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ABSTRACT: UreE is a homodimeric metallo-chaperone that assists the insertion of Ni2+ ions in the active
site of urease. The crystal structures of UreE fromBacillus pasteuriiandKlebsiella aerogeneshave been
determined, but the details of the nickel-binding site were not elucidated due to solid-state effects that
caused disorder in a key portion of the protein. A complementary approach to this problem is described
here. Titrations of wild-typeBacillus pasteuriiUreE (BpUreE) with Ni2+, followed by metal ion quantitative
analysis using inductively coupled plasma optical emission spectrometry (ICP-OES), established the binding
of 2 Ni2+ ions to the functional dimer, with an overall dissociation constantKD ) 35 µM. To establish
the nature, the number, and the geometry of the ligands around the Ni2+ ions in BpUreE-Ni2, X-ray
absorption spectroscopy data were collected and analyzed using an approach that combines ab initio
extended X-ray absorption fine structure (EXAFS) calculations with a systematic search of several possible
coordination geometries, using the Simplex algorithm. This analysis indicated the presence of Ni2+ ions
in octahedral coordination geometry and an average of two histidine residues and four O/N ligands bound
to each metal ion. The fit improved significantly with the incorporation, in the model, of a Ni-O-Ni
moiety, suggesting the presence of a hydroxide-bridged dinuclear cluster in the Ni-loadedBpUreE. These
results were interpreted using two possible models. One model involves the presence of two identical
metal sites binding Ni2+ with negative cooperativity, with each metal ion bound to the conserved His100

as well as to either His145 or His147 from each monomer, residues found largely conserved at the C-terminal.
The alternative model comprises the presence of two different binding sites featuring different affinity
for Ni2+. This latter model would involve the presence of a dinuclear metallic core, with one Ni2+ ion
bound to one His100 from each monomer, and the second Ni2+ ion bound to a pair of either His145 or
His147. The arguments in favor of one model as compared to the other are discussed on the basis of the
available biochemical data.

The structural details of the mechanisms by which specific
metal ions are transported in the cell and inserted into the
correct metallo-enzyme have been the subject of recent
investigations. This process must be very specific; indeed,
many transition metals are essential but may also constitute
potential risks of high toxicity if they bind to the wrong
cellular components, hampering their function. A class of

soluble metal-binding proteins, known as metallo-chaperones,
has been established as being fundamental for this process
(1, 2), and molecular information has been collected on
copper (3), zinc (4), iron (5), and manganese (6) chaperones.
Related proteins are involved in nickel metabolism (7). This
paper deals with the elucidation of the metal-binding
properties of UreE, a nickel-chaperone involved in the in
vivo assembly of urease, a nickel-containing enzyme that
catalyzes urea hydrolysis in the last step of nitrogen
mineralization (8, 9). This process requires four accessory
proteins, named UreD, UreE, UreF, and UreG (10, 11), but
the specific functions of these proteins are not fully
understood. UreD appears to be a specific chaperone that
facilitates nickel insertion into apo-urease by stabilizing a
proper protein conformation (12). UreG is a Zn-binding
dimeric GTPase that is intrinsically unstructured in solution
(13) and possibly involved in an energy-dependent step
during in vivo urease assembly (14, 15). UreG and UreF
form a super-complex with the UreD-apourease complex
(16), suggesting that such large aggregates could be required
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for in vivo activation of urease (15). Finally, UreE binds
nickel and is thought to interact with the UreDFG-apourease
super-complex facilitating Ni2+-incorporation in the urease
active site (17-22).

The metal-binding properties of UreE have been the
subject of numerous investigations, but a general and
definitive picture is still not available. The first of these
studies dates back to 1993, when it was discovered that UreE
from Klebsiella aerogenes(KaUreE)1 possesses a His-rich
C-terminus (10 histidines out of the last 15 residues). This
protein was able to bind 6.05( 0.25 Ni atoms per functional
dimer in a coordination environment of 3-5 histidines, with
a macroscopic averageKD of 9.6 ( 1.3 µM (18). However,
only a small portion of all UreE proteins feature such a long
His-rich C-terminus region (23, 24), and therefore, the
properties of wild-typeKaUreE cannot be taken as repre-
sentative of the entire class of UreEs. The Ni2+-binding
properties of a truncated form ofKaUreE, lacking the last
15 residues of the His-rich C-terminal portion of the protein,
and named H144*KaUreE, were reported in 1996 (19). The
data were interpreted as indicating the binding of 1.9( 0.2
Ni atoms to H144*KaUreE, but could not be fitted to a
simple model that assumed the presence of independent sites
with identical binding affinities, and cooperativity was
included. This treatment yielded the values for the first and
second binding constants (KD1 ) 85 ( 10 andKD2 ) 0.78
( 0.1 µM, respectively), indicating a positive cooperativity
in the binding of the two Ni2+ ions. The macroscopic
dissociation constantKD was estimated as ca. 8µM. The
physiological activity of H144*KaUreE was reported to be
about 20% lower than that of the wild-typeKaUreE (19). In
1998, X-ray absorption data on the truncated H144*KaUreE
were interpreted with a model involving two Ni2+ ions bound
by N/O donors in pseudo-octahedral five- or six-coordinate
sites. The two metal ions appeared to be spectroscopically
distinguishable, with one Ni2+ bound tog3 His and the other
bound tog2 His (20). In 1999, site-specific mutagenesis
experiments performed on H144*KaUreE were described,
and mutants were tested to identify the residues responsible
for the binding of nickel (21). In this study, an improved
fitting procedure was used to show that H144*KaUreE binds
2.01 Ni2+ ions withKD1 ) 47 µM andKD2 ) 1.5 µM, with
positive cooperativity (Hill coefficient) 1.69) and average
macroscopic binding constantKD ) 8.6 µM. The first site
was reported to involve His96, His112, Asp111, and Cys79, while
the second site appeared to contain His110. However, only
His96 and Asp111 were critically involved in Ni2+ incorpora-
tion into the urease active site (21, 22, 25).

In 2001, the crystal structure of H144*KaUreE was
reported, and the striking presence of three, and not two,
metal-binding sites was detected by soaking the crystal of
the apo-form in a copper-containing solution (26), contra-

dicting all the previous studies of the stoichiometry of metal
binding to this protein. The authors explained this incongruity
as resulting from an aberrant reactivity of H144*KaUreE
with protein assay reagents, with the consequent overestima-
tion of the protein concentration and therefore decrease of
the calculated binding stoichiometry (26). Of these three
binding sites, two were located on identical positions of each
monomer of the homodimeric protein, related by symmetry,
and involved the presence of His110 and His112, while the
third site was at the interface of the two monomers and
involved His96 (Figure 1A). The topology and the coordina-
tion environment of the three metal-binding sites revealed
by the structure of H144*KaUreE explained the fact that
the mutants His110/Ala and His112/Ala bind only a single Ni2+

ion (presumably at the His96 site) and that the mutant His96/
Ala binds two Ni2+ ions (in the two His110-His112 symmetric
sites) (21). The last few residues at the C-termini ofKaUreE
could not be located in the structure, due to their disordered
positions in the solid state.

The structure ofBacillus pasteuriiUreE (BpUreE) was
also concomitantly and independently reported in 2001 (27).
BpUreE andKaUreE share many structural features (24) but
differ in the fact that the His110-His112 binding site present
in KaUreE is absent inBpUreE due to the natural replace-
ment of these two nonconserved histidines by a tyrosine and
a lysine, respectively (Figure 1B). In addition, whileKaUreE
is present as the functional dimer in the crystal,BpUreE
crystallizes as a dimer of dimers, bridged by a single Zn2+

ion bound to four His100 (fully conserved residues corre-
sponding to His96 in KaUreE), at the interface of two
monomers, with each His100provided by one of the four UreE
monomers. The result is that the metal-binding site in the
functional dimer ofBpUreE is strongly altered due to such
aggregation, and in particular, as found inKaUreE but for
different reasons, the C-termini are disordered in the crystal,
and not visible.

In the cases represented by UreE sequences containing a
His-rich C-terminus, the protein could have a dual role, both
as nickel storage and as nickel delivery device. Under this
assumption, UreE would use the His-rich C-terminus, when
present, to scoop up Ni2+ from the cytoplasm and to store it
in a high-affinity site, as previously suggested (18). In
instances where a long His-rich C-terminus is not present,
as in the case ofB. pasteurii, other proteins may carry out
this activity; for instance, a study on UreE fromHelicobacter
pylori has demonstrated that the addition of a His-rich
fragment to the C-terminus ofHpUreE, which normally does
not contain it, can complement the nickel-transport deficiency
observed in mutant strains lackinghypA and hypB, genes
that code for Ni,Fe-hydrogenase accessory proteins (28).

