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Abstract

Plutonium is a toxic synthetic element with no natural biological function, but it is strongly
retained by humans when ingested. Using small angle X-ray scattering, receptor binding assays,
and synchrotron X-ray fluorescence microscopy we find that rat adrenal gland (PC12) cells can
acquire plutonium in vitro through the major iron acquisition pathway, receptor-mediated
endocytosis of the iron transport protein serum transferrin; however only one form of the
plutonium-transferrin complex is active. Low-resolution solution models of plutonium-loaded
transferrins derived from small angle scattering demonstrate that only transferrin with plutonium
bound in the protein’s C-terminal lobe and iron bound in the N-lobe (PuCFeNTf) adopts the proper
conformation for recognition by the transferrin receptor protein. Although the metal binding site in
each lobe contains the same donors in the same configuration and both lobes are similar, the
differences between transferrin’s two lobes act to restrict, but not eliminate, cellular Pu uptake.

Organisms have no natural mechanism for specifically recognizing plutonium (Pu) as it is a
non-essential element that until 1941 only existed on earth in biologically insignificant
concentrations for at least the last two billion years. Nevertheless, Pu is radiotoxic and is
strongly retained by organisms1, Pu uptake from an accident, environmental contamination,
or a nuclear or radiological attack can pose significant health risks. Plutonium localizes
principally in the liver and skeleton in humans where it remains for decades2. It associates in
vivo with the iron-containing proteins serum transferrin and ferritin3,4, but despite the
danger of plutonium poisoning, the specific molecular-level pathways Pu travels to enter and
localize in cells have never been identified2,5 and no complete structure of a plutonium-
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protein complex has ever been reported. Understanding how a synthetic element like
plutonium subverts existing biological metal-acquisition pathways to enter cells and where
the pathways of plutonium and essential metals, such as iron, converge or diverge could
provide important insights into the molecular mechanisms organisms use to distinguish
between metal ions and enable new treatments for plutonium poisoning.

Plutonium’s chemistry bears limited resemblance to that of biologically important transition
metals. Plutonium is highly redox active with four oxidation states (III, IV, V, and VI)
potentially relevant to living organisms, although Pu(IV) has long been considered the most
important under physiological conditions6. Regardless of oxidation state, Pu ions are hard
Lewis acids that generally form kinetically labile bonds with ligands7. They are also large
ions (crystallographic radii = 0.85 – 1.14 Å for CN = 68, depending on the oxidation state)
that prefer high coordination numbers; plutonium complexes with coordination numbers of 8
or 9 are common9.

While these properties set Pu apart from transition metals commonly encountered in the
metallome, Pu and transition metals do share important similarities. Similar to high-valent
transition metals, tetravalent Pu is strongly hydrolyzed at physiological pH10. In the absence
of steric constraints, Pu4+ tends to form complexes that are about as stable as those of
trivalent first row transition metals, notably Fe3+, because the metals’ charge to radius ratios
are similar1,11. These properties give plutonium a chemistry that partly resembles transition
metals, especially iron. The chemical similarities of Fe and Pu are particularly important to
the metal transport protein serum transferrin (Tf). Transferrin functions to strongly bind and
carry two Fe3+ ions into cells, but it also binds Pu4+ strongly12 with a reported conditional
pKd = 21.25± 0.7513, and it accounts for 70–90 % of the Pu in serum3,13.

