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Pseudomonas putida PRS2000 is chemotactic to 4-hydroxybenzoate and other aromatic acids. This behavioral
response is induced when cells are grown on 4-hydroxybenzoate or benzoate, compounds that are degraded via
the D-ketoadipate pathway. Isolation of a transposon mutant defective in 4-hydroxybenzoate chemotaxis
allowed identification of a new gene cluster designated pcaRKF. DNA sequencing, mutational analysis, and
complementation studies revealed thatpcaR encodes a regulatory protein required for induction of at least four
of the enzymes of the 0-ketoadipate pathway and thatpcaF encodes D.ketoadipyl-coenzyme A thiolase, the last
enzyme in the pathway. The third gene, pcaK, encodes a transporter for 4-hydroxybenzoate, and this protein is
also required for chemotaxis to aromatic acids. The predicted PcaK protein is 47 kDa in size, with a deduced
amino acid sequence indicative of membership in the major facilitator superfamily of transport proteins. The
protein, expressed in Escherichia coli, catalyzed 4-hydroxybenzoate transport. In addition, whole cells of P.
putida pcaK mutants accumulated 4-hydroxybenzoate at reduced rates compared with that in wild-type cells.
ThepcaK mutation did not impair growth at the expense of 4-hydroxybenzoate under most conditions; however,
mutant cells grew somewhat more slowly than the wild type on 4-hydroxybenzoate at a high pH. The finding
that 4-hydroxybenzoate chemotaxis can be disrupted without an accompanying effect on metabolism indicates
that this chemotactic response is receptor mediated. It remains to be determined, however, whether PcaK itself
is a chemoreceptor for 4-hydroxybenzoate or whether it plays an indirect role in chemotaxis. These findings
indicate that aromatic acid detection and transport are integral features of aromatic degradation pathways.

Aromatic compounds are abundant in the biosphere as
components of the complex polymer lignin and as environmen-
tal pollutants. The bacterial biodegradation of structurally
simple, readily degradable aromatic compounds has been
studied with the expectation that this will facilitate work on
more recalcitrant members of the group. As a result, much
information has been obtained about the enzymology and
molecular regulation of aerobic pathways of aromatic com-
pound degradation (6, 16, 35, 53). An aspect of aromatic
biology that has received almost no attention, however, is the
question of how bacteria sense and respond to the presence of
aromatic compounds in their environment. Chemotaxis and
transport are two physiological functions that operate in this
capacity, and a number of studies have shown that aromatic
acids such as benzoate and 4-hydroxybenzoate are strong
chemoattractants for Pseudomonas putida, as well as a number
of other species of gram-negative bacteria including Agrobac-
terium spp. and rhizobia (19, 20, 31, 39, 40). However, very
little is known about the characteristics of the presumed
receptor proteins that are responsible for initial attractant
recognition. Similarly, although a number of studies have
inferred the existence of specific transport systems for aromatic
acids and related compounds, only a few detailed studies of
aromatic compound permeases have been reported (1, 2, 14,
30), and no molecular analyses of bacterial genes that encode
such proteins have been presented.
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The ,3-ketoadipate pathway for the degradation of aromatic
rings is widely distributed among bacteria and consists of two
parallel branches for the dissimilation of catechol and proto-
catechuate, derived from benzoate and 4-hydroxybenzoate, via
an initial ortho-ring cleavage (Fig. 1) (48). The enzymology of
this pathway has been particularly well studied in P. putida
PRS2000, and many of the structural genes for aromatic acid
degradation have been cloned from this organism (35, 37, 56).
We have determined that strain PRS2000 has a strong chemo-
tactic attraction to 4-hydroxybenzoate and benzoate and that
biodegradation and aromatic acid chemotaxis are coordinately
regulated (10, 19, 20). In this study, we identified a mutant that
is specifically nonchemotactic to benzoate and 4-hydroxyben-
zoate. A molecular analysis of this mutant led to the identifi-
cation of a new gene cluster, designated pcaRKF, which
encodes a regulatory protein required for 4-hydroxybenzoate
degradation; 3-ketoadipyl-CoA thiolase, the last enzyme of the
,-ketoadipate pathway; and a 4-hydroxybenzoate transport
protein. The transport protein, PcaK, is also required for
4-hydroxybenzoate-grown cells to exhibit wild-type chemotaxis
to aromatic acids.

MATERLALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1.
Media and growth conditions. Cultures of P. putida were

routinely grown at 30°C in a defined mineral medium (minimal
medium) which contained 25 mM KH2PO4, 25 mM Na2HPO4,
0.1% (NH4)2SO4, and 1% Hutner mineral base (final pH, 6.8)
(12). Minimal medium containing tetracycline was made with
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FIG. 1. The ,B-ketoadipate pathway and its regulation in P. putida.

0.1% rather than 1.0% mineral base. Carbon sources were
sterilized separately and added at the time of inoculation (final
concentrations [unless otherwise noted]: benzoate and 4-hy-
droxybenzoate, 5 mM; succinate, 10 mM; and glucose, 10 mM).
Escherichia coli strains were grown in Luria broth (LB) (7) at
37TC. For P. putida, antibiotics were used at the following final
concentrations, unless stated otherwise: gentamicin, 20 pug/ml;
kanamycin, 100 jxg/ml; and tetracycline, 100 iug/ml. For E. coli,
antibiotics were used at the following concentrations: ampicil-
lin, 100 jig/ml; gentamicin, 20 pug/ml, and kanamycin, 100
pug/ml.
Growth studies. For some studies, minimal medium was

