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Urease activation, which is critical to the virulence of many human and animal path-
ogens, is mediated by several accessory proteins. UreE, the only nickel-binding pro-
tein among the urease accessory proteins, catalyzes the activation of urease by trans-
porting nickel ions into the urease active sites. The nickel-binding properties of UreE
are still not clear, particularly for the protein from Bacillus pasteurii (Bp). Since the
flexible C-terminal tail of BpUreE possesses two conserved histidines, the nickel-
binding properties of the tail peptide were examined by circular dichroism spectros-
copy, size-exclusion chromatography, and nuclear magnetic resonance spectroscopy.
Specific nickel binding leading to alteration of the peptide backbone geometry was
clearly observed. Side-chains of the two conserved histidines were identified as the
main ligands for nickel coordination. The peptide became dimerized upon nickel
binding and the binding stoichiometry was estimated as 1 equivalent of nickel per
peptide dimer. Altogether, it is postulated that the C-terminal tail of BpUreE contrib-
utes to the nickel binding of the protein in different ways between the dimeric and
tetrameric protein folds.
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Urease is a nickel-containing enzyme that catalyzes the
hydrolysis of urea to produce ammonia and carbamate (1,
2). Increased pH arising from this reaction is critical to
the virulence of several human and animal pathogens (1,
3). Thus, the molecular details of the urease-related bio-
logical systems are a matter of primary concern for many
scientists, who are attempting to provide targets for
potential drugs able to abolish the negative effects of bac-
terial urease activity (4, 5). Urease possesses multiple
active sites containing nickel ions, and the proper assem-
bly of this metallocenter is a key step in urease activa-
tion. Among the urease accessory proteins, including
UreD, UreE, UreF, UreG, and UreH, that are required for
urease maturation (6-9), UreE is a metallochaperone
that delivers nickel ions into the urease active sites (2,
10, 11).

All the UreE proteins possess conserved histidines to
bind nickel ions, and many UreE proteins from various
species possess His-rich C-terminal tails (12-14). The
number of histidines conserved in the C-terminal tail dif-
fers among species, and their functional role is still
unclear. The UreE protein from Klebsiella aerogenes
(Ka), which possess 10 histidines in the last 15 residues,
provides an example of a multi-His—containing tail. In
contrast, the Bacillus pasteurii (Bp) UreE C-terminal tail
has only two conserved histidines, and thus represents a
tail with only a few histidines. Most of the nickel-binding
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properties of UreE have been investigated for KaUreE,
while less is known about the nickel-binding properties of
BpUreE.

The KaUreE dimer binds up to six nickel ions, while
the H144*UreE dimer, a truncated form lacking 15 resi-
dues from the C-terminus, can bind only two or three
nickel ions (14-16). The crystal structure of the mutant
(H91A or H110A substitution) H144*UreE showed three
copper ions bound to the protein dimer (17). Therefore,
the C-terminal tail of the KaUreE dimer is responsible
for the independent nickel binding of up to three equiva-
lents. In the case of BpUrekE, it has also been proved that
the protein, at a physiological (micromolar) concentra-
tion, behaves as a dimer, both in the presence and
absence of metal ion (5, 13). However, paramagnetic
NMR investigation at high (millimolar) protein concen-
tration indicated a binding stoichiometry of 0.25 equiva-
lents of nickel per subunit. Subsequently, it was revealed
that the protein, at millimolar concentrations, becomes
tetramerized upon the binding of a metal ion, such as
zinc or nickel (13). Finally, the zinc-bound BpUreE (Fig.
1), which was crystallized at a millimolar concentration,
shows two forms of tetrameric folds sharing one zinc ion
on the dimer-dimer interface (10). In this crystal struc-
ture, the C-terminal tail was found as a long coil and the
C-terminal conserved residues (-G144-H145-Q146-H147)
were not visible in the electron-density map, probably
due to the highly flexible nature of the region.

