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ABSTRACT: It has been established that transferrin binds a variety of metals. These include toxic uranyl
ions which form rather stable uranyl-transferrin derivatives. We determined the extent to which the
iron binding sites might accommodate the peculiar topographic profile of the uranyl ion and the
consequences of its binding on protein conformation. Indeed, metal intake via endocytosis of the transferrin/
transferrin receptor depends on the adequate coordination of the metal in its site, which controls protein
conformation and receptor binding. Using YVis and Fourier transform infrared difference spectroscopy
coupled to a microdialysis system, we showed that at both metal binding sites two tyrosines are uranyl
ligands, while histidine does not participate with its coordination sphere. Analysis by circular dichroism
and differential scanning calorimetry (DSC) showed major differences between structural changes
associated with interactions of iron or uranyl with apotransferrin. Uranyl coordination reduces the
level of protein stabilization compared to iron, but this may be simply related to partial lobe closure. The
lack of interaction between uranyl-TF and its receptor was shown by flow cytometry using Alexa
488-labeled holotransferrin. We propose a structural model summarizing our conclusion that the uranyl-
TF complex adopts an open conformation that is not appropriate for optimal binding to the transferrin
receptor.

There is extensive literature on uranium toxicity through  Transferrin changes conformation from an open to a closed
either inhalation ingestion or injection,(2). This is due to conformation when binding to irorié—19). Structural data
considerable interest in energy and military applications, but are available for different transferrin8@—24). These 676
also because it is an abundant naturally occurring element,700-amino acid glycoproteins (80 kDa) display two structur-
particularly found in drinking waterd). Its adverse effects ~ ally related but slightly different lobes called N and C lobes,
are observed in several target organs such as kidneys, lungYoth dividing into two dissimilar subdomains: N1 and N2,
and bone, as well as |iver, musc'e, and nervous Sys&m ( and C1 and C2z5_27) Each lobe carries a well-described
8). How uranium reaches and enters targets organs is still F€"" binding site where iron is octahedrally coordinated by
mostly unknown. At the molecular level, the binding of two tyrosines, one monodentate aspartate, one histidine, and

uranyl ion (UQ?") to some major blood plasma proteins, & bidentate synergistic carbonate idr6,(18, 25, 28, 29).
including transferrin (TF}, has been reportedL( 9—13). When iron binds, C and N lobes can reversibly convert from

. P : - “ ” to “closed” conformations. In a complex system of
Since many reports have highlighted the high affinity of TF open- e
for uranyl, one may invoke receptor-mediated uptake of TF- regulation 80-32), only the closed form of diferric TF

bound uranium as a possible pathway for the entrance Of(holotransferrin) displays the ability to bind transferrin
this toxic ion into the cells receptor 1, leading to metal uptake via endocytog; 26,

31, 33-39).

TF coordinates a wide variety of di-, tri-, and tetravalent
S *To V\(ljhorg_ C%tfesponde,nce should bde aTddr_eslsed_: 'C\iE,(/;\idT Valrho cations, from transition metals to lanthanides or actinides
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claude.vidaud@cea.fr. rationalizing binding propertie#t{—45). Canonical metal-
# CEA Valrho bound conformations are not always obsens] 47), with
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U Laboratoire des Interactions Priste-Méal, CEA Cadarache. (16, 40, 43, 47, 48). This might lead to a different metabolic

1 Abbreviations: TF, transferrin; holoTF, holotransferrin; ATR, fate for these metals in the organism.
attenuated total reflectance; FTIR, Fourier transform infrared spectros- . . - . .
copy; DSC, differential scanning calorimetry; CD, circular dichroism; In fact, little is known about uranyl binding sites in TF,
Tm, Melting temperature. and in proteins in general. These sites are difficult to predict
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from the analysis of other TF-bound metal ions since uranium volume variations did not exceed 5% of the total volume.
has no direct chemical equivalent. This actinide has a strongThe differential spectra were generated by mathematical
tendency to hydrolyze in aqueous medium, where it is mostly subtraction between the modified and initial spectra of the
found in the form of a hexavalent uranyl dioxocation apoprotein. To normalize the results, the absorbance varia-
(UO2Y). As a hard Lewis metal ion, it mainly reacts with tions at 242 nm (or 400 nm) were divided by the total
oxygen atoms, displaying a bipyramidal geometry with the transferrin concentration to givke, the apparent absorbtivity
two oxo groups at the tops and five- to six neighbor ligands at each wavelength. Titration curves were prepared by
in the equatorial planet). Its speciation at pH 7.4 in near-  plotting Ae versus the ratio of total uranyl molar concentra-
physiological buffer is complicated, because 30forms tion to total transferrin molar concentration (U/TF). The
many different stable complexes with small ligan&€- reported results are the average values taken from two
52). Using time-resolved fluorescence spectroscopy, Scapolartitrations.
et al. (L0) showed that uranium was able to bind to TF with CD SpectraSpectra were recorded on a J-810 spectropo-
a conditional thermodynamic equilibrium constantdf('e. larimeter (Jasco, Tokyo, Japan). The apoTa§ uM) was
However, this very high association value contrasts with the dialyzed against 50 mM Hepes, 150 mM NacCl, and 1.7 mM
rapid dissociation observed during gel filtration experiments sodium acetate (pH 7.4) prior to use. The protein solution
(12). The coordination environment around uranyl in TF is was then distributed in assay samples (500 before
still unknown, and the resulting protein conformation has addition to each sample of-110 uL of 10 mM uranyl
therefore not been described. solutions in the same buffer without NaCl. Measurements
In this work, we first determined the protein ligands were recorded between 230 and 600 nm in 10 mm cells, at
involved in UG?" binding using U\-vis and a new 20 °C after equilibration for at least 20 min. Each spectrum
application of attenuated total reflection-Fourier transform is the sum of at least three scans, after baseline subtraction.
infrared difference (ATR-FTIR) spectroscopy coupled with All CD spectra were normalized on the basis of protein
the use of a microdialysis syste3j. The impact of uranyl concentration. The reported results were confirmed twice.
binding on the protein’s conformation and thermal stability =~ Microdialysis Coupled to ATR-FTIRVe modified the
was then analyzed by circular dichroism (CD) spectroscopy microdialysis ATR system described in &8 to allow the
and differential scanning calorimetry (DSC). In addition, we analysis of high-affinity metal-binding sites. The perfusion
probed uranyl-TF recognition by the TF receptor of human on the protein sample, of two buffers differing only by the
erythroleukemia K562 cell lines. The obtained data shed light presence of the metal, allows the recording of “metal-bound”
on the question of TF/TF receptor endocytosis-mediated minus “metal-free” FTIR difference spectra. After such a

