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Homologous to σ32 are Not Required for Heat Shock
Response but for Multicellular Differentiation

Accepted October 8, 2000. *For correspondence. Email
sinouye@mbcl.rutgers.edu; Tel. (732)-235-4161; Fax. (732)-235-4559.

J. Mol. Microbiol. Biotechnol. (2001) 3(2): 287-293.

© 2001 Horizon Scientific Press

JMMB Research Article

Toshiyuki Ueki and Sumiko Inouye*

Department of Biochemistry, Robert Wood Johnson
Medical School, 675 Hoes Lane, Piscataway, New
Jersey 08854, USA

Abstract

Myxococcus xanthus has been known to have multiple
sigma factors which are considered to play important
roles in regulation of gene expression in development.
A new gene encoding a putative sigma factor, sigE,
was cloned by using a degenerate oligonucleotide
corresponding to the conserved region 2.2 of M.
xanthus SigA. In the 2.0-kb nucleotide sequence, an
open reading frame consisting of 280 amino acid
residues was identified. The amino acid sequence of
SigE shows high similarity to heat shock sigma factors
in bacteria. However, the sigE gene is not induced by
heat shock and deletion of sigE does not affect
production of heat shock proteins. SigE is expressed
during both vegetative growth and fruiting body
development. In the deletion mutant of the sigE gene
fruiting body formation is initiated earlier and fewer
spores are produced than in the parent strain.
Interestingly, the ∆sigE mutant shows defects in
fruiting body formation at 37°C. In addition to SigE,
SigB and SigC show high sequence similarity to heat
shock sigma factors. However, even if all three sigma
factor genes are disrupted, heat shock proteins are
still normally induced. A ∆sigB∆sigC∆sigE triple
deletion strain forms fruiting bodies earlier, but
sporulats later than the parent strain. Spores from the
triple deletion mutant are aberrant and their viability
is less than 0.001% compared with that of the parent
strain, suggesting that these sigma factors may have
redundant functions in multicellular differentiation of
M. xanthus.

Introduction

Myxococcus xanthus is a developmental Gram-negative
soil bacterium which forms fruiting bodies filled with spores
upon starvation (see reviews, Dworkin, 1996; Dworkin and
Kaiser, 1993). The fruiting body formation is a multicellular
event in that approximately a half million cells migrate
towards an aggregation center by gliding and cooperatively

exchanging signals. A large number of genes required for
this social event have been identified. In addition to these
genes, sigma factors have been implicated to be required
for M. xanthus differentiation. To date at least seven sigma
factor genes, sigA (Inouye, 1990), sigB (Apelian and
Inouye, 1990), sigC (Apelian and Inouye, 1993), sigD (Ueki
and Inouye, 1998), carQ (McGowan et al., 1993), rpoE1
(Ward et al., 1998) and rpoN (Keseler and Kaiser, 1997),
have been identified in M. xanthus. SigA is a major sigma
factor in M. xanthus which reveals high similarity with other
primary sigma factors. Although amino acid sequences of
SigB and SigC exhibit high similarities to those of heat
shock sigma factors, SigB and SigC are not heat shock
inducible (Apelian and Inouye, 1990, 1993). The expression
of SigB starts at the onset of sporulation and SigB is
necessary for maturation of spores (Apelian and Inouye,
1990). SigC is expressed during an early stage of
development and seems to negatively regulate fruiting body
formation (Apelian and Inouye, 1993). SigD is a stationary
phase sigma factor and required for multicelullar
development (Ueki and Inouye, 1998). CarQ belongs to a
member of ECF (extracytoplasmic function) sigma factors
(Lonetto et al., 1994) and required for carotenoid synthesis
in response to light (McGowan et al., 1993). RpoE1 also
belongs to a member of ECF sigma factors and might be
involved in regulation of motility behavior (Ward et al.,
1998). Since a deletion mutant could not be isolated, RpoN
is thought to play an essential role during vegetative growth
of M. xanthus (Keseler and Kaiser, 1997).

