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The bacterium Myxococcus xanthus undergoes multicellular development during times of nutritional stress
and uses extracellular signals to coordinate cell behavior. C-signal affects gene expression late in development,
including that of 4499, an operon identified by insertion of Tn5 lac into the M. xanthus chromosome. The
04499 promoter region has several sequences in common with those found previously to be important for
expression of other C-signal-dependent promoters. To determine if these sequences are important for (24499
promoter activity, the effects of mutations on expression of a downstream reporter gene were tested in M.
xanthus. Although the promoter resembles those recognized by Escherichia coli o>*, mutational analysis implied
that a ¢”’-type o factor likely recognizes the promoter. A 7-bp sequence known as a C box and a 5-bp element
located 6 bp upstream of the C box have been shown to be important for expression of other C-signal-dependent
promoters. The 24499 promoter region has C boxes centered at —33 and —55 bp, with 5-bp elements located
7 and 8 bp upstream, respectively. A multiple-base-pair mutation in any of these sequences reduced (24499
promoter activity more than twofold. Single base-pair mutations in the C box centered at —33 bp yielded a
different pattern of effects on expression than similar mutations in other C boxes, indicating that each
functions somewhat differently. An element from about —81 to —77 bp exerted a twofold positive effect on
expression but did not appear to be responsible for the C-signal dependence of the 24499 promoter. Mutations
in sigD and sigE, which are genes that encode o factors, reduced expression from the 24499 promoter. The
results provide further insight into the regulation of C-signal-dependent genes, demonstrating both shared and

unique properties among the promoter regions so far examined.

Myxococcus xanthus is a gram-negative, rod-shaped bacte-
rium that is found in most soils. It has the ability to undergo
multicellular development (21, 23, 45, 48), distinguishing it
from most other bacteria. Under starvation conditions on a
solid surface, M. xanthus cells move in a coordinated fashion
called rippling and accumulate at foci. When approximately 10°
cells have aggregated, mound-shaped structures called fruiting
bodies are built, inside which some of the cells differentiate
into heat- and desiccation-resistant, spherical myxospores.

The developmental process is believed to be regulated by
several extracellular signals (21, 23, 45, 48), including the A-
and C-signals, which are the best characterized. A-signaling
early in development leads to the production of extracellular
proteases, peptides, and amino acids, which are thought to
provide a mechanism for cell density sensing (24, 34, 35, 41).
C-signaling is the latest acting of the known signals and is
required for rippling, aggregation, and sporulation (28, 37, 47).
Signaling also leads to changes in gene expression during de-
velopment (12, 31, 33).

Genes expressed during M. xanthus development have been
identified by transposition of TnJ5 lac into the chromosome (30,
32). Tn5 lac contains a promoterless lacZ gene whose tran-
scription can come under the control of a promoter outside the
transposon. Among 2,374 Tn5 lac insertions, 29 were shown to
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be developmentally regulated (32), and 15 of these were shown
to depend on C-signaling for full expression (31). The 15 fu-
sions are expressed at various times after 6 h into development.
Several were shown to depend absolutely on C-signaling for
expression (e.g., 24403). Others, such as 4400 and 4499,
were shown to depend partially on C-signaling (i.e., expression
was reduced, but not abolished, in the absence of C-signaling).

To gain insight into the differential regulation of C-signal-
dependent genes, the promoter regions upstream of TnS lac
insertions 04403 (9), Q4400 (4), and Q4499 (8) have been
identified and searched for conserved sequence elements. Mu-
tational analysis of the 4403 (53) and Q4400 (56) promoter
regions has revealed important cis-acting DNA elements. In
both promoter regions, the identical 7-bp sequence (CATCC
CT), which has been called a C box (consensus sequence
CAYYCCY, in which Y means pyrimidine), is centered at —49
bp, and a 5-bp element (consensus sequence GAACA) is cen-
tered at —61 bp. Both the C boxes and the 5-bp elements were
found to be essential for promoter activity. However, single
base pair changes in these elements had different effects on
promoter activity, suggesting that different transcription fac-
tors bind to these regions. Activity of the (24403 promoter also
required a 10-bp element centered at —74.5 bp. Activity of the
04400 promoter required a large region from approximately
—63 to —31 bp, which encompasses the 5-bp element, the C
box, and adjoining DNA. In addition, a small region from
approximately —86 to —81 bp exerted a twofold to fourfold
positive effect on expression and was shown to be at least
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partially responsible for the C-signal dependence of the 4400
promoter.

TnS lac Q4499 is an insertion in the second gene of an
operon that is predicted to code for reductase and oxidase
components of a cytochrome P-450 system (8). The insertion
does not cause a developmental defect, but expression of lacZ
is strongly induced during development. The timing of expres-
sion is similar to that from TnS5 lac Q4400 (32). Expression
from both the 4499 and (24400 promoters was reduced in a
csgA mutant (31), which fails to produce the CsgA protein
involved in C-signaling (29, 36, 39), and expression was re-
stored by codeveloping the c¢sg4 mutant with wild-type cells,
which supplied the C-signal (4, 8). Moreover, expression from
both promoters has been shown to correlate closely with the
altered levels of CsgA produced in act mutants (13, 56). Ex-
amination of the 4499 promoter region revealed three se-
quences that match the C box consensus sequence, centered at
—55, =33, and —1 bp (8). In addition, centered at —65 bp is a
sequence that matches a sequence in the 4400 promoter
region in eight of nine positions. The sequence is centered at
—80 bp in the 4400 promoter region and is in the opposite
orientation relative to the start site of transcription but, inter-
estingly, it includes the region shown to mediate, at least in
part, the response to C-signaling (56).

Here, we report the results of mutational analysis of the
04499 promoter region. We found some similarities between
the 4499 and 4400 promoter regions in terms of overall
organization, but the effects of single base pair changes were
different in many cases from either the 4400 (56) or (4403
(53) promoter regions, indicating that DNA elements similar
in sequence function uniquely to regulate transcription from
the three promoters.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids that were used in this
study are listed in Table 1.

