Journal of
Bacteriology

SUPPLEMENTAL MATERIAL

REFERENCES

CONTENT ALERTS

The hpx Genetic System for Hypoxanthine
Assimilation as a Nitrogen Source in
Klebsiella pneumoniae: Gene Organization
and Transcriptional Regulation

Lucia de la Riva, Josefa Badia, Juan Aguilar, Robert A.
Bender and Laura Baldoma

J. Bacteriol. 2008, 190(24):7892. DOI: 10.1128/JB.01022-08.
Published Ahead of Print 10 October 2008.

Updated information and services can be found at:
http://jb.asm.org/content/190/24/7892

These include:

Supplemental material

This article cites 52 articles, 36 of which can be accessed free
at: http://jb.asm.org/content/190/24/7892#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

999€059/ Ad 2T0Z ‘6T Jaqwadaq uo /6o’ wse qly/:dny woij papeojumoq


http://jb.asm.org/content/suppl/2008/11/17/190.24.7892.DC1.html
http://jb.asm.org/cgi/alerts
http://jb.asm.org/

JOURNAL OF BACTERIOLOGY, Dec. 2008, p. 7892-7903
0021-9193/08/$08.00+0 doi:10.1128/JB.01022-08

Vol. 190, No. 24

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

The hpx Genetic System for Hypoxanthine Assimilation as a Nitrogen
Source in Klebsiella pneumoniae: Gene Organization and
Transcriptional Regulation”f

Lucia de la Riva,' Josefa Badia,' Juan Aguilar,'* Robert A. Bender,? and Laura Baldoma'

Departament de Bioquimica i Biologia Molecular, Institut de Biomedicina de la Universitat de Barcelona, Facultat de Farmacia,
Universitat de Barcelona, E-08028 Barcelona, Spain," and Department of Molecular, Cellular, and Developmental Biology,

University of Michigan, Ann Arbor, Michigan*

Received 24 July 2008/Accepted 29 September 2008

Growth experiments showed that adenine and hypoxanthine can be used as nitrogen sources by several
strains of K. pneumoniae under aerobic conditions. The assimilation of all nitrogens from these purines
indicates that the catabolic pathway is complete and proceeds past allantoin. Here we identify the genetic
system responsible for the oxidation of hypoxanthine to allantoin in K. pneumoniae. The hpx cluster consists of
seven genes, for which an organization in four transcriptional units, hipxDE, hpxR, hpxO, and hpxPQT, is
proposed. The proteins involved in the oxidation of hypoxanthine (HpxDE) or uric acid (HpxO) did not display
any similarity to other reported enzymes known to catalyze these reactions but instead are similar to oxygen-
ases acting on aromatic compounds. Expression of the ipx system is activated by nitrogen limitation and by the
presence of specific substrates, with hpxDE and hpxPQT controlled by both signals. Nitrogen control of hpxPQT
transcription, which depends on o, is mediated by the Ntr system. In contrast, neither NtrC nor the nitrogen
assimilation control protein is involved in the nitrogen control of hpxDE, which is dependent on o’ for
transcription. Activation of these operons by the specific substrates is also mediated by different effectors and
regulatory proteins. Induction of hpxPQT requires uric acid formation, whereas expression of hpxDE is induced
by the presence of hypoxanthine through the regulatory protein HpxR. This LysR-type regulator binds to a
TCTGC-N,-GCAAA site in the intergenic hpxD-hpxR region. When bound to this site for hpxDE activation,

HpxR negatively controls its own transcription.

Purines play a key role in nucleic acid and nucleotide me-
tabolism in all cells. In addition, they can be used as nitrogen
sources by many microorganisms when ammonia, the pre-
ferred nitrogen source, is limiting (50). Transport of these
nucleobases across the cell membrane is mediated by trans-
membrane proteins, which are distributed in three basic fam-
ilies, designated nucleobase-ascorbate transporters, purine-re-
lated transporters, and plant urine related transporters (23).

The first step in the assimilation of adenine or guanine as a
nitrogen source is usually a deamination reaction catalyzed by
specific enzymes, yielding one molecule of ammonia and hypo-
xanthine or xanthine, respectively. The catabolic pathway for hy-
poxanthine assimilation can be divided into two parts. In the first
part, this compound is transformed to allantoin, and in the second
part, allantoin degradation is completed to CO, and ammonia.
Although the first part of this pathway is common to all species,
the degradation of allantoin can follow different routes according
to the microbial species (11, 43, 50, 54).

Hypoxanthine is sequentially oxidized by xanthine dehydro-
genase to xanthine and uric acid, which is further converted to
allantoin (Fig. 1A). Most of the reported xanthine dehydroge-
nases or oxidoreductases are molybdenum-containing hydroxy-
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lases. This group of enzymes catalyzes the hydroxylation of
carbon atoms using oxygen derived ultimately from water,
rather than O,, and does not require an external source of
reducing equivalents (19). Recently, the uric acid oxidation
reaction has been studied in great detail, leading to the iden-
tification of other enzymatic activities associated with uric acid
degradation (24, 37). Conversion of uric acid to allantoin in-
volves three enzymatic reactions. Oxidation of uric acid by
uricase or urate oxidase yields 5-hydroxyisourate (HIU), which
is then transformed to 2-oxo-4-hydroxy-4-carboxy-5-ureidoim-
idazoline (OHCU) by HIU hydrolase, and finally OHCU un-
dergoes stereoselective decarboxylation by the action of
OHCU decarboxylase to give CO, and (S)-allantoin.

Purine catabolism in enterobacteria has been poorly character-
ized at the genetic level, except in Escherichia coli. In E. coli,
aerobic adenine catabolism to allantoin has been indirectly dem-
onstrated by the production of **CO, from [**CJadenine, which
implies the existence of functional xanthine dehydrogenase (en-
coded by genes xdhABC and xdhD at min 65 of the genome) and
uricase activities (53). Nevertheless, nitrogen assimilation from
adenine is not complete, since in the presence of oxygen allantoin
is not further degraded. In E. coli, expression of genes encoding
allantoate amidohydrolase (a//B) and ureidoglycolate dehydroge-
nase (alID), both of which are required for allantoin assimilation,
takes place only under anaerobic conditions (11, 39). Thus, aer-
obic growth of E. coli in adenine as the sole nitrogen source is
supported only by the ammonia liberated by adenosine deami-
nase during the conversion to hypoxanthine. Regarding Klebsiella
pneumoniae, there are a few reports on the ability of certain
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FIG. 1. Metabolic map for hypoxanthine assimilation to allantoin (A) and gene organization of the spx system involved in this pathway in K
pneumoniae (B). The arrows show the extents and directions of transcription of the genes. Sequence similarity and function assignment of the
hpx-encoded proteins are indicated in the table. XDH, xanthine dehydrogenase.

strains to grow on adenine or hypoxanthine as nitrogen sources
(16, 51, 53). However, at present there are no reported descrip-
tions of the genetic systems involved in this catabolic pathway.

In the presence of ammonia, there is a strong repression of
many systems that allow enterobacteria such as E. coli or K.
pneumoniae to use alternative nitrogen sources such as amino
acids or purines. When ammonia is limiting, the ability of these
cells to obtain nitrogen from these compounds requires in
almost every case a two-component system in which a phos-
phorylated activator, NtrC-P, binds to an enhancer and inter-
acts with RNA polymerase bearing the sigma factor o>*. The
Ntr (nifrogen regulation) system activates a set of genes in-
volved in the catabolism of nitrogenous compounds whose
degradation products include ammonia or glutamate (31, 38).
The Ntr system also activates the transcription of another
transcriptional regulator, the nitrogen assimilation control pro-
tein (NAC) (3, 15, 28). NAC regulates a subset of genes that
are dependent on RNA polymerase bearing ¢’° for their tran-
scription (20, 44). Thus, NAC serves to couple the ¢”*-depen-
dent transcription of the Ntr system with that of the o’°-
dependent catabolic genes.

