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Initiation of Myxococcus xanthus multicellular development requires integration of information concerning
the cells’ nutrient status and density. A gain-of-function mutation, sasB7, that bypasses both the starvation and
high cell density requirements for developmental expression of the 4521 reporter gene, maps to the sasS gene.
The wild-type sasS gene was cloned and sequenced. This gene is predicted to encode a sensor histidine protein
kinase that appears to be a key element in the transduction of starvation and cell density inputs. The sasS null
mutants express 4521 at a basal level, form defective fruiting bodies, and exhibit reduced sporulation efficien-
cies. These data indicate that the wild-type sasS gene product functions as a positive regulator of 4521
expression and participates in M. xanthus development. The N terminus of SasS is predicted to contain two
transmembrane domains that would locate the protein to the cytoplasmic membrane. The sasB7 mutation, an
E139K missense mutation, maps to the predicted N-terminal periplasmic region. The C terminus of SasS
contains all of the conserved residues typical of the sensor histidine protein kinases. SasS is predicted to be
the sensor protein in a two-component system that integrates information required for M. xanthus develop-
mental gene expression.

Multicellular development of Myxococcus xanthus is initiated
by nutrient limitation and proceeds only if these gram-negative
soil bacteria are at high density. More than 105 cells aggregate
to form an organized mound, termed a fruiting body, inside of
which the rod-shaped cells differentiate into environmentally
resistant ovoid myxospores. This developmental program en-
sures the survival of the organism until nutrients are available
and the spores can germinate (10, 11).

M. xanthus cells sense their nutrient status and density by
using two different signals. Nutrient limitation is sensed, at
least in part, by a rise in intracellular guanosine penta- and
tetraphosphate ([p]ppGpp) levels (55). Cell density is sensed
through A signal, a specific subset of amino acids at an extra-
cellular concentration greater than 10 mM (36). The A signal is
presumably generated when extracellular proteinases degrade
the surface proteins of developing cells (35, 49). If the cells are
at a density greater than about 3 3 108/ml, apparently the
concentration of extracellular amino acids and peptides ex-
ceeds the critical A-signal threshold concentration (36). The
transduction of the starvation and A signals and integration of
this information within the first 1 to 2 h of development allow
the cells to determine if conditions are appropriate to proceed
through the early stages of fruiting body development (15, 26).

The expression of one class of genes expressed during early
development requires independent input from both starvation
and A signals (4, 25). The best characterized member of this
class is the gene 4521, whose expression is monitored by a Tn5
lac transcriptional fusion, V4521 (31). In wild-type cells 1 to 2 h
after starvation at high density, which presumably allows the
A-signal concentration to surpass its 10 mM threshold (36),

4521 expression is induced more than 10-fold over its basal
level (25, 34, 50). In asg (A-signal-generating) mutants which
cannot generate A signal, the expression of 4521 remains at its
basal level even when the mutants are starved at high density
(25, 34, 50). The asg genes map to three unlinked loci: asgA,
asgB, and asgC (33). The DNA sequences of the asg genes
indicate that they encode regulatory proteins required for A-
signal production (8, 48, 50). The absence of any one of these
regulators results in arrest at an early stage of development
(17, 38). The expression of 4521 can be restored in the asg
mutants by the addition of exogenous A signal or the presence
of asg suppressor mutations, designated sas.

Studies of the cis-acting elements controlling 4521 expres-
sion revealed that the 4521 promoter is a member of the
sigma54 family (29). Related studies have shown that a regu-
latory region of at least 146 bp upstream of the transcription
start site is required for wild-type 4521 expression during
growth and development (15). It is anticipated that, similarly to
other sigma54-dependent promoters, an NtrC-like activator
binding upstream of the transcription start site will be required
for 4521 open complex formation (37, 43).

To identify the elements in the starvation and A-signal
transduction pathways, second-site mutations that permit
inappropriate 4521 gene expression were isolated in an
asgB480 background (25). Six suppressor mutants (sasB5, -7,
-14, -15, -16, and -17) were isolated that bypass both the
starvation and A-signal requirements for 4521 expression. In
these mutants 4521 is expressed during growth and devel-
opment in the absence of A signal (25). This study has
focused on the sasS gene of the sasB locus that encodes a
key regulator of 4521 expression. This gene, to which the
sasB7 mutation maps, is predicted to encode a classic trans-
membrane histidine protein kinase of the sensor protein
family of the two-component signal transduction systems
(21). SasS most likely functions by controlling the phosphor-
ylation level of a downstream response regulator that regu-
lates early developmental gene expression.
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MATERIALS AND METHODS
Bacterial strains, plasmids, phages, and growth conditions. The plasmids and

strains used in this study are listed in Table 1. Strains containing the V4521 Tn5
lac (Tcr) insertion (31) allow the expression of the 4521 reporter gene to be
monitored. Strain DK1622 is used as the wild type in tests of fruiting body
formation and sporulation efficiency. Strain DK6625 carries asgB480 and one
asgB480 suppressor mutation, sasB7, which restores 4521 expression (25). The
myxophage Mx4 (ts18 ts27 hrm) (7, 12) is the temperature-sensitive, inducible
phage used for generalized transduction of M. xanthus strains.

M. xanthus strains were grown with vigorous shaking at 32°C in CTT liquid
medium (1% Casitone [Difco], 10 mM Tris-HCl [pH 7.6], 1 mM K2HPO4-
KH2PO4 [pH 7.7], 8 mM MgSO4; final pH of the mixture, 7.6) or on CTT agar
(CTT liquid with 1.5% Bacto-Agar). Kanamycin at 40 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). Escherichia
coli strains were grown in Luria-Bertani (LB) liquid medium (53) or on LB agar
(LB liquid with 1.5% Bacto-Agar) which contained 100 mg of ampicillin/ml or 50
mg of kanamycin/ml when appropriate to maintain plasmids.

