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Characterization of a series of urease-negative transposon mutations of Actinobacillus pleuropneumoniae
revealed that many of the mutants had insertions 2 to 4 kbp upstream of the urease gene cluster. A 5-kbp
upstream region of DNA was sequenced and found to contain six open reading frames (ORFs) transcribed in
the same orientation as the urease genes. As well, a partial ORF, apuR, 202 bp upstream of these six ORFs,
is transcribed in the opposite orientation. The predicted product of this partial ORF shows homology with
many members of the LysR family of transcriptional regulators. Five of the ORFs (chiKLMQO) appear to form
an operon encoding a putative nickel and cobalt periplasmic permease system. The chiM and cbiQ genes encode
proteins that have sequence similarity with known cobalt transport membrane proteins, and the cbiO gene
encodes a cobalt transport ATP-binding protein homologue. The product of the chiK gene is predicted to be the
periplasmic-binding-protein component of the system, though it does not show any sequence similarity with
CbiN, the cobalt-binding periplasmic protein. Escherichia coli clones containing this putative transport operon
together with the urease genes of A. pleuropneumoniae were urease positive when grown in unsupplemented
Luria-Bertani broth, whereas a clone containing only the minimal urease gene cluster required the addition of
high concentrations of NiCl, for full urease activity. This result supports the hypothesis that nickel is a
substrate for this permease system. The sixth ORF, utp, appears to encode an integral membrane protein which
has significant sequence identity with mammalian urea transport proteins, though its function in A. pleuro-

pneumoniae remains to be determined.

The genes required for urease activity in various bacterial
species typically include those encoding the structural subunits
and those encoding the accessory proteins involved in insertion
of two nickel ions within the catalytic site (24). In bacteria with
urea-inducible gene clusters, the regulatory gene, ureR, is also
present (24). Because of the requirement for nickel as a co-
factor, genes such as Helicobacter pylori nixA and Alcaligenes
eutrophus hoxN that encode nickel uptake systems have also
been shown to affect urease activity (23, 41).

We recently identified the urease gene cluster of the gram-
negative swine pathogen Actinobacillus pleuropneumoniae (4).
The organization of the A. pleuropneumoniae gene cluster was
found to be similar to that of other bacterial ureases, with the
first three genes encoding the structural subunits (UreABC),
and the accessory proteins (UreEFGD) encoded by four con-
tiguous genes downstream. There was no evidence of a regu-
latory gene (ureR) upstream of the cluster.

In order to further characterize the urease activity of A.
pleuropneumoniae, a bank of transposon mutants of strain
CM5 Nal" was generated and screened for urease-negative
isolates. A large number of insertions in the urease-negative
mutants mapped upstream of the urease gene cluster. There-
fore, the 5-kbp region upstream of the urease cluster was
sequenced and analyzed.

* Corresponding author. Mailing address: Dept. of Pathobiology,
University of Guelph, Guelph, Ont., NIG 2W1, Canada. Phone: (519)
824-4120, ext. 4731. Fax: (519) 767-0809. E-mail: macinnes@uoguelph
.ca.
T Present address: Department of Academic Pediatrics, Molecular
Infectious Diseases Group, Imperial College School of Medicine, St.
Mary’s Hospital, London, UK W2 1PG.

1242

MATERIALS AND METHODS

Bacterial strains and culture conditions. A spontaneously nalidixic acid-resis-
tant derivative of the virulent A. pleuropneumoniae serotype 1 strain CM5 was
isolated and designated CM5 Nal". This strain was routinely grown at 37°C with
5% CO, on brain heart infusion (BHI; Difco Laboratories, Detroit, Mich.) agar
supplemented with 0.01% NAD and 20 ug of nalidixic acid per ml (BHIV-NAL).
Escherichia coli S17-1(\-pir) was used as the conjugal donor strain for plasmid
pLOF/Km and was grown at 37°C on Luria-Bertani (LB) medium supplemented
with 50 ug of kanamycin (KAN) per ml and 100 g of ampicillin (AMP) per ml.
Transconjugants were grown on BHIV-NAL plus KAN at 50 pg/ml (BHIV-
NAL-KAN). E. coli DH5 « containing recombinant plasmids was grown at 37°C
on LB agar supplemented with AMP (100 pg/ml).

