
JOURNAL OF BACTERIOLOGY, Mar. 1996, p. 1631–1639 Vol. 178, No. 6
0021-9193/96/$04.0010
Copyright q 1996, American Society for Microbiology

The Myxococcus xanthus rfbABC Operon Encodes an ATP-Binding
Cassette Transporter Homolog Required for O-Antigen

Biosynthesis and Multicellular Development
DONGCHUAN GUO, M. GABRIELA BOWDEN, RASHMI PERSHAD,† AND HEIDI B. KAPLAN*

Department of Microbiology and Molecular Genetics, The University of Texas
Medical School, Houston, Texas 77030

Received 27 September 1995/Accepted 29 December 1995

A wild-type sasA locus is critical for Myxococcus xanthus multicellular development. Mutations in the sasA
locus cause defective fruiting body formation, reduce sporulation, and restore developmental expression of the
early A-signal-dependent gene 4521 in the absence of A signal. The wild-type sasA locus has been located on a
14-kb cloned fragment of theM. xanthus chromosome. The nucleotide sequence of a 7-kb region containing the
complete sasA locus was determined. Three open reading frames encoded by the genes, designated rfbA, B, and
C were identified. The deduced amino acid sequences of rfbA and rfbB show identity to the integral membrane
domains and ATPase domains, respectively, of the ATP-binding cassette (ABC) transporter family. The highest
identities are to a set of predicted ABC transporters required for the biosynthesis of lipopolysaccharide
O-antigen in certain gram-negative bacteria. The rfbC gene encodes a predicted protein of 1,276 amino acids.
This predicted protein contains a region of 358 amino acids that is 33.8% identical to the Yersinia enterocolitica
O3 rfbH gene product, which is also required for O-antigen biosynthesis. Immunoblot analysis revealed that
the sasA1 mutant, which was found to encode a nonsense codon in the beginning of rfbA, produced less
O-antigen than sasA1 strains. These data indicate that the sasA locus is required for the biosynthesis of
O-antigen and, when mutated, results in A-signal-independent expression of 4521.

Multicellular development of Myxococcus xanthus is orches-
trated by numerous extracellular signals (7, 15), including one
of the earliest signals, A signal. The M. xanthus developmental
cycle is initiated when this gram-negative soil bacterium is
starved at a high cell density. The cells aggregate into orga-
nized mounds, termed fruiting bodies, within which the origi-
nally rod-shaped cells differentiate into environmentally resis-
tant ovoid spores. This developmental program ensures the
survival of the organism until nutrients are restored and the
spores can germinate (8, 37).
Extracellular A signal allows the cells to sense their cell

density (25). The A signal is composed of a specific subset of
amino acids which can function either individually or in com-
bination at a concentration greater than 10 mM (24). The A
signal appears to be generated when proteinases, released in
response to nutrient limitation, degrade surface proteins to
their constituent amino acids and peptides (24, 32). If the cells
are at a density of greater than about 3 3 108/ml, the concen-
tration of extracellular amino acids and peptides exceeds the
critical threshold concentration of 10 mM and the A-signal-
dependent developmental genes are expressed (25). Two genes
known to be involved in the generation of A signal are asgA
and asgB, which encode domains of a fused two-component
environmental sensor and response regulator (33) and a puta-
tive DNA-binding protein (31), respectively.
Response to extracellular A signal can be measured by the

expression of the earliest A-signal-dependent gene isolated to

date. This gene is designated 4521 in reference to the Tn5 lac
V4521 transposon inserted in the gene (21). Expression of
4521 in wild-type cells begins to increase at 1 to 2 h after the
initiation of development (21, 23). Expression of 4521, as mea-
sured by Northern (RNA blot) analysis and b-galactosidase
activity, is at basal levels in all of the asg backgrounds (17, 23,
33). This expression can be restored by the addition of exog-
enous A signal (23) or the presence of the sasA or sasB sup-
pressor mutations (17).
Control of 4521 expression is complex. Developmental ex-

pression requires both high cell density and nutrient limitation
(17, 25). Each condition appears to control 4521 expression
independently (17, 40). The 4521 promoter has recently been
identified as a member of the sigma 54 family (19). This is
based on evidence including the presence of a ‘‘212 and 224’’
consensus sequence (19) and the requirement for the region
starting between 125 and 146 bp upstream of the transcription
start site for full 4521 developmental expression (14). It is
expected that 4521, similar to other sigma 54-dependent genes,
will require at least one activator to bind to the region up-
stream of the promoter for open complex formation (26).
The sasA and sasB suppressor mutations were isolated in a

genetic screen to identify negative regulators in the pathway
linking the exogenous A signal to its responsive gene, 4521.
Specifically, the asgB480 parent strain containing Tn5 lac V4521,
which is Lac2 on nutrient and starvation plates, was mu-
tagenized with UV light and plated on nutrient agar. The re-
sulting Lac1 colonies were isolated, and their mutations were
mapped to the sasA and sasB loci (17).
The sasA locus is particularly interesting because a wild-type

sasA locus is required for normal development. The sasA
mutant alleles, when present in an otherwise wild-type back-
ground, result in delayed aggregation, abnormal fruiting body
formation, and reduced sporulation. In addition, the sasA mu-
tations restore 4521 expression to the asgB parent during early
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development in a pattern that is wild type with respect to
expression level and timing. The vegetative phenotypes of re-
duced colony diameter, glossy colony surface, and reduced
cohesiveness are also characteristic of sasA mutants (17).
We report here the cloning, sequencing, and functional anal-

ysis of the sasA locus. This locus encodes three genes, desig-
nated rfbA, B, and C, which are homologous to the rfb genes of
certain other gram-negative bacteria (3, 20, 44, 49). We have
determined that these M. xanthus rfb genes function in O-
antigen biosynthesis and, when mutated, result in A-signal-
independent developmental expression of 4521.

