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Abstract: The uranyl cation (UO2") can be suspected to interfere with the binding of essential
metal cations to proteins, underlying some mechanisms of toxicity. A dedicated computational
screen was used to identify UO3" binding sites within a set of nonredundant protein structures.
The list of potential targets was compared to data from a small molecules interaction database to
pinpoint specific examples where UO3* should be able to bind in the vicinity of an essential cation,
and would be likely to affect the function of the corresponding protein. The C-reactive protein
appeared as an interesting hit since its structure involves critical calcium ions in the binding of
phosphorylcholine. Biochemical experiments confirmed the predicted binding site for UO2* and it
was demonstrated by surface plasmon resonance assays that UO3* binding to CRP prevents the
calcium-mediated binding of phosphorylcholine. Strikingly, the apparent affinity of UO2" for native
CRP was almost 100-fold higher than that of Ca®*. This result exemplifies in the case of CRP the
capability of our computational tool to predict effective binding sites for UO32" in proteins and is a
first evidence of calcium substitution by the uranyl cation in a native protein.

Keywords: uranium; uranyl ion; computational screening; molecular docking; modeling; C-reactive

protein; surface plasmon resonance

Introduction
Metal cations are involved in many biochemical
processes, and are common when focusing on pro-
teins. Divalent cations in particular are found in
many mechanisms, playing either structural or cata-
Iytic roles, or acting as mediators in protein-ligand
complexes.'™

However, some naturally abundant cations such
as the uranyl ion (UO%") have never been reported
as integral parts in any biochemical system. Consid-
ering the large industrial use of uranium, UO3* has

Abbreviations: BSA-PC, phosphorylcholine hapten conjugated
to bovin serum albumin; CRP, C-reactive protein; pCRP, pen-
tameric CRP; mCRP, monomeric CRP; IUM, uranyl ion PDB
identifier; PC, phosphorylcholine (or phosphocholine); PDB, Pro-
tein Data Bank; SMID, Small Molecule Interaction Database;
SPR, Surface Plasmon Resonance.

Additional supporting information may be found in the online
version of this article.
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been the subject of many toxicological studies that
revealed its ability to interact with a large variety of
biochemical targets. Recent investigations included
analysis of specific metal carriers,>® of human se-
rum proteins,>'® and both proteomic and transcrip-
tomic studies to identify proteins related to cellular
impacts. 112

UO0%" is reported to deposit into bone with a me-
tabolism similar to that of calcium,'® making ionic
substitution a plausible hypothesis for some bio-
chemical features of uranium. Le Clainche and
Vital* used the calcium binding Site I of the protein
calmodulin as a template to design a peptide binding
the uranyl cation. However, the direct competition of
the uranyl cation at a calcium binding site of a
native protein has to our knowledge not yet been
reported. To probe this hypothesis, a computational
tool was mandatory. Methods have been developed
to detect calcium or zinc binding sites in proteins.®~
18 For the uranyl ion, we used in this study the only
UO0%"-docking tool available, which we described
previously.!®
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Figure 1. Selection of PDB subset, clustering, and docking. Selection of the least mutated PDB protein chains matching each
portion of wild type protein sequences, after discarding chains of near identical structure. 12837 PDB unique IDs were
selected as the database subset. A two-stage screening method identified and scored UO,?" chelation sites in these

structures.

Our computational method relies on rigid main-
chain and full sidechain flexibility to predict UO3*
interaction sites in protein of known 3D-structures.
While a few metalloproteins bind metal ions with
large conformational changes, most metalloproteins
impose constrained metal site geometries, with mar-
ginal fluctuation of their overall structure between
metal-free and metal-bound states.2%?! In such cases,
protein ligands are often observed to interact in a
metal-dependent mode, that is, with direct coordina-
tion with the metal ions. Metal substitution is then
expected to change protein-ligand binding properties.

Our screening methodology was applied to a
subset of the Protein Data Bank (PDB).2? Results
were then compared to data from the Small Mole-
cule Interaction Database (SMID),?® to pinpoint spe-
cific calcium dependant interactions between pro-
teins and small molecules likely to be inhibited by
UO%"substitution. The C-reactive protein (CRP), a
predicted template, was experimentally character-
ized to demonstrate this novel mode of action.

Results

Screening of PDB for UO3" sites near protein
ligands and metal cations

Sequences from protein sequence databases, such as
UniProtKB/Swiss-Prot,?* and from the PDB usually
differ.?>26 Missing signal peptides, missing domains
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or unresolved exposed loops, and redundancies due
to site mutations are common discrepancies.