uranium uptake. metal binding cycle, a metal-chelating buffer was perfused
through the sample to remove the metal. Therefore, the Flow-
MATERIALS AND METHODS Thru unit of the ATR device $ensIRTechnologies) was

) » connected via silicone tubings to a peristaltic pump and two

Materials. Purified human serum apoTF was purchased g|ectronically controlled three-way valves, in series, allowing
from Sigma Chemical Co. The apoTF concentration Was yhe selection of one of three possible buffers. Two microliters
determined from the absorbance at 278 nm using 93000 M ¢ - 1 5 M apoTF solution in 20 mM Tricine and 10 mM
cm ! as a molar extinction coefficienb4). All chemicals KHCO; (pH 8) (TC buffer) was deposited on the diamond
were reagent grade. prism. Sample absorption reached 0.8 absorption unit at 1640

The preparation of uranyl solutions required specific care cm1. A dialysis membrane (Spectra/Por membrane with a
to prevent metal hydrolysis and limit the incidence of MwWCO of 35000) was deposited on the sample and
speciation variations during spectroscopic and calorimetric maintained between the Flow-Thru unit and the diamond
studies. Uranyl diacetate dihydrate was dissolved in pure crystal using a 0.2 mm thick O-ring. To analyze binding of
water (Direct-Q, MILLIPORE, 18 M2.cm) to create a 0.1  jron to apoTF, the concentrated protein sample was equili-
M stock solution (pH 4-4.5). Working solutions were  prated by the continuous flow of the metal-free Tricine buffer
prepared extemporaneously by a first dilution (1/60 or 1/120) containing 50uM sodium citrate and 10 mM bicarbonate.
in 10 mM sodium acetate followed by dilutions into specific When the FTIR absorption spectrum of the sample was
buffers depending on the experiment to be performed. Thestable, a single-beam spectrum was recorded (“free Fe”
final pH of each uranyl-buffered solution was also adjusted spectrum, F¢, and the flowing solution was switched to a
just before use at 7.4 with either HCI or NaOH. Tricine buffer containing 5QtM iron citrate. A perfusion

Spectroscopic AnalysddV —visible spectra were recorded delay of 6 min was optimized to allow equilibration of the
on a Carry 300 spectrophotometer (Varian). Samples of sample in the presence of iron. After this delay, a single-
apoTF (580uL) were titrated at room temperature. The beam spectrum corresponding to the TF-bound Fg) (iFas
protein was dialyzed prior to use, and concentrations were recorded. The FTIR difference spectrum showing the absorp-
within the range of~12.5uM for UV studies and~75—85 tion changes induced by binding of iron to TF was given as
uM for visible studies. The appropriate buffers were used the difference between the two single-beam spectra {Fe
for background correction from 200 to 600 nm. Depending Fe&). A third buffer consisting of 20 mM sodium citrate and
on the experiments,-110 4L uranyl aliquots were added 0.1 mM EDTA (pH 5) was then passed through the sample
and mixed either in both sample and reference cells or only to deplete the protein from the iron. This buffer was perfused
in the sample cuvette. The equilibration time required for for 5 min, after which the flowing solution was switched to
metal-protein binding was 10 min, but solutions were the iron-free Tricine buffer. Single-beam spectra were
allowed to equilibrate for 20 min after each titrant addition recorded before and at various times after treatment for 5
where data were recorded. At the end of the experiments,min with the citrate/EDTA buffer, to verify that the



Structural Consequences of Binding of JOto Apotransferrin Biochemistry, Vol. 46, No. 8, 20072217

subsequent perfusion of iron-free buffer allowed complete RESULTS
equilibration of the iron-free TF at the proper pH. Thus, only

IR changes associated with iron release are detected in the UvV—Vis Speqtroscopic StudieslV—vis spectroscopy
following Fe — Fe, difference spectra. represents a simple and powerful way to monitor the

o ot ] interactions between U® and TF. However, uranyl
Binding of UO?* to apoTF was analyzed in 50 mM Hepes undergoes a slow re-equilibration when a high concentration

