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Pseudomonas putida uses L-lysine as the sole carbon and nitrogen source which preferentially requires its
metabolism through two parallel pathways. In one of the pathways �-aminovalerate is the key metabolite,
whereas in the other L-lysine is racemized to D-lysine, and L-pipecolate and �-aminoadipate are the key
metabolites. All the genes and enzymes involved in the D-lysine pathway, except for those involved in the
conversion of D-lysine into �1-piperideine-2-carboxylate, have been identified previously (30). In this study we
report that the conversion of D-lysine into �1-piperideine-2-carboxylate can be mediated by a D-lysine amino-
transferase (PP3590) and a D-lysine dehydrogenase (PP3596). From a physiological point of view PP3596 plays
a major role in the catabolism of D-lysine since its inactivation leads to a marked reduction in the growth rate
with L- or D-lysine as the sole carbon and nitrogen source, whereas inactivation of PP3590 leads only to slowed
growth. The gene encoding PP3590, called here amaC, forms an operon with dpkA, the gene encoding the
enzyme involved in conversion of �1-piperideine-2-carboxylate to L-pipecolate in the D-lysine catabolic path-
way. The gene encoding PP3596, called here amaD, is the fifth gene in an operon made up of seven open reading
frames (ORFs) encoding PP3592 through PP3597. The dpkA amaC operon was transcribed divergently from the
operon ORF3592 to ORF3597. Both promoters were mapped by primer extension analysis, which showed that
the divergent �35 hexamers of these operon promoters were adjacent to each other. Transcription of both
operons was induced in response to L- or D-lysine in the culture medium.

Pseudomonas putida KT2440, a derivative of P. putida mt-2
from which the TOL plasmid was cured (15, 25), can grow on
proline, lysine, glutamate, and other amino acids as the sole
carbon and nitrogen source. The ability to assimilate these
compounds confers a selective advantage by enabling the strain
to grow in the rhizosphere of a number of plants, where these
amino acids form part of the root exudates (4, 13, 21, 23).

Pioneering work on bacterial lysine metabolism (17) helped
establish two parallel catabolic pathways (Fig. 1), starting with
the interconversion by a racemase of both enantiomers of
lysine. L-Lysine catabolism proceeds through the so-called ami-
novalerate (AMV) pathway and involves the following steps:
L-lysine3 �-aminovaleramide3 �-AMV3 glutarate semial-
dehyde 3 glutarate, which is then channeled into the Krebs
cycle via glutaryl- and acetyl-coenzyme A (CoA). On the other
hand, D-lysine catabolism proceeds via a series of cyclized
intermediates which are necessary to regenerate an �-amino
acid and comprise the following metabolites (aminoadipate
[AMA] pathway): D-lysine 3 �-keto-ε-amino caproate 3 �1-
piperideine-2-carboxylate 3 pipecolate 3 �1-piperideine-6-
carboxylate 3 �-amino-�-formylcaproate3 �-AMA 3 �-ke-
toadipate. The latter is transformed to �-ketoglutarate via a
series of CoA derivatives. These steps were established at the
biochemical level in the early 1970s (6, 7, 8, 9, 14, 20), whereas
the genetic organization of the pathway remained unknown in

P. putida and other microorganisms. We identified some of the
catabolic genes and found that the expression of davT encod-
ing �-AMV aminotransferase was induced in the rhizosphere
of maize (13). This led us to further study L-lysine catabolism
in this strain. To identify the genes encoding the enzymes
involved in the catabolism of L-lysine by P. putida KT2440, we
isolated mini-Tn5 mutants unable to use this amino acid as the
sole C and N source. The sites of transposon insertions in
davB, davA, davD, and davT were determined by DNA se-
quencing, and the nature of the interrupted metabolic steps
was identified by determining the accumulation of pathway
intermediates with isotopically labeled L-lysine (13, 29, 30).