A simple selection scheme was used to select
structures representative of native proteins and to
reduce the computer screening time as detailed in
Figure 1. This led to the selection of 12837 PDB
unique IDs as the database subset. PDB entries cor-
responding to the same protein were kept in the sub-
set despite nearly identical chain sequences and
length, as long as existing or missing ligands caused
slight structural variations. In such cases, the Ca
root mean square deviations (RMSD) threshold used
was 0.5814, corresponding to 80% similarity accord-
ing to Lesk and Chothia.?”

Our search algorithm!® was then applied to
each of those structures, resulting in a set of possi-
ble chelation sites with corresponding scores based
on energy minimization using the Amber force-field.
The score distribution of the raw screening results is
displayed in Figure 2. The calculated score [Eq. (1)]
took into account both the deformation energy of the
protein (Eg.f, difference of internal energy between
the complexed and uncomplexed forms), the protein-
UO%" interaction energy (Ep.um, where ITUM is the
PDB identifier for UO3") plus nonbonded terms
related to water-protein and water-uranium interac-
tions (EPUW)‘

Score = Eger + Ep_tum + Epuw (D

UO3* Disrupts a Protein-Ca?*-Ligand Interaction
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Figure 2. Distribution of screening raw scores, fit with the
sum of three Gaussian functions (thin black line). Black
arrows indicate the mean of each fit and one standard
deviation around the mean. The first fit from the left (bold
black line, round black mark) is attributed to a population
with high affinity for UO,?* (mean = —647, SD = 137); the
center fit (dashed grey line) is attributed to a low affinity
population (mean = —291, SD = 160); and the last fit on
the right (dashed grey line, round grey mark) is attributed to
a population with unfavorable deformation energy for
binding such a ligand (mean = 160, SD = 179).

This score is the sum of enthalpic energy terms,
expressed in kcal/mol. Being similar to an energy
function, the lower the value, the higher the propen-
sity for interaction between the protein and the ura-
nyl ion at each particular site. The best fit for the
score distribution was obtained with a mixture of 3
Gaussian curves (Fig. 2).

Selection of an experimental target

12% of the proteins sites detected in our scheme
were already populated with divalent cations: Ca*
(8.1%), Mg?* (1.6%), Mn%" (1.0%), Zn%* (0.4%), Co?*+
(0.2%), and so forth. Proteins interacting with small
molecules in a metal-dependent mode were also
numerous. Table I reports such target proteins with
high potential for UO%*binding, that is, with a
SMID ligand detected at less than 3 A from the posi-
tion of the uranyl cation.

Four proteins attracted our attention since they
all display a putative UO%"binding site in the bind-
ing pocket for both an organic and a metallic ligand:
CRP, fucose binding lectin II, DHBP synthase, and
MBP-C. They represented testable models for our
initial hypothesis that the uranyl ion might be a
potent interferent of the formation of physiological
complex.

Based on its score and availability, this study
will focus on CRP. It forms a ring-shaped structure
homopentamer (pCRP, 115kDa), which can interact
with various types of molecules. One side of the ring
can interact with polycationic compounds, carbohy-
drates (D-galactose related structures), or with phos-
phorylcholine (PC) in a calcium dependent manner.
Attachment to the surface of pathogens, or binding
to lyso-phosphatidylcholine of apoptotic/necrotic cells
results in the activation of the classical complement

Pible et al.

cascade, through Clq binding on the other side of
the molecule.28-30

The analysis of several structures revealed that
the binding of Ca?* and PC to pCRP involves only
minor and local conformational rearrangements. The
Co RMSD between calcium-free (PDB 1LJ73Y) versus
calcium-bound (1GNH??) structures, and of calcium-
free versus Ca"/PC-bound (1B09%%) structures were
measured at 0.33 and 0.44 A, respectively, using 199
amino acid residues from monomer A. This was also
true at the level of the quaternary structures, with
Co RSMD of 0.87 and 0.81 A, respectively, over the
998 amino acid residues of the five monomers.

On the other hand, monomerization of pCRP to
mCRP is associated with significant conformational
changes.®* mCRP does not spontaneously bind PC,
34-36 gnd was thus used as a control for nonspecific
binding experiments
experiments.

Reported inhibitors of CRP-PC interaction are
phosphorylcholine derivatives, including phosphate
containing molecules and detergents 2728, Mg?" was
also documented as a marginal CRP ligand.3%394°

Our results suggest that UO3%' is a potent
ligand. Its mean score of —783 for all the selected
sites corresponds to 85% probability of belonging to
the “High affinity” population according to Bayes’
inversion rule (see Fig. 2, distribution of scores). All

in some of our following

predicted sites were located in the calcium-binding
area of one of the chains, in a geometry which pre-
vents phosphorylcholine from sterically coexisting
with the uranyl ion.

