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ABSTRACT: The crystal structure of the urease maturation protein UreE from Helicobacter pylori has been
determined in its apo form at 2.1 Å resolution, bound to Cu2þ at 2.7 Å resolution, and bound to Ni2þ at 3.1 Å
resolution. Apo UreE forms dimers, while the metal-bound enzymes are arranged as tetramers that consist of
a dimer of dimers associated around themetal ion through coordination byHis102 residues from each subunit
of the tetramer. Comparison of independent subunits from different crystal forms indicates changes in the
relative arrangement of the N- and C-terminal domains in response to metal binding. The improved ability of
engineered versions of UreE containing hexahistidine sequences at either the N-terminal or C-terminal end to
provide Ni2þ for the final metal sink (urease) is eliminated in the H102A version. Therefore, the ability of the
improvedNi2þ-binding versions to deliver more nickel is likely an effect of an increased local concentration of
metal ions that can rapidly replenish transferred ions bound to His102.

The enzyme urease catalyzes hydrolysis of urea to ammonia
and carbamate. While most bacterial ureases are composed of
three different subunits that form a (UreABC)3 structure,
Helicobacter pylori urease has only two subunits, UreA and
UreB, organized as a [(ureAB)3]4 complex (for a recent review,
see ref 1). Urease is dependent on the presence of two boundNi2þ

ions per UreB subunit for its activity (1). Insertion of the Ni2þ

ions into urease requires a series of maturation proteins that have
been best-studied in Klebsiella aerogenes, including UreD (UreH
in H. pylori), UreE, UreF, and UreG (2). Interactions between
the urease apoprotein subunits and maturation proteins, as well
as interactions among the maturation proteins themselves, have
been identified by various approaches in K. aerogenes (reviewed
in ref 1), Proteus mirabilis (3), andH. pylori (4-6). Although the
specific molecular roles of each of the accessory proteins in metal
center maturation and the requirements for protein-protein
interactions are not clear, the overall conclusion from studies
of K. aerogenes is that UreD, UreF, and UreG form a complex
with the urease apoproteinwhileUreE functions inNi2þ delivery.
InH. pylori, using tandem affinity purification and either UreA,
UreB, or UreG as bait, Stingl and co-workers revealed the
following interactions: UreA with UreB, UreA with UreH, UreE
with UreG, and UreF with UreH (6); the UreE-UreG interac-
tion has also been reported by two other groups (4, 5).

[NiFe] hydrogenases also require several maturation proteins
for assembly of the [NiFe] cluster, and it has been found that the
urease and hydrogenase maturation systems in the gastric
pathogen H. pylori share some accessory proteins (7-9). For
example, an interaction between H. pylori UreE and HypA, the
latter protein being a component of the [NiFe] hydrogenase
maturation pathway, has been shown to be necessary for urease
maturation (9). Similarly, H. pylori UreG can interact with
another hydrogenase maturation protein, HypB (6).

The UreE protein appears to function as a nickel metallocha-
perone, acting as the source ofNi2þ ions for urease, withHis96 of
K. aerogenes (KaUreE),1 the equivalent of His100 of Bacillus
pasteurii (BpUreE) and His102 ofH. pylori (HpUreE) postulated
to play a role in Ni2þ transfer (4, 10-12). The numbers of Ni2þ

ions bound perUreE dimer range fromone forHpUreE (4, 13) to
six forKaUreE (14).BpUreEbinds twoNi2þ ions per dimer under
physiological conditions (15). Inmanymicroorganisms (including
K. aerogenes, P. mirabilis, or Pseudomonas aeruginosa), the UreE
proteins contain C-terminal sequences rich in histidines (16) that
have been shown to confer additional Ni2þ binding capacity.
Upon addition of His tag motifs to the C-terminus of the
HpUreE, it was possible to enhance the Ni binding capacity of
the protein (13). As a consequence, the urease activity increased,
indicating a link between the Ni binding ability of UreE and
urease activity in vivo (13).

The metal binding properties of BpUreE, KaUreE, and
HpUreE have been investigated in detail, revealing different
thermodynamic properties for metal binding by the three pro-
teins (4, 11, 14, 17). In addition to binding Ni2þ, these proteins
can also bind zinc (Zn2þ), cobalt (Co2þ), and copper (Cu2þ).
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Purified BpUreE has been shown to contain one Zn2þ per dimer,
but with dimer formation being independent of Zn2þ binding
(17). Metal binding studies of BpUreE by EXAFS and induc-
tively coupled plasma-optical emission spectrometry (ICP-OES)
produced two possible models for nickel binding (15). Onemodel
invokes two identical Ni2þ binding sites in which each metal ion
binds His100 and either His145 or His147 of the same monomer,
while the alternative model involves two different binding sites
with differentNi2þ affinities. The latter model would also involve
His100 as a Ni2þ-binding site but requires that two His100 resi-
dues from different monomers would together coordinate one
Ni2þ ion, whereas the other Ni2þ ion is bound by a pair of histi-
dines, either His145 or His147. Interestingly, in KaUreE, the best
fit to the ITCdata iswith amodel that assumes that theC-terminal
His-rich tail binds Ni2þ ions more weakly than the rest of the
protein dimer, which binds the first two Ni2þ ions in a manner
independent of the His-rich tail (14). A recent report suggests that
HpUreE can also bind Zn2þ and that mutation of the conserved
His102 results in the loss of Ni2þ and Zn2þ binding by the pro-
tein (4). Here we address the question of the role of the His-rich
regions in delivering Ni2þ to the penultimate acceptor protein,
urease.