Diferric transferrin (holo-transferrin, Fe2Tf) delivers iron to mammalian cells through
receptor-mediated endocytosis in a multi-step process. Transferrin is a bilobal glycoprotein.
Each lobe of Tf, the C-lobe and N-lobe, is composed of two domains with one iron binding
site located at the bottom of the inter-domain cleft in each lobe. When an appropriate metal
ion and a synergistic anion (i.e., CO3

2−) are both present in one binding site, the domains
close around the binding site, sequestering the metal and binding it tightly (Kd = 10−21.4 M
for Fe3+)14. When both lobes of Tf are thus properly closed, the metal-transferrin complex is
in the proper conformation to be recognized by the transferrin receptor protein (TR) on the
cellular surface. At the extracellular pH of 7.4, TR binds Fe2Tf strongly (Kd = 5 nM)15.
Other forms of transferrin, metal-free apo-transferrin and the monoferric transferrins FeNTf
and FeCTf (with the metal-containing lobe indicated by the subscript N or C), are not in the
proper conformation to be well-recognized by TR because one or both of the lobes remain
open in the absence of a metal cation16. As a result, the receptor binding constants of apo-
Tf, FeNTf, and FeCTf are at least an order of magnitude smaller than that of Fe2Tf-TR15.

While some have suggested that transferrin may carry Pu into cells17, extensive in vitro
experiments have been taken to imply that plutonium-transferrin complexes are not taken
into cells in a manner similar to the iron-transferrin complex2,18–20, presumably because
Pu4+ is a larger ion than Fe3+ and strongly prefers higher coordination numbers. Instead, an
ill-defined uptake pathway, which does not involve transferrin, has been invoked as the
source of intracellular Pu18,20.

Studying the conformations and biochemical interactions of plutonium-transferrin
complexes using a low specific activity plutonium isotope (242Pu) to minimize radiation
effects, we found that mammalian cells could acquire Pu through the common Fe uptake
pathway of receptor-mediated endocytosis of metallo-transferrins. However, to be taken into
the cell by receptor-mediated endocytosis, Pu needed help from Fe because only one isomer
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of the monoplutonium-monoiron-transferrin complex was active. In the active form of the
plutonium-laden protein, Pu4+ was bound in the metal binding site of the protein’s C-
terminal lobe and Fe3+ was bound in the protein’s N-lobe (PuCFeNTf). All other forms of
plutonium-transferrin that could exist in vivo failed to adopt the proper conformation for
receptor recognition and uptake. Although the metal binding site in each lobe contains the
same donors in the same configuration and both lobes are similar14,21, the differences
between transferrin’s two lobes restricted, but did not eliminate, cellular Pu uptake.

RESULTS

Receptor binding of plutonium-transferrins

To understand how cells take up plutonium and if the cellular uptake mechanisms of Fe3+

and Pu4+ diverge, we systematically examined the binding of Pu-Tf complexes to the
transferrin receptor protein, which is a prerequisite for cellular uptake of a metallo-
transferrin. Receptor binding assays of plutonium-bearing human transferrins were
conducted using the soluble extracellular fragment of human transferrin receptor 1 isolated
from serum22, which retains its capacity to bind Fe2Tf23. The binding of the controls apo-Tf
and Fe2Tf (Fig. 1) were as expected from the previously reported binding constants15,24.
The two Fe3+ cations in diferric transferrin were then systematically replaced with Pu4+,
individually producing the mixed monoplutonium-monoiron-transferrin complexes
PuCFeNTf and FeCPuNTf, and the diplutonium-transferrin complex Pu2Tf (i.e., PuCPuNTf),
which were incubated with the transferrin receptor. The receptor binding assays of the three
plutonium-transferrins (Fig. 1) indicated that each of these metallo-transferrins could bind
soluble TR under our experimental conditions. However, the different forms of Pu-Tf
showed different receptor binding behaviors. The affinity of TR for Pu2Tf and FeCPuNTf,
was substantially lower than for PuCFeNTf and Fe2Tf, suggesting that although Pu4+ binds
to Tf in the Fe3+ binding site13, neither Pu2Tf nor FeCPuNTf would be recognized at
physiological concentrations. In contrast, PuCFeNTf should be recognized by TR.