modified to be buffered at three different pHs. All media
formulations contained 0.1% (final concentration) (NH4)2SO4
and 0.1% Hutner mineral base (12). A minimal medium of pH
6.3 was prepared by the further addition of 18.75 mM
KH2PO4, 6.25 mM Na2HPO4, 18.75 mM NaCl, and 6.25 mM
KCl. Medium with a final pH of 6.8 contained 12.5 mM
KH2PO4, 12.5 mM Na2HPO4, 12.5 mM NaCl, and 12;5 mM
KCl. A pH 8.1 minimal medium contained 25 mM Na2HPO4
and 25 mM KCl. For growth studies, 10-ml cultures were

grown in 50-ml Erlenmeyer flasks. Incubation was at 30'C on a

rotary shaker, and growth was monitored by measuring A6w.
Bacterial transformations and conjugations. E. coli was

transformed with plasmid DNA by the method of Hanahan
(15). Plasmids were mobilized from E. coli S17-1 into P. pufia
by patch matings on LB agar plates with incubation overnight
at 300C.
DNA manipulations and sequencing. P. putida chromosomal

DNA was purified as previously described (13). Plasmid DNA
to be used for cloning and sequencing was purified by the
method of Lee and Rasheed (29) or Hattori and Sakaki (21).
Restriction endonuclease digestions were according to the
manufacturer's instructions (New England Biolabs, Beverly,
Mass.). Dephosphorylation reactions with calf intestinal phos-
phatase (Boehringer Mannheim, Indianapolis, Ind.) were car-
ried out by the method of Ausubel et al. (3). Ligation reactions
and agarose gel electrophoresis methods were as described
previously (45). DNA fragments for subcloning were purified
from gel slices by using GeneClean (Bio 101, La Jolla, Calif.).
Vent polymerase (Promega, Madison, Wis.) was used to
amplify DNA in PCRs. DNA sequences were determined by
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Source or
reference

Strains
P. putida
PRS2000 Wild type 36
PRS3015 pcaR::Tn5; Ben-, 4-OHBen- 25
PRS4061 pcaF::Gmr; Ben-; 4-OHBen- This study
PCH722 pcaK::TnS-B30; 4-OHBen taxis- This study
PCH722-Gm pcaK::TnS-B30/Gm; 4-OHBen taxis- This study

E. coli
S17-1 thi pro hdsR hdsM+ recA, chromosomal insertion of RP4-2 (Tc::Mu Km::Tn7) 46
BL21(DE3) hsdS gal (XcIts857 ind-l Sam7 nin-5 lacUV5-T7 gene 1) 50
JM109(DE3) recAl supE44 endAI hsdR17gyrA96 relAI thi A(lac- proAB) F'(traD36 proAB+ lacIq 50

lacZAM15) (AcIts857 ind-I Sam7 nin-5 lacUS-T7 gene 1)

Plasmids
pHG165 Apr; ColEl replicon; controlled copy number (rop+) cloning vector 49
pK19 Kmr; pUC19 multiple cloning site 43
pRK415 Tcr; IncP; broad-host-range cloning vector 27
pSUP102-Gm::TnS-B30 Gmr; vector pSUP102-Gm loaded with Tn5-B30, encoding Tcr and promoterless Kmr 47
pT7-5 Apr; T7 promoter expression vector 51
pUC8 Ap'; ColEl replicon cloning vector 54
pHJD100 Tetr; pcaK with native promoter cloned in pRK415 This study
pHNN100 Apr; pcaK cloned downstream of T7 promoter of pT7-5 This study
pHRP124 Apr; pcaIJ cloned downstream of T7 promoter of pT7-5 37
pHRP150 Gmr; pHRP309 with pcaI promoter fused to lacZ 38
pHRP302 Apr Gmr genes in pUC1318 37
pHRP401 Apr; pHG165 carrying 4-kb HindIII fragment of P. putida DNA from pMKK722 This study

downstream of TnS-B30 insertion
pHRP402 Apr; pUC8 carrying 7-kb BamHI-HindIII fragment from pMKK722; includes TnS-B30 This study

insertion
pHRP403 Apr; pMKK722 digested with XhoI to delete Tcr, and Gmr from pHRP302 inserted as a This study

SalI fragment
pHRP404 Tcr; 9-kb BamHI fragment from pHRP403 inserted in pRK415; used to construct This study

PCH722-Gm
pHRP410 Apr; pHRP401 with Gmr gene inserted into SacI site This study
pHRP411 Tcr; HindIII fragment from pHRP410 inserted in pRK415; used to construct PRS4061 This study
pHRP414 Kmr; ClaI fragment from PRS4061 inserted in AccI site of pK19; carries intact pcaK gene This study
pMKK722 Apr Tcr; pUC8 carrying a 10-kb BamHI fragment from PCH722 This study
a Ben-, no growth on benzoate; 4-OHBen-, no growth on 4-hydroxybenzoate; 4-OHBen taxis-, no chemotaxis in 4-hydroxybenzoate swarm plates; Apr, ampicillin

resistance; Gmr, gentamicin resistance; Kmr, kanamycin resistance; Tcr, tetracycline resistance.

the dideoxy chain termination method with the Sequenase kit
from United States Biochemical Corp. (Cleveland, Ohio) and
the Promega finol sequencing kit. [a-355]dATP and [y-33P]
dATP were from Amersham Corp. (Arlington Heights, Ill.).
Sequencing of the pcaRKF region was done by using universal
forward and reverse primers, primers to the IS50 element of
TnS, specific synthetic oligonucleotide primers, and a com-
bination of DNA templates including pHRP401, pHRP402,
pHRP411, pHRP414, and pMKK722 (Fig. 2). The sequence
was determined for both strands of DNA. Oligonucleotide
primers were synthesized by the DNA facility at the University
of Iowa, and some sequencing was done at this facility with an
Applied Biosystems 373A automated DNA sequencer. DNA
and protein sequence data were analyzed with DNA Inspector
Ile, version 3.15 (Textco, Inc., W. Lebanon, N.H.) and the
University of Wisconsin Genetics Computer Group software
package, version 7.0 (8). The FASTA program was used to
search for similar sequences (41). Pairwise comparisons and
multiple sequences analysis were carried out with the GAP and
PileUp programs (33).

