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Charged amino acids in the predicted transmembrane portion of PcaK, a permease from Pseudomonas putida
that transports 4-hydroxybenzoate (4-HBA), were required for 4-HBA transport, and they were also required
for P. putida to have a chemotactic response to 4-HBA. An essential amino acid motif (DGXD) containing
aspartate residues is located in the first transmembrane segment of PcaK and is conserved in the aromatic
acid/H� symporter family of the major facilitator superfamily of transporters.

The major facilitator superfamily (MFS) of transporters is
the largest group of electrochemical-potential-driven per-
meases found in living organisms (18, 22, 23). The superfamily
presently consists of 37 families (http://www.biology.ucsd.edu
/�msaier/transport/2__A__1.html) that generally group ac-
cording to substrate specificity. Although the MFS is huge,
only two of its members; LacY, the lactose permease of Esch-
erichia coli (family 5), and TetA, a tetracycline efflux protein
encoded by transposon Tn 10 (family 3 ) have been studied in
detail from a functional point of view.

PcaK is a 4-hydroxybenzoate (4-HBA) permease from the
bacterium Pseudomonas putida that is unusual in that it also
mediates chemotaxis of P. putida to 4-HBA (9, 17). PcaK is the
founding member of the aromatic acid/H� symporter family
(AAHS) (family 15) of the MFS (18). Under the recently
proposed transporter classification (TC) system, PcaK has
been assigned the TC number 2.A.1.15.1 (22). Other members
of family 15 include transport systems for the herbicide 2,4-
dichlorophenoxyacetate; the lignin monomer vanillate; the ar-
omatic acids 3-hydroxyphenylpropionate and benzoate; and
cis,cis-muconate, a dicarboxylic acid that is an intermediate in
benzoate degradation (2, 3, 6, 14, 28). As is typical of MFS
transporters, PcaK has 12 predicted membrane spanning re-
gions and two conserved amino acid sequences in the hydro-
philic regions between the second and third transmembrane
regions and between the eighth and ninth transmembrane re-
gions that are required for substrate accumulation (5) (Fig. 1).
It also has four charged amino acids in predicted transmem-
brane regions that are conserved in all members of the AAHS
family but not in other families of the MFS (Table 1). These
include two aspartate residues in transmembrane segment 1

(TM1) that are part of a conserved DXGD motif, as well as
two arginine residues, one in TM4 and the other in TM11
(Table 1). PcaK also has a glutamate at position 144 and an
aspartate at position 386, which do not clearly lie within trans-
membrane regions but are conserved in all AAHS family mem-
bers.

As a step towards defining amino acid sequences that have a
major functional role in members of the AAHS family of the
MFS, we mutated the conserved charged amino acids in the
PcaK permease and examined the effects of the mutations on
rates of 4-HBA transport. Several histidines that are less well
conserved in the AAHS family were also mutated. We exam-
ined the effects of all of the mutations on the chemotactic
response of P. putida to 4-HBA.

Construction of pcaK mutants. Plasmid pHJD193, which
contains a 1,656-bp segment of DNA encompassing the pcaK
gene and its native promoter (5), was used as template for the
generation of site-directed mutants of pcaK by the incorpora-
tion of a phosphorylated oligonucleotide during PCR amplifi-
cation (15). 5�-Phosphorylated mutagenic primers were de-
signed to incorporate one codon change and a silent restriction
enzyme recognition site to allow the screening of mutated PCR
products. The outside primers and PCR conditions were as
described previously (5). The nucleotide sequences of all mu-
tant pcaK genes were verified by DNA sequencing. The PCR
products were cloned into the gentamicin resistance broad-
host-range vector pBBR1MCS-5 (13). E. coli cells were trans-
formed with plasmid DNA by the method described by Hana-
han (8). Plasmids carrying gentamicin resistance genes were
mobilized from E. coli DH5� into the P. putida pcaK mutant
PRS4085 by triparental matings with E. coli HB101 (pRK2013)
(4). P. putida cells were grown at 30°C in a defined mineral
medium with 4-HBA or succinate as described previously (9).
For P. putida, the antibiotics gentamicin and kanamycin were
used at final concentrations of 5 and 100 �g/ml, respectively;
for E. coli, ampicillin, gentamicin, and kanamycin were used at
final concentrations of 100, 20, and 100 �g/ml, respectively.

* Corresponding author. Mailing address: Department of Micro-
biology, 3-432 BSB, The University of Iowa, Iowa City, IA 52242.
Phone: (319) 335–7783. Fax: (319) 335–7679. E-mail: caroline-harwood
@uiowa.edu.

† Present address: Department of Biology, Texas A&M University,
College Station, TX 77843.