The binding of UO%" to CRP was demonstrated
by dialysis at equilibrium in the absence of Ca?". A
UO%"-loaded protein solution was extensively dia-
lyzed for 5 h. The UO%" content was then quantified
by inductively coupled plasma mass spectrometry
(ICP-MS) in two experiments. A ratio of 0.9 = 0.07
(at 3 SD) equivalents of UOZ" per protein subunit
was measured (see Supporting Information Table
SI).

Supporting information Table SII lists all bind-
ing sites detected on the three PDB entries associ-
ated with CRP (Swiss-Prot AC P02741). CRP cal-
cium binding sites display incomplete coordination
spheres, as visible in PDB entry 1GNH where only
calcium atoms and no PC are present in the crystal.
Half of the first coordination shells of Ca®" are popu-
lated with protein atoms, with labile water or sol-
vent molecules not clearly visible at 3 A resolution.
These solvent-exposed half spheres of coordination
are important for PC binding.

Pronase assay: UO3" protects CRP

better than Ca®*

Sidechains involved in calcium binding are predicted
to be also involved in UO%* binding. Kinoshita et al.
reported how Ca?" binding protects the loop
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Figure 3. Conformational sensitivity of CRP to digestion with pronase. A: Top: without bound calcium atoms, the CRP43g_148
loop is largely exposed to solvent (IGNH chain D). Bottom: electrophoresis gel of CRP (200 png/mL) digestion at a fixed CaCl,
concentration (1 mM) and an increasing concentration of pronase, which promotes CRP (23 kDa) digestion. B: Top: in the
presence of two bound calcium atoms, the CRP435_14g l0Op is less exposed to the solvent (1GNH chain C). Bottom:
electrophoresis gel of CRP (200 pug/mL) digestion at a fixed concentration of pronase (5%W/W) and an increasing
concentration of CaCl,. Calcium precludes CRP digestion by pronase *'. C: Top: predicted binding site geometry of chelated
UO,2* geometry on CRP chain C (IGNH). The side chains responsible for calcium chelation in CRP are also involved in UO,2*
binding. Bottom: protection against pronase digestion of CRP (200 png/mL) with increasing concentrations of the uranyl ion.
Electrophoresis results represent at least two independent silver staining experiments. D: MALDI-TOF mass spectra of CRP.
CRP was incubated without metal (black), with 1 mM CaCl, (dark grey) and 100 uM UO,2* (light grey) prior to pronase
digestion. Relative intensity was set at 100% for the [M+H]" peak. [M+H]", [M+2H]*", and [M+3H]*" are assigned to mono,
doubly, and triply charged intact CRP peaks, fragments A and B are pronase digestion products. Calcium and UO,%" spectra
show very similar peak distribution, with near disappearance of digestion products in agreement with electrophoresis results,
implying that the conformation of the metal-bound CRP loop is similar for both metals.

involving residues 141 to 148 against proteolytic
cleavage by pronase (cleavage at Glul47).*! UO%*
capability of preventing digestion was thus tested.
The protease concentration was adjusted by
monitoring CRP digestion at various pronase/CRP
ratios (1, 5 and 10% w/w), in the presence of 1 mM
Ca?* [Fig. 3(A)l. A 5% ratio was selected for subse-
quent experiments, as a trade-off between intact

Pible et al.

protein at 23 kDa, and the 16 kDa and 6.5 kDa frag-
ments. In accordance with Kinoshita et al.,*' there
was a clear decrease in proteolysis susceptibility
when calcium concentrations increased [Fig. 3(B)].
Pronase was neither inactivated by calcium nor
by UO%", as verified using human albumin as a con-
trol under various concentrations of CaCl, (1 to 5

mM) and UO%" (0.1 to 1 mM). Nonspecific

PROTEIN SCIENCE ‘ VOL 19:2219-2230 2223



electrostatic interactions in electrophoresis experi-
ments were also tested using Mg?". CRP was not
protected from proteolysis at Mg?" concentration up
to 10 mM (data not shown).

Figure 3(C) showed that UOZ" protects CRP
against pronase more efficiently than Ca?", since
digestion profiles appeared similar at 1 mM Ca%*
and 0.1 mM UO%". The masses of fragments
obtained in MALDI-TOF-MS experiments confirmed
the expected cleavage site in the calcium binding
loop.*! Spectra obtained were similar whenever Ca?*
or UOZ" was used [Fig. 3(D)], indirectly confirming
identical binding sites for both cations.

Interaction of Ca and PC with CRP

Surface plasmon resonance (SPR) was used to study
the binding of PC to CRP. The setup involved immo-
bilized PC, under the form of a PC-BSA conjugate
covalently linked to the sensor chip, and circulating
pCRP, and the reciprocal setting. Under both condi-
tions the absence of Ca?* gave no measurable signal,
while increasing its concentration proportionally
enhanced the signal to reach a plateau at 2 mM
CaCl,, as previously reported.?® Observed signals
were consistent with a maximal binding of one PC-
BSA molecule per CRP pentamer. The absence of
calcium in the dissociation buffer caused the imme-
diate release of bound molecules.