The direct or indirect involvement of the C-terminal
portion of UreE in the binding of nickel was recently
proposed forBpUreE, and in particular, the role of His145

and His147 present in this region of the backbone was
suggested based of the disappearance of their NMR signals
upon binding of the paramagnetic (S ) 1) high-spin Ni2+

ions (29), consistently with previous evidence for the
presence of octahedral Ni2+ ions using paramagnetic1H
NMR spectroscopy (30). This NMR study was comple-
mented with a Ni-binding titration using equilibrium dialysis
followed through the radioactivity of the63Ni isotope. The
analysis of the stoichiometry and binding constants involved

1 Abbreviations: ICP-OES, inductively coupled plasma optical
emission spectrometry; XAS, X-ray absorption spectroscopy; EXAFS,
extended X-ray absorption fine structure; NMR, nuclear magnetic
resonance; OD600, optical density at 600 nm; AMS, ammonium sulfate;
MWCO, molecular weight cutoff; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; DLS, dynamic light scat-
tering; DESY, Deutsches electronic synchrotron; EMBL, European
molecular biology laboratory; XANES, X-ray absorption near-edge
spectroscopy; MHz, megahertz; eV, electronvolt; PDB, protein data
bank;Bp, Bacillus pasteurii; Ka, Klebsiella aerogenes; Hp, Helicobacter
pylori.
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the incorrect use of an equation for the data treatment: Figure
7 in the paper by Won et al. (29) reports a plot of bound
Ni2+ (Mb) per BpUreE dimer (fractional saturation) versus
the total amount of nickel used to equilibrate with the protein
(Mt), while the fit was performed using eq 1 in the paper,
which contains the fractional saturation as a function of the
free metal ion present in solution at equilibrium (Mf). The
use of this equation led the authors to obtain saturation at
2.49( 0.05 Ni atoms per dimer with an averageKD ) 17.3
( 0.9µM. A comparison of the erroneously calculated data
obtained on wild-typeBpUreE with analogous data obtained
for the H91A mutant of H144*KaUreE, which was reported
to bind 2.02 Ni2+ ions (21) and later corrected as binding
three Ni2+ ions on the basis of the crystal structure of the
Cu-boundKaUreE (26), led the authors to conclude that
BpUreE binds three Ni2+ per dimer, with one Ni2+ bound to
His100, and two Ni2+ to His145 and His147 (29).

In a continuing effort to characterize the proteins encoded
by the urease operon inB. pasteurii(13, 24, 27, 30-38),
we report on a complementary study performed using
inductively coupled plasma optical emission spectrometry
(ICP-OES), as well as X-ray absorption spectroscopy (XAS),
with the goal to establish the metal-binding stoichiometry,
affinity, and structural features of the Ni-binding site of
BpUreE.

MATERIALS AND METHODS

Protein Purification. Cells ofEscherichia coliBL21(DE3)
(Novagen, Madison, WI) were transformed by electropora-
tion with the pET-3d plasmid (Novagen, Madison, WI)

containing the wild-typeBpUreE gene (pET-3d::ureE, Prof.
Donald Bryant, Pennsylvania State University). The cells
were grown in 3 L of M9 medium supplemented with
ampicillin (100µg mL-1), at 37°C with vigorous stirring.
Expression was induced by addition of IPTG (isopropyl
â-thiogalactopyranoside) to the final concentration of 0.4 mM
when OD600 reached 0.8-0.9, overnight. The cells were
harvested by centrifugation at 8000g for 10 min at 4°C,
and resuspended in 300 mL of 50 mM Tris-HCl, pH 7.5,
containing 10 mM MgCl2 and 20µg mL-1 bovine pancreas
DNAse-I. The cells were passed through a mixer homog-
enizer and subsequently broken by two passages through a
French Pressure cell (SLM-Aminco) operating at 20 000 psi.
Cell debris were removed by centrifugation at 12 000g for
30 min, at 4 °C. Solid ammonium sulfate (AMS, 40%
saturation) was added to the extract, and the supernatant
obtained by centrifugation (12 000g for 20 min) was further
treated with AMS up to 60% saturation. The supernatant
obtained after centrifugation as above was loaded onto a
Phenyl-Sepharose XK26 column (Amersham-Pharmacia
Biotech) preequilibrated with 50 mM Tris-HCl buffer, pH
7.5, containing 2 M AMS and 5 mM EDTA (ethylenedi-
amine tetraacetic acid). The column was washed with the
starting buffer until the baseline was straight, using a flow
rate of 3 mL min-1. A 500 mL linear gradient of 50 mM
Tris-HCl buffer, pH 7.5, containing a decreasing concentra-
tion of AMS (from 2 to 1 M) was applied to elute UreE.
Fractions containing UreE (eluted at about 1.6 M AMS) were
combined and dialyzed (5 kDa molecular weight cutoff,
MWCO membrane) against 50 mM Tris-HCl buffer, pH 7.5.

FIGURE 1: Ribbon schematic views of the dimer ofKaUreE (A) andBpUreE (B), showing the binding sites for the metal ions (represented
as spheres) detected by X-ray crystallography. The bottom panels show a close-up view of the nonfunctional metal-binding site inKaUreE
(A) and the corresponding protein region inBpUreE (B), evidencing the different residues in the two cases.
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The resulting solution was applied onto a Q-Sepharose XK26
column (Amersham-Pharmacia Biotech) previously equili-
brated with 50 mM Tris-HCl buffer, pH 7.5. After the column
was washed with the equilibration buffer, a 500 mL linear
gradient of NaCl was applied from 0 to 0.8 M at 3 mL min-1.
Fractions containingBpUreE (eluted at about 0.2 M NaCl)
were combined and concentrated using 5 kDa MWCO
Amicon and Centricon ultra-filtration units (Millipore Cor-
poration, Bedford, MA). The purified protein amounted to
0.20 g and was stored at-80 °C. Protein quantization was
performed by absorption spectroscopy, using the theoretical
value of the extinction coefficientε280 ) 21 430 M-1 cm-1

calculated using the amino acid sequence of the wild-type
protein derived using the ProtParam program (http://us.ex-
pasy.org/cgi-bin/protparam).

The apparent molecular mass ofBpUreE in denaturing and
nondenaturing conditions was estimated by SDS-PAGE and
gel filtration chromatography as previously described (30).
A small fraction (100µL) of the obtained protein solution
was applied to a Superdex-75 FPLC column (24 mL)
conditioned with 50 mM Tris-HCl buffer, pH 7.5, containing
0.2 M NaCl buffer. SDS-PAGE was performed using a Bio-
Rad Mini-Protean II apparatus (Richmond, CA) according
to the method of Laemmli (39) in a 15% (w/v) acrylamide-
bisacrylamide separating gel, stained using either Coomassie
brilliant blue R-250 or Silver staining.

Metal-Binding Experiments.In all the following opera-
tions, care was taken to avoid exogenous metal contamina-
tion. Ni2+ nitrate solutions were prepared starting from ICP
1000 ppm standard solutions (CPI International, Santa Rosa,
CA) diluted to 2 mM with 50 mM Tris-HCl buffer, pH 7.5,
containing NaCl 0.5 M. Equal volumes ofBpUreE and metal
solutions were mixed in 1:1 ratio to yield a constant
concentration of protein (40µM BpUreE dimer) and an
increasing concentration of metal ion. No precipitation was
observed during the titration. The resulting mixtures were
left overnight at 25°C and then filtered by centrifugation
using 0.5 mL Centricon (MWCO 5 kDa). No precipitation
was observed during the concentration step. The filtered
solution was diluted to 10 mL with milliQ water. Metal
analysis was performed using a Spectro Ciros CCD ICP
optical emission spectrometer (Spectro Analytical Instru-
ments GmbH, Kleve, Germany) in combination with a Lichte
nebulizer and a peristaltic pump for sample introduction. The
ICP-OES system was calibrated by serial dilutions of
appropriate single and multielement standards (CPI Inter-
national, Santa Rosa, CA). The standardization curve was
constructed with standard solutions of 0.1, 0.5, 1, and 5 mg
L-1 of Ni in 1.7 mM Tris-HCl, pH 7.5, and 5 mM NaCl
with a linear fitting. The reported concentrations were
corrected with buffer blank. A radio frequency power of 1400
W, a nebulizer gas flow of 0.8 L min-1, and a plasma gas
flow of 14 L min-1 were used. The sample uptake was set
at 2 mL min-1 for 24 s, and wash time of 15 s at 4 mL
min-1 plus 45 s at 2 mL min-1, for each sample. Quality
control was established by evaluation of buffer containing
standards. The 221.648 and 231.604 nm emission lines of
Ni were used for analysis. The wavelength-averaged experi-
mental points were fitted using the MacCurveFit software,
and the fit was optimized using a Quasi-Newton algorithm.
The minimized parameters were the sum of the square errors,

SSE, and the correlation coefficientR2. SSE is defined as

wherexi andyi are theith data pair in the data window,f is
the function used for the fit, anda, b, c, and so forth, are
the variable coefficients in the fit.R2 is defined as

wheren is the number of data points. A perfect fit would
have SSEmin ) 0 andR2

max ) 1, with the fit improving by
decreasing SSE and increasingR2.