In summary, the nickel-binding properties of the BpU-
reE C-terminal tail have never been elucidated. Due to
the limitations in the BpUreE crystal structures, it is still
not clear whether the C-terminal tail of BpUreE contrib-
utes to the nickel binding of the protein in the dimeric
and/or tetrameric state. The disordered, flexible nature of
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Fig. 1. Ribbon presentation of the zinc-bound BpUreE struc-
ture. The bound zinc ion is represented as a gray sphere. A: Front
view of the BpUreE monomer unit. The His 100 side chain is shown
as a ball and stick model. B: Top view of the dimeric unit in the
BpUreE tetramer structure. The flexible C-terminal tail regions are
indicated by dotted circles. The metal-binding site constitutes the
dimer-dimer interface in the tetrameric structure. These drawings
were produced with the UCSF MidasPlus program using the coordi-
nates for the zinc-bound BpUreE crystal structure (PDB accession
code 1EBO0). The last four residues (-G144-H145-Q146-H147) are
not visible from these coordinates.

the C-terminal tail makes it reasonable to study a syn-
thetic peptide corresponding to the region. Thus, in the
present study, we examined the nickel-binding properties
of the synthetic BpUreE C-terminal tail peptide, by circu-
lar dichroism (CD) and nuclear magnetic resonance
(NMR) spectroscopy, and by size-exclusion chromatogra-
phy. The results comprise the first structural data dem-
onstrating the nickel-binding properties of the BpUreE
C-terminal tail.

MATERIALS AND METHODS

Peptide Sample Preparation—All of the sample pep-
tides, including BpUreECt (N-acetyl- KEPFKYRGHQH-
COOH; m.w. 1,468), a synthetic peptide corresponding to
the C-terminal 11 residues of BpUreE, were purchased
from ANYGEN (Kwang-ju, Korea; URL, http:/www.any-
gen.com) as HPLC-purified freeze-dried powder. The
sequence and purity of the peptides were confirmed by
mass spectrometry and HPLC. Samples for spectroscopic
and chromatographic experiments were prepared by dis-
solving the precise amount of peptide powder in 20 mM
sodium phosphate buffer (pH 6.5) containing 150 mM
NaCl. Sample pH was finely adjusted by the addition of
0.1 N HC1 or NaOH. Nickel ions were added from a stock
solution of NiCl, in pure water.

CD Spectroscopy—CD spectra were obtained at 298 K
on a JASCO J-720 spectropolarimeter using a 0.1 cm
pathlength cell with a 1 nm bandwidth, a 4 s response
time, a scan speed of 50 nm/min, and a 0.2 nm step reso-
lution. At every measurement, three individual scans
were added and averaged, and the solvent CD signal was
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subtracted. CD scans of 0.6 mM and 2 mM BpUreECt
were taken from 300 nm to 190 nm, with increasing
concentrations of nickel. At each nickel addition, 2 pl of
NiCl, stock solution was added into the 1 ml peptide
solution.

Size-exclusion Chromatography—A Phenomenex BioSep-
SEC-S2000 column connected to a Hitachi LC-organizer
equipped with L-4200H UV-VIS Detector, L-6200 Intelli-
gent Pump, and D-2500 Chromato-Integrator was used
for the size-exclusion chromatography. The column was
equilibrated with a mobile-phase solution: 20 mM
sodium phosphate buffer containing 100 mM NaCl or 1.2
mM NiCl, at pH 6.5. Aliquots of 20-25 pl of a solution
containing 0.5-1.0 mg/ml sample were injected onto the
column, and the sample was eluted with the same mobile
phase at a flow rate of 1 ml/min. During the elution, the
absorbance at 214 nm was measured continuously and
plotted versus time. Two peptides were used as molecular
size references: a 23-residue peptide (NH,-GILDTLKQ-
FAKGVGKDLVKGAAQ-COOH; m.w. 2,358) that corre-
sponds to the N-terminal 23 residues of an antimicrobial
peptide gaegurin 4 (18, 19), and a 13-residue peptide
(NH,-LGALFKVASKVLP-COOH; m.w. 1,343) that corre-
sponds to residues 2-14 of an antimicrobial peptide
gaegurin 5 (20, 21).

