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Plasmid-encoded urease gene clusters found in uropathogenic isolates of Escherichia coli, Providencia
stuartii, and Salmonella cubana demonstrated DNA homology, similar positions of restriction endonuclease
cleavage sites, and manners of urease expression and therefore represent the same locus. DNA sequence
analysis indicated that the plasmid-encoded urease genes are closely related to the Proteus mirabilis urease
genes.

Urease acts as a virulence determinant for uropathogenic
bacteria by catalyzing the hydrolysis of urea to ammonia and
carbon dioxide, thus producing alkaline conditions in the
urinary tract. Increased urine pH can lead to formation of
struvite stones that harbor the infecting organism (15, 17),
enhanced attachment of bacteria to the renal epithelium (23),
direct renal tissue damage (16), and inactivation of certain
antibiotics (7). As a result, urease-producing uropathogens
are better able to colonize and survive in the urinary tract
than are isogenic urease-negative variants (8, 10).
Urease gene clusters have been isolated from several

members of the family Enterobacteriaceae, including Pro-
teus mirabilis (12), Proteus vulgaris (20), Providencia stuar-
tii (18, 22), Morganella morganii (9), Escherichia coli (4),
Klebsiella pneumoniae (5), and Klebsiella aerogenes (21).
Each of the clusters that has been DNA sequenced thus far
contains ureA, ureB, and ureC, which encode the urease
structural subunits. Four additional genes, ureD, ureE,
ureF, and ureG, have been found in K aerogenes (21), K
pneumoniae (5), and E. coli (4). The exact function of the
polypeptides encoded by ureD, ureE, ureF, and ureG has yet
to be determined, although these polypeptides are thought to
be involved in the acquisition of nickel by urease (13, 21).
Urease is a nickel metalloenzyme, and a mutation in either
ureD, ureE, ureF, or ureG results in formation of a nickel-
deficient, inactive urease apoenzyme.

Clinical isolates of urease-positive E. coli contain one of
two distinct urease gene clusters (3). The urease genes of
approximately one-half of the urease-positive clinical iso-
lates are thought to be chromosomally encoded; the urease
genes of the remaining clinical isolates are located on large
plasmids. The chromosomally encoded and the plasmid-
encoded urease loci differ in their restriction endonuclease
maps and in the sizes of the polypeptides they encode. The
two gene clusters do not demonstrate DNA homology under
stringent hybridization conditions. Recent DNA sequence
analysis also indicates that these two loci are distinct (6).

Previously, we demonstrated that the urease genes of
uropathogenic, urease-positive E. coli 1440, were found on a
160-kb plasmid. The urease genes of E. coli 1440 were
isolated and inserted into pUC19, resulting in recombinant
plasmid pURE14.8. Under stringent hybridization condi-
tions, a urease gene probe derived from pURE14.8 showed
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DNA homology with large plasmids from one-half of the
urease-positive E. coli isolates tested and all of the urease-
producing Salmonella and P. stuartii strains tested (two
Salmonella and five P. stuartii strains were examined). The
various urease-encoding plasmids differed in size (from 82 to
approximately 230 kb) and coded for distinct biochemical
traits, suggesting that they were not identical plasmids.
However, Southern analysis indicated that the urease loci
associated with these plasmids were similar.

Urease loci from E. coli, P. stuartii, and S. cubana have
similar restriction endonuclease maps. Southern hybridiza-
tion analysis was performed to assess the degree of related-
ness between the various plasmid-encoded urease loci. Total
DNAs from the ureolytic strains E. coli 1440, P. stuartii JH3,
and S. cubana 3237-71 were digested with EcoRI and probed
with a 3.4-kb 32P-labeled XbaI-ClaI fragment of pURE14.8.
The plasmid-encoded urease gene cluster was found on
identical 14.0-kb EcoRI fragments in all three species (Fig.
1A).
To demonstrate further the similarity between the plas-

