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Uranium should not be considered rare, as it is the 49th most
abundant element in the earth�s crust. The use of uranium as a
nuclear fuel and for weapons increases the risk of human
exposure, and the storage of radioactive uranium wastes is
also a potential environmental problem. Although all ura-
nium isotopes are radioactive, uranium�s chemical toxicity
generally poses the greater health risk. In contrast to the d-
block transition metals, which have crucial biological func-
tions, actinides such as uranium have limited biological
activity despite a rich chemistry. Current research on biolog-
ical aspects of uranium focuses on developing chelation
therapies to treat exposure,[1] sensitive detection of uranyl
species,[2, 3] and remediation of radioactive waste.[4] Some
bacteria are known to reduce uranium in salts from its soluble
+ 6 oxidation state to its less soluble + 4 oxidation state,
which has been proposed as a promising method for
bioremediation by decreasing bioavailability of uranium.[5–7]

We sought to design actinide-specific binding proteins
using known principles of actinide coordination chemistry.
We envision that bacterial systems with actinide-specific
transporters, chaperons, storage proteins, and regulators can
be engineered, as protein design has been done for d-block
metals.[8–11] As a first step we present herein the construction
of a uranyl-selective DNA-binding protein using E. coli NikR
as the template.

Uranium can be present in a number of oxidation states,
of which the + 6 oxidation state, as the uranyl cation (UO2

2+)
and its complexes, is the most stable under aerobic and
aqueous conditions. Uranyl is a linear dioxo cation that
prefers to coordinate up to six hard donor ligands in the
equatorial plane. A number of serum proteins,[12] designed
peptides,[13] and DNA[14] have been identified to interact with

uranyl, but only a few cases (including transferrin[15,16] and
serum albumin[17]) have been studied in any detail. Never-
theless, there are a variety of reported crystal structures of
uranyl-containing proteins arising from the use of uranyl as a
heavy-metal soaking reagent. These structures reveal that
uranyl binds to proteins mainly through carboxylic acid
groups such as aspartate, glutamate, and C-terminal carbox-
ylic acid groups.[14,18] Furthermore, hydrogen bonds between
the uranyl oxo groups and backbone amide groups have been
suggested to enhance interactions between the uranyl cation
and proteins.

NikR is a Ni2+-dependent transcriptional repressor of the
nikABCDE Ni2+ uptake system. It is a tetramer in solution
and does not bind DNA in the absence of metal.[19–22] Binding
of Ni2+ ions leads to NikR recognition of a specific promoter
DNA and repression of the downstream Ni2+ uptake
genes[23–25] (Scheme 1a). In the crystal structure of holo-
NikR, Ni2+ is recognized in a square-planar geometry at the
tetramerization interface, with His76 from one monomer and
His87, His89, and Cys95 from the other monomer serving as
the ligands (Scheme 1b).[26]

In our design, the square-planar coordination geometry of
the Ni2+ ion in NikR was used as the starting point to
construct an equatorial coordination plane for the uranyl
core. To achieve a favorable uranyl coordination environ-
ment, His76 and Cys95 were mutated to aspartic acid (H76D
C95D), which can coordinate either in a monodentate or a
bidentate fashion. To accommodate the uranyl oxo groups,
Val72 was mutated to serine (V72S), which has the potential
to form a hydrogen bond to one of the oxo groups of the
uranyl cation (Scheme 1 b).

Scheme 1. Nickel(II)-responsive transcriptional regulator (NikR) in
E. coli. a) NikR binds to its promoter DNA in the presence of Ni2+ to
repress transcription of the downstream Ni2+ uptake genes. b) The
Ni2+ binding pocket in wild-type NikR and the design of the UO2

2+

binding site by a series of mutations (V72S H76D C95D) that provide
extra hard ligands in the equatorial plane to favor binding of UO2

2+.
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The triple mutant NikR V72S H76D C95D (NikR’) was
expressed and purified (Supporting Information, Figure S1),
and the binding of the uranyl cation to NikR’ was tested
through dialysis with a uranyl-containing solution and wash-
ing away of unbound uranyl. The uranyl content of the
resulting protein complex was quantified to be (1.03� 0.09)
equivalents uranyl per protein monomer by inductively
coupled plasma mass spectrometry (ICP-MS) and was con-
firmed with the colorimetric dye arsenazo III (Supporting
Information, Figure S2).