NMR Spectroscopy—1D 'H-NMR spectra of 4 mM
BpUreECt were measured on a Bruker DRX 500 spec-
trometer at 308 K. The solvent water signal was sup-
pressed by applying a pulsed-field gradient. Non-labile
proton signals were discriminated by D,0 exchange
experiments with the same spectra measured immedi-
ately after the addition of deuterated solvent to a sample
lyophilized from non-deuterated solvent. All spectra were
processed using X-Win NMR software.

RESULTS

Peptide Selection—In the crystal structure of BpUreE
(Fig. 1), the residues from Y129 to R134 make up the last
secondary structure element of the protein, and the next
9 residues are found as an unstructured coil conforma-
tion (10). The final four residues (-G144-H145-Q146-
H147) are not visible in the crystal structure, probably
due to the highly flexible nature of the region. Addition-
ally, the backbone NMR chemical shifts of the last 11 res-
idues in BpUreE are characteristic of a random-coil
conformation (22, 23). Thus, in this work, we used a syn-
thetic peptide, BpUreECt, which corresponds to the C-
terminal 11 residues (K137 to H147) of the protein, in
order to investigate the nickel-binding properties of the
flexible C-terminal tail of BpUreE. The N-terminus of the
peptide was acetylated to mimic a continuous peptide
bond. In the present work, the flexible, disordered confor-
mation of the BpUreECt peptide was confirmed by CD
and NMR spectroscopy (refer to the following subsections).

As molecular size references for the size-exclusion
chromatography of BpUreECt, two inactive fragments of
antimicrobial peptides were chosen for the following rea-
sons (18-21). The peptide sizes of the 23-residue refer-
ence and the 13-residue reference are close to those of the
dimeric and the monomeric BpUreECt, respectively. The
two reference peptides commonly have neither histidine
residues nor biological activity. In aqueous solution, both
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Fig. 2. CD results demonstrating nickel binding to BpU-
reECt. A: CD spectra of 0.6 mM BpUreECt in the absence of nickel
(black) and in the presence of 1.2 mM NiCl, (gray). In the inset, the
CD spectra of 2 mM BpUreECt, in the presence of 0 (bold black),
0.25 (thin black), 0.5 (thin gray), and 2 (bold gray) equimolar NiCl,,
are shown from 216 to 242 nm. B: A8,y; (triangle), AO,g5 (circle) and
Al0997/0435] (diamond) are plotted as a function of nickel concentra-
tion. The peptide concentration was 2 mM.

peptides are as highly soluble as BpUreECt and show no
evidence of oligomerization. Both peptides in aqueous
solution adopt a mainly random-coil conformation.

