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The mac-1 gene of Myxococcus xanthus TA, an antibiotic TA producer, encoded a protein
with strong sequence similarity to the antibiotic ATP-binding cassette (ABC) trans-
porter for macrolide antibiotics. The mac-1 gene encoding protein (Mac-1) had two ATP-
binding domains containing Walker A and B motifs, and no hydrophobic transmem-
brane regions. Insertional inactivation of mac-1 caused enhanced sensitivity to oleando-
mycin, a macrolide antibiotic, while the mac-1 mutant showed normal export of
antibiotic TA into the extracellular fluid. The mac-1 mutant could form mounds, but was
unable to form fruiting bodies or sporulate under nutrient starvation. A primary role for
Mac-1 in M. xanthus may be as a transporter which exports or imports a molecule re-
quired for the sporulation process.
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Myxobacteria are gram-negative, gliding bacteria, which
exhibit complex multicellular life cycles (1-4). Their multi-
cellular behaviors are coordinated through transmission of
intercellular signals. They live in soil and mainly feed coop-
eratively on other microbes. For the lysis of other microbes,
they produce a variety of antibiotics and bacteriolytdc en-
zymes (5, 6). In the absence of nutrients, swarms of them
aggregate to form fruiting bodies in which the rod-shaped
cells differentiate into spherical, environmentally resistant
myxospores.

The Myxococcus xanthus TA and Mxl strains excrete
antibiotic TA and saframycin Mxl into the media under
nutritionally limited conditions, respectively (7-9). Antibi-
otic TA is a macrocyclic compound that inhibits the poly-
merization step in cell wall formation (10), and its mode of
action is similar to that of vancomycin. Saframycin Mxl
belongs to the group of heterocyclic quinone antibiotics that
bind covalently to DNA, and inhibits cellular DNA and
RNA synthesis (11,12). ATP-binding cassette (ABC) trans-
porters participate in the incorporation into and secretion
from cells of many different molecules. Many antibiotic-pro-
ducing actinomycetes possess at least one antibiotic ABC
transporter that is responsible for secretion of the antibiotic
outside the cells (13).

Recently, we identified a DD-carboxypeptidase (pdcA)
gene from a type strain of M. xanthus (14). The characteris-
tics of the pdcA gene product were similar to those of peni-
cillin-resistant DD-carboxypeptidases of vancomycin-resist-
ant enterococci. The region downstream of the pdcA gene,
an incomplete open reading frame (ORF), was present, and
its deduced gene product (Mac-1) showed a high degree of
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similarity with antibiotic ABC transporters. This paper de-
scribes the primary structure determination and deletion
analysis of l ie antibiotic ABC transporter, Mac-1, from the
antibiotic TA producer, M. xanthus TA Also, the role of
Mac-1 in development is discussed.

METHODS AND MATERIALS

Bacterial Strains and Growth Conditions—M. xanthus
TA (ATCC 31046) was used as the wild-type strain in this
study. The M. xanthus wild-type or mutant strains were
grown at 28*C in Casitone-yeast extract (CYE) medium
with vigorous shaking (15). CF medium, used for testing
fruiting body formation, was prepared as previously de-
scribed (16). Cells were grown to the mid-exponential
growth phase, harvested, and then concentrated in TM
buffer (10 mM Tris-HCl, pH 7.5, and 8 mM MgSO4). Ali-
quots (10 (JLI) of the cell suspension (2 X 107 cells) were spot-
ted onto CF agar plates. The plates were incubated for 7
days at 30°C, and then examined for the formation of fruit-
ing bodies and spores under a light microscope.