In this study we identified and characterized the gene cluster
(named hpx) responsible for the oxidation of hypoxanthine to
allantoin in K. pneumoniae. This genetic system, which is es-
sential for the aerobic assimilation of hypoxanthine as a nitro-
gen source, is regulated by both nitrogen limitation and the
presence of specific substrates. However, the nitrogen control
of the operon encoding the enzyme catalyzing the oxidation of
hypoxanthine to uric acid is not mediated by the Ntr system.

MATERIALS AND METHODS

Bacterial strains and plasmids. The genotypes and sources of the bacterial
strains, plasmids, and promoter fusions are given in Table 1. Genetic crosses
were performed by P1-mediated transduction (17).

Growth conditions. Cultures were grown at 30°C with aeration in lysogeny broth
(LB) (5) or in W4 minimal medium (47) supplemented with glucose at 0.4% as the
sole carbon source. NaCl was removed from LB plates for selection of directed
mutants. For limiting nitrogen conditions, freshly made glutamine (Gln) was used at
0.04%. Ammonium sulfate and Gln (NGIn), both at 0.2%, were used for nitrogen
excess (2, 3). Purines were routinely used as nitrogen sources at 0.1%. When indi-
cated, they were used at 0.6 mM. Hypoxanthine and uric acid were prepared as

described by Rouf and Lomprey (40). The selection medium in the conjugation
experiments consisted of W4 minimal medium supplemented with sodium citrate at
0.4% as the carbon source and ammonium sulfate at 0.2% as the nitrogen source. In
experiments in which urease was measured, the growth medium was supplemented
with 1 uM NiSO,. When required, the following antibiotics were used at the indi-
cated concentrations: ampicillin (Ap), 100 pg/ml; kanamycin (Km), 50 pg/ml; strep-
tomycin (Sm), 50 pg/ml; and tetracycline, 30 wg/ml. 5-Bromo-4-chloro-3-indolyl-B-
p-galactoside (X-Gal) and isopropyl-B-p-thiogalactoside (IPTG) were used at 30
and 10 pg/ml, respectively.

Preparation of cell extracts and enzyme activities. Cultures were grown at
30°C to an optical density at 600 nm (ODg,) of 0.5. Cells were collected by
centrifugation, washed in 1% KClI, and suspended at a concentration that con-
tained 1 to 1.5 mg of protein per ml (1). Urease was assayed as described by Liu
and Bender (26). B-Galactosidase activity was assayed in detergent-treated whole
cells using o-nitrophenyl-B-p-galactopyranoside (ONPG) as the substrate and
was expressed as U/mg of cell protein (32). One unit of B-galactosidase activity
corresponds to the amount of enzyme that hydrolyzes 1 nmol of ONPG per min.
The data reported are the averages from at least four separate experiments
performed in triplicate with a standard error of <15%. Protein concentration
was determined by the method of Lowry et al. (27) with bovine serum albumin
as a standard.

DNA manipulation and sequencing. Bacterial genomic DNA was obtained
using the Wizard genomic DNA purification kit (Promega), and plasmid DNA
was prepared using the Wizard Plus SV Midipreps DNA purification system
(Promega). DNA manipulations were performed as described by Sambrook and
Rusell (41). DNA fragments were amplified by PCR using chromosomal DNA as
a template. When necessary, specific restriction sites were incorporated at the 5’
ends of the primers to facilitate the cloning of the fragments in the appropriate
vector. PCRs were performed with Pfu DNA polymerase under standard condi-
tions. DNA was sequenced using an automated ABI 377 DNA sequencer and
fluorescent dye termination methods. The primers used in this study are given in
Table S1 in the supplemental material.

Mapping of the 5’ ends of the hpx transcripts. The 5’ regions of the hpxDE,
hpxR, hpxO, and hpxPQR transcripts were determined by the rapid amplification
of cDNA 5’ ends (5'-RACE) (41) using a commercial 5'-RACE kit (Roche
Diagnostics, GmbH). Total RNA was isolated from KC2653 cells grown aero-
bically to an ODgq, between 0.5 and 1 in glucose minimal medium with hypo-
xanthine as the nitrogen source using the Qiagen RNeasy total RNA kit and then
treated with RNase-free DNase (Ambion). The cDNAs were transcribed from
the RNA with specific ipxD, hpxR, hpxO, or hxpP antisense oligonucleotides. A
homopolymeric dA tail was added (via terminal transferase) to the 3’ termini of
the corresponding cDNAs. Amplification of reverse transcription products was
performed with nested gene-specific primers and an oligo(dT) anchor primer.
The double-stranded cDNAs obtained were cloned into a pGEMT vector for
sequencing.

Mini-Tn5 Km-1 random mutagenesis. Random mini-Tn5 insertion mutants of
K. pneumoniae that did not use hypoxanthine as a nitrogen source were obtained
by conjugation using the pUTmini-Tn5 Km delivery vector (Biomedal). K. pneu-

999€059/ Ad 2T0Z ‘6T Jaqwadaq uo /6o’ wse qly/:dny woij papeojumoq


http://jb.asm.org/

7894 DE LA RIVA ET AL.

TABLE 1. Strains, fusions, and plasmids used in this study

J. BACTERIOL.

Strain, fusion, or plasmid

Relevant characteristics

Source or reference

K. pneumoniae strains

KC2653 hutC515 Albla]-2 dadAl str-6 26
52145 Serotype O1:K2; carries the virulence plasmid pKP100 33
ATCC 13882 K. pneumoniae subsp pneumoniae, deposited as K. aerogenes American Type Culture
Collection
ATCC 13883 K. pneumoniae, subsp pneumoniae (Schroeter) Trevisan American Type Culture
Collection
JA-K10 KC2653 hpxD::mini-Tn5 Km This study
JA-K11 KC2653 ginD::mini-Tn5 Km This study
JA-K12 KC2653 hpxE::mini-Tn5 Km This study
JA-K13 KC2653 gltD::mini-Tn5 Km This study
JA-K14 KC2653 hpxO::kan This study
JA-K15 KC2653 hpxP::kan This study
JA-K16 KC2653 hpxR::kan This study
KC2562 hutC515 rpoN5018 26
KC5249 hutC515 Alblal-2 nac-2 R. A. Bender
KC2738 hutC515 ntrC2::Tn5-131 4
KCo483 hutC515 A[bla]-2 str-6 [Arbs(A’BC'K)::pCB1583] R. A. Bender
E. coli strains
DHS5aF’ $80d lacZAMI15 recAl endA1 N~ gyrA96 thi-1 hsdR17 (ry~ myg ") phoA supE44 Gibco BRL
relAl deoR A(lacZYA-argF)U169
ECL1 HfrC phoAS relAl tonA22 T2 (\) 25
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacI"ZAM15 Stratagene
Tnl0(Tc")]
S17(\ pir) Tp" Sm" recA thi pro hsdR™ hsdM™* RP4::2-Tc::Mu::Km Tn7 \ Biomedal
EB6193 RP4-2 tet Mu-1 Kan::Tn7 integrant; leu-63::1S10 recAl creC510 hsdR17 endAl R. A. Bender
zbf-5 uidA(AMul)::pir* thi Sp*/Sm"
Fusions”
O (hpxD-lacZ) hpxD (—346 to +97) fused to lacZ This study
O (hpxR-lacZ) hpxR (=212 to +93) fused to lacZ This study
O(hpxO-lacZ) hpxO (—267 to +288) fused to lacZ This study
D(hpxP-lacZ) hpxP (—258 to +297) fused to lacZ This study
Plasmids
pUCI18Not Ap'; identical to pUC18 but with NotI in the multiple-cloning site Biomedal
pGEMT Ap'; cloning vector for PCR products Promega
pUT mini-Tn5 Km Ap" Km'; tnp™* gene of Tn5-1S50y, inserted in Sall site of pGP704; mini-Tn5 Km Biomedal
transposable element
pKAS32 Ap"; pGP704, rpsL 46
pRS415 Ap'"; promoterless lacZYA reporter for operon fusions with replication origin of 45
pBR322
pCB1583 Ap" Km'; promoterless lacZ reporter for integration of operon fusions on host R. A. Bender
genome with oriR6K replication origin; rpsL
pPMAL-c2x Ap'"; vector for cytoplasmic expression of maltose binding protein fusion proteins New England Biolabs
pKD4 Ap" Km" 12