Previously, the crystal structures of UreE have been deter-
mined for KaUreE (18) and BpUreE (19), and the solution
structure of the latter has also been investigated by NMR (20).
The crystal structure of BpUreE reveals tetramers formed as a
dimer of dimers, with each of the four His100 residues contribut-
ing to the coordination of the Zn2þ ion (19).KaUreE crystallized
as dimers with and without Cu2þ ions. One of the Cu2þ ions is
coordinated byHis96 (equivalent toHis100 inBpUreE) from two
molecules of the dimer. In this study, we report the crystal
structure of HpUreE in apo and metal-bound forms and show
that, under our crystallization conditions, the presence of
metal ions promotes tetramer formation. The contacts be-
tween the dimers within a tetramer are limited to the metal
coordination by His102 residues and van der Waals interac-
tions between Phe28 and its counterpart. While UreE can bind
several nickel ions, we propose that only the Ni2þ ion that is
coordinated by His102 (or its equivalent in related proteins)
can be transferred to the apo-urease acceptor. Our results with
HpUreE engineered to have a His tag at either the N- or
C-terminus indicate that the His-rich segments present in some
UreE proteins augment Ni sequestering abilities and urease
activation, likely by more efficient metal transfer to His102.
This is probably due to an increased local concentration of
metal ions available for binding to the biologically essential
site rather than direct transfer without the participation of
His102.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. Escherichia coli
DH5R was used for all cloning steps. H. pylori strain ATCC
43504 was used as the wild-type for in vivo studies of ureE site-
directed mutants. E. coli was grown in Luria-Bertani medium
supplemented with 100 μg/mL ampicillin or 30 μg/mL chloram-
phenicol, as required.H. pyloriwas grownonBrucella agar plates
supplemented with 10% defibrinated sheep blood (BA plates)
and 30 μg/mL chloramphenicol and/or 25 μg/mL kanamycin as
required.
Construction of Plasmids Used for Insertion of ureE

Variants into the H. pylori Chromosome. Site-directed muta-
genesis of ureEwas conducted using overlap extension PCR (21).
ureE gene was amplified in two parts using either PlatinumPfx
(Invitrogen) or iProof (BioRad) high-fidelity polymerase. Geno-
mic DNA was used as a template, along with the appropriate
primers to impart the desiredmutation (Table 1). The final 0.5 kb
PCRproduct was digestedwithNdeI andSalI and ligated into an
identically digested pPA plasmid. Each ureE variant was then
released from the plasmid via digestion with BglII and SalI (with
the exception of pPA-HPH6, which was digested with BglII and
BlpI). In this 0.7 kb fragment, ureAp is directly upstream of ureE
and can therefore drive transcription of ureE in H. pylori. This
fragment was treated with T4DNA polymerase and ligated into
pEU39cm, which had been previously digested with EcoRV. The
final plasmid construct allowed for integration of the ureE
variant gene into the innocuous chromosomal locus hp0405 as
previously described (13). The list of bacterial strains and
plasmids used in this study is given in Table 2.
Construction of the Plasmid Used for Overproduction of

UreE(F28D) Protein. Overlap extension PCR was used for
site-directed mutagenesis of ureE. H. pylori 43504 ureE was
amplified in two parts using genomic DNA as a template, along
with the appropriate primers. The F28D primers introduce a
mutation into ureE, resulting in an Asp instead of a Phe at
position 28 of UreE. The final PCR product was digested with
NdeI and SalI and ligated into an identically digested pET21b
expression vector.
Introduction of ureE Variants into H. pylori ΔureE.

Plasmids pEU-HP, pEU-HP6, pEU-H6HP, pEU-H102A, pEU-
H102AH6, and pEU-F28Dwere transformed separately into the
ureE mutant via natural transformation. Parent ureE cells were
grown from freezer stock on BA plates supplemented with
kanamycin for 24 h and then further grown for 12 h on a fresh
BA plate. Cells were then incubated for 12 h with the appropriate
plasmid DNA and transferred to BA plates supplemented with
chloramphenicol and kanamycin to select for recombinant

Table 1: Oligonucleotide Primers Used in This Study

primer name sequencea (50 f 30) restriction endonuclease sites

UPHPUreE CCGGCAGCCATATGATCATAGAGCGTTTAAT NdeI

RevSTOPUreE CAGGTGAGTCGACCCTTTATCCATTTG SalI

RevGOPUreE GACGGCGGTCGACTTTCATGACCACTTTAAA SalI

H102A Rev GAAATAGGAAACCGCGCTGCGGCTTTATACTATGGC

H102A Fwd CGCCATAGTATAAAGCCGCAGCGCGGTTTCCTATTTC

F28D Fwd CGAGCGATCTTCTTCCTCGTTTCATCCCATTCTAAATCC

F28D Rev GGATTTAGAATGGGATGAAACGAGGAAGAAGATCGCTCG

NHis UreE Fwd CCGGCACATATGCACCACCACCACCACCACATCATAGAGCGTTTAGTTGGC NdeI

Cm2 AATGGGTTATCTCGGCGGTCACTC

aBold letters indicate sites of mutagenesis. Underlined regions indicate engineered restriction sites.
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strains containing the variant ureE at the hp0405 locus. Mutants
were confirmed by sequencing using the Cm2 primer (University
of Georgia Sequencing and Synthesis Facility, Athens, GA).
Urease Assay. H. pylori cell-free extracts (CFE) were assayed

