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In vivo assembly of the Klebsiella aerogenes urease nickel metallocenter requires the presence of UreD, UreF,
and UreG accessory proteins and is further facilitated by UreE. Prior studies had shown that urease apopro-
tein exists in an uncomplexed form as well as in a series of UreD-urease (I.-S. Park, M. B. Carr, and R. P.
Hausinger, Proc. Natl. Acad. Sci. USA 91:3233–3237, 1994) and UreD-UreF-UreG-urease (I.-S. Park and R. P.
Hausinger, J. Bacteriol. 177:1947–1951, 1995) apoprotein complexes. This study demonstrates the existence of
a distinct series of complexes consisting of UreD, UreF, and urease apoprotein. These novel complexes
exhibited activation properties that were distinct from urease and UreD-urease apoprotein complexes. Unlike
the previously described species, the UreD-UreF-urease apoprotein complexes were resistant to inactivation by
NiCl2. The bicarbonate concentration dependence for UreD-UreF-urease apoenzyme activation was signifi-
cantly decreased compared with that of the urease and UreD-urease apoproteins. Western blot (immunoblot)
analyses with polyclonal anti-urease and anti-UreD antibodies indicated that UreD is masked in the UreD-
UreF-urease complexes, presumably by UreF. We propose that the binding of UreF modulates the UreD-urease
apoprotein activation properties by excluding nickel ions from binding to the active site until after formation
of the carbamylated lysine metallocenter ligand.

Urease is a nickel-containing enzyme that catalyzes the hy-
drolysis of urea and serves as a virulence factor in microorgan-
isms that are associated with urinary stone formation, gastric
ulceration, and other human health concerns (2, 7). Crystallo-
graphic analysis of Klebsiella aerogenes urease revealed that the
three structural subunits (encoded by ureA, ureB, and ureC)
associate into a trimer of trimers [(UreA-UreB-UreC)3] with
each UreC subunit containing a novel bi-nickel metallocenter
(3). The two nickel ions, separated by 0.35 nm, are bridged by
a carbamylated lysine residue. Ni-1 is tricoordinate, bound by
the carbamate and two histidine ligands, whereas Ni-2 is pen-
tacoordinate, including the carbamate, two histidines, an as-
partate, and a solvent molecule as ligands. The apoprotein,
formed in cells grown in the absence of nickel ion or generated
in accessory gene deletion mutants (5), is nearly identical to
holoprotein in structure but lacks the metal ions and the bound
carbon dioxide.
K. aerogenes urease apoprotein, here termed Apo, can be

partially activated in vitro by incubation with nickel ions in
bicarbonate-containing buffers (14). Carbon dioxide, in equi-
librium with bicarbonate, reversibly reacts with the active-site
lysine residue to form the requisite carbamate ligand. The
concentration of carbon dioxide required for half-maximal ac-
tivation is 0.2% or approximately sevenfold the atmospheric
concentration of this gas. Under optimal conditions, only 10 to
15% of the Apo is activated. The activation reaction competes
with nickel binding to noncarbamylated protein and with non-
productive nickel binding to carbamylated protein (15). An
additional complication is that several other metal ions com-
pete with nickel to form inactive metal-substituted species.
Direct activation of Apo likely does not occur to any significant
extent in the cell (reviewed in reference 8).