Prior to all spectroscopic measurements, the metal-loaded
protein samples were spun for 30 min using a Beckman
AirFuge centrifuge operating at 25 000 psi. The aggregation
state of the metal-bound protein was tested in the 50-250
µM concentration range in 50 mM Tris-HCl buffer, pH 7.5,
containing 0.5 M NaCl, by dynamic light-scattering mea-
surements using a DynaPro 99 DLS-instrument, and the data
were analyzed using theDYNAMICSVersion 5.24.02 from
Protein Solutions software. Polydispersity was defined as
(standard deviation of the particle size)/(average particle
size), assuming a monomodal size distribution of the system.

X-ray Absorption Spectroscopy Data Collection.Samples
for X-ray absorption experiments were prepared both in
solution (Ni(Sol)) and as lyophilized material (Ni(Lyo)). For
the solution sample, 50µL of a 400 µM solution of Ni2+

nitrate salt in 50 mM Tris-HCl buffer, pH 7.5, containing
0.5 M NaCl, was added to 50µL of a 200 µM BpUreE
solution in the same buffer, obtaining a 100µM solution of
BpUreE-Ni2. No precipitation was observed. The Ni(Lyo)
sample was prepared as above but using 1 mL of each protein
and metal solution, and subsequently lyophilizing the result-
ing 100µM solution ofBpUreE-Ni2. For the liquid samples,
45 µL of the above solutions were filled into plastic cells
covered with Kapton windows. For the Ni(Lyo) sample, the
lyophilized material was compressed into the same type of
plastic cells and sealed using Kapton tape. Both the cells
and the Kapton tape used for the windows were thoroughly
washed with MilliQ water and absolute ethanol and then
dried before use. The sample cells were mounted in a two-
stage Displex cryostat (modified Oxford instruments) and
kept at 20 K during the data collection.

X-ray absorption data were collected at the DESY/EMBL
(Hamburg, Germany) bending magnet beam line D2, using
Si(111) double monochromator for the measurement at the
nickel edge. During the measurements, the DESY storage
ring was operating under normal conditions (4.5 GeV, 90-
140 mA). Ionization chambers in front and behind the sample
were used to monitor the incident and transmitted beam
intensity, respectively. The X-ray absorption data were
recorded by measuring the Ni-KR fluorescence, using a
Canberra 13-element solid-state detector and variable energy
step widths. In the X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) regions, steps of 0.3 and 0.5-1.2 eV were used,
respectively.

X-ray Absorption Spectroscopy Data Processing.The same
protocol was followed for both Ni(Lyo) and Ni(Sol) samples.
The summation of the spectral scans was performed after

SSE) ∑(yi - f(xi, a, b, c, ...))2 (1)

R2 ) 1 - n‚SSE

n∑yi
2 - (∑yi)

2
(2)
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an absolute energy calibration obtained by recording known
Bragg reflections of a Si(220) crystal in back reflection
geometry following a reported procedure (40). The back-
ground was removed using the ATHENA software package
(41), which implements the AUTOBK algorithm (42), a
program that determines an empirical background spline
based on a distinction between data and background in terms
of Fourier components. The input parameter to AUTOBK
that determines the maximum frequency of the background
Rbkg was set to 1.0 Å. Edge-step data normalization was
determined by a linear pre-edge subtraction and a regression
of a quadratic polynomial beyond the edge. The difference
between the pre-edge linear polynomial and the post-edge
quadratic polynomial, extrapolated to the edge energyE0,
was used as the normalization constant in the definition of
ø(E) as

The EXAFS signalø(k) versusk is then obtained by
conversion of the abscissa ofø(E) by the formula:

whereme is the mass of the electron andp is the Planck
constant divided byπ.

X-ray Absorption Spectroscopy Data Analysis.A heuristic
picture of the EXAFS signal involves the generation of a
photoelectron by the absorption of an X-ray photon, the latter
having sufficient energy to free a core electron into a state
above the Fermi energy. The photoelectron thus propagates
as a spherical wave and is scattered by the neighboring atoms
according to single and multiple scattering paths. This
scattering phenomenon causes the formation of interference
wiggles overlapped onto a smooth background that would
be observed in the case of an isolated absorber atom. The
EXAFS signal, obtained by subtracting this atomic back-
ground from the total spectrum, can be described by the
following EXAFS equation (43):

In this equation,k is the photoelectron wavenumber,
defined as in eq 4, andj is the index for thej th scattering
path. Eq 5 contains terms that depend on the structural
template used (Rj ) the half path length;Nj ) the multiplicity
or degeneracy of the path;σj ) the mean-square displacement
(also known as Debye-Waller factor) of the distance
between the absorbing atom and the neighboring atom for
the single scattering path;S0

2 ) the many body correction,
also known as passive electron reduction factor) and terms
that depend on the atomic potentials (Fi(k) ) the effective
scattering amplitude;δi(k) ) the effective scattering phase
shift; λ(k) ) the mean free path of the photoelectron). For
each starting structural template, the program FEFF6 (44),
which implements multiple-scattering path expansion (45,

46), was used to apply eq 5 to calculate the scattering paths
and the resulting EXAFS signal based on the given atomic
positions.

Then, the program IFEFFIT (47) was used to perform a
fit of the theoretical model onto the experimental EXAFS
signal. The structural parameters determined in a fit to the
data included a perturbation of the initially estimated value
of the edge energyE0 (∆E0), using the same value for all
paths, the half-path length (Rj) to each set of atoms (using
the same parameter for the entire set of atoms belonging to
the histidine ring fragment, thus, keeping the ring rigid), and
the value of the Debye-Waller factor for each type of atom
(also here the sameσj was used for the histidine fragment).
The S0

2 parameter was fixed to 1.0 for all paths, while the
value ofNj was dictated by each particular structural template
used.

Fits to thek3-weighted EXAFS data were made in the
|ø(R)| versusR function (R-space), obtained by Fourier-
transforming theø(k) versus k EXAFS signal (k-space)
filtered using a Hanning window (sill) 1.0 Å-1) to select
data in the 2.0-12.0 Å-1 data range (∆k). The whole
frequency distribution spectrum thus obtained was filtered
using a Hanning window (sill) 0.1 Å) to select a fit range
of 1.0-6.0 Å (∆R). The resulting number of independent
points is calculated asNidp ) 2∆R∆k/π. The IFEFFIT
program was also made to adjust the background in the fit
and report the correlation between the background and the
structural-fit parameters. We found that this correlation was
always less than 60%, indicating that the background was
not significantly affecting the structural-fit parameters.

IFEFFIT performs the fit by minimizing theø2 function
defined as

where Re and Im indicate the real and imaginary parts of
the complex Fourier transforms of the data and theory,Npts

is the number of points in the fitting range of theø(R) data,
andε is the measurement uncertainty, calculated as the root-
mean-square value ofø(R) between 15 and 25 Å under the
assumption that the error is evenly distributed inR-space.

IFEFFIT performs a statistical analysis (48) and outputs
the goodness-of-fit parametersø2 (defined in eq 6), the
reduced chi-squareøv

2 (øv
2 ) ø2/ν, whereν ) Nidp - Npar

andNpar ) number of parameters floating in the fit), and the
R-factor, defined as

Template Structure Building Procedure. Three-dimen-
sional starting metal-binding site templates were built using
an octahedral coordination geometry and Ni-ligand bond
distances of 2.0 Å. Histidines were modeled including also
Câ atoms in order to better evaluate which nitrogen (Nδ or
Nε) is bound to the central nickel ion. In the text, His(Nδ)

ø(E) )
[µ(E) - µ0(E)]

µ0(E0)
(3)

k )
2me

p2 xE - E0 (4)

ø(k) ) ∑
j

NjS0
2Fj(k)

kRj
2

e-2k2σj
2
e-2Rj/λ(k) sin(2kRj + δj(k)) (5)

ø2 )
Nidp

Nptsε
2
∑
i)1

Npts

{[Re(ødata(Ri) - øtheo(Ri))]
2 +

[Im(ødata(Ri) - øtheo(Ri))]
2} (6)

R )

∑
i)1

Npts[Re(ødata(Ri) - øtheo(Ri))]
2 + [Im(ødata(Ri) - øtheo(Ri))]

2

[Re(ødata(Ri))]
2 + [Im(ødata(Ri))]

2

(7)
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and His(Nε) are used to indicate a histidine bound to the
central nickel ion by Nδ and Nε, respectively. Histidine side-
chain bond lengths and angles were taken from Amber6 (49)
Cornell parameters (50). All models studied in this work are
reported in Figure 2.