This type of study led us to confirm that L-lysine catabolism
indeed proceeds via two parallel pathways in P. putida and that
the operation of the AMA pathway requires the initial lysine
racemase, which converts L-lysine into D-lysine (30). The fate
of L-[13C]lysine in mutants blocked in the AMV pathway has
allowed us to show that AMA pathway intermediates can be
channeled into the AMV pathway via �-ketoadipate and glu-
tarate (30).

The davB promoter was silent in the absence of L-lysine but
was induced to a high level in response to this amino acid (30).
In contrast, the davD promoter exhibited a low basal level that
increased about fourfold in response to the addition of exog-
enous L-lysine to the culture medium (13).

As mentioned above, the efficient utilization of L-lysine as
the sole C and N source requires it to be partially metabolized
via the D-lysine pathway upon racemization. In previous stud-
ies we along with another group identified the amaA, amaB,
and dpkA genes involved in the steps from �1-piperideine-2-
carboxylate down to AMA and showed that mutants in each
step accumulated the expected metabolites (24, 30).
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This study was undertaken to identify the gene(s) responsi-
ble for the first step in D-lysine catabolism in KT2440. Our
results revealed that downstream from dpkA, and forming an
operon with it, is the amaC gene, whose gene product is an
aminotransferase involved in the first step in D-lysine catabo-
lism. A mutant in amaC still grew with D-lysine, albeit at a
lower rate, indicating that this 6-aminotransferase was not the
only enzyme involved in D-lysine catabolism. After massive
mini-Tn5 mutagenesis of KT2440, we searched for mutants
unable to grow with D-lysine but able to grow with L-pipecolate.
A transposon mutant in a locus different from that of dpkA had
a mini-Tn5 inserted in the open reading frame (ORF) encod-
ing PP3596, which is called D-amino acid dehydrogenase al-

though it is, in fact, a deaminating oxidase that yields �-keto-
ε-aminocaproate. This acid is cyclized to �1-piperideine-2-
carboxylate, which in turn is channeled to L-pipecolate and
AMA. The corresponding gene was called amaD, and its in-
activation severely inhibited growth of P. putida KT2440 on
D-lysine.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. P. putida KT2440 and its
mutant derivatives are shown in Table 1. The P. putida KT2440 cosmid library
used in this study was described before (31).

Escherichia coli strain DH5� was used for cloning experiments and was grown
at 37°C in Luria-Bertani medium (32). P. putida strains were grown at 30°C either
in Luria-Bertani or in M9 minimal medium supplemented with Fe-citrate,
MgSO4, and trace metals, as described previously (1), and with benzoate (15
mM), glucose (0.5% [wt/vol]), L-lysine (10 mM), D-lysine (10 mM), or L-tyrosine
(10 mM) as a carbon source. When appropriate, antibiotics were added at the
following concentrations (in �g/ml): chloramphenicol, 30; kanamycin, 50; and
tetracycline, 15.

DNA techniques. Standard methods were used for DNA manipulation (3).
Hybridizations were done with a digoxigenin DNA labeling and detection kit
(Roche, Manheim, Germany) according to the manufacturer’s instructions. Plas-
mid sequencing was done with universal or reverse pUC19/M13 oligonucleotides
as primers. Sequences were analyzed with Omiga 2.0 software (Oxford Molec-
ular) and ORFFINDER (available at NCBI) and compared with data from the
P. putida KT2440 genome (26) using BLAST programs (2).