MATERIALS AND METHODS

Bacterial strains, plasmids, culture conditions, and growth media. The bac-
terial strains and plasmids used in this study are listed in Table 1. TheM. xanthus
recipient strains DK6600 and DK6621 contain a Tn5 lac V4521 (Tcr) insertion
(17) to monitor 4521 expression. Strain DK6600 is deficient in the generation of
A signal as a result of the asgB480 mutation. Strain DK6621 carries asgB480 and
the sasA1 mutant allele, which restores 4521 developmental expression. Strain
DK6620 was used as the wild type because the V4521 insertion does not appear
to alter any growth or developmental functions.M. xanthus strains were grown at
328C in CTT liquid medium with vigorous shaking or on CTT agar (14). Kana-
mycin (40 mg/ml) or oxytetracycline (12.5 mg/ml) was added when appropriate.
The growing cells were used in the mid-exponential phase (80 to 160 Klett units,
which is approximately 4 3 108 to 8 3 108 cells per ml). The Escherichia coli
strains were grown at 378C in LB liquid medium (35) or on LB agar (LB liquid
with 1.5% Bacto-Agar [Difco Laboratories]), which both contained ampicillin
(100 mg/ml) or kanamycin (50 mg/ml) when appropriate to maintain plasmids.
Plasmid constructions. The vector pHBK429 was constructed as an in situ

cloning vector. It is a derivative of pREG429 constructed by R. Gill (13) in which
the P1 incompatibility region has been omitted. This vector must be transferred
into M. xanthus by electroporation. To construct pHBK429, the 2.9-kb EcoRI-
SalI fragment of pREG429 containing part of the tetracycline resistance gene of
pBR322 and part of the transposon Tn5 (IS50L through to the SalI site in the
internal region) was ligated to pUC18 (48) digested with EcoRI and SalI. The
vector pHBK429 was prepared from the appropriate ampicillin- and kanamycin-
resistant E. coli MC1061 transformants. Plasmid pHBK400 was constructed as
described in the Results. Other plasmids in the 400 series were constructed as
described in Table 1. The protocols used, such as plasmid isolation, restriction
endonuclease digestion, ligation in low-melting-point agarose, and other stan-
dard molecular biological techniques, are from Sambrook et al. (35).
Plasmid transfer to M. xanthus. The plasmids were transferred from E. coli to

M. xanthus by electroporation using the original method developed by J. Ro-
driguez (22) or a modification of that method (18).
DNA sequence and computer analysis. The DNA sequence of the 7-kb region

containing the sasA locus was determined. The sense and antisense strands were
each sequenced at the DNA Core Facility of the Department of Microbiology
and Molecular Genetics with an ABI 373A DNA Sequencer (Perkin Elmer,
Applied Biosystems Division) using Taq polymerase in a thermal cycling reac-
tion. The sequence of the 4-kb SacI fragment was confirmed by manual sequenc-
ing of the sense strand with the Sequenase version 2 DNA sequencing kit
(United States Biochemical) by the Sanger et al. dideoxy method (36). The
double-stranded template DNA was prepared by the alkaline lysis method, the
Magic Miniprep DNA purification system (Promega), and the QIAprep Spin kit
(Qiagen). The T3, T7, and 220 primers were used.
The 4-kb SacI fragment was sequenced primarily with derivatives of pHBK440

and pHBK450 generated with the double-stranded nested deletion kit (Pharma-
cia LKB). Certain modifications of the protocol were made. First, the plasmids
were digested with SacI and then EcoRI and incubated with exonuclease III at
378C in the absence of NaCl. Samples were removed each minute for 20 min,
treated with S1 nuclease, and then combined into one tube. This combined
sample was incubated with the Klenow fragment of DNA polymerase I and 0.2
mM deoxynucleoside triphosphates (dNTPs) to ensure blunt ends. EcoRI linkers
were ligated to the ends to allow the inserts to be easily removed. To eliminate
extra linkers, the sample was digested with EcoRI and electrophoresed through
low-melting-point agarose. The agarose containing DNA in the desired size
range (3 to 7 kb) was excised in 10 portions of different-sized DNA fragments.
Each portion was diluted, ligated, and transferred into E. coli DH5a. Plasmid
DNA was prepared from the transformants and digested with EcoRI andHindIII
to identify the plasmids with inserts of the appropriate size for sequencing.
Regions not sequenced with the exonuclease III-generated plasmids were se-
quenced with subclones.
The DNA sequences were aligned and edited with the SeqEd 675 DNA

