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Sphingobium japonicum UT26 utilizes y-hexachlorocyclohexane (y-HCH) as its sole source of carbon and
energy. In our previous studies, we cloned and characterized genes encoding enzymes for the conversion of
v-HCH to -ketoadipate in UT26. In this study, we analyzed a mutant obtained by transposon mutagenesis and
identified and characterized new genes encoding a putative ABC-type transporter essential for the utilization
of v-HCH in strain UT26. This putative ABC transporter consists of four components, permease, ATPase,
periplasmic protein, and lipoprotein, encoded by linK, linL, linM, and linN, respectively. Mutation and comple-
mentation analyses indicated that all the linKLMN genes are required, probably as a set, for y-HCH utilization
in UT26. Furthermore, the mutant cells deficient in this putative ABC transporter showed (i) higher y-HCH
degradation activity and greater accumulation of the toxic dead-end product 2,5-dichlorophenol (2,5-DCP), (ii)
higher sensitivity to 2,5-DCP itself, and (iii) higher permeability of hydrophobic compounds than the wild-type
cells. These results strongly suggested that LinKLMN are involved in y-HCH utilization by controlling
membrane hydrophobicity. This study clearly demonstrated that a cellular factor besides catabolic enzymes

and transcriptional regulators is essential for utilization of xenobiotic compounds in bacterial cells.

v-Hexachlorocyclohexane (y-HCH; also called y-BHC and
lindane) is a halogenated organic insecticide that has been
used worldwide. Sphingobium japonicum (formerly Sphin-
gomonas paucimobilis) UT26 utilizes y-HCH as the sole source
of carbon and energy under aerobic conditions (21, 27, 36). S.
japonicum UT26 converts y-HCH to B-ketoadipate by means
of six enzymes, LinA to LinF, through the pathway shown in
Fig. 1 (12, 20, 32, 33, 37, 38). LinA and LinB, which are
involved in the early steps of the degradation of yv-HCH (Fig.
1), are localized in the periplasm of this gram-negative bacte-
rium (35). Recently we showed that 2,5-dichlorophenol (2,5-
DCP), which is a by-product in the y-HCH degradation path-
way, is toxic to UT26 cells (13). These observations strongly
suggested that other factors besides catabolic enzymes (e.g.,
localization of enzymes and detoxification of toxic metabolite)
are important for the y-HCH degradation activity of the cells.
It has also been reported that other xenobiotics and their
metabolites have toxic effects on bacterial cells, resulting in the
reduction of cellular degrading activities (4, 31, 41).

Sphingomonas-related strains (sphingomonads) have broad
catabolic abilities for natural and xenobiotic compounds, such
as chlorinated phenols (5), polychlorinated biphenyls (42),
polycyclic aromatic hydrocarbons (43), fluorene analogues
(40), and azo dyes (51), and these bacterial strains are expected
to have high potential for bioremediation of contaminated
sites. Sphingomonads have glycosphingolipids in their outer
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membrane instead of lipopolysaccharides, which is character-
istic of conventional gram-negative bacteria. It has been pro-
posed that the surface hydrophobicity of sphingomonads is
advantageous for the uptake and degradation of hydrophobic
compounds (24). It is generally known that gram-negative bac-
terial outer membrane and periplasmic space play a critical
role in a protective barrier that controls the influx and efflux of
various solutes, organic solvents, antibiotics, and pollutants
(11, 44, 47). However, studies of the cell surface and biological
membrane function of sphingomonads have focused only on
structural analysis of glycosphingolipids with the exception of
very limited cases, e.g., a superchannel system for uptake and
degradation of alginate, which consists of a ATP-binding cas-
sette (ABC) transporter system, in Sphingomonas sp. strain Al
(15).

In this study, we identified new genes encoding a putative
ABC transporter system that is required for y-HCH utilization
in S. japonicum UT26. This ABC transporter consists of four
putative components, including a unique periplasmic protein
and lipoprotein. The mechanism of how the ABC transporter
is involved in the utilization of xenobiotics is also discussed.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. S. japonicum cells were grown
at 30°C in 1/3LB (3.3 g of Bacto tryptone, 1.7 g of yeast extract, and 5 g of sodium
chloride per liter) or W minimal medium (21) containing an appropriate carbon
source. To test the ability to utilize y-HCH, S. japonicum UT26 was grown on a
W-medium agar plate containing 2 mM +y-HCH. Antibiotics were used at the
final concentrations of 50 wg/ml for kanamycin (Km) and 20 pg/ml for tetracy-
cline (Tc).