mid-encoded urease gene clusters, restriction endonuclease
cleavage site profiles were generated. Total cell DNA from
each of the three species was digested with various combi-
nations of restriction enzymes and probed with one of three
different 32P-labeled DNA fragments of pURE14.8: a 0.5-kb
PvuII-StuI fragment that contains portions of ureD and
ureA, a 0.8-kb ClaI-HindIII fragment that contains portions
of ureF and ureG, and a 6.7-kb HindIII fragment that spans
the entire gene cluster. Representative Southern blots are
shown in Fig. 1B and C. The results from the Southern
hybridizations enabled us to construct restriction maps for
the P. stuartii and S. cubana urease loci. These maps were
compared with the previously determined restriction map of
the E. coli 1440 urease gene cluster (Fig. 2) (3). In regard to
the restriction endonuclease cleavage sites determined, the
three loci were indistinguishable. The maps presented here
are in close agreement with the previously published restric-
tion endonuclease map of the P. stuartii BE2467 urease gene
cluster (22).

Expression of urease from the plasmid-encoded locus is
induced by urea. Expression of urease activity from E. coli
1440 is induced in the presence of urea (3). P. stuartii JH3
and S. cubana 3237-71 were examined for similarity in
induction of urease activity. Urease gene expression was
increased at least 40-fold in the presence of urea for each of
the above strains (Table 1). In contrast, E. coli 1021, which
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FIG. 1. The plasmid-encoded urease gene clusters share DNA
homology. Southern hybridizations were performed under stringent
conditions. Total cell DNAs from E. coli 1440 (lane 1), S. cubana
3237-71 (lane 2), and P. stuartii JH3 (lane 3) were probed with
32P-labeled fragments of pURE14.8. (A) EcoRI-digested DNA
probed with the 3.4-kb XbaI-ClaI fragment. (B) HindIII-NruI-
digested DNA probed with the 6.7-kb HindIII fragment. (C)
HindIII-AvaI-digested DNA probed with the 6.7-kb HindIII frag-
ment. Molecular size markers (in kilobases) are indicated on the left
for panel A. The dashes to the left of panels B and C represent
markers of 9.5, 6.7, 4.4, 2.3, and 2.0 kb, respectively, from the top.

has a chromosomally encoded urease locus, was constitutive
for urease expression.

It appears that the urease genes found in these distinct
bacterial species represent the same urease locus, on the
basis of the DNA homology detected between the loci, the
similarities in the restriction maps, and the similar manners

of urease expression (induction in the presence of urea). We
refer to this locus as the plasmid-encoded urease gene

cluster.
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FIG. 2. The plasmid-encoded urease gene clusters of members of
the family Enterobacteriaceae have similar restriction endonuclease
maps. Physical maps of the urease loci of E. coli 1440, S. cubana
3237-71, and P. stuartii JH3 are shown. The map of the E. coil 1440
urease locus was derived from recombinant plasmid pURE14.8,
which was constructed by ligating the 8.0-kb SpeI fragment to the
XbaI site of pUC19 (3). Southern blot analysis of total cellular DNA
probed with "2P-labeled DNA fragments of pURE14.8 was used to
determine the restriction maps of the other urease gene clusters.
Open boxes represent the relative positions of the plasmid-encoded
urease genes. The strategy used for DNA sequence analysis of the
plasmid-encoded urease locus is shown below the maps. The arrows

indicate the template and strand of pURE14.8 DNA sequenced. A,
AvaI; C, ClaI; H, HindIII; K, KpnI; N, NruI; P. PvuII; S, SpeI; St,
StuI; X, XbaI.

TABLE 1. Members of the family Enterobacteriaceae that
contain urease-encoding plasmids express urease

activity in a urea-inducible manner

Urease activityb
Straina

Without urea With urea

E. coli DH5a 0.1 + 0.02 0.1 ± 0.02
E. coli 1021 6.3 ± 0.5 6.7 ± 1.1
E. coli 1440 0.1 ± 0.01 5.0 ± 0.2
S. cubana 3237-71 0.1 ± 0.02 7.9 ± 1.0
P. stuartii JH3 0.5 ± 0.1 19.7 + 3.5

a All of the strains used, except E. colh DH5o (Bethesda Research Labo-
ratories, Gaithersburg, Md.), were urease-positive clinical isolates that have
been described previously (2).

b Urease activity is expressed as moles of ammonia produced per milligram
of protein per minute (103). Overnight cultures grown in Luria broth were
diluted to an optical density at 550 nm of 0.05 in Christensen's broth (1)
supplemented with 10 mM MgSO4 and 10 nM NiCl2, with or without a final
concentration of 2% urea. Indophenol production of mid-logarithmic-phase
cells was determined as described previously (3). The values shown represent
averages + the standard errors of duplicate samples from three individual
experiments.

