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Myxobacterial hemagglutinin (MBHA) is a major developmentally induced protein that accumulates during
the period of cellular aggregation of the fruiting bacterium Myxococcus xanthus. In this study, DNA sequences
mediating the transcriptional regulation of mbhA have been identified. Examination of nucleotide sequences
upstream of the start site for mbhA transcription has indicated a region of DNA that bears strong homology to
the consensus sequence for promoters recognized by the o** holoenzyme form of RNA polymerase of
Escherichia coli and other eubacteria. Deletion of this sequence completely abolished mbhA transcription.
Additionally, a cis-acting DNA element, affecting the efficiency of mbhA transcription, has been mapped within
a region of DNA 89 to 276 nucleotides upstream of the
within the cis element, drastically reduced mbhA transcriptional activity. These observations suggest that
transcription of mbhA requires a productive interaction between a form of RNA polymerase that recognizes a
o*%-like sequence and a transcriptional activator that binds to DNA sequences upstream of the mbhA promoter.
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The gram-negative bacterium Myxococcus xanthus is un-
usual among procaryotes in the degree to which it exhibits
multicellular phenomena throughout its life cycle (19, 45,
49). During vegetative growth, cells move by gliding motility
in groups and are capable of cooperatively digesting other
microorganisms as well as a variety of types of particulate
organic material. When levels of available nutrients fall
below what is necessary for sustaining vegetative growth, a
program of primitive development is initiated: individual
cells move into aggregation centers and subsequently un-
dergo a process of morphogenesis culminating in the differ-
entiation of the rod-shaped vegetative cells into spherical,
environmentally resistant resting cells called myxospores.
Raised aggregates containing mature myxospores are re-
ferred to as fruiting bodies.

Much of the interest in the myxobacteria has been directed
toward the elucidation of the environmental cues that initiate
development and the search for the genes and gene products
that mediate it. One of the first development-associated gene
products to be studied was the myxobacterial hemagglutinin
(MBHA; 50). This lectinlike protein is synthesized at barely
detectable levels during vegetative growth but is abundantly
synthesized during development (8, 9). The sequence of the
mbhA gene indicates that the MBHA polypeptide has a
tetrameric structure composed of four homologous domains
(40). Following its synthesis in the cytoplasm, MBHA is
targeted to the periplasm and is apparently also associated
with the cell surface, where it has been detected at the cell
poles by immunofluorescence microscopy (33).

The phenotypic analysis of mbhA mutants has suggested
that in certain environments, such as media low in magne-
sium, MBHA may play an important role in mediating the
process of cellular aggregation. However, under the normal
conditions of laboratory culture, its role in this process
appears to be subtle; mutants unable to synthesize MBHA
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appear to be delayed but not blocked in fruiting body
formation (41).

The ease of the hemagglutination assay has made MBHA
a convenient marker for development. Studies involving
mutants blocked at different stages of development suggest
that the expression of MBHA is dependent on events which
occur earlier in development; strains carrying mutations in
asg (22) or dsg (7) are blocked in a very early stage of
development and do not synthesize MBHA (25). However,
there is very little known about the precise molecular events
that mediate the expression of MBHA. In this study we
focus our attention on the transcriptional signals of mbhA.

MATERIALS AND METHODS

Bacterial strains and plasmids. Relevant bacterial strains
are listed in Table 1, and plasmids are listed in Table 2.

Plasmid pJR114x1 was constructed by oligonucleotide-
directed mutagenesis of pJR114, using a commercial kit
(Muta-Gene; Bio-Rad, Richmond, Calif.). A 46-mer deoxy-
oligonucleotide primer was synthesized with the sequence
5'-CGGCTCCGCGCAGCCGCGAACTCGAGTCGTCGT
GAGAGGGACTTCC-3'. The 5’ and the 3’ regions of this
primer each contain 20 nucleotides of perfect homology with
the mbhA sequences flanking the o>* consensus sequence;
the central six nucleotides encode an Xhol site and are
mismatched with the o>%like sequence. Mutagenesis with
this primer effected the replacement of the o>*-like sequence
(nucleotides 334 to 349 of Fig. 4A) with the Xhol hexamer.

