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When starved, Myxococcus xanthus cells send signals to each other that coordinate their movements, gene
expression, and differentiation. C-signaling requires cell-cell contact, and increasing contact brought about by
cell alignment in aggregates is thought to increase C-signaling, which induces expression of many genes,
causing rod-shaped cells to differentiate into spherical spores. C-signaling involves the product of the csg4
gene. A csgA mutant fails to express many genes that are normally induced after about 6 h into the develop-
mental process. One such gene was identified by insertion of Tn5 lac at site 24406 in the M. xanthus
chromosome. Tn5 lac fused transcription of lacZ to the upstream 4406 promoter. In this study, the 4406
promoter region was identified by analyzing mRNA and by testing different upstream DNA segments for the
ability to drive developmental lacZ expression in M. xanthus. The 5’ end of 24406 mRNA mapped to approx-
imately 1.3 kb upstream of the Tn5 lac insertion. A 1.0-kb DNA segment from 0.8 to 1.8 kb upstream of the Tn5
lac insertion, when fused to lacZ and integrated at a phage attachment site in the M. xanthus chromosome,
showed a similar pattern of developmental expression as Tn5 lac 24406. The DNA sequence upstream of the
putative transcriptional start site was strikingly similar to promoter regions of other C-signal-dependent
genes. Developmental lacZ expression from the 1.0-kb segment was abolished in a csg4 mutant but was restored
upon codevelopment of the csg4 mutant with wild-type cells, which supply C-signal, demonstrating that the
Q4406 promoter responds to extracellular C-signaling. Interestingly, the 0.8-kb DNA segment immediately
upstream of Tn5 lac 24406 inhibited expression of a downstream lacZ reporter in transcriptional fusions
integrated at a phage attachment site in the chromosome but not at the normal Q4406 location. To our
knowledge, this is the first example in M. xanthus of a chromosomal position-dependent effect on gene

expression attributable to a DNA segment outside the promoter region.

Myxococcus xanthus is a gram-negative, primarily soil-dwell-
ing bacterium (6). It moves by gliding over solid surfaces.
Swarms of these bacteria secrete enzymes that lyse prey bac-
teria and degrade macromolecules to provide nutrients. When
nutrients become scarce, cells alter their behavior, piling on
top of one another to form mounds. Within the mounds, cells
differentiate from metabolically active rods to dormant
spheres, resulting in mature, spore-filled fruiting bodies. Out-
side the fruiting bodies, cells differentiate into another type
called peripheral rods (38, 39). Spores are resistant to environ-
mental insults and allow M. xanthus to survive in unfavorable
conditions. When nutrients again become available, spores in
the fruiting body germinate to produce a swarm of rod-shaped
cells capable of growth.

The developmental process of M. xanthus has long been
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studied as a model to understand how cells interact with each
other (reviewed in references 19, 21, 48, and 50). These studies
are of broad significance because many, if not most, bacteria
exist in microbial communities called biofilms, and within bio-
films cells send signals to each other and respond by changing
the expression of certain genes (reviewed in reference 41).
Likewise, M. xanthus cells send signals to each other during
development that coordinate changes in gene expression,
which cause cells to alter their movement, metabolism, and
shape.

M. xanthus mutants defective in signaling were first de-
scribed more than 25 years ago (14), but much remains to be
learned about the molecular mechanisms of signaling and re-
sponse. Among five classes of signaling mutants identified so
far (5, 14), the signaling mechanism is well understood in two
cases, A- and C-signaling. A-signaling involves the production
of extracellular proteases early in development, which release
peptides and amino acids that allow cells to assess the popu-
lation density (reviewed in reference 21). Only if the number of
cells per unit area is sufficient will development proceed. C-
signaling involves the product of the csg4 gene, a 25-kDa
protein that appears to be associated with the outer mem-
brane, where it is thought to be cleaved to a 17-kDa form that
serves as the C-signal (25, 34). Transmission of the C-signal
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requires cell movement (23), possibly to allow cells to make
end-to-end contacts (44). Upon transmission, C-signal modi-
fies the motility behavior of the recipient cell (reviewed in
references 19 and 50). At the population level, a low level of
C-signaling causes rippling (accumulation of cells in parallel
ridges that demonstrate movement in time-lapse microscopy),
a higher level is needed for mound formation, and extensive
cell-cell contacts within mounds, resulting in very high C-sig-
naling, is believed to trigger sporulation (24, 31). Hence, C-
signaling appears to coordinate cell behaviors during the mid-
dle to late stages of development.