TABLE 1. Plasmid and strain list

Plasmid or strain Relevant characteristics Source, reference, or construction

Plasmids
pBluescript SK1 Ampr Stratagene
pBGS18 Kanr 57
pHBK429 Kanr 16
pYC274 Kanr; Mx8 phage attP site 2.8-kb SmaI fragment of the M. xanthus Mx8 attP ligated with DraI-

digested pBGS18
pYC1001 Kanr sasB1 8-kb insert containing a portion of the sasB locus, resulting from in

situ cloning of HK1403 chromosomal DNA
pYC1006 Kanr sasB1 attP 9.5-kb EcoRI-BglII fragment of pYC1001 ligated into EcoRI-BamHI-

digested pYC274
pYC1003 Kanr; fragment of pYC1001 2.5-kb SacI-XhoI fragment of pYC1001 ligated into SmaI-SalI-di-

gested pBGS18
pYC1004 Kanr; fragment of pYC1001 1.1-kb SacI fragment of pYC1001 ligated into pBGS18
pYC1018 Kanr; fragment of pYC1001 1.8-kb SacI fragment of pYC1001 ligated into pBGS18
pYC1020 Kanr; fragment of pYC1001 2.7-kb SalI-SphI fragment of pYC1001 ligated into pBGS18
pYC1025 Kanr attP; fragment of pYC1001 2.7-kb SalI-SphI fragment of pYC1001 ligated into pYC274
pYC1033 Kanr; fragment of pYC1001 1.2-kb SmaI-SphI fragment of pYC1001 ligated into pBGS18
pYC1101 Ampr; fragment of pYC1001 700-bp SalI-SacI fragment of pYC1001 ligated into SmaI site of

pBluescript SK1

pYC1102 Ampr; fragment of pYC1001 800-bp SacI-SmaI fragment of pYC1001 ligated into SmaI site of
pBluescript SK1

pYC1104 Ampr; fragment of pYC1001 2.0-kb SacI-SphI fragment of pYC1001 ligated into SmaI site of
pBluescript SK1

pYC1120–pYC1128 Ampr; fragments of pYC1104 Exonuclease III-generated DNA fragments of pYC1104
pYC1202 Kanr; 7.8-kb EcoRI-SphI fragment of sasB

locus from sasB7 mutant DK6625
7.8-kb insert of the sasB locus resulting from in situ cloning of

DK6625 chromosomal DNA containing the sasB7 mutation
pYC1206 Ampr; fragment of pYC1001 containing the

sasS gene
4.5-kb SphI fragment of pYC1001 ligated into the SmaI-digested

pBluescript SK1

pYC1207 Kanr sasS::kanV kanV cassette ligated into the NruI-digested pYC1206
pYC1209 Kanr; internal fragment of sasS gene 1.2-kb NruI-SmaI of pYC1020 ligated into SmaI-digested pBGS18
pYC1215 Kanr sasS::lacZ Promoterless lacZ ligated to the SacI site of sasS
pYC1220 Kanr; fragment of pYC1202 850-bp SalI-PstI fragment of pYC1202 ligated into pBGS18

E. coli DH5a supE44 DlacU169 (f80 lacZ DM15 hsdR17
recA1 endA1 gyrA96 thi-1 relA1)

18

M. xanthus
DK101 sglA1 22
DK480 sglA1 asg480 17
DK1622 Wild type 24
DK6600 Tn5 lac V4521(Tcr) sglA1 asgB480 25
DK6620 Tn5 lac V4521(Tcr) sglA1 25
DK6625 Tn5 lac V4521(Tcr) sglA1 asgB480 sasB7 25
DK6661 Tn5 V6658 sglA1 sasB7 H. Kaplan from DK6659 (25)
DK6662 Tn5 V6658 (Tcr) sglA1 H. Kaplan from DK6660 (25)
HK1403 Tn5 V6658 (Tcr)::pHBK429 sglA1 Introduction of pHBK429 into DK6662 by electroporation
HK1407 Tn5 lac V4521(Tcr) sglA1 asgB480 sasB7 Introduction of pYC1033 into DK6625 by electroporation
HK1412 Tn5 lac V4521(Tcr) sglA1 sasB7 Tn5 V6658 Generalized Mx4 transduction from donor strain DK6661 to recipient

strain DK6620
HK1501 Tn5 lac V4521(Tcr) sglA1 sasS::kanV Introduction of linearized pYC1207 into DK6620 by electroporation
HK1502 Kanr sglA1 asgB480 sasS disrupted by an in-

ternal fragment
Introduction of pYC1209 into DK480 by electroporation

HK1503 Kanr sglA1 Tn5 lac V4521(Tcr) sasS disrupted
by an internal fragment

Generalized Mx4 transduction from donor strain HK1502 to recipient
strain DK6620

HK1504 sasS::kanV Generalized Mx4 phage transduction from donor strain HK1501 to
recipient strain DK1622