The uranyl-binding affinity of NikR’ was measured by
competition experiments between NikR’ and diglycolic acid
(dga). Diglycolic acid has a moderate affinity for uranyl and
forms two major complexes, [UO2(dga)] and [UO2(dga)2]

2�,
with an overall conditional dissociation constant of 10�5.53

m at
pH 6.5 and 300 mm NaCl after ionic-strength correction.[27] In
our experiment, 10 mm protein and 10 mm uranyl were
incubated in the presence of different concentrations of
diglycolic acid. After separating the uranyl diglycolate com-
plexes from the protein using a concentrating tube, the
protein and flow-through were analyzed for uranyl content
using the colorimetric reagent arsenazo III (Figure 1 and
Supporting Information, Figure S3–S5). The binding curve
shows that 10 mm NikR’ has an affinity for uranyl equal to that
of 553 mm diglycolic acid, from which a dissociation constant
for the uranyl NikR’ complex is calculated to be 10�7.27�0.20

m

(or 53 nm).
To probe the uranyl binding site in NikR’, uranium L3

edge extended X-ray absorption fine structure (EXAFS)
measurements of the uranyl-loaded protein were made at the
Advanced Photon Source (see the Supporting Information).
EXAFS has been used previously to elucidate the coordina-
tion environment of actinyl ions bound to bacterial surfaces or
plants.[28–30] The structural model that best reproduces the
EXAFS spectra (Figure 2) is composed of six nitrogen or
oxygen donors coordinated at two different distances in the
uranyl equatorial plane. These donors come from (1.8� 0.3)
imidazole ligands and (1.9� 0.3) bidentate carboxylate
ligands (Table 1). Other models that included coordinated
water or monodentate carboxylate ligands in place of the
imidazole ligands were unable to reproduce all of the features
of the experimental data. The resulting structural model is

fully consistent with the coordination of two histidines and
two aspartate residues, as expected from the design of the
NikR’ binding site. In modelling the EXAFS spectra, it was
not possible to differentiate between the cis and trans
arrangements of the ligands, but considering the constraints
in the NikR’ metal binding pocket, a cis arrangement of these
ligands is most plausible. Furthermore, wild-type NikR and
the single-point mutants V72S, H76D, and C95D do not bind
the uranyl cation (Suporting Information, Figure S6), which
supports binding of uranyl to the designed site in NikR’.

To investigate if the engineered uranyl-binding NikR’
retains the ability to function as a metal-dependent DNA-
binding protein, gel mobility shift assays were performed.
Wild-type NikR binds to its promoter DNA in the presence of

Figure 1. Competition of uranyl (10 mm) binding to NikR’ (10 mm) and
diglycolic acid. Extreme points are the control samples: the higher
value is protein without competitor and the lower one is uranyl with
neither protein nor diglycolic acid.

Figure 2. a) Uranium L3 edge EXAFS of NikR’ loaded with uranyl (data
in blue and best-fit model in red) and b) its Fourier transformation,
where k is the photoelectron wavenumber, k3c(k) is the k3-weighted
EXAFS function, and R + D is half the scattering pathlength without
phase-shift correction. c) Cluster of atoms used to generate the phase
and amplitude functions for the best-fitting model.

Table 1: Structural parameters from the EXAFS study of uranyl NikR’.[a]

Scattering shell N R [�] s2 [10�3 ��2]

U=Oyl 2[b] 1.782(4) 1.8[b]

U�Ocarbox,short 1.9(3) 2.31(1) 3.0[b]

U�N 1.8(3)[c] 2.47(2)[c] 5.8[b]

U�Ocarbox,long 1.8(3)[c] 2.47(2)[c] 5.8[b]

U�Ccarbox 1.9[d] 2.90(2) 4(3)
U�Cimid 3.6[d] 3.43(6) 13(10)

[a] Uncertainties in the last digit of the varied parameters at 95%
confidence are given in parentheses. S0

2 = 1.0, DE0 = (0.9�1.2) eV, c2
red =

8.3. S0
2 is the amplitude reduction factor, DE0 is the energy shift, c2

red is
the reduced chi-square statistic, N is the number of scattering
interactions of a given type, R is the corresponding separation, and s2

is the Debye-Waller factor. [b] Fixed parameter. [c] NU�Ocarbox,long = NU�N

and RU�Ocarbox,long = RU�N. [d] NCcarbox = NOcarbox/2, NCimid = 2NNimid.
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Ni2+ ions (Scheme 1a), and a number of other divalent metal
ions such as Cu2+, Zn2+, Co2+, Mn2+, and Cd2+ can also induce
protein–DNA complex formation.[31] However, NikR does
not bind to DNA in the presence of 50 mm UO2

2+ (Figure 3a).