Given the importance of A- and C-signaling for morpholog-
ical development to proceed, it is not surprising that many
developmentally regulated genes depend on these signaling
interactions for expression. Many of the developmentally reg-
ulated genes that have been studied were identified by trans-
position of Tn5 lac into the M. xanthus chromosome (28). Tn5
lac can generate a transcriptional fusion between an M. xanthus
promoter and the Escherichia coli lacZ gene (26). Among 21
such fusions to developmentally regulated genes, 18 failed to
be expressed in asg mutants defective in A-signaling (29). The
results suggested that A-signaling is required in the first few
hours of development for the expression of most developmen-
tal genes. The response to A-signaling involves the SasS-SasR-
SasN histidine kinase-response regulator-negative regulator
three-component signal transduction system (59, 60). By mea-
suring expression of Tn5 lac fusions in a csg4 mutant, it was
revealed that C-signaling begins to be required at about 6 h
into development (27). Genes induced after 6 h exhibited ei-
ther reduced expression in a c¢sg4 mutant, or no expression.
This partial or absolute dependence on csg4 for expression
appears to reflect dependence on extracellular C-signaling,
because in every case tested, expression in the csg4 mutant
could be restored by codevelopment with wild-type cells, which
provide C-signal in the mixture (4, 10, 11, 27). Only one com-
ponent of the C-signal transduction pathway is known, FruA
(8, 40). This protein is similar to response regulators of two-
component signal transduction systems. It has a critical aspar-
tate residue that is thought to be phosphorylated in response to
C-signal, although the putative kinase has not been identified.
The direct targets of FruA regulation are also unknown.

Just as rippling, mound formation, and sporulation require
different levels of C-signaling, the expression of different de-
velopmental genes requires distinct threshold levels of C-signal
(24, 31). How the C-signal transduction pathway establishes
such thresholds to ensure proper temporal and spatial regula-
tion of C-signal-dependent genes is an important question.

To investigate the regulation of C-signal-dependent genes,
the promoter regions of several have been identified and char-
acterized. Mutational analyses of the (24403 promoter region
(56), which exhibits absolute dependence on C-signaling (11,
27), and of the Q4400 and Q4499 promoter regions (63, 64),
which exhibit partial dependence (4, 10, 27), have defined
critical cis-acting DNA elements. One motif found in all three
promoter regions is a C box (consensus sequence CAYYCCY,
in which Y means C or T) preceded 6 to 8 bp upstream by a
5-bp element (consensus sequence GAACA) (56, 63, 64). Al-
though these sequences are crucial for the activity of all three
promoters, the pattern of effects on expression of single base
pair mutations in these sequences is different for each of the
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three promoters, indicating that the motif functions differently
in each case. It has been proposed that a family of related
transcription factors might recognize the C box and 5-bp ele-
ment (and in some cases the sequence in between), each bind-
ing to a specific promoter region and activating transcription
(63, 64).

Here, we report the identification of the (4406 promoter
region. Expression of the 24406 promoter depends absolutely
on C-signaling, like that of the (24403 promoter, and both are
expressed with similar timing during development. Interest-
ingly, expression of both depends strongly on the location in
the M. xanthus chromosome. We show that a DNA segment
located 500 to 1,300 bp downstream of the 4406 promoter
inhibits expression of a lacZ reporter when a transcriptional
fusion is integrated into the M. xanthus chromosome by site-
specific recombination at a phage attachment site but not when
the fusion is present at the native (24406 location. We believe
this is the first case in M. xanthus of a chromosomal position-
dependent effect on gene expression attributable to a DNA
segment outside the promoter region. We discuss possible
mechanisms of the position effect, and we discuss the sequence
of the Q4406 promoter region in comparison with other C-
signal-dependent promoter regions.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used in this work are
listed in Table 1.

Growth and development. E. coli cells were grown at 37°C in Luria-Bertani
medium (45) containing 50 pg of ampicillin, 25 pg of kanamycin, or 10 pg of
tetracycline per ml, as necessary. M. xanthus was grown at 32°C in CTT medium
(18) in liquid culture or on agar (1.5%) plates with 40 pg of kanamycin or 12.5
g of oxytetracycline per ml when required. Fruiting body development was
performed on TPM (10 mM Tris-HC], pH 8.0, 1 mM KH,PO,, 8 mM MgSO,
[final pH, 7.6]) agar (1.5%) plates as described previously (28).

Molecular cloning. Recombinant DNA work was performed using standard
techniques (45). Plasmid DNA was prepared from E. coli DH5« or JM83.

To clone the DNA upstream of TnS5 lac (4406, chromosomal DNA was
prepared (30) from M. xanthus DK4294 and digested with Xhol, the fragments
were ligated to Xhol-digested pGEM-7Zf, and the mixture was transformed into
E. coli DHS5a, selecting for both ampicillin resistance (Ap") of the vector and
kanamycin resistance (Km") of the desired insert. One transformant with a
plasmid bearing an insert of the expected size was named pGEM4406. A 3.2-kb
XhoI-BamHI restriction fragment from pGEM4406, including M. xanthus DNA
upstream of (4406, and the left end of Tn5 lac, was gel purified and ligated to
pREG1666 to construct pPREG4406. In this and other subcloning steps described
in Table 1, vectors were digested with the same restriction enzymes used to
produce the fragments, unless noted otherwise below.

To construct pJL30, the 3.2-kb Xhol-BamHI restriction fragment from
pGEM4406 described above was ligated to HindIII-BamHI-digested pGEM-
7Zf, the Xhol and HindIII ends were filled in with the Klenow fragment of DNA
polymerase I, and the blunt ends were ligated.