sequence editor program (Perkin Elmer, Applied Biosystems Division). The
University of Wisconsin Genetic Computer Group’s (GCG) sequence software
package, version 8.0 (6), was used for sequence analysis. The Codonpreference
program predicted the open reading frames based on the G-C codon bias of the
third position in this high (67.5%) G1C organism (6). The Tfasta program

searched the GenBank and EMBL databases for sequence identities. Searches
were also performed at the National Center for Biotechnology Information with
the BLAST network service (1). The Pileup program aligned the protein se-
quences. The Bestfit program determined pairwise identities. The Motifs pro-
gram identified motifs common to ATP-binding proteins in M. xanthus RfbB.
Identification of the sasA1 mutation. To identify the DNA alteration causing

the sasA1 mutation, PCR products of the region containing the mutation were
cloned and sequenced. Since the sasA1 mutation mapped roughly to the region
corresponding to the middle of the 1.5-kb M. xanthus DNA insert in pHBK402,
two primers estimated to flank the mutation were designed. The sequence of
primer 1 is 59-AGGAGCTCTGGGAAGCCAGGGG-39. The sequence of prim-
er 2 is 59-GGAGAACCAGATCCACGG-39. These primers are composed of
wild-type sequences from bp 670 to 686 and bp 1095 to 1078, respectively. PCR
was performed in a GeneAmp PCR system 2400 (Perkin Elmer) for 30 cycles
under the following conditions: 948C for 30 s, 558C for 30 s, and 728C for 50 s.
Two identical reactions contained 50 to 100 ng of chromosomal DNA of the
sasA1 asgB480 mutant DK6621, 1 pmol of each primer, 2 mM MgCl2, 0.2 mM
dNTPs, and 3 U of Taq polymerase (Promega) in a total volume of 50 ml. The
425-bp PCR products from these reactions were cloned into theHindIII and SacI
sites of pBluescript KS (Stratagene). The sequence of both strands of one plas-
mid from each reaction was determined as described above with T3 and T7
primers.
Immunoblot analysis.Mid-logarithmic-phase M. xanthus cells (3 3 107 to 5 3

107) were harvested, washed in 10-fold excess TBS buffer (200 mM Tris-HCl, 500
mM NaCl, pH 7.5), and resuspended in the same buffer at 5 3 107 cells per ml.
The cells (5 3 106 per slot) were placed onto a Nitro ME transfer membrane
(Micron Separations, Inc.) with a Bio-Dot SF microfiltration unit (Bio-Rad). The
membrane was immersed in 2% gelatin in TBS for 1 h at room temperature and
then washed for 5 min in TBS. This membrane was divided into six identical
pieces, and each piece was immersed in the appropriate monoclonal antibody
(MAb) diluted 1:2,000 in TBS and incubated overnight at room temperature.
The membranes were washed together four times for 6 min in TTBS (TBS buffer
containing 0.05% Tween 20). Next, the membranes were immersed for 1 h in
goat anti-mouse immunoglobulin G (IgG)-alkaline phosphatase conjugate (Pro-
mega) diluted 1:7,000 in TBS at room temperature. The membranes were
washed four times for 6 min in TTBS and then for 5 min in TBS. Finally, the
5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium substrates (Bio-
Rad) were added, and the membranes were incubated at room temperature for
10 to 30 min until adequate color development was observed.
A-signal activity. The A-signal assay was performed as described by Kuspa and

Kaiser (22).
Nucleotide sequence accession number. The nucleotide sequence of the sasA

locus has been assigned GenBank accession number U36795.

RESULTS

In situ cloning of the sasA locus. To clone the wild-type sasA
locus from the M. xanthus chromosome, the in situ cloning
method developed by R. Gill (13) was used. In this method, a
vector integrates into a Tn5 in the chromosome, providing an
E. coli origin of replication and restriction sites for cloning
adjacent DNA. Specifically, the newly constructed vector,
pHBK429, was electroporated into strain DK6640, which con-
tains Tn5V6636(Tcr) linked to the wild-type sasA locus. South-
ern analyses of 10 resulting HK1049 strains confirmed the
integration of the plasmid in each of two different orientations
and mapped the location of various restriction sites in the area.
Chromosomal DNA from these 10 strains was purified, pooled,
digested with EcoRI, ligated, and transferred into E. coli
MC1061. A 19-kb plasmid, pHBK400, was purified from one of
the resulting colonies.
The 14-kb fragment of the M. xanthus chromosome carried

on pHBK400 contains the wild-type sasA locus, which is dom-
inant over the mutant sasA1 allele in a heterozygotic tandem
duplication. This was shown by the ability of pHBK400 to
restore the SasA1 phenotype to a sasA mutant when electro-
porated into DK6621, the sasA1 asgB480mutant. The resulting
M. xanthus transformants, strains HK1050, were overlaid with
0.04% 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-
Gal), the chromogenic substrate of b-galactosidase. Seventy-
nine percent of the transformants (779 of 985) were SasA1

(tan colonies identical to the asgB480 parent). These tan col-
onies had a wild-type diameter and surface morphology. Twen-
ty-one percent of the transformants were SasA2 (small glossy
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TABLE 1. Plasmid and strain list