“ Nucleotide sequences are given in the 5'-to-3" direction for the coding strand of each gene and are numbered relative to the gene transcription initiation nucleotide

at position +1.

moniae strain KC2653 was used as the recipient. E. coli strain S17.1(\ pir)
harboring pUTmini-Tn5 Km was used as the donor, and conjugation was carried
out following the supplier’s instructions. Different amounts of the conjugation
mix were plated on citrate minimal medium plates containing Km. Since E. coli
cells do not use citrate as a carbon source, this medium counterselects the donor
strain and selects recipient cells carrying the Km transposon marker. Hypoxan-
thine mutants were subsequently selected by replica plating on glucose minimal
medium with hypoxanthine as the nitrogen source.

Mini-Tn5 insertions were mapped by inverse PCR. This protocol involved the
isolation of genomic DNA; digestion with the restriction enzyme Hhal or Tail,
which cut within the transposon and numerous times within the genome; ligation
to circularize all linear genomic fragments; and then PCR using two outward-
facing transposon-specific primers. Amplified products were sequenced, and the
similarity to genes and open reading frames deposited in databases was deter-
mined using the BLAST search algorithm at the National Center for Biotech-
nology Information. Following this computational analysis, the sites of transpo-
son insertion in the isolated mutants were identified.

Directed mutag is of K. p hpxR, hpxO, and hpxP genes. Knockout
mutants of K. pneumoniae KC2653 were generated by antibiotic marker exchange
using the suicide plasmid pKAS32 (46). This vector contains the R6K origin of
replication, which functions only in bacteria that produce the replication protein .
In addition, this vector expresses the E. coli rpsL gene, encoding ribosomal protein
S12, which provides a positive selection for bacteria that have exchanged cloned
plasmid sequences with the corresponding chromosomal sequences.

To clone the hpxR, hpxO, or hpxP gene, primers were designed to amplify the
corresponding open reading frames plus their flanking regions by PCR. A Km
cassette was obtained for each gene by inserting the Km resistance gene kan,
which was obtained by PCR amplification from plasmid pKD4 (12), into the
corresponding coding region. In all the Km cassettes, the kan gene was flanked
by K. pneumoniae-specific genomic sequences of at least 500 bp. Mutagenesis of
chromosomal genes was carried out by homologous recombination between the
Km cassette and the wild-type gene after mating E. coli S17.1(\ pir) harboring
the recombinant pKAS32 derivative containing the Km cassette with K. pneu-
moniae strain KC2653 as the recipient.
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TABLE 2. Final cell densities of cultures grown in glucose minimal medium with different nitrogen sources at 0.6 mM
ODyg of cultures grown with:
Strain Relevant genotype

NH,Cl1 Adenine Hypoxanthine Uric acid Allantoin
ECL1 E. coli wild type 0.22 0.26 NG NG NG
KC2653 Wild type 0.23 0.86 0.81 0.86 0.98
JA-K10 hpxD 0.21 0.24 NG 0.88 0.95
JA-K12 hpxE 0.23 0.22 NG 0.89 0.89
JA-K14 hpxO 0.22 0.22 NG NG 0.85
JA-K15 hpxP 0.25 0.83 0.90 0.83 0.81
JA-K16 hpxR 0.23 0.20 NG 0.86 0.80
KC2738 ntrC NG NG NG ND” ND
KC5249 nac 0.20 0.90 0.86 ND ND

“ NG, no growth.
> ND, not determined.

To construct the 2pxO knockout mutant, the Km-O cassette was obtained as
follows. A 2,297-bp fragment encompassing #pxO and its flanking regions was
amplified by PCR from genomic DNA of strain KC2653. Restriction sites for
EcoRI or Xbal were incorporated at the 5’ ends of the primers to facilitate
directed cloning of the amplified fragment into pKAS32. Disruption of the
cloned hpxO gene was performed by insertion of the kan gene into the Mlul site
located 365 bp downstream of the ATG codon. To construct the pxR knockout
mutant, a 1,127-bp fragment encompassing ApxR and its flanking regions was
amplified by PCR and cloned into the EcoRI and Xbal restriction sites of
pUCI18Not. Disruption of the 4pxR cloned gene was performed by insertion of
the kan gene into the Ascl site located 591 bp downstream of the ATG codon.
The insert containing the disrupted 4#pxR gene was further subcloned into the
Notl restriction site of the suicide plasmid pKAS32. A similar approach was
followed to construct the Km-P cassette used to obtain the ApxP knockout
mutant. The genomic region encompassing this gene was first cloned into
pUCI18Not. Disruption of the cloned ApxP gene was performed by insertion of
the kan gene into the Sphl site (made blunt) located 255 bp downstream of the
ATG codon. This recombinant plasmid was digested with NotI and the corre-
sponding insert subsequently subcloned into pKAS32.

The obtained pKAS32 recombinant plasmids were propagated into strain
EB6193 and introduced into E. coli S17.1(\ pir) by electroporation for mating
with the recipient Sm" strain KC2653 as described previously. Transconjugants
were selected for resistance to Km on citrate plates and further purified in this
medium. Isolated colonies were then grown on LB plates without NaCl contain-
ing Km and Sm (1 mg/ml) to facilitate homologous recombination. After several
rounds of growth at 30°C in this medium, colonies were screened for sensitivity
to Ap in order to identify which transconjugants had undergone allelic exchange
and therefore did not carry the plasmid still integrated (merodiploids of the
target gene). Gene disruption of the correct target gene was verified by PCR and
Southern blot analysis.

Construction of lacZ transcriptional fusions. Transcriptional fusions were
constructed by inserting the promoter fragments into plasmid pRS415 (45). This
plasmid carries a cryptic lacZYA operon and confers resistance to Ap. To con-
struct the hpxD-lacZ fusion, a 443-bp P,,,,.,, promoter fragment was obtained by
PCR and was cloned into plasmid pRS415 using the EcoRI and BamHI sites. To
construct the ipxR-lacZ fusion, a 305-bp Py, promoter fragment, obtained by
PCR, was cloned into plasmid pRS415 using the same restriction sites.

To construct the ipxO-lacZ fusion, a 555-bp fragment encompassing the #pxO-
hpxP intergenic region was amplified by PCR and cloned into the pRS415 vector
using the EcoRI and Smal sites. The same promoter fragment was cloned in the
opposite direction to construct the hpxP-lacZ fusion. For all constructs, plasmid
DNA was sequenced to ensure that the fragment was inserted in the correct
orientation and that no mutations had been introduced during the amplification
reaction.

To transfer the lacZ fusions into the K. pneumoniae chromosome as a single
copy, the recombinant plasmid was first digested with EcoRI and Sacl, and the
fragment containing the promoter fusion was subcloned into plasmid pCB1583
(26). This is a pir-dependent plasmid whose lacZ gene is flanked by genes of the
K. pneumoniae p-ribose operon, thus allowing the integration of the cloned
fusion by homologous recombination into the p-ribose operon of the K. pneu-
moniae recipient strain. The recombinant plasmids containing the different lacZ
fusions were selected after transformation of strain EB6193 as blue colonies on
LB-X-Gal-Km plates and then introduced into strain KC2653 by electropora-
tion. After several rounds of selection in different growth media, stable recom-

binants in the rbs locus were isolated as those displaying the Ap® Km® Sm"
D-ribose negative phenotype (26).