for urease activity. H. pylori strains were grown for 24 h on BA
plates, resuspended in 50 mM HEPES-NaOH (pH 7.5), washed
once with the same buffer, and then sonicated. Cell debris was
removed by centrifugation for 10 min at 10000g. The protein
concentration was measured using the BCA protein assay kit
(Thermo Fisher scientific), and the CFE was diluted to a protein
concentration of 100 μg/mL. Onemicrogram of CFE proteinwas
incubated for 10min at 37 �C inHEPES buffer with 30mMurea.
The amount of ammonia released from urea hydrolysis was
measured using the phenol-hypochlorite assay (22). Serial dilu-
tions of NH4Cl were used to create a standard curve to convert
the absorbance at 625 nm to nanomoles of ammonia. Urease
activity is defined as the number of micromoles of ammonia
produced per minute per milligram of total protein. Results
shown are averages and standard deviations from assays con-
ducted in triplicate for one growth experiment. The same patterns
were seen for two additional (independent) growth experiments.
Immunoblotting. Anti-UreE antibodies were used to com-

pare levels of UreE protein expression among the strains of
H. pylori (13). Ten micrograms of each CFE was separated using
sodium dodecyl sulfate-12.5% polyacrylamide gel electrophor-
esis (SDS-PAGE) alongside prestained molecular weight mar-
kers (Bio-Rad). Proteins were then transferred to a nitrocellulose
membrane (0.45 μm pore size, GE Water & Process Tech-
nologies) as previously described (23). Following transfer, the
membranewas blocked overnightwith 3% (w/v) gelatin prepared

in 20 mM Tris-HCl (pH 7.6) and 100 mM NaCl (TBS). The
membrane was washed briefly with 0.1% (v/v) Tween 20 in TBS
(TTBS) followed by a 2 h incubation with anti-UreE (1:500
dilution) at room temperature in TTBS with 1% (w/v) gelatin.
The secondary antibody incubation was performed in a similar
manner using goat anti-rabbit IgG (HþL)-AP conjugate (Bio-
Rad, 1:1000 dilution). Following each antibody incubation, the
membrane was washed three times in 100 mL of TTBS. UreE-
specific bands were visualized using 5-bromo-4-chloro-30-indolyl
phosphate (BCIP) and Nitro-Blue Tetrazolium (NBT) as pre-
viously described (24).
Expression and Purification of UreE and UreE(F28D).

E. coli BL21(DE3) Rosetta cells (Novagen) harboring either
plasmid pET-UreE (13) or plasmid pET-UreE F28Dwere grown
in 1 L of terrific broth (TB) containing 100 μg/mL ampicillin and
34 μg/mL chloramphenicol. Cells were cultured at 37 �C until the
OD600 was approximately 0.6; isopropyl β-D-galactopyranoside
(IPTG) was added to a final concentration of 500 μM, and
cells were cultured overnight at 20 �C. Cells were harvested by
centrifugation (4000g for 30min at 4 �C). Cells were resuspended
in a buffer consisting of 20 mM HEPES (pH 7.5) and 5% (v/v)
glycerol and lysed on ice by sonication using alternating cycles of
15 s on and 15 s off for a total of 2 min. Following sonication, the
protease inhibitors benzamidine and leupeptin at final concen-
trations of 0.5 mM and 10 μM, respectively, were added to the
lysate. The lysate was clarified by centrifugation (34000g for 1 h
at 4 �C) and the protein supernatant applied to a 5 mL bed
volume HiTrap SP cation exchange column mounted on an
AKTA purifier FPLC system (GE Healthcare), with the column
equilibrated in 20 mM HEPES buffer (pH 7.5). Following

Table 2: Bacterial Strains and Plasmids Used in This Study

strain or plasmid characteristicsa source or reference

Strains

H. pylori 43504 parent strain ATCC

ureE mutant ΔureE::aphA3 Kanr 5

ureE [UreE] ΔureE hp0405::Φ (ureAp-ureE-cat) Cmr Kanr this study

ureE [UreE-H6] ΔureE hp0405::Φ (ureAp-ureE [His]6-cat) Cm
r Kanr this study

ureE [H6-UreE] ΔureE hp0405::Φ (ureAp-[His]6ureE-cat) Cm
r Kanr this study

ureE [UreE(H102A)] ΔureE hp0405::Φ (ureAp-ureE(HfA)-cat) Cmr Kanr this study

ureE [UreE(H102A)-H6] ΔureE hp0405::Φ (ureAp-ureE(HfA)[His6]-cat) Cm
r Kanr this study

ureE [UreE(F28D)] ΔureEhp0405::Φ(ureAp-ureE(FfD)-cat) CmrKanr this study

E. coli

DH5R cloning strain

Plasmids

pPA pET21b derivative in which ureAp (ureA promoter region) replaces T7p to promote gene