Global Conformational Search for the Structural Param-
eters of the Nickel-Binding Site. For the simplest templates
(A, B, C, A*, and B* in Figure 2), a complete exploration
of the conformational space was performed, trying to find
the structure that best fits the experimental spectrum
minimizing theR-factor described in eq 7. Histidines were
manually rotated by 30° around the torsion angle X-Ni-
His(Nε/δ)-His(Cε), while the-ONi group, when present
in the template, was rotated by the same step around the
torsion angle X-Ni-O-Ni. For each rotational conformer,
five different values of the Ni-O-Ni angle were tried (95,
115, 135, 155, and 175°). In symmetric templates (e.g.,C2)
only unique conformations were tested, to avoid redundancy.

Simplex Implementation.For the templates corresponding
to the C* , D, and D* configurations, a home-developed
program was used. The program reads an input file contain-
ing the atomic coordinates of the initial template and explores
the conformation space using a downhill Simplex algorithm
(51) coupled with FEFF6 (44) and IFEFFIT (47), to find

the conformation that best fits the experimental spectra
minimizing theR-factor described in eq 7. The algorithm is
able to explore a multidimensional surface only by function
evaluation (i.e., without derivatives evaluation), a strategy
useful for the nonanalytical topology of the considered
surfaces. ForN given floating parameters defining an
N-dimensional surface, asimplex is a geometrical figure
consisting ofN + 1 points (or vertices) and their intercon-
necting line segments. The downhill simplex method must
start not just with a single point, but rather withN + 1 points,
defining an initial simplex. A guess starting point for the
R-factor is calculated as

whereφi are the dihedral angles X-Ni-His(Nε/δ)-His(Cε)
of histidines and the dihedral X-Ni-O-Ni angle of the
-ONi group, whileR is the angle Ni-O-Ni, giving a total
of N dimensions. Then, the program obtains the initial
simplex by calculatingN additionalR-factors by changing
each floating parameterφ or R by an amountλi, the latter
being a constant value for each parameter and representing
the range in which each parameter will be explored by the
simplex algorithm itself. Values ofλφ andλR of 90° and 30°
were used.

FIGURE 2: Schematic representations of the template models tested in the fits to the experimental EXAFS data. Nε and Nδ indicate histidine
residues bound to the central nickel ion through the Nε and Nδ imidazole nitrogen atoms.

R0 ) f(φ1, φ2, ...,R) (8)
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The downhill simplex then takes a series of steps,
contracting, expanding, or reflecting simplex points, in order
to explore the multidimensional parameter surface and to
contract the simplex into a single minimum value of the
R-factor. When the program finds a minimum of theR-factor,
it restarts the simplex downhill search three times in order
to determine if the found conformation is a local or global
minimum. For every template tested, several starting con-
formers of each template were tried, to cover the entire
conformational space.

Nuclear Magnetic Resonance Experiments.15N-enriched
apo-BpUreE was obtained as described above using a M9
medium supplemented with (15NH4)2SO4. TheBpUreE-Ni2
sample was prepared by adding 300µL of a 400µM solution
of Ni2+ nitrate salt in 50 mM Tris-HCl buffer, pH 7.5,
containing 0.5 M NaCl to 300µL of a 200µM apo-BpUreE
solution in the same buffer.15N relaxation experiments were
performed at 298 K using a Bruker Avance spectrometer
operating at 500.13 MHz for the proton Larmor frequency,
equipped with a cryoprobe. The pulse sequence used to
obtain rates are those previously described (52-57) which
include sensitivity enhancement and water suppression with
the flip-back method. Nine time points were collected for
the R2 experiments, with variable delays taken in the range
of 8-260 ms. Duplication of the measurements was per-
formed to estimate the experimental uncertainty. A recycle
delay of 2.2 s was used. In total, 2048 complex data points
with 256 complex increments were collected.

All NMR spectra were processed with the XWINNMR
program (Bruker) and analyzed with the Sparky v.3 (58)
software. NMR relaxation data were fitted with the routine
implemented in Sparky. A search routine was used within
Sparky to find the positions of the peak maxima. The
exponential decay curves forR2 peak intensities were fitted
to the two-parameter curveh ) Ae-Rt, whereh is peak height
and t is the variable delay parameter.

RESULTS

Purification of Wild-Type BpUreE.Wild-typeBpUreE was
obtained by a modification of a previously reported protocol
(30). The pET-3d::ureEplasmid used in this study expresses
a protein that contains the correct five-residue fragment Y13-
ESSD at the N-terminus, instead of the fragment L13SHQI
present in the previously reported and studiedBpUreE (27,
30). The use of a mineral medium to grow the transformed
cells producing recombinantBpUreE resulted in a significant
increase of the amount of expressed protein. The purification
procedure was consequently improved with respect to the
previously published protocol that involved the use of Luria-
Bertani medium (30), and only two chromatographic steps
were needed after the initial ammonium sulfate precipitation.
SDS-PAGE gels yielded a single band corresponding to the
molecular mass of the monomer (ca. 17.5 kDa). The
oligomerization state of the apo-protein in diluted solutions
was monitored by size-exclusion chromatography experi-
ments, which showed a single sharp peak corresponding to
the mass of the dimeric form (ca. 35 kDa). For all
measurements, buffers containing high salt concentration (0.5
M NaCl), known to be required to stabilize the protein fold
and avoid protein aggregation (59), were used.

Metal-Binding Properties of BpUreE. The affinity of Ni2+

to BpUreE was determined by measuring the concentration

of the free ion resulting from the reaction of an increasing
concentration of total ion to a fixed concentration ofBpUreE
(40 µM functional dimer). The binding curve, obtained by
reporting the amount of total bound metal (Mb) as a function
of the total amount of Ni2+ added (Mt), shows saturation at
ca. 80µM, indicating that a maximum of two Ni2+ ions are
bound to theBpUreE dimer in the presence of excess metal.
Figure 3A reports the amount of bound metal (Mb) as a
function of the free ion at equilibrium (Mf).

Assuming a single-site binding model (that is, considering
that the two Ni2+ ions show identical affinities for the two
sites, homogeneous binding) the experimental points should
follow a curve described by eq 9:

wherePt is the total concentration of theBpUreE dimer,KD

FIGURE 3: (A) Metal-binding titration curves for the interaction of
40 µM BpUreE with Ni2+. The dashed and continuous lines
represent nonlinear curve fits using eqs 9 and 10A or 10B,
respectively. (B) The Scatchard plot for the binding curve of
BpUreE to nickel is presented.

[Mb] )
n[Ptot][Mf]

KD + [Mf]
(9)
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is the dissociation constant, andn is the number of binding
sites (in our case,n ) 2). The obtained best fit, reported in
Figure 3A (dashed line), is clearly not satisfactory (KD )
3.6 ( 1.1 µM, SSE) 577.54;R2 ) 0.94). This observation
suggests that the binding of the two Ni2+ ions is not
homogeneous. The presence of two different populations of
binding sites with different affinities is qualitatively con-
firmed by the nonlinearity of the Scatchard plot, which
features an upward curvature determined by two intervening
groups of points with different slopes (Figure 3B). Consider-
ing the fact that the protein is a homodimer with complete
two-fold symmetry both in the solid state (26, 27) and in
solution (29), the simplest models involve the following two
possibilities for the topology of the binding of the two Ni2+

ions to theBpUreE dimer, summarized in Scheme 1A (Case
A: two chemically identical sites with the different affinity
resulting from binding cooperativity) and Scheme 1B (Case
B: two chemically distinct sites, intrinsically binding the
two Ni2+ ions with different affinities).

Case A: Identical Sites and Binding CooperatiVity. In the
Case A, a stepwise metal site loading mechanism would
involve the equilibria shown in Scheme 2.