Expression and purification of HpxR. HpxR was purified using the malE gene
fusion system. For this purpose, ipxR was amplified by PCR and cloned into the
BamHI and EcoRI restriction sites of plasmid pC2x, yielding plasmid pC2x-ipxR.
The forward primer was designed to fuse the ATG start codon of /ipxR in frame
with the gene encoding MalE. Overproduction of the MalE-HpxR fusion protein
was achieved in strain XL1Blue carrying the recombinant plasmid pC2x-ApxR
after induction by IPTG (0.3 mM) in LB-glucose-Ap medium for 3 h at 37°C. The
fusion protein was then purified by affinity chromatography with amylose resin
(New England BioLabs) according to the manufacturer’s instructions. Elution
was performed with column buffer containing 10 mM maltose, and 100 pg of the
fusion protein was digested with 1 U of factor Xa by incubation at room tem-
perature for 12 h. The cleaved HpxR protein was used in gel shift experiments.

DNA binding studies. For electrophoretic mobility shift assays, fragments
corresponding to the different promoters of the spx genetic system were gener-
ated by PCR from KC2653 chromosomal DNA. After purification from acryl-
amide gels, fragments were labeled with T4 polynucleotide kinase and
[y-**P]ATP (3,000 Ci/mmol; Amersham). Labeled DNA fragments were incu-
bated with either purified HpxR or crude extracts obtained as described by
Nunoshiba et al. (35) in 10 mM Tris-HCI (pH 7.4), 100 mM KCI, 10 mM MgCl,,
10% glycerol, and 2 mM dithiothreitol in a total volume of 20 pl. Poly(dI-dC)
was used as a nonspecific competitor. The binding mixtures were incubated for
15 min at 37°C and electrophoresed in a prerun gel of 5% native polyacrylamide
containing 10% glycerol in 1X Tris-borate-EDTA buffer at 4°C. The gels were
then dried under vacuum, and the bands were visualized by autoradiography.

Nucleotide sequence accession number. The sequence of the 6,744-bp gene
cluster from K. pneumoniae strain KC2653 that was sequenced in this study has
been deposited in GenBank under accession number EU653284.

RESULTS

Utilization of adenine and hypoxanthine as nitrogen sources
by K. pneumoniae. We analyzed the ability of K. pneumoniae
strain KC2653 to grow on adenine and the intermediates of its
catabolic pathway, hypoxanthine and allantoin. This strain can
utilize all these compounds as a nitrogen source under aerobic
conditions, which indicates that an entire adenine catabolic
pathway exists in K. pneumoniae strain KC2653. The final cell
density of cultures grown with equimolecular amounts (0.6
mM) of NH,Cl, adenine, hypoxanthine, or allantoin as the sole
nitrogen sources indicated that all nitrogens in these purines
and derivatives were assimilated (Table 2). E. coli strain ECL1
was analyzed in parallel as a negative control (53). Other
strains of K. pneumoniae, such as ATCC 13882, ATCC 13883
and 52145, displayed the same purine and allantoin pheno-
types as strain KC2653. These compounds cannot support
growth of these strains when used as a carbon source.
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Identification of the genetic system for hypoxanthine assim-
ilation. In the assimilation pathway of adenine as a nitrogen
source, this nucleobase is converted to hypoxanthine. Thus, we
focused our study on hypoxanthine metabolism. To search for
genes of K. pneumoniae involved in hypoxanthine assimilation
as a nitrogen source under aerobic conditions, we generated a
set of mutants selected by their inability to utilize this purine as
a nitrogen source. Random mini-Tn5 insertion mutants of
strain KC2653 were obtained as described in Materials and
Methods. Four mutants were selected by their inability to as-
similate hypoxanthine as the sole nitrogen source after replica
plating on glucose-hypoxanthine; two of them (JA-K10 and
JA-K12) retained the ability to use allantoin as a nitrogen
source, but the other two mutants (JA-K11 and JA-K13) lost
this ability.

Mapping of mini-Tn5 insertions in the selected mutants was
performed by inverse PCR analysis followed by sequencing the
region adjacent to the TnJ5 joining site using a specific primer for
mini-Tn5. Based on the genome sequence of K. pneumoniae
subsp. pneumoniae MGH 78578, available in the NCBI GenBank
(NC_009648), insertions in the JA-K11 and JA-K13 mutants were
located within genes ginD (KPN_00180), encoding uridil trans-
ferase, and gitD (KPN_03625), encoding a glutamate synthase
subunit, respectively. These genes are involved in nitrogen assim-
ilation and its control under nitrogen-limiting conditions.

In JA-K10 and JA-K12, the mini-Tn5 insertions were closely
located and disrupted genes of unknown function. In JA-K12,
the disrupted gene (KPN_01661) encodes a protein displaying
similarity to oxidoreductases acting on aromatic compounds.
In JA-K10, the transposon insertion was located 120 bp up-
stream of the ATG codon of the same gene, KPN_01661, in an
open reading frame displaying similarity to genes encoding
oxygenases of aromatic compounds, such as vanillate O-de-
methylase from the genus Xanthomonas or Pseudomonas.
Since mutations in these genes did not impair utilization of
allantoin as a nitrogen source (Table 2), the encoded proteins
may act in enzymatic reactions involved in the transformation
of hypoxanthine to allantoin.

Computational analysis of the genomic region encompassing
the genes disrupted in the JA-K10 and JA-K12 mutants allowed
us to identify a gene cluster formed by seven genes that may be
involved in the hypoxanthine assimilation pathway and for which
we propose the notation Apx (Fig. 1B). An in silico analysis
through the Neural Network Promoter Prediction program (http:
/fwww fruitfly.org/seq_tools/promoter.html) identified putative
promoters at the 5" ends of genes hpxD, hpxR, hpxO, and hpxP,
suggesting its organization into four transcriptional units.

This gene cluster (6,744 bp) was sequenced from K. pneu-
moniae strain KC2653. Comparison of this nucleotide se-
quence with that of strain MGH 78578 revealed some differ-
ences at the nucleotide level but the same gene cluster
organization. For all genes, the encoded proteins displayed a
high degree of identity (around 98% overall).

The amino acid sequences encoded by the Apx genes were
used as the query sequences for BLASTP search in the
GenBank database. ApxR encodes a protein of the LysR reg-
ulatory family, #pxO encodes a protein displaying high similar-
ity to flavin adenine dinucleotide (FAD)-containing monooxy-
genases acting on aromatic compounds, and ApxP encodes a
product that is similar to xanthine and guanine/uracil trans-
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porters. The hpxQ gene product displays similarity to OHCU
decarboxylases and the ApxT product to proteins of the
transthyretin family involved in the hydrolysis of HIU.

To determine the function of these proteins in the metabolic
pathway of hypoxanthine dissimilation, 4pxO, hpxP, or hpxR
knockout mutants were constructed in the genetic background
of strain KC2653, as described in Materials and Methods. The
effects of these mutations on different steps in the hypoxan-
thine catabolic pathway were analyzed by growth of the mutant
strains on glucose minimal medium containing hypoxanthine
or uric acid as the sole nitrogen source. The phenotypes of the
mutants with mini-Tn5 insertions in spxD and hpxE (strains
JA-K10 and JA-K12) were also analyzed. Mutations in ApxO
impaired utilization of both hypoxanthine and uric acid as
nitrogen sources, while mutations in ApxD or hpxE abolished
only hypoxanthine assimilation (Table 2). These results sug-
gested a putative role of ApxD- and hpxE-encoded proteins as
xanthine dehydrogenase subunits and HpxO as a putative
uricase. Based on sequence similarity, we propose that HpxT
could hydrolyze the intermediate HIU generated in the uricase
reaction, yielding OHCU, which would be transformed into
allantoin by the action of HpxQ (7, 23, 36). We have been
unable to directly verify these functions by assaying xanthine
dehydrogenase or uricase activity in cell extracts obtained from
strain KC2653 or with the ApxDE and hpxO genes expressed
from a high-copy-number plasmid.