Transposon mutagenesis. The suicide plasmid pLOF/Km containing a mini-
TnlI0 transposon was conjugally transferred from E. coli S17-1(\-pir) into CM5
Nal" as previously described (39). Transconjugants were selected on BHIV-NAL-
KAN, and loss of the suicide plasmid was confirmed by patching colonies onto
BHIV-NAL-KAN-AMP. Individual isolates were cultured in wells of a microti-
ter plate containing 100 pl of BHIV-NAL-KAN broth per well and stored at
—70°C with 8% dimethyl sulfoxide. Detection of Ure™ mutants was done by
subculturing isolates in 96-well plates containing 120 wl of BHIV-NAL-KAN
broth per well. After overnight incubation at 37°C, 30 pl of 5X urea base medium
(Difco) per well was added, and the wells were sealed. Urease-positive isolates
turned the medium pink, whereas urease-negative isolates turned the medium
yellow. Urease-negative isolates were confirmed by plating onto BHIV-NAL-
KAN agar and urea agar.

Mapping of transposon insertions. Southern blot analysis (32) was used to
determine the number of Tn/0 insertions within each mutant. Briefly, DNA was
extracted from each mutant strain using a genomic DNA extraction kit (Qiagen
Inc., Chatsworth, Calif.) and digested with either Clal, Xhol, or EcoRI (Phar-
macia Biotech Inc., Baie D’Urfé, Québec, Canada). The digested DNA was
electrophoresed on 0.7% agarose and transferred to positively charged nylon
membranes (Boehringer Mannheim Canada, Laval, Québec, Canada) by capil-
lary transfer. Blots were probed with the kanamycin resistance cassette from
pLOF/Km labeled with digoxigenin (Boehringer Mannheim). Hybridization was
carried out at 65°C overnight. Blots were washed twice for 5 min at room
temperature with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
and 0.1% sodium dodecyl sulfate (SDS), followed by two 15-min washes at 65°C
with 0.1X SSC and 0.1% SDS. Blots were developed using antidigoxigenin-



VoL. 183, 2001

A

B

UREASE ACTIVITY IN A. PLEUROPNEUMONIAE 1243

Tnio 7
3

7

5 2 2 2
AT |
pEmEpEEEY I (> ) WyrFFFZFFFFP [ INNpINN)iamd)) Iy
apuR cbiK cbiL cbiM cbiQ cbiO utp ureAureB

ureC ureX ureE ureF ureG ureD

1 kbp

pURE1

pJBG15C

—’
AB C XE FG D
« »
R KLMQOU AB C XE FG D
+« »
R KLMQOU AB C  XE F G D

pJBG15B 2 kbp

FIG. 1. (A) Organization of urease genes and upstream sequences in A. pleuropneumoniae. The sites of the Tn/0 insertions in the various
urease-negative mutants are indicated with vertical lines. The numbers indicate the number of insertions at a particular location. (B) Organization
of various urease plasmid constructs. The pBluescript II KS+ vector sequence is shaded and is not to scale.

alkaline phosphatase conjugate and CSPD (Boehringer Mannheim) according to
the manufacturer’s instructions.

The locations of the Tn/0 insertions were mapped by sequencing specific DNA
fragments generated by PCR using a combination of primers designed to span
the urease gene cluster and the 5-kbp upstream region (Fig. 1A), as well as a
primer (Kan) designed from a sequence within the transposon (Table 1).