DNA Manipulation and Sequencing—In order to obtain
a complete mac-1 gene, a positive clone containing the
pdcA and mac-1 genes (14) was used in this experiment.
Phage DNA was prepared from the clone and digested with
several restriction enzymes. The DNA fragments were sep-
arated in a 0.7% agarose gel and then transferred to a
nylon membrane for Southern blot analysis. The 1.3 kb
Apal-Pstl fragment containing a partial mac-1 gene was
used to prepare a DIG-labeled probe with a random primer
labeling kit (Roche Diagnostics). The 4 kb Smal and 1.6 kb
Apal fragments were hybridized with the probe and used
for sequence analysis. Nucleotide sequencing was perform-
ed by the dideoxynucleotide chain termination method of
Sanger et al. (17), using an ALF DNA sequencer (Amer-
sham Pharmacia Biotech) with an AutoRead sequencing
kit (Amersham Pharmacia Biotech).
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Construction of a mac-1 Insertion Mutant—To investi-
gate the biological function of Mac-1, we constructed a mac-
1 insertion mutant. First, a 2.0 kb fragment of mac-1 in the
4 kb Smal fragment was amplified by PCR using the prim-
ers, 5'-CCGGCGCGTTCAAGAGGGATTG-3', which an-
neals at positions 70 to 91, and 5'-AGCGGCTCAGCTCT-
TCGTA-3', which nnneals at positions 2018 to 2036. The
PCR product was ligated into a vector pT7 Blue. This plas-
mid was designated as pTMAC. A 1.2-kb fragment contain-
ing the kanamycin-resistance (Rmr) gene from TnV (18)
was inserted into pTMAC digested with Ball (Fig. 1). The
3.2-kb DNA fragment, which contains the mac-1 gene::Kmr,
was amplified by the PCR procedure using the above two
primers. The insertion mutation was moved into the chro-
mosome of M. xanthus TA by the electroporation method of
Plamann et al. (19). M. xanthus kanamycin-resistant colo-
nies were grown in CYE medium containing 70 ng/ml kan-
amycin, and chromosomal DNAs were prepared from the
mutants. Replacement of the wild-type mac-1 gene by the
defective gene was confirmed by Southern blot hybridiza-
tion and PCR analyses.

Biological Assay for Antibiotic TA Production—0.5%
Casitone (0.5 CT) medium was used for the production of
antibiotic TA (20). The M. xanthus TA wild-type and mu-
tant strains were grown in 0.5 CT medium at 28"C with
gyratory shaking for 1 to 4 days. Antibiotic TA was ex-
tracted from the culture supernatants and cells with 0.8
volume of chloroform. The chloroform layer was washed
once with distilled water and then concentrated in vacua.
The residue was suspended in a small volume of chloro-
form. Antibiotic TA activity was determined by the paper
disc assay method, with Escherichia coli NovaBlue as the
test organism. E. coli NovaBlue was grown overnight in LB
medium, and 0.1 ml aliquots of the culture were mixed
with 3 ml of soft agar and spread over LB plates. Disks (6-
mm diameter) containing different concentrations of the
antibiotic were then placed on the indicator bacteria, and
then the plates were incubated at 37°C for 16 h.

RT-PCR—Total RNA was isolated from M. xanthus at
the exponential growth phase and stationary phase, and
during development as described (2i). Development was
induced by plating cells that had been vegetatively grown
in CYE medium with aeration until the mid-log phase on
CF agar. Contaminating DNA was removed by digestion
with DNase. Reverse transcription RNA (1 jig) was reverse

transcribed and amplified using a BcaBEST RNA PCR kit
(Takara Shuzo). The following primer pair was used for the
amplification: forward 5'-ATGGCCCAGAATTTCATCTTC-
ACG-3', which anneals at positions 351 to 374, and reverse
5'-GGCCATCTCGATGGTGCGG-3', which anneals at posi-
tions 779 to 797. The amplification products were sepa-
rated by electrophoresis on 1.0% agarose gels, stained with
ethidium bromide, and detected with a LAS-1000 system
(Fuji Film).

Nucleotide Sequence Accession Number—The nucleotide
sequence data reported here will appear in the DDBJ/
EMBL/GenBank nucleotide sequence databases under ac-
cession no. AB041227.

