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ABSTRACT: The urease accessory protein encoded byureE from Klebsiella aerogenesis proposed to bind
intracellular Ni(II) for transfer to urease apoprotein. While native UreE possesses a histidine-rich region
at its carboxyl terminus that binds several equivalents of Ni, the Ni-binding sites associated with urease
activation are internal to the protein as shown by studies involving truncated H144*UreE [Brayman and
Hausinger (1996)J. Bacteriol. 178, 5410-5416]. Nine potential Ni-binding residues (five His, two Cys,
one Asp, and one Tyr) within H144*UreE were independently substituted by mutagenesis to determine
their roles in metal binding and urease activation. In vivo effects of these substitutions on urease activity
were measured inEscherichia colistrains containing theK. aerogenesurease gene cluster with the mutated
ureE genes. Several mutational changes led to reductions in specific activity, with substitution of His96
producing urease activity below the level obtained from aureE deletion mutant. The metal-binding
properties of purified variant UreE proteins were characterized by a combination of equilibrium dialysis
and UV/visible, EPR, and hyperfine-shifted1H NMR spectroscopic methods. Ni binding was unaffected
for most H144*UreE variants, but mutant proteins substituted at His110 or His112 exhibited greatly reduced
affinity for Ni and bound one, rather than two, metal ions per dimer. Cys79 was identified as the Cu
ligand responsible for the previously observed charge-transfer transition at 370 nm, and His112 also was
shown to be associated with this chromophoric site. NMR spectroscopy provided clear evidence that
His96 and His110 serve as ligands to Ni or Co. The results from these and other studies, in combination
with prior spectroscopic findings for metal-substituted UreE [Colpas et al. (1998)J. Biol. Inorg. Chem.
3, 150-160], allow us to propose that the homodimeric protein possesses two nonidentical metal-binding
sites, each symmetrically located at the dimer interface. The first equivalent of added Ni or Co binds via
His96 and His112 residues from each subunit of the dimer, and two other N or O donors. Asp111 either
functions as a ligand or may affect this site by secondary interactions. The second equivalent of Ni or Co
binds via the symmetric pair of His110 residues as well as four other N or O donors. In contrast, the first
equivalent of Cu binds via the His110 pair and two other N/O donors, while the second equivalent of Cu
binds via the His112 pair and at least one Cys79 residue. UreE sequence comparisons among urease-
containing microorganisms reveal that residues His96 and Asp111, associated with the first site of Ni
binding, are highly conserved, while the other targeted residues are missing in many cases. Our data are
most compatible with one Ni-binding site per dimer being critical for UreE’s function as a metallochaperone.

Metallochaperones are intracellular metal-binding proteins
that protect the cell from reactivity of free metal ions while
delivering specific cations to target metalloproteins. Perhaps
the best characterized metallochaperones are those involved
in cellular trafficking of copper (1). For example, yeast uses
the Ctr1 protein to transport Cu(I) across the plasma
membrane and then transfers the metal ion to one of at least
three small, soluble, Cu chaperone proteins (Atx1, Lys7, and
Cox17) that deliver the metal ion to distinct sites (2-4). The
precise mechanisms for Cu delivery by these Cu-binding
proteins are poorly defined, and auxiliary proteins may be
required for loading of the metal ion into these metallochap-

erones or for achieving proper target specificity. Numerous
other enzymes are known to require accessory proteins for
metallocenter assembly [reviewed in (5)], and it is likely that
metallochaperones participate in specific delivery of many
of the essential transition metals to a variety of additional
apoproteins.

Nickel is specifically incorporated into five enzymes (hy-
drogenase, carbon monoxide dehydrogenase/acetyl-S-coen-
zyme A synthase, methyl-S-coenzyme M reductase, one form
of superoxide dismutase, and urease) [reviewed in (6)], and
several distinct Ni-specific metallochaperone proteins appear
to exist. For example, HypB is essential for Ni insertion into
hydrogenase by a process that requires GTP hydrolysis (7,
8). The amino-terminal region of HypB in some, but not
all, microorganisms contains a histidine-rich region that has
been shown to bind Ni (9, 10). Experimental evidence
obtained with cells synthesizing mutant protein lacking the
His-rich region is consistent with HypB serving both in Ni
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delivery to hydrogenase as well as in Ni storage (11).
Activation of CO dehydrogenase similarly involves a protein
containing a His-rich region, CooJ, where in this case the
potential metal-binding motif is located at the carboxyl
terminus (12). Analogous to the case ofhypBmutants (13),
cooJmutants can be phenotypically suppressed by increasing
the Ni concentration in the medium (12). Purified CooJ from
Rhodospirillum rubrumhas been shown to bind four Ni per
monomer, and to competitively bind several other divalent
metals (14). In addition, an interaction with several other
proteins, including CO dehydrogenase, was observed during
purification of this protein. Extensive studies have revealed
many aspects of the elaborate metallocenter assembly path-
way for synthesis of the Ni-containing coenzyme F430 found
in methyl-S-coenzyme M reductase (15), but it remains
unclear whether a metallochaperone participates in this proc-
ess. Similarly, no evidence has been reported that a chaperone
aids in synthesis of Ni-containing superoxide dismutase (16).
The work described in this paper focuses on characterization
of a possible Ni metallochaperone associated with urease.
As detailed below, the UreE accessory protein, shown to be
associated with urease activation (17), is a Ni-binding pro-
tein (18).

PurifiedKlebsiella aerogenesUreE reversibly binds 5-6
Ni(II) ions per 34 kDa homodimer (averageKd ∼10 µM)
(18). Spectroscopic experiments with this protein indicate
the presence of pseudo-octahedral Ni(II) coordinated by an
average of 3-5 imidazole ligands, implicating a role for the
carboxyl terminus where 10 of the last 15 residues are
histidine (19). Despite its distinctive sequence, however, the
His-rich region found in theK. aerogenesprotein is not
conserved in all UreE homologues (Figure 1). Furthermore,
a truncated form ofK. aerogenesUreE lacking the His-rich
region, termed H144*UreE,1 is competent for activating
urease in vivo (20). Thus, internal Ni-binding sites, not the
histidine residues at the carboxyl terminus, are necessary for

UreE to assist inK. aerogenesurease activation. Equilibrium
dialysis measurements with H144*UreE indicate that two
Ni(II) per dimer are cooperatively bound, with an average
Kd of ∼8 µM. Competition experiments with Cu, Zn, Co,
and Cd indicate that these divalent metal ions compete (to
varying degrees) with Ni binding to H144*UreE in vitro (20).
Spectroscopic studies of Ni, Cu, and Co binding to
H144*UreE reveal the two binding sites per homodimer to
be distinct in their properties, consistent with an observed
sequential binding pattern for the two sites (21). In addition,
the coordination environments differ for each type of metal.
Thus, the two Cu sites have tetragonal coordination environ-
ments with two histidine donors each, but a cysteine donor
coordinates only the second metal ion that is bound to the
dimer. Co is bound exclusively by N/O donors including at
least three histidines in the two pseudo-octahedral sites. Ni
is chelated in a manner similar, but not identical, to Co with
at least three histidines in two approximately six-coordinate
N/O sites. The differences in coordination environments
observed for each type of metal ion are proposed to facilitate
in vivo Ni selection for urease activation (21).