Growth and development. Escherichia coli DH5a strains were grown at 37°C in
Luria-Bertani medium (44) containing 50 pg of ampicillin per ml. M. xanthus
strains were grown at 32°C in CTT broth or agar (1.5%) plates (1% Casitone, 10
mM Tris-HCI [pH 8.0], 1 mM KH,PO, 8 mM MgSO, [final pH = 7.6]) (18).
When necessary, 40 pg of kanamycin (Km) per ml was used for selection.
Fruiting body development was performed on TPM agar (1.5%) plates (10 mM
Tris-HCI [pH 8.0], 1 mM KH,PO,-K,HPO,, 8 mM MgSO, [final pH = 7.6]) as
described previously (32).

Construction of plasmids. A PCR fragment containing the 04499 promoter
region from —218 bp to +50 bp relative to the start site of transcription was
generated using pMF0051 as the template. The PCR fragment was ligated into
Xhol-BamHI-digested pGEM7Zf to form pDY100. Additional deletion con-
structs were created by PCR using pDY100 and primers designed to produce a
product with a Xhol restriction site at the upstream end and a BamHI restriction
site at the downstream end. PCR products were then digested with Xhol and
BamHI, gel purified, and ligated into pGEM7Zf, and the ligation products were
electroporated into E. coli DHS5« cells. Ampicillin-resistant transformants were
selected, and plasmid DNA was sequenced at the Michigan State University
Genomics Technology Support Facility to confirm the sequence and end points
of the M. xanthus DNA insert.

The QuikChange site-directed mutagenesis kit (Stratagene) was used to create
mutations in the 24499 promoter region that, in most cases, were A<> C or T<>
G single-base-pair or multiple-base-pair transversion mutations. The plasmid
pDY100 described above was used as a template in PCRs with various combi-
nations of mutagenic primers. The M. xanthus DNA insert was sequenced to
ensure only the proper mutations had been created.

Each mutant derivative of pDY100 was digested with XhoI and BamHI, gel
purified, and ligated into pREG1727 previously cut with the same enzymes. The
ligated constructs were introduced into E. coli DHS5a by electroporation, and
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ampicillin-resistant transformants were selected. A transformant containing the
mutant 4499 plasmid was identified using colony PCR with primers to ensure
proper orientation. The transformants containing the mutated 24499 promoter re-
gions were then used to prepare plasmid DNA for introduction into M. xanthus.
Construction of M. xanthus strains and determination of lacZ expression
during development. Strains containing pREG1727 derivatives integrated at the
Mx8 phage attachment site (designated a#tB in Table 1) were constructed by
electroporation (25) of M. xanthus, and transformants were selected on CTT-Km
plates. Based on previous experience in our laboratory (4, 8, 9), the majority of
transformants have a single copy of the plasmid integrated at a#tB. To eliminate
colonies with unusual developmental lacZ expression, we screened at least 10
transformants on TPM agar plates containing 40 wg of 5-bromo-4-chloro-3-
indolyl-B-Dp-galactopyranoside per ml. Any colonies with unusual expression of
lacZ were discarded and, of the remaining candidates, three independent isolates
of each mutant construct were chosen for development. In all cases, the three
transformants gave similar results (see Table 2, below) when developmental
B-galactosidase activity was measured as described previously (32).

RESULTS

Deletion analysis of the 24499 promoter region. Previous
analysis of the (24499 regulatory region showed that a segment
containing from —218 bp to +2.68 kbp relative to the start site
of transcription, fused to the E. coli lacZ gene and integrated
at the Mx8 phage attachment site in the M. xanthus chromo-
some, showed a similar pattern of developmental lacZ expres-
sion as the M. xanthus strain, DK4299, which contains Tn5 lac
04499 (8). A 5’ deletion to —49 bp with the same 3’ end
resulted in a dramatic decrease in expression. To further define
the minimal region required for (24499 promoter activity, a
DNA fragment spanning from —218 to +50 bp of the 24499
promoter region was generated by PCR, fused to lacZ, and
tested for developmental expression (see Materials and Meth-
ods). Figure 1A shows that the segment from —218 to +50 bp
directed a similar level of B-galactosidase production during
development as the segment from —218 bp to +2.68 kbp. This
demonstrates that the region between +50 bp and +2.68 kbp
is not essential for 24499 promoter activity.

To further characterize the upstream boundary of the 14499
regulatory region, 5" deletions were made to —100, —71, and
—61 bp in the context of a 3" end at +50 bp. The segment from
—100 to +50 bp showed comparable developmental expression
as the segment from —218 to +50 bp (Fig. 1A), indicating that
DNA between —218 and —100 bp is not necessary for 4499
promoter activity. The deletion to —71 bp led to a 60% de-
crease in activity compared to the —218 to +50 bp promoter
region (Fig. 1B and Table 2), indicating that DNA between
—100 and —71 bp is important for 4499 activity. Further-
more, the 5’ deletion to —61 bp retained only 4% of wild-type
promoter activity (Fig. 1B and Table 2), so DNA between —71
and —61 bp is essential for expression of the 14499 promoter.