The mutant NikR’ binds to DNA neither in the absence of
metal ions (Figure 3b, lane 1) nor in the presence of Ni2+ ions
(lane 3), but it forms a protein–DNA complex in the presence
of UO2

2+ (lane 2). In comparison to NikR, the metal
selectivity of NikR’ has been altered. Experiments with
other metal ions show that the mutant protein only forms the
protein–DNA complex in the presence of the uranyl cation
while Ni2+, Zn2+, Co2+, Cu2+, Cd2+, Mn2+, and Fe2+ ions do not
result in any observable complex formation (Figure 3 b).
Attempts to load NikR with uranyl or NikR’ with Ni2+ did not
yield any observable metal binding. Thus, this mutant NikR’
shows a uranyl-specific DNA-binding ability.

Small proteins or peptides that recognize lanthanides
have been studied.[32–34] Herein we report the design of a
uranyl-responsive DNA-binding protein by reengineering the
nickel(II)-responsive NikR protein. This study demonstrates
that basic coordination principles unique to actinyl ions such
as uranyl can be applied in a protein framework to achieve
selective uranyl binding. Future work will be devoted to
improving the affinity of this or other designed actinide-
binding proteins and peptides through further protein engi-
neering or protein evolution.
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Figure 3. Gel mobility shift assay. a) DNA binding by wild-type NikR in
the absence of metal, with 50 mm Ni2+, and with 50 mm UO2

2+. b) DNA
binding of engineered NikR’ in the presence of uranyl and various
other metal ions (250 mm).

Angewandte
Chemie

2377Angew. Chem. 2009, 121, 2375 –2377 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/cr990114x
http://dx.doi.org/10.1021/cr990114x
http://dx.doi.org/10.1073/pnas.0607875104
http://dx.doi.org/10.1021/ja00012a053
http://dx.doi.org/10.1021/ja00012a053
http://dx.doi.org/10.1016/0167-7799(93)90158-6
http://dx.doi.org/10.1016/S0168-6445(03)00044-5
http://dx.doi.org/10.1016/j.copbio.2005.04.012
http://dx.doi.org/10.1146/annurev.micro.59.030804.121357
http://dx.doi.org/10.1002/ange.200600042
http://dx.doi.org/10.1002/ange.200600042
http://dx.doi.org/10.1002/anie.200600042
http://dx.doi.org/10.1021/cr0000574
http://dx.doi.org/10.1021/ja075116a
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1073/pnas.0409684102
http://dx.doi.org/10.1021/tx050038v
http://dx.doi.org/10.1007/s10311-005-0033-y
http://dx.doi.org/10.1021/bi061945h
http://dx.doi.org/10.1002/ange.200502344
http://dx.doi.org/10.1002/anie.200502344
http://dx.doi.org/10.1016/j.biochi.2006.05.015
http://dx.doi.org/10.1073/pnas.0606247103
http://dx.doi.org/10.1073/pnas.0606247103
http://dx.doi.org/10.1016/S1074-5521(02)00241-7
http://dx.doi.org/10.1021/bi049405c
http://dx.doi.org/10.1021/bi049405c
http://dx.doi.org/10.1038/nsb890
http://dx.doi.org/10.1074/jbc.M002232200
http://dx.doi.org/10.1021/ja068505y
http://dx.doi.org/10.1016/j.cbpa.2006.02.011
http://dx.doi.org/10.1016/j.cbpa.2006.02.011
http://dx.doi.org/10.1038/nsb985
http://dx.doi.org/10.1021/ic020460o
http://dx.doi.org/10.1524/ract.2006.94.9-11.723
http://dx.doi.org/10.1016/S0016-7037(02)00947-X
http://dx.doi.org/10.1016/S0016-7037(02)00947-X
http://dx.doi.org/10.1021/bi049404k
http://dx.doi.org/10.1002/cbic.200390046
http://dx.doi.org/10.1073/pnas.0536562100
http://dx.doi.org/10.1073/pnas.0536562100
http://dx.doi.org/10.1002/bit.20946
http://www.angewandte.de

