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Abstract The Myxococcus xanthus dif locus encodes
several bacterial chemotaxis homologues that are cru-
cial for fibril exopolysaccharide (EPS) production,
social gliding motility, and fruiting body development.
In primary sequence, DifA is homologous to methyl-
accepting chemotaxis protein, DifC to CheW, DifD to
CheY, DifE to CheA, and DifG to CheC. In this
study, the interactions among the Dif chemotaxis-like
proteins were investigated using the yeast two-hybrid
(Y2H) system. DifC was found to interact with both
DifA and DifE. Using a modified Y2H or a ‘‘three-
hybrid’’ system, it was demonstrated that DifC is
capable of mediating the formation of DifA, DifC,
and DifE ternary protein complexes. The conserved
domains of DifE, based on sequence analysis, likely
reflect functional conservations of CheA-type kinases,
because its P2 domain interacts with DifD, P5 with
DifC, and the P3 domain appears to dimerize. Simi-
larly, C-terminal regions of DifA appear to dimerize
as well. In addition, DifG was found to interact with
DifD, which is consistent with the hypothesis that
DifG is a phosphatase of DifD-phosphate. These
findings support the models in which Dif proteins
constitute a unique chemotaxis-like signal transduction
pathway with central functions in regulating EPS
production in M. xanthus.
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Introduction

Myxococcus xanthus is a rod-shaped, gram-negative soil
bacterium with a complex life cycle (Dworkin 2000;
Shimkets 2000). Under growth permissive conditions,
M. xanthus grows vegetatively like other bacteria. Under
nutrient limitation, M. xanthus can initiate a well-tuned
developmental process and form multicellular structures
known as fruiting bodies. During the developmental
cycle, hundreds of thousands of cells aggregate on solid
surfaces to form the mound-like fruiting bodies. Within
the fruiting body, rod-shaped vegetative cells eventually
differentiate into spherical myxospores, which are met-
abolically dormant and environmentally resistant to
stress such as heat and desiccation (Dworkin 2000;
Shimkets 2000).

The aggregation of M. xanthus cells during fruiting
body formation is achieved through their surface
gliding motility, which is governed by two genetically
defined systems (Spormann 1999). The adventurous
motility enables the movement of well-isolated cells
whereas the social (S) motility refers to the movement
of multicellular groups (Hodgkin and Kaiser 1979a,
1979b). S motility is more crucial to development,
because all known S-motility mutants are defective in
fruiting body formation to various extents (Hodgkin
and Kaiser 1979a; MacNeil et al. 1994). M. xanthus S
motility requires at least two types of cell surface
components, the polarly localized type IV pili (Kaiser
1979; Wu and Kaiser 1995) and the fibril exopolysac-
charide (EPS) (Shimkets 1986; Arnold and Shimkets
1988; Weimer et al. 1998; Yang et al. 2000; Bellenger
et al. 2002). It has been proposed that M. xanthus S
motility may be powered by the retraction of type IV
pili as is the twitching motility of Pseudomonas and
Neisseria (Kaiser 2000; Merz et al. 2000; Sun et al.
2000; Skerker and Berg 2001). Recent studies sug-
gested that fibril EPS might interact with type IV pili
and mediate pilus retraction in M. xanthus (Li et al.
2003).
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Fibril EPS production in M. xanthus is regulated by a
few genetic loci including the dif defective in fruiting/
fibrils locus (Dana and Shimkets 1993; Weimer et al.
1998, 1998; Yang et al. 2000; Bellenger et al. 2002; Black
and Yang 2004; Lu et al. 2005). Sequence analysis
showed that the dif locus encodes several homologues of
bacterial chemotaxis proteins (Yang et al. 1998; Black
and Yang 2004). DifA is homologous to methyl-
accepting chemotaxis protein (MCP), DifC to CheW,
DifD to CheY, and DifE to CheA. DifG shares sequence
similarity with the Bacillus subtilis chemotaxis protein
CheC (Rosario et al. 1995; Kirby et al. 2001; Black and
Yang 2004; Szurmant et al. 2004). It has been shown
previously that difA, difC, and difE mutants produce no
detectable levels of fibril EPS, whereas difD and difG
mutants overproduce EPS (Yang et al. 1998; Yang et al.
2000; Bellenger et al. 2002; Black and Yang 2004). Based
on the homology of deduced dif gene products to che-
motaxis proteins and the phenotypes of dif mutants, it
was proposed that Dif proteins define a signaling path-
way that regulates EPS production in M. xanthus (Yang
et al. 1998, 2000; Bellenger et al. 2002; Black and Yang
2004), and they may interact with one another similarly
as bacterial chemotaxis proteins (Black and Yang 2004).

Here, we report the examination of physical interac-
tions among Dif proteins using the yeast two-hybrid
(Y2H) system. Both full-length Dif proteins and differ-
ent domains or segments of DifE and DifA were used in
our studies. The results suggested a pattern of interac-
tions among Dif proteins similar to those in bacterial
chemotaxis pathways. DifA interacted with DifC, and
DifE with both DifC and DifD. Using a ‘‘three-hybrid’’
system, we also showed that DifC could mediate the
interactions between DifA and DifE to likely form ter-
nary protein complexes. The results in this report are
consistent with a model in which Dif proteins interact
with one another to form a chemotaxis-like pathway to
regulate fibril EPS production in M. xanthus.