HK1509 sasS::lacZ sglA1 asg480 Introduction of pYC1215 into DK480 by electroporation
HK1510 sasS::lacZ sglA1 Generalized Mx4 transduction from donor strain HK1509 to recipient

strain DK101
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M. xanthus development and measurement of b-galactosidase specific activity
and sporulation efficiency. M. xanthus cells developed on TPM starvation agar
(10 mM Tris-HCl [pH 7.6], 1 mM K2HPO4-KH2PO4 [pH 7.7], 8 mM MgSO4,
1.5% Bacto-Agar) according to the method of Kroos et al. (31) were used for the
measurement of developmental b-galactosidase specific activity. For develop-
ment on starvation agar, growing cells in mid-exponential phase were harvested
by centrifugation and the cell pellet was resuspended in TPM buffer at a density
of 5 3 109 cells/ml. Drops of the cell suspension on dry TPM agar plates were
incubated at 32°C, and at the appropriate times the cells were scraped from the
agar, suspended in TPM buffer, and stored immediately at 220°C. The b-
galactosidase specific activity of the thawed samples was quantitated by the
method of Kroos et al. (31) as modified by Gulati et al. (15). Protein concen-
trations were determined by the Bradford assay (6), using a Bio-Rad reagent and
immunoglobulin G as the protein standard.

M. xanthus cells developed in submerged culture, according to the protocol of
Kuner and Kaiser (32) as modified by Kuspa et al. (34), were used for sporulation
analysis. For development in submerged culture, mid-exponential phase M. xan-
thus cells were harvested, resuspended in MC7 buffer (10 mM morpholinepro-
panesulfonic acid [MOPS; pH 7.0], 1 mM CaCl2) to a calculated density of 2.5 3
108/ml, and placed in 24-well tissue culture plates. The plates were incubated in
a humid chamber at 32°C for 4 to 7 days. Under these conditions, the wild-type
cells settle to form a thin mat on the bottom of the well and develop with timing
similar to that seen on TPM agar. Fruiting bodies were observed under a
dissecting microscope after 3 to 10 days of development.

The production of heat-resistant and sonication-resistant spores was measured
in submerged culture preparations. Briefly, the cells were diluted to 108/ml with
MC7 buffer and the plates were incubated for 2.5 h at 50°C. The suspensions
were then sonicated to break the rod-shaped cells, and 10-fold dilutions were
plated onto CTT nutrient agar. The number of viable spores was measured by
counting the number of CFU.

Plasmid construction. The plasmid pYC1001 was directly cloned from the
wild-type M. xanthus chromosome by the in situ cloning method described in
Results. The other plasmids were constructed as described in Table 1. For
mapping the sasB7 mutation, plasmids pYC1003, pYC1004, pYC1018, and
pYC1020 were constructed by using the vector pBGS18 (57) and plasmids
pYC1006 and pYC1025 were constructed by using pYC274 (Table 1). For DNA
sequencing analysis, all the DNA fragments were cloned into the vector pBlue-
script SK1 (Stratagene). The DNA fragments present in plasmids pYC1101,
pYC1102, and pYC1104 were subcloned from pYC1001. The DNA fragments
present in pYC1120 through pYC1128 were generated by exonuclease III
(Erase-A-Base system kit; Promega) digestion of pYC1104. For construction of
the sasS insertional null mutation, the omega kanamycin cassette, which blocks
transcription and translation in both directions (51), was used.

The protocols used, such as plasmid isolation, restriction endonuclease diges-
tion, ligation in low-melting-point agarose, and other standard molecular bio-
logical techniques, are described by Sambrook et al. (53).

DNA sequence determination and computer analysis. The sequences of the M.
xanthus DNA in plasmids pYC1101, pYC1102, pYC1104, and pYC1120 through
pYC1128 were determined. The plasmids were purified with the QIAprep spin
kit (Qiagen). The sequences of both strands of the 2.7-kb SalI-SphI region were
determined at the DNA Core Facility of the Department of Microbiology and
Molecular Genetics, University of Texas—Houston Medical School, with 373A
and 373 prism DNA sequencers (Perkin-Elmer, Applied Biosystems Division)
with Taq polymerase in a thermal cycling reaction. Both T7 and T3 primers were
used.

The DNA sequences were aligned and edited with the SeqEd 675 DNA
sequence editor program (Perkin-Elmer, Applied Biosystems Division). The
University of Wisconsin Genetics Computer Group’s sequence software package
version 8.0 (9) was used for sequence analysis. The Codonpreference program
predicted the open reading frames (ORFs) based on the G-C codon bias of the
third position (2) in this high-G1C-content (67.5 mol%) organism (41). Searches
were performed at the National Center for Biotechnology Information with the
BLAST network service (1). The Pileup program aligned the protein sequences,
the Bestfit program determined pairwise identities, the Motifs program was used
to identify motifs in SasS, the Peptidestructure program was used to predict the
secondary structure of SasS, the Pepplot program was used to predict the hy-
drophobicity of the protein, and the putative transmembrane domain of SasS was
determined by TMpred program (http://www.science.adelaide.edu.au/microb./
micro3/tmpred.htm).

Cloning of the sasB7 allele and identification of the sasB7 mutation. Mapping
data indicated that the sasB7 allele was close to the unique SacI site in SasS. To
determine the DNA alteration causing the sasB7 mutation, the sasS region was
cloned from the sasB7 mutant strain DK6625, using a modification of the in situ
cloning method of Gill et al. (13). In this case, the vector DNA which supplies the
origin of replication and restriction sites for cloning adjacent DNA was targeted
to integrate into the region adjacent to the SacI site because it carried this
adjacent region. Thus, to clone the sasB7 allele, the 1.2-kb SmaI-SphI fragment
from pYC1120 cloned in the vector pBGS18 was introduced into DK6625. DNA
was prepared from this strain (HK1407), digested with the EcoRI restriction
enzyme, ligated, and used to transform E. coli, and plasmid pYC1202 was iso-
lated. The sasB7 allele was predicted to be contained within the 850-bp SalI-PstI
region of pYC1202. This region was subcloned into pBGS18, yielding plasmid

pYC1220. The DNA sequence of the complete SalI-PstI 850-bp insert was de-
termined by automated sequencing.