Cellular activation of K. aerogenes urease requires the par-
ticipation of three accessory proteins (UreD, UreF, and UreG)
and is aided by a fourth (UreE) (5). These peptides are en-
coded by genes located in the same cluster (ureDABCEFG) as
those encoding the enzyme subunits (5, 9). On the basis of its
ability to bind nickel ions (6), UreE is suggested to play a role
involving nickel donation or storage. In contrast, the other
accessory proteins are thought to function as complexes with
the urease subunits. Both ureD and ureF possess nonconsensus
ribosome binding sites and are expressed at very low levels in
the cell. Changing the ribosome binding site and initiation
codon for ureD to yield a more-consensus-like sequence re-
sulted in the synthesis of high levels of UreD, shown to be
present in a series of complexes containing the trimeric Apo
[(UreA-UreB-UreC)3] binding one, two, or three UreD pep-
tides (12). For convenience, these UreD-urease apoprotein
complexes will be called D-Apo. Incubation of D-Apo with
bicarbonate and nickel ions leads to UreD dissociation and
partial activation, accounting for ;30% of the available apo-
protein (14). As found for Apo, nonproductive reactions com-
pete with the activation process. These reactions include nickel
binding to noncarbamylated D-Apo, nickel binding improperly
to the carbamylated species, and binding of other metal ions to
form inactive metal-substituted proteins (15). The formation
of D-Apo is not sufficient to account for activation of urease in
the cell. Another series of Apo complexes containing UreD,
UreF, and UreG has been detected and is able to be activated
(13). Since all of these components are required for generating
active urease in vivo, the UreD-UreF-UreG-Apo complexes
(DFG-Apo) were suggested to serve as the key cellular urease
activation machinery. These complexes are present at minute
levels in the cell, and their properties have not been well
characterized (11). The specific roles for UreD, UreF, and
UreG in these complexes are unknown.
To better define the functions of the individual accessory

proteins, we have identified, purified, and characterized the
properties of a new series of complexes consisting of UreD,

* Corresponding author. Mailing address: 160 Giltner Hall, Depart-
ment of Microbiology, Michigan State University, East Lansing, MI
48824. Phone: (517) 353-9675. Fax: (517) 353-8957. Electronic mail
address: RHausing@msu.edu.

5417



UreF, and the urease subunits. The UreD-UreF-Apo com-
plexes (DF-Apo) have activation properties that are distinct
from those of Apo or D-Apo species and provide insight into
the role of UreF.

MATERIALS AND METHODS
Bacterial strains and plasmid construction. All molecular biology methods

followed the general protocols outlined in Sambrook et al. (16).
Three constructs were generated in which ureF was overexpressed in a back-

ground containing all or most of the other urease genes, with ureD also expressed
at high levels in two cases (Fig. 1). First, the 1.68-kbp SalI fragment of pKAU17
(10) was blunt ended with Klenow fragment and ligated to phosphorylated NdeI
linker (59-ACCATATG-39). The resulting product was digested with NdeI and
AvrII, and the 670-bp fragment was ligated to the 5.7-kbp NdeI-NheI fragment of
pET-11a (Novagen, Inc., Madison, Wis.), thus placing ureF under the control of
the T7 promoter. This construct, pETF, was transformed into Escherichia coli
BL21 (DE3) (Novagen). The 740-bp XbaI-BamHI fragment of pETF was in-
serted into the blunt-ended EcoRI site of pKAUD2 (12) to form pKAUD2F1.
A ureG deletion derivative of this plasmid, pKAUD2F1DureG, was obtained by
religation of the blunt-ended 8-kbp AvrII-KpnI fragment. The double deletion
mutant, pKAUD2F1DureDDureG, was constructed by digesting plasmid
pKAUD2F1DureG with NruI and AflII, filling in the AflII 59 overhang, and
ligating the 7.1-kbp fragment ends. These plasmids were transformed into E. coli
DH5a.
Culture conditions and cell disruption. E. coli DH5a(pKAUD2F1) or its

derivatives were grown at 30 or 378C to the late stationary phase in Luria-Bertani
(LB) broth supplemented with 100 mg of ampicillin per ml, harvested by cen-
trifugation, and suspended in PEDG (18 mM potassium phosphate [pH 7.4], 0.09
mM EDTA, 0.09 mM dithiothreitol, 10% glycerol) buffer. Resuspended cells
were disrupted by two to three passages through a French pressure cell at 18,000
lb/in2 (1 lb/in2 5 6.89 kPa), supplemented with 1 mM phenylmethylsulfonyl
fluoride, and separated into extracts and pellet fractions by centrifugation at
100,000 3 g for 45 min at 48C.
Purification of DF-Apo. Starting with E. coli DH5a(pKAUD2F1DureG) cell