DNA manipulations and DNA sequence analysis. Established methods were
employed for the preparation of plasmids and genomic DNAs, digestion with
restriction endonucleases, ligation, agarose gel electrophoresis, and the transfor-
mation of Escherichia coli cells (30). PCR was performed with KOD-Plus DNA
polymerase (TOYOBO, Osaka, Japan) or ExTaq polymerase (TAKARA, Kyoto,
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FIG. 1. Proposed degradation pathways of yv-HCH in S. japonicum UT26. Compounds: 1, v-hexachlorocyclohexane (y-HCH); 2, pentachlorocyclo-
hexene (y-PCCH); 3, 1,3,4,6-tetrachloro-1,4-cyclohexadiene (1,4-TCDN); 4, 1,2,4-trichlorobenzene (1,2,4-TCB); 5, 2,4,5-trichloro-2,5-cyclohexadiene-
1-0l (2,4,5-DNOL); 6, 2,5-dichlorophenol (2,5-DCP); 7, 2,5-dichloro-2,5-cyclohexadiene-1,4-diol (2,5-DDOL); 8, 2,5-dichlorohydroquinone (2,5-DCHQ);
9, chlorohydroquinone (CHQ); 10, hydroquinone (HQ); 11, acylchloride; 12, y-hydroxymuconic semialdehyde; 13, maleylacetate; 14, B-ketoadipate.
GSH, glutathione (reduced form); GS-SG, glutathione (oxidized form). Square brackets show unstable materials that have yet to be detected.

Japan). The nucleotide sequences were determined using an ABI PRISM 310
sequencer and ABI Prism Big Dye terminator kit (Applied Biosystems, Foster
City, CA). Southern blot analysis was carried out using the conventional proto-
cols (30) and a digoxigenin system (Roche Diagnostics, Mannheim, Germany).

The nucleotide sequences were analyzed using the Genetyx program, version 12
(SDC Inc., Tokyo, Japan). Homology searches were performed using BLAST
programs available at the National Center for Biotechnology Information web-
site (http://www.ncbi.nlm.nih.gov/BLAST/). Signal peptides and lipoprotein sig-

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)”

Source or reference

Strains
S. japonicum
UT26 HCH™" Nal 21
UT953 UT26 TnMod-OKm-inserted mutant, Km" HCH™ This study
REI UT26 AlinKLMN Km" HCH™ This study
RE2 UT26 AlinK Km" HCH™ This study
RE3 UT26 AlinL. Km" HCH™ This study
RE4 UT26 AlinN Km" HCH™ This study
YOs5 UT26 AlinA 36
YO5AlinL YOS5 Alin. Km" HCH™ This study
E. coli DH5« F~ $80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17 phoA 14
supE44 thi-1 gyrA96 relA1
Plasmids
pHSG397 pMB?9 replicon, Cm* 53
pUC4K pMBO replicon, Km" 54
pTnMod-OKm pMBI1 replicon, mini-Tn5, Km" 10
pKS13 RK2 replicon; cos Mob™* Tc" 26
pKS13P Pu promoter” This study
pEX18Tc Tc" sacB oriT; suicide vector for gene replacement carrying the pUCI18-derived 18
multiple cloning sites
pKSR1000 pKS13P carrying linKLMN This study
pKSR1001 pKS13P carrying linK This study
pKSR1002 pKS13P carrying linLL This study
pKSR1004 pKS13P carrying linN This study
pKSR1005 pKS13P carrying linKL This study
pKSR1007 pKS13P carrying linKLM This study
pKSR1008 pKS13P carrying linLMN This study
pKSR1009 pKS13P carrying linKLN This study

“HCH™, growth on W minimal agar containing y-HCH; HCH ™, no growth on W minimal agar containing y-HCH.
b Pu promoter, necessary for constitutive expression of the lin4 gene in S. paucimobilis UT26 (36).
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nals were analyzed using the SignalP server (http://www.cbs.dtu.dk/services
/SignalP/).

Electroporation. The S. japonicum UT26 cells were transformed by electro-
poration. Cells grown on 1/3LB agar for 2 days were collected, washed three
times with ice-cold 1 mM 3-morpholinepropanesulfonic acid and 10% glycerol,
and mixed with DNA solution. The suspension was transferred to an electropo-
ration cuvette with a 1-mm gap. Electroporation was conducted under the con-
ditions of 1.8 kV, 200 ), and 25 pF. After the pulse, 1/3LB medium was
immediately added and incubated for 2 to 10 h and spread onto a 1/3LB agar
medium containing appropriate antibiotics.