expression in H. pylori, Ampr
13

pEU39cm suicide vector used for homologous recombination into hp0405, Apr Cmr 7

pPA-HP H. pylori ureE cloned into pPA 13

pPA-HPH6 H. pylori ureE (no stop codon) cloned into pPA 13

pPA-H6HP H. pylori ureE with six upstream histidine codons cloned into pPA this study

pPA-H102A H. pylori ureE variant (mutated gene encoding His102Ala) cloned into pPA this study

pPA-H102AH6 H. pylori ureE variant (mutated gene encoding His102Ala and lacking a stop codon)

cloned into pPA

this study

pPA-F28D H. pylori ureE variant (mutated gene encoding Phe28Asp) cloned into pPA this study

pEU-HP BglII/SalI fragment of pPA-HP (encoding UreE) cloned into pEU39cm 13

pEU-HPH6 BglII/BlpI fragment of pPA-HP6 (encoding UreE-His6) cloned into pEU39cm 13

pEU-H6HP BglII/SalI fragment of pPA-H6HP (encoding His6-UreE) cloned into pEU39cm this study

pEU-H102A BglII/SalI fragment of pPA-H102A [encoding UreE(H102A)] cloned into pEU39cm this study

pEU-H102AH6 BglII/SalI fragment of pPA-H102AH6 [encoding UreE(H102A)-His6] cloned into pEU39cm this study

pEU-F28D BglII/SalI fragment of pPA-F28D [encoding UreE(F28D)] cloned into pEU39cm this study

ahp refers to the locus in the H. pylori ATCC 26695 genome.
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washing using the same buffer until the A280 reached baseline,
proteins were eluted via application of a NaCl gradient, with
UreE eluting at ∼300 mM NaCl. Fractions containing UreE as
assessed by SDS-PAGE were pooled and loaded on a Superdex
75 column equilibrated in 20 mM HEPES buffer (pH 7.5) and
100mMNaCl. The protein ran as a doublet by SDS-PAGEand
gave apparent masses of 18335 and 18149 Da (expected value of
19381.5Da) when analyzed byESI-TOFMS (Waters). However,
addition of protease inhibitor cocktail (Sigma) prevented this
proteolysis. UreE was concentrated to 12 mg/mL by ultrafiltra-
tion in a final buffer of 20 mM HEPES (pH 7.5) and 100 mM
NaCl prior to crystallization. In several crystallization trials, we
have mixed UreE with either HypA or UreG. HypA was
expressed and purified as described previously (25). UreG with
a C-terminal His tag was copurified with UreE (no tag) through
Ni-NTA affinity purification. In brief, pellets were resuspended
in a buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl,
and 0.1 mM TCEP and lysed on ice by sonication using
alternating cycles of 15 s on and 15 s off for a total of 2 min.
Following sonication, the lysate was clarified by centrifugation
(34000g for 1 h at 4 �C), and the protein supernatant ofUreE and
UreG were pooled prior to NiNTA binding. Elution was con-
ducted using the buffer described above containing 250 mM
imidazole. The UreE-UreG complex was separated from excess
UreG on a Superdex 75 HiLoad column (GE Healthcare) in
20mMHEPES (pH7.5), 100mMNaCl, and 0.1mMTCEP.The
UreE-UreG complexwas concentrated to 10mg/mL for crystal-
lization (same buffer as gel filtration).
Crystallization. A protein sample ofHpUreE used for initial

crystallization screening eluted as an apparent dimer from the
size exclusion column. The screening was performed by sitting
drop vapor diffusion in Intelliplates (Art Robbins) by mixing
0.3 μL of protein (12 mg/mL) in buffer [20 mMHEPES (pH 7.5)
and 100 mM NaCl] with 0.4 μL of reservoir solution. Pro-
Complex, Classic I and II, and ammonium sulfate crystallization
screens (Qiagen) were used for initial screening, with several
conditions yielding crystals. The best crystals of apo-UreE were
obtained from a reservoir containing 0.1 M sodium citrate (pH
5.0) and 17% (w/v) PEG 8000. Apo-UreE crystals were obtained
in space group P6422 with one molecule in the asymmetric unit
diffracting to 2.08 Å resolution and the following unit cell
dimensions: a = b = 131.0 Å, and c = 51.3 Å. Next, we aimed
to obtain crystals of the UreE-HypA complex and performed
screening using a protein solution containing a 1:1 ratio of both
proteins. The crystals appeared from a well solution containing
16% (w/v) PEG 8000, 0.1 M sodium citrate (pH 5.0), and 5%
(v/v) glycerol. Silver-stained SDS-PAGE of washed crystals
removed from these drops indicated that HypA was not present
in the crystals, which was consistent with the solution of their
crystal structures showing the presence of only UreE but with a
bound metal ion. These metal-UreE crystals belong to space
group P41212 with four molecules in the asymmetric unit
diffracting to 2.86 Å resolution and the following unit cell dimen-
sions: a = b= 85.6 Å, and c= 202.6 Å . To resolve the identity
of the metal, we have purified the protein again at a later time in
the presence of protease inhibitor cocktail and obtained intact
protein. This protein eluted from the size exclusion column in two
peaks, indicating the presence of apparent dimers and tetramers.
We have pooled the tetramer-containing fractions and upon
rescreening obtained tetragonal crystals, in space group P41212,
from the same solution described above [16% (w/v) PEG 8000,
0.1 M sodium citrate (pH 5.0), and 5% (v/v) glycerol] but with