Materials and methods

Strains, media, and growth conditions

Escherichia coli stain XL1-Blue (Bullock 1987) and
standard molecular cloning procedures (Sambrook and
Russell 2001) were used for routine plasmid construc-
tions. Luria-Bertani (LB) (Sambrook and Russell 2001)
liquid medium and LB plates (1.5% agar) were used for
the growth and maintenance of E. coli. Ampicillin was
supplemented at 100 lg/ml to LB media for the selection
of plasmids when applicable. The Saccharomyces cere-
visiae strain used in Y2H studies was PJ69-4A (MATa
trp1-901, leu2-3, 112 ura3-52 his3-200 gal4D-
gal80DLYS2:: GAL1-HIS3 GAL2-ADE2 met2:: GAL7-
lacZ), which has three reporter genes for a positive Y2H
interaction: HIS3 driven by GAL1 promoter, ADE2 by
the GAL2 promoter, and lacZ by the GAL7 promoter
(James et al. 1996). Growth media for S. cerevisiae were

YEPD (1% yeast extract, 2% peptone, 2% dextrose,
pH 6.0) and synthetic complete (SC) liquid medium and
plates (1.5% agar) (Rose et al. 1990). Certain compo-
nents were omitted or dropped out from SC media when
indicated. All the SC histidine (SC-His) dropout plates
used in this study were supplemented with 2 mM 3-
amino-1,2,4,-triazole (3-AT), a competitive inhibitor of
S. cerevisiae His3p enzymatic activity (Struhl and Davis
1977). E. coli was grown at 37�C and S. cerevisiae at
30�C.

Sequence alignment and domain analysis

Sequence alignment was performed using Clustal X and
Clustal W (Thompson et al. 1994; Jeanmougin et al.
1998) from the BCM Search Launcher (Smith et al.
1996). Domain analysis was performed using the Con-
served Domain Architecture Retrieval Tool (Geer et al.
2002) and searches of the CDD database (Marchler-
Bauer et al. 2003) using the basic local alignment search
tool (Altschul et al. 1990). Because Thermotoga maritima
CheA was used to determine the crystal structure for the
bulk of a CheA kinase (Bilwes et al. 1999), it was used as
the primary template for the analysis of DifE domain
structure.

Construction of plasmids

Plasmids used in this study are listed in Table 1. The
pGAD-C1, 2, 3 and the pGBD-C1, 2, 3 series of plas-
mids used as Y2H vectors contain the GAL4 tran-
scription activation domain (GAL4AD) and GAL4
DNA-binding domain (GAL4BD), respectively (James
et al. 1996). In all of the Y2H constructs, GAL4AD and
GAL4BD were fused at their C-terminus to full-length
or truncated Dif proteins. Restriction enzymes, T4 DNA
polymerase, and T4 DNA ligase used for plasmid con-
struction were from New England Biolabs (Beverly,
Mass., USA). For the construction involving polymer-
ase chain reaction (PCR), Pfu Ultra DNA polymerase
(Stratagene, La Jolla, Calif., USA) with 3¢–5¢ nuclease
activity for proofreading was used. The primers used for
PCR amplification for plasmid constructions are listed
in Table 2. Plasmids with various DNA fragments from
the dif locus were used as the templates for PCR reac-
tions. The sequence of PCR fragments in all the plasmid
constructs were verified by DNA sequencing.

There are five plasmids (pLZ211, pLZ214, pLZ215,
pLZ218, and pLZ219) with different portions of the difA
gene in Y2H vectors (Table 1, Fig. 1a). For the con-
struction of pLZ211, a PCR fragment amplified using
the indicated primers (Table 2) was digested with ClaI
and ligated into pGAD-C1 digested with SmaI and ClaI.
For the construction of pLZ214 and pLZ215, the rele-
vant PCR fragment (Table 2) was digested with ClaI
and ligated into pGBD-C3 and pGAD-C3 digested with
SmaI and ClaI. pLZ218 and pLZ219 were constructed
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by digesting the PCR fragment amplified with the indi-
cated primers (Table 2) with EcoRI and ClaI and clon-
ing it into similarly restricted pGBD-C3 and pGAD-C3,
respectively.

Six plasmids with either full-length (pLZ201 and
pLZ401) or part (pLZ224, pLZ228/229 and pLZ230) of
difE in Y2H vectors were used in this study (Table 1;
Fig. 1b). For pLZ201 and pLZ401, full-length difE was
amplified by PCR (Table 2), digested with ClaI and
PstI, and ligated into the same sites in pGBD-C3 and
pGAD-C3, respectively. pLZ224 was constructed by
digesting a PCR fragment (Table 2) with BamHI and
ClaI and ligating it into the corresponding sites in
pGBD-C1. To generate pLZ228 and pLZ229, the rele-

vant PCR fragment of difE (Table 2) was digested with
ClaI and BglII and ligated into the same sites of pGBD-
C3 and pGAD-C3. For the construction of pLZ230, a
difE PCR fragment (Table 2) was digested with EcoRI
and PstI and ligated into the corresponding sites in
pGBD-C1.