DNA sequence analysis of the plasmid-encoded urease gene
cluster. To characterize the plasmid-encoded urease locus
further, the DNA sequences of both strands of 4.2 kb of
pURE14.8 were determined (Fig. 2). The DNA sequences
obtained were compared with previously published DNA
sequences of urease gene clusters from other bacterial
species. Three open reading frames (ORFs) that displayed 76
to 83% DNA identity to P. mirabilis ureD, ureA, and ureB
(Fig. 3A and Table 2) were found within the plasmid-
encoded locus, and these ORFs have been named accord-
ingly. Downstream of ureB, the first 90 bp of an ORF with
82% DNA identity to P. mirabilis ureC was found (bp 16455
to 1735 [Fig. 3A]); this region was termed ureC. (Addition-
ally, partial DNA sequences of two noncontiguous frag-
ments located downstream of the translational start of this
ORF showed 82 to 83% nucleotide identity to P. mirabilis
ureC.)

Partial DNA sequences obtained from restriction frag-
ments of pURE14.8 located downstream of ureC provided
evidence for the presence of ureE and ureF. The sequences
demonstrated significant nucleotide identity to P. mirabilis
ureE (83%) and ureF (78%). In addition, an ORF found
immediately downstream of ureF had 68% DNA identity to
K aerogenes ureG. The nucleotide sequence of the plasmid-
encoded ureG gene is presented in Fig. 3B.
The relative positions of ureD, ureA, ureB, ureC, ureE,

ureF, and ureG were aligned as shown in Fig. 2. TnS
insertions mapping to the regions now termed ureD, ureA,
ureB, ureC, and ureG are known to eliminate urease activity
of E. coli DHIaL, supporting the notion that these ORFs
represent genes (3).

Features of the nucleotide sequence. No ORF of any
significant length was found on the strand opposite that
which codes for UreD, UreA, UreB, and UreG. Translation
of each of these polypeptides begins with a characteristic
ATG start codon, and there are putative E. coli consensus-
like ribosome-binding sites (Shine-Dalgarno sequences) (25)
immediately upstream of each (ureD, bp 142 to 148; ureA, bp
998 to 1004; ureB, bp 1309 to 1313; ureG, bp 181 to 189) (Fig.
3A and B). The predicted molecular masses of plasmid-
encoded polypeptides UreD, UreA, UreB, and UreG were
31.5, 11.1, 12.1, and 22.4 kDa, respectively. A possible
Rho-independent transcriptional termination site was found
immediately downstream of ureG (Fig. 3B).
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A

1

101

CTACGACACTGCATAATAATAATGATTTTTGGCGTTCATTCACATCCTACCCTACTTGCATTAGCTTTTACATCACAAACACCCAATTTTGGCTGGGGTA
. (SD)

TAGCTAAACATGTTCGCGTATTTTTAGTTGACTGAGTTGCA~tGLGAGGTATGTCTGATTTTTCAGGATCAGGCTGGTTAGCTGAAATCTTCTTACGATA
M S D F S G S G W L A E I F L R Y

201 TGAACTAAAACGTGGCGTCACCCGCTTAACGGATAAACAACATATCGGCCCTTTAATGGTTCAGCGGCCATTCTACCCCGAGCAAGGAATTGCACACACC
E L K R G V T R L T D KQ H I G P L M V Q R P F Y P E Q G I A H T

301 TATTTACTTCATCCACCCGGTGGCGTTGTCGGGGGGGATAAACTCCTTATTAATATTGATGTTCAACCACACGCCCATGCGTTATTGACCACGCCCGGTG
Y L L H P P G G V V G G D K L L I N I D V Q P H A H A L L T T P G A

4 01 CGACAAAATTTTATCGCAGTGCGGGCGGTGTTGCGCGACAAGTACAAACATTAACTGTTGCGCCCAATGGGTTCTTAGAATGGCTACCT'CAAGAAAATAT
T K F Y R S A G G V A R Q V Q T L T V A P N G F L E W L P 0 E N I