Transposon mutagenesis. Random mutagenesis of the S. japonicum UT26
genes was accomplished using pTnMod-OKm, which carries pMB1-based repli-
cation machinery in a Tn5-derived minitransposon (10). The transformation of
UT26 cells by pTnMod-OKm was performed by electroporation. The subsequent
screening of mutants deficient in y-HCH utilization was performed as described
previously (12).

Characterization of transposon insertion sites. Genomic DNA prepared from
a TnMod-OKm-inserted mutant, strain UT953, was digested with Sphl or both
BamHI and Bglll. The digested DNA was self-ligated, and the self-replicating
Km-resistant (Km") plasmids were recovered by transformation of E. coli DH5a.
The plasmids thus recovered were employed to determine the sequences of the
flanking regions of the TnMod-OKm insertion site using the primers that are able
to anneal the regions close to the two ends of TnMod-OKm (primer up [5'-GC
TGGCCTTTTGCTCAC-3'] and primer down [5'-TTGAGACACAACGTGG
C-3']).

Construction of linKLMN deletion mutants of S. japonicum UT26. Allelic
exchange mutagenesis of the S. japonicum UT26 genome was carried out by
pEX18Tc, which has a sacB gene as a counterselective suicide marker (18).
Approximately 1-kb regions upstream and downstream of a target gene were
amplified by the PCR using the primers shown in Table S1 in the supplemental
material and the UT26 genomic DNA as a template. Primer sets were designed
so as to contain the EcoRI and BamHI restriction sites at the 5’ and 3’ ends,
respectively, for the upstream fragments and the Xbal and HindIII restriction
sites at the 5’ and 3’ ends, respectively, for the downstream fragment, respec-
tively. The upstream and downstream fragments were sequentially cloned into
the EcoRI-BamHI and Xbal-HindIIT sites, respectively, of pEX18Tc, and a Km"
gene cassette amplified by the PCR from pUC4K was inserted into the BamHI-
Xbal site of pEX18Tc derivatives. The resulting plasmid was introduced into S.
Jjaponicum UT26 by electroporation, and the transformants able to grow on
1/3LB plates containing 10% sucrose and Km" transformants were selected. The
expected double-crossover-mediated homologous recombination in the transfor-
mants was confirmed by the PCR.

Complementation of the linKLMN mutants. Expression of all or part of the
linKLMN cluster in the S. japonicum UT26-derived mutant strains was performed by
using pKS13P as a vector. This vector was constructed by the insertion of a BgllI-
BamHI-flanked promoter Pu (a constitutive promoter for the expression of linA
gene in strain UT26) (36) into a BamHI site of the broad-host-range vector pKS13
(26). All or part of the /inKLMN cluster was amplified by the PCR using the primer
sets shown in Table S1 in the supplemental material, cloned into pHSG397, and then
recloned into the downstream region of Pu in pKS13P. The resulting plasmids were
introduced into each mutant strain by electroporation, and the Tc-resistant (Tc")
transformants were selected on 1/3LB plate containing Tc.

v-HCH degradation assay. To prepare the resting cells, S. japonicum UT26
and its mutant cells were cultured in 1/3LB, collected at log phase, washed twice,
and suspended in W medium. To prepare the crude extract, the cells were
washed, suspended in 50 mM potassium phosphate buffer (pH 7.5) containing
10% glycerol, and disrupted by sonication using a Sonopuls GM70 (Bandelin,
Berlin, Germany). Two milligrams (wet weight) of resting cells or crude extracts
prepared from 2 mg cells were suspended in 5 ml of W medium with 30 puM
v-HCH and incubated at 30°C. After the reaction, the sample was mixed with an
equivalent volume of ethyl acetate containing 10 pM 1,2,4-trichlorobenzene as
the internal standard, and then the ethyl acetate layer was recovered and ana-
lyzed by Shimadzu GC-17A gas chromatography (GC) with an electron capture
detector (ECD) and an Rtx-1 capillary column (30 m by 0.25 mm by 0.25 pum;
Restek Corp.). The column temperature was increased from 100°C to 260°C at
a rate of 20°C/min, and the gas flow rate was 30 ml/min.

Protein localization analysis. Subcellular fractionation of S. japonicum and
Western blot analysis for LinA and LinB were performed as described previously
(35).

Sensitivity assay for y-HCH, 2,5-DCP, and organic solvents. S. japonicum
UT26 and its mutant cells were cultured in 1/3LB agar, collected at log phase,
washed in fresh 1/3LB, and diluted to approximately 5 X 10" to 5 X 10° CFU per
ml in 1/3LB. A drop of cell suspension (5 wl) containing 10! to 10° cells was
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spotted on a 1/3LB agar plate containing 2 mM y-HCH or 25 uM 2,5-DCP. The
negative-control plate was supplemented with dimethyl sulfoxide (DMSO),
which was used as a solvent for y-HCH and 2,5-DCP. Cell growth and viability
were assessed after incubation at 30°C for 2 to 5 days. To assay the sensitivity to
organic solvents, the cell suspensions containing 10° cells were spotted on 1/3LB
agar and allowed to dry, and each solvent was overlaid to a depth of 2 to 3 mm.
Cell growth was assessed after incubation at 30°C for 2 to 5 days.