(pH 7) containing either 40M Na acetate or 2aM UO,*" solution is mixed into a diluting buffer, even in the absence
acetate. A 30 mM phosphate buffer at pH 5 was used 10 of protein. This impeded fast measurements since absorption
deplete TF from uranyl. The equilibration times were the spectra were shown to evolve for20 min under our
same as those optimized for the iron binding experiments. experimental conditions, giving rise to a regular decrease in
FTIR Spectroscopylhe FTIR spectra were recorded at 4 absorbance in the 242180 nm region (data not shown). This
cm! resolution, on a Bruker IFS28 spectrometer equipped effect was attributed to the strong tendency of/Qo form
with DTGS or MCT-A detectors. All frequencies quoted are hydroxides at near-neutral pH and to slow equilibrium rates
accurate to+1 cnml. Three hundred interferograms were 0f some UQ** complexes with buffer components such as
averaged for each single-beam spectrum. Typically, one acetate or carbonate. The complex speciation of uranyl ions
reduction-oxidation cycle lasted for 20 min. Spectra from in biochemical media has been the subject of many previous
~40 consecutive metal binding cycles were accumulated for reports @, 51, 52). We used the J Chess algorithm to

each sample, and the results obtained with three to five calculate the distribution of uranyl species under most buffer
samples were averaged. conditions used in this study (data not shown). It appeared

that whatever buffer system was used, uranyl exists mostly
as (UQ),CO3(OH)s.

To avoid spectral distortion due to the changes in,t30
speciation upon simple dilutions, two experimental setups
were used for the accurate determination of the uranyl-TF
saturation curve by UVvisible spectrophotometry,

Specificity of Uranyl-TF Bindingln a first set of experi-
ments, uranyl acetate was added simultaneously to both
sample and reference spectrophotometer cuvettes. Series of
UV spectra could be collected for a range of U/TF molar
ratios of 0-7 (Figure 1). Major spectral changes occurred
at 240-245 and 296-300 nm, indicating the deprotonation

Calorimetric Measurements/icrocalorimetric measure-
ments were carried out with a high-sensitivity differential
scanning VP-DSC microcalorimeter (MicroCal Origin Soft-
ware) with a 0.51 mL cell at heating rates of 85 K/h. All
solutions were first degassed in a vacuum prior to loading.
The solutions were prepared by incubation of apoTF(17
20 uM) with different uranyl molar ratios for 24 h at room
temperature in 50 mM Hepes and 1.7 mM acetate (pH 7.4)
supplemented with 1.2 mM bicarbonate. These buffers were
chosen for their low temperature sensitivity (small dpH/d
and their capability of uranyl solvation. The heating curves
were corrected for the baseline obtained by heating the . ) :
solvent alone. DSC scans were performed on identical of some tyrosine ph_e_nolgte groups a_s_prevmu_sly described
samples at different scan rates or at different concentrations(16’ 25, 56). A modification in the visible region of the

. .. _~spectrum (336430 nm) was also observed.
to determine any dependency of the shape of the transition Metal bindi titrated at 242 q tati
peak on these temperature ramps or on concentration. etalbinding was titrated at 222 nm, and a representative
, 2 loaded TF ) set of experiments is given in Figure 1 (inset). The presence
Flow Cytometry AnalysidJO,*"-loade Species Were  of |ow concentrations of acetate or carbonate in the buffers

prepared by mixing U™ acetate and an apoTF solution in  \ya5 necessary to prevent the formation of U-hydroxide
a molar ratio of 2/1. The reaction was followed by spectro- gpecies that tended to precipitate. Whatever buffer composi-
photometry as previously described to control the saturationjon was used, similar curves were obtained. Absorptivity
of the protein. Human erythroleukemia K562 cells (ATCC jncreased quasi-linearly up to a uranyl/protein molar ratio
number CCL-243) were cultured in RPMI 1640 (Invitrogen) (u/TF) of ~1 and beyond, which indicates that uranyl is
supplemented with 10% inactivated bovine serum (Hyclone) pinding to more than one site in apoTF. Al titration curves
and 100 units/mL penicillin and streptomycin (Invitrogen) reached a plateau of approximately 22 000'\m-* when

at 37°C in a 5% CQ atmosphere. Briefly, as described by the U/TF molar ratio exceeded 2. Using time-resolved
Du et al. 65), experiments were performed with a cell fluorescence, Scapolan et al0f measured a ratio of 2. In
density of ~5 x 1(° cells/mL. The competitive effect of  a previous nonquantitative study, we already observed a ratio
uranyl-TF species on binding of holoTF to K562 cells was of ~1.6 uranyl per TF by ICPS-MS, but after gel filtration
studied by flow cytometry and compared to those of (57). We confirmed a stoichiometry of 2 U& ions per TF
apotransferrin and holotransferrin. The solutions with a by spectroscopic measurements in the visible region (400
constant concentration of Alexa 488-labeled holoTF (T13342, nm), where apoTF does not absorb and wherg?€pecies
Invitrogen) and various concentrations of unlabeled holoTF, present a weak absorption band in the 3380 nm region.
apoTF, and uranyl-TF were each incubated with a K562 cell A higher protein concentration was thus required £R),
suspension (Kxells/mL) for 30 min in 10 mM Hepes buffer  and a slight yellow color was observed upon addition of
(pH 7.4) and 0.15 M NaCl at 37C. After the samples had  uranyl. Again the initial part of the curve was quite linear
been chilled for 30 min at 4C, centrifuged at 509for 5 and reached a plateau-aR uranyl ions per protein (Figure
min, and washed, the fluorescence intensity of each cell wasl, inset).