Solution conformations of plutonium-transferrins

One form of plutonium-transferrin, PuCFeNTf, bound the transferrin receptor well but the
two other forms, FeCPuNTf and Pu2Tf, did not. Because the transferrin receptor only binds
transferrin well if both the protein’s lobes are in the closed conformation, we examined a
series of metallo-transferrins using small-angle X-ray scattering (SAXS) to obtain low
resolution solution models of the bovine proteins. The scattering profiles of the transferrins
(see Supplementary Results and Supplementary Fig. S1a online) fell into three distinct
groups. Based on the scattering of the natural transferrins, we assigned these groups of
scattering curves to transferrin with both lobes open, one lobe open and one lobe closed, or
both lobes closed, which we term open, mixed, and closed transferrins, respectively. The
scattering profiles of the closed transferrins (i.e., Fe2Tf, PuCFeNTf, and In2Tf, di-indium
transferrin) were qualitatively distinguished from the other curves by a distinct drop in
scattering intensity between 0.15 and 0.20 Å−1 (Supplementary Fig. S1b)25.

The differences between the protein conformations indicated by the scattering were clarified
by ab initio shape reconstruction of low-resolution protein models from the SAXS by
simulated annealing of dummy atom (bead) models26. The resulting three-dimensional
solution structures of the proteins calculated from the scattering data agree well with the
reported crystal structures of serum transferrin27,28 (Fig. 2a and Supplementary Fig. S2). As
depicted in Figure 2, the two lobes of each metallo-transferrin are clearly visible at the top
and bottom of each model, as was the open or closed conformation of each lobe. Most
importantly, the structures of PuCFeNTf and closed Fe2Tf, which both bound TR well, were
very similar (Figs. 2a and 2b), and both had two closed lobes. In contrast, the conformations
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of the other plutonium-bearing transferrins, FeCPuNTf and Pu2Tf, were clearly mixed. Those
models (Figs. 2a and 2b) showed one smaller closed lobe at the bottom of the displayed
structural model and one open lobe at the top with a cleft between the lobe’s two domains,
just as observed for mixed FeCTf.

Although the resolution of these measurements did not allow direct identification of the C-
and N-lobes of each metallo-transferrin from the SAXS data, the systematic substitution of
Pu4+ into Tf allowed identification of the one open lobe observed for FeCPuNTf and Pu2Tf.
Fe3+ binding causes lobe closure under the conditions of our experiments. Consequently, the
iron-containing C-lobe of FeCPuNTf was closed and the plutonium-containing N-lobe must
be the open lobe observed for this form of the protein. This implied that the N-lobe of Pu2Tf
also was open. In fact, the conformation and overall dimensions of the open lobe determined
for the mixed transferrins (FeCTf, FeCPuNTf, and Pu2Tf) from the SAXS data matched the
crystal structure of the open N-terminal half apo-transferrin fragment29 well, as depicted for
Pu2Tf in Fig. 2a.

The conformation of Pu2Tf indicated that transferrin’s two iron-binding sites respond to
Pu4+ differently. The N-lobe of Pu2Tf was open; therefore the second plutonium cation in
the C-lobe must promote C-lobe closure because the SAXS data indicated that one lobe of
Pu2Tf was closed (Fig. 2a). Since Pu4+ in the C-lobe and Fe3+ in either lobe caused lobe
closure, both lobes of PuCFeNTf were expected to be closed. The structural reconstruction of
PuCFeNTf confirmed this (Figs. 2a and 2b). Although Pu2Tf and FeCPuNTf adopted the
mixed conformation with one open and one closed lobe, solutions of PuCFeNTf contained
the protein in a fully closed configuration that matched the native form of the protein found
for Fe2Tf. The slight deviations observed between the structures of Fe2Tf and PuCFeNTf
(Fig. 2c) were within the uncertainty of the experiment and analysis, and principally arose
from the slightly different maximum protein diameters derived from the SAXS data used for
the shape reconstruction (Dmax = 104 ± 10 Å for PuCFeNTf vs. 100 ± 10 Å for Fe2Tf, see
Supplementary Table S1).

