first metal complex for 30 min and then adding in the
secondmetal complex. The addition of Pu(IV)-DFOB to the
culture that was preincubated with Fe(III)-DFOB caused a
decrease in the rateof furtherFeuptake, demonstratingagain
that the Pu(IV)-DFOB complex competes for Fe uptake
channels and inhibits Fe accumulation (Figure 3A). Interest-
ingly, the additionofFe(III)-DFOB to a culturepreincubated
with Pu(IV)-DFOB caused both a decrease in the rate of

further Pu accumulation and a decrease in the total amount
ofPuassociatedwith thebacteria (Figure 3B).Approximately
half of the Pu associated with the bacteria was displaced
within 30 min following the addition of Fe(III)-DFOB. This
indicates that not all of the Pu is fully internalized in the
bacteria, some is displaceable.

In a related competition experiment, different concentra-
tionsofFe(III)-DFOBwere added to culturesofM. flavescens
that had initially been incubated with Pu(IV)-DFOB (Figure
4). Higher concentrations of Fe-DFOB caused a greater
dissociation of Pu from the bacteria in the same amount of
time. However, the amount of Pu(IV)-DFOB removed by 2
and 20 µM added Fe(III)-DFOB was not 10 times greater
and the amount of Fe uptake was not 10 times greater,
suggesting that uptake sites are close to saturation at 2 µM.
The mechanism that is most consistent with the data is that
Fe(III)-DFOBandPu(IV)-DFOBcompete for the same initial
association site, withmuch of thePu that associateswith the
bacteria within 30min in a formthat can be displaced by the
Fe(III)-DFOB complex but cannot be displaced by the 5.0
mM EDTA wash.

In a final competition experiment, cultures were supple-
mented initially with Pu(IV)-DFOB, and then at varying
times, a spike of Fe(III)-DFOB was added. Pu association
generally increased linearly up to the addition of the Fe-
(III)-DFOB spike (Figure 5). The longer the cultures were
allowed to accumulate Pu before addition of the Fe(III)-

FIGURE 4. Metal-DFB uptake when the concentration of Fe-DFB
added is varied. A. Fe uptake with 0 µM Fe (b), 0.2 µM Fe (9), 2µM
Fe (4), and 20 µM Fe (") added after 30 min of Pu uptake. B. Pu
dissociation with 0 µM Fe (b), 0.2 µM Fe (9), 2 µM Fe (4), and 20
µM Fe (") added after 30 min of Pu uptake.

FIGURE 5. Metal-DFB uptake when the time of Fe-DFB addition
is varied. A. Fe uptake with Pu added at 0 min. and Fe added at 30
min (9), 135 min (4), 315 min ("), and no Fe added (b). B. Pu uptake
and dissociation with Pu added at 0 min and Fe added at 30 min
(9), 135 min (4), 315 min ("), and no Fe added (2).
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DFOB spike, the more Pu remained associated with the
bacteria after the Fe(III)-DFOB spike. In all cases, the spike
caused approximately the same amount of Pu to dissociate
from all bacteria, regardless of when it was added. This is
most consistentwith someof thePupresent in adisplaceable
form, while some is slowly translocated inside the bacteria.
Because thebacteria arenot dividingduring the experiment,
there should be a set number of surface binding or receptor
sites, allowing only a fixed amount of Pu(IV)-DFOB to
associatewith theoutsideof thebacteria.This “displaceable”
Pu can be exchanged readily with added Fe(III)-DFOB, and
the amount that is displaced depends on the amount of
Fe(III)-DFOB added (up to Fe saturation concentrations)
(Figure 4). Over time, more Pu(IV)-DFOB accumulates, but
no more is displaceable by the same addition of Fe(III)-
DFOB (Figure 5). It is plausible that the Pu is slowly
internalized, and therefore a fraction of the Pu cannot be
rapidly exchanged with Fe(III)-DFOB when the Fe(III)-
DFOB is added later. It is also possible that Fe(III)-DFOB
and Pu(IV)-DFOB have different affinities for different
receptor or other surface site(s) over the duration of the
experiment, making Fe(III)-DFOB less able to displace Pu-
(IV)-DFOB later in the experiment. However, our initial rate
data in singlemetal-siderophoreandequimolarcompetition
experiments suggest that, at least initially, theyarecompeting
for the same site(s) with similar binding affinity (Figure 2).
It is also possible that a change in the associated form of Pu
could occur over time, such as colloidal Pu hydroxide
formation, which makes it less displaceable over the course
of the experimentwithout actual internalization of thePuby
the bacteria, and that this change only happens with living,
metabolically active bacteria. Although we have not ruled
this possibility out, it seems unlikely. Chemical studies with
Pu(IV)-DFOB suggest that the complex is stable in solution,
does not aggregate on surfaces, and does not form colloidal
species, which supports the conclusion that the mechanism
of accumulation is cellular uptake.