Full-length constructs were made for DifC (pLZ221/
222), DifD (pDF100/101), and DifG (pLZ170/180) in
Y2H vectors (Table 1) for this study. To construct
pLZ221 and pLZ222, difC was PCR-amplified
(Table 2), digested with ClaI and PstI, and ligated into
pGAD-C1 and pGBD-C1 digested with the same en-
zymes. pDF100 and pDF101 were constructed by clon-
ing a difD-containing fragment from pMY100 into

Table 1 Plasmids used in this
study

aAll plasmids confer ampicillin
resistance
bNumbers in subscript indicate
the amino acid residues con-
tained in the construct

Plasmids Features/descriptionaa References

pGBD-C1, 2, 3 GAL4BD vectors; TRP1 (James et al. (1996)
pGAD-C1, 2, 3 GAL4AD vectors; LEU2 (James et al. (1996)
p426GPD Yeast expression vector;

GPD promoter; URA3
(Mumberg et al. (1995)

pDF100 GAL4AD-DifD This study
pDF101 GAL4BD-DifD This study
pLZ170 GAL4BD-DifG This study
pLZ180 GAL4AD-DifG This study
pLZ201 GAL4BD-DifE This study
pLZ211 GAL4AD-DifA54-413

b This study
pLZ214 GAL4BD-DifA137-360

b This study
pLZ215 GAL4AD-DifA137-360

b This study
pLZ218 GAL4BD-DifA256-413

b This study
pLZ219 GAL4AD-DifA256-413

b This study
pLZ221 GAL4AD-DifC This study
pLZ222 GAL4BD-DifC This study
pLZ224 GAL4BD-DifE321-470

b This study
pLZ228 GAL4BD-DifE472-540

b This study
pLZ229 GAL4AD-DifE472-540 This study
pLZ230 GAL4BD-DifE722-855

b This study
pLZ232 DifC in p426GPD This study
pLZ401 GAL4AD-DifE This study
pMY100 6-His-tagged DifD This study

Table 2 Primers used in this
study

aSequences of primers are writ-
ten from 5¢ to 3¢. Restriction
sites in primers are underlined.
Start and stop codons for rele-
vant genes are in boldface when
applicable
bRestriction enzymes for which
recognition sites were intro-
duced in primers. N/A Not
applicable
cThe difC start codon GTG was
changed to ATG for expression
in Saccharomyces cerevisiae

Plasmid Primersa Enzymeb

pLZ170/pLZ180 GTGT GGATCCTGGACGTGCC BamHI
CCCGTCTAG GTCGACACGGG SalI

pLZ201/pLZ401 GC ATCGATGACGATGGACATGTCCCG ClaI
CT CTGCAGGGGCTGGCTCACGCGGAC PstI

pLZ211 GTCACCCGCGTGAAGGTGCTCAGC N/A
CAGCTTCGC ATCGATGTTGTCCGA ClaI

pLZ214/pLZ215 CGGCTCGTCGATGGAGAAGATT N/A
CGCCACCAG ATCGATTTCCTCGAT ClaI

pLZ218/pLZ219 CGCGCGGGT GAATTCGGCCGCGGC EcoRI
CAGCTTCGC ATCGATGTTGTCCGA ClaI

pLZ221/pLZ222 AGTGGATAG ATCGATACTCCTGTG ClaI
AATCAC CTGCAGGAGCGCGGACAC PstI

pLZ224 ACCGACGCC GGATCCGCGGCTCCA BamHI
GACGCCGTG ATCGATGACGCTCGG ClaI

pLZ228/pLZ229 CCGAGCGTC ATCGATCACGGCGTC ClaI
TGATGAGGG AGATCTGCGTCATGC BglII

pLZ230 TCACCCTGC GAATTCCACTGACGG EcoRI
CT CTGCAGGGGCTGGCTCACGCGGAC PstI

pLZ232c TAG AAGCTTACTCCTATGCGGCAC HindIII
CCAGGG GTCGACTCACTTGGAATG SalI

pMY100 GG AGTACTTCACATGGCTAAGCGGGT ScaI
GG AAGCTTGGACAGCCCGCGCCAGG HindIII
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pGAD-C1 and pGBD-C1. Full-length difD was PCR-
amplified (Table 2), digested with ScaI and HindIII, and
cloned into the SmaI and HindIII sites of pQE30 vector
(Qiagen, Valencia, Calif., USA) to generate pMY100
first. pMY100 was then digested with HindIII, treated
with T4 DNA polymerase, and followed by BamHI
digestion. The resulting difD-containing fragment was
cloned into Y2H vectors digested with PstI, treated with
T4 DNA polymerase, and further digested with BamHI
to generate pDF101 and pDF100. For the construction
of pLZ170 and pLZ180, a PCR fragment (Table 2) with
full-length difG was digested with BamHI and SalI and
ligated into pGBD-C3 and pGAD-C3 digested with the
same enzymes.

pLZ232 was constructed to constitutively express
DifC in S. cerevisiae. Full-length difC was first amplified
using primers that converted the original GTG start
codon of difC to ATG (Table 2). This PCR fragment
was digested with HindIII and SalI and ligated into the
corresponding sites in p426GPD, which provides the
strong and constitutively active GPD promoter (Mum-
berg et al. 1995).