CD Spectroscopy—Far-UV CD signals are dominated
by the peptide backbone geometry (24). As shown in Fig.
2A, CD spectra of BpUreECt in the absence of nickel
show two distinct negative bands in the far-UV region.
The strong, negative band centered near 200 nm,
together with the weak, negative band at 235 nm, are
typically indicative of a random-coil conformation (25).
Upon the addition of nickel ions, the strong band near
200 nm was weakened, while the weak band at 235 nm
intensified with a shift toward 227 nm. This changing
pattern implies that the flexible random-coil portion in
the peptide structure was decreased, and instead a small
portion with a rather rigid or ordered structure was
formed. Thus, the CD change upon the addition of nickel
indicates an acquired conformational restraint on the
peptide, probably by specific nickel binding. Although all
of the nickel-induced signal changes were qualitatively
reproducible, the change in the region below 210 nm was
not quantitatively reproducible due to instrumental limi-
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tations (low signal-to-noise ratio below 210 nm). Thus,
the weak band near 230 nm was subjected to a quantita-
tive recording of spectral change. For this nickel titra-
tion, a high (2 mM) concentration of peptide was
employed to intensify the weak, broad band around 230
nm. Since the center of the band shifted from 235 nm in
the absence of nickel to 227 nm in the presence in nickel
ion, the CD changes at 227 nm (AB8y,;) and 235 nm (ABy35),
and the change of their ratio (A[049;/0435]) were monitored
and plotted in Fig. 2B as a function of the added nickel
concentration. The nickel-induced spectral change was
nearly complete, even with a half equivalent of nickel per
peptide; i.e., quite more than half of the binding sites in
the 2 mM peptides were saturated by 1 mM nickel ions.
This means that the binding stoichiometry should be less
than 1 and around 0.5 equivalents of nickel per peptide,
which can be achieved when at least two peptide mole-
cules share one nickel ion. Thus, nickel-induced oli-
gomerization of the peptide was expected to yield the
small binding stoichiometry value of less than 1. To con-
firm the nickel-induced oligomeric state of BpUreECt,
size-exclusion chromatography was performed.
Size-Exclusion Chromatography (Fig. 3)—First, in the
absence of nickel in the mobile-phase buffer containing
100 mM NaCl salt, we confirmed that the BpUreECt pep-
tide does not oligomerize. BpUreECt exhibited a reten-
tion time of 12.45 min (Fig. 3E), which is in agreement
with the retention time of the 13-residue size-marker
peptide (12.34 min; Fig. 3D) rather than the 23-residue
size-marker peptide (11.18 min; Fig. 3C). When a BpU-
reECt solution containing 1 mM nickel ions was injected,
the retention time decreased moderately (12.01 min; Fig.
3F). The decrease in retention time was not so large as to
reflect an oligomeric behavior, and it could also not be
attributable to a conformational change, since the CD
(Fig. 2) and NMR (Fig. 4) results indicated little change
in the overall conformation upon nickel binding. Thus, it
could be supposed that the BpUreECt peptide initially
(before being injected) in the nickel-containing solution
had adopted a molecular system larger than a monomer,
and then dissociated into monomers upon dilution into
the nickel-free solution (mobile-phase buffer) while
migrating in the column. This also suggests that the
nickel-binding affinity would be so low that the bound
nickel was gradually released during migration. Thus, to
detect clearly the nickel-bound state of BpUreE, 1 mM
nickel ions were added to the mobile-phase buffer. In
addition, to enhance the nickel-binding affinity of the
peptide and to increase the resolution of the elution pro-
files, additional salt was excluded from the mobile-phase
buffer. Under these conditions, we could rule out the pos-
sibility of unfavorable adsorption on the column resin or
undesirable aggregation of the samples, since all of the
samples were well-eluted with expected peak volumes,
favorable peak shapes, and reproducible retention times.
In this environment, the elution profile of the nickel-con-
taining BpUreECt solution showed two distinct peaks,
one at 13.14 min and the other at 17.22 min (Fig. 3L).
The former peak, with a retention time close to that of
the 23-residue reference (Fig. 31), and the latter, of which
retention time is close to that of the 13-residue reference
(Fig. 3J), could be assigned to the dimeric and the mono-
meric forms of BpUreECt, respectively. These assign-
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Fig. 3. Size-exclusion chromatography of BpUreECt. 20 mM
sodium phosphate buffer (pH 6.5) containing 100 mM NaCl (A-F) or
1 mM NiCl, (G—L) was used as the mobile phase. Elution peaks are
labeled with their retention times. Injected samples were: (A and G)
Blue-dextran (m.w. 2,000,000), (B and H) Tryptophan (m.w. 204), (C

ments were supported by the fact that the amount of the
former peak was severely reduced, while the latter peak
intensified in the elution profile of the nickel-free BpU-
reECt solution (Fig. 3K). Both peaks showed more
increased retention times in the elution profile of the
nickel-free BpUreECt solution (13.23 and 17.39 min; Fig.
3K) than in the profile of the nickel-containing BpU-
reECt solution (13.14 and 17.22 min; Fig. 3L). This also
implies that the molecular size of the injected BpUreECt
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and I) 23-residues size-marker peptide (m.w. 1,343), (D and J) 13-res-
idues size-marker peptide (m.w. 2,358), (E and K) BpUreECt (m.w.
1,468) without Ni%*, and (F and L) BpUreECt solution containing 1
mM NiCl,. Blue Dextran and Tryptophan were used to estimate the
column void volume and the total bed volume, respectively.

was larger in the nickel-containing solution than in the
nickel-free solution, although there was re-equilibration
of the two forms (monomer and dimer) during the elution
process allowing dilution, probably due to the low affin-
ity. In addition, the BpUreECt dimer peak was very
sharp relative to other peptide peaks, including the peak
of the monomeric BpUreECt, suggesting that the peptide
acquired a conformational restraint, probably by nickel
binding. When the mobile-phase buffer contained addi-