Plasmid pJR110D was constructed by digestion of pJR110
with Ss#I and PstI, removal of the 3’ protruding termini with
the Klenow fragment of DNA polymerase I, and recircular-
ization of the plasmid by treatment with T4 DNA ligase.
Other plasmids are described in Table 2 and were con-
structed by standard techniques (4, 26).

Bacterial culture conditions. M. xanthus was grown in
Casitone yeast extract (CYE; 6) medium either in liquid
broth with shaking at 30°C or on CYE plates containing 1.5%
agar (Difco Laboratories, Detroit, Mich.). For induction of
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TABLE 1. M. xanthus strains
Strain Relevant Comment Source or reference
phenotype
DZF1 Wild-type strain FB 31
DZF3436 Kan" Tn5Q103 in mbhA 41
DZF3598 Tet" Kan® Tn5-132Q103 in mbhA P1::Tn5-132 transduction into DZF3436
DZF3561 Kan’ Tn5-lac2156 in mbhA 21, 41
DZF3600 Kan" Tn5Q20 in the region upstream of mbhA P1::TnS transduction into DZF1
DZF3601 Kan" Tn5-lacQRS2 in the region upstream of mbhA P1::Tn5-lac transduction into DZF1
DZF3602 Kan" Tn5Q41 in the region upstream of mbhA P1::TnS transduction into DZF1
DZF3603 Kan" Tn5Q101 in the region upstream of mbhA P1::TnS transduction into DZF1
DZF3604 Kan" Tn50238 in the region upstream of mbhA P1::Tn5 transduction into DZF1
DZF3566 Kan" Tet® A5-2 deletion in mbhA; gene replacement 41
DZF3606 Kan" Tet" mbhA merodiploid Pl-mediated transduction of pL.JS49-112 into DZF3598
DZF3607 Kan" Tet" mbhA merodiploid Pl-mediated transduction of pL.JS49-114 into DZF3598
DZF3608 Kan" Tet" mbhA merodiploid Pl-mediated transduction of pL.JS49-114X1 into DZF3598

development, vegetative cultures were grown to a cell
density of 2 x 10% to 4 x 108 cells per ml, harvested, and
resuspended in TM buffer (0.01 M Tris hydrochloride [pH
7.51, 0.008 M MgSO,) to a cell density of 4 x 10° cells per ml.
This concentrated cell suspension was spread on 100-mm-
diameter CF agar plates (16) at a concentration of 2.5 X 10°
cells per plate, and the plates were incubated at 34°C.

P1 transduction was performed essentially as described by
O’Connor and Zusman (37); Tn5 mutagenesis was done as
described by Downard et al. (11). All transduced strains used
in this study were verified by Southern blot hybridization
(data not shown).

B-Galactosidase assays. Cells were harvested from CF agar
plates with a razor blade, resuspended in TM buffer, and
disrupted by sonication. B-Galactosidase was assayed as
described by Miller (28). Specific activity was expressed as
nanomoles of product formed per minute per milligram of
protein.

RNA isolation. Vegetatively growing cells were harvested
by centrifugation; developmental cells were harvested by
scraping CF agar plates with a razor blade. The cell paste
was solubilized with UNSET buffer (8 M urea, 0.15 M NaCl,
0.1 M Tris hydrochloride [pH 7.5], 0.001 M EDTA, 2%
sodium dodecyl sulfate), and RN A was purified as described
previously (13, 14). The concentration of the purified RNA
was determined spectrophotometrically.

Northern (RNA) blot analysis. Purified RNA was treated
with glyoxal and fractionated on a 1.4% agarose gel as
described previously (26) and then transferred to a modified
nylon membrane (Nytran; Schleicher & Schuell, Keene,
N.H.), using protocols provided by the manufacturer. The
membrane was probed with 32P-labeled pJR100, and hybrid-
ization was visualized by autoradiography.

Primer extension analysis. A synthetic 36-mer deoxyoligo-
nucleotide was synthesized with the 5'-TCCTTGAGTCG
AGGTTGGACTGACGCAACTGCGGGC-3'. The 36-mer
was labeled at the 5’ end with [y-32P]JATP and T4 polynucle-
otide kinase. Five picomoles of labeled oligonucleotide was
hybridized with 50 png of RNA in a buffer containing 80%
formamide, 0.4 M NaCl, 0.04 M piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 6.4), and 0.001 M EDTA
for 16 h at 30°C. The hybridized nucleic acids were precip-
itated with ethanol and treated with reverse transcriptase
essentially as described previously (4).