Sequencing of the upstream region. Sequencing of the 5.9-kbp insert of plas-
mid pJBGS5.9 was continued as previously described (4). This plasmid contains
part of the urease gene cluster as well as the 5-kbp upstream region. Both strands
of the 5.9-kbp insert were completely sequenced, and the data were compiled and
analyzed as previously described (4). In addition, database searches were per-
formed using BLAST (http://www.ncbi.nlm.nih.gov/BLAST); transmembrane
(TM) domains were predicted using TMPred (http:/dot.imgen.bcm.tme.edu:
9331/seq-search/struc-predict.html); identification of N-terminal signal se-
quences and prediction of cellular localization of proteins were performed using
SignalP (http://genome.cbs.dtu.dk/services/SignalP/) and PSORT (http://psort
.nibb.ac.jp:8800/form.htm); potential promoter sequences were identified using
NNPP (http://www-hgc.Ibl.gov/projects/promoter.html); and Pfam (http://www

.sanger.ac.uk/Software/Pfam/), and Prosite pattern search (http://www.expasy.ch
/tools/scnpsite.html) were used to search for known protein motifs. In addition,
Block Maker (http://dot.imgen.bcm.tme.edu:9331/multi-align/multi-align.html)
was used to search for potential motifs in aligned protein sequences, and Box-
shade 3.21 (http://www.ch.embnet.org/software/BOX_form.html) was used to
compile consensus sequences.

Minimal urease subclone. A 6.5-kbp fragment of DNA containing the urease
gene cluster from strain CMS5 Nal” was generated by PCR using the Expand High
Fidelity PCR system (Boehringer Mannheim) and the primers Urease/Sac and
Urease/Xba (Table 1). These primers introduced Sacl and Xbal sites at either
end of the urease cluster, which were subsequently used to subclone the fragment
into the plasmid vector pBluescript IT KS+ (Stratagene, La Jolla, Calif.). The
resultant plasmid, pUREL1 (Fig. 1B), was electroporated into E. coli DH5a, and
transformants were selected on LB-AMP plates. Urease-positive clones were
identified by patching colonies onto urea agar.

Urease assay. The urease activity of the minimal subclone (DH5a/pUREL)
was compared to that of clones (DH5a/pJBG15B and DH5a/pJBG15C) con-
taining the entire urease cluster plus the 5-kbp upstream region (Fig. 1B).

TABLE 1. Oligonucleotides used for PCR

Oligonucleotide Position” Strand z_k/)c'clns%ts}; Sequence, 5'—3"?
Kan NA NA 21 CCTCTTCCGACCATCAAGCAT
59F1 318-340 + 22 GGCTAATAACCGGCGGAGAAAC
59R1 5632-5612 - 20 CCGTAAGTCGCTACATACTG
59R2c 5223-5243 + 20 TTCTGCTGCTCTCTCTCAAG
Urease/Xba 11120-11100 - 32 CCGGCCTCTAGAAGCGAAGCACGAATTAAGTT
Urease/Sac 4527-4548 + 32 GCGGCGAGCTCAGTTGGTTATTATTGGCGGTT
Tnl0 NA NA 21 GATCATATGACAAGATGTGTA

¢ Position 5' to 3’ within the compiled urease and upstream sequences (see Fig. 1). Note that the Kan and Tn/0 primers were designed from sites within the Kan
cassette of and near the end of the mini-Tn/0 transposon sequence, respectively. NA, not applicable.

® Extensions containing the restriction enzyme-cut sites (in bold) are shown.
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Cultures were grown overnight in LB-AMP broth, and NiCl, was added at
various concentrations (0, 2, 20, and 200 wM). Cultures were standardized to an
optical density at 600 nm of 1.0, and urease activity in whole cells in the presence
of excess urea (100 mM) was quantitatively measured using a urea nitrogen assay
kit (Sigma Chemical Co., St. Louis, Mo.) as previously described (4).

Production of urease apoenzyme by Ure™ mutants. In order to determine if
the urease mutants were producing inactive apoenzyme, immunoblot analysis
was performed. Cytosolic extracts were prepared from representative mutants
8G12 (cbiK::Tnl0), 15E10 (chiL::Tnl10), 16D4 (cbiM::Tnl0), 17E10 (cbiQ::Tnl0),
30A10 (ureB::Tnl10), and 32D6 (ureG::Tnl0) and from the parental strain (CM5
Nal") as described previously (4). The protein content of each lysate was deter-
mined using a protein assay kit (Bio-Rad Laboratories Ltd., Mississauga, On-
tario, Canada). All samples were standardized to 4 mg of protein per ml and
quantitatively assayed for urease activity.