Considering Scheme 2 and the two-fold symmetric system,
the following equalities involving the two different binding
constants must be true:K1a ) K1b ) K1 andK2a ) K2b )
K2. As a consequence, the treatment of Scheme 1A using
equilibrium theory yields the following eq 10A for the
variation of the amount of bound metal ion (Mb) as a function
of free ion at equilibrium (Mf):

The best fit of the experimental points to eq 10A, shown
in Figure 3A (solid line), is fully satisfactory (R2 ) 0.993;
SSE) 65.2) and represents a significant improvement with
respect to the use of a single constant as in eq 9. The binding
constants obtained using this physical model areK1 ) 0.73
( 0.11 µM-1, K2 ) 0.04 ( 0.01 µM-1. The resulting
sequential dissociation constants areKD1 ) 1.4 ( 0.2 µM
andKD2 ) 25 ( 6 µM. If this model is correct, the small
Hill plot coefficient (0.46 using data points found between
25 and 75% saturation) derived from the Hill plot (60) would

be interpreted as a confirmation that the second nickel ion
binds with negative cooperativity.

Case B: Chemically Different Binding Sites.In Case B,
the treatment of Scheme 1B using equilibrium theory yields
the following eq 10B for the variation of the amount of bound
metal ion (Mb) as a function of free ion at equilibrium (Mf):

The best fit of the experimental points to eq 10B yields a
curve identical to that obtained using eq 10A, with identical
fit statistics. However, the calculated binding constants are
K1 ) 1.46 ( 0.22 µM-1, K2 ) 0.02 ( 0.005 µM-1. The
resulting sequential dissociation constants areKD1 ) 0.7 (
0.1µM andKD2 ) 50 ( 12 µM, respectively, corresponding
to half and double the dissociation constants found using eq
10A. In this case, the Hill plot coefficient of 0.46 would be
interpreted as a consequence of the intrinsic difference
between the metal-binding affinities of the two sites and not
as derived from negative binding cooperativity.

Regardless of the model used to interpret the metal binding
data, the end point of the titration is reached upon addition
of 2 equiv of nickel perBpUreE functional dimer. Therefore,
the samples of metal-boundBpUreE for the subsequent
spectroscopic studies were prepared using a dimer-to-metal
ion concentration ratio of 1:2.

To avoid the oligomerization phenomena observed in the
presence of metal ions at high protein concentrations (30),
diluted solutions ofBpUreE-Ni2 were prepared that allowed
spectroscopic data with good signal-to-noise ratio to be
obtained. The oligomerization state of the metal-loaded
protein in these solutions was investigated both by dynamic
light-scattering experiments, which yielded a single peak with
a polydispersity value of 1.0 up to 250µM protein
concentration, and more precisely by NMR spectroscopy.
In the latter case,15N transverse (R2) relaxation rates were
measured at 500.13 MHz for 100µM solutions of the apo-
protein and theBpUreE-Ni2 forms. Overlapping cross-peaks
and signals with very low signal-to-noise ratio were not used
in the dynamics analysis. The calculated averageR2 values
were of the order of 20 s-1 for all cases, corresponding to
correlation times of ca. 15 ns, typical for a protein of 30-
35 kDa (61). These collective findings strongly support the
idea that the protein (either in the apo- or metal-bound form)
is present as the functional dimer in 100µM solutions. This
concentration was used for all the following spectroscopic
measurements. Under these conditions, and using the equi-
librium constants previously derived, it can be calculated that
more than 90% of nickel is present in solution as bound
metal.

X-ray Spectroscopic Studies. X-ray absorption spectra were
initially acquired for 100µM solutions ofBpUreE-Ni2. The
signal for this Ni(Sol) sample was weak (ε(R) ) 0.370)
probably a consequence of combining the low concentration
of the sample and the low fluorescence yield of Ni. For this
reason, data were also collected on a lyophilized sample of
BpUreE-Ni2, (Ni(Lyo) sample), which yielded a more
satisfactory signal-to-noise ratio (ε(R) ) 0.133). The normal-
ized Ni-K edge XANES spectra of the two types of samples
of BpUreE-Ni2, Ni(Lyo) and Ni(Sol), reported in Figure

Scheme 1

Scheme 2

[Mb] ) 2[Pt]
K1[Mf] + K1K2[Mf]

2

1 + 2K1[Mf] + K1K2[Mf]
2

(10A)

[Mb] ) [Pt]
K1[Mf] + 2K1K2[Mf]

2

1 + K1[Mf] + K1K2[Mf]
2

(10B)

6502 Biochemistry, Vol. 45, No. 20, 2006 Stola et al.



4A, show that the pre-edge and edge regions do not depend
on the physical state of the sample.

The absorption edge occurs at 8344.6 eV in both cases,
which is appropriate for the presence of Ni2+ ions bound to
N/O ligands (62). The binding of Ni2+ ions to 2nd-period
elements is also confirmed by the intensity and the shape of
the white line (maximum of the absorption at ca. 8348 eV),
which is an independent indication of the type of the nickel
ligands. Its intensity depends on the ‘hard’ (N/O) or ‘soft’

(RS-/Cl-) character of the donors to Ni2+ ions (62). The
very low area (1.9(2)× 10-2 eV) of the pre-edge absorption,
located at about 8332 eV, is indicative of a nearly centro-
symmetric environment for the Ni2+ ions in bothBpUreE-
Ni2 samples (62). The pre-edge peak is in general assigned
to a formally forbidden 1s-3d electronic transition of Ni2+,
with the transition probability increasing as the 3d-4p
mixing of the metal orbitals increases going from square
planar to octahedral to tetrahedral geometry of Ni2+. The
pre-edge absorption observed in the twoBpUreE-Ni2
samples is lower than that observed in native urease, where
the average nickel site has a geometry between distorted
octahedral and square pyramidal (32, 34, 63). Neither
spectrum shows a peak nor a shoulder near 8338 eV
(assigned to a 1sf 4pz transition with shakedown contribu-
tions), expected in the presence of planar, four-coordinate
Ni2+ centers (62).

In conclusion, all the evidence from the pre-edge and edge
analysis points to the presence, inBpUreE-Ni2, of Ni2+ ions
bound to a set of O/N donor atoms arranged in an octahedral
geometry. It is worth noticing the strict similarity between
the BpUreE-Ni2 pre-edge and edge data to the analogous
data reported for H144*KaUreE-Ni (20), which suggests a
very similar environment for the Ni2+ ions in the two
proteins. The similarity extends also to the edge of the full-
length KaUreE reported earlier (18), even though the pre-
edge feature appears somewhat higher in this case with
respect to both H144*KaUreE-Ni and BpUreE-Ni2. The
data obtained on the Ni(Lyo) sample, characterized by a high
signal-to-noise ratio, were used for the subsequent structural
analysis, which should be considered valid also for the Ni-
(Sol) sample due to the identity of the Ni(Sol) and Ni(Lyo)
edge region of the spectra (Figure 4A), extending also to
the EXAFS region (inset of Figure 4A).

The Fourier transform of the Ni(Lyo) sample (shown in
Figure 4B) features a strong first-shell peak in addition to
higher shell features typical for the presence of histidine
residues coordinated to the scattering metal ion. These higher
shell peaks are reflected in the EXAFS spectrum as
characteristic camelback features at ca. 4.0 and 5.5 Å-1 (inset
of Figure 4A).

A global conformational search was performed to fit the
EXAFS data using the initial structural templates described
in Figure 2. For EXAFS problems where the geometry is
not known, several models should be selected for evaluations
that encompass the set of reasonably possible structural
conformations, and each should be examined separately. A
proposed solution to this problem entails the generation of
a large number of possible structural models followed by a
statistical analysis of the fits (64). The presently used
approach allows us to additionally implement a minimization
criterion to guide the choice of the structural models used
in each fit. This criterion is based on the well-known Simplex
algorithm for the exploration of multidimensional parameter
surfaces. The use of three-dimensional fitting models allows
us to take in full account all the possible multiple scattering
pathways and, in particular, those involving scattering
between groups of atoms belonging to different metal ligands.
The results of these fits are reported in Table 1. Calculations
were also performed for the pairs of chiral models C3a*/
C3b*, D3a*/D3b*, D5a*/D5c*, D6b*/D6c*, and D8a*/D8c*
in order to check the consistency and robustness of the