Cellular uptake of plutonium-transferrins

Plutonium’s inability to induce closure of transferrin’s N-lobe explained the receptor
binding experiments and implied that under physiological conditions only PuCFeNTf, the
sole closed plutonium-transferrin complex, could be recognized by TR and incorporated into
cells through receptor-mediated endocytosis. To test this hypothesis, we incubated PC12
cells for 3 hours in complete growth medium supplemented with rat transferrin presented as
either closed PuCFeNTf, which should be recognized and carry Pu into cells, or mixed
FeCPuNTf, which should not. The elemental content and distribution in individual cells was
monitored with synchrotron X-ray fluorescence microscopy (SXFM) (Fig. 3a–e,
Supplementary Figs. S3 and S4, and Supplementary Table S2). As expected from the protein
conformations and receptor binding experiments, Pu presented as closed PuCFeNTf was
taken into the cells (Figs. 3b and 3e), and localized in the cytoplasm (Supplementary Figs.
S3d–f). The average intracellular content of the Pu containing cells was 1.6 ± 0.3 ng Pu/cm2

(±S.E.M at 95% confidence, n = 8). In contrast, the average cellular uptake of Pu from
mixed FeCPuNTf was sharply reduced to only 0.3 ± 0.2 ng Pu/cm2 (±S.E.M at 95%
confidence, n = 21), as illustrated in Figures 3c and 3e.

To ensure that the cells remained viable over the course of treatment at the concentrations
of 242Pu used, cell viability was quantified by trypan blue exclusion in separate experiments
prior to the SXFM measurements. Individual determinations of the viability of cells grown
in media supplemented with the highest concentrations of Pu, chloroquine (vide infra), or Pu
and chloroquine ranged from 86 to 105% of control cells with a run to run range of ±10%
for each measurement of control or treated cells. The average cell viabilities (Supplementary
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Table S3) were indistinguishable from those of PC12 control samples for the first 3 hours of
incubation.

The initial plutonium-transferrin uptake experiments were consistent with receptor-mediated
endocytosis of PuCFeNTf, just like Fe2Tf. To further explore this possibility, the cellular
uptake of Pu from closed PuCFeNTf was studied under conditions that would reduce Pu
uptake by that pathway. First, Pu uptake from complete media supplemented with an
equimolar mixture of PuCFeNTf and Fe2Tf was examined. While PC12 cells still took in Pu
from this medium, the average intracellular concentration of Pu (Fig. 3e) decreased to 39 ±
15% of the value observed for cells incubated with PuCFeNTf alone (error propagated
±S.E.M., 4 Fe2Tf co-treated cells studied). This was in reasonable agreement with the value
expected for simple competition between equal concentrations of PuCFeNTf and Fe2Tf
(50%) if the all aspects of the uptake and retention of Pu and Fe are equivalent and the
presence of 12.5 μM Fe2Tf does not down regulate transferrin-mediated uptake over the
time frame of our experiment.

Transferrin endocytosis also is temperature dependent30. No difference was discernable
between the uptake of PuCFeNTf at 25 °C (1.5 ± 0.5 ng Pu/cm2, ±S.E.M. at 95% confidence,
n = 3 cells)and 37 °C (1.8 ± 0.4 ng Pu/cm2, ±S.E.M. at 95% confidence, n = 5 cells),
presumably because of normal cell-to-cell variations in the elemental content and the small
sample size. However, lowering the incubation temperature to 4 °C curtailed Pu uptake as
expected for active uptake of PuCFeNTf by endocytosis. Bulk Pu uptake at 4 °C was 17 ±
17% of the uptake of cells incubated at 37 °C (n = 3, error propagated ±S.E.M. at 95%
confidence).