RESULTS

Cloning and Sequencing of the mac-1 Gene—In a previ-
ous paper, we reported that an incomplete open reading
frame (ORF1) was present downstream of the penicillin-
resistant DD-carboxypeptidase (pdcA) gene in the 3.5-kb
Pstl fragment of M. xanthus IFO 13542 chromosome, and
the orfl gene has the characteristics of ABC transporters
(14). By subcloning the cloned DNA, the complete orfl gene
was obtained from the 4.0-kb Smal fragment DNA of the
clone (Fig. 1). We determined the nucleotide sequences of
both strands of the 2.5-kb^4paI (1)-Smal (2) fragment (Fig.
2). The orfl gene, designated as M. xanthus mac-1, had two
potential start codons, one at positions 351-353, and the
other at positions 375-377. However, the first one is most
likely the initiation codon, since it had an upstream purine-
rich sequence (AGGAAGG) that could function as a ribo-
some-binding site. The mac-1 gene had a high percentage
of G+C nucleotides (96%) at the third position of the
codons. The predicted translation product, Mac-1, had a
deduced amino acid sequence of 559 amino acids corre-
sponding to an estimated molecular weight of 62.1 kDa. A
typical inverted repeat sequence composed of a 14-bp stem,
which is a common feature of a transcription terminator,
was located immediately downstream of the terminal
codon.

Based on the sequence of the mac-1 gene, two primers
were synthesized and used to amplify the mac-1 gene from
M. xanthus TA (ATCC 31046) chromosomal DNA. The se-
quences of the two primers were 5'-ATGGCCCAGAATTT-
CATCTTC-3' and 5'-TCAGCTCTTCGTAATCGGGCG-3'.

1.0 2.0 3.0
I

5.

mac-1 ::Kmr | C

mac-1

II

Kmfftne

Walker 1

4.0
(kb)

Fig. 1. Restriction map of the
cloned Smal fragment harbor-
ing the mac-1 gene of Af. xan-
thus. The upper part of the figure
shows a restriction map of the 4.0-
kb Smal chromosomal fragment,
the muc-1 gene being denoted by a
open bar. The dotted bars indicate
the positions of two ATP-binding
domains (Walker 1 and 2). The
lower part of the figure shows the
position of insertion of the kanamy-
cin-resistance (Kmr) gene into the
Ball site of the mac-1 gene.
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The resulting 1.7-kb mac-1 gene from M. xanthus TA was
also sequenced. The sequence was consistent with that of
the mac-1 gene from the type-strain except for five nucle-
otddes; at positions 502 (C for T), 1324 (C for T), 1795 (C for
A), 1796 (G for C), and 1797 (C for G), some of which re-
sulted in four amino acid substitutions, at positions 51 (Thr
for Ee), 325 (Ala for Val), 482 (Thr for Asn), and 483 (Leu
forVal).

Deduced Properties of the Mac-1 Polypeptide—A com-

puter search with the BLAST program in the GenBank
database indicated that the deduced amino acid sequence
for Mac-1 exhibited significant similarity to proteins be-
longing to the ABC transporter superfamily. The polypep-
tide sequence deduced from Mac-1 exhibited 61% identity
along the entire length to the product of hypothetical gene
HI1252 in Haemophilus influenzae (22). They also indi-
cated clear similarity to some genes known to confer antibi-
otic resistance in different organisms, with the following

GGGCCCTCACCCTGGGGGCCGGGCGGTTTCGGCGGGCCTGCCGGCTGTTCCTGTACTTCGCGCTCGATGCCG 7 2
GCGCGTTCAAGAGGGATTGAAAGAAGATGGACGCCGTCATGGAGCAGCCGGAGCTGGCCGCCACGACGGAAT 1 4 4
AGGCCCAGGGGGGGCCTGGCGGCACCGTTCGCTTTTCCACGCCTGCGGCGCGGGCCAAGGGGGCGACGGCTT 2 1 6
GRRCAMGCTGCCCCCACCTGCCGGGGCCGGTCGTTCGAGCCCCACAGGGTTGGGGGACGCTCTCGCCTTGA 2 8 8
GIXX:GCTGTTGCACCCTGGTATCCGCAGAGCCCCTCACTCCACCTTAAGCAGGAAGGCCCAGATGGCCCAGA 360