FIGURE 4: (A) Normalized X-ray fluorescence spectra in the Ni
K-edge region forBpUreE-Ni2 in solution (Ni(Sol), thin line) and
in the lyophilized state (Ni(Lyo), thick line). The corresponding
k3-weightedø(k) EXAFS signals are shown in the figure inset.
Processing parameters for Ni(Lyo):E0 ) 8344.6 eV; pre-edge
regression in the range-150 to -30 eV below E0; post-edge
normalization range+150 to +784 eV aboveE0; normalization
constant) 0.90; spline range, 0.952-884 eV aboveE0. Processing
parameters for Ni(Sol):E0 ) 8344.6 eV; pre-edge regression in
the range-109 to-30 eV belowE0; post-edge normalization range,
+150 to+850 eV aboveE0; normalization constant) 0.03; spline
range, 0.952-950 eV aboveE0. (B) Magnitude of Fourier transform
of thek3-weighted EXAFS data forBpUreE-Ni2 in the lyophilized
state. The Hanning window (sill) 1.0 Å-1 in k-space) was used
to select data in the 2.0-12.0 Å-1 data range.
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obtained results, which was confirmed by the very small
differences found for the statistical parameters within each
pair (Table 1). Initially, the octahedral templates were
constituted only by a central nickel ion, oxygen atoms, and
histidines side chains (i.e., imidazole rings plus Câ). Figure
5 reports the experimental Fourier-transformed EXAFS data
compared with best simulated Fourier transforms for models
including zero (A), one (B), two (C), and three (D) histidines.
TemplateA was used merely for reference purposes, as the
fit statistical parameters are as high as expected (øυ

2(R) )
20.1, R-factor ) 7.4%). In particular, templateA fails in

the simulation of the region between 2.0 and 4.0 Å.
Simulations carried out using templatesB, C, and D are
characterized by an evident improvement of the fit in this
region and a significant progress in the statistical parameters.
The values forøυ

2(R) range from 9.2 to 10.2 for modelB,
from 13.0 to 14.8 for modelC, and from 9.8 to 12.7 for
model D. General improvements in the simulated Fourier
transform are evident in the peak located at about 2.5 Å.
However, the peaks at about 3.0 and 3.5 Å are not fitted
with sufficient accuracy, revealing discrepancies in the
relative magnitude of such peaks. Moreover, simulated back-

Table 1: Statistical Parameters Obtained by Fitting the Fourier-Transformed EXAFS Spectra ofBpUreE-Ni2 Using the Models Reported in
Figure 2 and the Fitting Protocol Described in the Texta

model ø2 øυ
2(R) Nidp Nvar ν R (%) ∆E0 (eV) r(His) (Å) r(O) (Å) r(ONi) (Å) σ2(His) (Å2) σ2(O) (Å2) σ2(ONi) (Å2)

A1 556.9 20.1 31 3 28 7.40 -5.944 - 2.063(7) - - 0.0069(6) -

B1 262.2 10.2 31 5 26 3.48 -3.659 2.075(15) 2.068(7) - 0.0025(17) 0.0068(7) -
B2 236.4 9.2 31 5 26 3.14 -3.697 2.080(12) 2.067(7) - 0.0007(14) 0.0076(8) -

C1 379.7 14.8 31 5 26 5.04 -3.525 2.045(22) 2.071(7) - 0.0084(24) 0.0034(5) -
C2 361.5 14.1 31 5 26 4.80 -3.421 2.039(22) 2.072(6) - 0.0085(24) 0.0033(5) -
C3 353.9 13.8 31 5 26 4.70 -3.287 2.046(20) 2.074(7) - 0.0074(25) 0.0034(6) -
C4 335.5 13.0 31 5 26 4.46 -3.222 2.042(21) 2.074(6) - 0.0077(24) 0.0034(5) -
C5 348.0 13.5 31 5 26 4.62 -3.093 2.048(20) 2.075(7) - 0.0069(22) 0.0035(6) -
C6 336.2 13.1 31 5 26 4.46 -3.031 2.039(20) 2.076(6) - 0.0069(22) 0.0033(5) -

D1 253.8 9.9 31 5 26 3.34 -1.764 2.083(16) 2.073(6) - 0.0092(15) 0.0031(6) -
D2 326.1 12.7 31 5 26 4.33 -1.798 2.073(19) 2.076(7) - 0.0088(17) 0.0032(7) -
D3 274.8 10.7 31 5 26 3.65 -1.804 2.076(16) 2.075(7) - 0.0081(15) 0.0034(7) -
D4 296.9 11.5 31 5 26 3.94 -1.722 2.072(17) 2.078(7) - 0.0081(16) 0.0034(8) -
D5 286.6 11.1 31 5 26 3.81 -1.774 2.072(17) 2.078(7) - 0.0082(16) 0.0033(7) -
D6 254.5 9.9 31 5 26 3.38 -1.664 2.073(15) 2.078(7) - 0.0076(14) 0.0036(7) -
D7 267.8 10.4 31 5 26 3.56 -1.751 2.072(17) 2.078(7) - 0.0078(15) 0.0034(8) -
D8 261.0 10.1 31 5 26 3.47 -1.661 2.074(16) 2.078(7) - 0.0078(15) 0.0035(8) -
D9 252.6 9.8 31 5 26 3.35 -1.626 2.075(16) 2.078(7) - 0.0074(14) 0.0037(8) -
D10 276.5 10.7 31 5 26 3.67 -1.460 2.070(17) 2.081(8) - 0.0074(15) 0.0036(8) -

A1* 401.3 15.6 31 5 26 5.33 -7.059 - 2.059(6) 1.852(38) - 0.0048(5) 0.0194(65)

B1a* 233.8 9.9 31 7 24 3.10 -4.196 2.023(20) 2.081(9) 2.037(25) 0.0046(21) 0.0047(9) 0.0041(24)
B1b* 248.7 10.5 31 7 24 3.30 -4.300 2.017(21) 2.079(9) 2.029(35) 0.0045(22) 0.0040(8) 0.0059(36)
B2a* 219.5 9.3 31 7 24 2.92 -3.575 2.117(18) 2.078(10) 2.022(14) 0.0035(20) 0.0067(9) 0.0066(20)
B2b* 238.0 10.0 31 7 24 3.16 -4.116 2.015(21) 2.081(9) 2.038(31) 0.0030(21) 0.0042(9) 0.0050(31)