DNA transfer methods. DNA was transferred from E. coli to M. xanthus by
electroporation (27). DNA was transferred between M. xanthus strains by gen-
eralized transduction with myxophage Mx4 (12).

Amino acid rescue of 4521 expression at low cell densities. Phenotypic rescue
of 4521 expression at low cell density was performed according to the method
developed by Kuspa et al. (36). All of the strains used in this assay carry the social
motility mutation sglA1, which causes a defect in cell-cell cohesion that allows the
cells to remain in suspension. M. xanthus cells were harvested from mid-expo-
nential stage and resuspended in 0.4 ml of MC7 buffer at a density of 1.25 3
108/ml in 24-well tissue culture plates. The A-signal amino acid proline was
added to each well to generate final concentrations of 10 mM to 2 mM. The cell
suspensions were incubated in a humid chamber at 32°C for 20 h and frozen
immediately at 220°C. The b-galactosidase activities of the thawed samples were
analyzed and normalized to cell number.

Nucleotide sequence accession number. The nucleotide sequence of sasS and
its surrounding region has been assigned GenBank accession no. AF029787.

RESULTS

Cloning of the wild-type region corresponding to the sasB7
mutation. The wild-type region corresponding to the sasB7
mutation was cloned from the M. xanthus chromosome, using
the in situ cloning method developed by R. Gill et al. (13).
First, using Southern blot analysis, we obtained a restriction
map of the sasB locus from the SasB1 strain DK6662, contain-
ing Tn5 V6658 linked to the wild-type version of the sasB7
allele. EcoRI sites flanking Tn5 V6658 were mapped at 8 and
22 kb on either side of the transposon (Fig. 1A). These EcoRI
fragments were cloned by allowing the pHBK429 vector (16) to
integrate into the chromosome at Tn5 V6658, providing an E.
coli origin of replication and restriction sites (including an
EcoRI site) for cloning the adjacent DNA. The resulting
strains, HK1403 and HK1406, each contain pHBK429 inte-
grated in a different orientation. DNA from each strain was
isolated, digested with EcoRI restriction enzyme, and ligated at
low concentration to promote intramolecular ligations. Plas-
mid pYC1001 was purified from an E. coli colony transformed
with HK1403-ligated DNA.

The 8-kb M. xanthus chromosomal DNA fragment carried
on pYC1001 contains the wild-type version of the sasB7 allele.
This fragment restores the wild-type phenotype to the sasB7
mutant DK6625 when it is present as a tandem duplication in
the chromosome (Fig. 1B). The phenotype was determined by
overlaying the transformants containing V4521 Tn5 lac as a
reporter of starvation- and A-signal-dependent gene expres-
sion with 0.04% 5-bromo-4-chloro-3-indolyl-b-D-galactopyr-
anoside (X-Gal), the chromogenic substrate of b-galactosi-
dase. Ninety percent of the selected transformants were SasB1

(tan colonies when overlaid with X-Gal, identical to the
asgB480 parent), and 10% of the selected transformants were
SasB2 (blue colonies when overlaid with X-Gal). This resto-
ration of the SasB1 phenotype at 90% suggests that the frag-
ment contains the complete wild-type transcription unit. In
tandem duplications restoration of the wild-type phenotype at
less than 100% is typical and is most likely a result of apparent
gene conversion (58). Gene conversion in M. xanthus is docu-
mented to commonly occur at 10 to 25% in these types of
crosses (16, 54, 58).

To ensure that the 8-kb fragment contained a complete
transcription unit, it was integrated at the myxophage Mx8
attachment site, attB, and tested for its ability to restore the
SasB1 phenotype to DK6625. In this case, any cloned fragment
that can restore the SasB1 phenotype from this trans location
must contain a complete transcription unit. Restoration at
100% would be expected because gene conversion should not
occur in this type of cross. One hundred percent (3,000 of
3,000) of the selected transformants were SasB1. These data
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indicate that this 8-kb fragment contains a functionally com-
plete transcription unit. These data along with the results de-
tailed above indicate that the wild-type allele is dominant to
the sasB7 allele when present in a heterozygotic merodiploid.

Mapping the sasB7 mutation. To locate the position of the
sasB7 mutation within the 8-kb region, subclones of pYC1001
were constructed and introduced as tandem duplications into
the sasB7 mutant DK6625 to test their ability to restore the
SasB1 phenotype. In this case, only fragments carrying the
wild-type version of the sasB7 allele and at least one end of the
functional transcription unit can restore the SasB1 phenotype.
When the cloned fragment contains the wild-type version of
the sasB7 allele and one truncated end of the transcription
unit, a percentage of wild-type transformants arises from the
total. This percentage indicates the relative distance between
the mutation site and the truncated end of the transcription
unit. The closer these elements are, the fewer wild-type trans-
formants arise (16).

Plasmids pYC1003, pYC1004, pYC1018, and pYC1020 were
electroporated into DK6625, creating tandem duplications at
the chromosomal sasB locus. Electroporation of plasmid
pYC1020 yielded 88% of the selected transformants with wild-
type phenotypes (Fig. 1B). This percentage is close to that
obtained with pYC1001 and is within the range of gene con-
version events. These data suggest that pYC1020 carries the
complete transcript unit.