Regarding hpxP, although the encoded protein displays high
similarity to purine transporters, disruption of this gene (mu-
tant strain JA-K15) did not modify growth on hypoxanthine or
uric acid (Table 2).

Mutations in ApxR (mutant strain JA-K16) did not abolish
uric acid utilization but impaired assimilation of hypoxanthine
as a nitrogen source (Table 2). This phenotype suggests that
this LysR-type regulator could act as an activator of hipxDE
expression.

Transcriptional organization of the ipx regulon. In this study,
the 5" ends of the Apx transcripts were experimentally deter-
mined by the 5'-RACE method (Fig. 2). For the hpxDE, hpxR,
and hpxO transcriptional units, inspection of the DNA se-
quences upstream of nucleotide +1, the mRNA start site,
revealed the presence of —35 and —10 sequences, which were
similar to the o7 consensus (Fig. 2). However, for the ipxPQT
operon this position was localized in a putative ¢°* promoter
region identified by in silico analysis using Promscan (score,
55) (http://www.promscan.uklinux.net/home.html) (48). These
results suggest that in cells grown with hypoxanthine as the
nitrogen source, ipxDE, hpxR, and hpxO are transcribed by the
o’%-dependent RNA polymerase, while 4pxPQT transcription
seems to be dependent on ¢°*.

Effect of the nitrogen source on expression of the hpx tran-
scriptional units. As the Apx genetic system is involved in the
assimilation of an organic nitrogenous compound, expression
of the Apx promoter fusions (hpxD-lacZ, hpxR-lacZ, hpxO-lacZ,
and hpxP-lacZ) was analyzed in the genetic background of
strain KC2653 grown with different nitrogen sources. B-Galac-
tosidase activity was measured in glucose cultures with nitro-
gen excess (GNGIn), with nitrogen limitation (GGlIn), or with
hypoxanthine (GHx) or uric acid (GUr) as the sole nitrogen
source.

The results presented in Table 3 show that only ~ApxDE and
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CATAACCAACGGAAAAATACTTAGTTTTCAAAGACATACAACGTAATTCTTAGATAGCAAAGTCCGCGGACCAAGTCGTCGCTTCTCCTCACTACGTAGTG
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ACTATTATTTAAATAACCTCGGGAAAACAGCAGAGACCGGACGAAACACGTGAACGGGTACGTGAAGAGARATGATGCCCTATAGIGATAC
FIG. 2. Promoter sequences of the divergently transcribed ApxD and hpxR genes and ApxO and hpxP genes. For each gene, the ATG initiation
codon is boxed, the consensus for RNA polymerase (—10 and —35 sequences for o’ recognition in hpxD, hpxR, and hpxO or the ¢>* recognition
sequence in 2pxP) is boxed with dotted lines, and the 5" end is shown by a black arrowhead labeled +1. Putative IHF or NtrC binding sites identified
using Promscan and Virtual Footprint programs are indicated. Consensus sequences for LysR-type regulators (T-N,;-A) are indicated. The
sequence with partial dyad symmetry, TCTGC-N,-GCAAA, whose deletion abolished HpxR binding is indicated by arrows and labeled as the

HpxR site, whereas the T-N;;-A sequence, shown not to be involved in HpxR binding, is underlined with a dashed line.

hpxPQT are regulated by nitrogen availability. These transcrip-
tional units are repressed by nitrogen excess but induced under
nitrogen-limiting conditions. Maximal induction of 4pxDE was
achieved by growth with hypoxanthine as the sole nitrogen
source, whereas for ApxPQT, hypoxanthine and uric acid
yielded similar B-galactosidase levels. These results suggest
additional control of these operons, probably mediated by hy-
poxanthine or derived metabolites. We next examined whether
this specific regulation is influenced by nitrogen availability. To
this end, hypoxanthine or uric acid was added to high-ammonia
(GNGInHx and GNGInUr) or to nitrogen-limited (GGIlnHx
and GGInUr) cultures. Induction of ®(hpxDE-lacZ) and
®(hpxP-lacZ) by either hypoxanthine or uric acid was impaired
when cells were grown in the presence of excess nitrogen

(Table 3). However, addition of hypoxanthine to nitrogen-
limited cultures led to a large increase in the B-galactosidase
levels, although these were somewhat lower than those ob-
tained with hypoxanthine alone (Table 3). Addition of uric acid
to nitrogen-limited cultures induced expression only of
@ (hpxP-lacZ). These results strongly indicate that two levels of
control drive the expression of ~ApxDE and hpxPQT operons: (i)
nitrogen-limiting conditions derived from low ammonia levels
and (ii) availability of the specific nitrogen compound.
Regarding the other structural gene (hpxO), as B-galactosi-
dase levels were similar under nitrogen excess or nitrogen
limitation, its regulation by nitrogen availability may be ruled
out. When hypoxanthine or uric acid was the only nitrogen
source, (-galactosidase levels were slightly higher, although

TABLE 3. B-Galactosidase activity from the spx operon fusions in the genetic background of strain KC2653 grown under different conditions
of nitrogen availability

B-Galactosidase sp act (U/mg) from cells grown in“:

Promoter fusion

GNGIn GNGInHx GNGInUr GGIn GGInHx GGInUr GHx GUr
D (hpxD-lacZ) 11 18 8.0 589 23,609 463 33,184 1,447
D (hpxR-lacZ) 132 125 117 149 118 149 138 136
O(hpxO-lacZ) 624 579 489 820 729 706 999 916
D (hpxP-lacZ) 44 42 47 348 1,944 1,109 4,170 3,892

“ Activity values are the averages from four assays with a standard error of 15% or less. One unit of B-galactosidase activity corresponds to the amount of enzyme
that hydrolyzes 1 nmol of ONPG per min. Growth media were as follows: GNGln, nitrogen-excess medium, containing 0.4% glucose and 0.2% each ammonium sulfate
and L-glutamine; GNGInHx and GNGInUr, same as GNGIn but containing 0.1% hypoxanthine or 0.1% uric acid, respectively; GGln, nitrogen-limiting medium,
containing 0.4% glucose and 0.04% L-glutamine; GGInHx and GGInUr, same as GGIn but containing 0.1% hypoxanthine or 0.1% uric acid, respectively; GHx and GUTr,
0.4% glucose minimal media containing, respectively, 0.1% hypoxanthine or 0.1% uric acid as the sole nitrogen source.
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TABLE 4. Expression of ipxD-lacZ and hpxP-lacZ promoter fusions
in mutants with different mutations of the Ntr system grown in
glucose nitrogen-limiting medium

J. BACTERIOL.

TABLE 5. Expression of ipxD-lacZ and hpxP-lacZ promoter fusions
in ApxD or hpxO mutants grown in glucose nitrogen-limiting medium
in the presence or absence of either hypoxanthine or uric acid

B-Galactosidase sp act (U/mg) from cells
grown in GGIn”
Promoter fusion

KC2653 KC2653 KC2653 KC2653
rpoN ntrC nac
O (hpxD-lacZ) 589 624 668 479
O(hpxP-lacZ) 347 108 84

@ Activity values are the averages from four assays with a standard error of
15% or less. One unit of B-galactosidase activity corresponds to the amount of
enzyme that hydrolyzes 1 nmol of ONPG per min. GGln, nitrogen-limiting
medium containing 0.4% glucose and 0.04% L-glutamine.

they did not reach a twofold increase with respect to the other
nitrogen conditions (Table 3).