To further study Pu uptake from closed PuCFeNTf, PC12 cells also were incubated for 3
hours in complete media supplemented with rat PuCFeNTf (12.5 – 25 μM) and chloroquine
(50 μM), which is known to disrupt the uptake of iron through receptor-mediated
endocytosis of Fe2Tf. It does so by preventing complete acidification of the endosomes
thereby inhibiting iron release from the Fe2Tf-TR complex into the endosomes30. In these
experiments, chloroquine treatment severely reduced Pu uptake from PuCFeNTf by intact
cells (Fig. 3e) to an average of 0.2 ± 0.3 ng Pu/cm2 (±S.E.M at 95% confidence, 8 cells
studied). While very little Pu was associated with intact chloroquine-treated cells,
measurable Pu was found in the SXFM maps associated with cellular debris (Fig. 3d) in the
chloroquine treated system. This implied that chloroquine inhibited Pu uptake by living
cells, but it did not inhibit Pu binding to the intracellular constituents from ruptured cells.
Thus, a drug that disrupts Fe release from Fe2Tf into the endosomes also disrupted the active
uptake of Pu from PuCFeNTf by living cells.

The lack of plutonium uptake from mixed FeCPuNTf, coupled with the proportional
reduction in Pu uptake from mixtures of Fe2Tf and PuCFeNTf and the ability of low
temperatures or the presence of chloroquine to inhibit plutonium uptake from closed
PuCFeNTf demonstrated that PuCFeNTf, which has the same closed conformation as Fe2Tf,
followed Fe2Tf into the cells through receptor-mediated endocytosis and was not taken up
through non-specific pinocytosis.

DISCUSSION

Our studies each indicated that plutonium could infiltrate mammalian cells using the normal
Tf-TR iron uptake system, but only with help from iron and only for one particular isomer of
the plutonium-iron-transferrin complex, PuCFeNTf. Earlier attempts to trace the cellular
uptake of plutonium either used Pu2Tf, PuTf, or made no attempt to control the metal
population of transferrin, producing conflicting results that discredited transferrin-mediated
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cellular uptake of plutonium without clearly defining another specific uptake
pathway2,18–20. Other pathways for plutonium uptake that do not involve transferrin likely
exist, as is known for iron31, but our results demonstrated that PuCFeNTf was capable of
efficiently delivering Pu to mammalian cells in vitro through receptor-mediated endocytosis.

The specific requirement for iron binding in the N-lobe of transferrin restricted plutonium’s
ability to exploit the transferrin-mediated uptake pathway; however PuCFeNTf likely would
constitute a substantial portion of the Pu-Tf species in the blood of exposed individuals. In
circulating human blood transferrin concentrations normally range between 25 and 46
μM32. Iron usually consumes only a fraction of transferrin’s iron-binding capacity, leaving
ample capacity for transferrin to bind plutonium and giving rise to a distribution of different
transferrin species. For normal blood iron loadings, an average distribution of transferrin
species of 37% apo-Tf, 45% FeNTf, 8% FeCTf, and 11% Fe2Tf in human serum has been
reported33. The precursors to PuCFeNTf, FeNTf and apo-Tf (which can react to form PuCTf),
constitute the major fraction of the transferrin in human serum. Thus the inability of
plutonium to trigger N-lobe closure in serum transferrin is not sufficient to prohibit Pu
uptake through the Tf-TR pathway in vivo where iron is available to fill the N-lobe.

Several possible advantages of modern bilobal transferrins over their single-lobed
progenitors have been proposed. As a partial iron mimic, the interactions between plutonium
and transferrin suggest another, enhanced selectivity for iron. By itself, transferrin does not
effectively discriminate against the man-made element plutonium, binding Pu4+ almost as
strongly as Fe3+ 13, but the bilobal nature of transferrin and the differences between the
lobes confer a measure of selectivity against plutonium to the Tf-TR uptake system.
Contrary to predictions34,35, Pu4+ and Fe3+ are sufficiently different that plutonium binding
did not trigger closure of the N-lobe. Therefore, neither Pu2Tf nor FeCPuNTf were
efficiently recognized by the transferrin receptor, and cellular uptake of Pu was diminished.
Plutonium could overcome the selectivity of the multi-step metal recognition system of the
Tf-TR pair only with the assistance of Fe through the formation of PuCFeNTf, which
efficiently bound TR.