Nondenaturing polyacrylamide gel electrophoresis was performed using a
modification of the method of Senior et al. (36). Briefly, samples containing 20
g of protein were mixed in equal volumes with tracking dye (50% [wt/vol]
sucrose, 0.1% [wt/vol] bromophenyl blue) and loaded onto a 6% resolving gel
(30:0.8, acrylamide-bisacrylamide) in 0.375 M Tris-HCI (pH 8.9) with a 3.75%
stacking gel in 0.0625 M Tris HCI (pH 6.7) in a mini-Protein II apparatus
(Bio-Rad). Gels were electrophoresed in electrode buffer containing 0.38 M
glycine and 0.005 M Tris at 75 V for 2.5 h. Gels were then either stained for
urease activity (36) and subsequently with Coomassie brilliant blue R250 or
electrophoretically transferred to TransBlot nitrocellulose membranes (Bio-
Rad) at 30 V overnight at 4°C, using a Trans Blot apparatus (Bio-Rad). Immu-
noblots were reacted either with rabbit serum raised against UreB, the large
urease subunit of H. pylori (a generous gift from H. Mobley), or with normal
rabbit serum. Protein A conjugated to alkaline phosphatase (Sigma Chemical
Co.) was used to detect bound antibodies, and the blots were developed using
5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium (Sigma Chemical
Co.) according to the manufacturer’s instructions.

Nucleotide sequence accession number. The nucleotide sequence reported
here has been submitted to GenBank and assigned no. AF167577.

RESULTS

Analysis of mutants. A bank of over 6,000 individual trans-
poson mutations was screened, and 19 Ure™ mutants were
identified. Four of 19 Tn/0 insertions were located within
known urease genes, while insertions in 11 of 15 of the remain-
ing mutants mapped within four open reading frames (ORFs)
located 2 to 4 kbp upstream of the urease genes (Fig. 1A). The
remaining four mutants have either a spontaneous mutation
within these regions or Tn/0 insertions within as yet uniden-
tified urease-related genes. Of the four mutants with insertions
in either the ureB or ureG gene, all had additional inserts
within their chromosome, as did one of the ¢biK::Tnl0 mu-
tants. Also, the insertions in the three wureG::Tnl0 mutants
were in the same location in a sequence known to be a hotspot
(5'-NGCTNAGCN-3") for Tnl0 insertion (2).

Analysis of upstream gene sequence. The sequence up-
stream of the urease cluster in A. pleuropneumoniae (GenBank
accession number AF167577) revealed six closely linked
ORFs, all transcribed in the same direction as the urcase
cluster, and a partial ORF transcribed in the opposite orien-
tation, 202 bases upstream of the six ORFs (Fig. 1A). The
alternate start codon, GUG, is used in the third ORF, while
the remaining ORFs all have the predicted AUG start codons.
All but the second and fourth ORFs are preceded by sites
similar to the E. coli ribosome-binding site consensus sequence
(6). Putative ¢’° promoter sequences (13) are present up-
stream of the first and sixth ORFs.

The first five ORFs encode polypeptides that show from 42
to 63% sequence identity with a gene cluster of unknown
function in Haemophilus influenzae (10). The polypeptide se-
quences predicted from the third, fourth, and fifth ORFs also
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show sequence similarity with bacterial cobalt transport mem-
brane proteins CbiM (19 to 32%) and CbiQ (16 to 56%) and
cobalt transport ATP-binding protein CbiO (28 to 40%). Ac-
cordingly, we have designated these ORFs cbiM, cbiQ, and
¢biO, respectively. Neither of the first two ORFs has any sig-
nificant similarity with the c¢biN gene, which encodes the
periplasmic binding protein component of known cobalt per-
meases. The close proximity of these ORFs with the chiMQO
genes, however, suggests that they belong to this operon, and
therefore we designated these two ORFs chiK and cbil.. The
sixth ORF encodes a polypeptide which has considerable se-
quence identity (20 to 30% over the entire sequence) with
eukaryotic urea transport proteins and has been designated
utp. The truncated upstream ORF, which we designated apuR,
encodes 141 amino acid residues that show extensive homology
with members of the LysR family of transcriptional regulators.