four molecules in the asymmetric unit diffracting to 2.7 Å
resolution and somewhat different unit cell dimensions: a =
b = 88.8 Å, and c = 203.6 Å. We have also obtained similar
HpUreE crystals when attempting to cocrystallize it with UreG.
Bipyramid shape crystals of UreE alone (space group P41212;
a= b=91.1 Å, and c=202.8 Å) were obtained from amixture
of 1 μLof protein and 1 μLof reservoir solution containing 0.1M
MES (pH 5.5) and 13% PEG 20K.
DataCollection and StructureDetermination.Hexagonal

crystals of HpUreE were cryoprotected by being transferred to
reservoir solution supplemented with 12% (v/v) ethylene glycol.
X-ray diffraction data were recorded at the LRL-CAT beamline,
Sector 31, Argonne National Laboratory (ANL), at 100 K using
a Mar CCD 165 mm detector. Data were integrated and scaled
using HKL2000 (26). The UreE structure was obtained by
molecular replacement using Phaser from the CCP4 suite (27)
with the search model of UreE from B. pasteurii (Protein Data
Bank entry 1EB0). Alternating cycles of fitting with Coot (28)
and refinement at 2.08 Å resolution using Refmac5 (29), includ-
ing the use of TLS parameters, led to the final models. The
protein forms dimers with one molecule in the asymmetric unit,
and the model includes residues 1-149 and 92 waters. The
C-terminus is disordered. No divalent metal ions were found in
these crystals, and this structure will be termed apo-HpUreE.

Tetragonal HpUreE crystals grown in the presence of HypA
were cryoprotected as described for the hexagonal crystal form
and diffraction data collected at the LRL-CAT beamline at ANL
at 100 K. Molecular replacement solution using apo-HpUreE
showed the presence of a dimer of dimers with a metal ion at the
center, coordinated by four histidines (His102 from each mono-
mer). The model refined at 2.86 Å resolution includes residues
1-148 in eachmonomer and fivewatermolecules.On the basis of
the geometry of the ligands, the metal could be Ni2þ, Zn2þ, or
Cu2þ, but we were not able to identify this crystal unambigu-
ously. This set is termed Me-HpUreE.

To identify the metal ion, we have grown additional crystals as
described above. The tetragonal crystals obtained fromHpUreE
alone were cryoprotected as described above; the diffraction data
were collected at the CMCF1 beamline at the Canadian Light
Source (Saskatoon, SK), and the structure was determined by
molecular replacement. These crystals diffracted to 2.7 Å resolu-
tion and contain also a dimer of dimers with a metal ion
coordinated by four His102 residues. This metal ion was identi-
fied as Cu2þ on the basis of the fluorescence scan and by
comparison of the anomalous Fourier map calculated from data
collected at the copper or nickel K absorption edge. The
anomalous map calculated from data collected at the copper
absorption edge showed an ∼30σ peak at the position of the
metal ion, while that calculated from data collected at the Ni
absorption edge showed only an ∼5σ peak, confirming the
presence of Cu2þ ion. There is one tetramer in the asymmetric
unit in Cu-HpUreE, and the model includes residues 2-149 in
each monomer. Finally, the crystals obtained in the presence of
UreG diffracted to 3.1 Å and, on the basis of the fluorescence
scan, contained Ni2þ ions (Ni-HpUreE). This model includes
residues 2-149 in three monomers and residues 2-154 in the
fourth monomer. Data collection and refinement statistics are
listed in Table 3.

Coordinates and structure factors for apo-HpUreE, Me-
HpUreE, Cu-HpUreE, and Ni-HpUreE have been deposited in
the ProteinDataBank (PDB) as entries 3L9Z, 3LA0, 3NXZ, and
3NY0, respectively.
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RESULTS AND DISCUSSION

Initially purified HpUreE protein was analyzed by mass
spectrometry. While the expected molecular mass of UreE is
19381.5 Da, we observed two species with apparent masses of
18335 and 18149 Da. Because in the apo crystal structure all
N-terminal residues, including the first methionine, are clearly
visible in the electron density map while the C-terminus is
disordered, this truncationmust have occurred at the C-terminus.
The difference inmass is consistentwith a truncation of 10 (18294
kDa) or 12 (18107 kDa) residues. The mass difference of∼41 Da
between the expected and observed molecular masses may be due
to tightly bound ions. The protein used to obtain Cu-HpUreE
andNi-HpUreEwas purified in the presence of protease inhibitor
cocktail and did not undergo proteolysis.
Structure of the HpUreE Monomer. Each monomer of

HpUreE is composed of two domains. The N-terminal domain
containing residues Met1-Asp77 adopts a four-stranded, mixed
β-sheet with a long extension between strands β2 and β3 forming
a β-hairpin with its strands nearly perpendicular to the main
β-sheet (Figure 1a). The C-terminal domain, containing residues
Ser78-Ser149, forms a five-stranded antiparallel β-sheet flanked
on one side by two R-helices parallel to the strands.