The Tf-TR iron uptake system achieves its partial selectivity for iron over plutonium in spite
of the similarity of the C- and N-lobes, which show high sequence similarity (40–50% for
serum transferrins)36. The residues involved in metal binding are completely conserved
between the two lobes and also are conserved in the closely related proteins lactoferrin (Lf)
and ovotransferrin14. Since the identity and the configuration of the binding resides are the
same in both lobes of serum transferrin, the partial discrimination of the Tf-TR system
against Pu could not arise from plutonium’s presumed direct interactions with the binding
residues (2 Tyr, 1 Asp, 1 His) in the metal binding sites. Moreover, when lactoferrin binds
Ce4+, another tetravalent f-element cation with the same size and coordination preferences
as Pu4+, the crystal structure of diceric lactoferrin (Ce2Lf) shows that the coordination
environment of Ce4+ matches that of Fe3+ in Fe2Lf and that both the C-lobe and the N-lobe
are closed35. Consequently, the different responses of transferrin’s two lobes to Pu binding
and the ability of the Tf-TR uptake system’s ability to attenuate Pu uptake appear to arise
from one or more known structural differences between the lobes28,37 outside of the actual
metal binding sites.

The protein conformations we observed for the plutonium-iron-transferrin complexes also
suggest that mixed-metal transferrin complexes may play an important role in the metallome
by allowing an unsuspected trafficking pathway for naturally occurring metals. Transferrin
is known to bind over 30 different metals, but the cellular uptake of the metal-transferrin
complexes is believed relevant for a only a few of them14. Since transferrin’s two lobes can
react differently to binding the same metal ion, the uptake of mixed iron-metal-transferrin
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complexes (MCFeNTf or FeCMNTf) in vivo may represent substantial uptake pathways for
other metals as well if metal binding induces closure of one lobe but not the other. The
relevance of mixed-metal transferrins would not be apparent from studies of the receptor-
binding or cellular uptake of simple M2Tf complexes as one lobe of M2Tf would be open
and the complex would not be recognized by TR.

The intracellular pathways plutonium follows between its putative release from Tf in the
endosomes and its retention in the cytoplasm have yet to be identified, but our
demonstration that a specific form of plutonium-transferrin entered mammalian cells using
the normal Fe2Tf-TR pathway is of practical significance because this well-defined pathway
presents multiple targets to block plutonium uptake and spare cells from its highly
destructive α-radiation. Currently approved therapies for plutonium poisoning, based on
ligands that strongly bind Pu, are unable to extract all intracellular Pu1,38,39. In contrast,
novel strategies to disrupt the PuCFeNTf-TR pathway could preempt plutonium
accumulation in cells. Such strategies might include blocking the binding of PuCFeNTf to
TR, or inhibiting the intracellular release of Pu in the endosome (mimicking the action of
chloroquine in our experiments), which would keep Pu from accumulating in cells and could
promote faster clearance from the body, particularly if used in conjunction with plutonium-
specific chelators.

METHODS

Protein Preparation

Bovine, human, and rat serum transferrins (≥ 98%) were obtained from commercial sources
(Sigma-Aldrich or Rockland Immunochemical), and further purified by gel chromatography
on superfine Sephadex G-100 (GE Healthcare). Protein concentrations were measured by
BCA protein assay or UV spectroscopy40. Metal concentrations were measured by UV-
visible spectroscopy for Fe or liquid scintillation counting (LSC) of 242Pu. Iron saturation of
transferrin was ensured by adding freshly prepared pH 4 solutions of Fe(NTA)2

3− (NTA3− =
nitrilotriacetate) to transferrin in 0.1 M NaCl/0.01 M HEPES/0.005 M NaHCO3, while iron
depletion was achieved by exposing the protein to 0.1 M sodium citrate/0.1 M acetate buffer
solutions at pH 4.5. Unreacted material was removed by repeated buffer exchange with
ultracentrifugation through a 30 kDa Centricon filter (Millipore). Monoferric transferrins
FeCTf and FeNTf were prepared according to literature methods.40,41 The purity of the
preparations was established by urea-PAGE (see Supplementary Methods and Fig. S5
online). 242Pu-loaded transferrins were prepared by mixing solutions of Pu-citrate or Pu-
NTA complexes with the appropriate transferrin in 0.1 M NaCl/0.01 M HEPES/0.005 M
NaHCO3 at pH 7.4 (Supplementary Methods and accompanying Supplementary Figures S6
and S7).