Plasmid or strain Relevant characteristics Source, reference, or construction

Plasmids
pBluescript KS1 Ampr Stratagene
pREG429 Kanr 13
pUC18 Ampr 48
pHBK429 Kanr 2.9-kb EcoRI-SalI fragment of pREG429 ligated into pUC18
pBGS18 Kanr 41
pLJS49 Kanr, P1 inc, M. xanthus Mx8 phage ATT site 38
pYC274 Kanr, M. xanthus Mx8 phage ATT site 2.8-SmaI fragment of the M. xanthus Mx8 phage ligated with DraI-

digested pBGS18 (C. Yang)
pHBK400 Kanr 14-kb insert containing the sasA locus resulting from ligation of

EcoRI-digested chromosomal DNA of 10 pooled HK1049a strains
pHBK401 Kanr, fragment 1 8-kb MluI fragment from pHBK400 ligated into the SmaI site of

pBGS18
pHBK402 Kanr, fragment 2 1.5-kb NcoI fragment from pHBK400 ligated into the SmaI site of

pBGS18
pHBK404 Kanr, fragment 4 4-kb SacI fragment from pHBK400 ligated into pBGS18
pHBK405 Kanr, fragment 5 1.3-kb PstI fragment from pHBK400 ligated into pBGS18
pHBK406 Kanr, fragment 6 2-kb NcoI fragment from pHBK400 ligated into pBGS18
pHBK407 Kanr, fragment 7 5.3-kb PstI-SalI fragment from pHBK400 ligated into pBGS18
pDG408 Kanr, fragment 8 1.9-kb EagI fragment from pHBK407 ligated into the SmaI site of

pBGS18
pDG409 Kanr, fragment 9 1.2-kb ApaI fragment from pHBK407 ligated into the SmaI site of

pBGS18
pDG410 Kanr, fragment 10 1.2-kb SphI fragment from pHBK407 ligated into pBGS18
pHBK421 Kanr, fragment 1, M. xanthus Mx8 phage ATT site 8-kb EcoRI-HindIII fragment from pHBK401 ligated into pLJS49
pHBK422 Kanr, fragment 2, M. xanthus Mx8 phage ATT site 1.5-kb EcoRI-HindIII fragment from pHBK402 ligated into pLJS49
pDG423 Kanr, fragment 3, M. xanthus Mx8 phage ATT site 2-kb SacI-BssHII fragment from pHBK450 ligated with HindIII-

SmaI-digested pYC274
pHBK424 Kanr, fragment 4, M. xanthus Mx8 phage ATT site 4-kb EcoRI-HindIII fragment from pHBK404 ligated into pLJS49
pHBK427 Kanr, fragment 7, M. xanthus Mx8 phage ATT site 5.3-kb EcoRI-HindIII fragment from pHBK407 ligated into pLJS49
pHBK440 Ampr, fragment 4 4.0-kb SacI fragment from pHBK400 ligated into the EcoRV site

of pBluescript KS1 (orientation I)
pHBK450 Ampr, fragment 4 4.0-kb SacI fragment from pHBK400 ligated into the EcoRV site

of pBluescript KS1 (orientation II)
E. coli
DH5a supE44DlacU169 (f80lacZDM15 hsdR17 recA1 endA1 gyrA96

thi-1 relA1)
16

MC1061 hsdR mcrB araD139D(araABC-leu)7679DlacX74 galU galK
rpsL thi

4

M. xanthus
DK6600 Tn5 lac V4521(Tcr) sglA1 asgB480 17
DK6620 Tn5 lac V4521(Tcr) sglA1 17
DK6621 Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 17
DK6638 Tn5 V6636(Kanr) sglA1 17
DK6639 Tn5 V6636(Kanr) sglA1 sasA1 17
DK6640 Tn5 V6636(Tcr) sglA1 17
DK6641 Tn5 V6636(Tcr) sglA1 sasA1 17
HK1049a Tn5 V6636(Tcr) sglA1 pHBK429 Introduction of pHBK429 into DK6640 by electroporation
HK1050 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pHBK400 into DK6600 by electroporation
HK1052 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pHBK402 into DK6600 by electroporation
HK1055 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pHBK405 into DK6600 by electroporation
HK1056 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pHBK406 into DK6600 by electroporation
HK1058 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pDG408 into DK6600 by electroporation
HK1059 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pDG409 into DK6600 by electroporation
HK1060 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 Introduction of pDG410 into DK6600 by electroporation
HK1061 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK401 into DK6621 by electroporation
HK1062 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK402 into DK6621 by electroporation
HK1065 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK405 into DK6621 by electroporation
HK1066 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK406 into DK6621 by electroporation
HK1067 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK407 into DK6621 by electroporation
HK1071 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK421 into DK6621 by electroporation
HK1072 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK422 into DK6621 by electroporation
HK1073 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pDG423 into DK6621 by electroporation
HK1074 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK424 into DK6621 by electroporation
HK1077 sasA merodiploid, Tn5 lac V4521(Tcr) sglA1 asgB480 sasA1 Introduction of pHBK427 into DK6621 by electroporation

a A pool of 10 different HK1049 strains with pHBK429 integrated into the chromosome in different orientations was used to prepare chromosomal DNA for the in
situ cloning of pHBK400.
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colonies which are blue when overlaid with X-Gal). These
SasA2 transformants are most likely a result of apparent gene
conversion (42). A gene conversion rate of 10 to 25% is typical
of these types of crosses in M. xanthus (39, 42).
Mapping the ends of the sasA locus and regenerating the