To confirm that the fragment in plasmid pYC1020 contained
the complete transcription unit and the wild-type version of the
sasB7 allele, the fragment in pYC1020 was introduced into the
Mx8 phage attachment site in DK6625. Restoration of the
wild-type phenotype was 100% (300 of 300), confirming that

the 2.7-kb SalI-SphI fragment in pYC1020 contains the func-
tionally complete transcription unit.

It is important to note that plasmid pYC1003, which con-
tains the SphI end present in pYC1020, did not restore the
wild-type phenotype. This suggests that although it must con-
tain one functional end, it does not contain the wild-type ver-
sion of the sasB7 allele. Plasmid pYC1018, which contains the
SalI end present in pYC1020, restored the wild-type phenotype
at a very low frequency. This suggests that pYC1018 carries the
wild-type version of the sasB7 allele and that the mutation
maps very close to its SacI end. These data all place the site of
the sasB7 mutation very close to the SacI restriction enzyme
recognition site.

The sasB7 allele maps to a gene encoding a histidine protein
kinase. The nucleotide sequence of the 2.7-kb SalI-SphI frag-
ment that contained the complete transcription unit and the
wild-type version of the sasB7 allele was determined. One
ORF was predicted by the Genetics Computer Group Codon-
preference program based on the G-C codon bias of the third
position (2) in this high-G1C-content organism (41). Figure 2
shows the DNA and deduced amino acid sequence of the ORF
and its surrounding region. The ORF is predicted to encode a
497-amino-acid protein of 52.6 kDa. It is predicted to start at
nucleotide 218 and to stop at nucleotide 1711. No obvious
ribosome-binding site has been observed upstream of the pre-
dicted translation start.

The ORF designated SasS is predicted to encode a histidine
protein kinase, which is a member of the sensor protein family
of the two-component signal transduction systems (21). The
deduced amino acid sequence of SasS was subjected to the
BLAST net search (1) of the databases. The SasS C-terminal

FIG. 1. Genetic analysis of the sasB locus. (A) Physical map of the M. xanthus sasB locus in strain DK6662 containing the linked Tn5 V6658. The black line represents the
M. xanthus DNA, and the dark shaded box represents Tn5 DNA. (B) Restoration of the SasB1 phenotype to the sasB7 mutant DK6625 by wild-type sasB subclones integrated
into the chromosomal sasB locus and the Mx8 phage attachment site, attB. The physical map of the sasB DNA cloned in pYC1001 is shown. The lightly shaded box represents
the location of the sasS gene. The vertical arrow indicates the location of the sasB7 mutation. The bent arrow indicates the direction of transcription and the location of the
putative promoter. The dark shaded box indicates Tn5 DNA. The bars beneath the physical map indicate the fragments present in the subclones. The percentage of
SasB1 transformants is calculated as the number of SasB1 transformants divided by the total number of Kmr transformants tested, multiplied by 100. The SasB1

colonies are tan on CTT agar overlaid with 0.04% X-Gal, and the SasB2 colonies are blue under these conditions. The plasmids pYC1001, pYC1003, pYC1004,
pYC1018, and pYC1020 were integrated as tandem duplications at the sasB locus. The plasmids pYC1006 and pYC1025 were integrated in trans at the M. xanthus Mx8
phage attachment site, attB. DK6625 (sasB7 asgB480) was the recipient strain. 2, not tested. (C) Physical map of the sasS-containing subclone pYC1020.
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kinase domain (amino acids 272 to 497) is about 26% identical
to a group of histidine protein kinases (Fig. 3) (39, 42, 46, 60).
The kinase domain of SasS contains a conserved N-terminal H
box that contains the potential phosphorylation site, 282His. A
similar histidine residue has been determined to be the phos-
phorylation site in the histidine protein kinase family (20, 44,
52). The SasS C-terminal kinase domain (amino acids 390 to
460) also contains the nucleotide binding regions, termed the
N, D/F, and G boxes (45), that are highly conserved in all the
histidine protein kinases (Fig. 2 and 3).

The SasS protein is predicted to be a transmembrane pro-
tein located in the cytoplasmic membrane. This argument is
based principally on the primary sequence analysis of the N-
terminal input domain. A hydrophobicity profile of SasS shows
two hydrophobic regions, each of about 20 amino acids (amino
acids 22 to 45 and 199 to 218), which flank a highly hydrophilic
region (Fig. 2). The hydrophobic domains are each predicted
to cross the cytoplasmic membrane, and the hydrophilic region
is predicted to be a periplasmic domain. The two putative
transmembrane domains were also identified by the TMpred
program. BLAST searches showed that these two possible
transmembrane domains are similar to TM1 and TM2 of the E.
coli chemotaxis transducers (MCPs) (25 to 40 and 20 to 25%
identity, respectively) (3, 5, 30). Interestingly, the whole N-
terminal input domain (amino acids 1 to 190) of SasS has
limited homology (about 21% identity) to all of the E. coli
MCPs (3, 5, 30). In addition, a region of approximately 40
amino acids termed the “stimulus relay domain” (23), which is

highly conserved in MCPs and other transmembrane sensor
proteins, is also present in SasS. This domain is adjacent to the
second transmembrane domain in all of the identified mem-
brane sensors and has been shown to be important for signal
transduction through the membrane (23). This region has not
been observed in any cytoplasmic sensor proteins (23). Addi-
tional evidence to indicate the location and orientation of SasS
comes from activity assays of SasS-PhoA fusion proteins (40).
When analyzed in E. coli whole-cell lysates, the alkaline phos-
phatase activities of SasS-PhoA fusions were about four to
seven times higher if they were fused to the predicted SasS
periplasmic domain than if they were fused to the predicted
cytoplasmic domain (data not shown).