To construct pPV12K, the BamHI site in the tetracycline resistance (Tc") gene
of pBR322 was changed from GGATCC to GGATTC by site-directed mutagen-
esis using the QuikChange kit (Stratagene), resulting in pKV322m, which lacks
a BamHT site, as verified by DNA sequencing, but still confers Tc" in E. coli. This
plasmid was digested with EcoRI and ligated to a short, synthetic DNA segment
made by annealing LK559 (5'-AATTCCAGCTGAGCGCCGGTCGCTACCAT
TACCAGTTGGTCTGGTGTCAAAAATAA-3') and LK560 (5'-AATTTTATT
TTTGACACCAGACCAACTGGTAATGGTAGCGACCGGCGCTCAGCTG
G-3'). The oligonucleotides were treated with T4 polynuceotide kinase and then
denatured and annealed in buffer (10 mM Tris-HCI, pH 7.9, 50 mM NacCl, 10
mM MgCl,, and 1 mM dithiothreitol) by heating in a boiling water bath for 5 min
and cooling at room temperature for 3 to 5 h, respectively. The resulting DNA
segment was expected to have four-base overhangs (underlined) compatible with
DNA ends generated by digestion with EcoRI. The segment includes 16 codons
downstream of the EcoRI site in the E. coli lacZ gene and a stop codon (bold-
face). A plasmid, pKV322mlacZ, was identified by diagnostic PCR, in which the
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) fgfliz 1;?;3;
Strains
E. coli
DH5« &80 lacZAM15 AlacU169 recAl endAl hsdR17 supE44 thi-1 gyrA relAl 16
IMS83 ara Alac-pro strA thi $80 lacZAM15 36
M. xanthus
DK1622 Wild type 20
DK4294 Tn5 lac (Km") Q4406 28
DK4506 Tn5 lac (Km") 04506 28
MMF107, -108, -109 attB::pREG4406 This work
MIJL100 Tn5 lac (Tc") Q4406 This work
MIJL123-1, -5, -7, -8, -9 Tn5 lac (Tc") Q4406 Q4406::pJL.23 This work
MPV4406-3.2 attB::pPV4406-3.2 This work
MPV4406-2.4 attB::pPV04406-2.4 This work
MPV4406-1.8 attB::pPV04406-1.8 This work
MPV4406-1.0 attB::pPV04406-1.0 This work
MPV1.8-1175 0O4406::pPV1.8-1175 This work
MPV2.4-1175 04406::pPV2.4-1175 This work
MPV4406-2.4SC attB::pPV04406-2.4SC This work
MPV(.74kbins Tn5 lac (Tc") Q4406 orf2::pPV0.74kbins This work
LS203 csgA653 49
MPV1.8C ¢sgA653 attB::pPV04406-1.8 This work
MPV1.0C ¢sgA653 attB::pPV04406-1.0 This work
Plasmids
pGEM-7Zf Ap' laca Promega
pGEM4406 Ap" (pGEM-7Zf)"; 12-kb Xhol fragment from DK4294 This work
pREG1666/pREG1727 Ap" Km" Pl-inc attP 'lacZ 11
pREG4406 Ap" Km" (pREG1666); 3.2-kb Xhol-BamHI fragment from pGEM4406 This work
pJL30 Ap" (pGEM-7Zf); 3.2-kb Xhol-BamHI fragment from pGEM4406 This work
pREG429 Ap" Km"' Pl-inc 13
pJL23 Ap" Km" (pREG429); 3.2-kb Clal-BamHI fragment from pJL30 This work
pUCI19 Ap' laca 61
pJL40 Ap' (pUC19); 1.0-kb Sall-Sall fragment from pJL30 This work
pBR322 Ap" Tc* 3
pKV322m Ap" Tc" (pBR322); a C to T mutation eliminated the BamHI site in pBR322 This work
pKV322mlacZ Ap" Tc" (pKV322m); 3" end of lacZ preceded by a unique EcoRI site This work
pPV12K Ap" Tc" (pKV322mlacZ); 7.6-kb EcoRI fragment containing attP 'lacZ from pREG1727 This work
pPV4406-3.2 Ap" Tc" (pPV12K); 3.2-kb Xhol-BamHI fragment from pJL30 This work
pCR2.1-TOPO Ap" Km" laca Invitrogen
pPV4406-2.4 Ap" Km" (pCR2.1-TOPO); 2.4-kb Q4406 upstream DNA segment generated by PCR This work
pPV04406-2.4 Ap" Tc" (pPV12K); 2.4-kb Xhol-BamHI fragment from pPV4406-2.4 This work
pPV4406-1.8 Ap" Km" (pCR2.1-TOPO); 1.8-kb Q4406 upstream DNA segment generated by PCR This work
pPV04406-1.8 Ap" Tc" (pPV12K); 1.8-kb Xhol-BamHI fragment from pPV4406-1.8 This work
pPV4406-1.0 Ap" Km" (pCR2.1-TOPO); 1.0-kb Q4406 upstream DNA segment generated by PCR This work
pPV04406-1.0 Ap" Tc" (pPV12K); 1.0-kb Xhol-BamHI fragment from pPV4406-1.0 This work
pREG1175 Ap" Km" Pl-inc 'lacZ 12
pPV1.8-1175 Ap" Km" (pREG1175); 1.8-kb XhoI-BamHI fragment from pPV04406-1.8 This work
pPV2.4-1175 Ap" Km" (pREG1175); 2.4-kb Xhol-BamHI fragment from pPV4406-2.4 This work
pPV4406-2.4SC Ap" Km" (pPV4406-2.4); a GTG to TGA mutation changed the putative start codon of This work
orf2 to a stop codon
pPV04406-2.4SC Ap' Tc" (pPV12K); 2.4-kb Xhol-BamHI fragment from pPV4406-2.4SC This work
pPV0.74kbins Ap" Km" (pCR2.1-TOPO); 747-bp segment of orf2 generated by PCR This work