Effects of mutations in the —25 to —10 bp region of the
04499 promoter. The product of the rpoN gene, o>* (27), is
believed to recognize several promoters in M. xanthus, includ-
ing those for mbhA (43), sdeK (11), pilA (55), spi (15, 26),
actABCD (14), and asgE and orf2 (10). An alignment of these
promoter regions with the consensus sequence found in E. coli
o”*-dependent promoters (49) is shown in Fig. 2A. The (4499
promoter matches the consensus sequence at four of seven
positions in the —24 region and at three of five positions in the
—12 region (Fig. 2A), suggesting that the 24499 promoter may
be recognized by o°* RNA polymerase. To test this hypothesis,
two mutations were created in the context of the 04499 pro-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference
E. coli DH5a &80 lacZAM1S AlacU169 recAl endAl hsdR17 supE44 thi-1 gyrA relAl 16
M. xanthus
DK1622 Wild type 22
MDBO01 attB::pDB01 8
MDY1727 attB::pREG1727 56
MDY101 attB::;pDY101 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY100)“ This study
MDY103 attB::pDY103 (pREG1727 with 121-bp Xhol-BamHI fragment from pDO2) This study
MDY104 attB::;pDY104 (pREG1727 with 111-bp Xhol-BamHI fragment from pDO3) This study
MDY40 attB:pDY40 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY39) This study
MDY42 attB::pDY42 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY41) This study
MDY44 attB::;pDY44 (pREG1727 with 268-bp XhoI-BamHI fragment from pDY43) This study
MDY46 attB::pDY46 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY45) This study
MDY48 attB::;pDY48 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY47) This study
MDYS50 attB::pDYS0 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY49) This study
MDY52 attB::;pDY52 (pREG1727 with 150-bp XhoI-BamHI fragment from pDY51) This study
MDY106 attB::;pDY106 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY105) This study
MDY108 attB::pDY108 (pREG1727 with 268-bp XhoI-BamHI fragment from pDY107) This study
MDY110 attB::;pDY110 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY109) This study
MDY112 attB::pDY112 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY111) This study
MDY114 attB::;pDY114 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY113) This study
MDY116 attB:pDY116 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY115) This study
MDY118 attB::pDY118 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY117) This study
MDY120 attB::;pDY120 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY119) This study
MDY122 attB::pDY122 (pREG1727 with 268-bp XhoI-BamHI fragment from pDY121) This study
MDY124 attB::;pDY124 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY123) This study
MDY126 attB::pDY126 (pPREG1727 with 268-bp Xhol-BamHI fragment from pDY125) This study
MDY128 attB::;pDY128 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY127) This study
MDY130 attB::;pDY130 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY129) This study
MDY132 attB::pDY132 (pREG1727 with 268-bp XhoI-BamHI fragment from pDY131) This study
MDY134 attB::;pDY134 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY133) This study
MDY136 attB::pDY136 (pPREG1727 with 268-bp Xhol-BamHI fragment from pDY135) This study
MDY138 attB::;pDY138 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY137) This study
MDY140 attB::pDY140 (pREG1727 with 268-bp XhoI-BamHI fragment from pDY139) This study
MDY142 attB::pDY142 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY141) This study
MDY144 attB::;pDY144 (pREG1727 with 268-bp Xhol-BamHI fragment from pDY143) This study
DKS5208 csgA::Tn5-132 (Tc") 0205 46
MDY5208-103 ¢sgA::Tn5-132 (Tc") Q205 attB::pDY103 This study
MDY5208-134 csgA::Tn5-132 (Tc*) Q205 anB::pDY134 This study
AsigD AsigD 51
MDY4499.SD attB::;pDY101 This study
AsigE AsigE 52
MDY4499.SE attB::;pDY101 This study
Plasmids
pGEM7Zf Ap* laca Promega
pREG1727 Ap" Km" Pl-inc attP 'lacZ 9
pMF0051 pGEM7Zf with 3.2-kb PstI-BamHI fragment from pMF002 8
pDY100 pGEM7Zf with 268-bp fragment from —218 to +50 bp of 24499 DNA generated by PCR using pMF0051 This study
as template, inserted as a Xhol-BamHI fragment
pDO2 pGEM7Zf with 121-bp fragment from —71 to +50 bp of Q4499 DNA generated by PCR using pDY100 This study
as a template, inserted as a Xhol-BamHI fragment
pDO3 pGEM7Zf with 111-bp fragment from —61 to +50 bp of Q24499 DNA generated by PCR using pDY100 This study
as a template, inserted as a Xhol-BamHI fragment
pDY39 pDY100 with C-to-A mutation at —36 bp This study
pDY41 pDY100 with C-to-A mutation at —32 bp This study
pDY43 pDY100 with C-to-A mutation at —31 bp This study
pDY45 pDY100 with CATTCCT-to-ACGGAAG mutation from —36 to —30 bp This study
pDY47 pDY100 with GAAC-to-TCCA mutation from —48 to —45 bp This study
pDY49 pDY100 with TCATTC-to-GACGGA mutation from —59 to —54 bp This study
pDY51 pGEM7Zf with 150-bp fragment from —100 to +50 bp of 24499 DNA generated by PCR using pDY100 This study
as template, inserted as a Xhol-BamHI fragment
pDY105 pDY100 with CGA-to-TAT mutation from —12 to —10 bp This study
pDY107 pDY100 with T-to-G mutation at —25 bp This study
pDY109 pDY100 with T-to-G mutation at —30 bp This study
pDY111 pDY100 with T-to-G mutation at —33 bp This study
pDY113 pDY100 with T-to-G mutation at —34 bp This study
pDY115 pDY100 with A-to-C mutation at —35 bp This study
pDY117 pDY100 with C-to-A mutation at —37 bp This study
pDY119 pDY100 with T-to-G mutation at —44 bp This study
pDY121 pDY100 with CCTTC-to-AAGGA mutation from —53 to —49 bp This study
pDY123 pDY100 with TCA-to-GAC mutation from —59 to —57 bp This study
pDY125 pDY100 with CCGG-to-AATT mutation from —63 to —60 bp This study

Continued on following page
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TABLE 1—Continued

Strain or plasmid

Relevant characteristic(s)

Source or reference

pDY127 pDY100 with ACCA-to-CAAC mutation from —67 to —64 bp This study
pDY129 pDY100 with GGAC-to-TTCA mutation from —71 to —68 bp This study
pDY131 pDY100 with TCGCT-to-GATAG mutation from —76 to —72 bp This study
pDY133 pDY100 with GCCGC-to-TAATA mutation from —81 to —77 bp This study
pDY135 pDY100 with CATAC-to-ACGCA mutation from —86 to —82 bp This study
pDY137 pDY100 with GCGTT-to-TATGG mutation from —91 to —87 bp This study
pDY139 pDY100 with AGATT-to-CTCGG mutation from —96 to —92 bp This study
pDY141 pDY100 with CGAGG-to-ATCTT mutation from —101 to —97 bp This study
pDY143 pDY100 with CCC-to-AAA mutation from —29 to —27 bp This study

“ Where possible, the plasmid description is given in parentheses after the strain description.

moter region from —218 to +50 bp. One mutation was a
T-to-G transversion at position —25 bp, which creates a better
match to the E. coli 0°* consensus sequence (49) in the —24
region. This mutation decreased (4499 promoter activity by
50% (Fig. 2B and Table 2). In contrast, a mutation of CGA to
TAT at —12 to —10 bp, which changes the highly conserved C
in the —12 region to T and creates a perfect match in the —10
region to the consensus sequence recognized by E. coli o”°
(TATAAT) (38), resulted in a dramatic increase in promoter
activity (Fig. 2B and Table 2). These results suggest that a o
factor in the o’ family, rather than o>%, recognizes the 24499
promoter.