Preparation of RNA, primer extension analysis, and RT-PCR. P. putida
KT2440 and its isogenic mutants were grown in duplicate in minimal medium M9
in the absence and in the presence of L-lysine with benzoate as the carbon source
until the culture reached a turbidity of about 1.0 at 660 nm. Cells (30 ml for
primer extension and 1.5 ml for reverse transcriptase PCR [RT-PCR]) were
harvested by centrifugation (5,000 � g for 10 min) and processed for RNA
isolation according to the method of Marqués et al. (19). For primer extension
analysis we used as a specific primer an oligonucleotide complementary to the
dpkA mRNA (5�-GGCGCTGGCGCAGTTGTGG-3�) and a primer comple-
mentary to the mRNA of the ORF encoding PP3592 (5�-CCAGGCGTTGCTT
GATCAGT-3�). Primers were labeled at their 5� ends with [�-32P]ATP and T4
polynucleotide kinase as described previously (3). An amount corresponding to
about 105 cpm of the labeled primer was hybridized to 50 to 100 �g of total RNA,
and extension was carried out using avian myeloblastosis virus reverse transcrip-
tase as described previously (19). Electrophoresis of cDNA products was done in
a urea-polyacrylamide sequencing gel to separate the reaction products. RT-
PCR was done with 1 �g of RNA in a final volume of 20 �l using the Titan
OneTube RT-PCR system according to the manufacturer’s instructions (Roche
Laboratories). The annealing temperature used for RT-PCR was 60°C, and the
cycling conditions were as follows: 94°C for 30 s, 60°C for 30 s, and 68°C for 1
min. Positive and negative controls were included in all assays. The primers used
to test contiguity in the mRNA are available on request.

Construction of a P. putida amaC mutant strain. A mutant strain bearing
an inactivated chromosomal amaC was constructed as follows. Plasmid
pCHESI	Km is a pUC18 derivative containing the origin of transfer oriT of RK2

TABLE 1. Growth rate of KT2440 and its isogenic mutants with
L-lysine as the sole C and N source and L-pipecolate as a C source

Strain Mutant
genea

Doubling time (min) in indicated
culture mediumb

M8 �
L-lysine

M8 �
D-lysine

M9�
L-pipecolate

KT2440 None 90 
 10 85 
 5 65 
 5
AmaC amaC 110 
 5 120 
 5 65 
 5
DpkA dpkA 420 
 10 No growth 65 
 5
Lys2 amaD 325 
 5 No growth 65 
 5
EEZ-PP3592 ORF3592 90 
 15 87 
 35 66 
 7

a Inactivated gene in the isogenic mutant.
b Doubling times were determined in exponentially growing cells. M8 medium

was identical to M9 medium except that NH4Cl was omitted. Values are 

standard deviation.

FIG. 1. Catabolic pathways for the mineralization of L- and D-lysine
in P. putida. The diagram is based on Fig. 1 in Revelles et al. (30) and
adds the new enzymes identified in this study as involved in the catab-
olism of D-lysine into �1-piperideine-2-carboxylate.

2788 REVELLES ET AL. J. BACTERIOL.



and the 	-Km interposon of plasmid pHP45	Km (where Km indicates kana-
mycin resistance) cloned as a HindIII fragment (18). To generate the amaC
mutation, an internal 593-bp fragment of P. putida amaC (ORF encoding
PP3590) was amplified by PCR using primers provided with EcoRI and BamHI
sites and subsequently cloned between the EcoRI and BamHI sites of
pCHESI	Km in the same transcriptional direction as the Plac promoter. The
resulting plasmid, pCHESI-�amaC, was mobilized from E. coli DH5� into P.
putida KT2440 by triparental mating using the E. coli HB101 (pRK600) helper
strain (16). P. putida transconjugants bearing a cointegrate of the plasmid in the
host chromosome were selected on M9 minimal medium with benzoic acid (10
mM) as the sole carbon source and kanamycin. A clone carrying an inactivated
amaC gene was randomly chosen and called P. putida �amaC Km.

Identification of a mini-Tn5 inserted in the ORF encoding PP3592. A clone
carrying a mini-Tn5 insertion in the 34th codon of the ORF encoding PP3592 was
obtained from material produced in the Pseudomonas Reference Culture Col-
lection (12).