“ The vector is indicated in parentheses.

orientation of the 3’ end of lacZ was the same as the Tc" gene. DNA sequencing
confirmed this orientation, as well as the sequence of the insert and the presence
of an EcoRI site preceding the 3’ end of lacZ. This EcoRI site is unique in
pKV322mlacZ because only LK559 (not LK560) was designed to regenerate an
EcoRI site upon ligation. Plasmid pKV322mlacZ was digested with EcoRI,
treated with calf intestinal phosphatase, gel purified, and ligated to a 7.6-kb
fragment containing a segment from myxophage Mx8 (attP) that promotes site-
specific recombination with the Mx8 a#B site in the M. xanthus chromosome,
followed by a multiple cloning site and a 'trpA lacZ' fusion segment for gener-
ating transcriptional fusions to lacZ. The 7.6-kb fragment had been gel purified
after digestion of pREG1727 with EcoRI, so it was expected to be missing the 3’

end of lacZ. A plasmid, pPV12K, in which the 7.6-kb fragment had inserted in
the correct orientation to produce a full-length lacZ gene was identified by
restriction digestion, and DNA sequencing confirmed that the 3’ end of lacZ was
intact.

Segments of 4406 upstream DNA were amplified by PCR using pJL30 as
template and the following primers: LK805 (5'-GCCTCGAGGAAATCCTCC
AGGTGGCTC-3") and LK757 (5'-GCGGATCCTTCCGAGAATCCTCGTCT
TGC-3") (restriction sites are underlined) to produce the 2.4-kb segment, LK756
(5'-GCCTCGAGGTCGACTCTGGCGAGCTGC-3") and LK801 (5'-TCACAC
AGGAAACAGCTATGAC-3', which is complementary to vector DNA near its
junction with M. xanthus DNA in pJL30, so that a BamHI site at the junction is
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present in the PCR product) to produce the 1.8-kb segment, and LK756 (see
above) and LK757 (5'-GCGGATCCTTCCGAGAATCCTCGTCTTGC-3") to
produce the 1.0-kb segment. These segments were cloned into pCR2.1-TOPO.
The inserts were sequenced, and the sequences matched sequences present in
the Cereon Microbial Sequence Database, which have been transferred to The
Institute for Genomic Research and are available at http://www.tigr.org/tdb/mdb
/mdbinprogress.html. Each insert was subcloned into pPV12K. The 2.4-kb insert
in pPV4406-2.4 was also subjected to site-directed mutagenesis using the
QuikChange kit (Stratagene) to mutate GTG to TGA, changing the putative
start codon of orf2 to a stop codon in pPV4406-2.4SC.

To construct pPV0.74kbins, a 747-bp segment spanning codons 114 to 361 of
predicted orf2 was amplified by PCR using pPV4406-2.4 as template and primers
LK1058 (5'-CCCTCGAGCGTGCCCGTGGTCCCCG-3') and LK1059 (5'-CC
GGATCCCCGGAGTTCAACCCGGAG-3") (restriction sites are underlined).
The PCR product was gel purified, cloned into pCR2.1-TOPO, and verified by
DNA sequencing.

Construction of M. xanthus strains. Strains containing pREG1666 or pPV12K
derivatives integrated at Mx8 attB were constructed by P1 specialized transduc-
tion from the rec® E. coli strain JM83 (13) or by electroporation (22) of the
wild-type M. xanthus strain DK1622 or the csg4 mutant strain LS203. Transduc-
tants and transformants were selected on CTT-kanamycin or CTT-oxytetracy-
cline plates. In the case of pREG4406, transductants containing a single copy of
the plasmid integrated at Mx8 atB were identified by Southern blot hybridiza-
tion. In agreement with previous experience in our laboratory (4, 10, 11, 17), the
majority of transductants had a single copy of the plasmid integrated at Mx8 attB.
Therefore, in the case of other plasmids expected to integrate at Mx8 a#tB, we
employed a simple screen to eliminate colonies with unusual developmental lacZ
expression. At least 10 transformants were transferred to TPM agar plates
containing 40 pg of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal)
per ml. Rare transformants 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 when developmental B-galactosidase activity was measured as described
previously (28).

Strain MJL100 was constructed by transducing bacteriophage P1::Tn5 lac
(Tc") (a gift from R. Gill) into DK4294 with selection for oxytetracycline resis-
tance. Screening for kanamycin-sensitive transductants identified MJL100 in
which the Km" gene was replaced by the Tc" gene, as verified by Southern blot
analysis (4).