recorded on a FACSCalibur flow cytometer (Becton-Dick-  From this first set of experiments, we considered that
inson) with an argon laser set aflg of 488 nm and &em below TF saturation, all U@" cations were specifically

of 530 + 15 nm. The fluorescence intensity was obtained bound to TF and, therefore, that absorption variations due
by integrating the intensity per cell from4 x 10* cells for to speciation changes of the “free” remaining 430could
each sample. be neglected.
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Ficure 1: UV-—vis saturation spectra of apoTF with uranyl acetate. ApoTF in 150 mM NacCl, 1.7 mM sodium acetate, 50 mM Hepes

buffer at pH 7.4. Uranyl diacetate was added to both cells. Spectra were registered after equilibration for 20 min. From bottom to top:

addition of uranyl acetate at U&/apotransferrin (U/TF) ratios from 0 to 7. The inset shows transferrin saturation curves with uranyl
acetate at 242 (left) and 400 nm (right). Absorptivity plotsAefvs UO2 /apotransferrin (U/TF) ratios are reported.

40000 confirmed that the metal bound to two sites in apoTF,
L probably the two iron binding sites, and with similar
¢ 300004 T affinities. On the basis of this value, one would expect
- . x5 saturation of the protein with two uranyl ion equivalents to
& 200009 gt produce an absorptivity of 36 000 Mcm™! at 242 nm. A
4 10000- ¥ slight curvature was observed between U/TF ratios of 1.5
a2 ¥ and 2, indicating either weaker binding at the second3O
ot i . . . . binding site or competitive binding from hydroxide, acetate,
o0 05 10 15 20 or carbonate for the U®" ion in the buffer. For a U/TF
molar ratio U/TF ratio of 2, the curves reached 30 0802000 Mt cm !

Ficure 2: Titration curves for the addition of uranyl acetate to corresponding to~3.5 tyrosinate equivalents involved in

apotransferrin. Spectra were registered after equilibration for 20 bindina. These spectroscobic data are consistent with uranvl
min. Absorptivity plots ofAe vs UO2 /apotransferrin (U/TF) ratios g. p P y

are reported. Uranyl diacetate was added only to apoTF in 50 mM binding at two sites, each involving two tyrosines.

Hepes, 150 mM NaCl buffers (pH 7.4) at different acetate and  To further analyze the binding mode of PO in apoTF,
carbonate concentrations®)(0.2 mM acetate M) 0.2 mM acetate  and to determine whether it involves the tyrosine residues
and 0.3 mM carbonate, ancJ 0.3 mM carbonate and 1.7.mM ¢,y the jron binding site, we identified the IR signatures

acetate. . . . . . .
of the iron ligands in FTIR difference spectra associated with

Determination of the Number of Tyrosineséhved in Fe*" binding and compared them with signatures of the
Binding. Indeed, the subtraction of absorption changes in UO2*" ligands (observed in the difference spectra associated
the reference cuvette with U8 in solution might have led ~ With UO2** binding).
to an underestimation of absorptivity at 242 nm. So, in the Analysis of Binding of Iron to ApoTF by ATR-FTIR
second set of experiments, the uranyl solution was only addedDifference Spectroscopylhe iron coordination sphere is
to the sample cell. The absorption associated with tyresine composed of two tyrosines, one histidine, a monodentate
metal coordination was again recorded at 242 nm. A aspartate, and carbonate as a bidentate liga&d2, 28).
representative set of titration curves is shown in Figure 2. To identify the IR signatures from the different iron ligands,
Linear regression to a U/TF of 1 confirmed the expected we alternately perfused iron-free and iron-containing buffers
proportionality between addition and consumption of 70 on the apoTF samples using the ATR microdialysis sy3tem
by the protein. As a result, the average slope equaled the
molar absorptivity of the uranyl-TF complex at 242 nm, i.e., 2 Given the high affinity of the iron binding site in transferrin, we
18 000+ 2000 Mt cmt. Considering an absorptivity of =~ modified the microdialysis system described in & to allow the

1 —1 _ ; perfusion of the protein sample by a third buffer, containing citrate
8000-9000 M™ cm ™ per metal-bound tyrosines§), two and EDTA, to extract the iron from holotransferrin before re-

tyrosines would be involved in U®" binding at a first site.  equilibrating the sample with the Fe-free Tricine buffer, as detailed in
The linear portion extended to a U/TF ratio-ef..5, which Materials and Methods.
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Ficure 3: Effects of metat TF interactions on FTIR difference
spectra. (A) Effect of iror TF interactions on the FTIR difference
spectra: (a) Re— Fe (thick line) and Fe— Fg, (thin line) spectra
recorded with TF in Tricine buffer (pH 8), (b) Fe- Fg spectrum
recorded with deuterated apoTF sample and buffers, (c) superim-
position of Fg — Fg spectra recorded in the presencé3f-labeled
(thick line) and?C-labeled (thin line) bicarbonate, and (@C —

13C difference spectrum calculated from the spectra in part c. Only
IR modes of (transferring-bound) bicarbonate sensitive to bicarbon-
ate °C labeling are observed in this difference spectrum. (B)
Comparison of the influence of binding of Yo and F&" on
apoTF by superimposition of U— UOy (thick line) and Fg —

Fe (thin line) FTIR difference spectra.