Here, we have used site-directed mutagenesis methods to
create variants of H144*UreE in order to identify the metal-
binding ligands. The variants include substitution of alanine
for each of two cysteine residues (positions 79 and 89) and
all five histidines (residues 91, 96, 109, 110, and 112) in
the truncated protein (Figure 1). In addition, the tyrosine at
position 90 (associated with a CYH motif) and an aspartate
at position 111 (in a HHDH motif) were changed to phen-
ylalanine and alanine, respectively. We examined the effects
of these nine changes on the ability of the metallochaperone
to form active urease in vivo, and we characterized the
interactions between purified H144*UreE variants and
selected metal ions by equilibrium dialysis and spectroscopic
methods. Based on results from these studies, in combination
with those from prior spectroscopic analyses (21), we propose
a model in which two distinct metal-binding sites are present
at the dimer interface, and we identify several ligands at each
metal-binding site. Furthermore, we show that one of the
metal sites (involving the highly conserved His96 and
Asp111 residues) appears to be more important for in vivo
activation of urease than the second site.

1 Abbreviations: H144*UreE, product derived from theureE gene
containing a stop codon at the position corresponding to His144; EDTA,
ethylenediaminetetraacetic acid; EPR, electron paramagnetic resonance;
NMR, nuclear magnetic resonance; NTA, nitrilotriacetic acid; PAGE,
polyacrylamide gel electrophoresis; PEB, 20 mM phosphate buffer
containing 0.5 mM EDTA and 1 mMâ-mercaptoethanol; SDS, sodium
dodecyl sulfate; XAS, X-ray absorption spectroscopy.

FIGURE 1: UreE sequence comparisons. The carboxyl-terminal region (residues 74 through 158) ofKlebsiella aerogenesUreE [Ka, (19)]
is compared to the homologous UreE regions fromProteus mirabilis[Pm, (31)], Ralstonia eutropha(Re, Genbank accession no. Y13732),
Bordetella bronchiseptica[Bb, (32)], Synechocystissp. strain PCC6803 [Syn, (33)], Ureaplasma urealyticum[Uu, (34)], Streptococcus
saliVarius [Ss, (35)], Bacillus sp. TB-90 [Bac, (36)], Bacillus pasteurii [Bp, (37)], Helicobacter pylori [Hp, (38)], Actinobacillus
pleuropneumoniae[Ap, (39)], Haemophilus influenzae[Hi, (40)], Yersinia pseudotuberculosis[Yp, (41)], andYersinia enterocolitica[Ye,
(42)]. Termination signals are indicated by an asterisk, and an arrow is shown for those sequences which continue beyond the region
indicated. All cysteine residues are underlined, and both of those present inK. aerogenesUreE were targeted for mutagenesis. Similarly,
histidine residues are shown in boldface type, and all five that are present in H144*UreE were subjected to mutagenesis. Two additional
residues that were changed included tyrosine within the CYH motif at position 90 and aspartate found in the HHDH motif at position 111.
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EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Plasmid Construction.
Unless otherwise indicated, all restriction digestions and com-
mon DNA manipulations were performed by using standard
procedures (22). Primers (Table 1) were synthesized at the
Michigan State University Macromolecular Structure and
Sequencing Facility and phosphorylated with T4 kinase
(Gibco BRL). Site-directed mutagenesis was accomplished
by using the Transformer kit (Clontech) or the Quikchange
kit (Stratagene). The Transformer kit required, in addition
to theureE mutagenic oligonucleotides, an oligonucleotide
used to mutate aHindIII site to facilitate selection. The
C89A, Y90F, and H91AureE mutagenic oligonucleotides
were designed to incorporate the desired mutation as well
as to eliminate a uniqueStuI site, facilitating the identification
of mutant plasmids by restriction digestion analysis. Simi-
larly, the C79A mutagenic oligonucleotide introduced a new
BssHII site. Plasmids from recombinant colonies were iso-
lated by using the Wizard MiniPrep DNA purification system
(Promega, Madison, WI) and screened by restriction diges-
tion analysis. All mutants were sequenced throughout the
entire open reading frame ofureE. DNA sequencing was
performed by the Michigan State University/U.S. Department
of Energy-Plant Biology Laboratory using dye termination
chemistry and an Applied Biosystems automated DNA
sequencer.

Plasmids used in this study are listed in Table 2. TheK.
aerogenesurease gene cluster (ureDABCEFG) cloned into
pUC8 is denoted pKAU17 (23). The pKAU17x derivative
of this plasmid had the vectorAatII site eliminated by partial
digestion withAatII, treatment with Klenow fragment to pro-
duce blunt ends, reannealing with T4 DNA ligase, and selec-
tion based on restriction pattern (24). Similarly, pKAU17-
H144* lacked the vectorAatII site and additionally possessed
a stop codon inureEat the position encoding His144 to pro-
duce a 15-residue truncated UreE termed H144*UreE (20).
Additional plasmids that were used in control experiments
included pKK17∆ureE-1, pKK17, and pKK17H144*. The
first of these controls was derived from pKAU17 containing
a deletion inureE(17), after transferring the 5.5 kbpEcoRI/
HindIII fragment into pKK223-3. The pKK17 and pKK17-
H144* plasmids were derived by inserting the 5.5 kbpEcoRI/
HindIII fragment containing the intact urease gene cluster
(from pKAU17) or the cluster containing a truncatedureE
(from pKAU17H144*) into similarly digested pKK223-3.

Three strategies were used to generate clones encoding
the nine variant forms of truncated H144*UreE either within

the context of the other urease genes (on pKAU17x and the
pKK223-3 cloning and expression vector) or separately (on
the pET21 cloning and expression vector). The first approach,
used for the C79A variant, involved mutagenesis of full-
lengthureE carried by pTBEF (20) to yield pTBEFC79A.
TheureE-containingBamHI-AatII fragment of pTBEFC79A
was cloned into the corresponding region of pKAU17x to
yield pKAU17C79A. TheBamHI-HindIII fragment of this
plasmid (encoding C79AUreE as well as UreF and UreG)
was cloned into pET21 to yield pETC79A. In addition,
pETH144* (20) was digested withAVrII and HindIII to
removeureG, and the 7.1-kbp fragment was treated with
Klenow fragment ofE. coli DNA polymerase and reannealed
with T4 DNA ligase to produce pETH144*∆ureG. Finally,
theBamHI-StuI fragment (containing the C79A-associated
region inureE) of pETC79A was ligated to similarly digested
pETH144*∆ureG (containing the stop codon withinureE)
to yield pETC79AH144* which encodes C79A/H144*UreE.
TheureE-containingBamHI-AatII fragment of pETC79A-
H144* was cloned into the corresponding region of pKAU17x
to yield pKAU17C79AH144*. The second strategy for
mutagenesis, used for the H96A variant, involved mutagen-
esis of ureE within pTBEFH144* (20) to yield plasmid
pTBEFH96AH144*. The ureE-containing BamHI-AatII
fragment of pTBEFH96AH144* was cloned into the corre-
sponding region of pKAU17x to yield pKAU17H96AH144*.
The BamHI-HindIII fragment of this plasmid was ligated
to similarly digested pET21 to yield pETH96AH144*. The
third strategy, used to obtain the C89A, Y90F, H91A,
H109A, H110A, D111A, and H112A variants of H144*UreE,
also involved mutagenesis of pTBEFH144*. TheBamHI-
HindIII fragments of mutated pTBEFH144* plasmids were
ligated to similarly digested pET21 to provide pETC89A-
H144* and the six analogous plasmids. Similarly, the 1.1-
kbp BamHI-AatII fragments of mutated pTBEFH144*
plasmids were cloned into the corresponding region of
pKAU17x to yield the other seven pKAU17H144* variants.
Finally, theEcoRI-HindIII fragment of pKAU17C79AH144*
and the eight analogous plasmids were cloned into similarly
digested pKK223-3 to give the pKK17H144* variants.