Western immunoblot analysis. Cells were scraped from CF
agar plates after 20 h of development, resuspended in TM
buffer, and disrupted by sonication. Proteins (10 pg) were
fractionated by electrophoresis through 12.5% polyacryl-
amide gels (24), transferred to nitrocellulose membranes,
and incubated with anti-MBHA antibody and ?*I-labeled
protein A (4).

DNA sequencing. Nucleotide sequences were determined

TABLE 2. Plasmids

Drug
Plasmid Vector resistance Comments
marker(s)

pJR99 pUC9 Amp* 869-bp Hincll fragment from pJR100 (41) cloned into the Hincll site of pUC9 (36)

pJR100 pUC9 Amp* 3.2-kbp Sall fragment of M. xanthus DNA cloned into the Sall site of pUC9 (41)

pJR110 pUC9 Amp* 860-bp Sall fragment containing the 3’ portion of mbhA cloned into the Sall site
of pUC9

pJR110A pUC9 Amp" Deletion of a 450-bp SstI-Pstl fragment from pJR110 effecting the deletion of
DNA sequences downstream of mbhA region

pJR114 pTZ18 (27) Amp" EcoRI-Sall fragment from pJR99 ligated with EcoRI-Sall-cleaved pJR110A to
generate a complete mbhA region

pJR114X1 pTZ18 Amp” Deletion of mbhA promoter by oligonucleotide-directed mutagenesis

pLJS49-112 pLJS49 Amp" Kan" EcoRI-HindIIl mbhA fragment from pJR112 (41) ligated with EcoRI-HindIII-
cleaved pLLJS49 (46)

pLJS49-114 pLJS49 Amp" Kan® EcoRI-HindIll mbhA fragment from pJR114 ligated with EcoRI-HindIII-cleaved
pLJS49

pLJS49-114X1 pLJS49 Amp" Kan’ EcoRI-HindIll mbhA fragment from pJR114X1 ligated with EcoRI-HindIII-

cleaved pLJS49
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FIG. 1. Northern blot analysis of mbhA mRNA. RNA was
purified from vegetative (A) cells or developmental (B) cells of M.
xanthus DZF1. Developmental cells were harvested 18 h after
induction of development of CF agar. RNA (10 pg) was treated with
glyoxal and fractionated on a 1.4% agarose gel, transferred to a
nylon membrane, and probed with 2P-labeled pJR100 as described
in Materials and Methods.

by the dideoxy-chain termination method of Sanger et al.
(42). Sequencing reactions were done with Sequenase T7
DNA polymerase (U.S. Biochemical Corp., Cleveland,
Ohio), using protocols provided by the manufacturer.

Nucleotide sequence accession number. The sequence
shown in Fig. 4A has been assigned GenBank accession
number M60079.

RESULTS

Transcription of mbhA is regulated during development.
Two lines of evidence indicate that the synthesis of MBHA
is regulated at the level of transcription. (i) Figure 1 shows
the results of a Northern blot analysis performed on RNA
extracted from vegetative cells of M. xanthus and from cells
which were developing on CF agar. The results clearly
demonstrate the absence of a detectable mRNA transcript
for mbhA during vegetative growth and the presence of an
abundant mbhA transcript during development. (ii) Figure 2
shows the use of an mbhA-lacZ transcriptional fusion (21),
which was monitored throughout development as an inde-
pendent method of estimating the transcriptional activity of
mbhA during fruiting body formation. There was good
agreement between the levels of B-galactosidase activity
seen in the strain containing the transcriptional fusion
(DZF3561) and the levels of hemagglutinating activity ob-
served in the wild type, DZF1 (8). We will show elsewhere
that the mbhA mRNA is extremely stable during develop-
ment, suggesting that modulation of mRNA half-life may be
a factor contributing to the increased levels of mbhA mRNA
observed during development (41a). However, these same
studies have indicated that the mbhA-lacZ mRNA is not
stabilized by the fusion and is extremely unstable during
development. Furthermore, it has been shown that the
stability of B-galactosidase activity is slightly decreased
during development (48). These considerations strongly sug-
gest that the increased B-galactosidase activity displayed by
the mbhA-lacZ fusion strain reflects the transcriptional acti-
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FIG. 2. Developmental expression of an mbhA-lacZ transcrip-
tional fusion. M. xanthus DZF3561 was grown vegetatively, har-
vested, and either plated for development on CF agar (@) or shaken
in CF broth (O) at 34°C; cells were harvested at the indicated times
for determination of B-galactosidase activity.

vation of mbhA and that the synthesis of MBHA during
development is determined at least in part by the rate of
mbhA transcription.