501 TTTTTTCCCTGAGGCTCAAGTTCGCTTAGAAACCCACGTTCGAATCGCTAGTTCATCAAAATTTATCAGCTGGGAAATCCAATGTTTAGGGCGCCCAGTA
F F P E A Q V R L E T H V R I A S S S K F I S W E I QC L G R P V

601 TTAAACGAGCAATTCGACAACGGTGATATTCGGGGCCGCTTGCAGTTTTATATTGATGACAAACTCACCTTAGCGGAATCCATATTTATCGAAGGTTCGC
L N E Q F D N G D I R G R L Q F Y I D D K L T L A E S I F I E G S Q

701 AAAAACAATCAGCCGTCATGCGTGAATTTCCTATGGTCGGCTCCTTGTATATCTACCCCGCCAGCGATGAGTTAAAAGCTGAACTTCACGAGAGTTTGGC
K Q S A V M R E F P M V G S L Y I Y P A S D E L K A E L H E S L A

801 CGTGTTTTTCTCTACGGAA'GTGAGACCGCTTGAATATGGGCTAACTGATGTAGACGGCATTTTAGTATTACGGTTATTAGGTTCTCAAACCGAGCCGATG
V F F S T E V R P L E Y G L T D V D G I L V L R L L G S Q T E P M

90 1 ATGGCTTGCTTTGCCCATATTTGGCAGGCAACAAGACAATATTGGTTAGGTTATTGCCCAGAACCACCGCGTATTTGGGCAACTTAAACGTTTTTTAGGA
M A C F A H I W Q A T R Q Y W L G Y C P E P P R I W A T
(SD)

10 01 CC&AAATGGAATTAACCCCAAGAGAAAAAGATAAATTATTGCTTTTTACAGCAGGCCTCGTTGCTGAAAGGCGTTTAGCCCGTGGGCTAAAGCTCAAT
M E L T P R E K D K L L L F T A G L V A E R R L A R G L K L N

1101 TACCCTGAAGCCGTCGCGCTGATCAGTTGTGCGATTATGGAAGGCGCACGTGATGGTAAAACTGTCGCCCAATTAATGAGCGAAGGCCGAACCCTATTAA
Y P E A V A L I S C A I M E G A R D G K T V A Q L M S E G R T L L T

12 01 CCGCAGAGCAGGTAATGGAAGGCGTGCCAGAAATGATCAAAGACATCCAAGTGGAATGTACATTTCCTGATGGCACAAAACTGGTTTCTATTCACGACCC
A E Q V M E G V P E M I K D I Q V E C T F P D G T K L V S I H D P

(SDI
1301 GATTGTATAGGTAACAAAATGATCCCCGGTGAAATTAAAGTCAACCACGCTTTGGGTGATATCGAACTAAATGCAGGCCGAGAAACCCAAACGATACAAG

I V --- M I P G E I K V N H A L G D I E L N A G R E T Q T I Q V

14 01 TTGCCAACCATGGTGACCGCCCGATTCAAATTGGCTCTCACTATCATTTTTATGAAGTCAACGACGCCCTAAAATTTGAACGCGAAAATACACTCGGTTT
A N H G D R P I Q I G S H Y H F Y E V N D A L K F E R E N T L G F

1501 TCGTTTGAATATCCCTGCGGGCATGGCGGTACGTTTTGAACCAGGACAAAGCCGCACAGTTGAACTTGTGGCTTTTAGCGGCAAGCGAGAAATATATGGT
R L N I P A G M A V R F E P G Q S R T V E L V A F S G K R E I Y G

(SD) .
1601 TTCCATGGCAAAGTCATGGGTAAATTAGAGAG~ft G TTAATAATGAAAACAATCTCTCGTCAAGCGTATGCAGATATGTTTGGTCCAACAACAGGTGA

F H G K V M G K L E S E N --- M K T I S R Q A Y A D M F G P T T G D

1701 CCGTTTACGCTTAGCTGATACAGAATTATTTCTAG
R L R L A D T E L F L

B

101

201

AAGCTTATCCCTTTAGGGCAAAGCGCGGGGCAAAATATTTTATTTACCCTTGCTGAGCGCATACCCGAAGTGGTTGCGCAATCGGCAATCTGGCCATTAG
(SD)