Bacterial Strains and Growth Conditions. E. coliDH5R
cells were used for routine recombinant DNA work. Cells
were grown overnight at 37°C in LB liquid or agar medium
containing 100µg‚mL-1 ampicillin. For DNA purification,
cells were grown in MR2001 growth media (MacConnell
Research, San Diego, CA). Studies involving site-directed
mutagenesis made use ofE. coli BMH 71-18 mutScells

Table 1: Primers Used in This Work

plasmid generated primersa

pTBEFC79A (+BssHII) GTAGTGCGCGCCGACGATCC
pTBEFC89AH144* (-StuI) GCGAAGGCCGCCTACCACCTC
pTBEFY90FH144* (-StuI) CTGGCGAAGGCGTGCTTCCACCTCGGCAAC
pTBEFH91AH144* (-StuI) GCGAAGGCGTGCTACGCCCTCGGCAACC
pTBEFH96AH144* GCAACCGTGCCGTGCCGCTG
pTBEFH109AH144* GCGAGCTGCTACGCTCACGATCACGTGC
pTBEFH110AH144* GCTGCGCTACCATGCCGATCACGTGCTG
pTBEFD111AH144* CGCTACCATCACGCTCACGTGCTGGAC
pTBEFH112AH144* GCTACCATCACGATGCCGTGCTGGACGATATGC
pUC19 (-HindIII) CAGGCATGCACGCGTGGCGTAATC

a Bases encoding the target amino acid are underlined. Locations of restriction sites are italicized. Changes in the sequence are shown in boldface
type. The reverse primer (when used) covered the same sequence.
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(Clontech, Palo Alto, CA) orE. coli XL1-Blue cells
(Stratagene) carrying the indicated plasmids.E. coli HMS174-
(DE3) orE. coli BL21(DE3) cells (Novagen, Madison, WI)
carrying derivatives of pET21 were used for overproduction
of recombinant UreE. These cultures were grown in TB
medium (22) containing 100µg‚mL-1 ampicillin to OD600

∼1, induced with 1 mM isopropylâ-D-thiogalactopyranoside
(IPTG, Sigma, St. Louis, MO), and harvested after 4-6 h.

In ViVo Studies. E. coli HMS174(DE3) cells containing
variants of pKK17H144* were grown for approximately 24
h in 50 mL of LB medium supplemented with 100µg‚mL-1

ampicillin, 1 mM IPTG, and variable NiCl2 concentrations.
Cells were harvested by centrifugation, resuspended in 2.5
mL of 20 mM phosphate buffer containing 0.5 mM EDTA
and 1 mMâ-mercaptoethanol (PEB) at pH 7.4, and twice
disrupted in a French pressure cell (18 000 lb‚in-2) to give
cell extracts for the urease activity measurements.

Assays.Urease activity was measured by quantifying the
rate of ammonia release from urea by formation of indophe-
nol, which was measured at 625 nm (25). Assay buffer
contained 25 mM HEPES (pH 7.75), 50 mM urea, and 0.5
mM EDTA. One unit of activity was defined as the amount
of enzyme required to hydrolyze 1µmol of urea per minute

at 37°C. Protein concentrations were determined according
to Lowry et al. (26) or by using a commercial protein assay
(Bio-Rad, Hercules, CA) with bovine serum albumin as the
standard.

Purification of UreE Variants.Variants of H144*UreE
protein generally were purified by using a modification of
the method described previously for H144*UreE (20).
Cultures (2-3 L) of E. coli HMS174(DE3) or BL21(DE3)
containing pET21-derived plasmids encoding the H144*UreE
variants were harvested by centrifugation, resuspended in
20 mM Tris-HCl (pH 7.9) containing 500 mM NaCl and 60
mM imidazole (buffer A) with 0.5 mM phenylmethylsulfonyl
fluoride, and disrupted by two passages through a French
pressure cell at 18 000 lb‚in-2. Cell debris was removed by
centrifugation at 100000g for 40 min at 4°C. A nitrilotri-
acetic acid (NTA) column (Qiagen, Chatsworth, CA) was
charged with 50 mM NiSO4 and equilibrated with buffer A.
Cell extracts were loaded onto the column, and buffer A was
used to wash the resin until theA280 reached base line. Bound
proteins were eluted in 20 mM Tris-HCl (pH 7.9), 500 mM
NaCl, and 1 M imidazole. Fractions were analyzed by gel
electrophoresis (see below), and samples of interest were
pooled, treated with 1 mM EDTA to eliminate contaminating

Table 2: Plasmids Used

plasmid characteristics reference

pKAU17 K. aerogenes ureDABCEFGgenes cloned into pUC8 (23)
pKAU17x pKAU17 with elimination of vectorAatII site (24)
pKAU17H144* pKAU17x withureEmutated to encode His144*UreE (20)
pKAU17C79A pKAU17x withureEmutated to encode C79A UreE this study
pKAU17C79AH144*, pKAU17C89AH144*,

pKAU17Y90FH144*, pKAU17H91AH144*,
pKAU17H96AH144*, pKAU17H109AH144*,
pKAU17H110AH144*, pKAU17D111AH144*,
pKAU17H112AH144*

pKAU17x with ureEmutated to encode C79A, C89A, Y90F,
H91A, H96A, H109A, H110A, D111A, and H112A
derivatives of H144*UreE

this study

pKAU17∆ureE-1 pKAU17 containing a deletion withinureE (17)
pTBEF BamHI-AVrII fragment of pKAU17 (containingureEF)

cloned intoBamHI- andXbaI-digested pUC19
(20)

pTBEFC79A pTBEF withureEmutated to encode C79A variant of UreE this study
pTBEFH144* pTBEF withureEmutated to encode H144*UreE (20)
pTBEFC89AH144*, pTBEFY90FH144*,

pTBEFH91AH144*, pTBEFH96AH144*,
pTBEFH109AH144*, pTBEFH110AH144*,
pTBEFD111AH144*, pTBEFH112AH144*

pTBEFH144* mutated to encode C89A, Y90F, H91A, H96A,
H109A, H110A, D111A, and H112A variants of H144*UreE

this study

pKK223-3 cloning and expression vector Pharmacia
pKK17 K. aerogenes ureDABCEFGgenes on anEcoRI-HindIII

fragment cloned into pKK223-3
this study

pKK17H144* pKK17 withureEmutated to encode His144*UreE this study
pKK17C79AH144*, pKK17C89AH144*,

pKK17Y90FH144*, pKK17H91AH144*,
pKK17H96AH144*, pKK17H109AH144*,
pKK17H110AH144*, pKK17D111AH144*,
pKK17H112AH144*

pKK17H144* withureEmutated to encode C79A, C89A, Y90F,
H91A, H96A, H109A, H110A, D111A, and H112A
derivatives of H144*UreE

this study

pKK17∆ureE-1 pKK17 containing deletion withinureE this study
pET21 cloning and expression vector Promega
pETC79A BamHI-HindIII fragment of pKAU17C79A (encoding

full-length C79A variant of UreE and containing
ureFG) cloned into pET21

this study

pETH144* BamHI-HindIII fragment of pKAU17H144* (encoding
H144*UreE and containingureFG) cloned into pET21