mutant phenotype. To locate the ends of the sasA locus, a
series of subclones were generated (Fig. 1A) and transferred
into the asgB480 parent strain DK6600, and their effect on the
SasA phenotype was determined. The sasAmutants form small
colonies which are blue when overlaid with X-Gal. They are
easily distinguished from the large tan colonies of the parent.
All of these plasmids integrate into the chromosome by a
single recombination event, generating a tandem duplication
of the region (Fig. 2). In this way, the integration of subclones
containing both ends of the locus generates two complete
copies of the locus. The integration of subclones containing
either end of the locus generates one complete copy of the
locus and one truncated copy. The integration of subclones
containing internal fragments generates two incomplete copies
of the locus. In this case, a copy of the locus truncated at the
39 end is separated by vector sequences from another copy
truncated at the 59 end. Since the wild-type sasA locus is dom-
inant over the mutant allele, SasA1 strains are generated by
the integration of subclones containing any end of the locus.
SasA2 strains are generated by the integration of subclones
containing internal fragments. Figure 1B (column 1) reveals
that the integration of four subclones (pHBK405, pHBK406,
pDG408, and pDG409) into DK6600 resulted in no or very few
SasA1 transformants. These subclones must contain internal
fragments. The integration of plasmids pHBK402 and pDG410,
which contain inserts flanking the internal fragments, resulted
in all SasA1 transformants. These two subclones must each
contain an end of the sasA locus.
The phenotypes of the double sasA asgB480 mutant trans-

formants, generated by the integration of fragments internal to

the sasA locus, are identical in all respects tested to those of
the original sasA1 asgB480 mutant DK6621. This includes the
ability of the mutant to hydrolyze X-Gal and form small glossy
colonies. This suggests that the original sasA1 mutation and
the other 10 mutations generated by UV mutagenesis (17),
which all give similar phenotypes, are null or loss-of-function
mutations.
Mapping the sasA1 mutation. To map the location of the

sasA1 mutation, various subclones of pHBK400 (Fig. 1A) were
transferred into DK6621, the sasA1 asgB480mutant strain, and
their effect on the SasA phenotype was determined. All of
these plasmids recombine into the chromosome by a single
recombination event, generating tandem copies of the sasA
locus (Fig. 2). Any significant restoration of the SasA1 phe-
notype requires the subclone to contain a wild-type sasA allele
and at least one end of the locus. The integration of subclones
containing the complete locus generates at least one wild-type
copy of the locus. The majority of these transformants are
SasA1. A small percentage of SasA2 transformants arise from
apparent gene conversion and contain two mutant alleles. The
integration of subclones containing either end of the locus and
a wild-type sasA allele creates two types of duplications. In one
case, the mutation and the truncated locus are on one side of
the vector sequences, and a wild-type sasA locus is on the other
side. These transformants are SasA1. In the other case, the
mutation and the truncation are separated, resulting in two
mutant sasA loci. These transformants are SasA2. The results
shown in Fig. 1B (column 2) reveal that pHBK402 is the
smallest subclone that contains one end of the sasA locus and
the wild-type sasA allele. The approximately 50% restoration
of the SasA1 phenotype roughly maps the mutation to the
region corresponding to the middle of the 1.5-kb insert.
The ability of subclones to produce a cytoplasmic product

able to restore the SasA1 phenotype to a sasA1 mutant was
tested by inserting different subclones (Fig. 1A) into the

FIG. 1. Genetic analysis of the sasA locus. (A) Physical map of the sasA locus. ORFs are represented by shaded boxes. The vertical arrow indicates the location
of the sasA1 mutation. Restriction enzyme abbreviations: A, ApaI; B, BssHII; E, EagI; M, MluI; N, NcoI; P, PstI; S, SalI; Sc, SacI; Sp, SphI. The bent arrow indicates
the direction of transcription and the location of the putative promoters. The bars indicate the fragments used in various subclones (see Table 1). (B) Percentage of
SasA1 transformants from a variety of integration events. The percentage of SasA1 transformants is calculated as the number of SasA1 transformants divided by the
total number of Kmr transformants tested for the SasA phenotype, multiplied by 100. The SasA1 colonies are tan on CTT agar overlaid with 0.04% X-Gal, and the
SasA2 colonies are blue under these conditions. The number of transformants tested ranged between 128 and 1,181. The plasmids of the pHBK400 series contain inserts
in the pBGS18 vector (Table 1). These plasmids integrate into the sasA locus. The results are listed in columns 1 and 2. The plasmids of the pHBK420 series contain
inserts in the pLJS49 or pYC274 vector (Table 1). These plasmids integrate into theM. xanthusMx8 phage attachment site (ATT). The results from integration of these
plasmids are listed in column 3. The asgB480 recipient in column 1 is DK6600, and the asgB480 sasA1 recipient in columns 2 and 3 is DK6621. ND, not determined.
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M. xanthus Mx8 phage attachment site. Any subclone that can
restore the SasA1 phenotype from this trans location is ex-
pected to contain a complete transcriptional unit. Surprisingly,
the data shown in Fig. 1B (column 3) reveal that subclones
smaller than those containing both ends of the sasA locus could
restore the SasA1 phenotype. The smallest subclone to restore
the SasA1 phenotype is pDG423. The ability of this subclone
to restore the SasA1 phenotype in trans suggests that it con-
tains the sasA promoter and the complete open reading frame
(ORF) which contains the mutation. These data, combined
with the data from the integration of internal fragments (Fig.
1B, column 1), suggest that the sasA1 mutation is nonpolar.
The sasA locus encodes a member of the family of ATP-