1444



4-HBA transport is abolished by mutations that insert un-
charged amino acids into transmembrane regions of PcaK.
The two aspartates in TM1 of PcaK (D41 and D44) were
changed to alanines (D41A and D44A), asparagines (D41N
and D44N), and glutamates (D41E and D44E). Within TM4
and TM11, R124 and R328 were each changed to alanine
residues. The wild-type PcaK protein and each mutant PcaK
protein was expressed in the P. putida pcaK null mutant strain
PRS4085 under the control of the native pcaK promoter. The
rate of [14C]4-HBA transport was measured as described pre-
viously (5). The D41A, D41N, D44A, and D44N mutant PcaK
proteins were unable to catalyze any measurable transport of
4-HBA (Fig. 2). When the negative charge at amino acid po-
sitions 41 and 44 was restored (D41E and D44E changes),
4-HBA transport was 63 and 67% of the wild-type rate. The
R124A and R398A amino acid substitutions resulted in mutant
PcaK proteins that were completely defective in their ability to
catalyze 4-HBA transport (Fig. 2). Charged amino acid resi-
dues that are not located within transmembrane regions of
PcaK are also involved in 4-HBA transport. E144 and R386,
which are positioned in the hydrophilic cytoplasmic loop be-
tween the fourth and fifth transmembrane segments and 10th
and 11th transmembrane segments of PcaK, respectively, are

both required for 4-HBA transport. When these residues were
each changed to alanines, 4-HBA transport was reduced to
background levels. Site-directed amino acid changes in the
three histidine residues of PcaK resulted in mutant proteins
that facilitated the transport of 4-HBA from slightly above
background to wild-type levels (Table 2).

pcaK mutations also affect chemotaxis. Chemotaxis to 4-
HBA was assessed by a soft agar swarm plate assay. PcaK
mutant (strain PRS4085) cells carrying either wild-type pcaK
or mutant pcaK genes in trans on plasmid pBBR1MCS-5 were
stabbed into the centers of minimal medium plates that had
been solidified with 0.3% Nobel agar and that contained either
0.5 mM 4-HBA or 1.0 mM succinate. A wild-type chemotactic
response is indicated by a sharp, rapidly growing ring that
forms in response to the gradient of 4-HBA that is created as
cells metabolize the carbon source. The ability of mutant PcaK
proteins to mediate chemotaxis to 4-HBA was determined by
comparing the diameter of the swarm ring formed by each
mutant to the diameter of the swarm ring formed by cells
expressing wild-type PcaK protein. In general, the 4-HBA che-
motaxis phenotypes of each PcaK mutant matched in severity
the 4-HBA transport phenotype. The PcaK mutant proteins
that were completely defective in catalyzing 4-HBA transport

FIG. 1. Predicted membrane topology of PcaK. The model is based upon the algorithm of Jones et al. (11). Other algorithms yielded an almost
identical topology. Predicted hydrophobic transmembrane segments are enclosed in boxes. The amino acid residues of PcaK that were mutagenized
in this study are shaded various colors. The two conserved amino acid sequences in the 2-3 and 8-9 cytoplasmic loops are shaded grey.
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were also completely defective in mediating a chemotactic re-
sponse to 4-HBA (data not shown). Cells expressing mutant
PcaK proteins had a wild-type response to the chemoattractant
succinate. The mutant proteins that catalyzed partial levels of
4-HBA transport could also partially complement the 4-HBA
chemotaxis minus phenotype of the pcaK mutant strain
PRS4085 (Fig. 3; Table 2).

Mutant PcaK proteins did not have defects in membrane
localization. Each PcaK mutant protein resembled the wild-
type protein in its level of expression and its cellular localiza-
tion. To test this, wild-type and mutant PcaK proteins were

labeled with L-[35S]methionine during expression from a T7
promoter in E. coli BL21 (DE3) (26). We have shown previ-
ously that, when expressed in E. coli, PcaK catalyzes 4-HBA
transport at a rate similar to that seen in P. putida (17). Mutant
pcaK genes were amplified by PCR using the pBBR1MCS-5
clones as templates, cloned into pT7-5 (27), and expressed as
described previously (5). Each mutant PcaK protein localized
to the cell membrane at levels that were similar to those of the
wild-type PcaK (data not shown). The cytoplasmic fraction
contained no labeled protein.

Conclusions. MFS transporters are widely distributed in
archea, bacteria, and eukaryotes. This is an ancient family of
transporters and individual members have diverged to the
point where it can be difficult to identify them as belonging to
the MFS without using advanced computational methods (21).
All MFS members share, however, a common molecular ar-
chitecture that consists of 12 or 14 transmembrane helices that
are thought to be packed to form the perimeter of a pore
through which the transported substrate crosses the cell mem-
brane. Movement of the solute is often accompanied by the
translocation of a proton or other ion. Of the 448 amino acids
of PcaK, 48 are charged: 28 positive and 20 negative. The four
charged amino acids that are located within transmembrane

FIG. 2. Transport of 4-HBA by P. putida strain PRS4085 express-
ing wild-type and mutant PcaK proteins. Proteins were expressed in P.
putida cells from the broad-host range vector pBBR1MCS-5. Data are
the average levels of 4-HBA accumulation for at least four separate
experiments, each done in duplicate. Standard deviations are repre-
sented by error bars.