Enzymatic assays. P. putida strain KT2440 was grown on 500 ml of M9 with 5
mM benzoate as the carbon source at 30°C on a rotating shaker at 200 rpm until
an optical density at 600 nm of 0.8 to 1 was reached. Cells were harvested by
centrifugation (5,000 � g for 10 min) at 4°C, washed twice with M9 medium (pH
7.0), resuspended in 3 ml of 100 mM phosphate buffer (pH 8.0), and disrupted
in a French press at 120 MPa. Cell debris was removed by centrifugation (9,000 �
g for 45 min), and the clear supernatant was used for enzymatic assays. Protein
concentration was determined with the Bradford method (5).

D-Lysine oxidase activity was assayed with a Clark-type oxygen electrode
(model DW-1; Hansatech-Instruments, King’s Lynn, Norfolk, United Kingdom)
in 100 mM phosphate buffer (pH 8.0) in the presence of the protease inhibitor
cocktail (at the concentration recommended by the supplier) and 1 mM dithio-
threitol at 25°C, and oxygen consumption was measured with 5 mM D-lysine as
the substrate. Specific enzyme activity is given as micromoles of oxygen con-
sumed per minute per milligram of protein. A mutant defective in D-lysine
oxidase was used as a control to discriminate nonspecific oxidase reactions.

D-Lysine aminotransferase activity was assayed in a mixture of 25 �mol of
D-lysine, 25 �mol of �-ketoglutarate or pyruvate, and crude extract in 100 mM
potassium phosphate buffer (pH 8.0) in a final volume of 1.0 ml. The reaction was
initiated by adding D-lysine, and the mixture was incubated at 25°C for 30 min.
Enzyme activity was assayed by sampling 100-�l aliquots every 5 or 10 min, which
were pipetted into 10% trichloroacetic acid to stop the reaction, and by subse-
quent determination of the substrates and glutamate or alanine formed from the
cosubstrates upon reaction with dabsyl chloride (11). A 50-�l sample was in-
jected into a model Hewlett Packard 1050 system (Böblingen, Germany) and
separated on a Novapak C8 column of 150 by 3.9 mm (Waters S.A., Barcelona,
Spain) at a flow rate of 0.9 ml min�1. Compounds were eluted in the following

gradient system: solvent A consisted of 25 mM sodium acetate buffer (pH 6.6)
and acetonitrile (80:20, vol/vol); solvent B was acetonitrile (gradient grade). The
gradient started at 0% solvent B, rose to 20% solvent B at 5 min and to 80% B
at 15 min and dropped back to 0% at 16 min; reequilibration was for 7 min.
Detection was at 435 nm. The retention time of dabsyl-alanine was 5.6 min and
that of dabsyl-lysine was 8.3 min; dabsyl-glutamate eluted at 9.5 min. Enzyme
activities were assayed in the wild-type P. putida and with the amaD mutant
blocked in the oxidase reaction.

RESULTS

Genetic analysis of the P. putida chromosomal region en-
coding PP3589 through PP3598. Previous work indicated that
the dpkA gene encodes �1-piperideine-2-carboxylate reductase
(PP3591), the second enzyme in the D-lysine catabolic route
(24, 30). Adjacent to dpkA is a gene encoding PP3590, which is
oriented in the same transcriptional direction as dpkA in the
chromosome of P. putida KT2440 (Fig. 2A). The intergenic
space between dpkA and the ORF encoding PP3590 is 166 bp
long. The translated gene product of the latter ORF showed
high similarity with amino acid aminotransferases and had
been annotated as tyrB2; its corresponding gene product was
proposed to be potentially involved in L-tyrosine catabolism
(26). Downstream from the ORF encoding PP3590 and in the
same transcriptional direction is located the gene encoding
PP3589, which is 1,278 bp long, and its translated gene product
exhibits a high degree of similarity (60 to 80%) to serine
transporter proteins. The distance between the start codon of
this gene (ORF3589) and the stop codon of the ORF encoding
PP3590 is 387 bp.