The sasB7 mutation is an E-to-K missense mutation at the
N terminus of SasS. Mapping data (Fig. 1) indicated that the
sasB7 mutation was located close to the unique SacI restriction
enzyme recognition site within sasS. To identify the DNA
alteration causing the sasB7 mutant phenotype, the mutated
sasS allele was cloned from DK6625 (asgB480 sasB7). An
850-bp SalI-to-PstI subclone (pYC1220) containing the SacI
site was sequenced. The sasB7 mutation was found to be a
G-to-A transition at nucleotide 632, which changes E139 to K.
It was the only alteration in this DNA. Importantly, the mu-
tation is located within the SacI site and eliminates the site,
thus confirming the mapping data. Furthermore, when this
mutated DNA fragment was reintroduced into a wild-type
strain, it recreated the SasB7 phenotype (62).

The sasB7 mutation site is located on the hydrophilic side of

FIG. 2. DNA sequence and deduced amino acid sequence of sasS and its surrounding region. The DNA sequence, deduced amino acid sequence, and predicted
functional domains of sasS are shown. The predicted start codon of SasS is at nucleotide 218. The predicted stop codon at nucleotide 1709 is marked by an asterisk.
The putative 235 and 210 regions of the sigma70-like promoter are underlined. The sasS gene is predicted to encode a classical histidine protein kinase consisting
of 497 amino acids (52.6 kDa). The two putative transmembrane domains are underlined with arrowheads. The conserved motifs (H, N, D, and G boxes) for histidine
protein kinases are in boldface. The sasB7 mutation is a G-to-A transition located within the predicted periplasmic region, which changes the E139 to K. The conserved
stimulus relay domain is shown in italics and underlined with a dashed line.
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a predicted amphiphilic a-helix (amino acids 122 to 142) within
the periplasmic region of the SasS N-terminal input domain.
This hydrophilic side is composed of six charged amino acids.
In structures such as this, the charged face of the a-helix is the
ligand interaction surface (64).

Null alleles of sasS abolish 4521 expression. Two sasS null
strains were constructed to compare their effects on 4521 ex-
pression with the phenotype of the sasB7 point mutation,
which causes starvation- and A-signal-independent 4521 ex-
pression. One null strain, HK1503, which contains two mutated
tandem copies of sasS, was generated by integrating a sasS
internal fragment into the wild-type sasS gene. In this strain,
one sasS gene is missing the 39 end and the other is missing the
59 end. The second null strain, HK1501, contains an omega
kanamycin cassette (51) inserted into a unique NruI site that is
located at the predicted 10th codon of the sasS gene. This
allele was generated by linearizing plasmid pYC1207 and in-
troducing it into the wild-type strain, DK6620. The transfor-
mant HK1501, in which the wild-type sasS allele was replaced
by the sasS null mutant allele, arose from a double crossover
event.

The expression of 4521 in the sasS null mutants was dramat-
ically different from that in the wild type and the sasB7 mutant.
Expression of 4521 remained at a basal level (5 to 10 U) during
growth and development in both sasS null mutants. In contrast,
4521 expression in the wild type was about 10 U during growth

and increased to almost 200 U during development, and 4521
expression in the sasB7 mutant was about 540 U during growth
and increased to more than 800 U during development (Fig. 4).
The basal-level 4521 expression of the sasS null mutants indi-
cates that SasS is a positive regulator of 4521. This phenotype
of the sasS null mutants was complemented when the wild-type
sasS gene was placed in trans at the myxophage Mx8 attach-
ment site, attB, indicating the null mutations do not interrupt
a downstream gene (data not shown).

The high expression level of 4521 during growth and devel-
opment in the sasB7 mutant background indicates that this is a
gain-of-function mutation. This expression data and the loca-
tion of the mutation in the predicted periplasmic region of the
N-terminal input domain suggest that the mutation alters the
signaling state of the protein so that the kinase domain is
constitutively phosphorylated.

SasS appears to function in response to extracellular A
signal. Starvation and A signals activate 4521 expression in an
sasS-dependent manner. To address the possibility that sasS-
dependent 4521 expression results from sasS control of A-
signal generation, the A-signal activity in supernatants of de-
veloping DK1622 (wild type) and HK1504 (sasS omega
insertion null mutant) was measured. Supernatants from all of
the strains had essentially the same level of extracellular A
signal. The A-signal units measured in the supernatants of
DK1622 and HK1504 were 2.9 and 9.6, respectively. These
data indicate that the production of extracellular A signal is
independent of sasS.

If SasS is involved in the response to A signal, then sasS null
mutants should not respond to it. The response to A signal by
sasS null mutants and wild-type cells was measured in low-
density starving cells after the extracellular addition of various
concentrations of the A-signal amino acid proline. Wild-type
cells under these conditions phenotypically resemble the asg
mutants, expressing low levels of 4521, because at low density
A signal does not surpass its critical-threshold concentration
(36). When proline is added to wild-type cells within the 50 mM
to 1 mM range, it provides A signal while maintaining the
starvation conditions, and 4521 expression is rescued (Fig. 5).
In contrast, no increase in 4521 expression was observed in the
sasS null strain upon addition of proline. These data indicate

FIG. 3. Alignment of the deduced histidine protein kinase domain of SasS
with the histidine protein kinase domains of KinA and KinB from B. subtilis,
EnvZ from E. coli, and NtrB from Klebsiella pneumoniae. Each aligned sequence
begins with an internal residue and ends with the C-terminal residue. The boxed
amino acids are more than 80% identical among the aligned sequences (39, 42,
46, 60). The asterisk indicates the conserved histidine that has been determined
to be the phosphorylation site in the family (20, 44, 52). The underlined se-
quences indicate the nucleotide binding domains (45).