In the present paper we searched for new sigma factors
which may be involved in M. xanthus development, and
discovered a new sigma factor gene, sigE. The analysis of
a sigE deletion mutant indicated that SigE is involved in
multicellular development. Despite their high sequence
similarities with heat-shock sigma factors, a triple deletion
of sigB, sigC, and sigE genes did not affect protein
synthesis upon heat shock response. However, the triple
deletion caused significant reduction in the viability of
spores, suggesting that these sigma factors may have
overlapping functions in multicellular differentiation of M.
xanthus.

Results and Discussion

Cloning and Sequencing of sigE
A synthetic oligonucleotide designated Oligo-#3271
corresponding to the highly conserved region 2.2 of M.
xanthus SigA was used to probe chromosomal DNA digests
of M. xanthus (see Figures 1 and 2). Southern blot analysis
demonstrated that the XhoI digest of the chromosomal DNA
contained five distinct bands at 8.4, 7.9, 7.4, 5.5, and 2.7
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kb (Figure 1A). It was found that the 2.7, 7.4, 8.4 and 5.5-
kb bands corresponded to sigA, sigB, sigC and sigD genes,
respectively (data not shown). The remaining 7.9-kb XhoI
fragment which hybridized with Oligo-#3271 was cloned
into pUX (Dhundale et al., 1988) (designated pX7.9). This
fragment was further analyzed with various restriction
endonucleases and its restriction enzyme map was
established as shown in Figure 1B. The region hybridized
with the probe was identified within the 2.0-kb SmaI (a)-
(b) fragment (see Figure 1B). The DNA sequence of this
fragment was determined and an open reading frame
(ORF) was identified. The ORF designated SigE shows
an amino acid sequence similarity to other sigma factors
of σ70 family. This putative sigma factor consisted of 280
amino acid residues and has a calculated molecular weight
of 32,547. The sigE gene encodes a highly charged protein
(20% acidic residues and 17% basic residues) with an
estimated pI of 6.04.

We also determined DNA sequence both upstream
and downstream regions of the sigE gene (data not shown).
At 311 bp upstream of the sigE gene, there is an ORF of
816 amino acid residues with a high sequence similarity to
so-called “DEAD-box” proteins, while there is no possible
ORF within 1 kb region downstream of the sigE gene.

Identification of the sigE Gene Product
The amino acid sequence of SigE shows 31.5, 38.2, 42.5,
and 25.7% identities to those of SigA, SigB, SigC, and
SigD of M. xanthus, respectively. SigE exhibits 33% identity
to Escherichia coli RpoH. In addition, SigE displays 38.7
and 36.4% identities to Caulobacter crescentus RpoH (Wu
and Newton, 1996) and Pseudomonas aeruginosa RpoH
(Benvenisti et al., 1995), respectively. In Figure 2, the amino
acid sequence of SigE is compared with that of RpoH of E.
coli together with those of SigA, SigB, and SigC of M.
xanthus. SigE contains a sequence homologous to the
RpoH box consisting of 9 amino acid residues (Nakahigashi
et al., 1995). The RpoH box is known to be unique in heat
shock sigma factors and to be located between region 2
and region 3 of heat shock sigma factors. SigE has the
RpoH box (QRKLFFKLR) with only one amino acid
substitution of the consensus sequence [Q(R/K)(R/
K)LFFNLR]. Although SigB and SigC have the RpoH box
with one and three amino acid substitutions, respectively,
they are not heat shock inducible and play some roles in
fruiting body development (Apelian and Inouye, 1990,
1993). In region 2.2, which has been shown to be the most
conserved among sigma factors (Dombroski et al., 1992;
Helman and Chamberlin, 1988; Lonetto et al., 1992), SigE
has two extra amino acid residues, L and V in this region.
They may be important for SigE function and make SigE
unique among M. xanthus sigma factors.