Inhibition zone bioassay. Approximately 10° cells of a strain to be investigated
were spread on 1/3LB agar. Paper disks (8-mm diameter; Advantec) were put at
the center of such agar plates, and 10 wl of each reagent was spotted onto the
disk. 2,5-DCP, 2,4-dichlorophenol (2,4-DCP), 2,4,5-trichlorophenol, and 2,5-
dichlorohydroquinone were dissolved in DMSO, and Tc was dissolved in meth-
anol. After incubation for more than 48 h at 30°C, the diameters of the inhibition
zones surrounding the disk were measured.

Membrane permeability assay based on the uptake of hydrophobic fluorescent
probes. The membrane permeability of cells was examined using N-phenyl-1-
naphthylamine (NPN) and 2',7'-bis-(carboxyethyl)-5(6")-carboxyfluorescein ace-
toxymethyl ester (BCECF-AM) as hydrophobic fluorescent probes. S. japonicum
UT26 and its mutant cells were cultured in 1/3LB agar, collected at log phase,
washed twice in ice-cold 50 mM HEPES (NaOH) buffer (pH 7.0), and diluted to
an optical density at 660 nm (ODyg) at 0.5 in the same buffer. In order to use
BCDCF-AM as a hydrophobic fluorescent probe, the cells must be energized.
Cells were preincubated for 2 min with 50 mM sodium succinate at room
temperature before mixing with fluorescent probes. One hundred microliters of
cell suspension was added to 0.9 ml of 50 mM HEPES buffer containing 10 pM
NPN or 0.5 pM BCECF-AM (final concentration) in a cuvette (1-cm light path),
and the fluorescence was measured immediately using a fluorescence spectro-
photometer (Hitachi F-3010). NPN and BCECF were excited by light with
wavelengths of 340 nm and 502 nm, and emissions were measured at 420 nm and
525 nm, respectively.

Chemicals. y-HCH and 2,5-DCP were purchased from Nakarai Chemical Co.
(Kyoto, Japan); NPN and BCECF-AM were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan) and Merck Calbiochem (Tokyo, Japan), respec-
tively. Stock solutions of y-HCH and 2,5-DCP were prepared in DMSO at final
concentrations of 200 mM and 20 mM, respectively.

Nucleotide seq e accessi ber. The nucleotide sequence determined
in this study has been deposited in the DDBJ/EMBL/GenBank databases under
the accession number AB267475.

RESULTS

Identification of linKLMN as genes required for y-HCH
utilization in S. japonicum UT26. In order to analyze the
v-HCH degradation pathway in S. japonicum UT26, we carried
out random transposon mutagenesis of UT26 using pTnMod-
OKm, and we have isolated new UT26 mutants deficient in
v-HCH utilization (12). One of these mutants, UT953, was
able to grow on a W minimal agar plate containing succinate
but not on one containing y-HCH as the sole carbon source.
Obvious LinA to LinE activities in UT953 were confirmed by
using GC with an ECD (data not shown). A single copy of the
TnMod-OKm insertion in the UT953 genome was confirmed
by Southern blot analysis (data not shown), and the UT953-
derived DNA fragments containing the TnMod-OKm insertion
site were recovered as plasmids in E. coli as described in
Materials and Methods. Sequence analysis of the resulting
plasmids revealed that the TnMod-OKm inserted in strain
UT953 was located in an open reading frame (ORF) that
encoded a protein homologous to putative ATP-binding pro-
tein. This ORF and three neighboring ORFs were predicted to
constitute an operon (Fig. 2) and encode a putative ATP-
binding cassette (ABC) transporter system as a set. These four
genes were designated /inK, linL, linM, and linN in that order
(Fig. 2).