M A Q 3
ATTTCATCTTCACGATGCAGGACCTGCGCAAGGTCAAGAACGGCAAGGAGATCCTCAAGGGCATCTACCTCT 43 2
N F I F T M Q D L R K V K N G K E I L K G I Y L 27
CGTTCTTCCCCGGCGCGAAGATTGGCGTCATTGGCCCCAACGGCTCCGGTAAGTCGACGCTGCTGCGCATCA 5 0 4
S F F P G A K I G V I G P N G S G K S T L L R I 5 1
TGGCGGGCGTGGACACGGAGTTCTTCGGTGTCGCCAAGCCGGACCCCAGCGCCAAGGTTGGCTACCTGGCGC 5 7 6
M A G V D T E F F G V A K P D P S A K V G Y L A 75
AGGAGCCACAGCTCGATGCCTCGCTCGACGTGAAGGGCAACGTGGAGCTGGGCCTGAAGGAGATTCGCGCCA 64 3
Q E P Q L D A S L D V K G N V E L G L K E I R A 99
CGCTGGACCGCTTCAACGAGGTCAGCGCGAAGTTCGCCGAGCCC ATGAGCGACGCGGAGATGGAGAAGCTGC 7 2 0
T L D R F N E V S A K F A E P H S D A E M E K L 123
TG<X:CBAGCAGGGCCGGCTGCAGGACGCCATCGACGCGGTGAATGGTTGGGAGCTGGACCGCACCATCGAGA 7 9 2
L A E Q G R L Q D A I D A V N G H E L D R T I E 147
TGGCCATGGACGCGCTGCGCCTGCCGCCGGGCGACGCGGACGTGACGAAGCTGTCCGGTGGTGAGAAGCGCC 8 6 4
M A M D A L R L P P G D A D V T K L S G G E K R 171
GCGTGGCGCTGTGCCGCATCCTGCTGGAGAAGCCGGACCTGCTCCTCCTGGACGAGCCCACCAACCACCTGG 9 3 6
R V A L C R I L L E K P D L L L L D E P T N H L 195
ACGCGGAGAGCGTCGCGTGGCTGGAGCAGGCGCTCAAGGAGTACAAGGGCACCATCGTGTGCATCACCCACG 1 0 0 8
D A E S V A W L E Q A L K E Y K G T I V C I T H 2 1 9
ACCGGTACTTCCTGGACAACGCGGCCGAGTGGATTCTGGAGCTGGACCGCGGCGAGGGTGTGCCCTGGAAGG 1 0 8 0
D R Y F L D K A A E W I L E L D R G E G V P W K 2 4 3
GC AACTACTCC AGCTGGCTGGAGC AGAAGCAGAAGCGCCTGGAGCTGGAGGAGAAGTCGGAGAGCCACCGCC 1 1 5 2
G N Y S S W L E Q K Q K R L E L E E K S E S H R 2 6 7
AGAAGACGCTCAAGCGCGAGCTGGAGTGGGTGCGTGCCTCCCCGAAGGCCCGTCAGGCCAAGAGCAAGGCGC 1 2 2 4
Q K T L K R E L E W V R A S P K A R Q A K S K A 2 9 1
GCATCGCGGCCTACGAGGAGCTGCTCAACCAGACGCAGGACAAGCGCGACGCGACGGGCGAGGTCATCATCC 1 2 9 6
R I A A Y E E L L N Q T Q D K R D A T G E V I I 3 1 5
CGCCCGGCCCGCAGCTCGGGGGGCTGGTGGTCGAGGCCAAGGGGCTGCGCAAGGCGTACGGCGACCGGCTGC 1 3 6 8
P P G P Q L G G L V V E A K G L R K A Y G D R L 3 3 9