Fig. 4. 1D 'H-NMR spectra of
BpUreECt (N-acetyl-KEP-
FKYRGHQH-COOH) in the
presence of 0, 0.3, 0.5, and
1.0 equivalent of nickel ion
(upper to bottom). The two
strongest peaks, including the
solvent signal, were removed
from for clarity all spectra
(indicated by ~). Representative
resonances that reasonably
show specific broadening upon
nickel binding are indicated by
numbers from 1 to 8. The reso-
// nances from the aromatic ring
protons are represented by let-

ters (a—d)
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tional salt (100 mM NaCl), no peak assignable to the
dimeric BpUreECt could be observed, but the retention
time of BpUreECt was always decreased by the addition
of nickel into the mobile-phase buffer or injected solution
(data not shown). Taken together, the size-exclusion
results of BpUreECt indicate that the nickel-bound state
of BpUreECt is a dimer, although the nickel-binding
affinity is rather low.

NMR Spectroscopy—NMR spectra were employed to
identify the ligand residues for the specific nickel binding
of BpUreECt (Fig. 4). Consistent with the CD spectra, the
NMR spectra of BpUreECt support a disordered confor-
mation of the peptide by showing a narrow dispersion of
backbone amide proton resonances. Upon increasing the
nickel concentration, no overall perturbation in the
chemical shifts was observed, but an overall line-broad-
ening occurred in the spectra. This means that the over-
all conformational change was small, but the rotational
correlation time of the peptide was increased, probably
due to an enlarged molecular system, such as a dimeric
conformation. In addition to the overall line-broadening,
more significant broadening was observed for several
specific resonances. In particular, peaks 1-8 in Fig. 4
were almost completely broadened, probably due to the
paramagnetic effect of the bound nickel ion, while most of
the other resonances remained without any specific
broadening. Among the resonances that disappeared
upon nickel binding, the intense resonances in the amide
region (peaks 1 and 2) could be assigned to side-chain
protons rather than backbone amide protons for their
remarkable intensity. They were confirmed to be non-
labile resonances, since they were not exchanged by sol-
vent deuterium (data not shown). Finally, supported by
their chemical shifts at 8.06 and 8.28 ppm, peaks 1 and 2
could be unambiguously assigned to the 1 protons of His
residues. For the same reason, it was reasonable to
assign the non-labile resonances 3 and 4 to the 82 protons
of His residues. Thus, the results indicate that both of the
His residues in BpUreECt are specifically involved in the
nickel binding. In contrast, no specific broadening was
observed for the other non-labile resonances in the amide
region (peaks a—d), which could be assigned to aromatic
ring protons. This means that the Phe and Tyr residues
in BpUreECt do not contribute to the nickel binding of
the peptide. In addition, most of the amide proton reso-
nances remained without specific change. In summary,
the NMR results lead to the conclusion that the histidine
side-chains in BpUreECt mainly contribute to the nickel
binding of the peptide.

As judged from the NMR spectra (Fig. 4), significant
portion of the nickel-binding sites were not filled by 0.33
equivalents of nickel, whereas nickel binding was almost
saturated with 0.50 equivalents of nickel. For the NMR
experiments, the peptide concentration was so high (4
mM) that it probably allowed most of the added nickel to
be bound. Thus, the results indicate that the nickel-bind-
ing stoichiometry of BpUreECt is higher than 0.33 and
near 0.5 equivalents per peptide. Thus, considering all of
the present CD, NMR, size-exclusion results together, the
nickel-binding stoichiometry of BpUreECt should be
between 0.33 and 1.0 (most probably, 0.5) nickel per pep-
tide and its nickel-bound state should be an oligomer
(most probably, a dimer). Finally, we conclude that BpU-
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Fig. 5. Schematic model illustrating the suggested nickel-
binding mode of BpUreE. In this model, the C-terminal tails are
involved in the nickel binding of the protein at both micromolar and
millimolar concentrations, but in different ways (refer to the text for
detailed description).

reECt becomes dimerized upon nickel binding, and that
the specific nickel-binding stoichiometry is one nickel ion
per dimer.