Levels of B-galactosidase activity expressed by the hpxR-lacZ
fusion were similar for all the nitrogen sources tested. These
results indicate the constitutive expression of the regulatory
gene hpxR, which is not influenced by nitrogen availability or
the presence of hypoxanthine (Table 3).

Expression of hipxDE and hpxPQT in Ntr mutants. We next
examined whether the regulation of ApxDE and hpxPQT oper-
ons by nitrogen availability was mediated by components of the
Ntr system. Since hpxDE is transcribed by the o’°-dependent
RNA polymerase, nac mutants were also tested in this study.
First, we analyzed the ability of the mutant strains KC2738
(ntrC) and KC5249 (nac) to grow on hypoxanthine as the sole
nitrogen source. Mutations in ntrC completely abolished
growth on this purine, whereas a nac mutation had no effect,
with the culture yield for this strain (KC5249) being similar to
that for the parental strain KC2653 (Table 2). These results
pointed to the involvement of NtrC in the regulation of the Apx
genetic system.

To analyze the effect of rpoN, ntrC, or nac mutations on hpxDE
and hpxPQT expression, these mutations were introduced by P1
transduction into the genetic background of strain KC2653 bear-
ing ®(hpxD-lacZ) or ®(hpxP-lacZ). The presence of these muta-
tions in the selected transductants was checked by the reduction
in urease activity levels (not shown). Expression of ®(hpxD-lacZ)
and ®(hpxP-lacZ) in the derived mutant strains was determined
after growth under nitrogen-limiting conditions (GGln) and com-
pared with that of the parental strain KC2653 (Table 4). Expres-
sion of hipxDE was not modified by rpoN, ntrC, or nac mutations,
thus ruling out the involvement of NtrC or NAC in the nitrogen
control of the 4ipxDE operon. Consistent with these results, an in
silico analysis of the ApxD 5’ upstream region performed with
Promscan and Virtual Footprint software (http://www.prodoric
.denfp and http://www.promscan.uklinux.net/home.htlm) failed
to identify any putative binding site for NtrC or NAC. Thus, an
as-yet-unidentified nitrogen-sensing system other than Ntr seems
to be involved in the control of this operon.

Regarding ®(hpxP-lacZ), B-galactosidase levels clearly showed
that expression of ApxPQOT was significantly reduced under nitro-
gen limitation in both rpoN and ntrC mutants (Table 4). In these
mutants activity levels were close to those obtained under condi-
tions of excess nitrogen. An in silico analysis of the 4pxP promoter
region identified four putative NtrC binding sites upstream from
the o”*-recognized sequence and an integration host factor (IHF)

B-Galactosidase sp act (U/mg) from cells grown in“:

Promoter fusion GGInHx GGInUr

KC2653  JA-KI0 (hpxD)  KC2653  JA-K14 (hpxO)
O(hpxD-lacZ) 23,609 32,274 463 197
D(hpxP-lacZ) 1,944 266 1,108 910

“ Activity values are the averages from four assays with a standard error of
15% or less. One unit of B-galactosidase activity corresponds to the amount of
enzyme that hydrolyzes 1 nmol of ONPG per min. GGInHx and GGInUr,
nitrogen-limiting media that contain 0.4% glucose and 0.04% L-glutamine plus
0.1% hypoxanthine or 0.1% uric acid, respectively.

binding site located between the NtrC and the o sites (Fig. 2).
These findings strongly support the hypothesis that the nitrogen
regulation of the #pxPQT operon is mediated by NtrC.

Specific regulation of the ipx gene cluster mediated by hy-
poxanthine or uric acid. As stated above, in addition to nitro-
gen control, a specific regulatory mechanism was observed for
the hpxDE and hpxPQT operons in the presence of hypoxan-
thine, or in the presence of uric acid in the case of hpxPQT
(Table 3). In an attempt to identify the signal molecule medi-
ating this activation, expression of ®(hpxD-lacZ) and ®(hpxP-
lacZ) was analyzed in the genetic background of an hpxD
mutant (unable to transform hypoxanthine in uric acid) or an
hpxO mutant (unable to degrade uric acid). Parental strain
KC2653 was analyzed as the control. B-Galactosidase activity
was determined in cells grown under nitrogen-limiting condi-
tions in the presence of hypoxanthine (GGInHx) or uric acid
(GGInUr) (Table 5). Induction of ®(hpxP-lacZ) by hypoxan-
thine was abolished in the ApxD mutant but remained un-
changed in the #pxO mutant. These results indicate that uric
acid is required for induction of the hpxPQT operon.

In contrast, an ApxD mutation did not impair induction of
®(hpxD-lacZ) by hypoxanthine. In the presence of this com-
pound, B-galactosidase levels were even higher than those in
wild-type cells. Accordingly, in the parental strain KC2653,
growth in the presence of uric acid yielded B-galactosidase
levels similar to those obtained in cultures grown in low-am-
monia medium in the absence of this compound (Table 3).
Taken together, these results point to hypoxanthine as the
signal molecule that triggers ApxDE induction. B-Galactosidase
levels in the ApxO mutant grown in the presence of uric acid
were somewhat lower than those displayed by the parental
strain KC2653.

Role of HpxR in the regulation of sipxDE and hpxR. The fact
that mutations in #pxR did not abolish uric acid utilization but
impaired assimilation of hypoxanthine as a nitrogen source
(Table 2) pointed to HpxR as an activator of hpxDE expres-
sion. In order to experimentally confirm this role, expression of
®(hpxD-lacZ) was analyzed in the ApxR mutant grown in dif-
ferent nitrogen conditions (Fig. 3). In this mutant, induction of
®(hpxD-lacZ) in limited nitrogen (GGln) and in the presence
of hypoxanthine (GGInHx) was totally abolished. Under these
conditions, B-galactosidase levels were lower than 100 U/mg.
These results clearly implicate HpxR in the transcriptional
activation of the hpxDE operon, mediated not only by hypo-
xanthine but also by nitrogen availability.
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FIG. 3. Effect of an #pxR mutation on the expression of ®(hpxD-lacZ), ®(hpxR-lacZ), and ®(hpxP-lacZ). Cells of the parental strain KC2653
(gray bars) and the ApxR mutant strain JA-K16 (black bars) bearing the indicated promoter fusion were grown in the indicated culture media.
GNGln is a nitrogen-excess medium that contains 0.4% glucose and 0.2% each ammonium sulfate and L-Gln, and GGIn is a nitrogen-limiting
medium that contains 0.4% glucose and 0.04% L-Gln. Where indicated, 0.1% hypoxanthine (Hx) or 0.1% uric acid (Ur) was added to these media.
B-Galactosidase activity is expressed as specific activity. One unit of B-galactosidase activity corresponds to the amount of enzyme that hydrolyzes

1 nmol of ONPG per min. Error bars indicate standard deviations.

Since regulators of the LysR family usually repress their own
transcription when activating the divergent structural gene
(42), expression of ®(hpxR-lacZ) was also analyzed in the hpxR
mutant. In this mutant a sixfold increase in B-galactosidase
activity under nitrogen-limiting conditions (GGIn or GGInHx)
and a threefold increase in cultures grown in nitrogen excess
(GNGIn or GNGInHx) were observed with respect to the pa-
rental strain KC2653 (Fig. 3). These results indicate that HpxR
is autogenously regulated and that this mechanism may con-
tribute to maintenance of basal levels of this regulatory pro-
tein.