It should also be noted that fruiting body formation was
slightly delayed in DZF3561 as a result of the TnS5-lac
insertion in mbhA (41). However, the peak of B-galactosi-
dase activity still correlated with the same aggregation stage
of development normally associated with MBHA production
in the wild-type strain, DZF1 (41).

Figure 2 also shows that when cells were transferred from
rich medium to starvation conditions in liquid medium, only
very small levels of induction of mbhA transcription were
observed. Thus, mbhA transcription was efficiently induced
only when cells were starved on a solid surface; this result
paralleled the previously described regulation of MBHA
polypeptide (8).

Localization of the 5' end of the mbhA mRNA. Low-
resolution mapping of the 5’ end of the mbhA mRNA was
accomplished by an RNase protection mapping protocol
(data not shown). The results of these experiments suggested
a single region of transcriptional initiation and allowed the
design of a chemically synthesized DNA oligonucleotide
which was used for high-resolution mapping by primer
extension analysis. Developmental RNA from DZF1 gave a
clear signal in this assay (Fig. 3, lane 2). The extended
product was specific for mbhA mRNA, since it was absent in
a strain carrying an mbhA deletion (Fig. 3A, lane 1).

Since we have found that the mbhA mRNA has an
unusually long half-life during development (¢,,, = 2.5 h;
41a), we considered the possibility that some form of proc-
essing of the 5’ end of the mRNA occurs to mediate this
unusual stability. We therefore also mapped the 5’ end of the
mRNA from strain DZF3436, in which transposition of a Tn5
element into mbhA results in the production of two truncated
derivatives of the mbhA mRNA which have a much shorter
half-life (¢,,, = 6 min; 41a). The position of the 5’ end of the
mRNA in this strain was found to be identical to that of the
wild-type strain (Fig. 3 lane 3).

Figure 4A shows the nucleotide sequences of the DNA
upstream of the 5’ end of the mbhA mRNA; analysis of the
sequence indicated a region which bears strong homology to
the promoters recognized by the ¢** holoenzyme form of
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FIG. 3. (A) Primer extension analysis. RNA was purified after 18
h of development on CF agar from DZF3566 (mbhA deletion) (lane
1), DZF1 (wild type) (lane 2), DZF3436 (mbhA::Tn5) (lane 3), and
DZF3601 TnS5-lac upstream of mbhA) (lane 4) and used to prime
reverse transcription as described in Materials and Methods. The
32p_labeled primer was also used to prime dideoxy sequencing
reactions for size comparison, using the dideoxy nucleotides indi-
cated (lanes A, G, C, and T). The Arrow indicates the position of the
mbhA mRNA 5’ end. (B) Position of the mRNA start site in relation
to the sequence. The extended product was 64 nucleotides in length;
the reverse transcription primer was complementary to nucleotides
391 to 426 (see Fig. 4A).

RNA polymerase in Escherichia coli and other eubacteria
(Fig. 4B). The spacing between the o>*-like homology and
the initiating nucleotide of mbhA mRNA was 13 nucleotides,
corresponding to an appropriate distance between these
elements (15, 23, 30).