Upstream from dpkA is an ORF that is transcribed diver-
gently with respect to dpkA and whose translated product ex-
hibits similarity (50 to 60%) to DNA-binding proteins belong-
ing to the RpiR family of regulators. The distance between the
start codon of dpkA and the start codon of ORF3592 is 119 bp.
Downstream from the ORF encoding PP3592 are five addi-

FIG. 2. Physical organization of the dpkA/amaC genes and the ORFs encoding the PP3592 to PP3597 clusters involved in D-lysine catabolism.
(A) Map of the two operons involved in the early steps of D-lysine catabolism. (B) RT-PCR to probe the operon structure of dpkA-amaC and ORF
PP3592 through ORF PP3597. Primers used were designed based on the 3� end of the upstream gene and the 5� end of the downstream gene.
Primer sequences are available on request. Lane 1�, RT-PCR based on dpkA-amaC primers; lane 2�, RT-PCR based on amaC and ORF PP3589
primers; lane 1, RT-PCR based on ORF PP3592 and ORF PP3593 primers; lane 2, RT-PCR based on ORF PP3593 and ORF PP3594 primers;
lane 3, RT-PCR based on ORF PP3594 and ORF PP3595 primers; lane 4, RT-PCR based on ORF PP3595 and ORF PP3596 primers; lane 5,
RT-PCR based on ORF 3596 and ORF PP3597 primers; lane 6, RT-PCR based on ORF PP3597 and ORF PP3598 primers; lane M, size markers.
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tional ORFs that seem to form an operon together with the
regulatory gene, because the different ORFs overlap (�3) or
are separated by very short intergenic distance (from �4 to �7
nucleotides). BLAST analyses revealed that PP3593, PP3594,
PP3595, and PP3597 are members of ABC transporter systems
and that PP3596 exhibits high similarity to D-amino acid dehy-
drogenases.

The dpkA-amaC genes form an operon, and the ORF encod-
ing PP3592 through PP3597 forms another operon. To eluci-
date whether the two sets of clusters of genes with the same
orientation were transcribed as a single mRNA, P. putida
KT2440 cells were grown in M9 minimal medium with glucose
as the carbon source in the absence and in the presence of 5
mM L-lysine (this was added because the dpkA gene product
was shown before to be necessary for L-lysine catabolism),
mRNA from cells in the late-logarithmic growth phase was
isolated, and RT-PCRs were carried out as described in Ma-
terials and Methods (Fig. 2A). In the absence of L-lysine we
found no amplification product, indicating that neither of the
two sets of genes was expressed. When cells had been grown
with L-lysine, we found cDNA products of the expected sizes
with the primers corresponding to dpkA and the ORF encod-
ing PP3590 (Fig. 2B, lane 1�) but not with primers designed for
the ORFs encoding PP3590 and PP3589 (Fig. 2B, lane 2�). This
suggested that dpkA and the ORF encoding PP3590 are orga-
nized in the same transcriptional unit, whereas the ORF en-
coding PP3589 seems to be transcribed independently. Con-
trols with internal primers for all three genes of this cluster
showed that all of them were transcribed during growth on
L-lysine (data not shown).

The set of primer extension assays with primers covering
genes encoding PP3592 through PP3597 were always positive
(Fig. 2B, lanes 1 to 5), indicating that this cluster of genes is
expressed in response to L-lysine. However, no amplification
was obtained with primers based on the ORF3597 and
ORF3598 sequences, implying that they are not part of the
same transcriptional unit.