Cloning ofpcaK. For expression in E. coli, pcaK was cloned
in pT7-5 under the control of the T7 promoter. A 1,462-bp
segment of DNA encompassing the pcaK gene was amplified
from pHRP401 by using PCR (3). The upstream primer (5'G

ACTGAATTCCCCAATCATCGTCCCCTGTA3') incorpo-
rated an EcoRI site, and the downstream primer (5'CAGTi
GAIC1GTGCTGCGAATGGTCCTCAAAG3') incorpo-
rated a BamHI site (underlined). Amplified product was
restricted with EcoRI and BamHI and ligated into pT7-5,
forming pHNN100 (Fig. 2).
For complementation of PCH722, the broad-host-range

vector pRK415 was used to clone pcaK in a construct desig-
nated pHJD100 (Fig. 2). A 1,723-bp segment of DNA, span-
ningpcaK and its promoter region, was amplified from pHRP
414 by PCR. The upstream primer (5'GCACGTGAAQCIJ
TGTGCGATAAACGCACAGTGTCGC3') incorporated a
HindIII cloning site. The downstream primer was the same as
that used in construction of pHNN100.
Chemotaxis assays. Soft agar swarm plates for qualitative

measurement of chemotaxis consisted of minimal medium
containing 0.1% rather than 1.0% Hutner mineral base, 0.3%
Noble agar (Difco, Detroit, Mich.) and the carbon source (the
chemoattractant) at a final concentration of 1 mM. Behavioral
responses of cells were also measured by using computer-
assisted motion analysis to analyze changes in the swimming
behavior of cells that occurred in response to the addition of a
chemical (17). Behavior was quantitated in terms of the
number of changes of direction of swimming per second for a
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FIG. 2. Restriction map of the pcaRKF gene cluster and plasmid
derivatives. The cloning vector for each construct is indicated in
parentheses. Restriction sites are as follows: B, BamHI; C, Clal; E,
EcoRI; H, HindIII; N, NaeI; and S, SacI. The transposon TnS-B30 is
present in pMKK722 and pHRP402. TnS-B30/Gmr indicates the
replacement of the tetracycline resistance gene of TnS-B30 with a

gentamicin resistance gene in pHRP403 and pHRP404. The insertion
of a gentamicin resistance gene in pcaF is shown in pHRP410,
pHRP411, and pHRP414. The HindIII site in pHRP401, pHRP410,
and pHRP411 is derived from the IS50 element of TnS-B30. The
EcoRI and BamHI sites of pHNN100 and HindIII and BamHI sites of
pHJD100 were introduced by PCR.

population of cells. Behavioral responses were assayed within
30 s after the addition of attractant. For P. putida, a value of
greater than 0.4 changes of direction per second reflects
random swimming behavior, whereas a value of less than 0.3
changes of direction per second corresponds to chemotactic
stimulation (17).

Expression of PcaK in E. cofi. The PcaK protein was

expressed from pHNN100 in an E. coli strain carrying an

isopropyl-3-D-thiogalactopyranoside (IPTG)-inducible gene

for T7 RNA polymerase (3). Cultures (100 ml) of E. coli cells
carrying the cloned pcaK gene were induced with 100 jiM
IPITG when they reached an A660 of 0.25 and were harvested
for use in uptake assays after an additional 30 min of incuba-
tion at 37°C with shaking. By this time, the cultures had
generally reached an A6w of 0.5.
Enzyme assays. Development of an assay to measure ,B-ke-

toadipyl-coenzyme A (CoA) thiolase activity depended on the
use of E. coli extracts expressing ,B-ketoadipate:succinyl-CoA

transferase to provide a source of P-ketoadipyl-CoA, the sub-
strate of the thiolase reaction. The cloned pcaIJ genes, encod-
ing the transferase, were expressed according to the protocol
described above for pcaK expression, and cell extracts were
prepared as described previously (37). Cell extract prepared
from IPTG-induced cultures of JM109(DE3)(pHRP124) was
allowed to catalyze the formation of P-ketoadipyl-CoA in a
2-ml reaction mixture as described previously (37). After the
reaction had proceeded for 25 min, P. putida cell extract was
added to 1 ml of the reaction mixture and 3-ketoadipyl-CoA
thiolase activity was assayed spectrophotometrically as the
decrease in A305 due to the disappearance of j3-ketoadipyl-
CoA-Mg2e ion complex. The other 1 ml of the transferase react-
ion mixture was used as the blank for the thiolase reaction.