TnS mutagenesis of the mbhA promoter region. M. xanthus
strains containing single-copy insertions of the transposon
TnS in the putative mbhA promoter region were monitored
for levels of MBHA polypeptide synthesis during develop-
ment by Western blot analysis (Fig. 5). It was found that TnS
insertions mapping between 105 and 185 nucleotides up-
stream of the o** consensus sequence reduced but did not
abolish mbhA gene expression (lanes 3 to 5), while insertions
that mapped approximately 2 or 1 kbp upstream had no
significant effect on MBHA levels (lanes 1 and 2). The mbhA
mRNAs synthesized in strains DZF3600 to DZF3602 were
also analyzed by Northern blot and yielded similar results
(shown only for DZF3601 in Fig. 6D). In these strains, a
reduced amount of an mRNA the same size as the wild type
was produced, and development on CF agar was wild type in
appearance and followed normal kinetics. The 5’ end of the
mbhA transcript from one of these strains, DZF3601, was
also mapped and was found to be identical to that of the wild
type by primer extension analysis (Fig. 3A, lane 4), demon-
strating that the residual gene expression detected in this
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FIG. 4. (A) Nucleotide sequence of the mbhA upstream region.
The locations of the TnS5 insertions were determined by DNA
sequencing of the transposon-mbhA junctions for each of the Tn5
insertions used in this study. The 9-bp duplication caused by the
transposition of TnJ5 is indicated above the sequence for each of the
insertions. The position of the Tn5-lac insertion (QRS2) was esti-
mated from the mobility of restriction endonuclease-generated frag-
ments from this construct. The nucleotide sequence from positions
248 to 450 has previously been published (40). The o’*like se-
quences are boxed, and the mRNA start site is indicated with an
arrow. (B) Comparison of the mbhA o**-homologous sequence with
similar consensus sequences of 64 promoters from 22 species as
analyzed by Morett and Martin (30). The ginA promoter from E. coli
(15) is also shown for reference.

strain was the result of transcription from the mbhA pro-
moter rather than from spurious transcription induced by the
TnS5 insertion. Thus, sequences upstream of the o>* consen-
sus sequence are required for the efficient utilization of the
mbhA promoter. The requirement for such sequences is a
general feature of o°* promoters (23).

Merodiploid analysis of mbhA transcription. To further
define the mbhA promoter region, we analyzed three mero-
diploid strains of M. xanthus. Each of the strains contained
a Tn5-132 element (5) in the normal chromosomal copy of
mbhA to eliminate the full-length mbhA transcript generated
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FIG. 5. Western blot analysis. DZF1 derivatives containing sin-
gle insertions of Tn5 or TnS-lac in the region upstream of mbhA
were monitored for MBHA synthesis during development. The
individual transposon insertions are indicated in the diagram and the
autoradiogram as follows: 1, DZF 3604; 2, DZF3603; 3, DZF3602; 4,
DZF3601; and 5, DZF3600.

from this locus. Transcription of the Tn5-disrupted mbhA
generated two truncated transcripts, 450 and 600 nucleotides
in length, which could be detected on Northern blots and
served as internal standards (Fig. 6A to C). Three different
mbhA constructs, containing different upstream regions,
were then transduced into the M. xanthus chromosome with
the vector pLLJS49 (46). This vector is useful for targeting
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FIG. 6. Effect of alterations in the upstream region of mbhA on
levels of transcription. RNA was purified from DZF3607 (A),
DZF3608 (B), DZF3606 (C), and DZF3601 (D) after 24 h of devel-
opment on CF agar at 34°C, and 20 ug was analyzed by Northern
blot hybridization. The large arrow indicates the position of the
wild-type mbhA transcript; small arrows indicate the positions of the
truncated mbhA::Tn5 transcripts.
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cloned DNA to the bacterial attachment site for myxophage
Mx8 by site-specific recombination. Following transduction,
mbhA transcription from each strain was assayed by North-
ern blot analysis (Fig. 6). Plasmid pLLJS49-114, which con-
tains the structural gene for MBHA and 307 bp upstream
from the transcriptional start site, was efficiently transcribed
in vivo (Fig. 6A) and yielded a transcript identical in size to
that obtained from DZF1 (data not shown). Strains trans-
duced with pLLJS49-114 were as efficiently transcribed as
strains transduced with pL.JS49-111, which contained an
additional 2 kb of DNA upstream of the HinclI site shown in
Fig. 6; however, neither construct was transcribed as effi-
ciently as the parental strain DZF1 (data not shown). These
results suggest the possible involvement of additional regu-
latory sequences which map upstream of the M. xanthus
sequences contained in pL.JS49-114 (Fig. 6A). Nevertheless,
pLJS49-114 clearly contained at least one set of transcrip-
tional signals capable of activating mbhA mRNA synthesis
during development.