Todetermineunequivocally among thesepossibleuptake
process(es) of Pu(IV)-DFOB the final cellular location of Pu

and Fe should be determined. Common techniques used to
determine the localizationofmetals ismicroorganisms, such
as lysing the bacteria using a French press, are not currently
feasible due to our allowable procedures for handling
radioactive samples. Therefore, we performed a series of
bacteria washing and lysing experiments which would at
least elucidatedifferencesbetween the final cellular locations
of Pu and Fe. M. flavescens cultures were incubated with
bothPu(IV)-DFOB andFe(III)-DFOB and then treatedwith
ethanol or chelators to differentiate locations of the metals.
After treatment with ethanol, the majority of the Pu ("72%)
was found in the pellet, while the majority of the Fe ("88%)
was found in the supernatant. This is consistent with the
separation of noninternalized Pu, located with the water-
insoluble cell wall, from internalized Fe contained in the
water-soluble intracellular proteins. After 1 h of incubation
with DFOB and NTA, the majority of the Pu ("69%) was
found in the supernatant, while most of the Fe ("72%) was
found in the bacteria pellet. This could be a result of the
displacement ofPu caused by the freeDFOB andNTA. Small
chelators are known to catalyze desferrioxamine exchange
(22).TheFe,whichwas internalized, remainswith theunlysed
bacteria.After18hof incubationwithDFOBandNTA, slightly
more Pu ("89%) and much more Fe ("68%) was found in
the supernatant. This could be due to lysing of bacteria over
time or the slow dislocation of Pu and Fe.

Clearly, microbial uptake of Pu(IV)-DFOB and Fe(III)-
DFOB are similar, but there are important differences. Pu is
associated with the bacteria when it is added to the cultures
as the DFOB complex and not when added as the weaker
NTAcomplex, aswithFe,which rulesoutnonspecific external
binding. Uptake of Pu is observed only with living bacteria,
and metabolically inhibited bacteria exhibit decreased as-
sociation, as with Fe, showing that uptake is a metabolically
dependent process. In addition, competition experiments
show that Fe(III)-DFOB and Pu(IV)-DFOB competitively
interferewith each other, demonstrating that the complexes
interact with similar sites on the bacteria. An explanation
consistentwithall thedata is thatPu(IV)-DFOB is recognized

FIGURE 6. Single-crystal X-ray diffraction structures of APO DFE (23), Fe(III)-DFE (17), and Pu(IV)-DFE (16).

FIGURE 7. The structure of Pu(IV)-DFE (left) and Fe(III)-DFE (right) molecules docked into the FhuD siderophore receptor. The binding
pocket is shown as a translucent surface, while the remaining parts of the FhuD are shown in secondary structural motifs. This figure
is generated using VMD (36).
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by the surface ferrioxamine-binding protein and transport
channelproteins toallowtranslocationofPu into thebacteria,
albeit less efficiently than Fe(III) uptake. The final location/
translocation of thePuhas not yet beendetermineddirectly.