binding cassette transporters. The nucleotide sequence of the
7-kb region containing the complete sasA locus was deter-
mined. Three ORFs were identified with the GCG Codonpref-
erence program. The ORFs were given the gene designations
rfbA, B, and C, based on their structural and functional simi-
larities to the rfb loci of certain other gram-negative bacteria
(3, 29, 44, 49). Figure 3 shows the DNA and deduced amino
acid sequences of rfbA and B. The rfbA gene is predicted to
encode a protein of 29,688 Da. It is predicted to start at
nucleotide 862, which is 8 bp downstream of a possible ribo-
some-binding site (RBS), and to end at nucleotide 1644. A
second possible translation start site in the same ORF is noted
upstream, beginning at nucleotide 754. This is an unlikely start
site because this additional coding region is enriched in rare
codons, has a low G-C third-position codon bias (66.6%), and

would encode an N-terminal extension of 32 amino acids in
comparison to other similar proteins. In addition, a consensus
RBS upstream of this start site is absent. The rfbB gene is
predicted to encode a protein of 47,676 Da. It is predicted to
start at nucleotide 1653, which is 8 bp downstream of a possible
RBS, and to end at nucleotide 2966. A second possible trans-
lation start site in the same ORF is noted beginning at nucle-
otide 1665. This possible translation start site is not an optimal
distance from a consensus RBS. The rfbC gene is predicted to
encode a protein of 139,596 Da. It is predicted to start at
nucleotide 3008, which is 7 bp downstream of a possible RBS,
and to end at nucleotide 6835.
Due to the high G1C content (67.5%) of the M. xanthus

chromosome (27), more than 87% of the nucleotides in the
third codon position of each predicted ORF are expected to be
a G or C (2). The G-C bias of the third codon position is 91.9%
for rfbA, 87.0% for rfbB, and 87.7% for rfbC. The G1C content
of each coding region is not significantly different from the
G1C content of the genome. The total G1C content is 62.3%
for rfbA, 66.2% for rfbB, and 70.3% for rfbC. Interestingly, two
consensus 212 and 224 sequences characteristic of sigma 54-
dependent promoters (28), such as the M. xanthus 4521 pro-
moter (19), are present 147 and 100 bp upstream of the rfbA
translation start site. No similarity to more standard promoter
sequences is observed in this region.
Sequence analyses reveal structural similarities between the

predicted sasA gene products and some deduced proteins re-
quired for lipopolysaccharide (LPS) O-antigen biosynthesis.

FIG. 2. Plasmid integration into theM. xanthus chromosome by homologous recombination at the sasA locus. The integration of plasmids each containing different
amounts of the wild-type sasA locus into the sasA1 asgB480 M. xanthus strain DK6600 (A through C) and into the sasA1 asgB480 mutant DK6621 (D through F) was
determined. (A and D) Integration of a plasmid containing a complete wild-type copy of the sasA locus. (B and E) Integration of a plasmid containing one end of the
wild-type sasA locus. (C and F) Integration of a plasmid containing an internal fragment of the wild-type sasA locus. The open and shaded bars represent the same
sequences originating from the plasmid and the chromosome, respectively. The curved line represents a truncated end of the sasA locus. The thin line represents vector
sequences. The thick line represents the chromosome. The open circle represents the sasA1 allele, and the shaded box represents the sasA1 allele.

VOL. 178, 1996 M. XANTHUS rfbABC GENES MAP TO THE sasA LOCUS 1635



The GCG Bestfit program calculates that the rfbA gene prod-
uct is 21.5 to 31.0% identical to rfb gene products required for
O-antigen biosynthesis in other gram-negative bacteria (3, 20,
44, 49). These deduced proteins are all predicted to be integral

membrane domains of ATP-binding cassette (ABC) transport-
ers. The predicted hydrophobicity of these proteins is very
similar (Fig. 4). Each protein contains five or six hydrophobic
regions. The Bestfit program calculates that the first 261 amino

FIG. 3. Nucleotide sequence of the region of the sasA locus encoding the rfbA and rfbB genes. The DNA sequences and deduced amino acid sequences of the rfbA
and rfbB genes are shown. The 212 and 224 sites of putative sigma 54-dependent promoters (28) are underlined. Translation stop codons are labeled by asterisks. The
putative RBSs (45), the sasA1 mutation, and the restriction enzyme recognition sites are underlined and labeled above the DNA sequence. The amino acids of the
Walker ATP-binding site motif A site (GRNGSGKS) (46), the ATP-binding protein active-transport family signature (YSSGMYMRLAFA), and the conserved
aspartate (D) of the Walker B site (46) are underlined.
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acids of the rfbB gene product are 34.6 to 45.8% identical to rfb
gene products predicted to be the ATPase domains of ABC
transporters and also required for O-antigen biosynthesis (3,
20, 44, 49). An alignment of these proteins is shown in Fig. 5.
Interestingly, the M. xanthus rfbB gene product and the E. coli
ORF 431 have C-terminal extensions of 185 and 188 amino
acids, respectively. These regions are not significantly identical.
The GCG Motifs program identified in the rfbB gene product
a Walker ATP-binding site motif (46) (Fig. 3). This includes
both the A site, from amino acids 69 to 76, and the B site,
consisting of an aspartate surrounded by a hydrophobic region,
from amino acids 177 to 187. The ATP-binding proteins active-
transport family signature from amino acids 157 to 168 was
also identified.
The large ORF of rfbC shows only limited identity to pro-