Effects of mutations in the C box centered at —33 bp and
adjacent regions. The (24499 promoter region contains three
sequences that match the C box consensus sequence (8).
Among these, the one centered at —33 bp is 7 bp downstream
of a 5-bp sequence (GAACT) that matches the 5-bp element
consensus sequence (GAACA) in four of five positions (53).
To determine if this C box functions in the same way as any of
the C boxes mutated previously, eight mutations were made: a
7-bp change of the entire C box, and seven single-base-pair
changes within the C box. These and all subsequent mutations
reported here were made in the context of (24499 DNA from
—218 to +50 bp.

The 7-bp change of the entire C box caused a loss of pro-
moter activity, as did single-base-pair mutations at —34 and
—33 bp (Table 2). Single-base-pair mutations at —35, —32,
—31, and —30 led to intermediate activity, and the mutation at
—36 bp caused a slight increase in expression (Fig. 3A and
Table 2).

The pattern of mutational effects observed was different
than for any of the C boxes examined previously. Figure 3B
compares the effects of single-base-pair mutations in the C box
centered at —33 bp in the 04499 promoter with the effects of
mutations in the C boxes centered at —49 bp in the (24400 (56)
and 04403 (53) promoter regions. These C boxes have the
sequence CATCCCT, which differs from the CATTCCT se-
quence centered at —33 bp in the 24499 promoter only at
position 4. Except at this position, the single-base-pair changes
compared in Fig. 3B are the same. Striking differences between
the effects of mutations at positions 1, 4, 5, and 7 on Q4400 and
04403 promoter activity indicated that the C boxes centered at
—49 bp function differently. The effects of mutations in the C
box centered at —33 bp in the (24499 promoter differed mark-
edly from those in the Q4400 C box at positions 1, 3, 6, and 7,
and from those in the 4403 C box at positions 3, 5, and 6 (at
position 4, a C-to-A change increases activity of the Q4403
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FIG. 1. Deletion analysis of the Q4499 promoter region. (A) De-
velopmental lacZ expression was determined for M. xanthus strains
bearing integrated plasmids with 24499 DNA from —218 bp to +2.68
kbp (®), —218 to +50 bp (A), or —100 to +50 bp (m), along with a
vector, no-insert control (@). (B) The 5'-deletion constructs contained
04499 DNA from —71 to +50 bp (A) or —61 to +50 bp (O). Con-
structs containing —100 to +50 bp (m) or no insert (@) were included
as controls. The data for the —100 to +50 bp construct are the same
in both panels and represent six independent determinations made in
three separate experiments. The average B-galactosidase activity is
expressed as nanomoles of o-nitrophenyl phosphate per minute per
milligram of protein. Error bars show 1 standard deviation of the data.
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TABLE 2. Summary of activities of mutant 4499 promoters

Promoter assayed

Avg maximum B-galactosidase sp act
during development”

% Wild-type activity measured
in the same expt”

Vector (no insert)
Wild-type 4499 promoter

Deletions
—100 to +50 bp
=71 to +50 bp
—61 to +50 bp

Mutations®
CGA —-12to —10 TAT
T-25G
CCC —29 to —27 AAA
CATTCCT —36 to —30 ACGGAAG

T-30G
C-31A
C-32A
T-33G
T-34G
A -35C
C-36A
C-37A
T-44G

GAAC —48 to —45 TCCA
CCTTC —53 to —49 AAGGA
TCATTC —-59 to —54 GACGGA
TCA =59 to =57 GAC
CCGG —63 to —60 AATT
ACCA —67 to —64 CAAC
GGAC —71 to —68 TTCA
TCGCT —-76 to —72 GATAG
GCCGC —81 to —77 TAATA
CATAC —86 to —82 ACGCA
GCGTT —91 to —87 TATGG
AGATT —96 to —92 CTCGG
CGAGG —101 to =97 ATCTT

11 x4
39 £18
5110 141 = 10
25%5 41 =15
13x2 4+6
161 = 10 877 = 58
285 49 = 15
45+ 6 178 = 30
12+1 12+4
2710 46 = 28
316 5319
29*6 59 =21
7*0.6 0
72 0
17x2 61 =10
5*+9 134 = 26
11 =2 0
173 63 =15
19+4 18 =13
101 0
12x2 10+ 6
9+1 0
7*1 5+6
10 = 0.8 0
7*2 0
36 4 170 = 23
19+1 45*6
44+ 8 214 = 47
41+ 14 155 £ 72
48 =7 235 =40
303 99 = 15

“ The maximum B-galactosidase specific activity in nanomoles of o-nitrophenyl phosphate per minute per milligram of protein (average * 1 standard deviation) is
listed for three independently isolated M. xanthus transformants (one determination each) in the case of mutant promoter regions and for one isolate in the case of
the wild-type promoter (16 determinations) and vector controls (11 determinations). Samples were assayed at 0, 6, 12, 18, 24, 30, 36, and 48 h during development.

> The wild-type promoter and vector-only strains were included in each experiment. The maximum for each mutant promoter region is expressed as a percentage
of the maximum observed for the wild-type promoter in the same experiment, after subtracting from both values the maximum observed for vector only in that
experiment. The average percentage + 1 standard deviation is listed. A zero indicates that the expression from the mutant promoter region was equal to or slightly

less than that observed for the vector-only control.

¢ For example, mutant CGA —12 to —10 TAT has a mutation changing CGA at positions —12 to —10 bp to TAT, and mutant T —25 G has a mutation changing

T at position —25 bp to G.

promoter, as indicated in Fig. 3B, but a C-to-G change abol-
ishes activity [53], as does a T-to-G change in the (4499 pro-
moter). A C box centered at —80 bp in the 24400 promoter
has also been subjected to mutational analysis (56). Single-
base-pair changes had less than a twofold effect on expression.
We conclude that the Q4499 C box centered at —33 bp func-
tions differently than the other three C boxes that have been
examined.