Examination of protein–protein interactions with the
Y2H system

For examination of interactions using the Y2H system,
the yeast strain PJ69-4A was co-transformed with
appropriate GAL4BD and GAL4AD fusion plasmids
using the LiAc-PEG method (Gietz and Woods 2002)
and plated onto SC plates lacking leucine and trypto-
phan. Purified transformants were examined for growth
on SC plates lacking leucine, tryptophan, and histidine
with 2 mM 3-AT and SC plates lacking leucine, tryp-
tophan, and adenine (SC-Ade). Growth on plates was
examined daily and documented after 4 days of incu-
bation at 30�C. In the case of examining ternary com-
plex formation by DifA, DifC, and DifE, yeast
transformants with three plasmids were selected on SC
plates without leucine, tryptophan, and uracil. Trans-
formants were then examined for growth on SC-His and
on SC-Ade without uracil. Growth on histidine and

Fig. 1 Domains of DifA and DifE proteins and their yeast two-
hybrid (Y2H) constructs. Predicted domains of DifA and DifE are
indicated by different patterned boxes. DifA and DifE are predicted
to contain 413 and 855 amino acids, respectively. The lengths of the
domains are drawn approximately to scale relative to the sizes of
the open reading frames. Indicated on the left are the Y2H
plasmids containing various domains of DifA and DifE. The initial
and final Dif residues in each plasmid are indicated above each
fragment. a DifA domains and DifA-containing Y2H constructs.
TM Transmembrane domain, HAMP linker region, MH methyl-
ation helix. b DifE domains and DifE-containing Y2H constructs.
DifE was aligned with Thermotoga maritima CheA with the five
domains (P1 through P5) indicated. Lines between the P1 and the
P2 domains indicate an insertion from residues 155-340 in DifE
that shares no homology with any known proteins

Fig. 2 Examination of interactions among DifA, DifC, and DifE.
PJ69-4A transformants were analyzed for b-galactosidase (b-Gal)
activity and by spot assays (see ‘‘Materials and methods’’) on
histidine dropout synthetic complete (SC-His) plates with 3-amino-
1,2,4,-triazole (3-AT) and SC plates lacking adenine (SC-Ade)
plates. For the spot assays, the total numbers of yeast cell initially
placed in the four columns from left to right are 2 · 104, 4 · 103, 8 ·
102, and 1.6·102, respectively. a Pairwise interactions between DifA
and DifC and between DifC and DifE. The columns labeled GAD
and GBD show fusions of either GAL4AD or GAL4BD with
indicated Dif proteins or their fragments. The minus signs indicate
vector (pGAD-C1 or pGBD-C1) with no insert. As shown in the
last two rows, transformants with pairs of DifA137-360 and DifC in
reciprocal vector sets showed similar results. For the other pairs,
similar results were also observed when the constructs were made in
the reciprocal set of Y2H plasmids (data not shown). b Ternary
complex formation by DifA, DifC, and DifE. Experimental
conditions and labeling are as described for a, except that the
histidine and adenine dropout plates used here lacked uracil to
maintain the DifC expression plasmid (pLZ232) or the corre-
sponding cloning vector (p426GPD). For the column labeled DifC,
plus signs indicate the presence of pLZ232, and minus signs indicate
the presence of p426GPD. Similar results were observed with DifA
and DifE in the reciprocal set of Y2H vectors
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adenine dropout plates was examined either by streak
plates or by spotting plates with serial dilutions of cell
suspension (Ursic et al. 2004). For the spot assays, cells
in exponential growth were harvested and resuspended
at 4 · 106 cells per milliliter. A volume of 5 ll of this cell
suspension and its 5· serial dilutions were spotted on
plates with decreasing concentrations from left to right.
b-Galactosidase activity of yeast transformants was
examined using the method described by Kippert (1995)
and expressed in Miller units (Miller 1992).

Results

MCP homologue DifA interacts with CheW homologue
DifC

In classical enteric chemotaxis, MCPs directly interact
with CheW to transmit signals to the CheA kinase
(Falke et al. 1997; Armitage 1999; Bren and Eisenbach
2000; Bourret and Stock 2002). The M. xanthus MCP
homologue DifA is predicted to be a multi-domain
protein as shown in Fig. 1a. Starting from the N-ter-
minus, there are two predicted transmembrane domains
encompassing a short periplasmic stretch, followed by a
linker or HAMP domain. The highly conserved cyto-
plasmic MCP signaling domain is flanked by two pre-
dicted methylation helices (MHs). To examine the
interactions between DifA and DifC, we initially con-
structed pLZ211 (Fig. 1a), which contains amino acids
54–413 of DifA (DifA54-413) fused to the C-terminus of
GAL4AD. This construct essentially included the entire
predicted cytoplasmic domains of DifA: the HAMP
domain, the MHs, and the signaling domain. Plasmids
with full-length DifC fused to GAL4 (pLZ221 and 222)
were also constructed as described in ‘‘Materials and
methods.’’ These DifA and DifC constructs were
transformed into S. cerevisiae Y2H reporter strain PJ69-
4A to examine interactions by growth on SC-His and
SC-Ade plates and by analysis of b-galactosidase activ-
ity. As indicated in ‘‘Materials and methods,’’ all the
histidine dropout plates used in this study were supple-
mented with 2 mM 3-AT, a His3p inhibitor (Struhl and
Davis 1977), because it was discovered early on during
this study that growth on histidine dropout plates
without 3-AT is not a reliable indicator of positive
interactions with PJ69-4A. We observed that most of
our negative controls grew on SC-His dropout plates,
but supplementation of 2 mM 3-AT was sufficient to
eliminate these false positives. The leakiness of the HIS3
reporter gene in the Y2H system was also observed
previously (Martinez-Argudo et al. 2001).