TCATCGAGC^CCTGAACTTCAAGCTCCCGCGCGGTGGCATCGTGGGCGTCATCGGTCCCAACGGCGCGGGCA 1 4 4 0
L I E D L N F K L P R G G I V G V I G P N G A G 3 6 3
AGACGACGCTGTTCCGGATGATGACGGGCGTGGAGAAGCCGGACGAGGGCGAGCTGAACATCGGCGAGACGG 1 5 1 2
K T T L F R M M T G V E K P D E G E L N I G E T 387
TGAAGCTGGCCTACGTGGACCAGAGCCGCGACGCGCTGGACGGCGACAACTCGGTGTTCCAGGAGGTGAGCG 1 5 8 4
V K L A Y V D Q S R D A L D G D N S V F Q E V S 4 1 1
GCGGGCTGGACCACCTGGACCTGGGCAAGGCGGGGCAGGTGCCCAGCCGCGCGTACCTGGCGGCTTTCGCCT 1 6 5 6
G G L D H L D L G K A G Q V P S R A Y L A A F A 4 3 5
TCAAGGGGCAGGACCAGCAGAAGCGGGTGAAGGACCTGTCCGGTGGTGAGCGCAACCGCGTGCACCTGGCGA 1 7 2 8
F K G Q D Q Q K R V K D L S G G E R N R V H L A 459
AGATGCTCAAGAGCGGCGGCAACCTCTTGCTGCTCGACGAGCCCACCAACGACCTGGACGTGGAGAACGTGC 1 8 0 0
K M L K S G G N L L L L D E P T N D L D V E N V 4 8 3
GCAGCCTG<yiGGACGCGCTGCTCGGCTTCGCGGGCTGCGCCGTGGTCATCAGCCACGACCGCTGGTTCCTCG 1 8 7 2
R S L E D A L L G F A G C A V V I S H D R W F L 5 0 7
ACCGCATCGCCACGCACATCCTGGCGTTCGAGGGCGACAGCAAGGCGTTCTTCTTCGAGGGCAACTTCGAGG 194 4
D R I A T H I L A F E G D S K A F F F E G N F E 5 3 1
ACTACGAGGCGGACAAGAAGAAGCGCCTGGGCCCCGAGGCCCTGGAGCCGCACCGCATCCGCTACCGCCCGA 2 0 1 6
D Y E A D K K K R L G P E A L E P H R I R Y R P 5 5 5
TTACGAAGAGCTGAGCCGCTGGAAGTCCGGAGCCACCGTAC^TGCAAGGTGCGGTGGCTCGACGGCGCTTCA 2 0 8 8
I T K S * ^ "^ 559
CCTC AGCACCGCGAACGCCATGAGCAGCTTCTTCATGTCGCTCTCCTGCGTCAGGGCCGGTACTCCCAGTGC 2 1 6 0
CAGGGCTCG<^GGGACGGTG£GCACGAAGCCGAAGTTCTTCGCGTTGTTGGCCATCCACCGGTACGTCGAG 2 2 3 2
GTGCCCGTGCCGCCCGTGTTGACGTCCACCGCGATGCCGCCCTGGTGGTTGGAGTAGCCCGGAGGCGCGGCC 2 3 0 4
AGGTTGCCGGTGCCGTTCTTGTACGCGCGGTACAGCGCTTCCTGCTCCGCCATGCTGCGGAAGCCGCTGTTC 2 3 7 6
ACCTTCAGGGTGATGCCCTGCGCGCGCGCCGCCGCGTACATGCGGTTGTACGCCGCCGCCGCGTCCGAGCGC 2 4 4 8
ATCTCCTTGCCGTTCGGGACCGACGAGJUKrGAAATCTGCCGCGGCTTCCCGTTCACATAGCCCGTGACGACC 2 5 2 0
CGACCGCCACCGCCACCGCCCGGG 2 5 4 5