Analysis of the divergent promoters in front of dpkA and the
ORF encoding PP3592. To identify the transcription start point
of the dpkA-ORF3590 operon and the divergently oriented
ORF PP3592 through ORF PP3597, we isolated mRNA from
KT2440 growing on M9 with glucose as a carbon source with-
out lysine or with 5 mM L-lysine or 5 mM D-lysine and used a
20-mer primer complementary to a position located 100 bp
within the dpkA gene for primer extension or a 20-mer primer
complementary to a position located 85 nucleotides within the
ORF3592. Our results revealed no significant amount of tran-
scripts in the absence of lysine but a significant transcription
band when cells had been grown with L- or D-lysine. The
transcription start point of dpkA was located 69 nucleotides
upstream with respect to the G of the first GTG in dpkA (Fig.
3B). Analysis of the sequence upstream revealed that the hex-
amers for the �10 region (5�-TGAAAG-3�) and �35 region
(5�-ACAGTT-3�) (Fig. 3A, left bottom strand) had a certain
degree of similarity with P. putida sigma-70 dependent promot-
ers (10). The transcription start point of ORF3592 was repre-
sented by an A located 52 nucleotides upstream of the first A
of the first ATG start codon (Fig. 3C). The �10 region (5�-A
TTCAT-3�; top strand) and �35 region (5�-ATGTTG-3�) of
this promoter exhibited a good degree of similarity to promot-

ers recognized by RNA polymerase with sigma-70 as well.
Because of the short intergenic distance (119 nucleotides) and
the position of the corresponding transcriptional start points,
the �35 hexamers of both promoters appeared adjacent to
each other.

Limited role of PP3590 in D-lysine catabolism. Since the
dpkA gene product is induced in L- and D-lysine catabolism and
the mRNA of the ORF encoding PP3590 forms part of the
same transcript, we decided to explore whether PP3590, that
exhibits similarity to amino acid aminotransferases (7, 27),
played a major role in D-lysine catabolism. We knocked out
ORF3590 using the pCHESI derivative as described in Mate-
rials and Methods and tested growth of the mutant on L- and
D-lysine as the sole carbon or nitrogen source. The results
showed that the PP3590 mutant used L-lysine or D-lysine less
efficiently than the parental strain (doubling times in the range
of 120 min) whereas the parental P. putida KT2440 grew with
doubling times of around 90 min (Table 1). Growth of the
mutant defective in ORF3590 contrasted with that of a mutant
deficient in dpkA, which did not grow at all when this amino
acid was the sole carbon and nitrogen source (Table 1). We
concluded that the role of this amino acid transferase was
probably of minor importance in D-lysine catabolism and that
another enzyme leading to the same intermediate must by
functionally active.

We determined D-lysine aminotransferase activity in vitro
with cell extracts of the wild type and the mutant strain with a
knockout in ORF3590 grown in the absence and in the pres-
ence of 5 mM D-lysine. In cell extracts of the mutant strain no
activity was found regardless of the growth conditions. In the
parental strain a low level of activity was measured (�50
nmol/mg of protein per min) when cells were grown with D-
lysine but not in its absence. This low level of activity is in
agreement with the relatively minor effect of the mutation on

FIG. 3. Analysis of mRNA expression from the dpkA and
ORF3592 promoters in the wild-type and a mutant background with a
nonpolar insertion in ORF3592. (A) Promoter structure of the dpkA
and ORF3592 genes. The transcription start points were determined
by primer extension as detailed in Materials and Methods. The �1 and
the potential �10 and �35 hexamers of each promoter are shown. (B
and C) Expression of dpkA and ORF3592 promoters in the wild type
(lanes 1 to 3) and the mutant deficient in the synthesis of PP3592 (lanes
4 to 6). Lanes 1 and 4, cells grown on M9 minimal medium; lanes 2 and
5, cells grown on M9 minimal medium with 5 mM L-lysine; lanes 3 and
6, cells grown on M9 minimal medium with 5 mM D-lysine.
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the growth rate on L- and D-lysine. Nonetheless, since the gene
product of ORF3590 seemed to be involved at least to a certain
extent in the AMA catabolic pathway for D-lysine metabolism
and because it was shown biochemically to exhibit D-lysine
aminotransferase activity, we termed this gene amaC.