A B

C D

Figure 1. Identification of the sigE gene. A, Southern blot analysis of the chromosomal DNA from M. xanthus DZF1. The Oligo-#3271
(5’GACCTXATCCAGGAGGGXAACATCGGXCTXATGAAGGCXGT3’, where X represents a mixture of G and C) was used as a probe. The M. xanthus
chromosomal DNA was digested with XhoI. Molecular sizes of DNA markers are given in kilobases. A, sigA; B, sigB; C, sigC; D, sigD; E, sigE. B, restriction
map of the 7.9-kb XhoI fragment containing the sigE gene. The arrow represents the sigE ORF and its orientation. The open box indicates the region replaced
with KG-4 to construct the ∆sigE strain. C, the nucleotide sequence of the sigE promoter and N-terminal region and its deduced amino acid sequence.
Numbers on the right enumerate the nucleotide bases. The 5’ end of sigE mRNA is indicated by a bold letter with an arrow. The sequence corresponding to
the primer used for primer extension experiment is also underlined. D, Identification of the 5’ end of sigE mRNA by primer extension analysis. Lanes V and
D, the products of primer extension using total RNA from vegetative and developmental cells, respectively. G, A, T, and C, the sequence ladder generated by
the same primer.
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To support the comparison of the amino acid
sequences by which SigB, SigC, and SigE from M. xanthus
show higher similarity to heat shock sigma factors than
other sigma factors, phylogenetic relationships among
SigB, SigC, SigE and other sigma factors were analyzed
by using PILEUP, DISTANCES, and GROWTREE
programs. Sigma factors included are RpoD (σ70), RpoS
(σS), RpoH (σ32), RpoE (σE, σ24), FliA (RpoF, σ28), and
Bacillus subtilis sigma factors. As shown in Figure 3, this
analysis demonstrates that SigB, SigC, and SigE are
closely related phylogenetically to the heat shock sigma
factors.

Examination of the Transcription Initiation Site of the
sigE Gene
To elucidate the sigE transcription initiation site, a primer
extension experiment was carried out as previously
described (Ueki and Inouye, 1998). A synthetic
oligonucleotide complementary to the sigE gene as

Figure 2. Amino acid sequence alignments of SigA, SigE, SigB, and SigC of M. xanthus and RpoH of E. coli. The subregions are denoted by the dotted lines
under the sequences. Numbers on the right hand side indicate residues from the N-terminal ends. Identical amino acid residues are highlighted. Oligo-#3271
corresponds to the underlined region.

Figure 3. Phylogenetic relationships of M. xanthus sigma factors with other
sigma factors. The entire sequences of region 2 were analyzed. The
sequences were translated from the GenBank entries given in parentheses:
B. subtilis SigA (SigA-Bs, X03897), B. subtulis SigB (SigB-Bs, M13927), B.
subtilis SigD (SigD-Bs, M20144), B. subtilis SigE (SigE-Bs, X01180), B.
subtilis SigF (SigF-Bs, M15744), B. subtilis SigH (SigH-Bs, M29693), C.
crescentus RpoH (RpoH-Cc, U39791), E. coli RpoD (RpoD-Ec, J01687),
E. coli RpoH (RpoH-Ec, M20668), E. coli RpoS (RpoS-Ec, X16400), E. coli
FliA (FliA-Ec, P31804), E. coli RpoE (RpoE-Ec, P34086), M. xanthus SigA
(SigA-Mx, M32347), M. xanthus SigB (SigB-Mx, X55500), M. xanthus SigC
(SigC-Mx, L12992), M. xanthus SigD (SigD-Mx, AF023662), M. xanthus
CarQ (CarQ-Mx, X71062), P. aeruginosa RpoD (RpoD-Pa, D90118), P.
aeruginosa RpoS (RpoS-Pa, D26134), P. aeruginosa RpoH (RpoH-Pa,
U09560), P. aeruginosa FliA (FliA-Pa, S20544), Salmonella typhimurium
RpoD (RpoD-St, M14427), S. typhimurium RpoS (RpoS-St, D13548).
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indicated in Figure 1C was used as a primer. Total RNA
was prepared from vegetatively growing cells at 30°C in
CYE liquid medium (Campos and Geisselsoder, 1978) and
developmental cells at 14 h after starvation on CF agar
plates (Hagen et al., 1978) at 30°C. A 5’ end of the sigE
mRNA was found to be same in both vegetative and
developmental cells and the amount of transcripts was at
nearly same level in both vegetative and developmental
cells (Figure 1D). The 5’ end of the sigE mRNA was
identified as A at position 119, as indicated by a bold letter
with an arrow in Figure 1C.