Fig. 2. Nucleotide and deduced
amino acid sequences of the
mac-1 gene of M. xanthus IFO
13542 (ATCC 25232). A putative ri-
bosome-binding site is double un-
derlined. Arrows indicate the posi-
tion of the palindrome sequence.
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percentages of identical/similar amino acids: carA, a carbo-
mycin-resistance gene from Streptomyces thermotolerans,
34%/47% (23), tlrC, a tylosin-resistance gene from & fra-
diae, 29%/46% (24), oleB, an oleandomycin-resistance gene
from S. antibioticus, 31%/46% (25), and srmB, a spiramy-
cin-resistance gene from & ambofaciens, 32%'44% (26).
These products and Mac-1 contained a duplicated ATP-
binding domain with two well-conserved amino acid
regions around the so-called Walker A and B motifs charac-
teristic of ABC transporters (27) (Fig. 3). Mac-1 also con-
tained a motif that resembles the characteristic loop 3 of
ABC sites. It is located between the Walker A and B motifs,
and carries the conserved sequence SxG. This loop is
thought to interact with the cell membrane (28). A hydrop-
athy plot of the Mac-1 sequence according to the algorithm
of Kyte and Doolittle (29) indicated the protein is hydro-
philic (data not shown).

Sensitivity Test against Antibiotics—The M. xanthus TA
wild-type and mac-1 deletion mutant strains were tested
for their sensitivity to eleven antibiotics (oleandomycin,
erythromycin, tylosin, spiramycin, lincomycin, penicillin G,
streptomycin, kanamycin, chroramphenicol, tetracycline,
and polymixin B). The wild-type and mutant strains were
cultured in CYE medium containing various concentrations
of the antibiotics. The mutant exhibited greater sensitivity
to oleandomycin, a macrolide antibiotic, than the wild-type
(Fig. 4). In the presence of 2.5 tig/ml of oleandomycin in
CYE medium, mutant cells showed a nearly 10-fold de-
crease in viability compared with that of wild-type cells.
The mutant also exhibited slightly enhanced sensitivity
(approximately 1.5-fold) to erythromycin when the strains
were cultured in CYE medium containing 0.1 to 0.2 ng/ml
of erythromycin (data not shown). The mutant did not dif-
fer significantly in the ability to grow in the presence of the
other antibiotics.

Bioassaying of Antibiotic TA—Since macrolide antibiotics
and antibiotic TA consist of a macrocyclic lactone ring (30,
31), we investigated whether or not antibiotic TA can be
secreted by the Mac-1 protein. The M. xanthus TA wild-
type and mutant strains were grown in 0.5 CT medium at
27"C with gyratory shaking for 1 to 4 days. Antibiotic TA
was extracted from the culture fluid and cells, and antibi-
otic TA activity was determined by the paper disc assay
method with E. coli NovaBlue as the test organism. Since

there were no apparent differences in the secreted or accu-
mulated amounts of antibiotic TA between the M. xanthus
TA wild-type and mutant strains, the Mac-1 transporter
was not involved in the secretion of antibiotic TA (data not
shown).

Developmental Assay—To investigate the function of
Mac-1 during development, the M. xanthus mac-1 mutant
was assayed for developmental defects by plating on star-
vation agar (CF agar). Wild-type cells clearly aggregated,
forming mounds after 32 h, and formed distinct fruiting
bodies at 48-64 h (Fig. 5a). Mutant cells formed mounds
about 24 to 36 h later than the wild-type strain, whereas
fruiting bodies and spores had not been formed after 7 days
of development (Fig. 5b). The mutant cells within mounds
were slender rods. In the growth medium, CYE, the M.
xanthus mac-1 mutant grew as well as the wild-type. How-
ever, when subcultured in CYE medium and stocked at
15'C, the mutant cells had lost their viability by 4 weeks,
Le. 3 to 4 weeks earlier than in the case of the wild type
(data not shown).

Expression of the mac-1 Gene—The expression of mac-1
during development was examined by RT-PCR. The ex-
pected 447-bp RT-PCR product was amplified from RNA

Oleandomycin (|ig ml'1)
Fig. 4. Growth of the M. xanthus wild-type (open circle) and
mac-1 mutant (closed circle) strains in CYE medium contain-
ing various concentrations of oleandomycin. Cultures were in-
oculated at 2 X 107 cells/ml. The growth of each strain was deter-
mined by counting in a hemacytometer.

Walker A
GxxGxOK

UrC 27VSLAI3PGEKAG: K-
carA 24 IGFTIKPGEFVGVIGDNGSGKS :
OleB 51 VNQSVALGERVGIIGENGSGKST:
srmB 24 VGFSIlWGEK VGVIG JNGSGKii.
mac-1 25 IYLSFfpeAKiSVI6PWGS<iK6'i i

Loop 3 Walker B
SxO hhhhDEPT

M ..ODB|VffH2O8
iA 61 If*- R L G I L S G G E R S R L A L A A ; i i A o L P ; . L L l . L L . E P X t i L ; L D D R A V D t f l j ^ 2 0 9

«S ix- ! ' .LGSLS<3GEC i n -RL?-TLArr .LAA.-PC'I ." 'LLDEPTNHLPVTAIFWlJ |23l
: . . . . . . . . . E 2 O g

^2 ,. - ,..-..,-,. . . . -- . -S2W

Fig. 3. Alignment of the regions encoding potential ATP-bind-
ing domains of mac-1 with those of homologous ABC trans-
porters. The amino acid regions corresponding to the Walker A and
B motifs, and to loop 3 are aligned, and the amino acids are indicated.
x refers to any amino acid and h to any hydrophobic residue The fol-

'.r.DEPTNHI
:.DEPTSH:

LLU,DEPTNH1

LLLLDEPTNHI

lowing antibiotic-resistance genes are represented: tlrC, tylosin-resis-
tance gene from S. fradiae; carA, carbomycin-resistance gene from &
thermotolerans; oleB, oleandomycin-resistance gene from S. antibioti-
cus; and srmB, spiramycin-resistance gene from S. ambofaciens.
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(a) wiW-type (b) mac-1 mutant Fig. 5. Development of the Af.
xanthus wild-type (a) and
mac-1 mutant (b) strains on
CF agar. The photographs in
panels (a) and (b) were taken at
3 and 7 days after inoculation,
respectively.