Binding levels were on average and consistently
seven times lower at 50 uM CaCly compared to those
measured in the presence of 2 mM CaCl, (data not
shown). Because both calcium cations are needed for
PC binding, a rough estimate of K (Ca-CRP) can be
drawn from this ratio, supposing equal affinity*!
and independency of calcium binding to both sites. A
1/7 ratio for PC binding implies that individual cal-
cium site occupancy is (1/7)%°, relating to the Y/
Rmax value in the first term of Eq. (2) depicting the
law of mass action. At X = 50 uM CaCly, we deduced
a Kp value of 82 pM. This agrees with reported Kp,
in the range of 50—78.1 pM.3%-4142

We also estimated the binding affinity of PC to
CRP. The published Kp values are from 5 to 18 uM
for human CRP2%404344 We consistently obtained
Kp values between 0.4 and 1 pM for CRP interaction
with PC-BSA in the presence of 50 uM Ca%*, what-
ever the settings and the sensor chips. Since the
functionalization ratio is 10 PC molecules per BSA
protein, avidity for the five binding sites of pCRP
could account for the 10-fold difference with the
reported affinity for free PC/CRP. Binding saturation
was reached when CRP concentration was raised to
10 uM (Supporting Information Fig. S1).

Inhibition experiments: UO2*

as a potent inhibitor

As expected, EDTA displayed a marked inhibition of
PC binding. Free PC was also found to inhibit CRP

2224 PROTEINSCIENCE.ORG

binding to immobilized PC-BSA, with an IC50 below
0.1 pM at 50 uM Ca?* (data not shown). MgCl, was
also assayed at concentrations up to 1 mM (as a re-
minder, body concentration is ~ 0.5 mM*®). Neither
inhibition nor enhancement of CRP-PC interaction
was observed despite a molar excess of 20 over Ca?".
This result suggested that Mg?* cannot replace Ca?*
cations in the CRP calcium binding sites. The previ-
ously reported magnesium binding to CRP®***° is
thus assumed to occur either in the calcium site
with a Kp value in the millimolar range at best, or
in different binding sites.

UO0%" was tested in SPR experiments as an in-
hibitor of circulating PC-BSA binding on a CRP sur-
face [Fig. 4(A)], along with the reversed experiment,
in the presence of 50 uM CaCly in the buffer. This
calcium concentration was considered as a good
trade-off between sufficient binding signal and UO%*
concentrations preserving solubility. In both cases, a
strong inhibition was observed, with a half-inhibi-
tory concentration (ICs,) of 0.16 puM UOZ* in the
first setup, and 10 uM in the later setup.

The estimation of the refractive index increment
(RII) for UO%" diacetate diluted in water using SPR
was 0.12 cm®/g instead of 0.18 cm?®/g for proteins,
accounting for a possible one third error in stoichi-
ometry estimations (data not shown). The corrected
formula used for the prediction of R.. for UO3"
was: (RUpred)m.x = RUy x (MW /MWy x (RII;/
RII,).%6

Two Ca%* atoms are needed for the binding of
PC to a CRP protomer. Figure 4(D,E) show side-by-
side the crystal structure of protomer C containing
two calcium atoms and a molecule of PC, and the
predicted location of the uranyl cation, presumably
replacing the calcium atoms. One of the apical oxy-
gen atoms is pointing in the direction normally occu-
pied by the phosphorus atom of PC.

Specificity of the inhibition

Because of the above mentioned differences in ICs,
the possibility that binding inhibition could result
from either the association of UO%" with the phos-
phate group of PC, or the monomerization of pCRP,
was a concern. To rule them out, we used a setup
where immobilized pCRP was subjected to various
concentrations of UOZ" (capture step), followed by a
dissociation step with running buffer. PC-BSA was
then injected, either at the same uranyl ion concen-
tration (Supporting Information Fig. S2) or with no
UO%" [Fig. 4(B,C)]. Regular association—dissociation
stages were recorded. The corresponding binding
capacity (RUpred)m. was 6.5 RU of UO3" for a 1:1
CRP subunit/UO%" stoichiometry after RII correc-
tion. The observed binding level for UO%" on pCRP
was in the range 2.5-5 RU, that is, 40 to 80% of
available calcium sites. PC-BSA maximal binding

UO3* Disrupts a Protein-Ca?*-Ligand Interaction
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CRP (838RU of immobilized pCRP). mCRP used for
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modulation. In supporting information Figure S2, UO,>" is
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E: Predicted site geometry of the U-CRP complex upon
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docking with CRP. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

level was 65 RU in the association stage, correspond-
ing to 13% of CRP pentamer.