Expression of sigE
To investigate the expression of the sigE gene under
various conditions, fusions of the sigE gene with the lacZ
gene of E. coli were constructed and inserted into the
chromosome of M. xanthus DZF1. Since regulation of

expression of the rpoH gene was different from one
bacterium to another (Gross, 1996; Narberhaus, 1999),
transcriptional and translational lacZ fusions were
constructed as described in Experimental procedure.
Integration of these constructs into the M. xanthus DZF1
chromosome was carried out by electroporation (Kashti
and Hartzell, 1995) to make a single lacZ gene under the
control of the sigE promoter and putative upstream
regulatory regions. This method resulted in a tandem
arrangement of the sigE-lacZ gene followed by the wild-
type sigE gene. The existence of the wild-type copy of sigE
in these strains was supported by the absence of a mutant
phenotype in the fusion strains (data not shown).

The expression of these sigE-lacZ fusions was tested
in cultures grown in CYE liquid medium at 30°C. β-
Galactosidase activity increased until the entry into the
stationary phase and decreased during the stationary
phase in both constructs (Figure 4A). The parent strain
(DZF1) did not show any β-galactosidase activity under
these conditions.

To examine the expression of sigE-lacZ fusions during
development, the fusion strains were plated on CF agar
plates and were incubated at 30°C. Developing cells which
consist of both rod-shaped cells and spores were harvested
at each time point as indicated in Figure 4B. β-
Galactosidase activity was measured from 0 h to 36 h for
the non-spore fractions and from 24 h to 120 h for spore
fractions after initiation of development. As shown in Figure
4B, the expression of β-galactosidase was detected both
in non-spore and spore fractions. The specific activity of
both fusions in non-spore fractions started to increase
immediately after initiation of development. However, the
activity started to decrease in non-spore fractions
approximately 20 h after initiation of development. The
expression of the lacZ fusions in the spore fractions
increased up to 72 h. β-Galactosidase activity of
transcriptional fusion was 30 times higher than that of
translational one, suggesting that the product of sigE-lacZ
fusion gene may be more unstable than that of lacZ gene.
Since SigE has high sequence similarity to heat shock
sigma factors, M. xanthus strains carrying the sigE-lacZ
fusion constructs were examined for heat shock induction
of β-galactosidase activity. The expression of β-
galactosidase in both transcriptional and translational
fusions in exponentially growing cells in CYE liquid medium
did not increase by temperature shift from 30°C to 40°C
(data not shown).

Table 1. The yields of spores (x 107/spot) during development on CF agar
plates at 30°C. Spores were prepared from M. xanthus DZF1, the sigE
deletion mutant, and the triple deletion mutant and the number of optically
refractile spores after sonication was counted three times as described in
Experimental Procedures. The average number is shown.

                                                       Time (h)

Strain 24 72 168

DZF1 0.16 18 24
∆sigE 1.1 9.0 13
∆sigBCE 0 9.0 4.5

Figure 4. Expression of sigE-lacZ fusions. A, β-galactosidase activities were
measured during vegetative growth in CYE liquid medium at 30°C, open
and closed circles represent transcriptional and translational fusions,
respectively, and open squares represent growth curve. B, β-galactosidase
activities were measured during development on CF agar plates at 30°C in
non-spore (open and close circles) and spore fractions (open and closed
squares).
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(data not shown). When cells were exponentially grown at
30°C and shifted to 40°C, the ∆sigE strain did not exhibit
any defects in growth after temperature shift in comparison
with the parent strain (data not shown). The ∆sigE strain
initiated fruiting body formation earlier by approximately
12 h than the parent strain on CF agar plates (Figure 5A).
Sporulation of the ∆sigE strain also started earlier by
approximately 12 h than that of the parent strain (Table 1).
Interestingly, the ∆sigE strain showed translucent fruiting
bodies even at 72 h after starvation at 37°C (Figure 5B),
suggesting that the ∆sigE strain could not form matured
fruiting bodies at 37°C. However, sporulation was observed
in the ∆sigE strain at 37°C. Therefore, the sigE gene might
belong to tag genes which were proposed to be involved
in aggregation at higher temperature (Morrison and
Zusman, 1979; O’Connor and Zusman, 1990).