MJL123-1, -5, -7, -8, and -9 are Km" T¢" strains resulting from P1 specialized
transduction of pJL23 from E. coli IM83 into M. xanthus MJL100, in which the
plasmid integrated by homologous recombination (single crossover), as verified
by Southern blot analysis.

MPV1.8-1175 and MPV2.4-1175 strains were constructed by electroporation
of wild-type DK1622 with pPV1.8-1175 and pPV2.4-1175, respectively, selecting
for Km". Transformants in which pPV2.4-1175 had integrated by homologous
recombination (single crossover) were identified by diagnostic PCR using chro-
mosomal DNA prepared as described previously (17) as template and primers
LK1150 (5'-CGCGCCCCCGTATCCTC-3") and LK764 (5'-CGGGCCATCCG
CCAGTGG-3"). Transformants in which pPV1.8-1175 had integrated by homol-
ogous recombination were also identified by diagnostic PCR, but the chromo-
somal DNA template was prepared by a new method, and the primers were
LK1304 (5'-GGTCCCCCACATGGACAAG-3') and LK764 (see above). The
new method of DNA preparation involved transferring part of a colony into 20
to 50 wl of 10 mM Tris-HCI, pH 8.5, buffer and mixing to disperse cells; then 20
wl of cell suspension was mixed with 20 ul of Lys-N-GO reagent (Pierce Bio-
technology), the mixture was incubated at 95°C for 5 min, and 5 ul was added to
a 45 pl PCR mixture.

MPV0.74kbins strains were constructed by electroporation of MJL100 with
pPV0.74kbins, selecting for Km*. Transformants in which the plasmid had inte-
grated by homologous recombination were identified by diagnostic PCR using as
template chromosomal DNA prepared by the new method described above and
primers LK1088 (5'-GCCTCGAGGGCTACTCCGGCATCCGC-3") and M13F
(5'-TGTAAAACGACGGCCAGT-3').

DNA sequencing. Plasmid pJL40 was used as a template in sequencing reac-
tions performed by the method of Sanger et al. (46) with a Sequenase kit (United
States Biochemical). Ambiguities arising from premature termination were re-
solved using the protocol of Fawcett and Bartlett (9). 7-Deaza-dGTP reaction
mixtures were used to resolve regions of compression. In this way, we determined
the sequence of the 1.0-kb M. xanthus DNA segment in pJL40. All subsequent
DNA sequencing was performed at the Michigan State University Genomics
Technology Support Facility.

To determine the nature of fusions between M. xanthus DNA and the 'trp-lacZ
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FIG. 1. Physical map of the 4406 insertion region. The diagram
depicts the restriction sites in Tn5 lac (shown as a triangle that is not
drawn to scale with the rest of the map) and the upstream M. xanthus
chromosome that were used in this study. X, Xhol; Sm, Smal; S, Sall;
B, BamHI. Also shown are a putative transcriptional start site (right-
angle arrow) and two ORFs (both oriented left to right) deduced from
the DNA sequence. The numbers above the restriction sites indicate
the distance in kilobases from the Tn5 lac (24406 insertion.

segment in different vectors, we sequenced the junction between the multiple
cloning site and the 'trp-lacZ segment of pREG1727. Based on the description of
its construction (11), the unique BamHI site in the multiple cloning site of
pREG1727 was expected to be joined to 'trpB, but we found that it was instead
joined to 'trpA, with the junction sequence being 5'-GGATCCGGGCAT-3’, in
which the BamHI site is underlined. We inferred that BamHI star activity had
cleaved at the 5'-GATC-3’ sequence that begins at codon 27 of trpA (62), either
during construction of pREG1727 or during construction of pREG1175 (12),
from which the 'trp-lacZ segment in pPREG1727 was derived. Sequencing of
pREG1175 revealed that it has the same BamHI-'trpA4 junction as pREG1727.
Therefore, the loss of the 3" end of #pB and the 5" end of trpA occurred during
construction of pREG1175. Since pPV12K was derived from pREG1727, it also
has the same BamHI-'trpA junction. If DNA is inserted into the BamHI site of
pREG1175, pREG1727, or pPV12K and the DNA contains a promoter and part
of a coding region, an in-frame translational fusion of the coding region to trpA
can result. This might improve expression of the downstream lacZ gene relative
to out-of-frame fusions, for which translation stops shortly after entering trpA,
possibly creating a polar effect on transcription of lacZ (33).

RNA analysis. RNA was prepared as described previously (11). Northern blot
hybridization analysis was performed as described previously (15).

To perform the S1 nuclease protection experiment, a 1.0-kb Sall-Sall fragment
of 04406 upstream DNA was gel purified, phosphatase treated, and 5’ end
labeled with [y-*P]ATP and T4 polynucleotide kinase. The denatured probe was
hybridized to 50 pg of RNA, and the DNA-RNA hybrid was digested with 50 U
of S1 nuclease as described previously (11) to map the 5’ end of the 4406-
associated transcript.

Primer extension analysis was performed as described previously (11) with the
oligonucleotide 5'-CAGCGGTCAGTTCTGAATGAACATCGTGAC-3'.