extracts, DF-Apo was purified by successive chromatography on DEAE-Sepha-
rose, Mono Q, and Superose 6 resins. The sample was applied to a DEAE-
Sepharose column (2.5 by 19 cm; Pharmacia Biotech) equilibrated in PEDG
buffer, and proteins were eluted from the column with a 400-ml linear salt
gradient to 0.5 M KCl in the same buffer. Fractions containing DF-Apo were
pooled, dialyzed against PEDG buffer, and applied to a Mono Q HR 10/10
(Pharmacia Biotech) column equilibrated with the same buffer. The proteins
were eluted with a linear salt gradient to 1 M KCl in PEDG buffer. DF-Apo
eluted from the column at 0.4 to 0.6 M KCl. Fractions containing the desired
proteins were pooled, dialyzed against 18 mM phosphate (pH 7.4) buffer con-
taining 0.09 mM EDTA, 0.09 mM dithiothreitol, and 0.1 M KCl. The protein
pool was concentrated in a Centriprep-10 or -30 (Amicon, Beverly, Mass.) to 4
ml and chromatographed, via two runs, on a Superose 6 column (1.6 by 49 cm;
Pharmacia Biotech) equilibrated in the same buffer.

Polyacrylamide gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was carried out with the buffers described by Laemmli
(4) and included 4.5 and 13.5% polyacrylamide stacking and running gels. Non-
denaturing gels used the same buffers without detergent and consisted of 3 and
6% polyacrylamide stacking and running gels. The gels were either stained with
Coomassie brilliant blue or electroblotted onto nitrocellulose, probed with an-
ti-K. aerogenes urease antibodies (10) or anti-K. aerogenes UreD antibodies (17),
and visualized by use of anti-rabbit immunoglobulin G-alkaline phosphatase
conjugates (1). The band intensities of Coomassie blue-stained gels were deter-
mined with an AMBIS (San Diego, Calif.) gel scanner. For calculation of the
ratios of UreD, UreF, and UreC, Mr values of 29,300, 27,000, and 60,300 were
used.
Urease activity assays. Urease activity was measured by quantitating the rate

of ammonia release from urea by formation of indophenol, which was monitored
at 625 nm (19). One unit of urease activity was defined as the amount of enzyme
required to hydrolyze 1 mmol of urea per min at 378C. The standard assay buffer
consisted of 25 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid; pH 7.75), 0.5 mM EDTA, and 50 mM urea. Protein concentrations were
determined by a commercial assay (Bio-Rad, Hercules, Calif.) with a bovine
serum albumin standard.
Activation of urease apoproteins. Routine Apo, D-Apo, and DF-Apo activa-

tion buffer consisted of 100 mM HEPES (pH 8.3), 150 mM NaCl, 100 mM
NaHCO3, and 100 mM NiCl2 (15). For specific experiments, the conditions were
modified by varying the bicarbonate or nickel ion concentrations, adding other
metal ions to the activation buffer, or incubating samples in the presence of metal
ions prior to addition of bicarbonate.

RESULTS AND DISCUSSION

Purification and characterization of UreD-UreF-urease apo-
protein complexes. E. coli DH5a(pKAUD2F1DureG) synthe-
sized high levels of the urease subunits, UreD, and UreF.
When peptides from cells that were grown in the absence of
nickel ions were analyzed, they were found to copurify during
DEAE-Sepharose, Mono Q, and Superose 6 chromatogra-
phies as illustrated by denaturing polyacrylamide gel electro-
phoretic analysis of the resulting protein pools (Fig. 2, lanes 2
to 5). On the basis of the staining intensities, the composition
of the last pool was calculated to be 0.86 to 0.89 UreD and 0.78
to 0.81 UreF per UreC. The broad elution profile from the gel
permeation column suggested that multiple DF-Apo species
were present. Results from nondenaturing polyacrylamide gel
electrophoretic analyses were consistent with the presence of
three DF-Apo complexes when proteins were visualized by
probing with anti-urease immunoglobulin G (Fig. 3A, lane 3).
The electrophoretic migration positions of these complexes
corresponded to those described previously for the D-Apo
complexes (12), as shown in Fig. 3A, lane 2. Surprisingly,