Effect of sigB, sigC, and sigE Triple Deletion During
Developmental Cycle
Because the amino acid sequence of SigE exhibits high
similarity to those of SigB and SigC, SigE may have
overlapping functions with SigB and SigC. To investigate
this possibility, a triple deletion strain of sigB, sigC, and
sigE genes was constructed as described in Experimental
procedure. Fruiting body formation of the triple deletion
strain was examined on CF agar plates at 30°C and 37°C.
The mutant cells initiated fruiting body formation earlier
than the parent strain at 30°C but fruiting bodies were
translucent even 144 h after starvation (Figure 5A). In
contrast with the earlier initiation of fruiting body formation,
sporulation of the triple deletion strain was delayed. The
spore yield of the mutant was approximately 50% of that
of the parent strain at 72 h after starvation and decreased
to about 20% at 168 h after starvation (Table 1). This
decrease resulted from increase of non-refractile spores
at 168 h. The mutant spores at 168 h might be more
unstable and become more sensitive to sonication. In
addition, spores of the triple deletion mutant showed
aberrant shape when compared with those of the parent
strain (Figure 5C). Viability of spores was examined by
plating spores on CYE agar plates after sonication. The
viability of the mutant spores was less than 0.001% of that
of the parent strain both at 72 h and at 168 h after starvation.
It was also found that fruiting body formation became
temperature-sensitive so that fruiting bodies were not
formed at 37°C (Figure 5B) and formed aberrant spores
which were not viable. The single deletions of sigB, sigC,
and sigE genes did not affect viability of spores at 168 h
after starvation. However, the viability of the ∆sigB mutant
spores has been shown to decrease after 246 h (Apelian
and Inouye, 1990). The viability of the ∆sigB mutant spores
dropped less than 0.04% at 339 h (Apelian and Inouye,
1990). These results indicate that SigB, SigC, and SigE
may have redundant functions in multicellular differentiation
of M. xanthus. Therefore, spore yield and viability of the
triple deletion mutant spores were more pronounced. It
will be very interesting to examine whether the triple
deletion mutant spores change their morphology when
incubated in germination media.

Figure 5. Morphogenesis of M. xanthus DZF1, ∆sigE and ∆sigB∆sigC∆sigE
strains during development on CF agar plates: Photographs were taken
using a dissecting microscope (A and B) or a phase-contrast microscope
(C). A, fruiting body formation at 30°C at the indicated time after initiation of
development. B, fruiting body formation at 37°C at 72 h after initiation of
development. C, the parent and the triple deletion mutant spores 7 days
after development.

Role of the sigE Gene During the Developmental Cycle
To characterize functions of the sigE gene in the M. xanthus
life cycle, a sigE deletion strain was constructed as
described in Experimental procedure. Growth of the ∆sigE
strain in CYE liquid medium and on CYE agar plates
appeared normal when compared with the parent strain
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Protein Synthesis of ∆sigE and ∆sigB∆sigC∆sigE
During Heat Shock
Since the amino acid sequences of SigE, SigB, and SigC
exhibit high similarity to those of heat shock sigma factors
and may have overlapping functions in the heat shock
response, the protein synthesis of each single and triple
deletion mutants was examined. The deletion and the
parent strains were pulse-labeled with [35S] methionine at
30°C and at 0 min and 30 min after temperature shift to
40°C. After cells were harvested and disrupted by
sonication, patterns of protein synthesis were analyzed by
SDS-PAGE. There was no significant difference between
the parent strain and mutants (Figure 6, data not shown
for single deletion mutants). These results suggest that
SigB, SigC, and SigE may be involved only in gene
expression during fruiting body formation and sporulation
rather than heat shock response.