Transformants containing the GAL4AD-DifA54-413

and the GAL4BD-DifC constructs showed growth on
SC-His but not on SC-Ade plates (Fig. 2a). This perhaps
is not surprising, because it is known that growth on SC-
Ade is a more stringent indicator of interactions in the
Y2H system than growth on SC-His (James et al. 1996).
Consistent with the growth phenotype, the third reporter

gene lacZ is expressed at relatively low levels in these
transformants as indicated by b-galactosidase activity
(Fig. 2a). Yeast transformants with either of these two
constructs and an empty Y2H vector showed no growth
on SC-His or SC-Ade plates (Fig. 2a), nor did those with
any of the other GAL4-Dif constructs and a vector (data
not shown). These observations suggest that DifA can
interact with DifC although the interaction is either weak
or unstable in the Y2H system with these constructs.

It has been shown in other bacteria that it is the
signaling domain of MCP that is responsible for direct
interactions with CheW (Liu and Parkinson 1991; Ames
et al. 1996; Surette and Stock 1996; Falke and Kim 2000;
Shimizu et al. 2000). To examine whether DifA interacts
with DifC in a similar manner, a plasmid (pLZ215) with
the signaling domain of DifA (DifA137-360) fused to
GAL4AD was constructed (Fig. 1a). Yeast transfor-
mants containing pLZ215 and the GAL4BD-DifC
construct grew on both the SC-His and the SC-Ade
plates (Fig. 2a). Similar results were observed with the
reciprocal constructs GAL4BD-DifA137-360 (pLZ214)
and GAL4AD-DifC (pLZ221) (Fig. 2a). Consistent
with their growth phenotype on both SC-His and SC-
Ade plates, these transformants also displayed about six-
to sevenfold higher b-galactosidase activity than that
with the DifA54-413 (Fig. 2a). None of these GAL4
constructs alone and an empty Y2H vector enabled
yeast transformants to grow on either SC-His or SC-Ade
plates. These results suggest that DifA can interact with
DifC through its conserved signaling domain and the
MHs may somehow inhibit or destabilize such interac-
tions at least in the Y2H system.

DifC interacts with the CheA homologue DifE

To examine whether the CheA homologue DifE inter-
acts with DifC, DifE was fused to the C-termini of
GAL4BD and GAL4AD, respectively (see ‘‘Materials
and methods’’). The GAL4AD-DifC (pLZ221) and
GAL4BD-DifE (pLZ201) fusion plasmids (Table 1:
Fig. 1b) were co-transformed into the yeast strain PJ69-
4A. Yeast transformants containing the DifE and the
DifC constructs were able to grow on both the SC-His
and the SC-Ade plates (Fig. 2a). None of these con-
structs with an empty vector enabled growth on these
plates. Analysis of lacZ expression by b-galactosidase
activity confirmed the observation with the plate growth
assays (Fig. 2a). These results suggest that DifE can
directly interact with DifC.

DifA, DifC, and DifE form a ternary complex

The interactions of DifC with DifA and DifE suggested
that DifC may interact with both proteins simulta-
neously to form a ternary signaling complex analogous
to their counterparts in bacterial chemotaxis signal
transduction (Falke et al. 1997; Armitage 1999; Bren and
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Eisenbach 2000; Bourret and Stock 2002). To examine
whether DifC can mediate the formation of such com-
plexes, pLZ232 was constructed (see ‘‘Materials and
methods’’), which has DifC under the control of the
constitutive GPD promoter of S. cerevisiae (Mumberg
et al. 1995). Negative controls with relevant vectors and
Dif constructs showed no growth on SC-His and SC-Ade
plates and displayed minimum levels of b-galactosidase
activity (Fig. 2b). On the other hand, the transformants
containing the DifA137-360 and the DifE Y2H constructs
along with the DifC expression plasmid grew on both
histidine and adenine dropout plates. Additionally, the
yeast transformant containing GAL4AD-DifA54-413 and
GAL4BD-DifC constructs did not grow on SC-Ade
plates (Fig. 2a); yet, yeast transformants with the same
DifA54-413 construct, the DifC expression plasmid, and a
GAL4BD-DifE construct grew on both the histidine and
the adenine dropout plates (Fig. 2b). Transformants
containing DifA, DifC, and DifE constructs all displayed
significantly higher b-galactosidase activity (Fig. 2b)
than the transformants only with pairwise interacting
partners (Fig. 2a). These results strongly suggest that
DifA, DifC, and DifE can form ternary complexes, and
that the interactions among these proteins in a ternary
complex are probably more stable and/or stronger than
the pairwise interactions between DifA and DifC and
between DifC and DifE.