As expected, expression of ®(hpxO-lacZ) was not modified
in the ApxR mutant (not shown). Regarding expression of
O (hpxP-lacZ), the mutation in ApxR did not change the induc-
tion pattern under nitrogen-limiting conditions or in the pres-
ence of uric acid (Fig. 3). The lack of induction in cultures
grown in the presence of hypoxanthine may be attributed to an
indirect effect, since in this mutant formation of uric acid from
hypoxanthine by the action of HpxDE is no longer possible.

Analysis of HpxR binding to promoter regions of the hpx
system. To examine the binding of HpxR to the promoter
regions of the hpx gene cluster, gel shift experiments with
purified HpxR were performed with fragments encompassing
the intergenic region between ApxD and hpxR (Sderl) or be-
tween hipxO and hxpP (Sopl). The results presented in Fig. 4B
show binding of HpxR to probe Sderl, which is consistent with
the proposed role of HpxR in the regulation of 4pxDE and
hpxR transcription. Addition of hypoxanthine to binding reac-
tion mixtures did not modify the number or the mobility of the
complexes formed between HpxR and Sderl. In contrast, no
retarded complexes were observed with probe Sopl. This is
consistent with the results obtained in the expression analysis
of hpxO and hpxPQT in the genetic background of an ApxR
mutant and clearly eliminates a direct role of HpxR in ixpPQT
control.

To more precisely locate the HpxR binding site in the ApxD-
hpxR intergenic region, two additional probes with deletions of

the intergenic region close to pxR were obtained (Sder2 and
Sder3) and used in electrophoretic mobility shift assays. A
retarded complex was observed with probe Sder2 but not with
probe Sder3 (Fig. 4). The sequence TCTGC-N,-GCAAA, with
a partial dyad symmetry and displaying the consensus for the
LysR-type regulators (T-N,;-A), was identified in Sder2 (po-
sitions —54 to —66 with respect to the hpxD transcriptional
start site) (Fig. 2). This location together with the fact that this
consensus sequence is partially deleted in probe Sder3 gives
support to its role as putative HpxR site. The sequence
T-N,;-A, without any dyad symmetry identified in silico and
located between positions —73 to —85 with respect to hpxD
(Fig. 2), does not seem to be functional, as its deletion in Sder2
did not impair HpxR binding.

Additional gel shift assays were performed with probe Sder2
and cell extracts obtained from wild-type strain KC2653 grown
under different nitrogen availability conditions. In cells grown
with hypoxanthine as the sole nitrogen source, only one re-
tarded complex (HpxR), displaying the same electrophoretic
mobility as the HpxR complex, was apparent (Fig. 4C, lane 7).
Under conditions of nitrogen excess, a different retarded com-
plex (NR) was observed, which may be compatible with a
protein interacting with this promoter under conditions of high
nitrogen availability (Fig. 4C, lanes 3 and 4). In cells grown
under nitrogen-limiting conditions in the presence of hypoxan-
thine, faint bands corresponding to both complexes could be
detected (Fig. 4C, lane 6).

DISCUSSION

At present the utilization of purine bases and their deriva-
tives as carbon or nitrogen sources in K. pneumoniae is poorly
defined. Significant discrepancies in the capacities of different
isolates of the genus Klebsiella to use these compounds for
growth can be found in the literature (49, 50). The great variety
of diverse phenotypes observed from strain to strain has been
attributed to the high frequency of horizontal transfer events
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FIG. 4. Binding of HpxR to promoter fragments of the apx system. (A) Diagrams of the ipxO-hpxP and hpxD-hpxR intergenic regions showing
the transcription start site for each gene. The putative HpxR binding site (TCTGC-N,-GCAAA) in the divergent ApxD and hpxR promoters is
indicated by a black box. The promoter fragments used as probes (Sop1, Sder1, Sder2, and Sder3) and their end positions with respect to the +1
position of the indicated gene are shown below each intergenic region. (B) Gel shift assays performed with recombinant HpxR. The ?P-labeled
Sopl probe encompassing the ipxO-hpxP intergenic region was added to binding mixtures containing increasing amounts of HpxR (0.1, 0.4, 0.8,
or 2 pg) (left panel). Sderl, Sder2, or Sder3 *?P-labeled probes were added to binding mixtures containing 0.5 pg of HpxR (middle panel).
Hypoxanthine from 100 to 500 uM was added to binding reaction mixtures carried out with 0.5 wg of HpxR and probe Sder1 (right panel). All
mixtures contained 20 ng of the indicated probe and a 500-fold molar excess of poly(dI-dC). Reaction mixtures were incubated at 30°C for 15 min
and directly subjected to polyacrylamide gel electrophoresis. (C) Gel shift assays performed with probe Sder2 and crude extracts from cells of strain
KC2653 grown with different nitrogen sources. Lane 1, no protein added; lane 2, recombinant HpxR as a control; lane 3, cell extract from GNGIn
cultures; lane 4, cell extract from GNGInHx cultures; lane 5, cell extract from GGIn cultures; lane 6, cell extract from GGInHx cultures; lane 7,
cell extract from GHx cultures. All mixtures contained 20 ng of the indicated probe, 5 g of the cell extract, and a 500-fold molar excess of
poly(dI-dC). Reaction mixtures were incubated at 30°C for 15 min and directly subjected to polyacrylamide gel electrophoresis. Retarded
complexes attributed to HpxR or to nitrogen repression conditions (NR) are indicated.

within this genus (29). For instance, a 22-kb chromosomal
region containing genes similar to the all regulon of E. coli (11)
was present in the genomes of some K. pneumoniae strains
associated with liver infection. This region, with a different
G+C content, was absent from the genomes of most strains
not associated with liver infection, such as MGH 78578, and
confers to the pathogenic strains the ability to use allantoin as
the sole source of carbon, nitrogen, and energy under both
aerobic and anaerobic conditions (8).

Our results show that adenine and hypoxanthine can be used
as nitrogen sources but not as carbon sources by several strains
of K. pneumoniae under aerobic conditions. In contrast to what
has been described for E. coli (11, 53), the assimilation of all
nitrogens of these purines indicates that in K. pneumoniae the
catabolic pathway is complete and proceeds past allantoin.
Under anaerobic conditions these K. pneumoniae strains can

grown with allantoin but fail to grow with hypoxanthine and
are only able to assimilate one nitrogen from adenine. This
suggests that the reactions involved in the oxidation of hypo-
xanthine or uric acid are impaired by the absence of oxygen.

Here we have identified and characterized the genetic sys-
tem of K. pneumoniae that is responsible for the oxidation of
hypoxanthine to allantoin, which is essential for nitrogen as-
similation from purines under nitrogen-limiting conditions.
The hpx system displays several interesting features: (i) the
encoded proteins involved in the oxidation of hypoxanthine
and uric acid do not display any similarity to other reported
enzymes known to catalyze these reactions, and (ii) a global
nitrogen control system other than Ntr is involved in the reg-
ulation of the ApxDE operon.

Oxidation of hypoxanthine to uric acid was shown to be a
function of the hipxDE-encoded proteins. However, as reported by
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other authors (53), we were not able to detect xanthine dehydro-
genase activity associated with HpxD and HpxE. In this sense, it
is worth mentioning that these proteins did not display any sim-
ilarity to xanthine dehydrogenases, which typically contain molyb-
denum cofactor (MoCo) binding domains (19). No other genes
encoding MoCo-containing xanthine dehydrogenase subunits are
found in the K pneumoniae MGH78578 genome. These obser-
vations are consistent with reports that mutations in the genes
encoding proteins of the MoCo synthesis pathway did not impair
growth of K. pneumoniae M5al (now classified as Klebsiella oxy-
toca) with hypoxanthine as the sole nitrogen source (16). The high
similarity of ApxDE-encoded proteins to oxygenases acting on
aromatic compounds and the presence of Rieske domains in
HpxD and of [2Fe-2S] and FAD domains in HpxE suggest that
these proteins may constitute a two-component oxygenase struc-
turally related to class IB dioxygenases, enzymes typically involved
in aromatic ring hydroxylations (30). HpxD would be equivalent
to the oxygenase component and HpxE to the reductase compo-
nent. Oxidation of hypoxanthine to uric acid requires two sequen-
tial hydroxylation reactions, most likely catalyzed by monooxy-
genases. However, the distinction between dioxygenase activity
and monooxygenase activity is not always absolute. For instance
toluene and naphthalene dioxygenases can catalyze monooxy-
genase reactions, as in the oxidation of indene and indan, respec-
tively (30). In addition, the electron transfer chain of aromatic
dioxygenases is present in other oxygenases such as O-vanillate
demethylase of Pseudomonas strain ATCC 19151, which catalyzes
a monooxygenase reaction (30). As stated in Results, HpxD dis-
plays high similarity to one of the subunits of O-vanillate demeth-
ylase.