At a stoichiometry of 2 to 4 uranyl ions per
pCRP an inhibition of PC-BSA binding between 60%
and 80% at 2 pM UOZ%" was observed [Fig. 4(B)].
The PC-BSA binding level was in any case fully
restored in the cycle without UO%" immediately fol-
lowing the 2 uM UO%" cycle.

Pible et al.

This showed that immobilized pCRP did not
monomerize into mCRP upon UO%" binding, since
this conformational change is irreversible and
mCRP is known not to bind PC. Additionally, abso-
lute variation of baseline on the pCRP surface was
within 3 RU indicating stability of the immobilized
material. Since PC-BSA was never in direct contact
with UO%" in Figure 4(B) experiment, it can be con-
cluded that this inhibition was due solely to the ura-
nyl ion interfering at the CRP calcium binding site
rather than any interaction with the phosphate
group of PC.

Direct UO%* binding to CRP
The availability of high sensitivity SPR instrument,
such as Biacore T100 has opened the way to the
direct measurement of small ligand interaction. The
direct binding of UO%" to CRP could be directly
assessed on immobilized CRP.

A strong nonspecific interaction for CM-dextran
was observed on all sensorchips. As shown in Fig-
ure 5, the signal for a pCRP-grafted surface
(3190RU of immobilized pCRP) was comparable to
that of a nonfunctionalized CM-dextran surface.
Nonspecific signal thus originated largely from the
interaction of the uranyl ion with negatively charged
side-chains or nonfunctionalized dextran carboxylate
groups. Nonspecific binding was best fit using a

0, 100
[UO,™] (uM)

Figure 5. UO,%" binding SPR signal. SPR signal for U0,2*
binding on a pCRP surface (grey diamonds) compared to
the nonspecific signal (NS) measured on a non-
functionalized CM-dextran surface (open circles). Both
signals are blank subtracted. The best fit of NS was
obtained with a four-parameter logistic function (dashed
grey line). An additional one-site binding function was
necessary [Eq. (2)] for nonlinear fitting of the UO,%* binding
signal on pCRP (black line). Inset: Focus on the fitted
UO,2* binding signal on pCRP. The nonspecific
contribution modeled with a four-parameter logistic curve
(thin black line), the specific binding signal (dark grey line)
and the fitted sum (black line) are shown.
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four-parameter logistic curve, with an EC50 of 20
uM and a HillSlope of 1.9, indicating positive bind-
ing cooperativity.

The overall signal was modeled as the sum of
both a standard one-site binding curve and a non-
specific logistic curve as in Eq. (2).

R x X
Y = Yspecific + Yns = I?;)\XT
Top — Bottom
+ | Bottom + gy FlStope (2)
1+ (10550m)

By subtracting the nonspecific component from
the overall signal, we could access to the specific fea-
ture of UO%"-pCRP binding. The resulting fit is
shown in Figure 5 inset, with a very good absolute
sum of squares at 0.08. The corresponding Ky value
for the one site binding model was (6.8 = 0.9) x 10~
M. The fitted Rpax value at 16.2 RU was in agree-
ment with the expected Rp.x [(RUpred)ya.xl, given
the quantity of CRP immobilized on the sensor chip,
at 25 RU (CRP subunits, RII corrected), indicating
that UO%" binds about 65% of CRP calcium sites with
high affinity in buffer containing 50 uM CaCls,.

Discussion

Experimental validation of computational prediction
is unfortunately seldom achieved for a number of
reasons including the difficulty in accessing biologi-
cal materials. We had this requirement in mind in
the design of this study. Our docking tool for UO%*
proposed several targets, and multiple binding sites
in proteins. The performance of the method had to
be confirmed and we selected a demonstrative exam-
ple. The fact that UO%" could interfere with the
Ca?" binding pocket of CRP, and consequently in-
hibit PC binding to CRP is original and pertinent
from a toxicological point of view. Experimental
results supported the predicted binding of UO3" at
the specific binding site for calcium, with an unex-
pectedly high affinity, about 100-fold higher than
that of calcium.

The colocalization of calcium and uranyl cations
was confirmed by examining the selective inhibition
of the pronase-sensitive calcium binding loop of CRP.
Electrophoresis experiments showed that UO%" was
at least 10-fold more efficient than calcium in pro-
tecting CRP from digestion. Maldi-TOF results were
also in agreement with this finding. Magnesium did
not inhibit proteolysis, which rules out a nonspecific
electrostatic mechanism. As seen in Figure 3(C),
CRP showed slightly delayed band migration, but
only at higher uranyl ion concentrations. This was
considered an artifact due to silver staining since it
was not observed on coomassie blue staining gels
performed in parallel (Invitrogen NuPAGE Novex
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10% Bis-Tris Mini gels, Supporting Information, Fig.
S3). The stoichiometry of 0.9 UO%" per CRP subunit
observed in ICP-MS experiments further indicated
that the uranyl ion binds in the calcium binding
site, one uranyl cation replacing both calcium
cations.