Putative kinase DifE interacts with response regulator
DifD

Besides its interactions with CheW, CheA is known to
interact with the CheY response regulator (Falke et al.
1997; Armitage 1999; Bren and Eisenbach 2000; Bourret

and Stock 2002). It was proposed that DifE might
interact similarly with the CheY homologue DifD (Yang
et al. 1998, 2000; Black and Yang 2004). To examine
whether DifE can interact with DifD, Y2H constructs
with full-length DifD (pDF100 and pDF101) were gen-
erated as described in ‘‘Materials and methods’’ and co-
transformed with DifE constructs into yeast PJ69-4A.
The transformants grew on both the SC-His and the SC-
Ade plates, and they expressed lacZ, as indicated by b-
galactosidase activity (Fig. 3). Transformants with each
of these constructs alone and an empty Y2H vector
showed no growth on the histidine and adenine dropout
plates and negligible levels of b-galactosidase activity.
These results suggest that DifE directly interacts with
DifD as previously proposed (Black and Yang 2004).

DifE interacts with both DifC and DifD through con-
served domains

The domains of the CheA-type kinase and their func-
tions have been well-defined (Bilwes et al. 1999). A
typical bacterial CheA monomer has five domains,
named P1 through P5, from the N-terminus to the C-
terminus (Fig. 1b). P1 is the histidine phospho-transfer
domain, which is phosphorylated on a conserved histi-
dine residue by the P4 kinase catalytic domain. CheA
kinases function as dimeric enzymes, and the dimeriza-
tion is mediated by the P3 domain. P2 and P5 provide
the interacting surfaces for CheY and CheW, respec-
tively. Sequence alignment showed that DifE has similar
domain organization as CheA (Fig. 1b; Yang et al.
1998). The only exception is that between the predicted
P1 and P2 domains of DifE, there is an insertion of
about 185 amino acids (Fig. 1b), which shares no sig-
nificant homology with any CheA kinases or known
proteins. To examine whether DifE interacts with DifD
and DifC through the putative P2 and P5 domains
respectively, Y2H plasmids with the P2 and the P5 do-
mains of DifE were constructed (Fig. 1b; ‘‘Materials and
methods’’). Yeast transformants containing both the P2
and the DifD constructs grew on both SC-His and SC-
Ade plates, as did the transformants containing both the
P5 and the DifC constructs (Fig. 3b). The results of b-
galactosidase analysis are consistent with the growth
phenotypes of these yeast transformants (Fig. 3a). These
results suggest that DifE interacts with DifD and DifC
via its conserved P2 and P5 domains, respectively.

Fig. 3 Interactions of conserved DifE domains. Yeast transfor-
mants containing Y2H constructs and/or vectors as indicated in
awere examined for growth by streaking on selective plates as shown
in b. V0 Y2H vectors without inserts, C DifC-containing plasmid
pLZ221, D DifD-containing pDF100, E DifE-containing pLZ201,
P2DifE P2-containing pLZ224,P5DifE P5-containing pLZ230 (see
Table 1 and Fig. 1 for more information). The growth of the
transformants after 4 days of incubation at 30�C was documented
and shown in b, with the 3-AT-supplemented SC-His plate on the
left and the SC-Ade plate on the right. b-Galactosidase activity of
these transformants was analyzed and indicated in a next to each
sector with the corresponding transformants. Similar results were
observed with Dif proteins fused to GAL4 in the reciprocal set of
Y2H vectors
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Both DifE and DifA may form homodimers

As discussed above, CheA kinases form homodimers
through their P3 domains (Bilwes et al. 1999). To test
whether the P3 domain of DifE had similar functions, it
was fused to both GAL4AD and GAL4BD in Y2H
vectors (Fig. 1b). Yeast transformants containing the P3
domain in both vectors grew on SC-His and SC-Ade
plates and gave the highest b-galactosidase activity
among all the transformants in this study (Table 3;
Figs. 2, 3, 4). These results indicate that DifE may form
stable homodimers through its P3 domain. MCPs are
also known to form homodimers (Falke et al. 1997;
Armitage 1999; Bren and Eisenbach 2000; Bourret and
Stock 2002). To test whether DifA could form homod-
imers, various DifA fragments (Fig. 1) were examined
for interactions with themselves in Y2H vectors. Among
them, only the DifA256-413 constructs enabled growth of
yeast transformants on SC-His plates (Table 3; data not
shown). None of the DifA constructs conferred growth
to transformants on SC-Ade plates. b-Galactosidase
activity (�28 units) of the transformants with these
DifA256-413 constructs was also lower than the ones
capable of growth on SC-Ade (Table 3; Figs. 2, 3, 4).
These results suggest that DifA could potentially form
homodimers as other MCPs although the interactions
among the DifA fragments we examined appear weak or
unstable in the Y2H system (Surette and Stock 1996).