teins in the databases. The most significant match is to the Y.
enterocolitica O3 rfbH gene product (49). The Tfasta program
indicates an identity of 33.8% over a region of 358 amino acids
between amino acid 894 and amino acid 1254 in the C-terminal
quarter of this predicted 1,276-amino-acid M. xanthus protein.
The Y. enterocolitica O3 rfbH gene product of 421 amino acids
is required for O-antigen biosynthesis, but its function is un-
clear (49).

The sasA1 allele encodes a nonsense mutation. The DNA
alteration causing the sasA1 mutation was determined by se-
quencing PCR products generated with chromosomal DNA
from the sasA1 asgB480 mutant DK6621 as the template. The
sasA1 mutation is a transition of a C to a T at nucleotide 889,
located in the beginning of the rfbA coding region (Fig. 3). This
results in a change of a glutamine at amino acid 46 to an amber
stop codon. The resulting rfbA gene product will be truncated
and most likely have lost its ability to function.
A wild-type sasA locus is required for O-antigen biosynthe-

sis. To determine if the sasA gene products are functionally as
well as structurally related to those required for O-antigen
biosynthesis, we tested the reactivity of the sasA1 asgB480
mutant DK6621 to antibodies directed against M. xanthus LPS
(12). The immunoblot analysis (Fig. 6) revealed that this mu-
tant reacted weakly with MAbs (kindly provided by M. Dwor-
kin) against M. xanthus O-antigen and purified LPS. This mu-
tant reacted strongly with MAbs directed against M. xanthus
LPS core. The wild-type strain, DK6620, and the asgB480 par-
ent, DK6600, reacted strongly with all of the MAbs. These data
indicate that a wild-type sasA locus is required for the biosyn-
thesis of M. xanthus O-antigen.
Production of extracellular A signal is independent of the

sasA locus. The M. xanthus rfbA, B, and C genes are related to
ABC transporters that function as exporters. To address the
possibility that the sasA locus plays a role in the production of
extracellular A signal, the A-signal activity in supernatants of
developing wild-type and sasA mutants was measured. In all
cases, the sasA and sasA1 isogenic strains had essentially the
same level of extracellular A signal. The A-signal units (ASU)
measured in the supernatants of the sasA mutant DK6639 and
its isogenic wild-type strain DK6638 were 20.3 and 22.1 ASU/
ml, respectively. The A-signal units measured in the superna-
tants of the sasA mutant DK6641 and its isogenic wild-type
strain DK6640 were 12.6 and 12.5 ASU/ml, respectively. Pre-
vious data (17) also showed that the A-signal activity level of
sasA1 asgB480 mutants (0.43 ASU/ml) is not significantly
higher than that of its asgB480 parent (0.2 ASU/ml). All of
these data indicate that the production of extracellular A signal
is independent of the sasA locus. In fact, the A-signal activity
levels of the sasA1 asgB480 mutant show that the increase in
4521 expression in the sasA mutant strains is not due to an
increase in extracellular A-signal production.

DISCUSSION

The wild-type M. xanthus sasA locus has been cloned, se-
quenced, and determined to function in O-antigen biosynthe-
sis. Each of the M. xanthus rfbABC gene products has regions
of identity with rfb gene products involved in O-antigen bio-
synthesis in certain other gram-negative bacteria (3, 20, 44, 49).
These gram-negative bacteria appear to use an ABC trans-
porter to export the O-antigen from the cytoplasm (3, 49). This
group of ABC exporters are members of a subfamily defined by
Reizer et al. (34) as ABC-2. Interestingly, similar proteins have
not been identified in Salmonella strains (20, 47).
The rfbAB gene products are predicted to encode an ABC

transporter (9). It is most likely that RfbA and RfbB each form
homodimers which function together as a transporter. RfbA
should provide a channel, and RfbB should couple the hydro-
lysis of ATP to the transport of molecules through this chan-
nel. Both elements should be necessary for function. It is likely
that M. xanthus O-antigen is polymerized within the cytoplasm
and transported by this ABC transporter across the cytoplas-
mic membrane to the periplasmic space, where ligation to lipid
A-core occurs.