Receptor Binding

Soluble human transferrin receptor (≥ 95%, Hytest) consisting of extracellular residues 101–
760 of the intact receptor was used as received. Solutions containing a 1:1 ratio of TR and
Pu-loaded human serum transferrin as Pu2Tf, PuCFeNTf, or FeCPuNTf at 1 μM were
allowed to react for at least 15 minutes at 23 °C before isolation of the receptor-bound
transferrin using gel chromatography on superfine Sephadex G-10042. Protein was
quantified by UV-visible spectroscopy. Plutonium was quantified by LSC.

Small-angle X-ray Scattering

SAXS measurements at Advanced Photon Source beamline 12-ID-B43 used bovine
transferrin solutions of 5, 10, and 20 mg/mL purified by gel chromatography to separate
protein oligomers. A quartz capillary cell44 was used for non-radioactive samples.
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Plutonium-containing samples were measured in cells with polychlorotrifluoroethylene and
Kapton (Chemplex) windows45. Scattering was measured at 18.0 and 20.0 keV with a 2048
× 2048 pixel MAR-CCD-165 detector 2 m from the sample. The scattering vector, Q =
4π(sin θ)/λ where 2θ is the scattering angle and λ is the X-ray wavelength, was calibrated
against a silver behenate standard at each energy. The usable Q range of the circularly
averaged data was limited to 0.018 < Q < 0.30 Å−1 by background scattering from the
windows required to encapsulate the radioactive samples. Except for PuCFeNTf, the samples
were stable to radiation damage for more than 5 seconds and the scattering was taken as the
average of five 1 second exposures. PuCFeNTf was measured in a separate campaign with a
tightly focused X-ray beam. Under these conditions, the sample was radiation stable for 0.5
seconds. The scattering of the PuCFeNTf samples was determined from single 0.5 second
exposures on replicate samples. The scattering data was analyzed using the ATSAS program
suite46 to produce most probable structural models for each protein (Supplementary
Methods and Supplementary Fig. S8).

Cell Uptake and SXFM Imaging

PC12 cells (ATCC) were grown in F12K medium supplemented with 12.5 % horse serum,
2.5% fetal calf serum, and antibiotics in humidified 5% CO2 at 37°C. Cells were plated in
the appropriate density (ca. 70% confluency) the day before Pu exposure. The cells were
then serum-starved overnight and used without other pre-treatment. Cells were exposed to
12.5 – 50 μM of the different forms of Pu-containing rat transferrin for 3 hours at 4, 25 or
37 °C in complete F12K medium with serum. Diferric rat transferrin (12.5 μM) or
chloroquine diphosphate (50 μM) was also added to the media for the full incubation time in
studies of the inhibition of Pu uptake. Cell viability was checked by trypan blue exclusion in
select cases, and was typically 80–90%, showing no difference from Pu-free control cells
(Supplementary Table S3). Surface-sorbed Pu was removed by washing the cells with the
extracellular chelating agent EGTA (0.01 M) in 0.1 M NaCl thrice. The efficacy of this
procedure for removing surface-bound Pu-transferrins was checked by a 20 minute post-
washing incubation with 0.2% pronase at 4 °C30. The amount of cell-associated Pu for the
pronase treated cells, quantified by LSC, was 81 ± 22% that of the control cells (n = 3, error
propagated ±S.E.M. at 95% confidence).