(20)

pETH144*∆ureG pETH144* withureGdeleted (encodes H144*UreE and UreF) this study
pETC79AH144* pETH144*∆ureGwith site mutated to encode C79A this study
pETH96AH144* BamHI-HindIII fragment of pKAU17H96AH144* ligated to

similarly digested pET21 to encode H96A variant of
H144*UreE

this study

pETC89AH144*, pETY90FH144*,
pETH91AH144*, pETH109AH144*,
pETH110AH144*, pETD111AH144*,
pETH112AH144*

BamHI-HindIII fragments of pTBEFH144* mutants encoding
C89A, Y90F, H91A, H109A, H110A, D111A, and
H112A variants of H144*UreE ligated to similarly
digested pET21

this study
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metals, concentrated by using an Amicon-50 stirring con-
centrator (Amicon, Beverly, MA), and dialyzed overnight
twice in 20 mM Tris-HCl (pH 7.5) containing 100 mM NaCl.

For the H110A and H112A H144*UreE variants, an
alternative purification protocol was required because these
proteins did not bind to the Ni-NTA column. Cells were
resuspended in PEB (pH 7.4) buffer and disrupted as
described above. The resulting cell extracts were applied to
a DEAE-Sepharose column equilibrated with the same buffer
and eluted with a linear gradient from 0 to 0.5 M KCl in
PEB, pH 7.4, buffer. The H144*UreE variants eluted from
the resin at approximately 0.3 M salt. The pooled samples
were dialyzed, applied to a Mono-Q column (Pharmacia)
equilibrated in PEB (pH 6.8) buffer, and eluted with a linear
salt gradient to 0.5 M NaCl in this buffer, giving nearly
homogeneous H144*UreE variants. Further purification was
achieved by gel filtration chromatography using a Superose-
12 column (Pharmacia) equilibrated with PEB (pH 7.4)
buffer. The protein was analyzed, concentrated, and dialyzed
as described above for the other variants.

Polyacrylamide Gel Electrophoresis (PAGE).All gel
electrophoresis was carried out by using denaturing buffers
as described by Laemmli (27) and a 12% polyacrylamide
resolving gel with a 4.5% polyacrylamide stacking gel.
Samples were denatured at 100°C for 5 min in buffers
containing 3% sodium dodecyl sulfate (SDS) and 5%
â-mercaptoethanol. Gels were stained with Coomassie bril-
liant blue.

Equilibrium Dialysis. Protein samples of H144*UreE
variants (5µM peptide in 0.5 mL) were dialyzed against
0.5 mL of buffer containing63NiCl2 (1,445 mCi/mmol; Du
Pont NEN Research Products, Inc., Wilmington, DE) and
various concentrations of unlabeled NiCl2 using an equilib-
rium microvolume dialyzer (Hoeffer Scientific Products, San
Francisco, CA) equipped with precut dialysis membranes
(MW cutoff 12 000-14 000). The buffer used was 20 mM
Tris-HCl (pH 7.5) containing 100 mM NaCl. After overnight
equilibration at room temperature, an aliquot from each
compartment was measured for radioactivity by using a
Beckman LS7000 liquid scintillation system and Safety Solve
scintillation fluid (Research Products International Corp.,
Mount Prospect, IL). Data were fitted by the method of least
squares to a modification of the Adair equation (28) for
fractional saturation (Y):

whereK1 andK2 are dissociation constants for binding the
first and second Ni ions, andN is the number of Ni ions
bound per dimer. A measure of cooperativity was determined
graphically for each sample using a Hill plot (28) based on
data points found between 0.2 and 1.8 Ni/dimer. The Hill
coefficients were obtained from the slope of a linear fit to
the data, and the average dissociation constant [Kd(avg)value]
was determined from the intercept.

Spectroscopy.Electronic absorption spectra of H144*UreE
variants (200µM dimer) in the presence of increasing
equivalents of Cu ions were recorded and analyzed on a DU-
7500 UV-visible spectrophotometer (Beckman, Fullerton,
CA) using a 150µL cuvette and 20 mM Tris-HCl buffer

(pH 7.5) containing 100 mM NaCl. Titrations with Ni ions
were also carried out with a subset of the samples using 200
or 500µM dimer. X-band electron paramagnetic resonance
(EPR) spectra were obtained on a Bruker ESP-300E spec-
trometer. Samples were prepared in 10 mM Tris-HCl buffer
(pH 7.5) containing 50 mM NaCl and 30% glycerol to aid
in glass formation. Spectra were recorded on frozen solutions
at 77 K. Simulations of the base-line-corrected EPR spectra
made use of the EPR/POWFIT programs (29). The proton
nuclear magnetic resonance (NMR) spectra of the paramag-
netic Ni(II) and Co(II) derivatives of selected H144*UreE
variants were acquired at 298 K on a Bruker AMX360 NMR
spectrometer operated at 360 MHz. Selective excitation of
solvent-exchangeable signals was performed using the 1-3-
3-1 hard pulse sequence (30). The spectra for Ni-containing
proteins were compared to that reported previously for
H144*UreE which was obtained using a single 90° pulse
with a 50 ms presaturation decoupler pulse. A Gaussian
apodization function with a 5% shift and a line-broadening
factor of -50 Hz was applied to the FIDs prior to Fourier
transformation. Samples were prepared in 10 mM phosphate
buffer (pH 7.2) with 10% D2O added to use as a frequency
lock. When spectra were acquired in samples without D2O,
the field was shimmed by monitoring the FID of the water
signal.