FIG. 1. Schematic representations of several plasmids utilized in these stud-
ies. The pKAUD2 or pKAU17 map shows several restriction sites used for
plasmid constructions as well as the gene arrangements in the plasmids. Tran-
scription proceeds from left to right. Note that pKAUD2 (12) is identical to
pKAU17 (10), except that it is modified in the ureD ribosome binding site region
and initiation codon to overexpress ureD (indicated by a 1). The pUC8 vector is
indicated (u).

FIG. 2. Partial purification of the DF-Apo as analyzed by SDS-polyacryl-
amide gel electrophoresis. Lanes: 1, molecular weight markers (phosphorylase b,
Mr 97,400; bovine serum albumin, Mr 66,200; ovalbumin, Mr 45,000; carbonic
anhydrase,Mr 31,000; soybean trypsin inhibitor,Mr 21,000; lysozyme,Mr 14,400);
2, E. coli DH5a(pKAUD2F1DureG) cell extracts; 3, DEAE-Sepharose pool; 4,
Mono Q pool; 5, Superose 6 pool.
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however, anti-UreD antibodies failed to detect cross-reactive
material associated with the DF-Apo bands (Fig. 3B, lane 3),
whereas the D-Apo species were detected (Fig. 3B, lane 2).
(When the same fractions were analyzed by Western blot [im-
munoblot] analysis of a denaturing gel, UreD was clearly de-
tected by these antibodies [data not shown].) After incubation
with nickel ions in activation buffer, the three DF-Apo species
collapsed to form a band that migrated at the position of
urease and Apo (Fig. 3A, lane 4, and Fig. 3C), similar to the
results reported for D-Apo (12). Addition of bicarbonate alone
had no effect on the band migration. Two bands (labelled X in
Fig. 3) that migrated more slowly than urease but slightly faster
than the one D-Apo species were detected by Coomassie blue
staining of the activated DF-Apo species. These bands did not
cross-react with anti-urease or anti-UreD antibodies. As ob-
served previously for cell extracts from E. coli DH5(pKAU17)
(13), a slowly migrating band (labelled Y in Fig. 3) cross-
reacted with anti-urease and anti-UreD antibodies. Two-di-
mensional gels (data not shown) indicated that the predomi-
nant protein in this band is that visible just below UreC in Fig.
2. N-terminal sequence analysis of this peptide revealed a
sequence consistent with that of GroEL (XXKDVKF). Puri-
fied E. coli GroEL was found to electrophorese at positions
corresponding to these bands on native and denaturing gels,
and both antibodies were observed to cross-react with authen-
tic GroEL. We conclude that GroEL is present at substoichio-
metric levels in our preparations of D-Apo and DF-Apo.
From the results described above, we conclude that the

DF-Apo species represent the trimeric urease apoprotein
[(UreA-UreB-UreC)3] with one, two, or three each of UreD
and UreF peptides bound. On the basis of Western blot anal-
yses, we suggest that the UreF peptides mask the UreD pep-
tides, i.e., anti-UreD antibodies fail to detect the UreD that is
present in DF-Apo, although the peptide is recognized in D-
Apo. Although DF-Apo and D-Apo complexes appear to mi-
grate identically when examined by native gel electrophoresis,
slight changes in size are detected when these samples are
examined by gel permeation chromatography. It is likely that
the DF-Apo complexes were unknowingly observed before. In
prior studies that sought to examine the requirements for D-