FIG. 4. Effects of sasB mutations on 4521 expression. b-Galactosidase spe-
cific activity of Tn5 lac V4521 in the wild-type strain DK6620 (h), the sasB7
strain HK1412 (‚), and the sasS null mutant strains HK1501 (■) and HK1503
(F) is shown. Cells containing Tn5 lac V4521 were harvested at different times
during development on starvation agar. The specific b-galactosidase activity was
determined as described in Materials and Methods. Each strain was tested in at
least three independent experiments, and a representative experiment is shown.
ONP, o-Nitrophenol.
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that the sasS null mutation blocks the A-signal response and
that wild-type SasS functions in response to extracellular A
signal.

Transcription of the sasS gene is constant during growth
and development. If SasS functions as a sensor protein, it
would be expected to be available for sensing during growth
and development. However, it is formally possible that the
sasS-dependent 4521 expression is a result of starvation and/or
A-signal-stimulated transcription of sasS. To decide between
these two possibilities, sasS transcription was monitored in the
wild-type and asgB480 backgrounds during growth and devel-
opment. A promoterless lacZ gene was fused to the sasS gene,
creating plasmid pYC1215. This plasmid was introduced into
the asgB480 mutant strain DK480 and transduced into the
wild-type strain, DK101, creating strains HK1509 and HK1510,
respectively. In both strains, a tandem duplication was present
in which a wild-type sasS gene was separated from the sasS-
lacZ transcriptional fusion by vector sequences. The b-galac-
tosidase specific activity of HK1509 and HK1510 was measured
during growth and development. A relatively low constant level
of sasS expression was observed in the wild-type (11 to 15 U)
and the asgB480 (7 to 10 U) backgrounds during growth and
development (Fig. 6). There was no evidence of any transcrip-
tional regulation of sasS.

The sasS null mutants form defective fruiting bodies and
exhibit reduced sporulation efficiency. To determine if SasS is
involved in fruiting body development and/or sporulation, the
sasS omega insertion null mutation was transferred into a
wild-type background and these developmental characteristics
were examined in submerged culture. The sasS null strain,
HK1504, formed small abnormally shaped fruiting bodies that
never appeared to mature or darken even after prolonged
incubation. The sporulation analysis of the sasS null strain,
HK1504, revealed a decreased sporulation efficiency. After 4
days of submerged culture development the sasS mutant
formed 10% of the number of viable spores formed by the wild
type. When these cell suspensions were allowed to develop for
7 days, the viable spore numbers of both the wild type and the
sasS mutant decreased and the sasS mutant formed 5% of the
number of viable spores formed by the wild type.

The observations that sasS mutants are deficient in fruiting
body formation and sporulation demonstrate that SasS partic-
ipates in M. xanthus development. However, the fact that 10%

of the cells sporulated suggests that additional sensor kinases
and/or other regulators are involved in the coordination of this
complex developmental program. It is also possible that cross-
talk among histidine kinases compensates for the absence of
SasS.

DISCUSSION
The sasS gene encoding the first identified M. xanthus classic

histidine protein kinase sensor that regulates early develop-
mental gene expression was cloned and sequenced. The phe-
notypes of the sasS null mutants reveal that SasS functions as
a key positive regulator of 4521 developmental expression,
which is controlled independently by both starvation and cell
density. As a classic histidine protein kinase sensor of the
two-component signal transduction family, SasS has a C ter-
minus which contains all of the conserved regions, including
the phosphorylated histidine and its surrounding H box and
the nucleotide binding N, D/F, and G boxes. The N terminus of
SasS is predicted to contain two transmembrane regions that
would place the protein in the cytoplasmic membrane. SasS
most likely controls the developmental expression of 4521 and
other genes in this class by regulating phosphate transfer to its
cognate response regulator.

SasS appears to be an essential component of the transduc-
tion pathway that regulates 4521 developmental expression in
response to environmental changes. First, the sasS null mutant
produces A signal at wild-type levels, indicating that SasS is not
involved in the generation of A signal. Second, as would be
expected of strains lacking a transducer, the sasS null mutants
do not respond to exogenous A signal (Fig. 5). Third, the sasS
gene encoding the sensor is not regulated at the level of tran-
scription (Fig. 6), suggesting that the protein monitors envi-
ronmental changes during growth and development.

It is possible that starvation and A signals are integrated
through cooperative control of SasS phosphorylation. The data
supporting this idea come from 4521 expression levels in dif-
ferent sasS mutants. First, the 4521 gene is expressed at a basal
level in the sasS null mutants even when the cells are starved
and A signal is present (Fig. 4). Second, the gain-of-function

FIG. 5. Amino acid rescue of 4521 expression at low cell density. Different
concentrations of proline were added to low-density wild-type DK6620 cells (h)
and sasS null mutant HK1501 cells (Œ). Percent maximum activity was calculated
as the b-galactosidase activity divided by the peak level activity in wild-type cells.
Each test was repeated at least twice, and a representative experiment is shown.