We measured a dissociation parameter (Kp) of
0.68 uM for the interaction between CRP and UO3*
in the presence of 50 M Ca?*. Thus, UO%" binds to
native pCRP with an affinity one-hundred fold
higher than calcium, since the Kp for calcium was
reported to be in the range of 50-78.1 uM. Ionized
calcium concentration in interstitial fluid or plasma
is about 1.2 mM,*® so a competition with the uranyl
ion could be expected as soon as its local concentra-
tion exceeds 10 pM. Moderate UO%" intoxication
might be sufficient to hinder CRP adhesion to apo-
ptotic or pathogen cells. Internal contamination with
uranium is often associated with inflammation®”*®
and CRP levels might thus increase up to 1000 fold.
CRP could then constitute a biochemical cargo for
uranium in the serum. However, UO3" concentra-
tions in interstitial fluids are probably as transient
as blood concentrations, so biological relevance of
these dynamic processes is difficult to estimate with-
out in vivo experiments.

In addition to these biochemical investigations,
we examined atoms appearing in the first coordina-
tion shell of uranium. Existing data are extracted
from resolved protein structures where the uranyl
cation was used for phase resolution in multiple iso-
morphous replacement,'®*° and have also been docu-
mented for transferrin.® We propose here the direct
binding of a uranyl cation with protein side-chain
atoms only as first shell ligands, apart from one
water molecule, as observed in almost all UO3" sites
in the Protein DataBank. Interestingly,
GIn150 is reported here among coordinating groups
in UO%" first-sphere. The glutamine amide oxygen
atom had not been reported before as a direct uranyl
ion ligand, although amide oxygen atoms are likely
UO%" chelators since they are reported as hard
Lewis bases according to the hard/soft acid/base
theory (HSAB).

Our detection methodology was used with a par-
ticular focus on molecular interactions. Strikingly,
the first selected and tested target has a calcium
site prone to UO%" competition. Such calcium bind-
ing sites favoring pentagonal or hexagonal planar
chelation geometry, as needed for the uranyl ion
complexation, may account for the chemical toxicity
of UO%" and its distribution in tissues.

found

Material and Methods

The screening methodology was detailed previ-
ously.'® Briefly, a first shell environment of the ura-
nyl cation is drawn from the statistical analysis of
structures of complexes from the Cambridge
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Structural Databank (CSD) and the PDB. UO2" is
placed at each node of a grid laid over the PDB
structure in a first geometrical screening stage, and
all possible binding oxygen atoms from the protein
are tentatively moved towards the expected UO%*
first shell positions, using side-chain rotamers for
maximum flexibility. When this stage is favorable, a
second stage involving energy minimization in the
Amber force-field is applied, allowing the calculation
of a score estimating the total energy of the protein-
metal complex [Fig. 1 Top right].

This method was applied to a nonredundant
subset of the PDB, prepared to focus on the most
biologically pertinent protein structures and reduce
computer screening time. PDB sequences aligning
with the same areas of native Swiss-Prot sequences
were gathered by performing a hierarchical cluster-
ing of PDB chains based on a UniProtKB-Swiss-Prot
versus PDB blast. A C-alpha RMSD was then calcu-
lated in each cluster, relative to the least mutated
PDB chain compared with the accession number
(AC), to retain as many alternative conformation
structures as needed. The least mutated PDB entry,
compared with the native sequence, was then kept
in each subcluster. 12837 PDB unique IDs were
selected as the database subset [Fig. 1 Topl].

An automated version of our INTERALIGN pro-
gram®® was used for sequence manipulations and C-
alpha RMSD calculations for sequence alignments
originating in the Basic Local Alignment Search
Tool (BLAST). The computing time to process the
PDB subset files was equivalent to 625 days on a
single 3.2 GHz Pentium IV with 1024M RAM run-
ning with Linux. Database collection and processing
was performed early in this work, using December
2005 version for the PDB database and March 2005
version for the SMID database (Biomolecular Object
Network Databank,?).