P-Galactosidase activities were assayed as described previ-
ously (38).
Uptake assays. Cells to be used in uptake assays were

harvested in mid-exponential growth phase, washed, and re-
suspended in 20 mM Tris, pH 7.0, to anA660 of 5 to 10. Air was
bubbled gently through the cell suspension to ensure that it did
not become oxygen limited. Uptake was initiated by the
addition of a portion of the cell suspension to an equal volume
of 20 mM Tris buffer containing the labeled substrate. Samples
(0.1 ml) were taken at timed intervals and filtered through
polycarbonate membranes (0.2 jim pore diameter; Nucleopore
Corp., Pleasanton, Calif.). The filters were washed before and
after the sample addition with 2 ml of the same 20 mM Tris
buffer used for cell suspension. Some experiments with P.
putida were carried out at pH 8.0. In this case, cells were
washed and resuspended in 20 mM Tris, pH 8.0, and uptake
assays were carried out with 20 mM Tris buffer, pH 8.0. In one
uptake experiment, radiolabeled material which had accumu-
lated intracellularly in E. coli cells provided with "4C-labeled
4-hydroxybenzoate was extracted and analyzed by thin-layer
chromatography and autoradiography as described previously
(42).
Transposon mutagenesis. E. coli S17-1 carrying pSUP102-

Gm loaded with the TnS derivative TnS-B30 was mixed and
plated with P. putida PRS2000 on LB plates and incubated
overnight at 30°C. The mating mixture, suspended in minimal
medium, was plated on minimal medium plates containing
1 mM succinate, 5 mM 4-hydroxybenzoate, and 100 jig of
kanamycin per ml. Colonies from these plates were then
replica plated to minimal medium plates containing 200 jig of
kanamycin per ml plus 10 mM succinate, 200 jig of kanamycin
per ml plus 1 mM succinate plus 5 mM 4-hydroxybenzoate, and
200 jig of kanamycin per ml plus 1 mM succinate plus 5 mM
benzoate to identify mutants with aromatic acid-inducible
kanamycin resistance that were relatively unimpaired in
growth on benzoate and 4-hydroxybenzoate.

Protein determinations. Protein concentrations were deter-
mined by using the Bio-Rad protein assay (Bio-Rad Labora-
tories, Richmond, Calif.) with bovine serum albumin as the
standard. Whole cells were precipitated with trichloroacetic
acid, and the precipitate was heated at 95°C for 10 min in 0.1
M NaOH before protein was assayed.

Chemicals. [ring-U-14C]4-Hydroxybenzoic acid (specific ac-
tivity, 33 mCi/mmol) was from Amersham Corp. (Arlington
Heights, Ill.). [ring-U-14C]Benzoic acid (specific activity, 13
mCilmmol) was from Sigma Corp. (St. Louis, Mo.).
Nudeotide sequence accession number. The nucleotide se-

quence reported here has been submitted to GenBank and
assigned accession number U10895.
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FIG. 3. Chemotactic swarms formed by wild-type P. putida and the
mutant strain PCH722 on soft agar plates containing 1 mM succinate
or 1 mM 4-hydroxybenzoate. Plates were inoculated with motile cells
at a point corresponding to the center of the swarm ring and incubated
for 17 h at 30'C. A wild-type response is indicated by a sharp rapidly
moving ring that is formed in response to a gradient of attractant that
is created as cells metabolize the carbon source. A fuzzy, slowly moving
ring reflects random movement of motile cells that are nonchemotactic
to the carbon source provided.

RESULTS
Identification and characterization of a mutant defective in

chemotaxis to aromatic acids. Aromatic acid chemotaxis by P.
putida is induced by growth on benzoate or 4-hydroxybenzoate
(20). P. putida cells mutagenized with a TnS derivative carrying
a promoterless Kmr gene were therefore screened to identify
strains that were Kmr when grown in the presence of benzoate
or 4-hydroxybenzoate, but Kms when grown on succinate
alone. From among these, three strains that failed to form
chemotactic rings on soft agar swarm plates containing 4-hy-
droxybenzoate as the sole carbon source were identified (Fig.
3). These strains had wild-type swarm patterns on succinate
(Fig. 3) and benzoate soft agar plates (not shown). One strain,
PCH722, selected for further study, failed to respond to the
chemoattractants benzoate and 4-hydroxybenzoate in quanti-
tative computer-assisted assays of chemotaxis after growth on
4-hydroxybenzoate (Table 2). Benzoate-grown cells did re-
spond to these compounds, however, and PCH722 cells grown
on either benzoate or 4-hydroxybenzoate responded normally
to Casamino Acids (Table 2) and succinate (data not shown).

TABLE 2. Behavioral responses of wild-type and peaK mutant
strains to benzoate and 4-hydroxybenzoate

Changes of swimming direction/sb

Chemical stimulus" PRS2000C PCH722

40HB grown Ben grown 40HB grown Ben grown

Buffer 0.85 0.51 0.67 0.44
Benzoate 0.07 0.18 0.63 0.10
4-Hydroxybenzoate 0.11 0.18 0.54 0.06
Casamino Acids 0.13 0.08 0.17 0.09

a Aromatic acids were tested at a final concentration of 500 FLM; Casamino
Acids were at a final concentration of 0.01%.

b Behavior was analyzed by computer-assisted motion analysis. Each value was
determined from at least 60 s of analyzed behavior. For P. putida, >0.4 changes
per s indicates random swimming behavior, and <0.3 changes per s reflects
chemotactic stimulation. Growth substrates for cultures are indicated. 40HB,
4-hydroxybenzoate; Ben, benzoate.

' PRS2000 is the wild-type P. putida strain; PCH722 is a pcaK mutant.