Computer analyses of the predicted polypeptide sequences
revealed that CbiK is likely a periplasmic protein. A potential
N-terminal signal sequence was detected, with a likely cleavage
site at position 21. The CbiL sequence was predicted to be a
cytoplasmic membrane protein. It contains two strong TM
helices, the first of which corresponds to a predicted N-termi-
nal signal sequence, with a cleavage site at position 22. Both
the CbiM and CbiQ polypeptides appear to be integral cyto-
plasmic membrane proteins, with five and four predicted TM
helices, respectively. The CbiM and CbiQ proteins do not
contain consensus sequences related to any of the known hy-
drophobic membrane protein families of periplasmic per-
meases (33). However, the A. pleuropneumoniae CbiM protein
was found to have a region of high homology with a number of
CbiM proteins. This sequence, located approximately 100 res-
idues from the C terminus, contains several conserved glycine
residues. The CbiQ protein also contains a region (amino acids
117 to 159) with homology to a consensus sequence common to
all known CbiQ proteins. The CbiO protein was identified as a
member of the ATP-binding cassette (ABC) transport family,
with the conserved ATP/GTP binding motif, and was predicted
to be localized in the cytoplasm. The Utp protein was pre-
dicted to be an integral cytoplasmic membrane protein, with
seven predicted TM helices.

Urease activity in the presence and absence of NiCl,. Like
the other constructs, the minimal urease subclone DHS5
o/pUREL was urease positive when patched from LB-AMP
plates onto urea agar. However, quantitative urease assays
using cultures grown in the presence of various concentrations
of NiCl, showed that the level of urease activity of this clone
was reduced compared to that of DHSa/pJBG15B or DHS5a/
pIJBG15C, clones containing the upstream genes in addition to
the urease genes (Table 2 and Fig. 1B). Maximal expression of
urease activity by the minimal subclone required the addition
of =200 wM NiCl,, whereas addition of more than 2 uM NiCl,
did not greatly enhance the urease activities of either DH5a/
pIJBG15B or DHSa/pJBG15C (Table 2). The level of urease
expression also differed depending on the orientation of the
15-kbp insert (Table 2 and Fig. 1B). Urease activity was higher
in DH5a/pJBG15C, where the truncated apuR gene is imme-
diately downstream of and in opposite orientation from the lac
promoter of the vector. In contrast, E. coli DH5«/pJBG15B
produced levels of urease activity similar to that of the pURE1
clone in the absence of added nickel. However, unlike DHS5«/
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TABLE 2. Urease activity in whole-cell samples of E. coli clones
containing the plasmids pUREI1, pJBG15B, and pJBG15C and
grown in the presence or absence of added NiCl,

Mean urease activity (WM NHs/min/ml) = SD

NiCl, concn in E. coli carrying:
(M)
pURE1L pIBG15B pIBG15C
0 0.96 = 0.01 1.69 = 0.15 557 £0.20
2 1.18 = 0.02 442 = 0.18 8.72 = 0.06
20 1.37 = 0.08 4.79 = 0.03 10.03 = 0.21
200 3.66 = 0.08 5.14 = 0.05 9.63 = 0.23

pUREI, the addition of only 2 uM NiCl, resulted in produc-
tion of nearly maximal urease activity by DH5a/pJBG15B,
although this level was still less than that of DH5a/pJBG15C
(Table 2).