Plasmid pL.JS49-114X1 contains a deletion of the o>*-like
sequence (nucleotides 334 to 349 in Fig. 4A) but is otherwise
identical to pLJS49-114. Deletion of this sequence totally
abolished promoter activity (Fig. 6B); developmental RNA
extracted from strain DZF3608 yielded only the Tn5-trun-
cated mbhA transcripts and appeared virtually identical in its
Northern blot profile to RNA obtained from the parental
strain DZF3598 (not shown), suggesting that the o**like
sequence is an essential part of the transcriptional signals of
pLJS49-114. However, this sequence by itself was not
sufficient for mbhA transcription, since a construct contain-
ing this sequence plus an additional 88 bp of upstream DNA
was transcriptionally inactive (Fig. 6C), indicating that se-
quences upstream of the Mlul site shown in Fig. 6 are
important for the mbhA transcriptional process. A compar-
ison of the levels of mbhA transcript in DZF3607 (Fig. 6A)
and DZF3606 (Fig. 6C) indicates that these sequences must
map between 89 and 276 nucleotides upstream of the o>*-like
sequence. Furthermore, the results presented in Fig. 6
indicate that these sequences must act in cis, since the
merodiploid DZF3606 contains this region of DNA intact at
its normal site on the chromosome. It should also be noted
that similar amounts of Tn5-truncated transcripts were gen-
erated in each of the merodiploids, indicating that the
absence of detectable full-length transcripts in DZF3606 and
DZF3608 was not due to a general defect in developmental
transcription in these strains.

Also shown, in Fig. 6D, is the Northern blot of develop-
mental RNA from strain DZF3601 which contains a TnS-lac
insertion approximately 140 bp upstream of the o>*-like
sequence. In parallel to what was seen in the Western blot
analysis of this strain (Fig. 5), the Tn5-lac insertion resulted
in greatly reduced levels of mbhA transcription.

DISCUSSION

The results presented in this paper demonstrate that
expression of the mbhA gene is controlled, at least in part, at
the level of transcription. We have mapped the 5’ end of the
mbhA mRNA (Fig. 3) and have found upstream sequences
that display significant homology to the class of promoters
recognized by the o>* holoenzyme form of RNA polymerase
in E. coli and other eubacteria (15, 23, 30; Fig. 4). Deletion
of this putative promoter completely abolished mbhA tran-
scription (Fig. 6). Although our data cannot rule out the
possibility that an overlapping unidentified promoter se-
quence is involved, the fact that the o>*like sequence is
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found at the correct distance upstream of the 5' end of the
mRNA, along with the similarity of this sequence to 64
known o>* promoters, strongly suggests that the o>*-like
sequence functions as the promoter for mbhA. In addition,
our results indicate that at least one region of DNA, located
between 89 and 276 nucleotides upstream of the o>*-like
promoter, is necessary for the transcriptional process and
that this region must be present in cis, since no mbhA
transcriptional activity could be detected in a merodiploid
strain in which these upstream sequences were deleted in cis
but present in trans (Fig. 6C).

These observations are consistent with what is currently
known about the transcription of o> holoenzyme-dependent
genes; in all cases, the involvement of a transcriptional
activator protein has been either directly demonstrated or
inferred from the requirement for sequences upstream of the
promoter that could serve as binding sites for an activator
protein (23). In the case of the best-characterized o>*
dependent gene, ginA of E. coli (which encodes glutamine
synthetase), transcription involves the action of a transcrip-
tional activator (NTRC), which is itself regulated by a
protein kinase/phosphatase activity encoded by the ntrB
locus. These two proteins define the sensor (NTRB) and
effector (NTRC) functions of a two-component regulatory
system which controls nitrogen utilization (1, 35).

It has been demonstrated, both in vivo (43) and in vitro
(38), that the phosphorylated form of NTRC (NTRC-P)
effects the isomerization of binary complexes between o>
holoenzyme and the ginA promoter to transcriptionally
active open complexes, a prerequisite step in the initiation of
an RNA chain. Furthermore, NTRC shares certain charac-
teristics of eucaryotic enhancer-binding proteins; although
the NTRC binding region is normally located within 150 bp
of the ginA promoter, movement of this region 1.4 kb
upstream (39) or 0.95 kb downstream (34) had little effect on
the ability of NTRC to activate transcription.