That the patterns of heat shock induced protein
synthesis of the triple deletion mutant were similar to those
of the parent strain suggests possible presence of another
sigma factor responsible for heat shock-induced
transcription in M. xanthus. However, our attempts to
identify a heat shock sigma factor using Southern blot

analysis with oligonucleotides designed at RpoH box, PCR
amplification and Western blot analysis with C. crescentus
anti-RpoH antibody (gift from Dr. A. Newton) were
unsuccessful. It could be possible that there may be a heat
shock sigma factor which has less sequence homology to
RpoH so that those attempts could not detect a new sigma
factor. It would be interesting if heat shock response in M.
xanthus is regulated by a heat shock transcription factor(s)
rather than sigma factors. It is also probable that there
may be negative regulation for heat shock gene expression
by cis-acting inverted repeat sequences and repressors
as found in bacteria (Narberhaus, 1999). Experiments are
currently in progress in our laboratory to investigate the
mechanism of heat shock-induced transcription in M.
xanthus.

Experimental Procedures

Materials
[α-32P]dCTP, [γ-32P]ATP, and [α-35S]dATP were purchased from NEN, and
Tran35S-label containing [35S]methionine from ICN. DNA sequencing was
performed with a Sequenase kit obtained from U.S. Biochemical. Restriction
enzymes were purchased from either Bethesda Research Laboratories
(BRL) or New England Biolabs. T4 DNA ligase and T4 DNA kinase were
from BRL.

Bacterial Strains and Growth Conditions
M. xanthus DZF1 was grown at 30°C in CYE medium (Campos and
Geisselsoder, 1978). E. coli strain JM83 (Vieira and Messing, 1982) was
used as a recipient strain for transformation. Cells were grown at 37°C in
LB medium (Miller, 1972) supplemented with 50 µg/ml of ampicillin or 25
µg/ml of kanamycin, when necessary.

Plasmids
pUC19 (Yanisch-Perron et al., 1985), pUX (Dhundale et al., 1988), and
pBluescript SK+ (Stratagene, CA) were used for cloning, subcloning, and
sequencing. pSI1403Km and pMC1403Km were used for construction of
lacZ fusion genes (S. Inouye, unpublished data).

DNA Manipulation and Sequencing
Chromosomal DNA was prepared according to the method of Avery and
Kaiser (1983). Plasmid preparation was performed by using the alkaline
extraction procedure as described (Maniatis et al., 1982). Southern blot
analysis was performed by the method described by Southern (Southern,
1975). Colony hybridization was carried out as reported (Maniatis et al.,
1982). The DNA probes were labeled by nick translation, and hybridization
was carried out at 42°C in 50% formamide (Maniatis et al., 1982). DNA
sequence was determined by the dideoxynucleotide chain termination
method (Sanger et al., 1977).

Developmental Conditions
M. xanthus (either DZF1, lacZ fusion, or deletion strains) was grown in
CYE liquid medium up to 80-100 Klett units and concentrated to 4,000
Klett units (approximately 2X1010 cells/ml) in TM buffer (10 mM Tris-
HCl[pH7.6], 8 mM MgSO4). Concentrated cells (10 µl) were spotted on CF
agar plates and incubated at 30°C. Photographs of the fruiting bodies were
taken by using a dissecting microscope. At different times fruiting bodies
were harvested and resuspended in TM buffer. Fruiting bodies were
dispersed by sonication on ice water bath for 3 min. This treatment disrupts
nonspore cells but not spores. When needed, an aliquot of this sample
was withdrawn and used to count spores in a Petroff-Hauser chamber. To
disrupt spores, they were first washed twice with TM buffer and sonicated
with acid-washed glass beads (100 µm; Sigma). After sonication cell debris
and glass beads were removed by centrifugation.

Primer Extension
Primer extension analysis was carried out as described (Ueki and Inouye,
1998). Total M. xanthus RNA was prepared from exponentially growing
cells and developing cells at 14 h after spotted on CF agar plates. A synthetic
oligonucleotide, 5'-TCCCCGGATTCCTTGTAGT-3' which hybridizes with
the sigE mRNA was used as a primer. This primer was labeled with [γ-
32P]ATP, hybridized with M. xanthus total RNA, and treated to extend with
avian myeloblastosis virus reverse transcriptase (Roche). The extended
products and the sequencing reaction products generated with the same
primer were loaded on to a 6% polyacrylamide gel containing 7 M urea.