The structure of the HpUreE monomer is very similar to that
of the KaUreE monomers (18) and BpUreE (19) monomers,
which are 21.5 and 29.3% identical in sequence with HpUreE,
respectively. For example, the root-mean-square deviation
(rmsd) for the 132 corresponding CR atoms between HpUreE
and BpUreE (PDB entry 1EB0) is 2.54 Å. However, the rmsd for
the N-terminal (70 CR atoms) or C-terminal domain (65 CR
atoms) is significantly smaller, 1.53 and 1.51 Å, respectively,
indicating small differences in relative domain orientations in
these two proteins.

Pairwise superposition of HpUreE molecules from different
crystal forms shows that while there are no significant structural
differences among the N- and C-terminal domains, their relative
disposition varies somewhat. Apo-HpUreE differs the most from

the other copies, with the bending around the interdomain linker
leading to a translation of the residues furthest from the linker of
as much as ∼6.5 Å (Figure 1a).
Oligomeric Organization of HpUreE.We observed dimers

or tetramers in the crystal structures that were formed in the
absence or presence of UreE-bound metal ions, respectively. In
the absence ofmetal ions, only dimers were observed (Figure 1b).
This is in agreement with similar dimers observed in KaUreE
crystallized without added metals (18). In the presence of a metal
ion, HpUreE crystallized as a tetramer, with a dimer of dimers
assembled around the metal ion (Figure 1c). We have obtained
several tetragonal crystal forms of HpUreE. We have confirmed
that one of them containedNi2þ (Ni-HpUreE) and another Cu2þ

(Cu-HpUreE), while the identity of the metal in the third form
was not identified directly (Me-HpUreE). This metal is likely
Zn2þ, Ni2þ, or Cu2þ. In all cases, themetal is coordinated by four
NE2His102 atoms located in a central plane (Figure 1d). Two
water molecules are expected in apical positions to complete the
octahedral coordination but are not always distinguishable
because of limited resolution.

Inspection of the environment of His102 suggests that in the
apo-HpUreE form the side chain of His102 is likely oriented with
its NE2 atom toward the main chain carbonyl of Asn100 from
the other subunit in the dimer forming a hydrogen bond. For
binding of the metal, the His102 side chain would have to rotate
by 180� around the CB-CG axis, turning the NE2 atom toward
the metal.

Previous characterization of Ni2þ and Zn2þ binding toHpUr-
eE by ITC indicates that only one Ni2þ binds per dimer and that
the former involves His102 while the latter involves His102 and
His152 (4). In our Me-HpUreE and Cu-HpUreE tetramer
structures, His152 is within the disordered C-terminal segment.
However, in theNi-HpUreE structure, the C-terminal segment of
one of the four monomers is better ordered and His152 can be
located reaching toward theNi2þ ion, replacing one coordinating
water molecule as a ligand (Figure 1e). This confirms that in

Table 3: X-ray Data Collection and Refinement Statistics

apo-HpUreE Cu-HpUreE Ni-HpUreE Me-HpUreE

space group P6422 P41212 P41212 P41212

a, b, c (Å) 131.0, 131.0, 51.3 88.8, 88.8, 203.6 91.1, 91.1, 202.8 85.6, 85.6, 202.6

wavelength (Å) 0.9793 1.3775 1.4849 0.9793

resolution (Å) 50-2.08 (2.15-2.08) 50-2.70 (2.80-2.70) 50-3.10 (3.21-3.10) 50-2.86 (2.96-2.86)

no. of observed hkl reflections 251221 193939 142778 422812

no. of unique hkl reflections 16040 22286 14069 18190

completeness (%) 99.8 (99.5) 96.1 (65.5) 85.7 (38.9) 99.4 (97.3)

Rsym
a 0.050 (0.496) 0.074 (0.458) 0.096 (0.293) 0.120 (0.347)

I/(σI) 18.7 (2.5) 14.9 (2.9) 12.7 (5.6) 8.7 (2.2)

Wilson plot B (Å2) 39.7 71.3 50.5 71.3

Rwork
b (no. of hkl reflections) 0.221 (15182) 0.256 (21050) 0.245 (13348) 0.278 (17182)

Rfree (no. of hkl reflections) 0.255 (802) 0.294 (1142) 0.299 (695) 0.305 (926)

B factor (no. of atoms)

protein 40.4 (1183) 66.6 (4750) 64.5 (4773) 57.9 (4413)

solvent/ligand 44.9 (92) 68.9 (2) 63.9 (1) 48.2 (6)

Ramachandran plot

allowed (%) 97.1 97.2 95.6 96.9

generous (%) 2.2 1.7 2.4 1.7

disallowed (%) 0.7 1.1 2.0 1.4

root-mean-square deviation

bonds (Å) 0.010 0.014 0.018 0.018

angles (deg) 1.31 1.64 2.06 1.84

PDB entry 3L9Z 3NXZ 3NY0 3LA0

aRsym = (
P

|Iobs - Iavg|)/
P

Iavg.
bRwork = (

P
|Fobs - Fcalc|)/

P
Fobs.
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solution the C-terminal histidine(s) can reach toward the central
metal ion. There are two contacts between the dimers in the
tetramer: (1) coordination around the central metal ion provided
by His102 from all four subunits and (2) limited interactions
between the N-terminal subunits involving a herringbone ar-
rangement of Phe28 residues from two subunits. While a tetra-
meric arrangement was also observed in the crystal structure of