Choice of C-reactive protein

The selection of proteins of interest [Table I] was
based solely on scores and redundancy. Proteins
with at least one predicted UO%" site with a score
below —500 were selected. This threshold corre-
sponds to the mean +1SD value of the specific popu-
lation distribution (84% of specific scores). Score
spreading of sites per PDB entry was followed to
control the number of nonspecific hits, since detected
chelation areas involving common residues predomi-
nantly yield similar score levels. Proteins selected in
Table I counted at least two associated structures,
showed a mean value of scores below —600, a stand-
ard deviation (SD) below 100, less than 31.6% of
scores higher than mean + 1SD (the expected per-
centage for a normal score distribution is 15.8%, 2
times as a safety coefficient), and at least one SMID
ligand less than 3 A form the uranyl ion site. We
then focused on proteins interacting with molecules
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in a metal-dependent fashion, with an apo-form of
the protein structure available to check on conforma-
tional stability compared to the metal loaded struc-
ture. This led to the selection of the calcium medi-
ated CRP/phosphorylcholine interaction.

Reagents

UO%" speciation and solubility were carefully moni-
tored for the experimental setup since neutral pH
tends to form precipitates of UO%"-hydroxyl. In ac-
cordance with Jang et al. who studied schoepite
[UO4(OH)5.HyO(c)] formation at pH 7,°2 we kept
UOZ" concentration below 1 and 0.1 mM for electro-
phoresis and SPR experiments, respectively. All the
experiments were performed within 1 day, from
extemporaneous dilutions of the stock solution. The
UOZ* stock solution was 100 mM UOZ" diacetate,
pH = 4.

Pronase from Streptomyces griseus (Calbiochem,
La Jolla #537088) was freeze-dried, and CRP (Bio-
spacific, Emeryville, #J81600135) was solubilized in
20 mM Tris-HCI (pH = 7.5), 2 mM CaCl,, 140 mM
NaCl, and 0.05% NaNs;. Monomeric CRP (mCRP)
was prepared according to the urea method from
Potempa et al.®*

Unless otherwise indicated all chemical products
were from Sigma-Aldrich (St-Quentin Fallavier,
France) and used without further treatment. Pure
water was provided by a DirectQ purification system
(Millipore, Billerica).

Pronase assay

a. Pronase/CRP ratios: 24 pg of a CRP solution at 1
mg/mL were dialyzed against 10 mM Tris-HCl
and 150 mM NaCl, pH 7, using a Micro DispoDia-
lyzer (Harvard Apparatus, Holliston). Four 30 pL
CRP samples (200 pg/mL, 10 mM Tris-HCI, 150
mM NaCl, pH 7) were incubated with 1ImM CaCl,
(1 h at RT), then digested (2 h at 37°C) with pro-
nase [1 mg/mL in Tris-Buffered Saline (TBS)] at
various protease/substrate ratios (1% to 10%, W/
W).

b. Calcium protection: 1 mg/mL CRP solution was
dialyzed in 25 mM Hepes, 756 mM NaCl, pH 7,
then adjusted to 200 pg/mL. The protein solution
was distributed (30 puL) and incubated (1 h at RT)
with CaCly concentrations ranging from 1 to 10
mM. The samples were digested by pronase (5%
W/W, 2 h, 37°C).

c. UO%" protection: the preparation was identical to
the previous calcium experiments, with UOZ"
concentrations ranging from 0.1 to 1 mM to pre-
vent UO%" hydrolysis and precipitation in pH 7
buffer.

Pronase reactions were stopped by cooling in ice
and the digests were immediately analysed by SDS-
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PAGE, using a PhastSystem (GE Healthcare, Buc,
France) with precast gradient gels PhastGel™ 8-25
and SDS buffer strips, according to the manufac-
turer’s instructions. SeeBlue® Plus2 prestained
standards were from Invitrogen (Cergy Pontoise,
France).

SDS-PAGE analyses were carried out on dupli-
cates from the different digests, and the gels were
silver stained. SDS was added to each sample before
heating (90°C, 10 min), but no DTT since it induces
a smear on gels in the presence of UO3™.

MALDI-TOF-MS assays

MALDI-TOF-MS spectra were recorded on a
MALDI-TOF Biflex IV mass spectrometer (Bruker
Daltonics) in positive ionization mode. Sinapinic acid
prepared as saturated solution in 30% acetonitrile,
70% milli-Q water, and 0.1% trifluoroacetic acid was
used as matrix for desalted unproteolyzed proteins.
A CRP solution at 1 mg/mL was extensively dialyzed
against 10 mM Tris-HCI and 150 mM NaCl, pH 7.4,
using a Micro DispoDialyzer. Protein samples (500
pg/mL) were distributed in three glass vials (27 pL),
with an added volume of 3 uL of water, CaCl, (1 mM
final concentration) or UO%" (100 pM final concen-
tration) before incubation (1 h, RT). Digestion (2 h
at 37°C) with pronase (1 mg/mL solution in TBS)
was at a protease/substrate ratio of 5% W/W. Finally,
30 uL of ethanol were added in each sample followed
by sonication. Samples of 0.5 uL. were spotted onto a
Scout MALDI 384 target (Bruker Daltonics) using
dried droplet method, with the addition of 0.5 pL of
sinapinic acid. Spectra were acquired in linear mode
(150-250 laser shots) in the m/z range from 5000 to
30,000. Higher masses were also scrutinized to
check for the absence of multimeric CRP. Calibration
was achieved using standard I from Bruker (insulin,
ubiquitin, cytochrom C, myoglobin peaks), and the
expected average mass of CRP (23047.32 Da).