Strain PCH722 was therefore specifically nonchemotactic to
aromatic acids, but only under certain growth conditions. This
mutation was designated peaK

Cloning and sequencing of thepcaRKF gene cluster. A 10-kb
BamHI fragment encoding Tcr was cloned from PCH722 to
give the recombinant plasmid pMKK722. To verify that the
cloned DNA carried a TnS-B30-disrupted pcaK gene, the
mutation was reconstructed on the P. putida chromosome by
homologous recombination. The Tcr gene was deleted from
pMKK722 and replaced with the Gmr gene from pHRP302.
The 9-kb BamHI fragment from the clone (pHRP403) thus
formed was inserted into pRK415, forming pHRP404 (Fig. 2).
This plasmid was mobilized into wild-type P. putida, and a Gmr
Tc' isolate was identified. This strain, designated PCH722-Gm,
has the same chemotaxis phenotype as PCH722, and its
kanamycin resistance is also inducible by growth on aromatic
acids.
The 4-kb region of P. putida DNA from pMKK722 was

sequenced (Fig. 4), and computer analysis revealed three open
reading frames (ORFs) oriented in the same direction (Fig. 2).
The deduced amino acid sequence of the first ORF demon-
strated homology to a recently defined family of transcriptional
regulator proteins which includes PobR, an activator of 4-hy-
droxybenzoate hydroxylase from Acinetobacter calcoaceticus;
IclR, a repressor of genes involved in acetyl-CoA utilization via
the glyoxylate shunt in enteric bacteria; and GylR, an activator
of genes required for glycerol utilization by Streptomyces
coelicolor (9). For reasons noted below, this gene has been
designated pcaR. The second ORF was designated pcaK and
encodes a predicted hydrophobic protein of 47 kDa (Fig. 5)
with homology (20 to 25% amino acid identity) to a large
number of membrane-bound transport proteins, including the
glucose transporter of Synechocystis spp. (58), and the bicyclo-
mycin resistance determinant of E. coli (5). The third ORF
encodes a 42.7-kDa predicted protein with high amino acid
identity (30 to 50%) to ,-ketoacyl-CoA thiolase enzymes from
a variety of prokaryotic and eukaryotic organisms. This gene
was subsequently shown to be peaF, encoding 3-ketoadipyl-
CoA thiolase (see below).

PcaR, a positive regulator ofpca genes for 4-hydroxybenzo-
ate-degradation. A regulatory locus, peaR, has been previously
defined by mutational analysis and shown to be required for
expression of the peaBDC and peaIJ gene clusters, encoding
four of the enzymes of the ,B-ketoadipate pathway (25, 38). We
determined that the peaR mutant, PRS3015, was comple-
mented by pHRP404, indicating that we had cloned the peaR
gene. Additional experiments have shown that pHRP404 car-
ries a slightly truncated version of peaR (44). The full-length
gene encodes a protein with a predicted molecular mass of 31.8
kDa. The complete sequence ofpeaR and experiments showing
that its product functions together with the effector ,3-ketoa-
dipate to regulate transcriptional expression of pea structural
genes are the subjects of a separate communication (44).

Construction and analysis of a pcaF mutant, defective in
i0-ketoadipyl-CoA thiolase. Strain PRS4061, carrying an inac-
tivated peaF gene, was constructed by mobilizing pHRP411
(Fig. 2) into wild-type P. putida and screening for colonies that
were Tcs Gmr. ThepeaF mutant was unable to grow with either
benzoate or 4-hydroxybenzoate as sole carbon and energy
sources. PRS4061 was also defective in the synthesis of P-ke-
toadipyl-CoA thiolase, confirming the suggestion, on the basis
of DNA sequence analysis, thatpeaF encodes the final enzyme
in the 3-ketoadipate pathway. PRS2000 and PRS4061 were
grown in minimal medium with 10 mM glucose (thiolase
uninduced) or 10 mM glucose plus 20 mM adipate (induced)
(adipate is a nonmetabolizable analog of the inducer 1-ketoa-
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CCACCAACGTCGACCAGTTGCGT~ZC 5 TTCCTGACTGGCCCTGGGCCTGTGCCGCCATGCCCAATIGCCACCACGCTICTCTCCGAATACACCCC
T N V D Q L L V L R F L T G L G L G A G M P N A T T L L S E Y T P

CGAACGCCERG TCGCTS FCQFNLGGGCCTGGAAC GCICASA MCPYATCC-CTAT
E R L K S L L V T S I F C G F N L G M G G G G F I S A K M I P A Y

GGCTNGGAACAGCCSICIOGGATCGGCCGCWGCLTGGCCACTgvCTGGCGCTGGTATTFGATGGTCGTGTTGGTCGGCGCG
G W N S L L V I G G V L P L L L A L V L M V W L P E S A R F L V V R

100

200

300

400

500

600

700

800

900

901 GCAATCGTOGTACCGACAAGATCCGCAAGACCCTGTCOCCCATT1CGCCACAGGTrG=CCAGGQGCGOAGCTTCAGCGTGCCAGAGCAAAAQQCCGT 1000
N R a T Q K I R K T L S P I A P Q V V A E A G S F S V P E Q K A V

1001 GGCCCCG~M7CG7G7MCGCCT 0C7 AC7CG7 C1100
A A R S V F A V I F S a T Y G L G T M L L W L T Y F M G L V I V Y

1101 CTC ACCAG CCAACCTTGA7=TGACAGCGGTGCGACGAGCAGC CA TCGcG 7GrCGTCOCr 1200
L L T S W L P T L M R D S a A S M E Q A A F I G A L F Q F G G V L S

1201 G cGG CACCGCTACAACCCGCACAAGGTAATCGCcA7TT TACCTGCTIGW GCCTACGCGGTAG = A 1300
A v G v G W A M D R Y N P H K V I G I F Y L L A G V F A Y A v G Q

1301 GA ACCACC CT CGA7GC 1400
S L a N I T V L A T L V L I A G M C V N a A Q s A M P S L A A R F

1401 TACCCGACCCAOGcCG'oCACGGGTGATTCGGMTc29GATCacGCcTc rCTcQ GAGCcTGAGGCGCGACGcTUcTOOQC 1500
Y P T Q G R A T G v s w M L G I G R F G A I L G A W S G A T L L G L

1501 TGQGAAcTTGAGcAGG7GC=rACccGc GCTccTacQcGc¶GGcGACCGTAGGTGTGATc AGcCAcoccGAcGc 1600
G w N F E Q V L T A L L V P A A L A T V G v I V K G L V S H A D A