RESULTS

In ViVo Studies.The effects of the amino acid substitutions
within H144*UreE on its ability to aid in urease activation
were examined by measuring urease activities in cell extracts
of E. coli HMS174(DE3) containing derivatives of pKK17-
H144*. For comparison, analogous studies were carried out
with cells containing plasmid derivatives encoding the wild-
type, nontruncated, UreE as well as with cells containing a
ureE deletion. In all cases, expression levels of the urease
genes were comparable based on SDS-PAGE analyses that
revealed similar intensities of the bands corresponding to
urease peptides. The effects on urease activity of varying
the growth medium Ni ion concentration for selected strains
are shown in Figure 2. The results obtained for cells
containing pKK17 (encoding wild-type UreE) and pKK17-
H144* (coding for H144*UreE) were similar to each other
(data not shown), consistent with previous results reported
for pKAU17 and pKAU17H144* (20), and confirm the
nonimportance of the carboxyl-terminal His-rich region found
in wild-type protein for urease activation. Likewise, cells
containing pKK17∆ureE-1(with aureEdeletion) possessed
significantly less urease activity compared to cells containing
wild-type protein, in agreement with prior work indicating
that UreE facilitates urease activation, but is not essential to
this process (17). The patterns observed for the mutants all
showed increasing urease activity with increasing Ni con-
centration until approximately 1 mM Ni was added, after
which cell growth was inhibited due to Ni toxicity. For cells
containing C89A, Y90F, H91A, and H109A variants of
H144*UreE, the activities were closely similar to those found
for cells containing wild-type UreE or H144*UreE (data not
shown). For other cultures, however, differences from this
pattern were clearly observed. For example, urease activity
was significantly reduced at all Ni concentrations for cells
containing the H96A derivative of H144*UreE (Figure 2),
and only approached the level of urease activity found for

Y )
N[Ni] {1/K1 + ([Ni]/ K1K2)}

[1 + (2[Ni]/K1) + ([Ni] 2/K1K2)]
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cells containing theureEdeletion plasmid at approximately
1 mM Ni (data not shown). A less dramatic, but still
significant, reduction in activity was found for the cells
containing the D111A/H144*UreE. The data associated with
these cells tracked closely with those of theureE deletion
plasmid through 0.5 mM Ni. For cells containing the C79A
or H112A versions of H144*UreE, reduction in urease
activity was observed at 200µM Ni compared to the control
cells. Finally, cells containing H110A/H144*UreE exhibited
activities that closely tracked the control plasmid, but did
show a reduction in activity at 1 mM NiCl2 (data not shown).

Purification. Most modified H144*UreE proteins were
easily purified using Ni-NTA affinity chromatography as
demonstrated by the presence of homogeneous peptides after
SDS-PAGE (data not shown). This result was similar to
that seen for H144*UreE purification (20), with yields of
approximately 15-20 mg of protein per liter of culture. In
contrast, two of the mutant proteins, H110A/H144*UreE and
H112A/H144*UreE, did not bind to the Ni-NTA column
and had to be purified by a different procedure. A combina-
tion of DEAE-Sepharose and Mono-Q chromatographies was
sufficient to generate nearly homogeneous protein in each
case. Further purification was achieved by gel filtration
chromatography on a Superose-12 column. The resultant
proteins were similar to the other variants obtained by Ni-
NTA affinity chromatography in terms of purity and yield
(data not shown).

Equilibrium Dialysis. The number of Ni ions bound to
each of the H144*UreE derivatives and the calculated
dissociation constants for binding were assessed by equilib-
rium dialysis experiments (Table 3). In addition, the Hill
coefficients were calculated as a measure of cooperativity
for the proteins which bind two Ni ions. For most of the
variants studied here, the values observed were similar to
those obtained for H144*UreE (Figure 3), and the values
for this protein were more accurate than those previously
reported (20) because of improved curve-fitting procedures.
All variants except H110A/H144* and H112A/H144* bound
approximately two Ni ions with an averageKd of 6-11 µM
and retained a degree of positive cooperativity with a Hill

coefficient between 1.3 and 2.1, in good agreement with the
values of 8.6 µM and 1.69 obtained for H144*UreE.
Consistent with the inability of the H110A and H112A
variants of H144*UreE to bind to the Ni affinity column,
these proteins showed reduced Ni-binding ability when
measured by equilibrium dialysis methods (Figure 3). For
H110A/H144*UreE, approximately 1.3 Ni were bound with
a Kd of 16 µM. Likewise, H112A/H144*UreE bound
approximately 1.1 Ni, but with a greatly alteredKd of 36
µM.

Electronic Spectroscopy. The H144*UreE mutant proteins
were examined by UV-visible spectroscopy to probe for
changes that occur in the presence of divalent Ni and Cu
ions. Consistent with previous results for H144*UreE (21),
variants which retained the ability to bind two Ni ions
produced a weak d-d band at approximately 380 nm (ε ∼
75 M-1 cm-1) that was only fully developed upon addition
of 2 equiv of this metal ion to the dimer (data not shown).
By contrast, the H112/H144* variant exhibited a shift in this
d-d band to approximately 415 nm (ε ∼ 100 M-1 cm-1)
upon addition of 1 equiv Ni ion. The spectra obtained from
addition of Cu to most of the variants also were indistin-
guishable from the previously characterized spectra for
H144*UreE (23) and consisted of a Cys-to-Cu charge-
transfer band at 370 nm (ε ∼ 2500 M-1 cm-1), that was
generated primarily upon addition of the second equivalent
of metal ion to the dimer, and a broad d-d transition
observed near 625 nm (ε ∼ 250 M-1 cm-1). In contrast, the
spectra obtained for C79A/H144*UreE lacked a 370 nm
charge-transfer band, although they retained a less intense
and red-shifted long-wavelength band (data not shown).
These results indicate the loss of the Cys-to-Cu charge-
transfer interaction upon removal of Cys79. The 370 nm band
was retained in the C89A/H144*UreE variant, but the protein
solubility was diminished upon Cu binding with significant
precipitation observed after addition of the second equivalent
of metal ion. The addition of Cu to H112A/H144*UreE also
failed to produce the 370 nm band and caused a shift of the
625 nm band to longer wavelength (∼750 nm; data not
shown). For H110A/H144*UreE, the 370 nm band was
observed; however, the intensity of the band was reduced in
the presence of 2 Cu/dimer, compared to the H144*UreE
sample, and was not enhanced with further additions of Cu.

EPR Spectroscopy. EPR spectra were obtained for the
H144*UreE variants in the presence of 1 and 2 equiv of Cu
and fitted with a simulation program to provide the results
given in Table 4. Consistent with previous results for
H144*UreE (21), all of the spectra were typified as tetragonal
type 2 Cu sites; however, important but subtle differences
were observed in some of the variants. The values obtained
for the 1 Cu/dimer H144*UreE spectrum yieldedgz ) 2.28
with Az ) 154 G andgx/y ) 2.08/2.05 withAx/y ) 9/12 G
arising from Cu hyperfine. Superhyperfine splitting was
observed ingxy with ∼15 G spacing typical of14N directly
bound to the Cu (Figure 4A). Addition of the second Cu per
dimer resulted in the superimposition of a distinct spectrum
(g-values of 2.32 withAz ) 150 G and 2.08/2.06 withAx/y

) 6/8 G) on the first spectrum (Figure 4B). The spectra
obtained for the 1 Cu/dimer and the 2 Cu/dimer samples of
C79A/H144*UreE are nearly identical to each other, but
differ markedly from the above in bothg and A values
(Figure 4C). The spectrum obtained for H110A/H144*UreE