The CheC homologue DifG interacts with DifD

DifG is another member of the Dif pathway (Black and
Yang 2004). It shares approximately 27% sequence
identity with the B. subtilis chemotaxis protein CheC
(Black and Yang 2004). B. subtilis CheC was shown to
interact with MCP and CheA in Y2H experiments
(Kirby et al. 2001). To examine the interactions of DifG
with other Dif proteins, GAL4BD-DifG and GAL4AD-
DifG fusions were constructed (see ‘‘Materials and
methods’’) and used in Y2H studies. Somewhat sur-
prisingly, yeast transformants containing a DifG fusion
construct in combination with any of the available DifA,
DifC, and DifE Y2H constructs showed no growth on
either the SC-Ade or SC-His plates (Table 1; Fig. 1;
data not shown). The only transformants that grew on
these plates are the ones with both DifG and DifD
constructs (Fig. 4). Analysis of b-galactosidase activity
also indicated the expression of the lacZ reporter in the
transformants with DifD and DifG constructs (Fig. 4).
It was reported recently that B. subtilis CheC, to which
DifG is homologous, might function as a phosphatase of
CheY-P (Szurmant et al. 2004). Our results here may
also be explained if DifG functions as a phosphatase of
DifD-P in M. xanthus similarly as CheC in B. subtilis
(Szurmant et al. 2004).

DifB shows no interaction with other Dif proteins

DifB, which is downstream of DifA and upstream of
DifC, is predicted to be a positively charged protein with
some homology to a conserved bacterial protein family
with unknown functions (Black and Yang 2004). Pre-
vious studies showed that an in-frame deletion of difB
does not affect EPS production, S motility or develop-
ment under the conditions examined (Black and Yang
2004). Although the role of DifB remains unclear, the
clustering of difB with the other dif genes may never-
theless suggest interactions between DifB and the other
Dif proteins. A GAL4BD-DifB full-length fusion was
therefore constructed and co-transformed with other
GAL4AD-Dif constructs into the Y2H reporter strain
PJ69-4A. None of the resulting yeast transformants
showed any growth on either SC-His plates or SC-Ade
plates (data not shown). These results suggest that DifB
may not interact directly with the other Dif proteins, at
least not in a form detectable by the Y2H system.

Discussion

It was proposed previously that the M. xanthus Dif
proteins constitute a chemotaxis-like signal transduc-
tion pathway with crucial regulatory function in EPS
production (Yang et al. 1998, 2000; Bellenger et al.
2002; Black and Yang 2004). In the present study, we
provided evidence for direct interactions among the
Dif chemotaxis homologues using the Y2H system.

Table 3 Examination of DifA and DifE dimerization. SC-His
Synthetic complete-lacking histidine liquid medium plates, SC-Ade
synthetic complete-lacking adenine liquid medium plates

GAD/GBDa SC-Hisb SC-Adeb b-Galactosidasec

DifE-P3/DifE-P3 + + 210.1 ± 10.4
DifE-P3/pGBDC1 � � 4.5 ± 0.6
pGADC1/DifE-P3 � � 7.1 ± 0.9
DifA256-413/DifA256-413 + � 27.9 ± 1.3
DifA256-413/pGBDC1 � � 8.4 ± 2.1
pGADC1/DifA256-413 � � 5.4 ± 0.5

a GAD and GBD indicate fusions with GAL4AD and GAL4BD,
respectively
bGrowth on these plates is indicated by + and no growth by �
cb-Galactosidase activity is expressed as Miller units

Fig. 4 Interactions between DifD and DifG. Transformants of
yeast PJ69-4A with the DifD and the DifG Y2H constructs were
examined for growth by the spot assay as described for Fig. 2a.
Growth on SC-His with 2 mM 3-AT and SC-Ade was documented
after 4 days of incubation. Shown on the right is b-galactosidase (b-
gal) activity of the transformants. Similar results were observed
when reciprocal sets of plasmids were used. b-Galactosidase
activities were examined as described in ‘‘Materials and methods’’
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DifC (CheW-like) showed pairwise interactions with
both DifA (MCP-like) and DifE (CheA-like) (Fig. 2a).
Using a modified Y2H system in which GAL4-DifA
and GAL4-DifE fusions were transformed into yeast
along with a construct that permits constitutive
expression of DifC, we showed that DifC can interact
with both DifA and DifE to form a ternary complex
(Fig. 2b). We have additionally demonstrated that the
interactions between DifC and DifE are mediated
through the predicted P5 domain of DifE as expected
for chemotaxis-like interactions (Fig. 3). These results
support the proposed formation of a ternary signaling
complex in which DifA functions as the equivalent of
a chemoreceptor and interacts with the CheW homo-
logue DifC, which in turn propagates signals by its
interaction with the CheA-like kinase DifE (Black and
Yang 2004).