Production of urease apoenzyme. None of the A. pleuropneu-
moniae Tnl0 mutants tested showed detectable levels of ure-
ase activity in cell-free cytosolic fractions, whereas the parental
strain (CM5 Nal") exhibited a urease activity of 21 = 2 U/mg of
protein. This was confirmed in a nondenaturing polyacryl-
amide gel stained for urease activity (Fig. 2C), where only the
CMS5 Nal® strain produced a bright pink band. In contrast, a
band at the same level as the active urease was detected in all
samples except the ureB::Tnl/0 mutant using rabbit polyclonal
antiserum against the UreB subunit of H. pylori in immunoblot
analysis (Fig. 2B). Other nonspecific bands were also detected
by the polyclonal rabbit antiserum in all of the samples. The
Coomassie blue-stained gel (Fig. 2A) verified that equal
amounts of all samples were loaded.
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FIG. 2. Nondenaturing polyacrylamide gels of ultracentifuged cell
lysates from A. pleuropneumoniae strains CMS Nal" (lane 2),
chiK::Tnl0 (lane 3), cbiL::Tnl0 (lane 4), cbiM:Tnl0 (lane 5),
cbiQ::Tnl0 (lane 6), ureG::Tnl0 (lane 7), and ureB::Tnl0 (lane 8).
Prestained broad-range molecular size markers (lane 1) were used for
reference only, not to indicate the sizes of polypeptides. The arrow
indicates the position of the urease band. (A) Coomassie blue-stained
gel. (B) Immunoblot reacted with antiserum against H. pylori UreB
(diluted 1:250). (C) Urease activity gel.
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DISCUSSION

Analysis of urease-negative transposon mutants has led to the
identification of a putative ABC transport operon (cbiKLMQO)
upstream of the urease cluster that is required for urease
activity in A. pleuropneumoniae (Fig. 1A). The production of
inactive urease apoenzyme by these mutants suggests that the
Ure™ phenotype is not due to a polar effect on the downstream
urease genes (Fig. 2). Although the upstream genes are not
absolutely required for urease activity in E. coli, they do en-
hance it. E. coli DHS5a/pJBG15C, containing the upstream
genes along with the urease cluster, expressed urease activity
when grown in unsupplemented LB-AMP broth (which likely
contains trace quantities of nickel). Urease activity of this
clone was not greatly improved by addition of more than 2 uM
NiCL,. In contrast, urease activity was barely detectable with
the minimal subclone (DH5a/pUREL) grown in unsupple-
mented LB-AMP broth. This activity was greatly enhanced,
however, in the presence of high concentrations (200 wM) of
NiCl,, suggesting that the upstream genes may be needed for
nickel transport.

The orientation of the 15-kbp insert in pJBG15B and
pJBG15C also affected the level of urease activity (Table 2).
This may have been the result of increased expression of the
cbi genes by readthrough from the lac promoter (Fig. 1B).
Alternatively, production of the truncated ApuR protein could
have affected expression of the nickel uptake operon. Urease
genes in Klebsiella aerogenes and Bordetella bronchiseptica have
been reported to be regulated by LysR-like proteins, NAC and
BbuR, respectively (3, 20), and it was recently reported that the
100 amino-terminal residues of NAC are sufficient for all of the
known activities of this protein (25). Since 141 amino-terminal
residues of the truncated ORF are present in pJBG15B and
pIJBGI15C, and since there are sequences similar to typical
LysR binding sites (interrupted dyad with T-N;;-A [34]) up-
stream of both cbiK (TCTT-N,,-AAGA) and ure4 (ATT-N, -
AAT), it is possible that ApuR’ may be involved in the regu-
lation of expression of these genes. Given the orientation of
apuR' with respect to the lac promoter, it could be predicted
that ApuR’ expression would be higher in DH5a/pJBG15B
than in DHS5a/pJBG15C, and if ApuR was acting as a repres-
sor, urease expression would be accordingly lower. Urease
expression was indeed two to three times higher in DH5a/
pIBGI15C (Table 2), but further experiments are required to
conclusively demonstrate the role of ApuR in the transcrip-
tional regulation of these genes.

At high concentrations, nickel transport can be mediated
through magnesium uptake system such as the Salmonella en-
terica serovar Typhimurium CorA, MgtA, and MgtB (12, 19)
which have K,,,; for Ni(II) of 200, 30, and 13, respectively. Since
nickel availability in serum is less than 0.5 = 0.3 pM, the
affinity of these systems for Ni(II) is too low to be physiolog-
ically relevant (27, 30). At lower concentrations, specific high-
affinity transport of nickel may be mediated either via a single
integral membrane protein, as in the case of NixA (23), HoxN
(9, 41), HupN (11), and UreH (18), or via an ABC transport
system, such as the Nik operon of E. coli (26). The chiKLMQO
genes of A. pleuropneumoniae have extensive sequence identity
with and show similar organization to a gene cluster in H.
influenzae (10), another ureolytic member of the family Pas-
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teurellaceae. Both of these gene clusters have the appearance
of periplasmic binding protein-dependent permease operons
(1), although the function of the H. influenzae gene cluster is
unknown.