FIGURE 2: Effects of UreE modifications on in vivo urease activity.
E. coli HMS174 (DE3) cells harboring the indicated plasmids were
grown overnight in LB media with varying Ni ion concentrations.
Cells were disrupted, and extracts were assayed for urease specific
activity. Plasmids used (and the UreE variants they encode) include
pKK17H144* (H144*UreE,b), pKK17∆ureE-1(ureEdeleted,2),
pKK17C79AH144* (C79A/H144*UreE,]), pKK17H96AH144*
(H96A/H144*UreE,0), pKK17H110AH144* (H110A/H144*UreE,
4), pKK17D111AH144* (D111A/H144*UreE,O), and pKK17H-
112AH144* (H112A/H144*UreE,3).
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with 1 Cu/dimer added (Figure 4D) differs from that obtained
for the 1 Cu/dimer H144*UreE, but matches more closely
to the features observed for the spectrum obtained from the
second binding site of this protein. The H112A/H144*UreE
spectrum was only able to be fitted by assuming the presence
of two sites of equal intensity with large differences ingz

andAz (Figure 4E), neither of which resemble the features
obtained for H144*UreE. For H96A/H144*, the changes
were less obvious, but a fit to the 1 Cu/dimer spectrum
revealed a significant reduction in theAxy value similar to

that obtained for H110/H144*. Less dramatic changes were
observed for spectra of several other samples including
H91A/H144*UreE and Y90F/H144*UreE. Notably, the
spectra obtained for C89A, H109A, and D111A variants of
H144*UreE do not provide evidence for changes in Cu
coordination.

Hyperfine-Shifted1H NMR.H96A and H110A variants of
H144*UreE were examined by1H NMR in the presence of
Ni(II) and Co(II), and these spectra were compared to
analogous spectra for H144*UreE (Figure 5). As previously
reported, titration of H144*UreE with Ni led to full develop-
ment of a 62.6 ppm resonance upon addition of the first
equivalent of Ni and the further development of resonances
at 65.3 and 73.0 ppm with addition of the second equivalent
(21). The spectrum obtained for H96A/H144*UreE in the
presence of a single equivalent of Ni lacked the 63 ppm
signal, but exhibited resonances at 65 and 73 ppm. In contrast
to the case for H144*UreE, the 65 and 73 ppm resonances
of H96A/H144*UreE developed at nearly equal relative
intensities in the presence of 1 or 2 equiv of Ni. The spectrum
arising from H110A/H144*UreE in the presence of Ni
possessed the 63 ppm signal and a weak 65 ppm signal, and
lacked any signal at 73 ppm. Titration of the control
H144*UreE sample with Co was previously shown to lead
to the presence of two resonances with the first metal added,
at 63.1 and 76.3 ppm, and a superimposed signal at 76 ppm
arising upon addition of the second metal ion (21). The
spectra for H96A/H144*UreE in the presence of 1 or 2 equiv
of Co differed only in signal intensity and lacked the 63 ppm
resonance. In contrast, that of the H110A/H144*UreE lacked
both of the resonances at 76 ppm.

DISCUSSION

UreE is suggested to facilitate in vivo urease activation;
however, this accessory protein is not essential for generating
cellular urease activity according to results using mutants
containingureEdeletions [reported earlier (17) and illustrated
in Figure 2]. Prior studies had shown that nativeK. aerogenes
UreE binds 5-6 Ni/dimer, leading to the reasonable proposal
that it functions as a metallochaperone involved in delivery
of Ni to the urease apoprotein (18). A portion of this Ni
binds to the His-rich carboxyl terminus of UreE, but this
region of UreE was shown to be irrelevant to its urease
activation function by analysis of cells containing the
truncated protein, H144*UreE, lacking the His-rich motif
[shown earlier (20) and confirmed in Figure 2]. Rather,
urease activation appears to be associated with two internal
Ni-binding sites per dimer that are functional in the truncated

Table 3: Ni(II) Binding by H144*UreE Variantsa

protein no. of Ni/dimerb Kd1
b (µM) Kd2

b (µM) Hill coefficientc Kd(avg.)
c (µM)

H144*UreE 2.01 (0.05) 47 (20) 1.5 (0.7) 1.69 8.6
C79A/H144*UreE 1.90 (0.05) 32 (19) 1.2 (0.8) 1.55 8.0
C89A/H144*UreE 2.25 (0.1) 21 (5) 4.8 (1.8) 1.46 7.4
Y90F/H144*UreE 2.06 (0.05) 70 (34) 1.8 (1.0) 1.75 8.7
H91A/H144*UreE 2.02 (0.1) 85 (37) 1.6 (0.7) 2.10 10.6
H96A/H144*UreE 1.92 (0.1) 39 (30) 3.0 (2.8) 1.68 8.3
H109A/H144*UreE 2.49 (0.1) 17 (2.8) 7 (2.5) 1.51 7.7
H110A/H144*UreE 1.33 (0.05) 16 (3) - - -
D111A/H144*UreE 2.22 (0.1) 19 (4) 7 (3) 1.33 6.7
H112A/H144*UreE 1.11 (0.1) 36 (13) - - -

a Protein concentrations were approximately 5µM in 20 mM Tris-HCl (pH 7.5) with 100 mM NaCl. Numbers in parentheses represent the
standard deviation for each value.b Determined from curve fits to binding data.c Determined from Hill plots.

FIGURE 3: Nickel ion binding to H144*UreE variants measured
by equilibrium dialysis. (A) The interaction of Ni ions with
H144*UreE (9), H110A/H144*UreE (b), and H112A/H144*UreE
(2) was examined at protein concentrations of approximately 5µM
dimer in 20 mM Tris-HCl (pH 7.5) with 100 mM NaCl. (B) H112A/
H144*UreE (5 µM) was examined in the same buffer over an
expanded range of Ni ion concentrations.
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protein (20). Although H144*UreE is a homodimer, spec-
troscopic evidence was reported (21) indicating the two
internal binding sites are not identical. The studies described
here have further probed the internal metal-binding sites of
this metallochaperone protein by using a combination of
mutagenesis, equilibrium dialysis, and spectroscopic studies.
To simplify analyses, we used H144*UreE as our benchmark
protein.

Based on our analysis of the properties of H144*UreE and
its variants, we have developed a detailed model for metal
binding to this accessory protein (Figure 6). The key feature
of the model is that two distinct mononuclear metal-binding
sites are present per H144*UreE homodimer, with each site

symmetrically placed at the dimer interface. The two
metallocenters are likely to be close together (e.g., we
propose His110 coordinates to one metal while His112 is
present as a ligand of the other metal), but the metal sites
are not magnetically coupled based on the hyperfine-shifted
1H NMR spectra of Ni- and Co-bound protein (Figure 5)
and the EPR signal intensities for Cu-containing samples
[(21) and Table 4]. The order of metal binding to the sites
and the coordination geometries at each site differ depending
on the identity of the metal ion. Below, we discuss the
detailed interaction of this protein with three metal ions (Ni,
Co, and Cu), emphasizing the roles for the individual amino
acid residues.