RESULTS

Cloning DNA upstream of 24406 and testing it for pro-
moter activity. To clone the DNA upstream of the develop-
mentally regulated Tn5 lac insertion 4406, we digested chro-
mosomal DNA from M. xanthus DK4294 with Xhol restriction
enzyme. Based on previous Southern blot hybridization results
(28), the digestion was expected to yield a 12-kb fragment
spanning from a Xhol restriction site located approximately 3
kb upstream of the 24406 insertion to a Xhol site in Tn5 lac
(26) approximately 9 kb from its left end (Fig. 1). This frag-
ment includes the aphll gene encoding aminoglycoside phos-
photransferase, which confers Km" when cloned in E. coli. The
12-kb fragment was cloned as described in Materials and
Methods. Restriction mapping of the resulting plasmid,
pGEM4406 (Table 1), showed the patterns expected on the
basis of restriction sites in DNA upstream of (24406 (28) and
restriction sites in Tn5 lac and the vector. Figure 1 shows the
restriction map of DNA upstream of (4406.

To test 24406 upstream DNA for promoter activity, the
Xhol-BamHI restriction fragment from pGEM4406, which
contains 3.2 kb of M. xanthus DNA and 53 bp of the left end of
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FIG. 2. Developmental expression of Tn5 lac Q4406 compared
with the 3.2-kb (24406 upstream segment fused to lacZ. Developmental
B-galactosidase specific activity was measured as described previously
(28) for TnS lac-containing strain DK4294 (@) and for M. xanthus
DK1622 containing a single copy of the 3.2-kb (24406 upstream DNA
fused to promoterless lacZ within pPREG1666 and integrated at Mx8
attB (m; points are the average for three independent transductants).
B-galactosidase specific activity is expressed in nanomoles of o-nitro-
phenyl phosphate per minute per milligram of protein.

Tn5 lac (Fig. 1), was subcloned into XhoI-BamHI-digested
pREG1666 to construct pREG4406 (Table 1). This plasmid
contains (04406 upstream DNA fused to a promoterless lacZ
gene. The plasmid was transduced from E. coli JM83 into the
wild-type M. xanthus strain DK1622 using bacteriophage P1
specialized transduction (13). Due to the presence of the attP
segment from myxophage Mx8, pREG4406 integrated effi-
ciently into the M. xanthus chromosome at a#tB (51, 52). Trans-
ductants containing a single copy of pREG4406 integrated at
Mx8 attB were identified by Southern blot hybridization (data
not shown). Three of these transductants were assayed for
B-galactosidase activity during development. Figure 2 shows
that the 3.2-kb 4406 upstream DNA segment failed to direct
developmental lacZ expression. This suggested that the 24406
promoter might not be present in the 3.2-kb upstream seg-
ment. Alternatively, the lacZ fusion might not be expressed
when it is located at the MxS8 attB site in the M. xanthus
chromosome. Reduced expression from this location has been
reported previously for transcriptional lacZ fusions to devel-
opmentally regulated promoters (11, 32).

Analysis of 24406 mRNA. To begin to map the 5’ end of the
mRNA responsible for developmental expression of Tn5 lac
04406, different segments of the cloned 3.2-kb Q4406 up-
stream DNA were used as probes in Northern blot hybridiza-
tion experiments. The 2.5-kb Smal-BamHI fragment immedi-
ately upstream of (4406 (Fig. 1) detected a 3.0-kb transcript in
RNA prepared from 24-h developing cells of M. xanthus
DK4506 (Fig. 3, lane 6) but not in RNA prepared from vege-
tatively grown cells of this strain (Fig. 3, lane 5), which contains
Tn)5 lac inserted at a different site (24506) in the chromosome.
Below the 3.0-kb transcript is a smear that includes a faint but
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FIG. 3. Northern blot hybridization analysis of transcripts from the
04406 upstream region. RNA prepared from M. xanthus DK4506
(containing TnS lac Q4506 and no insertion in the 4406 region) (lanes
1,2,5, and 6) or DK4294 (containing Tn5 lac (244006) (lanes 3, 4, 7, and
8) cells grown vegetatively (lanes V) or cells that had undergone 24 h
of development (lanes D) was subjected to gel electrophoresis and
blotting as described in Materials and Methods. Blots were hybridized
with a radioactively labeled Xhol-Smal or Smal-BamHI fragment of
04406 upstream DNA (Fig. 1) as indicated at the top of the figure. The
arrow indicates the 3.0-kb transcript, and the numbers to the left

indicate the length (in kb) of RNA molecular size standards.

distinct signal at approximately 1.9 kb (Fig. 3, lane 6), which
may reflect breakdown products of the 3.0-kb species (see
below). The development-specific 3.0-kb transcript was not
detected in RNA prepared from M. xanthus DK4294 cells
bearing Tn5 lac (24406 (Fig. 3, lane 8), as expected because the
fusion to lacZ would make the mRNA much longer. However,
a longer development-specific transcript was not observed. Ap-
parently, the fusion mRNA was too unstable and/or too het-
erogeneous in size to be detected. A faint smear with a distinct
signal at approximately 1.6 kb was observed (Fig. 3, lane 8),
perhaps due to breakdown products from the 5’ end of the
fusion mRNA (see below).