C1a* 121.1 5.1 31 7 24 1.61 -3.028 2.046(14) 2.070(5) 2.097(16) 0.0078(14) 0.0039(6) 0.0059(15)
C1b* 185.7 7.8 31 7 24 2.47 -2.679 2.055(16) 2.061(8) 2.127(23) 0.0068(17) 0.0039(9) 0.0032(21)
C2* 175.9 7.4 31 7 24 2.34 -2.801 2.053(16) 2.063(9) 2.118(22) 0.0072(17) 0.0041(9) 0.0033(20)
C3a* 97.3 4.1 31 7 24 1.29 -2.673 2.050(12) 2.068(9) 2.112(17) 0.0066(14) 0.0043(9) 0.0057(17)
C3b* 95.1 4.0 31 7 24 1.26 -2.954 2.048(12) 2.069(5) 2.111(15) 0.0068(13) 0.0040(5) 0.0062(14)
C3c* 149.5 6.3 31 7 24 1.98 -2.551 2.053(13) 2.062(7) 2.138(18) 0.0062(13) 0.0039(8) 0.0027(15)
C3d* 149.6 6.3 31 7 24 1.99 -2.539 2.053(14) 2.062(7) 2.139(20) 0.0059(14) 0.0038(9) 0.0030(18)
C4* 142.9 6.0 31 7 24 1.90 -2.828 2.052(14) 2.065(8) 2.114(19) 0.0060(14) 0.0047(9) 0.0031(18)
C5a* 87.1 3.7 31 7 24 1.16 -2.806 2.048(12) 2.069(5) 2.116(14) 0.0062(12) 0.0040(5) 0.0059(14)
C5b* 128.2 5.4 31 7 24 1.70 -2.508 2.052(14) 2.062(8) 2.144(19) 0.0060(15) 0.0047(9) 0.0031(18)
C6* 127.3 5.4 31 7 24 1.69 -2.641 2.050(13) 2.064(7) 2.128(18) 0.0053(13) 0.0045(9) 0.0029(16)
D1* 206.2 8.7 31 7 24 2.74 -1.736 2.069(14) 2.058(9) 2.131(23) 0.0083(13) 0.0020(9) 0.0024(23)
D2a* 216.7 9.1 31 7 24 2.88 -0.323 2.107(15) 2.045(11) 2.163(19) 0.0046(12) 0.0022(14) 0.0051(16)
D2b* 204.0 8.6 31 7 24 2.71 -1.577 2.070(15) 2.058(10) 2.134(22) 0.0085(14) 0.0018(10) 0.0026(20)
D3a* 178.2 7.5 31 7 24 2.37 -1.739 2.067(13) 2.061(9) 2.128(22) 0.0077(12) 0.0023(8) 0.0030(20)
D3b* 180.5 7.6 31 7 24 2.40 -1.588 2.070(13) 2.057(8) 2.140(20) 0.0078(12) 0.0018(9) 0.0025(18)
D3c* 176.9 7.5 31 7 24 2.35 -1.661 2.069(14) 2.058(9) 2.136(22) 0.0077(12) 0.0023(9) 0.0029(20)
D4a* 181.0 7.6 31 7 24 2.40 -1.687 2.066(13) 2.062(9) 2.128(22) 0.0077(13) 0.0022(10) 0.0031(20)
D4b* 181.1 7.6 31 7 24 2.41 -1.589 2.069(14) 2.056(10) 2.139(21) 0.0080(13) 0.0018(10) 0.0024(19)
D5a* 183.1 7.7 31 7 24 2.43 -1.474 2.067(14) 2.060(8) 2.139(21) 0.0078(13) 0.0018(9) 0.0028(19)
D5b* 172.1 7.2 31 7 24 2.28 -1.751 2.066(14) 2.061(10) 2.127(21) 0.0078(13) 0.0022(10) 0.0028(19)
D5c* 183.4 7.7 31 7 24 2.43 -1.479 2.068(14) 2.058(9) 2.138(21) 0.0078(13) 0.0019(9) 0.0023(18)
D6a* 165.3 7.0 31 7 24 2.20 -1.489 2.064(11) 2.061(8) 2.145(18) 0.0072(11) 0.0024(8) 0.0022(19)
D6b* 160.1 6.7 31 7 24 2.13 -1.591 2.064(13) 2.065(10) 2.126(22) 0.0071(11) 0.0026(11) 0.0028(21)
D6c* 153.3 6.5 31 7 24 2.04 -1.551 2.068(12) 2.057(9) 2.141(19) 0.0072(11) 0.0020(9) 0.0020(18)
D7a* 162.6 6.9 31 7 24 2.16 -1.503 2.067(13) 2.060(8) 2.144(20) 0.0072(12) 0.0018(9) 0.0026(17)
D7b* 152.6 6.4 31 7 24 2.03 -1.623 2.067(13) 2.057(8) 2.143(18) 0.0074(11) 0.0018(9) 0.0023(16)
D8a* 154.4 6.5 31 7 24 2.05 -1.422 2.064(13) 2.062(8) 2.145(19) 0.0071(11) 0.0018(8) 0.0027(17)
D8b* 155.8 6.6 31 7 24 2.07 -1.465 2.065(13) 2.059(8) 2.15(18) 0.0073(12) 0.0015(9) 0.0021(16)
D8c* 161.1 6.8 31 7 24 2.14 -1.551 2.067(13) 2.069(8) 2.144(19) 0.0072(12) 0.0018(8) 0.0026(17)
D9* 150.7 6.3 31 7 24 2.00 -1.400 2.065(12) 2.061(7) 2.152(18) 0.0066(11) 0.0017(8) 0.0023(16)
D10a* 141.1 5.9 31 7 24 1.87 -1.506 2.065(12) 2.060(7) 2.148(18) 0.0067(11) 0.0019(8) 0.0024(15)
D10b* 148.5 6.2 31 7 24 1.97 -1.442 2.065(12) 2.060(8) 2.149(18) 0.0068(11) 0.0017(9) 0.0021(15)

a The resulting structural parameters are also reported.
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transforms (reported as insets in each panel of Figure 5) show
a poor fit in the characterization of the shape of the
camelback oscillation located at about 6.0 Å-1. On the basis
of the obtained parameters (Table 1), it is possible to exclude
templatesA andC, while templatesB andD show similar
statistics.

To try to improve the fits while taking into consideration
the stoichiometry of nickel-binding data that indicate the
presence of 2 Ni2+ ions bound to the full metal-loaded
BpUreE, we tested the effect of including, in the templates,
a bridging Ni-O-Ni moiety. In Figure 2, all the possible
templates are reported (indicated by an asterisk) obtained
by adding the-ONi fragment to the mononuclear sites tested
thus far. Figure 6 reports the experimental Fourier-
transformed EXAFS data compared with the best-simulated
Fourier transforms for templates including one-ONi group
and zero (A* ), one (B* ), two (C* ), and three (D* ) histidines.
Inclusion of the -ONi fragment in templateA (A* ),
improves the statistical parameters of the fit (øυ

2(R) de-
creases from 20.1 to 15.6), but the peaks located at about
2.5, 3.0, and 3.5 Å are still poorly simulated. Insertion of
the-ONi group in templatesB does not produce significant
variations in the statistical parameters of the fits (theøυ

2(R)
values for theB* templates range from 9.3 to 10.5, almost
the same as observed for theB models). In contrast, the
addition of the-ONi fragment in templatesC andD yields
significant improvements. In particular, theøυ

2(R) for tem-
platesC* drops to 3.7-7.8, while that for templatesD*
ranges from 6.3 to 9.1. The best template belonging to the
C* group (C5a*, øυ

2(R) ) 3.7,R-factor) 1.16%) allows us

to obtain an accurate fit of the peaks at 2.0, 2.5, and 3.0 Å,
and a very good approximation of the peak at 3.5 Å (Figure
6). The best template of theD* group (D10a*, øυ

2(R) ) 5.9,
R-factor ) 1.87%) shows a quality of fit for the peaks at
2.0, 2.5, and 3.5 Å, similar to that found for theC5a*
structure, but largely overestimates the peak at 3.0 Å.

A general comparison of the results reported in Table 1
and Figures 5 and 6 allows us to exclude, for the structure
of the nickel-binding site ofBpUreE-Ni2, the possibilities
given by templatesA, B, C, andD. Therefore, the presence
of a Ni-O-Ni moiety is strongly supported by this analysis,
and is not a mere result of improving the statistics (and in
particular theR-factor) by increasing the number of fitted
parameters (by the addition of the-ONi fragment). Indeed,
the drastic decrease of the reducedø2 value (øυ

2(R)), a
statistic probe that takes into account the number of degrees
of freedom in the fit, is a clear indication that the improve-
ment brought about by the presence of the Ni-O-Ni moiety
is statistically significant. Among the possible templates that
include this moiety, the case represented by theC* group
provides templates showing the best statistics. The best
structure is found in the case of theC5a* template, which
features a Ni(O3)-cis-(His-Nε)(His-Nε)-ONi metal binding
site. In this model, the Ni-O and Ni-N distances found by
IFEFFIT are, as expected, in the 2.0-2.1 Å range, with
acceptable Debye-Waller factors (see Table 1). The Ni-
O-Ni angle selected as best value by the simplex algorithm
implemented in the calculation is 114.9° with a Ni-Ni
distance of 3.4 Å.

FIGURE 5: Magnitude of the Fourier transform of thek3-weightedø(k) data (thick line) and best-fit (thin line) forBpUreE-Ni2. In each
panel, the fit corresponds to the best structural template belonging to theA, B, C, andD groups shown in Figure 2 (templatesA1, B2, C4,
andD1). The back-transformed signal inq-space is shown in the inset.
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DISCUSSION

In the past few years, a plethora of functional and structural
studies has provided the view that UreE is a metallo-
chaperone in the urease assembly system in vivo, delivering
the necessary Ni2+ ions into the enzyme active site without
incurring metal-induced cell toxicity pathways. However,
several incongruent, partial, or erroneous experimental data
analyses failed to provide definitive answers to the question
of the number of metal ions delivered at each step of the
activation, and of the molecular details of the metal ion
uptake and release processes involved. In the present study,
the use of EXAFS spectroscopy coupled to metal titration
analysis provides novel information on the metal binding
stoichiometry and coordination properties ofBpUreE, over-
coming some limitations of X-ray crystallography, and giving
a more detailed elucidation of the metal site environment in
the fully metal-loaded protein.

The titration of BpUreE performed using Ni2+ ions
indicates that the homodimeric protein is capable of binding
two metal ions. The homodimeric nature of UreE, together
with the binding of two metal ions per functional dimer,
imposes strict constraints to the topology of the metal-binding
sites, and the only two possible models are summarized in
Scheme 1. The first model implies that the two binding sites
are identical and symmetrically placed around the binary axis
passing through the interface that involves the C-terminal
domains, as determined by X-ray crystallography (see Figure
1). In this case, the nonhomogeneous binding of the two Ni2+

ions (KD1 ) 1.4 ( 0.2 µM and KD2 ) 25 ( 6 µM) is
interpreted as due to the presence of negative cooperativity,

suggesting that the two identical binding sites are close to
each other, with the binding of the first ion that decreases
the affinity of Ni2+ for the second, symmetric site. On the
other hand, the second model implies two structurally
different binding sites. The derived dissociation constants,
KD1 ) 0.7 ( 0.1 µM andKD2 ) 50 ( 12 µM, would reflect
the intrinsically distinct affinities of the two binding sites, a
direct consequence of the different ligand environments.