Two mutations were made in regions adjacent to the C box
centered at —33 bp in the 24499 promoter. A C-to-A change
at —37 bp led to a complete loss of promoter activity, while a
CCC-to-AAA mutation from —29 to —27 bp increased activity
nearly twofold (Fig. 4 and Table 2).

Effects of mutations in the 5-bp element. The Q4499 pro-
moter region has a 5-bp element centered at —46 bp with the
sequence GAACT, which matches the GAACA consensus se-
quence at four out of five positions (53). To determine if this
5-bp element is essential for expression, as are the 5-bp ele-

ments centered at —61 bp in the Q4400 (56) and Q4403 (53)
promoters, two mutations were made. A 4-bp mutation, which
converted GAAC at —48 to —45 bp to TCCA, resulted in a
strong decrease (80%) in activity, demonstrating that this ele-
ment is important for 24499 promoter expression (Fig. 4 and
Table 2). A single-base-pair change from T to G at —44 bp
retained 60% activity compared to the wild-type promoter
(Fig. 4 and Table 2). This result is surprising because mutations
at the corresponding position of the 5-bp elements centered at
—61 bp in both the Q4400 (56) and Q4403 (53) promoter
regions caused nearly complete loss of promoter activity. It
appears that the 5-bp element, like the C box, functions some-
what differently in the Q4499 promoter region than in the
04400 and 4403 promoter regions.

Effects of mutations between —71 and —49 bp. Six mutations
were made to investigate the role of DNA upstream of the 5-bp
element centered at —46 bp, which our deletion analysis had
indicated includes an element between —71 and —61 bp that is
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A

-29 TGGCACAACCATTGCT  actABCD
-24 TCGCGGAGTCCGGGCA  0orf2

-28 CGETGCACAAGGGGCT  asgk

-26 CGGCGCTCTCAGCGCG — sdeK
-28 GAGCACGCGTCTTGCT  Spi

-27 TGGCACGCCATCTGCT mbhA
-29 TGGCATGCGTAGTGCT  pilA

-26 GTGCGCCTCCCATGCG Q4499

TGGYRYR N4 TTGCA  ©>* consensus
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FIG. 2. (A) Comparison of the 24499 promoter region to promot-
ers of M. xanthus genes believed to be transcribed by ¢>* RNA poly-
merase (see text for references). Also shown is the consensus sequence
to which E. coli °* binds (49). The numbers to the left indicate the
location within the promoter relative to the start site of transcription.
The bold nucleotides indicate those that match the consensus se-
quence, and the underlined nucleotides match those most highly con-
served in the consensus sequence. (B) Mutational analysis of the —25
to —10 bp region of the 4499 promoter. Developmental lacZ expres-
sion was determined for M. xanthus strains bearing integrated plasmids
with a mutation at —12 to —10 bp from CGA to TAT (®) or a
mutation at —25 bp from T to G (A). The Q4499 wild-type promoter
region from —218 to +50 bp (m) (four determinations in two experi-
ments) and the vector with no promoter insert (@) were included as
controls. The meaning of points and error bars is the same as described
in the Fig. 1 legend.

0 6 12

essential for 04499 promoter activity (Fig. 1B and Table 2).
Five of these mutations are shown in Fig. 4. The sixth was a
TCA-to-GAC mutation from —59 to —57 bp. All six mutations
caused a dramatic decrease or loss of 14499 promoter activity.
These results show that the entire region from approximately
—70 to the 5-bp element centered at —46 bp is required for
expression from the 4499 promoter.

Effects of mutations between —101 and —72 bp. The region
between —101 and —72 bp was divided into 5-bp sections that
were mutated to attempt to define the element(s) that led to a
60% decrease in activity upon 5’ deletion to —71 bp (Fig. 1B
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and Table 2). Only one of the six mutations decreased 24499
promoter activity; changing GCCGC to TAATA from —81 to
—77 bp lowered activity by 55% (Fig. 4 and Table 2), which is
very similar to the decrease observed upon 5’ deletion to —71
bp. This shows that a small region approximately 29 bp up-

A

-
(— I —

B-galactosidase specific activi

0 6 12 18 24 30 36 42 48
Time (hr)
B
= 450 -
§A400 I
a.c:"a.§,350—
‘S 5 300
Y =
q%gzso—
@ =200
[~}
3%150
& X
*ngof
Tb‘l) 50 -
& 0

1 2 3 4 5 6 17
Position within the C box

FIG. 3. Mutational analysis of the C box centered at —33 bp in the
04499 promoter. (A) Developmental lacZ expression was measured
for M. xanthus strains with a T-to-G change at —30 bp (A) or a C-to-A
change at —36 bp (®). The wild-type promoter region from —218 to
+50 bp (m) (seven determinations in three experiments) and the
vector with no insert (@) were included as controls. The meaning of
points and error bars is the same as described in the Fig. 1 legend.
(B) Comparison of the effects of single-base-pair mutations in three
different C boxes. The x axis represents the position in the C box
corresponding to the consensus sequence 5'-CAYYCCY-3', with the
A being position 2, etc. The bars represent the average maximum
developmental lacZ activity expressed as a percentage of the wild-type
(WT) promoter activity for the C boxes centered at —49 bp in the
04400 (black) (56) and Q4403 (gray) (53) promoter regions, or cen-
tered at —33 bp in the 24499 promoter region (white) (Table 2). Error
bars show 1 standard deviation of the data.



3772 YODER AND KROOS

J. BACTERIOL.

170
GATAG

-71 -61

| | |
-101 CGAGG AGATT|GCGTT|CATACGCCGC[TCGCT|GGAC ACCA| -54

TAATA
45

235
CTCGG 214
ACGCA
155
TATGG
-80
ATCTT
99

-46 33

| |
-53 CCTTC|GAAC|TTCCGGCC|CATTCC

N

ACGGAAG 49
AAGGA 18 A 12
0

TCCA
4]

l

GACGGA
TTCA cAAC AT 10
o o
877
TAT
178
AAA

T 25

|
TICCClG TGCGCCTCCATG -10

!