Ni Binding to H144*UreE.The two H144*UreE sites
involved in Ni binding exhibit partial cooperativity [(20, 21)

Table 4: Summary of EPR Spectral Parameters for Cu-Substituted H144*UreE Variantsa

first equiv of Cu second equiv of Cu

UreE gz Az (G) gx/y Ax/y (G) gz Az (G) gx/y Ax/y (G)

H144* 2.28 154 2.08/2.05 9/12 2.32 150 2.08/2.06 8/6
C79A/H144* 2.31 138 2.09/2.07 9/12 2.31 139 2.07/2.06 12/10
C89A/H144* 2.27 161 2.07/2.04 10/12 2.32 151 2.08/2.06 8/10
Y90F/H144* 2.27 169 2.08/2.05 11/10 2.32 147 2.08/2.06 7/7
H91A/H144* 2.27 169 2.08/2.05 10/12 2.29 151 2.08/2.05 8/8
H96A/H144* 2.28 156 2.08/2.05 6/6 2.33 145 2.09/2.06 8/7
H109A/H144* 2.28 157 2.07/2.04 10/12 2.31 159 2.08/2.06 8/9
H110A/H144* 2.29 143 2.07/2.05 6/7 - - - -
D111A/H144* 2.28 155 2.07/2.04 11/12 2.31 157 2.09/2.06 8/10
H112A/H144*b 2.26 179 2.08/2.05 8/11 - - - -

2.30 137 2.08/2.05 8/10 - - - -
a EPR spectra were collected for H144*UreE variants that were titrated with 1 or 2 equiv of Cu per dimer. Spectra were fitted by POWFIT to

obtain theg andA values. Addition of the second equivalent of metal had negligible effects on spectral parameters asssociated with the first site.
The estimated error ranges forgz andgx/y are(0.01. The error range forAz is (10 G. b The spectrum for H112A/H144*UreE was comprised of two
overlapping species of approximately equal intensity.

FIGURE 4: Comparison of X-band EPR spectra of the UreE variants
to 1Cu- and 2Cu-H144*UreE. Spectra shown are for 1Cu-
H144*UreE (A), 2Cu-H144*UreE (B), 1Cu-C79A/H144*UreE
(C), 1Cu-H110A/H144*UreE (D), and 1Cu-H112A/H144*UreE
(E). Samples (500µM dimer) were in 20 mM Tris-HCl buffer (pH
7.5) with 100 mM NaCl and 35% glycerol added.

FIGURE 5: Hyperfine-shifted1H NMR spectra of H144*UreE
variants. Spectra shown are for protein samples in the presence of
Ni (left) or Co (right). The published spectra for H144*UreE in
the presence of 2 equiv of metal are shown (A) for comparison to
spectra of H96A/H144*UreE (B) and H110A/H144*UreE (C)
prepared in the presence of 2 and 1 equiv, respectively, of the metal
ion. The inset (B, left) is the spectrum of H96A/H144*UreE with
1 equiv of Ni, where the intensity of the signal at 73 ppm is
normalized to the corresponding signal in the 2 Ni/dimer sample.
This signal in (A, left) has been suppressed by the presaturation
pulse used for water suppression. The other spectra were acquired
with a selective excitation 1-3-3-1 pulse (30).
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and Table 3], thus complicating analysis of the individual
sites. Nevertheless, prior X-ray absorption spectroscopy
(XAS) studies demonstrate that both Ni ions bind to
H144*UreE in octahedral coordination with a mixture of O
and N donor atoms, with the first metal ion possessing 3-4
histidine ligands and the second possessing about half this
number (reducing the average number of histidine ligands
to 2-3) (21). The XAS analysis provides no evidence for
the presence of a S ligand. Similarly, electronic spectra
observed upon addition of Ni to apoprotein provide no
indication of a sulfur ligand (i.e., no Cys-to-Ni charge-
transfer transition is observed), but do indicate the presence
of a d-d transition that is approximately twice as intense in
the sample containing two Ni as that containing a single Ni
per dimer (21). Hyperfine-shifted1H NMR studies have been
reported (21) and show that protein containing 1 Ni/dimer
exhibits a single predominant paramagnetically shifted
resonance at 62.6 ppm, while additional resonances at 65.3
and 73 ppm appear after addition of a second equivalent of
Ni. The NMR and XAS methods appear to yield inconsistent
results, but as described below these data are compatible
within the framework of the model.

We hypothesize that the first equivalent of Ni binds via
two symmetric pairs of histidine residues (His96 and His112
from each subunit), as well as two additional unidentified
ligands, and that this site is critical for UreE’s function in
activating urease apoprotein. The presence of four imidazole
ligands at the first Ni site is consistent with XAS analysis
(21). To explain the hyperfine-shifted1H NMR spectrum of
H144*UreE (21), we suggest that the 63 ppm resonance be
attributed to a singlepair of His96 residues. Further, we
suggest that the second expected resonance due to thepair
of His112 residues (at 65 ppm) is reduced in intensity
because these protons rapidly exchange with solvent. This
resonance only appears when the second Ni binds to the
protein via the pair of His110 residues, resulting in a
decreased rate of exchange for the His112 protons. Evidence
that the resonance at 63 ppm arises from His96 is derived
from studies with the H96A variant for which this signal is
absent (Figure 5). This variant still binds two Ni and exhibits

two His ring NH signals assigned to His110 and His112,
but consistent with expectations, the affinities for the two
separate di-His sites involving His110 and His112 are more
similar than for the control protein. In contrast, the H110A
variant exhibits the 63 ppm resonance from His96 and a very
weak resonance at 65 ppm from His112, but no signal at 73
ppm, consistent with retention of Ni binding at the first site
for this protein that binds a single Ni/dimer. The H112A/
H144*UreE variant, also capable of binding only a single
Ni/dimer, exhibited a shifted d-d transition in its electronic
spectrum, compared to the H144*UreE control. The loss of
this critical residue at the first binding site eliminates Ni
binding to this site and perturbs Ni binding to the second
site (alteredKd and UV-visible spectrum). Despite its near-
normal binding affinity for Ni, the H96A variant is severely
affected in its ability to function in urease activation (Figure
2). Indeed, activation is hindered in this mutant more than
for the case whereureE is deleted. It is possible that H96A/
H144*UreE may sequester Ni within the cell and thus reduce
the extent of urease activation. Cells containing either the
D111A or the H112A variant of H144*UreE also exhibit
significantly reduced levels of urease activity when grown
at low nickel ion concentrations, suggesting that they also
participate in Ni delivery to urease. Because Asp111 is
adjacent to the suspected His112 ligand, it too may coordi-
nate the metal as the N/O donor indicated in Figure 6.
Alternatively, Asp111 may participate in a hydrogen-bonding
framework associated with this metal-binding site or play
some other important role related to metal transfer. To
summarize, these results are consistent with His96, Asp111,
and His112 being present at the first Ni-binding site in UreE
and functioning in urease activation.

We propose that the second equivalent of Ni binds via a
symmetric pair of histidine residues (His110 from each
subunit), as well as four additional unidentified ligands, and
we suggest that this site is not critical to urease activation.
According to this model, the average metal coordination
environment for protein with two Ni bound per dimer
includes three imidazole ligands, consistent with results from
XAS analysis (21). Binding of the second Ni ion is proposed
to lead to cooperative changes at the first Ni-binding site
leading to a reduction in the His112 proton exchange rate;
thus, the resonances for His110 and His112 (73 and 65 ppm,
respectively) simultaneously develop after the second Ni
equivalent is added. The three imidazole-derived resonances
observed in the NMR spectra (21) arise from three symmetric
pairs of histidines, or a total of six histidines, which resolves
the former confusion between the NMR and XAS results.
In agreement with our assignment of the 73 ppm resonance
to the His110 pair, the NMR spectrum of H110A/H144*UreE
lacks this resonance (Figure 5). Consistent with the lack of
importance for this site in urease activation, H110A/
H144*UreE, which binds a single Ni ion per dimer, is
effective in generating cellular urease activity (Figure 2).