DISCUSSION

Conserved histidines in UreE proteins are located at two
different sites, at the core and in the C-terminal tail (12—
14). BpUreE possesses three conserved histidines, one at
the core (His 100) and two in the C-terminal tail (His 145
and His 147). In particular, the last four residues (-G144-
H145-Q146-H147) of BpUreE is a conserved sequence in
many UreE proteins. Despite the detailed information
from the crystal structure of the zinc-bound BpUreE, the
nickel-binding properties of the C-terminal tail have not
been defined. From the present investigation on the BpU-
reE C-terminal tail peptide, it is clear that the C-termi-
nal tail sequence of BpUreE possesses an inherent ability
to bind nickel, coordinated mainly by His side-chains, by
adapting a dimeric conformation. As judged by size-
exclusion chromatography, the nickel binding seems to be
rather weak at the peptide level. However, the nickel
binding would be stabilized if close proximity between
two peptide molecules was ensured, as in the tetrameric
structure of BpUreE (10). In the tetrameric folds of BpU-
reE, two C-terminal tails in a dimeric unit are proxi-
mately faced on the tails of the opposite dimeric unit.
Thus, additional metal binding would be plausible at the
interfaces between the tails (Fig. 5), which would not be
seen in the crystal structure. Subsequently, our labora-
tory has confirmed that the tetrameric fold of BpUreE
can bind more than one (at least three) nickel ions, and,
particularly, the C-terminal tail is responsible mainly for
the additional nickels above 1 equivalent (22). It is still
not clear whether the tetrameric folds of the protein are
physiologically relevant (5, 10, 13). Apparently, the tetra-
meric structure of BpUreE is not expected to be formed
under physiological conditions, since an unusually high

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

640

protein concentration is required in vitro for the protein
to tetramerize. However, since the apo-urease complex
possesses multiple active sites where nickel ions are
delivered by UreE protein (3, 4), the local concentration
of BpUreE in vivo might be raised dramatically in its
functional state where nickel transports from the protein
to urease occur frequently. If this is the real case, then
BpUreE would adopt a tetramer to put multiple nickel
ions into a nearby nickel-binding site where an interac-
tion with urease can occur. For this, as illustrated in Fig.
5, the C-terminal tail should play an important role in
the additional nickel trapping.

In the known structure of the zinc-bound BpUreE
tetramer, the bound metal ion is coordinated by four his-
tidines: two H100 residues from each dimeric unit (10).
Thus, it can be postulated that two histidines would be
insufficient for nickel binding in the dimeric state of
BpUreE, which is physiologically relevant. The present
results indicate that the histidines in the C-terminal tail
can serve as ligands for nickel binding. Based on the crys-
tal structure, the C-terminal tails of BpUreE in a dimeric
fold are located proximately toward the H100 residues
that serve as the main ligands for the metal binding (Fig.
1). Thus, the present results suggest that the C-terminal
histidines in the dimeric fold of BpUreE could act as
alternative ligands of histidines from another dimeric
unit (Fig. 5). Subsequently, the data suggest that the C-
terminal histidines of the dimeric BpUreE are indeed
involved in its nickel binding, together with the H100
residues (22). This suggestion indicates a difference
between BpUreE and KaUreE. In the case of the KaUreE
dimer (14-17), 10 conserved histidines in the C-terminal
tail can independently bind several nickel ions, and are
not responsible for the nickel binding at the protein core.
In addition, the present results, which indicate an inher-
ent nickel-binding ability of the C-terminal tail, also sug-
gest that even the dimeric fold might be able to bind more
than 1 nickel ion. Finally, our progressing data have
revealed that the dimeric BpUreE can bind approxi-
mately 3 equivalents of nickel ions at its maximum (22).

In conclusion, the present study on the BpUreE C-ter-
minal tail peptide indicates for the first time that the
nickel-binding ability of the C-terminal tail region is sig-
nificant for the nickel-binding function of the protein, no
matter which conformation, dimer, tetramer, or both, is
assumed for the functional state of the protein. Finally,
subsequent investigations on the nickel-binding proper-
ties of the whole BpUreE protein (22) can be encouraged
and interpreted based on the present results.
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