1200 1000

(53). We registered FTIR difference spectra associated with
iron binding (Fg — Fe) and iron release (fFe- Fe,) (Figure
3A, thick and thin lines, respectively). The two spectra

Biochemistry, Vol. 46, No. 8, 20072219

(CC) ring mode] is expected§). The frequency of these
bands remained almost unchanged at 1510 and 1502 cm
in the Fg — Fe spectrum recorded #H,0 (Figure 3A, trace

b), supporting their assignment to th€CC) ring mode of
two tyrosines %9, 60). The two bands at 1512 and 1502 ¢m
were thus assigned to the two side chain modes of the
tyrosine ligands of the iron.

A difference band was observed at 1389) (@and 1404
(+) cm™, in the spectra recorded in,8 (Figure 3A, trace
a) and’H,0 (Figure 3A, trace b). In this region, relatively
intense bands only weakly affected by-PH exchange are
best explained by the symmetric stretching meg€00")
of a carboxylate group. The corresponding asymmetric
vadCOO") mode is expected in the 1620540 cm* region.
The frequency of this mode is also only slightly sensitive to
H—2H exchange g9, 60). In this region, the negative band
at 1566 cm?, slightly upshifted to 1568 cmt in ?H,0, is a
good candidate for the carboxylatg{COQO") in apoTF. In
contrast, the negative band at 1548 ¢ér(Figure 3A, trace
a), largely perturbed upon+fH exchange, is assigned to
the peptidev(CN+NH) amide Il mode 1, 62). Thus, the
bands at 1568 and 1389 cfare attributed to the,s and
v(COO") modes of a carboxylate of apoTF, modified upon
iron fixation. This carboxylate group is assigned to the side
chain of the monodentate aspartate ligand of the iron.

In the FTIR spectra, a positive band is reproducibly
observed at 1105 cm (Figure 3A, trace a). The frequency
of this band is typical of a histidine side chain involved in
metal coordination¥3, 63, 64). The small but reproducible
signal at 1105 cmt' is therefore assigned with confidence
to the v(CsN7) mode of the histidine ligand of the iron in
transferrin.

Experiments were performed usitff- and**C-labeled
bicarbonate (Figure 3A, trace c) to identify the IR changes
corresponding to the synergistic carbonate anion upon iron
fixation. The spectra recorded witiC- and *C-labeled
bicarbonate (Figure 3A, trace c) superimpose nicely except
in the 1600-1500 and 13561250 cn1?! regions. These
differences clearly appeared in tH€ —3C spectrum (Figure
3A, trace d) calculated from spectra of trace ¢ of Figure 3A.
The band at 1314 cm assigned td°C-labeled carbonate is
downshifted to 1290 cnt upon*3C labeling. Moreover, the
carbonate ion in solution is characterized by a band at-+450
1410 cm?, while two bands are observed at 162520
and 13406-1260 cntt! on metal coordination65, 66). The
band at 1314 crmi was thus typical for the coordinatéC-
labeled carbonater(COO") mode 63 and references
therein).

Another large band was detected in thg FeFg spectra
of Figure 3A at 1651 cm, in a region where the(C=0)
mode of backbone peptide groups is expected to contribute
(62). The downshift of this band to 1640 cin(>H,0) (Figure

displayed a large number of highly reproducible bands and 3A, trace b) confirmed its assignment to a peptide amide |
are almost mirror images one of the other, showing that the mode. This band corresponds to a slight structural change
IR bands are actually due to structural changes induced byat the level of peptide groups occurring upon iron binding
Fe fixation or release in apoTF. The band assignments werein transferrin.
performed by classical normal-mode analysis, combined with  Binding of UGQ?* to ApoTF.The spectrum corresponding
the observation of a H?H exchange effect, in Fe binding to the interaction of UG with apoTF is shown in Figure
experiments performed itH,O (Figure 3A, trace b). 3B (thick line). It is superimposed on they~e Fe spectrum

In the Fg¢ — Fe spectrum, a positive band at 1502¢m  (thin line). There are many similarities between these two
with a distinct shoulder at 1512 crhwas in the frequency  spectra. Given the high sensitivity of FTIR difference
range where the most intense tyrosine side chain mede [ spectroscopy to even minute structural changes, these
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similarities strongly suggest that uranyl binding occurs at
the iron binding site in apoTF and involves some of the iron
ligands.

The positive bands at 1512 and 1502 ¢massigned to
the side chains of the two iron tyrosine ligands, are preserved
in the UQ?™, — UO2*s spectrum. This is a strong argument
to conclude that uranyl binding involves both tyrosines at
the iron binding site. In contrast, there is no equivalent in
the UQ?t, — UO2ts spectrum of the positive band at 1105
cm™! assigned to the iron histidine ligand side chain. This
shows that histidine is not involved in Y& coordination.