0.1 mm

D12 D24 D4»

Fig. 6. Agarose gel electrophoresis of the mac-1-epecific RT-
PCR products from Af. xanthus mRNA. Total RNA was prepared
from cultures at the exponential growth phase (E) and the station-
ary phase (S), and during development at 12 h (D12), 24 h (D24),
and 48 h (D48), and was used for RT-PCR analysis.

extracted from growing and developing cells (Fig. 6). The
amount of the RT-PCR product was similar for all RNA
preparations, indicating that there is little relative change
in the mac-1 mRNA level during growth and development.
We checked that the expected product was not amplified
without a reverse transcriptase (BcaBEST polymerase).

DISCUSSION

The ABC transporters comprise a large family of mem-
brane-associated export and import systems present in pro-
karyotes and eukaryotes. Antibiotic resistance in producer
organisms can also be mediated by ABC-transporters. Men-
dez and Salas classified the antibiotic ABC transporters
into three different groups, types I to HI, according to the
number and organization of the nudeotide-binding do-
mains, and the composition of the transporter system (13).
The mac-1 encoded protein is characteristic of type II,
which includes antibiotic transporters only consisting of a
gene encoding a hydrophilic polypeptdde containing two
nucleotide-binding domains. This type of transporter has
been mainly reported for macrolide producers: carbomycin
(23), tylosin (24), oleandomycin (25), and spiramycin (26). A
membrane counterpart has been identified in none of them
so far. Spiramycin and tylosin each consist of 16-membered
macrocyclic lactone bearing three sugar substdtuente (32,
33), and oleandomycin consists of a 14-membered macrocy-
clic lactone bearing two sugar substdtuents (34). Among the
different macrolides, the M. xanthus mac-1 mutant only ex-
hibited high sensitivity to oleandomycin, and no sensitivity

to spiramycin or tylosin. The results indicate that the Mac-
1 protein may mainly excrete oleandomycin into the extra-
cellular fluid. In S. antibioticus, oleandomycin transporter
(OleB) confers specific resistance to oleandomycin but not
to other macrolide antibiotics (25). The M. xanthus TA
strain produces and excretes antibiotic TA, which consists
of a macrocyclic ring, however, the Mac-1 protein is not
involved in the export of antibiotic TA.

M. xanthus has been shown to utilize extracellular sig-
naling during development (3). There appear to be at least
five extracellular signals (A to E) involved in cell-cell inter-
actions during development. Two ABC transporters (AbcA
and RfbAB) required for development have been found in
M. xanthus (35, 36). The AbcA protein, which shows strong
homology to a family of repeat-in-toxin transporters, plays
a developmental aggregation role and is thought to func-
tion as a transporter of a molecule required for the auto-
chemotactic process. The rfbA and rfbB gene products con-
tain an integral membrane domain and an ATPase domain,
respectively, of the ABC transporter that functions as an
exporter of M. xanthus O-antdgen. The rfbABC mutant was
slow to develop and the spore yield of the mutant strain
was approximately 14% that of the rfbABC* strain (37).

The mac-1 mutant of M. xanthus was also defective in
normal development. The mutant cells could aggregate and
form normal mounds, but were unable to form fruiting bod-
ies or sporulate under nutrient starvation. The phenotype
of the mac-1 insertion mutant was not due to a polar effect
of the mutation, because mac-1 was the last gene of the
operon. Also, expression of the mac-1 gene was detected
during starvation-induced development of M. xanthus.
Since M. xanthus does not usually encounter oleandomycin
in natural environments, it is likely that the ABC trans-
porter, Mac-1, in M. xanthus mainly contributes to the
export or import of a developing signal or a structural com-
ponent for sporulation.
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