Likewise, the ApxO-encoded protein is essential for uric acid
oxidation, although similarity was found not with known
uricases but instead with FAD-dependent monooxygenases.
The identification in the ApxPQT operon of genes encoding
proteins similar to HIU hydrolases and OHCU decarboxylases
suggests that hydroxylation of uric acid by the monooxygenase
HpxO would result in a cyclic intermediate, probably HIU.
Thus, the complete conversion of uric acid to allantoin would
require the sequential action of HpxO, HpxQ, and HpxT. The
inability to detect uricase activity in cells with ApxO expressed
from a high-copy-number plasmid is probably due to the lack
of HpxQ and/or HpxT function.

On the basis of amino acid sequence similarity and the
induction of hpxPQT expression by uric acid, HpxP is proposed
to be a permease of the nucleobase-ascorbate transporter fam-
ily that may act as a xanthine and/or uric acid transporter.
HpxP contains the xan_ur_permease domain present in other
xanthine/uracil transporters of this family, such as UapA of
Aspergillus nidulans or PbuX of Bacillus subtilis (9, 18, 23).
Although disruption of ApxP did not modify growth on hypo-
xanthine or uric acid, a role of this protein as a purine trans-
porter cannot be ruled out, since in a given organism, the
existence of several nucleobase transporters that display wide
substrate specificity is rather common (13, 14, 21). In fact, at
least two genes encoding purine transporters (KPN_04013 and
KPN_02555) can be identified by in silico analysis in the MGH
78578 genome.

Expression of the Apx genetic system is activated by nitrogen
limitation and by the presence of specific substrates, with
hpxDE and hpxPQT being the transcriptional units controlled
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by both signals. Repression of these operons under conditions
of nitrogen excess is not relieved by the addition of hypoxan-
thine or uric acid. Expression of the structural gene 4pxO and
the regulator gene ApxR remains almost unchanged under dif-
ferent conditions of nitrogen availability. The low increase
(less than twofold) in B-galactosidase activity in KC2653 cells
bearing ®(hpxO-lacZ) grown with hypoxanthine as a nitrogen
source may be the consequence of the regulatory events oper-
ating under these conditions on the overlapping and divergent
hpxP promoter.

Mutations impairing NtrC function abolish assimilation of
hypoxanthine as a nitrogen source, suggesting the involvement
of the Ntr system in the regulation of genes involved in this
catabolic pathway. In fact, nitrogen control of hpxPQT tran-
scription is mediated by the Ntr system, as the expression of
O (hpxP-lacZ) is clearly reduced in cultures grown under nitro-
gen-limiting conditions. This is further supported by the results
for the hpxP transcription initiation site, which showed that in
cells grown in hypoxanthine, spxPQT transcription seems to be
dependent on ¢°*. Furthermore, NtrC and IHF binding sites
have been identified in the promoter region in locations com-
patible with NtrC-mediated control, as reported for other
NtrC-controlled genetic systems (6, 36, 48). The fact that
hpxPQT expression was not completely turned off in the rpoN
mutant suggests that another promoter may drive its transcrip-
tion. In contrast, neither NtrC nor NAC is involved in the
nitrogen control of the ApxDE operon, which is dependent on
RNA polymerase bearing o’ for transcription. The retarded
complex observed in cell extracts obtained from cells grown
under conditions of nitrogen excess suggests that an as-yet-
unidentified repression mechanism may regulate ipxDE tran-
scription under these conditions. Regulation of gene expres-
sion by means of repressors under conditions of nitrogen
excess has been described for Bacillus subtilis (52) and yeast
(10). Consistently, the NR retarded complex is absent in ex-
tracts of cells grown with hypoxanthine. Under these condi-
tions, only the HpxR-DNA complex is apparent. The addition
of this purine to cultures with limited nitrogen may result in a
semi-excess nitrogen condition, as described elsewhere (34). In
this situation, in which two nitrogen sources are present
(GInHx), the ammonia molecules liberated from hypoxanthine
are added to those formed from Gln, thus increasing the in-
tracellular ammonia levels. Under such conditions in which
both NR and HpxR proteins may be present, the two retarded
complexes can be observed as faint bands.

Thus, different regulators are involved in the coordinated
activation of the structural ipxDE and hpxPQT operons under
conditions of nitrogen limitation. Activation of these operons
by the specific substrates is also mediated by different signal
molecules and regulatory proteins. Our results clearly indicate
that ApxPQT induction requires uric acid formation and that
the regulatory protein HpxR is not involved in this mechanism.
However, hpxDE expression is induced in the presence of hy-
poxanthine through the regulatory protein HpxR. Mobility
shift experiments performed with deleted promoter fragments
suggest that this LysR-type regulator binds to the TCTGC-N,-
GCAAA site in the intergenic ApxD-hpxR region located up-
stream of the —35 promoter sequence of ApxD and down-
stream of the transcription initiation site of #pxR. This location
is consistent with the activator role of HpxR in hpxDE tran-
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scription. When bound to this site for ipxDE activation, HpxR
negatively controls its own transcription, as shown by the in-
creased expression of ®(hpxR-lacZ) in the hpxR mutant strain
JA-K16 under all the culture conditions tested.

As in other members of the LysR family (39, 42), binding of
HpxR to its recognition site does not require interaction with
the effector molecule. Addition of hypoxanthine to binding
reaction mixtures does not modify the pattern of the HpxR-
DNA complex, suggesting that if this purine is the direct ef-
fector, it may induce a conformational change that allows in-
teraction of HpxR with RNA polymerase or other proteins
involved in the formation of the transcription complex. Alter-
natively, these results may indicate that induction by hypoxan-
thine could be attributed to an indirect effect through changes
in the intracellular levels of other signal molecules. Our results
rule out uric acid as the signal molecule mediating this indirect
effect. Other molecules related to hypoxanthine metabolism or
purine salvage could be involved, as was described for PurR
from Lactococcus lactis (22). The fact that mutations in ApxR
also impaired expression of ®(hpxD-lacZ) under nitrogen-lim-
iting conditions in the absence of hypoxanthine (GGln)
strongly indicates that HpxR controls ipxDE expression under
such conditions.

From these results, a model for the control of the ApxDE
operon by HpxR may be derived. Under conditions of nitrogen
excess, expression of hpxDE is repressed. When nitrogen is
limiting, the repression is relieved, thus allowing transcription
of this operon. In this situation, HpxR bound to the TCTGC-
N,-GCAAA recognition site can activate ipxDE transcription
to some extent. In the presence of hypoxanthine, HpxR trig-
gers maximal transcription of the ApxDE operon, probably
through a conformational change mediated by a signal mole-
cule that facilitates interaction of HpxR with RNA polymerase
or other transcriptional regulators.

Oxidation of hypoxanthine by the oxygenase HpxDE yields
uric acid, which in turn induces ApxPQT expression. This reg-
ulatory mechanism operates under nitrogen limitation, condi-
tions under which NtrC also contributes to the activation of
this operon.
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