ACGATATTGGTAGTTTTACACCTGCACAAATTATTGCCAGTAGTCGGCATGAAACCCAATACACACGACT'TTTTCGTTCTrA-AAAAMGCTATGCAAGA
M Q E

ATATAATCAACCCTTAAGAATTGGTGTCGGTGGGCCGGTCGGCTCAGGAAAAACCGCATTATTAGAAGTGTTATGTAAAGCCATGCGCGACACTTACCAA
Y N Q P L R I G V G G P V G S G K T A L L E V L C K A M R D T YQ

301 ATTGCCGTTGTCACCAATG'ATATTTACACCCAAGAAGATGCCAAAATTTTAACCCGTGCCGAAGCACTAGATGCAGACCGCATTATTGGTGTTGAAACTG
I A V V T N D I Y T Q E D A K I L T R A E A L D A D R I I G V E T G

4 01 GCGGCTGCCCTCATACCGCTATTCGTGAAGATGCATCAATGAACTTAGCGGCCGTTGAAGAGTTAGCTAT'CCGCCATAAAAACCTTGATATCGTGTTTGT
G C P H T A I R E D A S M N L A A V E E L A I R H K N L D I V F V

501 GGAAAGCGGCGGCGATAACCTCAGTGCGACGTTTAGCCCAGAGCTGGCAGACTTAACCATTTATGTGATTGATGTTGCTGAAGGCGAAAAAATTCCACGT
E S G G D N L S A T F S P E L A D L T I Y V I D V A E G E K I P R

60 1 AAAGGTGGGCCAGGGATCACCCATTCCGATTTACTGGTGATTMACAAAATTGACCTTGCTCCGTATGTCGGCGCTTCATTAGAAGTGATGGAAGCCGATA
K G G P G I T H S D L L V I N K I D L A P Y V G A S L E V M E A D T

701 CCGCAAGAATGCGACCAGTAAGCCCTATGTGTTTACTAACTTAAAGAAAMAGTCGGCTTAGAGACCATTATCGAGTTTATCATCGATAAGGCATGTT

801

A R M R P V K P Y V F T N L K K K V G L E T I I E F I I D K G M L

AAGACGTTARTAAATTTGR(GCCCTATAGGTTTATTTATAGGGCGTTTTCAATTAACAAATACGGGGTAAAGGCTCGCTGTGAGGCAAATCTAATAACCT
R R --- (TERM) (TERM)

901 TGATGTGCCGAAGATCCCAACTAATTTGACTTGTTTTTGCTCAGTCACACAGCCAATCGTGGCTGCATCTTTCCCTAATGGGTGTTGGTGTAGTGTAGCA

1001 AGCACTGCATTTTCCGCTTCAGGTTTCACCACAATCACTAGAGTCGACCTGCAGGCATGCAAGCTT

FIG. 3. Nucleotide and deduced amino acid sequences of plasmid-encoded ureD, ureA, ureB, and ureG. The numbers to the left indicate
nucleotide positions. (A) DNA sequences of ureD (bp 151 to 984), ureA (bp 1008 to 1307), ureB (bp 1319 to 1639), and the 5' terminus of ureC
(bp 1645 to 1735). The predicted amino acid sequence of each gene product is shown in standard one-letter code below the DNA sequences.
(B) Nucleotide and deduced amino acid sequences of ureG (bp 193 to 807). Nucleotides 1 to 183 display a significant degree of homology to
the P. mirabilis and K aerogenes ureF genes, as described in the text. Putative ribosome-binding sites (Shine-Dalgarno [SD] sites) and a
possible Rho-independent transcriptional termination site (TERM) are underlined. DNA sequences were determined by the dideoxy-chain
termination method of Sanger et al. (24) with Sequenase (U.S. Biochemicals) in accordance with the manufacturer's instructions, as described
previously (4).
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TABLE 2. Identity of the plasmid-encoded urease genes with
P. mirabilis and K aerogenes urease genes'

Plasmid- % DNA identityb % Amino acid identity'
encoded
gene P. mirabiis K aerogenes P. mirabilis K aerogenes

ureD 83 50 73 40
ureA 81 69 94 83
ureB 76 63 87 63
ureC 8V 62d l00d 76d
ureE 83d 60d 95d 64d
ureF 78d 57d 55d 55d
ureG NAM 68 NA 80

a The DNA-protein sequence analysis software programs of Intelligenetics,
Inc., release 5.4, were used to determine ORFs and deduced amino acid
sequences and to search the GenBank data base of sequences.

b Identity of the indicated plasmid-encoded gene with the corresponding
gene of P. mirabilis (12) orK aerogenes (21).