TABLE 1. Conserved charged amino acids located within transmembrane regions of AAHS family members of MFS

Proteina Organism Substrate % Identityc DGXDd
Presence of amino acide

R124 R398 E144 R386

PcaK Pseudomonas putida 4-HBA 100 DGLD � � � �
PcaK Pseudomonas aeruginosa 4-HBA 82 DGLD � � � �
PcaK Acinetobacter calcoaceticus 4-HBA 64 DGID � � � �
BenK Acinetobacter calcoaceticus Benzoate 33 DGYD � � � �
FcbT Arthrobacter sp. strain SU 4-Chlorobenzoateb 31 DGMD � � � �
TfdK Ralstonia eutropha 2,4-Dichlorophenoxyacetate 33 DGYD � K � �
MmlH Ralstonia eutropha 4-Methylmuconolactone 25 DSFD � K � �
HppK Rhodococcus globerulus 3-Hydroxyphenylpropionateb 29 DGFE � � � �
MhpT Escherichia coli 3-Hydroxyphenylpropionateb 39 EGLD � � � �
MucK Acinetobacter calcoaceticus cis-cis muconate 20 DGAD � � � �
VanK Acinetobacter calcoaceticus Vanillate 29 DGFD � � � �

a References or GenBank accession numbers for represented AAHS family members are as follows: P. putida: PcaK, Q51955. P. aeruginosa: PcaK, G83616. A.
calcoaceticus: PcaK, Q43975; BenK, AAF63452; MucK, AAC27117; VanK, AAC27108. Arthrobacter sp. strain SU: FcbT, AAD25166. R. eutropha: TfdK, AAC44725;
MmlH, CAA67957. R. globerulus: HppK, AAB81315. E. coli: MhpT, P77589.

b The compound listed is a putative substrate for the respective protein.
c Percents are relative to 100% amino acid identity for P. putida PcaK based upon GAP analysis (16).
d DGXD, the four-amino-acid motif located within the first transmembrane region of AAHS family members.
e Amino acid residue numbers are based upon the P. putida PcaK sequence. �, amino acid residue is conserved in GAP alignments; K, lysine residue at position 398.

TABLE 2. Transport and chemotaxis phenotypes of
pcaK histidine site-directed mutants

Mutation % 4-HBA accumulationa % 4-HBA chemotaxisb

Wild type 100 100
H183A 46 54
H328A 52 62
H328R 15 0
H444A 105 100

a 100% accumulation is the amount of 4-HBA accumulated in one min by the
pcaK mutant strain PRS4085 complemented with a wild-type pcaK gene from
plasmid pHJD193. This value is 12 nmol of accumulated 4-HBA/mg of protein.
Transport values are the averages of least four separate experiments, each done
in duplicate.

b Chemotaxis was measured with 4-HBA swarm plates. A value of 100%
means that the average swarm diameter of strain PRS4085 was complemented
with the wild-type pcaK gene. Swarm plates were incubated at 30°C for 20 h.
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regions of the protein (D41, D44, R124, and R328) are each
required for 4-hydroxybenzoate transport. Each is also con-
served in all members of the aromatic acid/H� symporter fam-
ily of the MFS. In TetA, a histidine residue and aspartate
residues located in transmembrane domains have been identi-
fied as being required for the exchange of tetracycline and a
H� (25, 29, 30). Extensive studies on the lactose permease
have identified pairs of charged amino acid residues (a nega-
tively charged side chain paired with a positively charged side
chain) in transmembrane helices that are involved in substrate
translocation, H� translocation, or helix packing (7, 12, 20). It
is possible that transmembrane aspartate and arginine residues
are charge paired in PcaK and intimately involved in one or
more of these three processes, although more detailed studies
will be required to prove this. Hydrophobicity plots predict
that E144 and H183 of PcaK lie very close to the membrane,
and it is possible that in the native protein these amino acids
are in fact buried in the cytoplasmic membrane. This is prob-
ably not the case for R386, and it is unclear what this particular
amino acid might contribute to the transport function of PcaK.
The H328 residue of PcaK is located within the second of two
conserved stretches of amino acids that are critical for sub-
strate translocation in MFS permeases by acting as a gate for
channel opening and closing (10). Therefore, the effects of the
H328A and H328R changes on transport are likely due to
structural changes within the 8-9 cytoplasmic loop of PcaK.

Mutants that are completely defective in PcaK expression
are unable to sense and respond to 4-HBA in chemotaxis
assays (9). 4-HBA diffuses across the cell membrane and into
P. putida at rates sufficient to support wild-type rates of growth
under the conditions in which 4-HBA chemotaxis is measured
(9). Thus, simple accumulation of this aromatic acid within
cells is not sufficient for chemotaxis to occur; PcaK must be
present. This and previous work (5) shows that pcaK mutants
that are partially defective in transport have chemotaxis de-
fects of equivalent severity.

Transporters for aromatic acids have been identified that
belong to MFS families other than the AAHS family (1, 19,

24). So, membership in the AAHS is not an obligatory char-
acteristic of all MFS permeases that recognize aromatic com-
pounds as a substrate.

This work was supported by Public Health Service grant GM56665
from the National Institute of General Medical Science.
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