To confirm the involvement of the /inKLMN genes for
v-HCH utilization in S. japonicum UT26, we constructed a
linKLMN deletion mutant, RE1, by allelic-exchange mutagen-
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FIG. 2. Organization of the linKLMN gene cluster and constructs of linKLMN mutants and plasmids for complementation. Pentagons indicate
the size and orientation of the ORFs. In §. japonicum UT953, TnMod-OKm was inserted into a position shown by the small black flag. The
rightward direction of the flag represents the orientation of the Km" gene on TnMod-OKm. S. japonicum RE1, RE2, RE3 and RE4 are [inKLMN
deletion mutants (Table 1), and gaps between the white bars indicate regions that were deleted by homologous recombination. Plasmids pKSR1000
to pKSR1009 were used for complementation analysis (Table 1), and white bars show the insertion regions of plasmids. Rightward black arrows
indicate constitutive promoter Pu (36). Mutants and plasmids were constructed as described in Materials and Methods.

esis as described in Materials and Methods. S. japonicum strain
RE1 was able to grow by using succinate, but not y-HCH, as
the sole carbon source. This growth defect was complemented
by the introduction of plasmid carrying linKLMN but not
linKL, linKLM, linLMN, or linKLN (Table 2). The linK, linL,

TABLE 2. Effects of disruption and complementation of linKLMN
genes on y-HCH utilization

. Plasmid [supplied Growth on
Strain gene(s)] y-HCH*
UT26 None +
RE1 None -

pKS13P -
pKSR1005 (linKL) -
pKSR1007 (linKLM) -
pKSR1008 (linLMN) -
pKSR1009 (linKLN) -
pKSR1000 (linKLMN) +
RE2 None -
pKS13P -
pKSR1001 (/inK) -
RE3 None -
pKS13P -
pKSR1002 (linL) +
RE4 None -
pKS13P -
pKSR1004 (linN) +
“ Growth on W minimal agar containing y-HCH. Symbols: +, growth on W
minimal agar containing y-HCH; —, no growth on W minimal agar containing
v-HCH.

and /inN deletion mutants (RE2, RE3, and RE4, respectively)
were also unable to grow on W minimal agar containing
v-HCH (Table 2). The linM deletion mutant was not obtained.
The growth defects of RE3 and RE4 were complemented by
the introduction of the linL and linN genes, respectively (Table
2). These results indicated that all the /inKLMN genes are
probably required as a set for the y-HCH utilization in UT26.
The growth defect of RE2 was not complemented by the in-
troduction of /inK (Table 2), probably due to the polar effect of
the /inK disruption by the insertion of the Km" gene.
Sequence features of LinK, LinL, LinM, and LinN. The
linKLMN genes were predicted to encode an ABC transporter
system, which is known as an active transport system, for the
uptake or efflux of various molecules across the cell membrane
(2, 9). The core of this ABC transporter system is formed by
transmembrane (LinK homologue) and cytoplasmic ATPase
(LinL homologue) components (19). LinK has six potential
transmembrane-spanning domains but lacks an EAA motif,
which is highly conserved in the transmembrane components
of bacterial ABC importers but not exporters (2, 9). LinL is the
most highly conserved among components of the ABC trans-
porters and exhibits typical features of the ABC ATPase, i.e.,
Walker A and B motifs, Q loop, and H motif, which are
conserved in most ATP-binding proteins, and the LSGGQ
linker motif, which is specific to ABC ATPase (2, 9). LinM has
a putative periplasmic signal peptide at its N-terminal 30
amino acid residues and exhibits a feature of soluble protein.
LinM contains the N-terminal domain, which is similar to the
mammalian cell entry (Mce) protein family in Mycobacterium
tuberculosis (7, 52). LinM homologues in the database were
delineated as substrate-binding proteins of ABC transporter
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FIG. 3. Degradation of yv-HCH and accumulation of 2,5-DCP in S. japonicum UT26 and its mutants. y-HCH (30 wM) was incubated with intact
cells (A) or crude extracts (B) of each strain in W medium at 30°C. The concentrations of y-HCH and its metabolites in reaction medium were

measured by GC with an ECD.

systems or Mce-related proteins. One of the Mce family pro-
teins, McelA, links with a mammalian cell invasion protein (7),
but most of the Mce proteins or domains are functionally
uncharacterized (52). LinN has a putative lipoprotein signal at
its N-terminal portion, which is called lipobox and is cleaved by
signal peptidase II (16).

Site-directed mutagenesis of LinL. An ABC transporter op-
erates with ATP hydrolysis provided by its ATPase component.
To confirm that ATPase activity is essential for the function of
LinKLMN, site-directed mutagenesis of LinL. was performed.
Since Glu and Gln residues of LinL, which are located near the
Walker B motif (Glul88) and at the Q loop (GInl108), are
highly conserved in ABC ATPases and are critical for the
ATPase activity (2, 9), they were changed to Gln (E188Q) and
Leu (Q108L), respectively. The introduction of the plasmid
carrying these two /inL mutant genes into strain RE3 did not
allow the host cells to grow on the W minimal agar containing
v-HCH (Table 2).