1601 GACCTGAGGAGCGAGGGCCGCTTTAGGACCGCAGCACAAGGCTGCTCCCACAGGGGGAGCAGCCTPGTCGCGATAGGGCTQCTCAGCAGoCCC 1700
T *

1701 GGCATCCAGATAAGTAGCAGCGCAACAAAGTTCGATAACCGCACGAATAGTcGATATCATTGTAAGCCTACCGCCACTCTCCTTAATAGCTC 1800

1801 ATCGAAGCACCCTGACCAGTAGCCTCCACACGTACCGCCGCCGCTATrGCCAGT0GCAGGA CCTA GACOTATrTA1GACGCCATCC 1900
paal M R D V F I C D A I R

1901 GCACCCCCATCGGCCGCTTCGGCGGCGCCTTGGCGGGTGTGCGTGCCGACGACCTGCTGGCCTGCCGTGCAAAGCGCTGATCGA GCCGAACCCTGCGGT 2000
T P I G R F G G A L A G V R A D D L A A V P L K A L I E P N P A V

2001 GCAGTGGGACCAGG ATGAAGITCllCGCTGCGCCAACCAGGCCGGTGAAGACAACCGCAACGTGGCGCGCAT.GCGCTGCTIGCTCCGGCCTG 2100

QW D QV D E V F F G C A N Q A G E D N R N V A R M A L L L A G L

2101 CCGGAGAGCATCCCGGGCGTCACCCTGAACCGCC mCGCG'TCGGGCATGGATGCCATCGGCACTGCCTTCCCCATCGCCAGCGGCG GAAGAC 2200
P E S I P G V T L N R L C A S G M D A I G T A F R A I A S G E M E L

2201 TGCGATmCCGGCGGCGTCGAGTGATCGCGCGCACCGTTGTCAGTCGCAAGGC TAAAGCorCTATGC AACATGAACGAAGACACCAC 2300
A I A G G V E S M S R A P F V M G K A E S G Y S R N M K L E D T T

2301 CA= CATCAACC CGCTGGAT AAGAGCCAGTACGGTGACTCCATGCCGGAAACTGCCGACAACGMGCCGACGACTACCAGGTTTCG 2400
I G W R F I N P L M K S QY G V D S M P E T A D N V A D D Y Q V S

2401 CGCCT25AC0AGGA0GTTCCCCC GCCAGC CAGCAGCCGCCCAGGCC GCGC TCGTAcGGGCATTG 2500
R A D Q D A F A L R S Q Q K A A A A Q A A G F F A E E I V P V R I A

2501 CCCACAAGAAGGCGAAACCACGTCGA TACGAGC ACCTGCGCCCQAGAAACCAGACAGCTCAAGCCGGTCAACGGCCCGGA 2600
H K K G E T I V E R D E H L R P E T T L E A L T K L K P V N G P D

2601 CAAGAC TGTACCGCCGGCAACGCCTCQGGC ATGACATACTC T CGGCGGAAGC CGGCACCTGACCCCG 2700
K T V T A G N A S G V N D G A A A L I L A S A E A V K K H G L T P

2701 CGTGCCCGGGTACTGGGCAITGCCAGCGGCGG= CACCACIGTGATt GGCATGCCcGGTAcCGGCAGC GCAAGCTGACCGAGCGCCTOQG 2800
R A R V L G M A S G G V A P R V M G I G P V P A V R K L T E R L G V

2801 TGGCAAM G AGAA GCCAGCCATCGACGATGCGCCGCA 2900
A V S D F D V I E L N E A F A S Q G L A V L R E L G V A D D A P Q

2901 GGTGAACCCGAATGGCaGTCAATCGCCC~rGGCCATCCGCI WCAlAGCGGTGCGCGCCT0G;CTGACIrCGCTlCATCAGC=AGAAAAGGC 3000
V N P N G G A I A L G H P L G M S G A R L V L T A L H Q L E K S G

3001 GGGCOCAA CTIGCAACCA GGT:C = WI AMGCTGGCCA=CGACCGTACCTTCCG GCcT ;GG ACCC 3100
G R K G L A T M C V G V G Q G L A L A I E R V*

3101 GCTCCCACAGGGATCC 3116

FIG. 4. Nucleotide and deduced amino acid sequences ofpeaK and pcaF. The site of insertion of TnS-B30 in PCH722, as determined by DNA
sequencing, is indicated by an arrowhead. Transport protein consensus sequences (see text) are underlined in PcaK. Stop codons are indicated by
asterisks. The complete sequence ofpcaR (refer to Fig. 2, physical map of the pcaRKF gene cluster) is given in reference 44 and recorded under
GenBank accession number L33795.
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FIG. 5. Hydrophilicity plot of the deduced amino acid sequence for
PcaK from P. putida. The algorithm of Hopp and Woods (24) was
used, with a span of six amino acids.

dipate). Thiolase activity for PRS2000 was 16.1 and 111.0 nmol
of ,B-ketoadipyl-CoA disappeared per min per mg of protein,
respectively, for the two culture conditions, while PRS4061
thiolase activity was 13.9 and 19.5 nmol/min/mg of protein,
respectively.