Apo formation, deletion mutants in ureE, ureF, or ureG were
studied by immunological methods with E. coli cells containing
the K. aerogenes urease gene cluster (13). Although the D-Apo
complexes in DureF mutant cells comigrated with complexes
from control and DureE or DureG mutant cells during electro-
phoresis, the absence of UreF led to an apparent diminishment
in gel chromatography size that was attributed to a conforma-
tional change induced by UreF. The present findings allow us
to reinterpret the prior results: the control and DureE or DureG
mutants actually formed DF-Apo, and only the DureF mutant
cells formed D-Apo.
To examine whether UreD was needed for UreF to form a

complex with the urease subunits, pKAUD2F 1 DureDDureG
was constructed. Cells containing this plasmid were disrupted,
and extracts were chromatographed on DEAE-Sepharose and
Mono Q columns. The urease subunits eluted from these res-
ins as noncomplexed species, and UreF appeared to be almost
entirely insoluble. Furthermore, when ureF was expressed sep-
arately from the genes encoding the urease subunits, the gene
product was located exclusively in the insoluble fraction (data
not shown).
Activation properties of DF-Apo. When standard Apo acti-

vation conditions were used, the DF-Apo pool was activated to
a specific activity value of 800 6 100 U/mg of total protein
(e.g., see closed triangles in Fig. 4 and Fig. 5A). This level of
activation was very similar to that observed for D-Apo and
about twice that obtained for Apo (14, 15). For comparison,
native urease isolated from K. aerogenes possesses a specific
activity of ;2,500 U/mg of protein (18). The rate of DF-Apo
activation, however, was significantly lower than that observed
with either of the other apoproteins when assessed under sim-
ilar conditions. For example, 60 to 90 min was required for
half-maximal activation of DF-Apo, compared with 15 to 20
min for the Apo and D-Apo species (14).
The nickel and bicarbonate concentration dependencies

were significantly altered for the new species compared with
the corresponding properties for Apo and D-Apo. As shown in

FIG. 3. Native polyacrylamide gel electrophoretic comparison of the D-Apo
and DF-Apo samples. (A) Western blot analysis of a nondenaturing polyacryl-
amide gel visualized with anti-K. aerogenes urease antibodies. Lanes: 1, 10 mg of
Apo; 2, 10 mg of D-Apo complexes; 3, 20 mg of DF-Apo; 4, 10 mg of DF-Apo
complexes incubated in activation buffer at 378C for 90 min. (B) Western blot
comparison with anti-UreD antibodies for samples as described for lanes of
panel A. (C) Coomassie blue-stained native gel with the same protein sample as
that described for panel A, lane 4. The migration positions for Apo (Urease) and
D-Apo containing 1, 2, and 3 UreD (1D-Apo, 2D-Apo, and 3D-Apo) per trim-
eric urease [(UreA-UreB-UreC)3] (12) are indicated. The bands labelled X are
from unidentified peptides that do not cross-react with anti-urease or anti-UreD
antibodies. The band labelled Y contains GroEL that cross-reacts with anti-
urease and anti-UreD antibodies. FIG. 4. Nickel ion concentration dependence of activation for DF-Apo. The

purified sample (0.1 mg/ml) was incubated at 378C in 100 mM HEPES (pH 8.3)
buffer containing 150 mM NaCl, 100 mM NaHCO3, and 25 (F), 50 (■), 100 (å),
500 (E), or 1,000 (h) mM NiCl2. Aliquots were removed at the indicated times,
and the samples were assayed for urease activity.
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Fig. 4, the nickel ion concentration exhibited a marked effect
on the DF-Apo activation rate, with increasing rates observed
to 500 mMNiCl2 and slight inhibition observed at 1 mM NiCl2.
In contrast, the Apo and D-Apo species exhibit maximal acti-
vation rates at ;60 mM NiCl2 and are inhibited by nickel ion
concentrations above 300 mM (14). For DF-Apo, half-maximal
levels of activity were achieved at ;5 mM added bicarbonate
when 100 mMNiCl2 (Fig. 5A) was used or at;250 mM sodium
bicarbonate when 500 mM NiCl2 (Fig. 5B) was used. These
results contrast those obtained with Apo and D-Apo species,
which exhibit half-maximal activation in the presence of ap-
proximately 10 mM bicarbonate.
As another measure to compare activation properties of