Similaritiesbetween thecrystal structuresofFe(III)-DFOE
and Pu(IV)-DFOE (DFOE is the cyclic analogue of linear
DFOB) may explain why the Pu(IV)-DFOB complex is
recognized but not taken up as efficiently (Figure 6). The
molecules are roughly equal in size and exhibit similar
stereochemistry around the metal center, yet differ in that
the Fe(III) is six-coordinate and is roughly coplanarwith the
siderophore and the Pu(IV) is nine-coordinate (with three
bound waters) and bound roughly on one side by the
siderophore. These differences may not matter appreciably
to initial siderophore recognition but may affect overall
uptakeefficiency in themultiproteinmetal transport process.
It is notknownwhatproteinsM. flavescensuses to translocate
ferrioxamines; in fact, no ferrioxamine receptor proteins in
any gram-positive bacteria have been isolated. (A protein
from the gram-positive bacteria B. subtillus called FhuD,
which is involved in the transport of ferrichrome but not
ferrioxamine, has been sequenced (24).) However, ferriox-
amine receptor and transport proteins have been isolated in
gram-negative bacteria (9, 10).All evidence suggests that the
binding of siderophores involves very similar recognition
features in all bacteria (9, 10, 25), so a gram-negative protein
can provide a starting basis for comparison for uptake in
gram-positive bacteria. In gram-negative bacteria, all hy-
droxamate siderophores are thought to use the periplasmic
binding protein FhuD (24-26). (FhuD from B. subtillus has
a low, but significant, homology to the periplasmic binding
protein FhuD from E. coli (24).) FhuD from E. coli has been
isolated and structurally characterized with the gallium-
bound trihydroxamate siderophore gallichrome (from fer-
richrome) (27) and with ferrioxamine (28) bound to protein.
The protein structure is identical with either metal-sidero-
phore complex bound, and the siderophore recognition
interactions are very similar in both structures (28). As a
feasibility study, molecular modeling was used to simulate
docking the Pu(IV)-DFOB complex into the FhuD binding
protein of E. coli to see if Pu(IV)-DFOB could fit into the
bindingpocket usedbyFe(III)-DFOB.Because the structure
ofPu(IV)-DFOB is notknown, the structureofPu(IV)-DFOE
(16)wasusedas thestructure forPu(IV)-DFOB in thedocking
study. The crystal structure of the FhuD with bound
gallichrome (27) was used as the template for the initial
dockinggeometry. In thedockingprocedure,both theprotein
(FhuD) and the ligand (Pu(IV)-DFOE) were treated as rigid
bodies. The Pu(IV)-DFOE was first superimposed with the
gallichrome such that the two molecules’ center-of-mass
points aswell as principal-moment-axeswerematched (29).
A short (1000 steps)MonteCarlo simulation (30)was applied
as an equilibration procedure in order to relieve bad van der
Waals contacts between the protein and the metal-sidero-
phore complex. The involvement of ARG-84, TYR-106, ASN-
215, and SER-219 in forming key direct and water mediated
hydrogen bonds with the gallichrome can also be found in
the docked FhuD/Pu(IV)-DFOE structure. The final docked
FhuD/Pu(IV)-DFOE structure is shownwithFhuD/Fe(III)-
DFOE in Figure 7.Thismodeling of the docking supports the
hypothesis that Pu-siderophores can occupy the same
binding pocket as iron siderophores, such as Fe(III)-DFOB,
despite having somecoordinationdifferences. It is likely that
the U(VI)-DFOB complex is structurally very different due
to the dioxo ligands of U(VI) (uranyl) and is therefore not
able to interact with the siderophore uptake proteins,
consequently exhibiting no uptake by M. flavescens.

The requirements formetal-siderophore recognition by
microorganisms have often been probed by studying the
uptake and inhibition of non-Fe metal-siderophore com-

plexes. Our findings that Pu(IV)-DFOB and Fe(III)-DFOB
interact in a similar fashion with the same uptake proteins
indicate that the Pu complex has similar recognition-
characteristics as Fe(III)-DFOB with regard to these uptake
proteins. While the formation of many different metal-
desferrioxamine complexes encompassing a range of metal
oxidation states has been observed, only a few trivalent
metals, such as Sc(III), In(III), Cr(III), Ga(III), and Al(III), are
known to interact with microbial siderophore transport
proteins (31-33).This is the first example of an actinide, and
the first exampleofa tetravalentmetal-siderophorecomplex,
being recognized by Fe-siderophore uptake proteins. This
work demonstrates that a +III oxidation state for the metal
center is not an absolute requirement for recognition and
that recognition is not limited to transition metals. Surface
characterization of the FhuDbinding pocket in E coli. shows
that the ferrioxamine binding pocket has a negative elec-
trostatic potential, which would only hinder the binding of
negatively charged siderophores (27).Previous evidence that
siderophore stereochemistry around the metal center is
crucial for recognition is also supported by our findings
(34, 35).

Our findings also have environmental ramifications. The
mechanisms by which we have shown the Pu(IV)-DFOB
interacts withM. flavescens represent a potentially universal
systemsPu siderophore complexes could be recognized by
the siderophore uptake systems of many bacteria, fungi, or
even plants, thereby affecting Pu speciation, mobility, and
bioavailability. Significantly, U(VI) is not recognized; thus
the effect of siderophores onUenvironmental behaviormay
be assumed tobemore limited to extracellular complexation
and solubilization. The effects of microorganisms and
microbially produced chelators are significant not only for
the long-term fate of actinides in the environment but also
could significantly impactbioremediationefforts onactinide-
contaminatedmaterials.Microorganisms, either specifically
added or intrinsic, could interact with U and Pu, possibly
affecting microbial viability or efficiency or affecting the
mobility and solubility of these contaminants. On the other
hand, mechanisms by which microorganisms interact with
U and Pu could be exploited to develop novel technologies
for bioremediation of actinides by directly affecting the
solubility, speciation, or local concentration of actinide
contaminants.
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