G

FIG. 4. Summary of the effects of mutations in the (24499 promoter region. DNA subjected to mutagenesis is alternately underlined and boxed.
Upward and downward arrows indicate that developmental lacZ expression was increased or decreased, respectively, by the given change in DNA
sequence, and numbers indicate the maximum (-galactosidase specific activity observed for the mutant, expressed as a percentage of wild-type

promoter activity measured in the same experiment (Table 2).

stream of the 5-bp element exerts a twofold positive effect on
expression from the 4499 promoter.

C-signal dependence of the 4499 promoter. The (14499
promoter is partially dependent on C-signaling for expres-
sion (8, 31). In a csg4 mutant defective in C-signaling, a
twofold decrease in 4499 promoter activity has been ob-
served. The loss in activity can be restored upon codevelop-
ment with wild-type cells, which provide C-signal. Since a 5’
deletion to —71 bp resulted in about a twofold loss in ex-
pression (Fig. 1B and Table 2), we hypothesized that DNA
upstream of —71 bp might be responsible for the partial C-signal
dependence of the (24499 promoter, especially since DNA from
—86 to —81 bp was shown previously to mediate, at least in
part, the partial C-signal dependence of the 24400 promoter
(56). We transformed pDY103, containing the 4499 pro-
moter region from —71 to +50 bp, into csg4 mutant M. xanthus
DKS5208 cells and measured developmental lacZ expression
(Fig. 5). B-Galactosidase specific activity was lower in the csg4
mutant than in the wild-type background, indicating that the
5’-deleted promoter region remains dependent on csgA. Ad-
dition of wild-type cells to the csg4 mutant restored lacZ
expression during development. This demonstrates that the
promoter region remains responsive to extracellular C-sig-
nal despite the absence of DNA beyond —71 bp upstream.
Similar results were observed for pDY134, which contains the
GCCGC-to-TAATA mutation from —81 to —77 bp in the
context of the (4499 promoter region from —218 to +50

bp (data not shown). Although this mutation causes a twofold
decrease in expression in a wild-type background (Fig. 4 and
Table 2), the mutant promoter region remains dependent on
csgA and responsive to extracellular C-signal. We conclude that
DNA upstream of —71 bp is not responsible for the partial C-
signal dependence of the 4499 promoter.

Effects of sigD and sigE mutations. Our mutational analysis
suggests that the (24499 promoter is recognized by an o factor
in the ¢’ family, rather than by o°*. ¢ RNA polymerase, the
major form in growing cells (3), was unable to produce tran-
scripts from the 4499 promoter in vitro (8). Also, a null mu-
tation in sigB (encoding o®) or sigC (encoding o) had no
effect on Q4499 expression (4). We tested the effect of a null
mutation in sigD (51) or sigE (52) on expression from the
wild-type 4499 promoter region (—218 to +50 bp). Both
mutations led to decreased expression from the 4499 pro-
moter, at about 30% of the wild-type level (Fig. 6). These
results demonstrate that o® and o directly or indirectly affect
the activity of the 4499 promoter.

DISCUSSION

Our characterization of the cis elements required for activity
of the 4499 promoter provides further insight into C-signal-
dependent gene regulation during M. xanthus development,
especially when compared with previous mutational analyses of
other promoter regions that depend on C-signaling for expres-
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FIG. 5. C-signal dependence of a 5'-deleted (24499 promoter re-
gion. Developmental lacZ expression of pDY103 integrated at a#tB of
wild-type DK1622 () or csg4 mutant DK5208 in the absence (A) or
presence (A) of an equal number of wild-type DK1622 cells (lacking
lacZ but capable of C signaling). The meaning of points and error bars
is the same as described in the Fig. 1 legend.

sion (53, 56). The other C-signal-dependent promoters exam-
ined so far do not resemble those thought to be recognized by
> RNA polymerase of M. xanthus. Our mutational analysis
suggests that the Q4499 promoter is not recognized by ¢>*
RNA polymerase either. The overall organization of the
04499 promoter region is much like that of the Q4400 pro-
moter region (56). Both include a large region spanning from
about —30 to —60 or —70 bp with many sequence elements
essential for promoter activity. Both also have a short (5- to
6-bp) region farther upstream (near —81 bp) that exerts a
twofold positive effect on expression. Also, expression from
both is reduced comparably in a sigE mutant. However, our

(4.}
o
|

[-galactosidase specific activity

o T T
0 6 12

18 24 30 36 42 48
Time (hr)

FIG. 6. Effects of sigD and sigE mutations on expression from the
04499 promoter. Developmental B-galactosidase activity was deter-
mined for the wild-type (24499 promoter region from —218 to +50 bp
fused to lacZ and integrated into the chromosome of M. xanthus sigD
(®), sigE (A), or wild-type DK1622 (m) strains. The vector with no
insert (@) served as a negative control. The meaning of points and
error bars is the same as that described in the Fig. 1 legend.
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results also reveal unique properties of 24499 promoter reg-
ulation. The effects of mutations in the C boxes are different
than has been observed for other C-signal-dependent pro-
moter regions. The short region near —81 bp does not appear
to be necessary for C-signal dependence of the 4499 pro-
moter, as it is for the 4400 promoter. Also, whereas a sigD
mutation eliminates expression from the 4400 promoter, it
does not completely abolish 4499 expression. We conclude
that regulation of the (24499 operon exhibits both shared and
unique properties in comparison with regulation of other C-
signal-dependent genes.