BpUreE, the relative orientation of the two dimers differs
between the structures and depends on the coordination of the
metal ion, which adopts either octahedral [our structure and type
I BpUreE (19)] or tetrahedral geometry [type II BpUreE (19)].
Comparison with Other UreE Structures. Several metal

ion-binding sites have been reported for KaUreE and BpUreE.
Six Ni2þ ions per homodimer were initially reported for the

FIGURE 1: Structural details ofUreE. (a) Superposition of theC-terminal domains ofHpUreE fromapo-UreE (N-terminal domain colored green
and C-terminal domain yellow) and Me-HpUreE (N-terminal domain colored magenta and C-terminal domain cyan) showing a significant
interdomain rotation. Themolecules are shown in cartoon representation. (b) Dimeric form of apo-UreEwith each subunit rainbow-colored (N-
terminus colored blue andC-terminus red). (c) Crystal structure ofCu-UreE. Themolecules form tetramers. (d) Coordination sphere of theMe2þ

ion inMe-HpUreE. The omit map (green) is contoured at 2.5σwith the metal ion (red sphere), two water molecules (yellow spheres), and the side
chains of four histidine residues omitted from the calculation. The anomalous map (magenta; 0.9793 Å) contoured at 6σ is superimposed on the
structure. The interactions between the coordinating elements and themetal ion are indicated by orange dashed lines. (e) Coordinationof theNi2þ

ion inNi-HpUreE.His152 is ordered inonlyone of the fourmonomers. The omitmap coveringHis152 is colored green and contoured at 3.5σ, and
the anomalous map (magenta; 1.4849 Å) is contoured at 20σ.
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full-length KaUreE protein (10), and a truncated version
(H144*UreE) lacking the histidine-rich C-terminal tail was
shown to bind only two Ni2þ ions per dimer in solution (30).
Analysis of the crystal structure of truncated H144*KaUreE
revealed three Cu2þ-binding sites per dimer (18). The crystal
structure of BpUreE showed one metal ion (Zn2þ) bound to a
tetramer (19), while analysis of purified BpUreE by ICP-OES
indicated that the protein could bind two Ni2þ ions per dimer
(15); this is in contrast with findings from another group, whose
NMR and equilibrium dialysis results suggest that the Ni2þ

binding stoichiometry of BpUreE is three Ni2þ ions per dimer,
with the C-terminus of the protein involved in Ni2þ binding (20).
The four C-terminal residues (including two histidines) were
disordered in the BpUreE crystal structure. The biological role of
these multiple metal binding sites and the question of which of

these are associated with transfer of the metal ion directly to the
partner protein (presumably the apo-urease inH. pylori) are still
unknown. Comparison of the UreE structures from three
bacteria shows that the only common metal binding site between
them is the one that is coordinated byHis102 inH. pylori and the
equivalent histidines in the two other structures (Figure 2a). The
additional metal binding site (Cu2þ ion) observed in KaUreE is
formed by two histidines that are not conserved in other UreE
sequences and are structurally equivalent mainly to Tyr/Phe and
Lys residues in the other structures. The flexible C-termini are
present inmostUreE sequences and contain at least one histidine,
while some (e.g., KaUreE) contain several histidines in this
segment (16). It was previously suggested that in HpUreE,
His152 located in the C-terminal tail helps to discriminate
between Ni2þ and Zn2þ ions (4). Superposition of the structures

FIGURE 2: Superposition of UreE from different species. (a) Dimers ofHpUreE (blue),BpUreE (red), andKaUreE (green) superimposed on the
basis of the C-terminal domains that form the dimer interface. Themetal-liganding histidines are shown in stickmode, and a close-up is shown in
the inset. (b) Superposition of tetramers ofHpUreE (blue), type IBpUreE (red, PDB entry 1EB0), and type IIBpUreE (green, PDB entry 1EAR).
The metal coordination inHpUreE and type I BpUreE is octahedral, while it is tetrahedral in type II BpUreE.
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of HpUreE, KaUreE, and BpUreE based on their C-terminal
interface-forming domains shows that while the central metal
binding site is structurally preserved, the relative orientation of
N- and C-terminal domains varies. The dimers differ also in the
distribution of electrostatic potential. While the potential near
the central metal binding site is always negative, the electrostatic
potential differs elsewhere.
Role of His102, His-Rich Segments, and the Additional

Metal-Binding Sites.His102 inHpUreE (4) and the equivalent
His100 in BpUreE (19) have been shown to play a key role in
metal binding by these proteins. In addition, the H96Amutation
of an equivalent histidine inKaUreE significantly reduced urease
activity in bacteria harboring this mutant (11, 31). Similarly, the
H102Kmutation inHpUreE had a deleterious effect onNi2þ and
Zn2þ binding, based on ITC analysis of this mutant (4). To
explore the role of His102 further, we constructed a H102A
mutant protein and expressed it in an ureE- background. Our
controls included the ureE mutant as well as the 43504 parental
strains. Urease assays were performed (Figure 3), and immuno-
blotting with anti-UreE antiserum was conducted to ensure that
the UreE variants were expressed in each strain (Figure 4). The
expression of HpUreE(H102A) in the ureE mutant did not
restore urease activity, indicating that theHis102 residue ofUreE
is essential for the urease maturation process.