FIG. 4. Alignment and hydrophobicity of the deduced protein sequences of
putative ABC transporter integral membrane domains required for O-antigen
biosynthesis. The Pileup program of GCG version 8.0 was used to align the ORFs
deduced from the rfb sequences of Klebsiella pneumoniae O1 (K. pneu) rfbA (3);
Serratia marcescens O16 (S. marc) rfbA (44); E. coli O9 ORF261 (20);M. xanthus
(M. xant) rfbA; and Y. enterocolitica O3 (Y. ente) rfbD (49). Three or more
identical residues are boxed. The shaded areas represent hydrophobic regions.
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The sasA1 mutation is a nonsense mutation which maps to
the beginning of the rfbA gene. Interestingly, the wild-type rfbA
alone, when present at the Mx8 phage attachment site, can
restore the SasA1 phenotype to a sasA1 mutant. This suggests
that the sasA1 mutation is nonpolar. The possibility that rfbB
has a separate promoter is unlikely from the mapping data,
which suggest that the 7-kb region is one transcriptional unit.
It is most likely that the rfbB gene is also required for O-
antigen biosynthesis. At least one sasA point mutation appears
to map to this gene.
The rfbC gene appears to be required for M. xanthus O-

antigen biosynthesis. Integration of fragments internal to the
rfbC gene into the chromosome of a sasA1 strain generates
mutants with the same phenotypes as those of the sasA1 mu-
tant (Fig. 1B, column 1). In addition, cotransductional map-
ping of the original point mutants (17) indicates that at least
two other sasA mutations with phenotypes identical to sasA1
map to rfbC. The rfbC gene, which is almost 4 kb, is very large
for a bacterial gene. It is striking that only the C-terminal
quarter of the predicted protein has significant identity to one
other protein, the Y. enterocolitica O3 rfbH gene product (49).
This Y. enterocolitica gene product is involved in O-antigen
biosynthesis, but its specific function is currently unknown.
Further analysis is required to understand the function of rfbC
in M. xanthus O-antigen biosynthesis.

M. xanthus LPS contains three distinct regions: lipid A,
which forms the outer leaflet of the outer membrane bilayer;
core, which contains a chain of carbohydrates attached to lipid
A; and O-antigen, which contains a variable number of repeat-
ing oligosaccharide units and extends outward from the core
region (10). The carbohydrate content of M. xanthus LPS var-
ies between growing and developing cells (30, 43). In addition,
methylation of the M. xanthus LPS occurs during the early
stages of development (29, 30).
M. xanthus mutants deficient in O-antigen biosynthesis have

previously been isolated (11). Five Tn5 insertion mutations
map to three unlinked loci (5). The strains containing these
insertions share certain characteristics with the sasA mutants
(11, 17); their colonies are small and their developmental cycle
is delayed. However, these mutants, unlike the sasA mutants,
are described as being deficient inM. xanthus single-cell move-
ment (adventurous motility) and eventually forming wild-type
fruiting bodies. To address the locus specificity of A-signal-
independent 4521 developmental expression, the level of 4521
expression in these backgrounds will be measured. It will also
be interesting to examine the relationship of these O-antigen
biosynthesis loci to the sasA locus.
The connection between the absence or reduction in the

level of O-antigen and the increase in expression of 4521
developmental expression remains obscure. However, the evi-
dence suggests that the sasA mutations increase 4521 develop-
mental expression by bypassing the A-signal/cell density con-
trol of 4521 gene expression while maintaining the starvation
control. Expression of 4521 in the sasA1 asgB480 mutant
DK6621 clearly responds to starvation by increasing expression
at 2 h into development (17). In addition, Singer and Kaiser
(40) have recently shown that 4521 expression levels reach
60% of developmental levels during growth when the apparent
starvation signal (p)ppGpp is supplied.
Interestingly, the sasA mutations affect the expression of

only a specific subset of A-signal-dependent genes (17). The
expression of this subset of genes is differentially affected. The
expression of two genes, 4521 and 4445, is increased in re-
sponse to the sasA1 mutation. In contrast, the expression of
two other genes, 4442 and 4427, is decreased in response to the
sasA1 mutation. The sasA mutations may bypass the A-signal/
cell density control of 4521 gene expression through the cyto-
plasmic accumulation of intermediates in O-antigen biosynthe-
sis or a change in cell surface properties.

FIG. 5. Alignment of the deduced protein sequences of putative ABC trans-
porter ATPase domains required for O-antigen biosynthesis. The Pileup pro-
gram of GCG version 8.0 was used to align the ORFs deduced from the rfb
sequences of K. pneumoniae O1 (K. pneu) rfbB (3); S. marcescens O16 (S. marc)
rfbB (44); M. xanthus (M. xant) rfbB; E. coli O9 ORF431 (20); and Y. enteroco-
litica O3 (Y. ente) rfbE (49). The shaded areas represent three or more identical
residues. The complete ORFs of K. pneumoniae O1 RfbB, S. marcescens O16
RfbB, and Y. enterocolitica O3 RfbE are shown. TheM. xanthus RfbB and E. coli
ORF431 sequences continue for another 185 and 188 amino acids, respectively.

FIG. 6. Immunoblot analysis of whole M. xanthus cells reacted with MAbs
against M. xanthus LPS. Approximately 106 exponentially growing M. xanthus
cells were resuspended in TBS buffer, transferred to a nitrocellulose membrane,
and reacted with the MAbs against theM. xanthus antigen listed. The MAbs (12)
were generously provided by M. Dworkin. Strain DK6620 is the wild type,
DK6600 is the asgB480 parent, and DK6621 is the sasA1 asgB480 mutant. O-Ag,
O-antigen.
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