Despite a resemblance between the 4499 promoter and
M. xanthus promoters that are thought to be recognized by ¢°*
RNA polymerase, our mutational analysis did not support the
idea that 0>* RNA polymerase is responsible for transcription
form the 4499 promoter. In the alignment shown in Fig. 2A,
none of the putative o>*-dependent promoters have a T at the
position corresponding to the T at —25 bp in the 4499 pro-
moter. Five out of seven have a G at that position, as does the
E. coli > consensus sequence (49). A mutation from T to G
at —25 bp was expected to increase, or possibly not change,
activity of the Q4499 promoter, if it were recognized by o”*
RNA polymerase. However, the mutation led to a twofold loss
in activity (Fig. 2B and Table 2). Conversely, mutating the
perfectly conserved C at —12 bp in the 4499 promoter was
expected to decrease activity. Instead, changing CGA to TAT
at —12 to —10 bp led to an eightfold increase in activity (Fig.
2B and Table 2). Taken together, the two results suggest that
the Q4499 promoter is not recognized by o°* RNA polymer-
ase. These findings call into question whether all of the pro-
moters shown in Fig. 2A really are o>*-dependent promoters.
Only the spi promoter has been subjected to detailed muta-
tional analysis, and the results support the idea that this pro-
moter is recognized by 0°* RNA polymerase (26).

Why did the CGA-to-TAT change at —12 to —10 bp in-
crease activity of the 4499 promoter? The change creates a
perfect match in the —10 region of the mutant promoter to the
consensus sequence recognized by E. coli o’ RNA polymerase
(38). Therefore, the high activity of the mutant promoter could
reflect better recognition and/or initiation by RNA polymerase
with a ¢ factor in the ¢’° family. Its is noteworthy that the
mutant promoter was no more active during growth than the
wild-type promoter (Fig. 2B). Also, the time of maximum lacZ
expression from the mutant promoter was similar to that for
the wild-type promoter (Fig. 2B). Whether the mutant pro-
moter is transcribed by RNA polymerase(s) with the same o
factor(s) as the wild-type 4499 promoter remains an open
question.

The Q4400 and Q4403 promoters, which are the only other
C-signal-dependent promoters so far characterized, do not re-
semble o>* promoters (4, 9). Neither these promoters (D.
Biran and L. Kroos, unpublished data) nor the 4499 pro-
moter (8) directed transcription by M. xanthus ¢ RNA poly-
merase in vitro. o> RNA polymerase is the major form of
RNA polymerase in growing M. xanthus cells (3). It was able to
transcribe from the 24514 promoter in vitro, but this develop-
mentally regulated promoter does not depend on C-signaling
for expression, and its —35 region matches perfectly the con-
sensus sequence (TTGACA) recognized by E. coli ¢’® RNA
polymerase (17). In contrast, the —35 regions of the three
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C-signal-dependent promoters do not match this consensus
sequence (4, 8, 9). One or more transcription factors bound to
upstream DNA elements in the C-signal-dependent promoter
regions might enable o RNA polymerase to transcribe from
these promoters, or a different o factor might be involved.

In addition to ¢, six other ¢ factors in the ¢’° family have
been described in M. xanthus (1, 2, 5, 20, 51, 52, 54). Among
these, o® and o do not appear to be responsible for transcrip-
tion of (24499, 04400, or (24403, since sigB and sigC mutants
exhibited normal expression of lacZ reporters fused to these
genes (4). On the other hand, sigD and sigF; mutants showed
reduced expression from the 04499 promoter (Fig. 6). Since
mutations in sigD block aggregation (51), the effect on 24499
expression might be indirect. Interestingly, in the sigD mutant,
the 4499 promoter retained 30% as much activity as in wild
type (Fig. 6), whereas the 14400 promoter retained no activity
(56). Apparently, one or more transcription factors essential
for 4400 promoter activity is missing, or its level is insuffi-
cient, in the sigD mutant, but this does not prevent a low level
of transcription from the 4499 promoter. Unlike the sigD
mutant, the sigE mutant appears to aggregate normally (52).
Yet, 24499 expression was reduced in the sigE mutant to a
similar extent as in the sigD mutant (Fig. 6). The reduction in
04499 expression in the sigE mutant is comparable to that seen
previously for expression from the 4400 promoter (56). This
may imply that ¢® RNA polymerase is partially responsible for
transcription from the 4499 and 4400 promoters. The pro-
posed functional redundancy of o& with the highly similar o®
and ¢ (52) may account for the residual transcription ob-
served in the sigE mutant (Fig. 6). Alternatively, the effect of
the sigEl mutation on (04499 expression may be indirect.

The Q4499 promoter region is unique among C-signal-de-
pendent promoters examined thus far in terms of the positions
of C boxes and 5-bp elements. It has C boxes centered at —33
and —55 bp (8) with 5-bp elements located 7 and 8 bp up-
stream, respectively (53). There is also a C box centered at —1
bp (8), but there is no apparent 5-bp element 5 to 10 bp
upstream, and we did not test the effects of mutations in this C
box. The 4400 and Q4403 promoter regions have the identi-
cal C box (CATCCCT) centered at —49 bp, and in each case a
5-bp element is located 6 bp upstream, centered at —61 bp
(53). Also, the 24400 promoter region has a C box centered at
—80 bp, which is in the opposite orientation as the one cen-
tered at —49 bp (8), and has no apparent 5-bp element located
5 to 10 bp away in the 5’ direction.

We chose to perform detailed mutational analysis of the C
box centered at —33 bp in the 24499 promoter region because
it matches the C boxes centered at —49 bp in the Q4400 and
04403 promoter regions more closely (six out of seven posi-
tions) than does the C box centered at —55 bp (five out of
seven positions), and because its distance from the 5-bp ele-
ment was more similar to that in the 24400 and Q4403 pro-
moter regions (7 bp versus 6 bp) than for the C box centered
at —55 bp (8 bp versus 6 bp). However, we found that single-
base-pair changes in the Q4499 C box centered at —33 bp had
a very different pattern of effects on lacZ expression than did
changes in the 04400 or Q4403 C box centered at —49 bp (Fig.
3B), or the 4400 C box centered at —80 bp (53, 56). Each C
box appears to function somewhat differently. Conceivably, the
04499 C box centered at —55 bp might behave in a more
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similar fashion to one of the other C boxes, but that would be
a break from the results observed so far, and it remains to be
tested.

In keeping with the observation of different effects of muta-
tions in similar sequences, each 5-bp element examined so far
behaves differently with respect to single-base-pair changes,
although the mutational analysis is much less complete than
for C boxes. In this study, a T-to-G change at —44 bp had
relatively little effect on 24499 promoter activity (Fig. 4 and
Table 2) in comparison to changes at the corresponding posi-
tion (—59 bp) of the 5-bp elements centered at —61 bp in the
04400 and Q4403 promoter regions (53, 56). In prior studies,
the effects of changing C to A at —60 bp in the Q24400 and
04403 promoter regions were shown to be very different (53,
56).