The 0.7-kb Xhol-Smal fragment from farther upstream of
04406 (Fig. 1) failed to detect any transcripts (Fig. 3, lanes 1 to
4). The failure to observe the development-specific 3.0-kb tran-
script in RNA from DK4506 suggests that the (24406 mRNA 5’
end lies between the Smal site and the site of Tn5 lac 24406
insertion (Fig. 1). The failure to observe the 1.9- and 1.6-kb
transcripts in developmental RNA from DK4506 and DK4294,
respectively, suggests that these transcripts are not derived
from the upstream region between the Xhol and Smal sites
(Fig. 1).

Additional probes were prepared from the 2.5-kb Smal-
BamHI segment (Fig. 1) in an attempt to further define the
location of the 4406 mRNA 5’ end using Northern blot
hybridization experiments. Both a 1.0-kb Sall-Sall fragment
and a 0.8-kb Sall-BamHI fragment produced similar results
(data not shown) as observed for the 2.5-kb Smal-BamHI
fragment (Fig. 3, lanes 5 to 8), except the signals observed with
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FIG. 4. Localization of an mRNA 5’ end within the 4406 up-
stream region. RNA prepared from M. xanthus DK4506 (containing
TnS5 lac Q4506 and no insertion in the (24406 region) (lanes 1 and 2) or
DK4294 (containing Tn5 lac Q4406) (lanes 3 and 4) cells grown veg-
etatively (lanes V) or cells that had undergone 24 h of development
(lanes D) was hybridized to a 1.0-kb Sall-Sall 24406 upstream DNA
fragment (Fig. 1) that had been end labeled. The mixture was digested
with S1 nuclease and analyzed by gel electrophoresis and autoradiog-
raphy. The arrow indicates the major protected DNA species, and the
numbers to the left indicate the length (in bases) of some of the
end-labeled, Mspl-digested pBR322 molecular size standard frag-
ments. The species near the top is undigested 1.0-kb Sall-Sall probe.

the 1.0-kb Sall-Sall probe were weaker than those observed
with the 0.8-kb Sall-BamHI probe. These results suggested
that the 04406 mRNA 5’ end might be located between the
two Sall sites located approximately 1.8 and 0.8 kb upstream of
04406 (Fig. 1). To test this idea, the 1.0-kb Sall-Sall fragment
was end labeled and used as a probe in a low-resolution S1
nuclease mapping experiment. Figure 4 shows that the probe
yielded a major protected species of approximately 500 bases
in length and several minor abundance species when hybrid-
ized to RNA prepared from DK4506 (lane 2) or DK4294 (lane
4) cells that had undergone 24 h of development but not when
hybridized to RNA from vegetatively grown cells (lanes 1 and
3). The 500-base protected fragment suggests that the 4406
mRNA 5’ end lies about 1.3 kb upstream of the site of Tn5 lac
04406 insertion (Fig. 1). Since this protected fragment was
observed with developmental RNA from DK4294, which con-
tains TnS lac 4406, it supports the idea that the 1.6-kb tran-
script detected by Northern blot hybridization (Fig. 3, lane 8)
is a breakdown product from the 5’ end of the fusion mRNA,
especially since samples of the same RNA preparation were
used in both experiments.

DNA sequence of the 4406 region. The nucleotide se-
quence of both strands of the 1.0-kb SalI-Sall fragment (Fig. 1)
that had been used as the probe in the S1 nuclease mapping
experiment (Fig. 4) was determined. A search of M. xanthus
sequences in the Cereon Microbial Genome Database indi-
cated that 4406 is inserted in a contig that may contain two
complete open reading frames (ORFs) (Fig. 1) and two partial
ORFs interrupted by the ends of the contig (data not shown).
Only the complete ORFs are discussed here because both
partial ORFs are oriented in the opposite direction as the
complete ORFs and, therefore, cannot be coexpressed with
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ORF1, into which Tn5 lac Q4406 had inserted (Fig. 1). ORF1
does not exhibit the strong bias toward usage of guanine or
cytosine at the third codon position typical of M. xanthus genes.
Also, the G+C content of the 2.8-kb DNA segment spanning
from the end of ORF2 (Fig. 1) to the end of the partial ORF
downstream of ORF1 is 59%, which is considerably lower than
the 68% G+C content of the partial genome sequence. These
observations may suggest that this DNA segment is a relatively
recent addition to the M. xanthus genome in evolutionary time.
The lack of third codon position GC bias makes the assignment
of the ORF1 translational start codon less certain than for
typical M. xanthus ORFs, but we predict that ORF1 begins with
ATG located 448 bp upstream of the Sall site in orfI (Fig. 1).
This ATG is preceded 5 bp upstream by the sequence AG
GAG, which might serve as a ribosomal binding site. If our
prediction is correct, ORF1 would encode a 692-amino-acid
protein, based on sequence data in the Cereon Microbial Ge-
nome Database. A BLAST search (1) with ORF1 revealed
43% similarity over a 542-amino-acid portion to a Streptomyces
avermitilis hypothetical protein and 40% similarity over a 313-
amino-acid portion to a Bradyrhizobium japonicum protein of
unknown function.