DF-Apo versus Apo and D-Apo species, the ability for various
metal ions to inhibit the activation process was studied. Prior
incubation of DF-Apo with nickel ions in the absence of added
bicarbonate led to only a slight reduction in its ability to be
activated (Fig. 6). Prior work demonstrated that these same
conditions greatly reduced the activation competence of Apo
and D-Apo (15). On the other hand, DF-Apo was almost
completely inhibited by prior incubation with 100 mM zinc,
cobalt, or copper ions (Fig. 6), similar to the behavior of Apo
and D-Apo samples (15). As observed with the previously

characterized species, inhibition of DF-Apo resulted when ac-
tivation was carried out with buffers containing 100 or 500 mM
NiCl2 and varied concentrations of zinc ions (Fig. 7). For
example, only about 50% of the urease in the pool was acti-
vated with 100 mMNiCl2 in the presence of;3.3 mM zinc ions.
In the presence of 500 mM NiCl2, a slightly higher concentra-
tion of zinc ion (4.3 mM) was required to inhibit activation by
50%.
Function of UreF. The enhanced activation properties of

DF-Apo over D-Apo and Apo (i.e., an increased resistance to
nickel ion inhibition and a decreased bicarbonate concentra-
tion dependence) provide compelling evidence that this novel
complex is biologically relevant. Although DF-Apo may not
exist to any significant extent in the cell, it may occur as an
intermediate to formation of the DFG-Apo species and it
appears to provide insight into the role of UreF. We propose
that UreF modulates the activation process primarily by elim-
inating the binding of nickel ions to noncarbamylated protein.
This change greatly facilitates formation of the carbamylated
protein, which in turn results in a lowered bicarbonate require-
ment. As in the Apo and D-Apo species (15), however, the
carbamylated DF-Apo protein is likely to bind nickel ion to
yield two states, only one of which is active. Thus, in vitro
activation of DF-Apo yields a final specific activity that falls far
short of that observed (;2,500 U/mg) in fully active enzyme
(18). The ratio of active to inactive nickel-containing carbamy-
lated protein arising from DF-Apo is likely to be similar to that
generated from D-Apo, on the basis of their similar final spe-
cific activities of ;800 U/mg of total protein. In addition to
eliminating the interaction of nickel ions with noncarbamy-
lated urease apoprotein, an added consequence of forming the
DF-Apo is to reduce the overall activation rate by approxi-
mately fivefold. Additional studies are needed to elucidate how
UreF acts to preclude nickel ion from binding to the noncar-
bamylated apoenzyme complex and why zinc, cobalt, and cop-
per ions do not appear to be similarly excluded. Furthermore,

FIG. 5. Bicarbonate ion concentration dependence of activation for DF-Apo.
The sample (0.1 mg/ml) was incubated at 378C in 100 mM HEPES (pH 8.3)
buffer containing 150 mM NaCl, 100 (A) or 500 (B) mMNiCl2, and the following
concentrations of added NaHCO3: 0 (E), 0.1 (Ç), 0.25 (h), 1 (É), 2 (ç), 5 (F),
10 (}), 25 ({), 50 (■), 75 (¿), or 100 (å) mM.

FIG. 6. Effect of incubation of DF-Apo with metal ions prior to activation by
NiCl2 and bicarbonate. The sample (0.5 mg/ml) was incubated at 378C in buffer
containing 100 mM HEPES (pH 8.3) and 150 mM NaCl with no metal (F) or
with 100 mM NiCl2 (■), ZnCl2 (E), CoCl2 (Ç), or CuCl2 (h). After 80 min, an
aliquot of each mixture was activated in 100 mM HEPES (pH 8.3) buffer con-
taining 150 mM NaCl, 100 mM NiCl2, and 100 mM NaHCO3, and samples were
assayed for urease at the indicated time points.
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it will be important to purify the DFG-Apo species and char-
acterize how its activation properties compare with those of
Apo, D-Apo, and now DF-Apo.
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