Effect of the pcaK mutation on P. putida aromatic acid
uptake and growth. In initial studies, the pcaK mutation had
no obvious effect on growth of PCH722-Gm cells on plates
or in liquid minimal medium supplied with benzoate or 4-
hydroxybenzoate as sole growth substrates. However, since
the deduced amino acid sequence of the PcaK protein indi-
cated homology to membrane-bound transporters, we were
prompted to carefully reexamine growth rates on aromatic
acids and to investigate the possibility that the PcaK protein
might function as a permease for these compounds. Since
aromatic acids in their undissociated, but not dissociated,
forms diffuse across biological membranes (26, 34), an effect of
medium pH on growth might be expected if entry into cells was
not catalyzed by active transport but instead depended on
diffusion of free benzoic acid (pKa 4.19) or free 4-hydroxyben-
zoic acid (pKa 4.48) across the membrane (55). We therefore
compared growth rates of wild-type and pcaK mutant cells on
succinate, benzoate, and 4-hydroxybenzoate in minimal media
at three different pHs. As shown in Fig. 6, wild-type and
mutant cells grew equally well on succinate and benzoate at
pHs ranging from 6.3 to 8.1. ThepcaK mutant did not grow as
rapidly as the wild type on 4-hydroxybenzoate at pH 8.1,
however. At this pH, less than 0.05% of the available substrate
would be present in the membrane-diffusible (4-hydroxyben-
zoic acid) form.
Washed suspensions of 4-hydroxybenzoate-grown wild-type

cells accumulated 14C-labeled 4-hydroxybenzoate at a linear
rate for 30 s. After this time, the rate of uptake plateaued,
apparently as the system became saturated with labeled sub-
strate. PcaK mutant cells, by contrast, accumulated 4-hydroxy-
benzoate at a much lower rate, and the rate of uptake
remained linear over the assay period of 3 min. In addition,
rates of 4-hydroxybenzoate uptake by pcaK cells were slightly
depressed when experiments were carried out at pH 8.0
compared with at pH 7.0. (Fig. 7).
PcaK, expressed in E. coli, catalyzes 4-hydroxybenzoate

transport. The low rates of 4-hydroxybenzoate uptake bypeaK
mutant cells suggested that the PcaK protein might function as
a transporter. The low-level uptake that was seen could be

._O

0

4,

.o
-W

8.1 6.8 6.3 8.1 6.8 6.3 8.1 6.8 6.3
SUCCNATE BENZOATE 4-OH-BENZOATE

Media pH and Carbon Source

FIG. 6. Loss of PcaK has a subtle effect on growth of P. putida.
Growth of the wild-type (PRS2000) (03) and peaK mutant (PCH722-
Gm) (U) strains was determined in minimal medium with succinate,
benzoate, or 4-hydroxybenzoate as the carbon source at pH 6.3, 6.8, or
8.1. Error bars are standard deviations.

accounted for by diffusion of 4-hydroxybenzoic acid across cell
membranes followed by metabolism. If this is the case, then a
P. putida double mutant blocked in the first step of 4-hydroxy-
benzoate metabolism and also defective in the synthesis of
PcaK should have no measurable ability to accumulate 4-hy-
droxybenzoate. Since such a mutant was not available, we
opted instead to test the function of PcaK in E. coli, a bacterial
species that lacks the ability to grow on 4-hydroxybenzoate,
benzoate, or most other aromatic compounds. As shown in Fig.
8, E. coli cells expressing the PcaK protein accumulated

25

0
I-

o

w

0

'5

94

0 2 3

Time (min.)
FIG. 7. Cells of the P. putida pcaK mutant strain PCH722-Gm

accumulated 4-hydroxybenzoate at a substantially lower rate than
wild-type cells. Results of uptake assays performed at pH 7.0 and 8.0
are shown.
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DISCUSSION

With the identification of peaR and peaF, the full comple-
v$PcaK ment of genes known to regulate and encode enzymes of the

protocatechuate branch of the P-ketoadipate pathway in P.
putida has now been reported. The pea genes are arranged in
four physically distinct clusters: peaHG (11), peaBDC (56),
peaIJ (37), and the new cluster reported here,pcaRKF. PcaR is
required for expression ofpeaBDC and pcaIJ, genes known to
be inducible by the pathway intermediate, 0-ketoadipate (25,
38). We do not yet know whether PcaR also regulates expres-
sion ofpeaF and peaK. With the exception ofpcaR, all of the
pea genes have also been cloned and sequenced from Acineto-
bacter calcoaceticus, in which they are arranged in a single
pcaIJFBDKCHG gene cluster that is inducible by protocat-

/ vector echuate (28). The P-ketoadipyl-CoA thiolases (peaF gene
vector _ products) from P. putida andA. calcoaceticus are 62% identical

< , . , . , .2over their entire lengths, and the predicted PcaK proteins from
0 1 0 1 5 2 0 2 5 30 the two organisms are 57% identical at the amino acid level.

The discovery of the peaK genes was unexpected for both
Time (s) organisms. Although PcaK is presumed to be involved in

The PcaK protein, when expressed in E. coil, catalyzes aromatic compound transport in A. calcoaceticus, its function
of 4-hydroxybenzoate. Uptake of 4-hydroxybenzoate by E. in this bacterium has not yet been explored.
(DE3)(pHNN100) is compared with uptake by E. coli BL21 Several lines of evidence, the most compelling of which is its
.7-5). functional expression in E. coli, indicate that the PcaK protein

from P. putida is a transporter for 4-hydroxybenzoate. Since
aromatic acids are membrane permeable, it has been argued

ybenzoate at a substantial rate. Cells that were heated that specific carriers for this class of compounds need not
for 5 min failed to accumulate label, indicating that necessarily be evoked (18). However, the existence of trans-
;ybenzoate was not simply sticking to the surfaces of porters for several aromatic acids, including 4-chlorobenzoate,
addition, labeled 4-hydroxybenzoate, extracted from 4-hydroxybenzoate, and mandelate, has been inferred from
lls and analyzed by thin-layer chromatography, was physiological studies (2, 14, 23). In addition, at least three
) be unmodified, confirming that E. coli did not groups have described aromatic acid permease mutants. A
ize 4-hydroxybenzoate (data not shown). E. coli cells mutant blocked in benzoate uptake has been reported for P.
ig PcaK did not accumulate benzoate over time, putida PRS2000 (52), a 4-hydroxyphenylacetic acid transport
ig that the PcaK transport protein has a narrow mutant has been described forKebsiella pneumoniae (1), and
range. mutants blocked in 4-hydroxybenzoate transport have been