Figure 6. Patterns of protein synthesis in response to heat shock. M. xanthus
DZF1 and the mutant strains were grown in A1 liquid medium and labeled
with [35S] methionine for 10 min followed by a chase with nonradioactive
methionine for 10 min before and after temperature shift from 30°C to 40°C.
Patterns of protein synthesis were analyzed by 15% SDS-PAGE and
visualized by autoradiography.
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Construction of the sigE-lacZ Fusion Gene
The DNA fragment containing the 47-bp of N-terminal coding region and
2.3-kb upstream region of the sigE gene was prepared from pXE-1
containing the 5.0-kb EcoRI-XhoI(b) fragment (Figure 1B) and cloned in
pSI1403Km, resulting in the sigE-lacZ transcriptional fusion gene. To
construct the sigE-lacZ translational fusion gene, the DNA fragment
containing the 826-bp of N-terminal coding region and 1.5-kb upstream
region of the sigE gene was prepared from pXE-1 and cloned in
pMC1403Km. The lacZ gene was thus fused with the sigE gene in the
same reading frame in this construct. These fusion genes were
electroporated into M. xanthus DZF1 as described (Kashti and Hartzell,
1995). Insertion of the plasmids into the chromosome was verified by
Southern blot analysis (Southern, 1975, data not shown).

β-Galactosidase Activity Assay
β-Galactosidase activity was determined by using o-nitrophenyl-β-D-
galactopyranoside (ONPG) as a substrate (Kroos et al., 1986), and protein
concentration was measured with the Bio-Rad protein assay reagent. β-
Galactosidase specific activity was expressed as nanomoles of o-nitrophenol
produced per mg of protein per min.

Construction of the Deletion Strains
A sigE deletion strain. The 0.8-kb SacI-MscI (b) fragment indicated as an
open box in Figure 1B was replaced with the 5.1-kb PstI fragment from KG-
4 as follows; the 2.3-kb BamHI-SacI fragment was prepared from pXE-1
and ligated into BamHI and SacI sites of pUC19 (designated psigE2.3BSacI).
The 1.0-kb MscI (b)-BamHI fragment was isolated from pXmaI containing
the 2.0-kb SmaI (a)-(b) fragment and ligated into SmaI and BamHI sites of
pBluescriptSK+ (designated psigE1.0MB). The 2.3-kb SalI-EcoRI fragment
from psigE2.3BSacI was ligated into SalI and EcoRI sites of psigE1.0MB,
resulting in the plasmid designated p∆E. The 5.1-kb PstI fragment isolated
from KG-4 was ligated with PstI site of p∆E (designated psigE/KG-4). PsigE/
KG-4 was then linearized by XhoI and electroporated into M. xanthus DZF1
as described above. Deletion of the sigE gene was verified by Southern
blot analysis (data not shown).

A triple deletion strain. A triple deletion strain of sigB, sigC, and sigE
genes was constructed by using positive-negative KG cassettes as
described previously (Apelian and Inouye, 1990, 1993; Ueki and Inouye,
1996). Instead of the kanamycin resistant gene, KG-6 and KG-3 were used
for construction of deletions of sigB and sigC genes, respectively.

Pulse-Labeling and SDS-PAGE
For pulse-labeling experiments, M. xanthus (either DZF1 or deletion strains)
was grown in methionine-limited A1 medium (Bretscher and Kaiser, 1978).
The 1-ml cultures were labeled with 40 µCi of Tran35S-methionine for 10
min followed by a chase with 0.2 mM nonradioactive methionine for 10
min. The samples were analyzed by 15% Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Inouye et al., 1979).
Patterns of protein synthesis were visualized by autoradiography.

Nucleotide Sequence Accession Number
The nucleotide sequence data reported in this paper has been deposited
in the GSDB, DDBJ, EMBL, and NCBI Nucleotide Sequence Databases
under the accession number AF023661.
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