Many UreE sequences contain His-rich segments, usually in
the C-terminal tail, and appear to bind multiple metal ions (16).
We have previously shown that attachment ofHis-rich sequences
to the C-terminus ofHpUreE leads to an elevated level of urease
activity inH. pylori hypA or hypBmutants (13). The same effect is
observed when the C-terminally hexahistidine-taggedHpUreE is
expressed in the ureE- (Figure 3) mutant strain. Therefore, we
investigated the role of these His-rich segments in the function of
UreEs. First, we inquired if the position of this segment at the
C-terminus is essential for increased metal transfer activity. We
expressed HpUreE with a hexahistidine tag on the N-terminus
and observed an even stronger effect on urease activity (Figure 3).
Immunoblotting results indicated that the (N-terminal) His6-
HpUreE was produced at greater levels than all other UreE
variants (Figure 4, lane 5), and the higher urease activity seen in
the ureE [H6-UreE] strain could be only partially attributed to
the presence of the hexahistidine tag. Nevertheless, the addition
of a His-rich segment to HpUreE augmented urease activity,
indicating a higher efficiency of Ni2þ transfer. The His-rich
sequences found in some UreE proteins are known to sequester

more Ni2þ ions (13, 32), and the question of whether Ni2þ trans-
fer can occur directly from the His-rich segments or must occur
via coordination to His102 (or its equivalent) first arises. To
answer this question, we introduced an H102Amutation into the
UreE-His6 construct and expressed it in an ureE- background.
This strain had no urease activity, paralleling the behavior of the
ureE [UreE(H102A)] strain (Figure 3). Therefore, our results
clearly show that the metallochaperone activity of UreE is
augmented by the presence of a pool of metal ions in the vicinity
of the protein but that the transfer of Ni2þ ion must occur via
coordination with His102; the His-rich regions would aid in the
transfer by increasing the local effective concentration of avail-
able metal ions to replace the one transferred to a partner. The
HpUreE N-terminus is ∼40 Å from the Ni2þ ion, while the last
ordered C-terminal residue, Ser149, is ∼16 Å from this ion.
However, in one of the four monomers of Ni-HpUreE, residues
up to position 154 are clearly visible, with His152 folding back
toward the Ni2þ ion.

In the presence of a metal ion, the HpUreE molecules form
tetramers in the crystal, with His102 coordinating the ion and
only Phe28 from two different dimers in van der Waals contacts.
The very limited contacts between the two dimers leave doubts
about the physiological relevance ofUreE tetramers, in particular
since previously only dimers have been observed in solution by
SEC, MALS/QELS light scattering, and TROSY-HSQC NMR
experiments (4, 13). To test the functional importance of tetramer
formation, we expressed and purified an HpUreE F28D mutant
version. This replacement of a phenylalanine with an aspartate
should introduce electrostatic repulsion between the dimers,
significantly decreasing the likelihood of their association. Gel
filtration showed that this protein forms dimers in solution in the
presence or absence of metal ions. To investigate whether the
Phe28 residue of UreE affected the in vivo activation of urease,
the UreE(F28D) protein was expressed in the ureE mutant. The
urease activity in this mutant was the same as in the complemen-
tary ureE [UreE] mutant strain (data not shown). Together, our
data support previous conclusions that the tetramers observed in
the crystals likely have little physiological significance and that
the active form of HpUreE is a dimer.

Interestingly, UreE tetramers (dimers of dimers or “kissing”
dimers) associated via the metal ion have been observed also in
BpUreE (17, 19) or KaUreE (14). However, the relative orienta-
tion of the dimers within the tetramers varies, with the common
feature being the coordination of the central metal ion by four
histidines, equivalent to His102 in HpUreE (Figure 2b). This

FIGURE 3: Urease activity of H. pylori 43504 and ureE mutants
expressing different UreE variants. Constructs introduced by homo-
logous recombination within the hp0405 gene region of the ureE
mutant are indicated. Results shown are the averages of assays
conducted in triplicate; error bars denote standard deviations.

FIGURE 4: Immunoblotting againstH. pyloriUreE to compare levels
ofUreE expressed across tested strains:H. pylori 43504 (lane 1), ureE
(lane 2), ureE [UreE] (lane 3), ureE [UreE-H6] (lane 4), ureE [H6-
UreE] (lane 5), ureE [UreE(H102A)] (lane 6), and ureE
[UreE(H102A)-H6] (lane 7). Arrows indicate UreE (one asterisk)
orUreE containing a hexahistidine tag at either the C- orN-terminus
(two asterisks). The positions of molecular mass standards are
indicated at the left.
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second occurrence of kissing dimers in HpUreE crystals in the
presence of metal ions suggests a mechanism for Ni2þ transfer.
The kissing dimers with Ni2þ captured between themmay mimic
the interaction between a Ni2þ-loaded UreE dimer and the large
subunit of apo-urease sharing the metal ion. The Ni2þ center in
urease is surrounded by histidine side chains and is partially
covered by a single loop [Val308-Pro343 in H. pylori urease
(PDB entry 1E9Z)].We hypothesize that this loopmoves aside to
allow the approach of UreE and that the Ni2þ presented by the
UreE dimer can then be transferred to the urease histidine
residues near the surface and subsequently move deeper into
the urease active site, involving further coordination by additional
histidines. Removal of the metal ion from the UreE-urease
interface would then lead to release and departure of UreE.
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