As for the carboxylate side chain modes of the aspartate
ligand, in the U@", — UO,**; spectrum, we observed a
band at 1390/1402 cm similar, though less intense, to that
detected in the lge— Fe spectrum, while significant changes
are observed in the 1624540 cm? region, where the
va{COO") mode is expected to contribute. The frequency
of thisv,{ COO") mode is highly sensitive to the carboxylate
environment or binding mode6). These changes suggest
that the aspartate environment is indeed disturbed upon
uranyl binding but that the existing interactions between
UO** and aspartate differ from those observed witiFe

Differences between the two spectra in the 160620
cm™! region and at 1320 cm also seem to indicate that
carbonate is not involved in the same interactions with Fe
and UQ?*, although we cannot exclude binding of carbonate
to UO2".

Finally, the positive band at 16546 cnt! observed upon
UO?* bhinding is similar though broader than the one
detected at 1651 cm upon Fe binding. This indicates the
same perturbation of few peptide groups upon binding of
both iron and UG*" to apoTF, while an additional reorga-
nization at a peptide carbonyl could occur upon &0
binding.

Circular Dichroism Analysis of the Effect of Yo
Binding on Tertiary StructureMetal binding to apotrans-
ferrin does not produce significant changes in the far-Uv
spectra that allow secondary structure modifications to be
identified upon metal bindings(7). But within the range of
230—-320 nm, changes in the tertiary folding of polypeptide
chains can modify the chiral environment of the aromatic
side group chromophores, leading to different CD spectra.

CD spectra of apo-, holo-, and uranyl-transferrin were
recorded in the near-UV region (Figure 4). They display
similar shapes, with strong negative bands at-2224 nm,
and a broad negative band in the 2580 nm region which
is attributed to disulfide bonds (19 in transferrin) and induced
chirality of aromatics. Above 285 nm, CD spectra of the
three proteins largely differed.

For iron-saturated protein, an important Cotton effect was
observed as expected within the 40660 nm range, with a
strong negative band at460 nm (not shown). In this region,
the uranyl-saturated TF dichroic spectrum was quite different
with a slight positive broad band. At295 nm, uranyl-TF
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Ficure 4: Comparison of apo-, holo-, and uranyl-TF near-UV CD
spectra. Uranyl acetate (4 molar equiv) and ferric citrate (4 molar
equiv) were added to apoTF in 50 mM Hepes, 1.7 mM acetate
buffers at pH 7.4 and 310 K. CD spectra were recorded after 20
min: apoTF (dotted line), uranyl-saturated protein (black line), and
iron-saturated protein (gray line). The inset shows CD spectra of
binding of uranyl to apotransferrin. From bottom to top: addition
of 0, 0.5, 1, 2, and 4 equiv of uranyl acetate to apotransferrin.

The strong negative band at242—244 nm was co-
incident with those found at 242 nm in the UV spectra for
Fe*™ and uranyl-protein solutions. The intensity of this band
was clearly dependent on uranyl binding, as shown in the
inset of Figure 4. For uranyl saturation, the intensity of this
band was intermediate between that of apoTF (stronger
negative signal) and holoTF (weaker negative signal).

The results indicate a greater interaction and change in
tyrosine environment for holoTF than for uranyl-transferrin
and could then suggest differences related to lobe closure
and protein stability. This was studied using differential
scanning calorimetry (DSC).

Analysis of Thermodynamic Stabilitie¥he choice of
buffers is very important for DSC experiments with regard
to protein-metal interactions, but we had to accommodate
uranyl speciation requirements, since it is indeed very
complex and poorly described in biological buffers. We
therefore chose to use similar Hepes buffer compositions in
uranyl binding studies, to limit as much as possible variations
in experimental conditions that could lead to different species
interacting with transferrin.

Differential scanning microcalorimetry experiments were
carried out with apoTF and different degrees of ferric citrate
or uranyl acetate saturations. We first recorded reference
thermograms upon binding of iron to apoTF. Due to a
stronger metal affinity for the C site, the mechanism of
binding of iron to TF is sequential (Figure 5A). As reported
in the literature, the C site was first saturated by gradual
addition of F&" with a melting temperaturelf,) shift from
57.5 to 88.2°C. The N site transition, which has the lower
Tn, after C saturation by iron, was then stabilized by a high-
energy pairwise interactiom\Gc-n) between the N and C
lobes 68). Final stabilization of the N site occurred on
saturation with F& at a higher finall,, (88.2°C). Lin et al.

and apotransferrin displayed the same negative band. Thig(69) reported that the melting transition of the N and C lobes

band could be hidden by overlapping positive absorption in
the case of holoTF. In the 25@90 nm region, the spectra
of apo- and uranyl-transferrin were quite superimposed while
that of Fé"-TF differed. The protein tertiary structure in the
vicinity of aromatic amino acids was also more modified
upon binding of F& than upon binding of Ug™.

of TF can each be described as a single two-state transition
model, associated with symmetrical peaks in the unfolding
curve.

DSC thermograms in the presence of uranyl ions were
completely different (Figure 5B). The initial scan of apo-
transferrin in 50 mM Hepes and 1.7 mM acetate at pH 7.4
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FicUrRE 5: DSC thermograms of holo- and uranyl-transferrin. (A) DSC scans of apotransferrin saturated with différéagdtansferrin

ratios. Scans were performed in 50 mM Hepes buffer at pH 7.4: (a) apotransferrin, (b) partially saturated C site, (c) C site saturation and
N site stabilization, and (d) iron-saturated transferrin. (B) DSC scans of apotransferrin saturated with diffeferapd®ansferrin ratios.