LinKLMN suppressed the degradation of y-HCH and the
accumulation of 2,5-DCP in S. japonicum UT26. In order to
elucidate the function of linKLMN, we analyzed the y-HCH
degradation ability of inKLMN mutants in more detail by
using GC with an ECD. In the whole-cell assay, S. japonicum
RE1 (AlinKLMN strain) and RE3 (AlinL strain) degraded
v-HCH more rapidly than UT26 and accumulated 2,5-DCP to
concentrations three- and fivefold higher, respectively, than

that of strain UT26 (Fig. 3A). These phenotypes of strains RE1
and RE3 were reversed by the introduction of the wild-type
linKLMN and linL genes, respectively (data not shown). When
the same assay was conducted by using crude extracts, no
differences were observed between UT26 and RE1 (Fig. 3B),
indicating that the enzymatic activities for the y-HCH degra-
dation were not reduced by the disruption of linKLMN.

LinA and LinB, which catalyze the early reactions of yv-HCH
degradation, are directly involved in the production of the
dead-end metabolites 1,2,4-TCB and 2,5-DCP (Fig. 1) and are
localized in the periplasmic space in S. japonicum UT26 cells
(35). Cellular fractionation and Western blot analyses revealed
that the localization and amount of LinA and LinB in strain
RE1 were not different from those of strain UT26 (data not
shown). These results indicated that LinKLMN did not affect
the localization of LinA and LinB.

LinKLMN are involved in the tolerance to a metabolite(s) of
v-HCH and organic solvents. Previously, we showed that 2,5-
DCP, a dead-end metabolite of y-HCH degradation, is toxic to
S. japonicum UT26 (12). The relationship between the toxic
effect of the y-HCH metabolite(s) and the LinKLMN function
was investigated. Colony formation of S. japonicum RE1 and
RE3 on 1/3LB agar was drastically inhibited in the presence of
v-HCH and 2,5-DCP, and the growth defect of RE3 was re-
covered by the introduction of the wild-type linL gene (Fig. 4).
In liquid culture, the growth of RE1 was also drastically inhib-

UT26 RE3 RE3 (pKSI3P)  RE3 (pKSR1002)  REI
y @ F s R F S g sy
S 9§ F Y Y &S
S & s S F & F S S & s
I

100 5

10"

107

dilutions

FIG. 4. Assay for sensitivity of S. japonicum UT26 and its mutants to y-HCH or 2,5-DCP. The cells at log phase cultured in 1/3LB medium were
collected, washed in fresh 1/3LB medium, and diluted in 1/3LB medium, and cell suspensions (approximately 5 ul) containing 10" to 10 cells were
spotted on 1/3LB agar plate with either 2 mM y-HCH or 25 pM 2,5-DCP or with DMSO (negative control). These plates were incubated at 30°C

for 5 days.
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FIG. 5. Growth curves of S. japonicum UT26 (A) and RE1 (B) in 1/3LB medium in the presence of y-HCH or 2,5-DCP. UT26 and its mutant
cells at log phase cultured in 1/3LB were collected, washed in fresh 1/3LB medium, and diluted to an OD, of 0.05 in fresh 1/3LB with y-HCH
or 2,5-DCP. Each sample in the presence of 20 uM y-HCH (open triangle), 6 uM 2,5-DCP (open diamond), or DMSO (negative control; filled
circle), was grown at 30°C, and turbidity (ODgg) was recorded by using a TVS062CA biophotorecorder (Advantec, Toyko, Japan).

ited in the presence of y-HCH or 2,5-DCP compared to UT26
(Fig. 5A and B). To investigate the toxic effect of y-HCH itself,
we constructed a strain, YOSAlinL (UT26 AlinA AlinL) lacking
the LinA activity. The growth of YO5A/inL was not inhibited
in the presence of y-HCH (data not shown), which confirmed
that yv-HCH itself is not toxic to the /inL. mutant. These results
indicated that LinKLMN play a critical role in the tolerance to
the y-HCH metabolite(s), especially to 2,5-DCP.