FIG. 6. Expression of sasS-lacZ during growth and development in wild-type
and asgB backgrounds. Strain HK1510 (h) carries a sasS-lacZ transcriptional
fusion in a wild-type background. Strain HK1509 (F) carries a sasS-lacZ tran-
scriptional fusion in the asgB480 background. Both strains contain the sasS-lacZ
fusion in addition to a wild-type sasS gene. b-Galactosidase specific activity was
analyzed in growing and developing cells as described in Materials and Methods.
Each strain was tested in at least three independent experiments, and a repre-
sentative experiment is shown. ONP, o-Nitrophenol.
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sasS mutation, sasB7, bypasses the starvation and A-signal
requirements, allowing 4521 expression during growth and in
the absence of A signal (Fig. 4).

The SasB7 gain-of-function phenotype most likely results in
inappropriate phosphate transfer to the downstream cognate
response regulator. The location of the sasB7 mutation in the
putative periplasmic region of the N-terminal input domain
suggests that this mutation indirectly influences the activity of
the C-terminal kinase domain. This could be done through
stimulation of autokinase activity or inactivation of an intrinsic
phosphatase activity. One unusual feature of the sasB7 gain-
of-function mutant allele is that it is recessive to the wild type
when present as a heterozygotic merodiploid (Fig. 1). The
most likely explanation is that SasS functions as an oligomer
and that for a SasB7 phenotype all or most of the subunits must
be mutants. Another unusual feature of the sasB7 gain-of-
function mutation is that it does not confer an obvious vege-
tative or developmental phenotype on an otherwise wild-type
strain. This suggests that M. xanthus cells can compensate for
the inappropriate stimulation of this signal transduction path-
way.

If SasS integrates starvation and A-signal information, the
SasS phosphorylation level should respond to the cells’ nutri-
ent status and density. It should transduce this information by
controlling the threshold level of phosphate transfer to its
cognate response regulator. In this case, SasS would serve as a
checkpoint, blocking development if conditions are not appro-
priate. Integration of starvation and A signals does not require
that both signals be directly sensed by SasS. It is possible that
the A signal is sensed directly and starvation modulates the
ability of the kinase domain to be activated, so that it is only
phosphorylated during starvation.

It is also possible that starvation or A-signal control of 4521
expression is transduced through another input. Either of these
conditions could influence the activity of another positive reg-
ulatory element, such as a histidine kinase sensor, a response
regulator, or another type of activator. In this case, the input
would be considered accessory. This input alone is not ade-
quate to stimulate the response regulator, because there is only
basal 4521 expression in the sasS null mutant in the presence of
either starvation or A signal (Fig. 4).

How is A signal sensed? SasS could directly sense A signal
by determining if the periplasmic amino acid concentration is
above the 10 mM threshold. This type of mechanism would be
typical of the interactions between a ligand and its binding
protein. This possibility is particularly interesting when it is
considered that A signal is a set of amino acids and that the
predicted SasS N-terminal input domain structure is similar to
that of the MCP chemoreceptors, many of which directly sense
amino acids. In addition, it should be noted that the minimum
threshold A-signal concentration of 10 mM for any given A-
signal amino acid is in the range of the minimum amino acid
concentration (1025 to 1027 M) necessary for a Tsr-mediated
chemotactic response in E. coli (19).

How is starvation integrated? One way in which starvation
could be integrated is by resetting the sensitivity of SasS to
amino acids. If SasS senses A signal as an amino acid level
greater than 10 mM, it is surprising that it is not activated by
the high extracellular concentrations of amino acids during
growth. Considering the adaptation response of the chemore-
ceptors (23, 59), it is possible that during growth SasS is mod-
ified and desensitized to the high amino acid concentration.
Starvation could function to inactivate this modification, allow-
ing for SasS phosphorylation when the A-signal amino acids
surpass the 10 mM threshold. One likely candidate to control
adaptation of SasS is the negative regulator, SasB5, that maps

downstream of sasS and appears from epistasis experiments
(61) to function upstream of SasS.

What functions downstream of SasS? It is likely that the
cognate response regulator of SasS would be an NtrC-like
homolog that could directly activate transcription of the 4521
sigma54-dependent promoter. Interestingly, we have geneti-
cally identified an NtrC-like response regulator that maps 2.2
kb downstream of sasS. Mutational analysis of this gene indi-
cates that the response regulator is a positive regulator of 4521
expression. In addition, epistasis experiments indicate that the
response regulator functions downstream of SasS and suggest
they may be a cognate pair (62). This response regulator is
among the 14 NtrC-like response regulators recently identified
by amplification of M. xanthus chromosomal DNA by PCR
(28). It is likely that SasS regulates genes other than 4521,
especially since an insertion mutation in the 4521 gene does
not seem to affect M. xanthus development (14). To identify
additional targets regulated by the SasS sensor kinase, we are
currently testing a variety of other lacZ transcriptional fusions
expressed during early M. xanthus development.

The data presented here indicate that the SasS sensor kinase
is the major regulator of 4521 expression, because the sasS null
mutations essentially abolish 4521 developmental expression.
Thus, the simplest model for control of 4521 expression is one
in which starvation and cell density inputs feed into one sensor
kinase, SasS, that activates one response regulator. However,
the regulation of multicellular development appears to be
more complex, because the sasS null mutations do not severely
block development. Recent data suggest that a variety of in-
puts, including cell surface properties (16) and directed cell
movement (63), in addition to starvation and cell density, con-
tribute to the initiation of M. xanthus development. It is pos-
sible that SasS is one member of a phosphorelay system that
integrates these inputs. This M. xanthus phosphorelay system
could resemble that utilized by Bacillus subtilis to initiate
sporulation (47, 56). Another intriguing possibility is that a
branched network of regulators coordinates the complex be-
havioral response of M. xanthus fruiting body development.
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