f PcaK in aromatic acid chemotaxis. Since the peaK identified in two biovars of Rhizobium leguminosarum (57). All
grows at wild-type rates on 4-hydroxybenzoate at of these mutants were completely blocked in growth on the
?H, it seemed unlikely that its chemotaxis phenotype aromatic acids that the permease recognized. The P. putida
to a lack of induction of the aromatic acid taxis system. peaK mutant, by contrast, was not significantly impaired in
ier rule out this possibility, however, we assayed growth on 4-hydroxybenzoate at neutral pH. It is possible that
)n of a pea-lacZ fusion (on plasmid pHRP150) in this phenotype reflects the presence of more than one trans-
and found that cells expressed similar, fully induced porter, or it could be that the pH gradient across the cell
P-galactosidase activity regardless of whether they membrane is sufficiently steep at an external pH of 6.8 to allow
wn on benzoate (22,300 Miller units) or 4-hydroxy- diffusion of 4-hydroxybenzoic acid into cells at rates sufficient
(22,600 Miller units). This indicates that the peaK to support good growth of the peaK strain. The latter inter-

netabolized benzoate and 4-hydroxybenzoate equally pretation is supported by the finding that a change in the pH
Se 0-ketoadipate, a common intermediate of benzoate gradient between cells and the external medium (incubation at
ydroxybenzoate catabolism, is the inducer of pcaI pH 8.1) had a marked effect on growth rates. It is possible that
rn (Fig. 1). a subtle growth phenotype, such as that seen with the peaK
xperiments indicate that the chemotaxis phenotype of strain, is a general property of aromatic acid transport mutants,
was due to a disruption of peaK and not to a polar and this may explain why relatively few transport systems for
a downstream gene. First, the pcaF mutant PRS4061, members of this class of compounds have been identified. We

ks an insertion in the gene immediately downstream of anticipate that an intact 4-hydroxybenzoate transport system is
Id a wild-type chemotaxis phenotype. When grown on important for optimal growth of P. putida at the very low
in the presence of 4-hydroxybenzoate, PRS4061 exhib- external 4-hydroxybenzoate concentrations that would be ex-
[-type behavioral responses to benzoate (0.17 changes pected to occur in natural environments.
tion per s) and 4-hydroxybenzoate (0.16 changes of The deduced amino acid sequence of PcaK is similar to a
i per s) in computer-assisted chemotaxis assays. In large group of transport proteins termed the major facilitator
the peaK gene (supplied on pHJD100) comple- superfamily (32). The superfamily, primarily made up of

PCH722-Gm in trans to give a wild-type chemotaxis prokaryotic and eukaryotic transporters of sugars and drugs,
pe as determined by growth in 4-hydroxybenzoate was identified on the bases of function and a conserved
lates (not shown). Therefore, PcaK, in addition to its secondary structure predicted to have 12 membrane-spanning
in transport of 4-hydroxybenzoate, has a role in a-helices. The helices are hydrophobic or amphipathic and

xis to this compound. believed to form a channel for transport through the cell

J. BACTERIOL.
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membrane (4). Specific regions of conserved amino acids were
also identified in the primary sequence of the transporters (22).
The Hopp-Woods hydrophilicity profile of P. putida PcaK (Fig.
5) indicates that it is a hydrophobic polypeptide that may
indeed span the membrane 12 or more times. In addition,
PcaK possesses the hallmark amino acid sequences of the
superfamily (Fig. 4). Amino acids 89 to 94 (DRFGRK) match
perfectly the consensus (N/D)(R/K)XGR(R/K) predicted to
occur in the cytoplasmic linker between membrane-spanning
helices two and three. Two additional versions of the less
stringent sequence (RIK)XXX(R/K) are found in PcaK at
residues 25 to 29 and 216 to 220, and the PESPR sequence of
sugar transporters (22) is present as PESAR at amino acids 205
to 209. Within the superfamily of transport proteins, five
clusters have been identified (32). PileUp alignment of the
PcaK sequence with members from each cluster of the major
facilitator superfamily placed it in cluster 1, the drug resistance
protein family. It will be interesting to see whether other
transporters of aromatic compounds cluster in the same group.
To date, however, no other genes encoding transporters of
aromatic acids or aromatic hydrocarbons have been identified.
The pcaK mutant is specifically nonchemotactic to 4-hy-

droxybenzoate and benzoate (Fig. 3); this was the basis for its
initial identification. The most straightforward interpretation
for this chemotaxis phenotype is that the PcaK protein is an
aromatic acid chemoreceptor as well as a 4-hydroxybenzoate
transporter. Two problems with this interpretation are (i) that
PcaK is not homologous to known bacterial chemoreceptors
and (ii) the peaK mutant is, in fact, chemotactic to aromatic
compounds under certain growth conditions, notably after
growth on benzoate. The latter observation might be ac-
counted for by the synthesis of two chemoreceptors for aro-
matic acids by P. putida, and it is possible that PcaK represents
a new, previously unrecognized, type of chemoreceptor pro-
tein. It is also possible, however, that the PcaK protein,
although intimately involved in aromatic acid chemotaxis, does
not mediate direct transmission of sensory information to the
central cellular chemotaxis machinery. PcaK may instead func-
tion indirectly, possibly in concert with a chemoreceptor, to
influence aromatic acid-stimulated transduction of sensory
information.
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