Somewhat surprising was the finding that the reporter
gene lacZ and ADE2 were expressed at significantly
higher level in the three-hybrid setup (Fig. 2b) than in
the two-hybrid experiments with DifA–DifC and DifC–
DifE pairwise interactions (Fig. 2a). There are at least
two plausible explanations for this observation. It can be
argued that the interactions among the three proteins in
the three-hybrid system may not be any stronger or
more stable than the individual pairwise interactions.
The increases in reporter gene expression may merely
reflect increased stability or expression of these proteins
when co-expressed in S. cerevisiae. However, there has
been no report of protein stability issues with Y2H
systems as far as we are aware, and the ADH1 promoter
(James et al. 1996) for the expression of the fusion
proteins is unlikely affected by the co-expression of these
three proteins. Alternatively, the increased expression of
reporter genes in the three-hybrid setup may truly reflect
stronger or more stable interactions in the DifA–DifC–
DifE ternary complex. Future studies of the Dif proteins
are necessary to fully understand the nature of the
interactions among the Dif proteins.

The interaction between DifE and DifD were also
demonstrated using the Y2H system. This intermolecu-
lar interaction occurs between DifD and the predicted
P2 domain of DifE. We also demonstrated the interac-
tion between the P3 domain of DifE with itself, sug-
gesting that DifE may form dimers through this domain.
Because it is the P2 domain of CheA that interacts with
CheY in bacterial chemotaxis, and because it is the P3
domain that mediates CheA dimerization (Bilwes et al.
1999), these interactions are consistent with DifE being a
CheA-type histidine kinase. One distinct feature of DifE
is the presence of some extra 185 amino acids inserted
between its P1 and P2 domains. Although P2 alone
interacted with DifD, the insertion and P2 of DifE
together failed to display any interaction with DifD in
the Y2H system (data not shown). The biological sig-
nificance of this insertion in DifE is unknown, and
whether the insertion plays a role in regulating the
interactions between DifE and DifD in M. xanthus
remains to be determined.

DifA as an MCP homologue is predicted to be a
multi-domain protein. Our results suggest that it is the
highly conserved signaling domain of DifA that interacts
with DifC, and that the very C-terminus of DifA may
interact with itself for DifA dimerization. The interac-
tion of DifA signaling domain with DifC was expected,
because it had been well established that MCPs interact
with CheW through this domain (Liu and Parkinson
1991; Ames et al. 1996; Surette and Stock 1996; Falke
and Kim 2000; Shimizu et al. 2000). Not expected was
the finding that the inclusion of the flanking MHs per-
haps weakened this interaction. It is known from studies
of bacterial chemotaxis that the methylation of chemo-
receptors modulates CheA kinase activity to bring about
adaptation (Falke et al. 1997; Armitage 1999; Bren and
Eisenbach 2000; Bourret and Stock 2002). It has been
proposed that the modulation of CheA activity is
through conformational changes of MCPs, which are
then transmitted through CheW to CheA. However, it is
now well-established that the interactions among che-
motaxis proteins and among the arrays of chemotaxis
signaling complexes are very fluid and dynamic
(Djordjevic and Stock 1998; Stock and Da Re 1999;
Bourret and Stock 2002; Dahlquist 2002; Gestwicki and
Kiessling 2002; Sourjik and Berg 2004). MHs may sim-
ply influence the conformation or structure of the DifA
signaling domain to modulate the strength of DifA–
DifC interactions in the M. xanthus Dif system.

DifG is a homologue of B. subtilis CheC (Black and
Yang 2004). It was reported previously that B. subtilis
CheC interacted strongly with the B. subtilis chemotaxis
proteins CheD and the chemoreceptor McpB and
weakly with CheA in Y2H systems (Kirby et al. 2001).
There is no CheD homologue encoded by the dif locus
(Yang et al. 1998) or by the M. xanthus genome for that
matter (http://www.tigr.org). We failed to detect any
interactions of DifG with either DifA or DifE using the
Y2H system (data not shown). Our results showed,
however, that DifG does interact with DifD in Y2H
systems (Fig. 4). It was reported recently that B. subtilis
CheC can function as a phosphatase in vitro to hydro-
lyze CheY-P (Szurmant et al. 2004), indicating direct
interactions between B. subtilis CheC and CheY. The
results here demonstrate that similar interactions also
occur between CheC and CheY homologues in gram-
negative bacteria.

Although much work is necessary to fully understand
the Dif pathway and its regulatory roles in M. xanthus
EPS production, S motility, and development, the Y2H
studies presented here provide important insights into
the architecture of the Dif pathway. The proposed for-
mation of chemotaxis-like signaling complexes by DifA,
DifC, and DifE (Black and Yang 2004) are supported by
the results in this study. The results with DifD and DifG
support a prediction by the published report of CheC
being a phosphatase of CheY-P in B. subtilis (Szurmant
et al. 2004). Both DifD and DifG are negative regulators
of EPS production in M. xanthus (Black and Yang
2004). If DifG functions as a phosphatase of DifD-P, the
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current available data could still be explained by the two
models in either a linear or a branched pathway (Black
and Yang 2004). The differentiation of the two models
requires additional experiments. Other unresolved issues
include how the Dif pathway regulates both phosphati-
dylethanolamine taxis (Kearns et al. 2000; Kearns and
Shimkets 2001) and EPS production and how the Dif
pathway may interact with other chemotaxis or che-
motaxis-like pathways in M. xanthus (Ward and Zus-
man 1997; Kirby and Zusman 2003; Vlamakis et al.
2004). Preliminary Y2H experiments detected no inter-
actions between Dif and Frz proteins (Z. Li and Z.
Yang, unpublished results).
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