BpUreE is characterized by the presence of one fully
conserved histidine per monomer (His100) (24), identified as
the residue involved in the binding of Zn2+ and Cu2+ in the
crystal structures ofBpUreE (27) andKaUreE (26), respec-
tively. BpUreE also possesses two additional histidine
residues, His145 and His147, in the C-terminal pendant arm
of each monomer, found disordered in the crystal structures
of BpUreE and KaUreE. The total number of histidine
residues in the proximity of the putative metal binding site,
close to His100, is therefore six. The analysis of the XANES
and EXAFS regions of the XAS spectrum, together with a
fit of the experimental data using several possible structural
models, supports an average coordination shell made of two
histidines for each Ni2+-boundBpUreE. Therefore, overall,
four histidine residues are coordinated to the metal ions.
These residues could be arranged in a 2+ 2, 3 + 1, or 4+
0 manner, all consistent with the average number of two His
bound to each nickel atom. The 3+ 1 option can be
excluded, as it would violate the symmetry of the ho-
modimeric system. To distinguish between the 2+ 2 and
the 4+ 0 options, we carried out a Bond Valence Sum (BVS)
analysis (65, 66) to the best structure obtained (C5a*). The

FIGURE 6: Magnitude of the Fourier transform of thek3-weightedø(k) data (thick line) and best-fit (thin line) forBpUreE-Ni2. In each
panel, the fit corresponds to the best structural template belonging to theA* , B* , C* , andD* groups shown in Figure 2 (templatesA1* ,
B2a*, C5a*, andD10b*). The back-transformed signal inq-space is shown in the inset.
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2 + 2 option yields+2.05 as the calculated oxidation state
of the Ni ion, while the 4+ 0 option yields+2.36, a value
that is largely different from the known+2 oxidation state
of nickel. This analysis supports the 2+ 2 option as the
best possible forBpUreE. It may be also important to notice
that a Ni2+ center coordinated by four histidines is yet to be
observed in proteins.

The analysis of residues conservation (24), mutagenesis
studies (21, 25), as well as the available crystallographic
structures (26, 27), clearly indicated that His100 is involved
in metal coordination and is essential for the activity of UreE.
For this reason, we are inclined to assume that the two His100

residues (one from each monomer) are two of the four
imidazole ligands also in the fully loadedBpUreE-Ni2. The
additional two histidines necessary to complete the nickel
coordination shell may derive from either His145 or His147.
According to this view, it is possible to reinterpret the two
possible models described in Scheme 1 as described by
Scheme 3 .

Consistently with Scheme 3A, each nickel may be
coordinated to His100 and His145/His147. In this case, a
symmetric coordination environment would be built around
the two Ni2+ ions. The second model, described by Scheme
3B, presupposes the presence of two different metal-binding
sites: one Ni2+ ion would be bound to two His100, one from
each monomer, while the other Ni2+ ion would be bound to
two histidines (His145 or His147 in the case ofBpUreE), one
from each C-terminus fragment found in the monomer.

To provide insights into the coordination environment of
the nickel ions in fully loadedBpUreE, we have attempted
an analytical methodology that allows the exploration of the
compatibility of a large number of biochemically sensible
three-dimensional models with experimental EXAFS data.
For each structural model, a theoretical signal was calculated
that was fit to the experimental spectrum using a small
number of parameters as compared to the information
contained in the data. In some pertinent cases, a Simplex
minimization algorithm was used to guide the exploration
of the conformational parameter space, in this way, increasing
the speed of the search for the model that would statistically
best fit the experimental data. The calculation of the
theoretical signal for each tested model takes advantage of
the modern developments of EXAFS theory and, in particu-
lar, the possibility to explicitly include the multiple scattering
pathways of the photoelectron, which depend on the 3D
geometry of the active site. In this way, the pathways
involving scattering between groups of atoms belonging to
different metal ligands can be accounted for. This kind of
approach should in principle take into consideration vibra-
tional effects, often described in terms of the EXAFS
Debye-Waller factors, which depend on the mean square
variation of the path lengths for all multiple-scattering

pathways. The large number of these factors renders impos-
sible their inclusion as floating parameters without exceeding
the limited information content of the data. A solution
proposed for this problem is the calculation of the Debye-
Waller factors using density functional theory (67-69), but
this approach is, at present, not practical due to the length
of the required calculations for each hypothetical model (70).
A viable approach to the Debye-Waller factor problem in
the multiple scattering fitting of biological EXAFS data has
been recently proposed (70), which entails the use of
conventional minimization algorithms able to map out the
parameter space and to select the best model according to
the best goodness-of-fit. This was the approach followed in
the present study and involved the use of plausible estimates
for the Debye-Waller factors, on a group-by-group basis
(69), in this way limiting the number of floating parameters.
The model that we found to statistically best reproduce the
experimental EXAFS signal, among the many that were
tested here, features the presence of a (His)2Ni-O-Ni(His)2

moiety. In principle, we cannot exclude that other structures
for the nickel center could provide better fits to the
experimental EXAFS data if the Debye-Waller factor issue
were treated rigorously. In this sense, the proposed model
cannot be considered as unambiguous in the absence of ever-
desired crystallographic evidence, but could be taken as an
interesting point for discussion. The presence of this moiety
would be consistent with a possible simultaneous transfer
of both nickel ions to the active site of urease, with the
obvious biochemical advantage of an all-or-nothing reaction.
Such model would be appealing especially if one considers
the time and energy efficiency of this process, with the
required single step that could avoid the cellular toxicity risks
associated with multiple steps of UreE-apourease complex
formation, energy-coupled Ni2+ delivery, and release of the
holoenzyme from its chaperone. Under this assumption, a
mode for nickel ions delivering from UreE to urease could
be envisioned, in which the metal site constitutes a sort of
“building block”, Ni-O-Ni, transferred intact to the urease
active site in a unique step, optimizing the efficiency of the
overall process. This idea is not totally new. A similar
hypothesis for simultaneous transfer of two nickel ions during
the activation process of urease was proposed few years ago
by Hausinger et al. only on the basis of nickel-binding
stoichiometry (20). Additionally, the role of metallo-
chaperones in pre-assembling a metal cluster in addition to
transfering it into the target protein cluster receptor is well-
documented. An example of this is represented by the IscU
(or ISU) family of proteins, which serve a key role as
scaffolding proteins on which [2Fe-2S] building blocks are
assembled prior to transfer to final apo target proteins (71).
The hypothesis for the pre-assembly of the Ni-O-Ni moiety
in UreE would be consistent with the observed metrics of
the Ni-O-Ni moiety as derived from the EXAFS analysis.
The best value selected for the Ni-O-Ni angle is 114.9°,
with a Ni-Ni distance of 3.4 Å, and these values are
comparable to those found in the dinuclear Ni site of urease
(119.3° and 3.7 Å) (63). To make this mechanism a general
feature of all UreEs, the presence of at least one histidine
near the C-termini, in addition to His100, is required. A recent
study has reported the multiple sequence alignment of all
the known UreE sequences so far determined (24). Indeed,
the analysis of these sequences shows that the occurrence

Scheme 3
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of a histidine residue near the C-termini is always present
in all the UreE sequences. Under this assumption, the flexible
nature observed for the C-terminal stretches that support
His145 and His147 would have a plausible functional explana-
tion, because it may allow the displacement of a histidine
residue from the nickel ions upon protein complex formation
and metal core delivery. The additional histidine present in
the C-terminal His-X-His motif, when found in the sequence
as in the case ofBpUreE, may also have a role, facilitating
nickel delivering into the urease active site. The negative
cooperativity observed for the binding of the two Ni2+ ions
to BpUreE is, in principle, not consistent with the release of
both metals at once. A caveat to this reasoning is that the
negative cooperativity could be an intrinsic property of the
UreE protein in vitro, while several other considerations may
apply in vivo, including the role of the chaperone itself and
the acceptor protein in the transfer of the metal ions from
one protein to the other within the preformed super-complex
between UreE and the apo-urease/UreDFG complex. Indeed,
large changes of protein structure and dynamics upon
interactions with biological partners are common. An ex-
ample pertinent to the urease case is represented by UreG,
an intrinsically disordered protein (13) thought to undergo a
disorder-to-order transition upon binding to the other urease
chaperone in order to contribute, through catalytic hydrolysis
of GTP, to the in vivo assembly of the urease active site
(15).
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