Scans were performed in 1.7 mM acetate, 50 mM Hepes buffers at pH 7.4. The apotransferrin concentration ranged fronuM7 to 20
curve 1, apotransferrin; and curves?, 0.2, 0.4, 0.8, 2, 4, and 8 mol of uranyl acetate/mol of apotransferrin in the DSC cell. Thermograms
were performed at 85 K/h.

presented two independent transitions, with fiypvalues Table 1: Thermodynamic Parameters in the Uranyl-ApoTF Binding
of 58.0 (C site) and 68.4C (N site). Two successive scans Reactiond

of uranyl-transferrin complexes were carried out from 25 to Tm (°C)
73 °C, leading to the same thermograms (data not shown). initial uranyl/apotransferrin
By measuring the uranyl-transferrin concentration before the molar ratio first transition ~ second transition
first scan and after the second one, we found more than 75% 0 58.0+ 0.36 68.4+ 0.39
reversibility. Precipitation occurred after 7& and could 0.2 59.0 69.3
macroscopically be observed with a great effect on the 0.4 59.4£0.23 70.2+£0.20
variation of the calorimetric enthalpyAH.a), preventing the 08 615 70.7

.  oa i 2 62.6+ 0.14 70.8+ 0.06
calculation of AC,. Then we tested kinetically determined 4 63.24+ 0.03 71.1+ 0.05
irreversible processes, such as aggregation, because they can 8 63.3+ 0.07 70.9+ 0.05

affect the shape of the thermOQramS and are dependent on a All solutions were first degassed in a vacuum prior to loading.
scan rate. We checked different scan rates from 45 to 85protein concentrations varied from 17 to 28. Experiments were
K/h for the apotransferrin-uranyl complex in this buffer (data performed in 50 mM Hepes, 1.7 mM acetate, and 1.2 mM carbonate
not shown). The sam&,, values were found at each scan &t pH 7.4. Data from three or more replicate experiments were averaged;
rate, indicating that protein denaturation was not kinetically St2ndard deviations are given. Other values are averaged from two
. replicate experiments.
controlled. Thus, the recorded data were considered to relate
to reversible change prior to final aggregatiai®)( similar affinities for both sites or a slightly higher affinity
The thermodynamic data for C and N site stabilization for the N site. However, the UVvis experiments (Figure
are given in Table 1. Upon uranyl binding, the scans showed 1) showed a single slope above one uranyl ion per protein
progressive protein saturation by the metal, leading to its and then no large difference between the two sites, suggesting
stabilization T, higher than in the apo form of the protein); very similar interactions. Since our major result was the
uranyl caused selective perturbation, and for a U/TF ratio evidence for an incomplete lobe closure, an additional
of less than 0.8, th&,, values of both sites were simulta- confirmation of the simultaneous interactions by other studies
neously increased, from 58.0 to 6I°6 for the C domain  was less important in our study. Therefore, we focused on
and from 68.4 to 70.7C for the N domain. Above a U/TF  the biological consequence of this biochemical fact, looking
ratio of ~0.8, the C sitél, still increased slightly from 61.5  at transferrin receptor recognition and endocytosis.
to 63.3°C while the N siteT,, was stabilized at 72C. Uranyl-TF—Transferrin Receptor Interactio:he binding
Whatever the U/TF ratio, we could conclude that in the of Alexa 488-labeled holoTF to K562 cells was first
case of uranyl binding only weak differences in fevalues evaluated by flow cytometry (Figure 6A). Saturation was
were observed between apoTF and uranyl-bound transferrinreached at 0.8M labeled holoTF. Competition with different
This indicates weak maodifications in both protein stability ratios (20/1, 10/1, 5/1, 2/1, 1/1, and 0.1/1) of uranyl-TF,
and protein conformation close to the apo form of the protein. apoTF, and holoTF versus labeled holotransferrin was
These DSC results led us to two different hypotheses: eitherfollowed after incubation for 30 mn at 3. As expected
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Ficure 6: Binding of uranyl-TF to K562 cells. (A) Saturation curve
for binding of Alexa 488-labeled holoTF to K562 cells. Fluores-
cence (geometric mean) of K562 cells vs Alexa 488-labeled
holoTF concentratiomex = 488 nm, andtem = 530+ 15 nm. (B)
Inhibition of the cellular fluorescence of binding of Alexa 488-
labeled holoTF (0.%M) to K562 cells by different concentrations
of uranyl-TF (&), apoTF @), and holoTF M); results are expressed
as the percent of the initial fluorescence. (C) Histograms of K562
fluorescence: negative population (black) and the cell population
after incubation with 0.3M Alexa 488-labeled holoTF (green) as
a control and with 10/1 apoTF (blue), uranyl-TF (red), or holoTF
(orange).

(Figure 6B), only holoTF inhibited-60% of the Alexa 488

fluorescence signal with a 1:1 molar ratio. Apo- and uranyl-
TF displayed the same inhibition profile, demonstrating that
no or otherwise very weak binding occurred at stoichiometric

Vidaud et al.

holoTF ratios of 20 did not lead to complete fluorescence
inhibition, and hence inhibition of holo™TF receptor
interaction. These results indicate that uptake of uranyl-TF
by transferrin receptors and the endocytosis mechanism are
most probably ineffective under physiological conditions,
where the level of available apotransferrin does not exceed
60% of total transferrin.