Our merodiploid studies (Fig. 6) have indicated a region of
DNA upstream of the o>*like sequence where activation
factors may bind. Very marked decreases in mbhA transcrip-
tion were observed in three strains that contained transpo-
son insertions in this region (Fig. 5). All three transposon
insertions had similar effects on the levels of mbhA RNA
observed by Northern blot hybridization (data not shown)
and MBHA polypeptide synthesis observed by Western blot
analysis (Fig. 5); transcription levels appeared to be reduced
to similar extents but not abolished. We estimate the levels
of mbhA mRNA in the Tn5 insertion strains to be less than
5% of that found in wild-type DZF1 (41a). The 5’ end of the
RNA synthesized in cells containing one of these insertions
was identical to that of the wild type (Fig. 3, lane 3),
suggesting that the mbhA transcript detected in these cells
was accurately initiated from the mbhA promoter and was
not due to transcriptional readout from the Tn5 element.

One possible explanation for these observations is that all
three of these transposons map between the o>*like se-
quence and the binding site for a putative upstream activa-
tor; the small amount of residual mbhA gene expression in
the transposon-insertion strains might then be due to the
increased distances (5.4 or 12 kb) between the promoter and
activator binding sites, resulting in lower levels of activation.
If this were the case, the binding site for the putative
transcriptional activator would map to a region between 178
and 276 bp upstream of the o>*-like sequence. An alternative
explanation is that each of the transposons is inserted into an
essential region of the cis element. Since there is no obvious
sequence homology surrounding the insertion sites of all
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three transposons, it seems unlikely that all three insertions
interfere with the binding for a single transcription factor,
although this possibility is difficult to rigorously exclude.
The transposons might also interfere with a binding site(s)
for multiple factors which are required for optimal transcrip-
tional efficiency. Such an arrangement is not unusual for
eucaryotic promoters (3, 29, 44). This possibility is particu-
larly intriguing since multiple transcription factors have been
a proposed mechanism for tissue-specific gene expression in
eucaryotic systems (44) and M. xanthus is a system for
which a consideration of developmental fates is relevant.
Clearly, additional studies are warranted to more precisely
define the cis-acting sequences that we have initially char-
acterized.

cis-acting upstream elements have also been implicated in
the developmental regulation of the protein S genes of M.
xanthus (17). These two genes, ops and tps, are tandemly
arranged on the M. xanthus chromosome and are 90%
identical at the DNA sequence level (18). Although they are
differentially regulated (12, 47), both genes are transcription-
ally activated by a segment of DNA which has enhancerlike
properties (10, 20); additionally, expression of ops is depen-
dent on the synthesis of a new RNA polymerase sigma
factor, sigB (2). Thus, there are preliminary indications that
developmental transcription in M. xanthus may involve
relatively complex interactions of transcription factors.

o>*-dependent genes have been identified in over 22 spe-
cies of bacteria and have been found to be involved in such
diverse functions as nitrogen regulation, flagellum biosyn-
thesis, and amino acid transport (1, 32). In other systems in
which o>* holoenzyme promoters have been studied, it is
frequently (but not always) observed that a two-component
motif is involved in their regulation. Our data strongly
suggest a requirement for a transcriptional activator, but
there is as yet no evidence for another regulatory element
contributing to mbhA transcription. However, since mbhA is
efficiently expressed only at specific times of development,
some form of developmental control for the synthesis or
activation of the protein(s) regulating the expression of the
mbhA promoter must obtain.

Genes that are transcribed by the ¢°* holoenzyme often
involve functions that are responsive to environmental stim-
uli. The nature of the stimulus which might mediate mbhA
expression is not clear. One likely candidate is the necessity
for growth on a solid substrate which is a precondition for
mbhA expression (8, 12). A more intriguing possibility is
suggested by recent experiments which show that MBHA
polypeptide is detected only in cells which have not entered
the aggregation center (37a). This finding suggests that the
expression of mbhA may be not only temporally regulated
but spatially regulated as well. These considerations indicate
that mbhA should continue to be a valuable marker for the
complex interactions that occur during the developmental
program of M. xanthus.
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