Given that different effects of mutations in similar sequences
is observed for both the 5-bp elements and the C boxes and
given the similar distance between these cis-acting DNA ele-
ments in all three C-signal dependent promoters examined so
far, we propose that a 5-bp element and a C box together
constitute a recognition site for a transcription factor and that
different transcription factors bind to these recognition sites in
the 4499, 04400, and Q4403 promoter regions.

The DNA between the C box and the 5-bp element may be
part of a transcription factor recognition site in some cases, but
not others. Changing CCGG to AATT between the C box
centered at —55 bp in the 24499 promoter region and the 5-bp
element that lies 8 bp upstream nearly abolished expression
(Fig. 4 and Table 2). Likewise, changing the C at —37 bp,
which is the first base pair upstream of the 4499 C box
centered at —33 bp, abolished promoter activity (Fig. 4 and
Table 2). A single-base-pair change at the position immedi-
ately upstream of the C box centered at —49 bp in the (24400
or 24403 promoter region also greatly reduced expression, as
did a change from GTCCC to TGAAA between the Q4400 C
box centered at —49 bp and the 5-bp element centered at —61
bp (53, 56). On the other hand, changing CCGTC to AATGA
at the corresponding position in the (4403 promoter region
caused a 1.5-fold increase in expression and deleting the
CCGTC segment abolished promoter activity (53), suggesting
that the segment is an essential spacer between the C box and
the 5-bp element but may not be part of a recognition site for
a sequence-specific DNA-binding protein.

If our hypothesis that a 5-bp element and a C box (and in
some cases the DNA in between) together constitute a recog-
nition site for a transcription factor is correct, it is intriguing
that the Q4499 promoter regions has two such sites in tandem.
The more upstream site is located upstream of the region
typically occupied by RNA polymerase, while the downstream
site overlaps the promoter —35 region. Hence, the upstream
and downstream sites are located at positions occupied by the
E. coli catabolite activator protein (CAP) in class I and class 11
CAP-dependent promoters (6). The basic features of tran-
scription activation at class I and class II CAP-dependent pro-
moters are understood and appear to be generalizable to other
activators. Perhaps one or more transcription factors bind to
the putative two sites in the 24499 promoter region and acti-
vate transcription by contacting RNA polymerase, facilitating
formation of closed and open RNA polymerase-promoter
complexes, as does CAP. According to this model, the C boxes
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centered at —49 bp and 5-bp elements centered at —61 bp in
the Q4400 and 4403 promoter regions would each constitute
a single site located at a position analogous to that occupied by
CAP in class I CAP-dependent promoters. Based on the dif-
ferent effects of mutations in these putative transcription factor
recognition sites (Fig. 3B), we speculate that a family of se-
quence-specific DNA-binding proteins might interact in differ-
ent ways with similar sequences in the three C-signal-depen-
dent promoter regions. Alternatively, a single protein might
bind differently to the putative recognition sites by adopting
different conformations, possibly due to different states of
posttranslational modification, interactions with other pro-
teins, and/or the influence of DNA adjacent to the putative
recognition sites.

The 4499 promoter region shares with (4400 and 4403
promoter regions the requirement for DNA farther upstream,
beyond the 5-bp elements, for full promoter activity. In each
case, these DNA elements are separated from the 5-bp ele-
ments by 5 to 17 bp of DNA in which transversion mutations
have little effect on promoter activity (Fig. 4 and Table 2) (53,
56). Both the Q4499 and (4400 promoter regions contain a
small element near —81 bp that exerts a twofold to fourfold
positive effect on expression. The boundaries of these elements
are not well defined. In the 04499 promoter region, the ele-
ment is defined by a mutation that changes GCCGC to
TAATA at —81 to —77 bp, resulting in a twofold decrease in
promoter activity (Fig. 4 and Table 2). In the 24400 promoter
region, mutations that change GTC to TGA at —86 to —84 bp,
and G to T at —81 bp, result in a fourfold and a twofold
decrease in activity, respectively, defining an element with the
sequence GTCGGG (56). This sequence is not strikingly sim-
ilar to the GCCGC sequence in the 4499 promoter region.
Both are GC rich, but such sequences are common in the
M. xanthus genome with its high (near 70%) G+ C content. In
the Q4403 promoter region, the sequence GGCATGTTCA
from —79 to —70 bp has been called a 10-bp element (53).
Single-base-pair transversions at any position in this element
decrease expression more than twofold, and many abolish ex-
pression completely.

The element from —86 to —81 bp in the Q4400 promoter
region was shown to be responsible, at least in part, for the
partial dependence of the promoter on C-signaling (56). It was
attractive to think that the element from —81 to —77 bp in the
04499 promoter region might play the same role, since activity
of this promoter also depends partially on C-signaling (8, 31).
However, this does not appear to be the case. A segment
lacking 4499 DNA upstream of —71 bp was still C-signal
dependent (Fig. 5). Another candidate sequence to mediate
C-signal dependence of the 4499 promoter was a 9-bp se-
quence centered at —65 bp, which matches a 9-bp sequence
centered at —80 bp in the 4400 promoter region (8). How-
ever, transversion mutations at —80 to —76 bp had little effect
on (4400 promoter activity (56) and, in contrast, mutations at
—67 to —60 bp nearly abolished 4499 promoter activity (Fig.
4 and Table 2), and so despite their similarity, the 9-bp se-
quences function differently. Further studies of the 4499 pro-
moter region will aim to identify and characterize the trans-
acting factors that bind to the important cis-acting DNA
elements defined by our mutational analysis. There do not
appear to be binding sites in the 4499 promoter for an NtrC-
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like activator (42) such as ActB (14), or for the CAP-like
activator MrpC (50), or for protein X (19). Of the putative
M. xanthus transcription factors, FruA (7, 40) is the best can-
didate for a protein that binds to the (4499 regulatory region;
however, FruA has not yet been reported to bind DNA.
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