PP3596 is a D-lysine oxidase necessary for D-lysine catabo-
lism. Since the dpkA mutant strain did not grow at all on
D-lysine whereas the amaC mutant did, albeit at a reduced
rate, we concluded that a second enzyme should exist to con-
vert D-lysine via �-keto-�-aminocaproate into �1-piperideine-
2-carboxylate. P. putida KT2440 was mutagenized using a mini-
Tn5-Km transposon as described in Materials and Methods,
and among about 15,000 transconjugants we searched for mu-
tants affected in growth on D-lysine but not on L-pipecolate.
Several mutants were selected, and those exhibiting an inser-
tion in dpkA were discarded. However, we found a mutant,
called Lys2, that had an insertion outside dpkA and selected it
for further study. Analyses showed that the mini-Tn5 was in-
serted in the PP3596 gene, which encoded a protein with high
degree of similarity (51%) to D-amino acid dehydrogenases.
The KT2440 mutant Lys2 did not grow with D-lysine but grew
in medium containing L-pipecolate (Table 1). Because of its
essential role in the catabolism of D-lysine, ORF3596 was
called amaD. As shown by RT-PCR experiments (Fig. 2),
ORF3596 is located within a cluster of genes with a putative
regulatory protein and a series of genes that encode an ABC
transport system. The specific enzyme activities of AmaD were
compared in the wild type and the corresponding Lys2 mutant
with D-lysine and L-lysine as substrates. The results revealed
that in the wild type, AmaD activity (only active with D-lysine
at 33 
 1 �mol � mg protein�1 min�1) was inducible, whereas
in the Lys2 mutant AmaD activity was negligible. Further anal-
ysis of the genes in the cluster showed that inactivation of
ORF3597 did not significantly inhibit growth on L- or D-lysine
(not shown). This suggests that the ABC transport system
made up of PP3593, PP3594, PP3595, and PP3597, although
inducible by L- or D-lysine (Fig. 2), is dispensable for growth
with L- or D-lysine. This, however, was not too surprising be-
cause we had already identified two other transport systems for
L-lysine uptake (29).

The RpiR family protein is not necessary for growth on L- or
D-lysine. Regulatory genes for catabolic pathways have often
been found adjacent to the gene regulated by the cognate
product (22, 28). Primer extension results revealed that the
dpkA amaC operon, as well as the operon ORF3592 to
ORF3597, was expressed in cells growing on L- and D-lysine
(Fig. 3). To test whether the product of the ORF encoding
PP3592 was involved in the expression of one or both of the
two operons, we took advantage of the existence of a nonpolar
mini-Tn5 mutant in the Pseudomonas Reference Culture Col-
lection (mutant EEZ-PP3592) and assayed growth of the mu-
tant strain in L- and D-lysine. Our results showed that this
mutant grew with L- or D-lysine at a rate similar to that of the
wild-type strain (doubling time, 90 
 2 min). To further con-
firm that PP3592 was not involved in the control of these
operons, we measured expression of the dpkA amaC operon
and that of ORF3592 through ORF3597 in the mutant
ORF3592::mini-Tn5. The level of expression was similar to
that of the wild type, which ruled out the involvement of
PP3592 in D- or L-lysine catabolism.

DISCUSSION

Earlier work by Revelles et al. (30) had established that the
efficient use of L-lysine as the sole carbon and nitrogen source
by KT2440 requires the simultaneous operation of two cata-
bolic pathways: one that converts L-lysine into glutarate—and
for which the genes involved in the four consecutive catabolic
steps were identified—and another one that requires racemi-
zation of L-lysine to D-lysine and its subsequent metabolism to
�-AMA and for which genes for three of the four steps of the
pathway were identified (30). Several additional genes involved
in L-lysine uptake had already been identified in a previous
study (29).