Identity of the predicted amino acid sequence of the indicated plasmid-
encoded gene with the amino acid sequence of the corresponding gene
product of P. mirabilis orK aerogenes.

d Partial sequence data.
e NA, data not available.

Comparison of the plasmid-encoded urease gene products
with the urease gene products of other bacterial species.
Among members of the family Enterobacteriaceae, the
urease structural genes are highly conserved. The predicted
amino acid sequences of the urease structural subunits of the
plasmid-encoded locus and the urease loci of P. mirabilis
andK aerogenes share a significant degree of identity. The
deduced amino acid sequence of the plasmid-encoded UreA
demonstrated 94% identity to UreA of P. vulgaris and P.
mirabilis and 83% identity to K aerogenes UreA (Table 2).
In a comparison of the sequence of the plasmid-encoded
locus and that of the Proteus species, five of the six amino
acid differences were conservative substitutions. Similar
identities were found between the plasmid-encoded UreB
and UreB proteins of P. vulgaris (88%), P. mirabilis (87%),
and K aerogenes (63%). The amino-terminal portion of
UreC, predicted from the first 90 bp of ureC, showed 100%
identity to the deduced amino acid sequences of the P.
vulgaris and P. mirabilis UreC and 76% homology to K
aerogenes UreC.
The predicted amino acid sequence of the plasmid-en-

coded UreG protein displayed 80% identity toK aerogenes
UreG. The region just upstream of ureG had DNA homology
to P. mirabilis ureF (78%) and K aerogenes ureF (57%).
Although the plasmid-encoded ureF sequence displays a
higher degree of homology to P. mirabilis, the carboxy
terminus of the predicted ORF for UreF in the plasmid-
encoded locus extends approximately 20 amino acids be-
yond the end of P. mirabilis ureF. The size of the predicted
UreF-polypeptide was more similar to that ofK aerogenes
UreF, which has a molecular mass of 24.7 kDa, than to that
of P. mirabilis UreF, which has a predicted molecular mass
of 22.5 kDa.
The plasmid-encoded UreD had 73% amino acid identity

to P. mirabilis UreD. However, the plasmid-encoded UreD
shares only 40 to 41% identity with the predicted amino acid
sequences of the K aerogenes andK pneumoniae (5) UreD
proteins. This gene product seems to be less highly con-
served among members of the family Enterobacteriaceae
than either the structural subunits or the other accessory
polypeptides.

In this report, we demonstrate that all of the members of
the family Enterobacteriaceae examined to date that carry

large urease-encoding plasmids contain identical urease gene
clusters. Approximately 30% of clinical P. stuartii isolates
(14, 19), but only a small fraction of E. coli and Salmonella
clinical isolates, are urease positive and contain this locus.
Thus, the plasmid-encoded urease gene cluster is found
predominantly in P. stuartii. It is interesting that the urease-
positive Salmonella isolates examined here were obtained
from urine samples of patients with urinary tract infections.
Presumably, these strains acquired the plasmids by conju-
gation with a neighboring E. coli or P. stuartii strain. The
urease-encoding plasmids in the Salmonella isolates were
not the Salmonella virulence plasmid, as determined by
hybridization with a DNA probe specific for the virulence
plasmid (data not shown).
The plasmid-encoded urease gene cluster is more closely

related to the P. mirabilis urease locus than to the K
aerogenes urease genes. Like the plasmid-encoded locus,
the urease activity of P. mirabilis is induced in the presence
of urea (11), suggesting a possible evolutionary relationship
between the two loci.

Nucleotide sequence accession numbers. The sequences
presented here have been deposited in the GenBank data
base under accession no. L03307 (ureD, ureA, ureB, and
ureC) and L03308 (ureF and ureG).
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of the manuscript.
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