To investigate whether the sensitivity of the linKLMN mu-
tants is specific to 2,5-DCP, the sensitivities of S. japonicum
UT26 and REL1 to chlorophenols and other compounds was
tested. The sensitivities of strains UT26 and RE1 to chloro-
phenols and some chemicals were estimated using the diame-
ter of the inhibition zone (Table 3). Insofar as we tested, only
2,5-DCP caused obviously stronger growth inhibition for RE1
than for UT26 (Table 3). Tolerance to organic solvent is esti-
mated by measuring growth on a 1/3LB agar plate overlaid
with organic solvents. The toxicity of an organic solvent corre-
lates with its hydrophobicity as defined by the logarithm of the

TABLE 3. Inhibition zone by chlorophenols and other chemicals

Diam of inhibition zone (mm)

ainb-
Reagent (amt)” of strain”:

UT26 RE1
2,5-DCP (0.2 wmol) ND¢ >84¢
2,4-DCP (0.2 pmol) ND ND
2,4-DCP (0.4 wmol) 15+13 22+ 08
2,4,5-TCP (0.2 pmol) 2+74 27+95
2,5-DCHQ (0.1 wmol) 12+08 15+23
H,0, (2.4 pmol) 55+25 57+4.1
SDS (1 mg) 29+ 1.7 32+09
Tc (0.2 pg) 62+ 13 65+ 0.5
MeOH ND ND
DMSO ND ND

“ Ten microliters of each reagent was applied. 2,5-DCHQ, 2,5-dichlorohydro-
quinone; SDS, sodium dodecyl sulfate; MeOH, methanol.

®Values are means = standard deviations from three to five independent
experiments.

¢ND, not detected.

4 The diameter of a plate is 84 mm.

partitioning coefficient of a solvent in 1-octanol/water (log P,,)
(44), and this log P, value is also used to express the level of
tolerance in various bacterial species and strains. UT26, but
not RE1, was able to grow on 1/3LB agar overlaid with nonane
(P, of 5.5) or octane (P,,, of 4.9).

LinKLMN are involved in the permeability of the mem-
brane to hydrophobic compounds. In general, tolerance to
hydrophobic compounds is highly linked to their membrane
permeability (44). The rapid y-HCH degradation in linKLMN
mutants (Fig. 3A) could be explained by the increase in the
rate of y-HCH diffusion into the cells. To examine this possi-
bility, we performed an uptake assay of hydrophobic fluores-
cent probes. NPN is an uncharged hydrophobic probe. Since
the fluorescence of NPN is strong in phospholipid environ-
ments but weak in aqueous ones (55), it has been used to
monitor the changes in bacterial membrane potential and the
permeability of the outer membrane (17, 29, 48). The initial
fluorescence in the linKLMN deletion mutant, RE1, suddenly
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FIG. 6. Change in the fluorescence of a hydrophobic probe, NPN
(A) or BCECF (B), in the presence of intact cells of S. japonicum
UT26 and REL. a.u. arbitrary units.
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increased compared with that in strain UT26, and then de-
creased gradually (Fig. 6A). The maximum fluorescence inten-
sity of NPN in strain RE1 was approximately 1.5-fold greater
than that in UT26 (Fig. 6A). These observations indicate that
the uptake of NPN in REI1 cells is more rapid than in UT26
cells. This increase of fluorescence in RE1 was restored by the
introduction of the linKLMN genes (data not shown). We also
used another probe, BCECF-AM, which is nonfluorescent and
cell membrane permeable. Inside the cells, BCECF-AM is
easily hydrolyzed by intracellular esterase to BCECF, a non-
permeable compound that emits a strong green fluorescence
(3). The rate at which BCECF fluorescence increased in RE1
was more rapid than in UT26 (Fig. 6B). These results strongly
suggested that LinKLMN is involved in the permeability of the
membrane to hydrophobic compounds in UT26.

DISCUSSION

In this study, we identified and characterized the linKLMN
genes encoding a putative ABC transporter system as an es-
sential factor for y-HCH utilization in S. japonicum UT26. In
our previous study, we showed that the growth of strain UT26
on y-HCH is inhibited by a y-HCH metabolite, 2,5-DCP (13),
and the results of this study strongly suggested that the putative
ABC transporter is required for the tolerance to 2,5-DCP in
UT26. This is the first report that clearly demonstrated the
essentiality of a cellular factor besides catabolic enzymes and
transcriptional regulators for the utilization of a xenobiotic
compound.

The deletion of linKLMN brought about excessive y-HCH
degradation and thus an increase in the production of 2,5-DCP
(Fig. 3), indicating that LinKLMN tunes the metabolic balance
of yv-HCH in S. japonicum UT26 in order to prevent the ac-
cumulation of the toxic metabolite 2,5-DCP. 2,5-DCP is pro-
duced from y-HCH by the activities of LinA and LinB (Fig. 1),
which are localized in periplasm (35, 36). We presume that
alteration of membrane physiology in the /inKLMN mutant
caused increase of y-HCH influx into periplasm and then
caused excessive y-HCH degradation and 2,5-DCP produc-
tion. Tuning the metabolic balance by enzymatic activities,
regulation of the gene expression, and the copy number of
genes for enzymes is most probable in cases in which xenobi-
otics and their metabolites are toxic for bacterial cells that can
degrade them (4, 31, 41). Our study suggests that the ability of
UT?26 to utilize y-HCH is established by the exquisite balance
of cellular y-HCH degradation activity and tolerance to toxic
metabolites. LInKLMN are novel examples of factors tuning
the metabolic balance.