ICP-MS assay

To load CRP with UO%", a 1 mg/mL CRP sample
was first dialyzed against 200 mL 150 mM NacCl, 10
mM acetate buffer using a Micro DispoDialyzer
(Harvard Apparatus, Holliston). Then the sample
was diluted in the same buffer with added UO%"
diacetate to reach a final concentration before dialy-
sis (10000 daltons cutoff) of 10 uM protein and 100
puM UO%". A sample with 100 pM UO%" without pro-
tein was also dialyzed in the same buffer as a refer-
ence. The buffer pH was adjusted to five to insure
UOZ%" solubility at a concentration up to 100 pM for
an overnight run (see Supporting Information Fig-
ure S4 and Table SIII). Two 100 puL samples were
then dialyzed (10000 daltons cutoff) overnight with
200 mL buffer without UO%". The CRP concentra-
tion was readjusted using a CRP extinction coeffi-
cient (mg/mL) of 1.818 using a Carry 300 spectro-
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photometer (Varian) for 280 nm absorbance
measurements. Two hundred microliters of UOQZ"
loaded samples were diluted in 5% HNOS3 before

ICP-MS analysis (PQ Excell Option S, Thermoptek)

SPR assays

Experiments were performed on a Biacore T100
instrument (GE Healthcare). UO3" mass is above
the reported sensitivity of this instrument, making
UO%" binding measurements possible. However,
nonspecific binding and refractive index increment
need to be taken into account for accurate measure-
ments as detailed in this work.

Free phosphorylcholine was from Sigma-Aldrich
and phosphorylcholine conjugated to BSA (10 PC
per BSA, functionalized on Tyr residues) was from
Biosearch Technologies (Novato). PC-BSA, pCRP,
and mCRP were immobilized on CM5 sensor chips
using standard amine-coupling EDC/NHS chemistry
followed by ethanolamine deactivation of activated
CM-dextran groups. A blank flow cell was used as a
reference on all chips.

The running buffer was a 10 mM Tris, 150 mM
NaCl, and 50 uM CacCls solution without EDTA. No
surfactant, such as Tween 20, was used in the run-
ning buffer since binding levels of CRP to PC-BSA
in the presence of calcium were 10 times higher in
the absence of detergent, with no measurable
adverse effect on nonspecific binding. Calcium con-
centration was adjusted to 50 uM to maintain a
CRP/calcium ratio slightly higher than that of the
CRP long storage manufacturer solution (1 mg/mL
CRP with 2 mM calcium) at CRP concentrations up
to 1000 nM.

The regeneration buffer was 10 mM NaOH,
0.05% SDS, 0.5% Tween20 and 2mM EDTA, ensur-
ing stable baseline, reproducible binding levels and
minimal nonspecific binding, under all conditions.

The full SPR cycle of the uranyl ion capture
experiments is given in Figure 4(B,C) and Support-
ing Information Figure S2. The stages were: UO3"
diacetate capture (120 sec, 10 pul/min.), dissociation/
wash in running buffer (115 sec, 30 pL/min), then
injection of 100 nM PC-BSA diluted in the running
buffer with or without UOZ*, dissociation and
regeneration.

All SPR data were analyzed using Biacore T100
evaluation software version 1.1 (GE Healthcare).
Fits were performed using an MW of 115 kDa for
pCRP, 70 kDa for PC-BSA, and 23 kDa for mCRP.

The predicted maximum instrument responses
for binding of a single ligand (RUpred),,.x were esti-
mated using the standard formula (RUpred)y.. =
RUyx MW1/MWy) where RUy; is the signal corre-
sponding to the immobilized molecule, MWy, is the
molecular weight of the ligand or analyte (i.e., the
circulating molecule) and MWy; is the molecular
weight of the immobilized molecule. Davis and
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Wilson®® report that correction of this formula to

account for RII differences between immobilized
molecule and ligand might be needed for avoid
errors reaching a factor of 2 on stoichiometry predic-
tions. We used a bare gold surface to estimate UO3*
RII value using SPR.%?

Equation 2 was entered in Graphpad Prism ver-

sion 4.00 (GraphPad Software, San Diego California,
www.graphpad.com), which was used for nonlinear
fitting of data.

Structures were drawn with DS Visualizer 2.0

(Accelrys Software) and rendered with POV-Ray 3.6
under Linux (Persistence of Vision Pty. 2004).
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