DISCUSSION

Apotransferrin was shown to bind two uranyl ions, and
the conditional thermodynamic constaHK (vas previously
determined to be 20 (9). This raised the question of the
possible involvement of the TF/TF receptor system in uranyl
uptake. This mechanism would necessitate a closed uranyl-
TF conformation for transferrin recognition. In this study,
we analyzed U binding sites in transferrin and evaluated
the subsequent structural changes, notably lobe closure and
stability modifications.

From UV—visible spectrophotometry, we confirmed that
apotransferrin indeed binds two uranyl ions. Absorptivities
detected upon uranyl binding on typical tyrosinate metal
absorption indicated that four tyrosines (two per site) are
involved as uranyl ligands. These tyrosines are generally
assumed to be located at the apotransferrin iron binding
sites (6, 40). FTIR was therefore used to compare the
UO2" and Fé" binding sites. IR signatures of the ¥e
ligands were identified. The IR signature of the two tyrosines
involved in each F& binding was also detected upon
uranyl-TF interaction. This demonstrated that they participate
in the UQ?* coordination sphere, in line with the UWis
results. In contrast, we did not detect IR contributions
from the side chain of the histidine iron ligand in the
presence of U™, ruling out the participation of His249
with the coordination sphere of U8. We also concluded
from the FTIR experiments that there are different interac-
tions of either iron or uranyl with aspartate and carbonate.
From these data, and considering the iron binding site
structure, we propose a binding model for uranyl in which
the tyrosines are in the equatorial plane, while the uranyl
oxos are located on a perpendicular line excluding histidine
and involving at least one carboxylate oxygen from the
coordination sphere.

His249 mutations weaken the iron binding ability, and
desalting the corresponding mutated holotransferrin on gel
filtration columns removes half the iron from the proteins
(71, 72). A loss of uranyl ions was also observed for uranyl-
TF under similar experimental conditiong)( His249 and
Asp63 ligands contribute to the movement required for lobe
closure (7). It has also been proposed that the lack of
binding of iron to His585 in the C lobe might preclude
binding of iron to Asp39273). The lack of UQ?" interaction
deduced from the His IR signal and perturbation of the Asp
coordination should hinder complete lobe closure upon uranyl
binding. Near-UV CD spectral analysis confirmed that the
tertiary structure of the protein was less affected by,tJO
than Fe®t binding, in line with partial lobe closure.

DSC results supported the assumption that domain closure

concentrations. In the presence of a uranyl-TF/labeled holoTFwas not complete and that uranyl-TF was less stable than

ratio of 10/1, the cell population is slightly shifted to a lower

holoTF. The mechanism of sequential binding of iron to TF

fluorescence level similar to that observed with the same associated with important shifts ify, was not observed at

apoTF/labeled holoTF ratio (Figure 6C). Even uranyl-TF/

all upon uranyl interaction. Melting transitions of C and N
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Scheme 1: Proposed Structural Model of Metal Binding it TF

o~ t

——

2 (A and A) Fe¢* N lobe of holotransferrin from PDB entry 1a8e and (B an
from experiments.

.n"l

HBoposed model of uranyl-N lobe fulfilling all constraints drawn

lobes seemed to be shifted simultaneously. This is in the event of uranyl bindindl, shifts are very small~3.2
agreement with UV+visible spectroscopy results at 242 nm, and ~2.3 °C) which seems incompatible with important
where absorptivity increases displayed a single slope uponconformational modification.

uranyl binding, suggesting a similar interaction with both  Simply to help our understanding and to take advantage
sites. By reducing solvent access, domain closure shouldof a strong body of analytical results, a scheme (Scheme 1)
largely increase the thermal stability of the protein, but in was drawn up from the available data using a semi-open
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conformation of the protein N lobe fulfilling the tyrosine
uranyl binding and aspartateiranyl proximity observed. The
model structure obtained with side chain flexibility only was
minimized in the Amber6714) force field using published
uranyl parameters7g) and deprotonated TYR parameters
for Tyr95 and Tyrl88 T16). Interestingly, the proximity
between the His side chain and uranyl is not favored during
minimization. Instead of the His side chain, a peptide
carbonyl points toward U9 Although this model is only a

hypothetical structure, it shows a coherent picture between

the coordination sphere of U8 and a partially open
conformation. Our data converge to indicate that the uranyl-
TF remains in a partially open conformation upon 30
binding. As previously reported, bismuth or aluminum forms
stable complexes with transferrin, but the competitions for
the transferrin receptor were in favor of iron7( 78). In the

particular case of bismuth therapy, where large amounts of

bismuth salts are daily injected, the authors did not discard
the possibility of high bismuthtransferrin complex con-

centrations, and possible interactions with the receptor. Given

the data we obtained with K562 cells, a relative concentration
ratio of uranyl-TF to holoTF of more than 20 should be
present in the blood to produce a significant transport via
the TF receptor, which cannot be achieved in vivo.

In conclusion, the experimental data presented in this work
show that uranyl-TF cannot adopt the appropriate conforma-
tion for optimal binding to its receptor. Consequently,
although TF may be a significant Y& shuttle in the blood,
UO?" intake in target organs cannot result from uranyl

transfer through the transferrin receptor-mediated pathway.

Determining the entrance pathway of U@ the cells is
therefore the next challenge to improve our understanding
uranium toxicity.
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