The LinKI.MN proteins are involved not only in tolerance to
2,5-DCP but also in tolerance to organic solvents and the
permeability of the membrane to hydrophobic probes, which
suggest that LinKLMN are important for membrane physiol-
ogy. It has been shown that the permeability of the cell mem-
brane to the substrate is one of the limiting factors for whole-
cell catalytic activity., The toluene-utilizing bacterium
Pseudomonas putida DOT-TIE is highly tolerant to organic
solvents. The Ttg efflux pumps are essential for solvent toler-
ance in this strain (45, 46). On the other hand, several trans-
porters are involved in the uptake of aromatic compounds,
such as benzoate (8), 4-hydroxybenzoate and protocatechate
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(39), phthalate (6), 2,4-dichlorophenpxyacetate (28), styrene
(34), and m-xylene (23). In P. putida, XyIN, an outer mem-
brane protein encoded on TOL plasmid pWWQ0, is presumed
to be involved in the uptake of m-xylene, and the xyIN deletion
mutant showed lower catabolic enzyme activity than the wild-
type strain did (23). However, the growth of P. putida harbor-
ing the wild-type xyIN gene was inhibited by a high concentra-
tion of m-xylene, while that of xy/N mutant was not (23). The
functions of xyIN and linKLMN were totally opposite each
other in both whole-cell reaction and tolerance to substrate.
The molecular mechanism of LinKLMN is still unknown.
The possibility that LinKLMN are directly involved in the
membrane function which is inhibited by chlorophenols (49,
50) can be excluded, because the /inKLMN mutant was not
sensitive to 2,4-DCP and 2,4,5-DCP, which theoretically should
have the same effect as 2,5-DCP (Table 3). One possible work-
ing hypothesis is that LInKLMN work as an efflux pump for
hydrophobic compounds and are especially specific to
2,5-DCP. However, LinKLMN are not similar to other known
multidrug resistance transporters, such as LmrA, an ABC-type
multidrug resistance transporter of Lactococcus lactis (56).
Furthermore, multidrug resistance transporters usually do not
have components corresponding to LinM and LinN. Another
possibility is that the LinKLMN system translocates some com-
ponent(s) of the cell envelope or surface. Some transporters
and lipoproteins are necessary for the biogenesis of the cell
envelope (47), and LinM has in its N-terminal region an Mce
domain, which has been implicated in interaction with the
membrane lipid in Mycobacterium (22) or in the endoplasmic
reticulum of plant cells (1). Alteration of lipid composition and
membrane vesicle release are also major mechanisms for bac-
terial tolerance to toxic compounds (44). LinKLMN may be
involved in the integrity of membrane, and thus, they can
contribute to both the tolerance to some compounds and to the
permeability of the membrane. In this study, we confirmed that
ATPase activity is essential for LinKLMN function, but further
studies are required to elucidate its detailed mechanism. The
functions of LinM and LinN are especially of great interest.
The linKLMN orthologues were found in some proteobac-
teria, including some that have not been reported as xenobiotic
or chloroaromatic-degrading bacteria. Most of the linKLMN
orthologues are organized to exist as a cluster and form a
putative operon. An ABC transporter system encoded by the
g2 genes in Pseudomonas putida GMT73 was identified by
transposon mutagenesis to isolate a toluene-sensitive mutant
(25) and is the only LinKLMN-like ABC transporter system
whose function has been described, although it lacks the LinN
homologue and its level of similarity to /inKLM is very low. The
linKLMN orthologues showing a high level of similarity (more
than 60% identity at the amino acid level) were found only in
sphingomonads. Most of the y-HCH-degrading bacteria that
have been reported belong to sphingomonads (27). Sphin-
gomonads have broad catabolic abilities for xenobiotic com-
pounds, but their resistance to hydrophobic substrates or sol-
vents remains to be elucidated. In sphingomonad strains, the
hydrophobicity of glycosphingolipid in the outer membrane
has been proposed to be an advantage for the purpose of
contacting hydrophobic substrates (24), but this feature is
thought to be a disadvantage for protecting cells against toxic
hydrophobic compounds. Actually, S. japonicum UT26 and
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other sphingomonads are more sensitive to 2,5-DCP than E.
coli and P. putida are (13). LinKLMN and its homologues
might be important for the high metabolic activity of sphin-
gomonads toward y-HCH or other xenobiotics.
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