The first gene in bacterial periplasmic permease operons is
typically the periplasmic binding protein (1). The product of
the first gene in the A. pleuropneumoniae cbi operon, cbik,
shows no homology with either CbiN, the cobalt-specific bind-
ing protein of Salmonella (31), or with NikA, the nickel-bind-
ing protein of E. coli (26). It should be noted that neither CbiK
nor NikA contains a typical metal-binding motif (Cys-X-X-
Cys) (26). The CbiK sequence does, however, contain six his-
tidine residues as well as eight aspartate and 20 glutamate
residues which could play a role in nickel binding (42). CbiL,
which is predicted to be a cytoplasmic membrane protein, also
contains 5 His, 10 Asp, and 10 Glu residues. A distinct role for
CbiL is not clear; however, it is possible that CbiL may work in
conjunction with CbiK.

The ¢biM and cbiQ genes both encode highly hydrophobic
proteins with five and four predicted TM helices, respectively,
which may combine to form the integral membrane portion of
the transport system. The hydrophobic membrane proteins
(HMPs) of ABC transport systems may show little overall
sequence similarity, but most contain a conserved hydrophilic
segment with an invariant glycine approximately 100 residues
from the C terminus (7). The HMPs have been divided into
distinct families, each with its own consensus sequence for this
region (33). The A. pleuropneumoniae CbiM and CbiQ pro-
teins did not fit into any of the known HMP families, but both
proteins contain consensus sequences found in other CbiM
and CbiQ proteins. These proteins may represent a new family
of HMPs. The CbiO protein has strong sequence identity with
a large number of ABC transport proteins, most notably the
cobalt transport ATP-binding proteins from various bacteria.

Taken together, these data suggest that the CbiKLMQO
proteins form a periplasmic binding protein-dependent per-
mease for cobalt and/or related molecules such as nickel. Both
cobalt and nickel are divalent cations, and there is precedent
for their common transport. For example, Nh1F of Rhodococ-
cus rhodochrous (8) and the Cnr and Ncc efflux systems in
Alcaligenes eutrophus and Alealigenes xylosoxidans, respectively,
have been shown to transport both nickel and cobalt (17, 35).
The fact that the presence of the chiKLMQO genes negated
the need for high concentrations of nickel for urease activity in
the DH5a/pJBG15C clone supports the hypothesis that nickel
is a substrate for this permease system.

The utp gene also appears to encode an integral membrane
protein with seven potential TM domains. It is transcribed in
the same direction as the other five genes, but there is no
homologous gene in H. influenzae, and it is not clear whether
it is separate from the preceding gene cluster. It is interesting
to note that the predicted Utp polypeptide has considerable
sequence identity with mammalian urea transport proteins,
which are believed to transport urea via facilitated diffusion,
although there is also evidence for sodium-dependent active
transport (28, 29, 37, 43). There is evidence for carrier-medi-
ated energy-dependent urea uptake systems in various bacteria
(14-16, 38), and genes (fmdABCDE) encoding an outer mem-
brane porin and a binding protein-dependent permease system
for the uptake of short-chain amides and urea in Methylophilus
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methylotrophus have been identified (21, 22). Also, it has re-
cently been shown that the Urel protein of H. pylori, which is
an integral membrane protein with six TM helices, is a hydro-
gen-gated urea channel (40). The Utp protein of A. pleuro-
pneumoniae shows no homology with either Urel or the Fmd
proteins, and it remains to be determined whether the utp gene
encodes a novel bacterial urea transport protein.

The fact that A. pleuropneumoniae requires the putative
nickel transport genes (cbiKLMQO) for urease activity indi-
cates that a large number of genes are involved in maintaining
the urease-positive phenotype. This finding further supports
the hypothesis that urease activity is important in the patho-
genesis of pleuropneumonia (5).
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