The picture emerging from the genetic and physical organi-
zation of the genes involved in L- and D-lysine catabolism is
that the genes are scattered along the chromosome and are
organized in short transcriptional units. For �-AMV metabo-
lism down to glutarate, the davDT genes form one operon,
whereas for L-lysine metabolism to �-AMV the davBA genes
form a separate operon (13, 29, 30). The same was found for
the catabolism of L-pipecolate to 2-AMA, since the amaB and
amaA genes form another operon (30).

The role of DpkA in D-lysine catabolism was not initially
obvious because the gene was originally annotated as a poten-
tial malate dehydrogenase. However, the biochemical charac-
terization of the enzyme by Muramatsu et al. (24) clearly
showed that it encodes a �1-piperideine-2-carboxylate reduc-
tase involved in the conversion of �1-piperideine-2-carboxylate
into L-pipecolate. In our original search for mutants of KT2440
that did not grow on D-lysine as the sole C and N source but
which grew on L-pipecolate, we knocked out dpkA and showed
that the resulting mutant indeed failed to grow on D-lysine as
the sole C and N source (30), confirming the biochemical
results of Muramatsu et al. (24). Because of the clustering of
genes in the L- and D-lysine pathways as described above, we
analyzed in detail the physical region in which dpkA was
present and generated a series of mutants whose genetic anal-
yses led to an unexpected finding: the conversion of D-lysine to
�1-piperideine-2-carboxylate can be mediated by two enzymes
in parallel. One of them (PP3590), encoded by ORF3590,
represents the D-lysine amino transferase termed here AmaC;
the other, a D-amino acid dehydrogenase, termed AmaD, is
encoded by ORF3596. The latter oxidized D-lysine into 6-ami-
no-2-oxo-hexanoate (�-keto-�-aminocaproate), which is cy-
clized spontaneously to �1-piperideine-2-carboxylate. The sig-
nificantly different growth rates obtained for the mutants in
ORF3592 and ORF3596 characterized in the present study
suggested that from a quantitative point of view the D-lysine
dehydrogenase plays a much more important role in the me-
tabolism of D-lysine than the reaction catalyzed by the amino
transferase. Our enzymatic analyses confirmed the proposed
reactions, and our results showed that in the corresponding
mutants the expected enzymatic activity was fully lost. As far as
we know this study represents the first report of a D-lysine
dehydrogenase (oxidating) involved in the catabolism of L- and
D-amino acids.

Analyses of the physical organization of the two clusters of
genes induced in response to L-lysine revealed that an ORF
that encodes a putative regulator belonging to the RpiR family
was located upstream from dpkA, and expression of the ORF
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was also stimulated by L-lysine. However, inactivation of
ORF3592 did not limit the growth rate of the strain with L- or
D-lysine. We also found that in this mutant strain the pattern of
expression of these operons was identical to that of the parental
strain, a result that ruled out its role in the catabolism of D- or
L-lysine. At present we have no clues to the potential transcrip-
tional regulator(s) that is involved in stimulation of transcription
of the promoters in front of ORF3592 and dpkA.

In agreement with earlier findings in our group (29, 30), the
Lys2 mutant used L-lysine as the sole C and N source less
efficiently than the wild-type strain. This is in agreement with
the metabolism of L-lysine through the two branches shown in
Fig. 1. At present we do not know the molecular basis for this
observation, but one possibility is that if the conversion of
L-lysine into acetyl-CoA via the AMV pathway depresses oxa-
loacetate levels in vivo, it might not only limit the operation of
the Krebs cycle but also restrict the synthesis of amino acids
such as methionine, aspartate, threonine, and isoleucine, which
are directly derived from oxaloacetate. Therefore, �-ketoglu-
tarate produced via the AMA pathway may replenish Krebs
cycle intermediates. Since the AMA pathway is interconnected
with the AMV pathway from �-ketoadipate to glutarate (Fig.
1), we suggest that this step functions as a valve that directs
carbon flux to either branch of the catabolic pathway for op-
timal operation.
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