Co Binding to H144*UreE.Previous studies had indicated
that Co is generally similar to Ni in its binding to H144*UreE
(21). As is the case with Ni, the electronic absorption spectra
show no evidence for a thiolate-to-Co charge-transfer transi-
tion, but do show d-d bands that double in intensity as the
metal content goes from 1 Co/dimer to 2 Co/dimer. The first
Co to bind H144*UreE is associated with two proton NMR
resonances (at 63.1 and 76.3 ppm). These two solvent-

FIGURE 6: Model of the UreE metal-binding sites. Two nonidentical
metal-binding sites are proposed to exist at the dimer interface with
the metal ions being symmetrically bound at each site. For Ni or
Co, the first equivalent of metal ion binds with octahedral
coordination to pairs of His96 and His112 ligands from each
subunit, as well as two O or N donor atoms. The second equivalent
of Ni or Co is bound at a site that includes the pair of His110
residues as well as four additional O/N donors for an overall
octahedral coordination. In contrast, the first equivalent of added
Cu binds with tetragonal coordination to the H110 pair and two
other N/O donors. The second equivalent of Cu binds with
tetragonal coordination provided by the H112 pair and at least one
Cys79 residue.
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exchangeable signals are under fast solvent exchange as their
intensities are dramatically decreased when a presaturation
pulse on the solvent is applied for spectral acquisition and
are fully recovered by use of a selective excitation pulse.
The binding of the second metal leads to an increased in-
tensity for the 76 ppm resonance consistent with the presence
of an overlapping signal (21). Our model retains these aspects
of similarity in H144*UreE binding of Co and Ni.

We suggest that the first equivalent of Co binds to the
protein via the His96 and His112 pairs, along with two other
N/O donors. We attribute the paramagnetically shifted NMR
resonances for 1 Co/dimer protein as arising from His96 (63
ppm) and His112 (76 ppm) pairs. Consistent with our
assignment, the H96A variant of H144*UreE lacks the 63
ppm signal, while the 76 ppm resonance is retained (Figure
5). In contrast, H110A/H144*UreE exhibits the 63 ppm
signal, but possesses no resonance at 76 ppm. We propose
that for this variant the empty second site may significantly
increase the solvent accessibility to the first site which
increases the solvent exchange rate of the His112 ring NH
proton so that its signal is abolished. Thus, the spectrum for
the Co-containing H110A variant is analogous to that for
the 1 Ni/dimer form of H144*UreE in possessing a single
paramagnetically shifted NMR resonance.

We hypothesize that the second equivalent of Co binds
via the His110 pair and additional unidentified ligands. This
binding leads to the development of a third proton NMR
resonance (also at 76 ppm) arising from the His110 pair.
Consistent with this assignment for the His110 resonance,
the NMR signal for H110A/H144*UreE lacks both of the
resonances at 76 ppm (Figure 5). The three resonances in
the NMR spectrum for H144*UreE thus arise from three
symmetric pairs of histidine residues, as suggested for the
case of Ni.

Cu Binding to H144*UreE.Earlier studies involving EPR
and electron spin-echo envelope modulation spectroscopies
of H144*UreE had provided evidence that each of its two
Cu-binding sites includes two histidine ligands, although the
data also revealed that the sites are distinct from each other
in their properties (21). In contrast to the results for Ni or
Co, electronic spectroscopy results of the Cu protein were
interpretted as indicating a Cys-to-Cu charge-transfer transi-
tion that was associated with binding of the second Cu, not
the first (21). Resonance Raman spectroscopy was used to
confirm the presence of Cys-Cu vibrational frequencies (21).
In addition, XAS analysis had suggested the presence of two
equatorial imidazole ligands for the protein containing a
single Cu and for the average site in the 2 Cu/dimer sample.
A significantly improved fit was obtained only for the latter
sample when a S donor was included as a ligand (21). Thus,
all of the prior work had suggested that Cu binding was
distinct from that observed for Ni or Co; yet, Cu was known
to compete with Ni for binding to the protein (20).

We propose that the first equivalent of Cu binds to
H144*UreE via the His110 pair and 2-4 other O/N donors
while the second equivalent of Cu binds via the His112 pair
and at least 1 Cys79 residue, with 1-3 other N/O donors.
Consistent with this suggestion, the Cys-to-Cu charge-transfer
transition is associated with binding of the second metal ion,
but is abolished in the C79A and H112A variants. Further-
more, the Cu EPR spectrum for H110A/H144*UreE re-
sembles the second Cu-binding site of H144*UreE (with a

greatergz and smallerAz andAx/y) rather than that typically
seen upon addition of the first equivalent (Figure 4). In
contrast, the EPR properties associated with the first equiva-
lent of Cu binding to the H96A and D111A variants of
H144*UreE were unaffected. Of particular interest, mutations
affecting Cys79 and His112 had dramatic effects on the EPR
spectral properties associated with the first Cu equivalent.
The C79A and H112A variants are likely to bind only a
single Cu (unless high concentrations of glycerol are present
for the C79A/H144*UreE protein), as further additions of
Cu can lead to protein precipitation. This result further
establishes a connection between Cys79 and His112 at the
same Cu-binding site, i.e., the site associated with the second
Cu equivalent. It is not clear why mutations affecting residues
that normally bind the second equivalent of Cu also affect
EPR parameters measured for the first Cu-binding site, but
the proximity of the two sites and the observed partial
cooperativity between these sites offer a plausible explanation
for how the change is propagated.

UreE Sequence Comparisons.Although it was shown to
participate in Ni binding, the His-rich tail found inK.
aerogenesUreE is not present in UreE sequences from
several other microorganisms (Figure 1) and is not required
for cellular urease activation (20). As illustrated in Figure
1, UreE sequences are poorly conserved among microorgan-
isms that possess a urease gene cluster. In particular, residues
homologous to Cys79 (known to participate in Cu binding),
His109, and His110 are found in few or no UreE sequences
other than that fromK. aerogenes. Homologues to Cys89,
Tyr90, and His91 are more widespread, but not universal,
and these UreE residues have been shown to play no
important role in urease activation. In contrast, His96 is
conserved among all UreE sequences examined, a result that
is consistent with its significance in urease activation.
Furthermore, Asp111 also is highly conserved and appears
to function in urease activation. The most surprisingly aspect
of this analysis is that the important Ni-binding residue
His112 is not found in most other UreE sequences. It is likely
that an alternative O or N donor that is appropriately located
near the binding site serves this function in the other species.
In summary, the sequence comparisons highlight the con-
servation of the His96 and Asp111 residues and the lack of
conservation among other Ni-binding residues. These find-
ings are consistent with our suggestion that the metal-binding
site associated with His 96 is critical for UreE’s function as
a metallochaperone to facilitate urease activation.
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