After washing, cells were liberated from the culture bottles by scraping into 0.1 M NaCl/
0.01 M EGTA, and pelleted by centrifugation. The cells were then deposited on polyvinyl
formal-coated copper electron microscopy grids from fresh NaCl/EGTA solutions and air
dried without chemical fixation of the cells. The grids were mounted, encapsulated between
two 500 nm silicon nitride windows, and sealed beneath a layer of 6 μm polypropylene or 8
μm Kapton film. Optical micrographs of the cells were obtained with a Leica DMRXE
microscope at 10×, 20×, or 40× using QCapture software (QImaging) and were used without
alteration.

Cellular distributions of the elements from P though Pu were measured simultaneously by
SXFM in a He atmosphere on the Advanced Photon Source 2-ID-D hard X-ray microprobe
beamline47. The 18.1 keV X-ray beam was focused to a 0.2 μm × 0.5 μm or smaller spot
and maps of the cells were obtained by raster scanning the samples in 0.5 μm steps. The
monochromator energy was calibrated by setting the first inflection point of the K-edge of a
Zr foil to 17.998 keV.

The fluorescence signal for each element at each spatial pixel was converted to elemental
content in μg/cm2 after calibration with elemental standards as previously described48. In
the absence of a traceable concentration standard, Pu was quantified by extrapolation of the
calibration curve obtained from the X-ray fluorescence signals of the multi-element thin film
standards NBS-1832 and NBS-1833 (NIST), taking into account relevant differences such as
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photo-electric absorption of incident photons, absorption in the Be detector window, and
fluorescence yield. The estimated absolute accuracy is better than 40%, and the relative
accuracy is better than 10%. The resulting elemental maps were visualized and analyzed
using the program MAPS49.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PuCFeNTf is the only Pu-transferrin that binds TR well
Mean binding of 1 μM serum transferrin to 1 μM soluble TR in 0.2 M NaCl/0.010 M
HEPES/0.005 M CO3

2− buffered at pH 7.4 as measured by gel chromatography. Error bars
are given at the 95% confidence level. For the Pu-transferrins they are ±S.E.M. For the
control samples, the error bars represent the propagated experimental uncertainties.
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Figure 2. Structural models of bovine serum transferrins derived from SAXS demonstrate that
PuCFeNTf adopts a closed conformation
(a) Orthogonal views of the three-dimensional molecular envelopes of metal-transferrin
structures reconstructed from the SAXS. The inter-domain cleft in each of the open N-lobes
is indicated with arrows, and the open lobe of Pu2Tf is superimposed on the crystal structure
of open N-terminal recombinant human half apo-transferrin (1BP5)29. (b) Docking
wireframe representations of the transferrin structures onto each other demonstrates the
uniqueness of the closed (Fe2Tf and PuCFeNTf) structures and the mixed (FeCTf and Pu2Tf)
structures, with PuCFeNTf (—), Fe2Tf (—), Pu2Tf (—), and FeCTf (—).
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Figure 3. PC12 cells take in plutonium as PuCFeNTf
Contour plots of Pu Lα X-ray fluorescence intensity measured by SXFM superimposed on
optical images of cells. (a) Pu-free control cell; (b) uptake of Pu as PuCFeNTf; (c) very low
uptake of mixed FeCPuNTf and of (d) chloroquine-treated cells exposed to PuCFeNTf. The
Pu observed on the left edge of panel d is associated with cellular debris. The average
background corrected Pu content (e) of the Pu-containing cells exposed to closed PuCFeNTf
(labeled “PuCFeNTf”, n = 8) is greater than that of control cells (labeled “Control”, n = 20),
cells simultaneously treated with 50 μM chloroquine and PuCFeNTf (labeled “Chloroquine”,
n = 8), cells exposed to FeCPuNTf (labeled “FeCPuNTf”, n = 21), or cells exposed to an
equimolar mixture of Fe2Tf and PuCFeNTf (labeled “Fe2Tf”, n = 4). The error bars are
±S.E.M. at 95% confidence.
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