Upstream of ORF1 is another ORF (ORF2) oriented in the
same direction, but ORF2 is unlikely to be cotranscribed with
ORF1 for several reasons. First, the 3.0-kb transcript detected
by Northern blot hybridization with the Smal-BamHI probe
(Fig. 3, lane 6) is not long enough to express both ORF2 and
OREF]1. Second, the Xhol-Smal probe, which includes the 5’
half of ORF2, did not detect the 3.0-kb transcript or any other
transcripts (Fig. 3, lanes 1 to 4). Third, the 5" end of 4406
mRNA appears to be located a short distance upstream of
ORF1 (Fig. 4). Fourth, an inverted repeat sequence followed
by TTTTT is located 40 bp downstream of the ORF2 transla-
tional stop codon. This sequence might serve as a terminator of
transcription proceeding through ORF2. However, the North-
ern blot hybridization experiment with the XholI-Smal probe
provided no evidence that ORF2 is transcribed under the con-
ditions of growth and development we tested (Fig. 3, lanes 1 to
4).

Unlike ORF1, ORF2 does exhibit a strong bias toward usage
of guanine or cytosine at the third codon position, which is
typical for M. xanthus genes. ORF2 is predicted to begin with
a GTG translational start codon, which is preceded 8 bp up-
stream by the sequence GAGGAAA, a potential ribosomal
binding site. A BLAST search (1) with the 488-amino-acid
ORF2 sequence revealed high similarity to histidine ammonia-
lyase (histidase) of diverse organisms. This enzyme is the first
in the histidine catabolic pathway and its synthesis is typically
regulated in response to carbon and nitrogen availability (35),
perhaps accounting for our inability to detect an orf2 transcript
by Northern blot hybridization (Fig. 3, lanes 1 to 4).

Primer extension analysis. The DNA sequence of the 1.0-kb
Sall-Sall fragment (Fig. 1) facilitated the design of a primer for
precise localization of the 24406 mRNA 5" end. When primer
extension analysis was performed using RNA from M. xanthus
wild-type DK1622 cells that had undergone 24 h of develop-
ment, the major product localized the mRNA 5’ end to a
guanine nucleotide located 55 bp upstream of the primer (Fig.
5). Minor abundance extension products that are slightly
longer suggest either heterogeneity in the mRNA 5’ end or the
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FIG. 5. Primer extension analysis of 4406 mRNA. RNA was iso-
lated from wild-type DK1622 cells grown vegetatively (lane 2, 30 ng;
lane 3, 60 pg) or cells that had undergone 24 h of development (lane
4, 30 pg) and used for primer extension analysis. Lane 1 shows a
control reaction to which no RNA was added. The same primer was
used to sequence 4406 upstream DNA. A portion of the DNA se-
quence is indicated at the right. The bold arrow indicates the extension
product that was observed with RNA isolated from 24-h developing
cells but not with RNA from vegetatively grown cells. The inferred
transcriptional start site is indicated by a right-angle arrow.

difficulty of reverse transcriptase reaching the 5’ end. The
major extension product indicates that the mRNA 5’ end is 485
bp upstream of the Sall site in orfl (Fig. 1), which is in good
agreement with the results of the S1 nuclease protection ex-
periment (Fig. 4). No extension product was observed when
the primer was hybridized to RNA prepared from vegetatively
grown cells (Fig. 5, lanes 2 and 3). We conclude that the 24406
mRNA 5’ end is located approximately 37 bp upstream of the
predicted ORF1 translational start codon (Fig. 1). From this 5
endpoint, the 3.0-kb transcript detected by Northern blot hy-
bridization (Fig. 3, lane 6) is predicted to extend nearly 1 kb
beyond the end of ORF1 into the partial ORF located down-
stream, which is in the opposite orientation as ORF1.

Effect of chromosomal position on expression. Our results
suggest that a development-specific transcript might initiate
about 1.3 kb upstream of Tn5 lac Q4406 (Fig. 3 to 5), yet the
3.2-kb upstream segment failed to direct developmental lacZ
expression when integrated at the Mx8 phage attachment site
(attB) in the M. xanthus chromosome (Fig. 2). Certain devel-
opmentally regulated lacZ fusions have been reported previ-
ously to exhibit less expression upon integration at Mx8 attB
than at their native location in the chromosome (11, 32). To
determine whether the (4406 promoter is present on the
3.2-kb segment and expression from the lacZ fusion is subject
to such a position effect, an M. xanthus strain was constructed
to test expression of the lacZ fusion at the native chromosomal
site. A plasmid (pJL23) with 3.2 kb of (24406 upstream DNA
but devoid of Mx8 attB and lacZ was transduced into M. xan-
thus MJL100 containing Tn5 lac 04406-Tc" (in which the Km"
gene was replaced with a Tc" gene to allow selection for the
incoming plasmid). A single homologous recombination event
resulted in the structure depicted at the top of Fig. 6 in which
the downstream copy of the 3.2-kb segment is fused to Tn5 lac
04406-Tc" and is separated from the DNA normally present
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FIG. 6. Developmental lacZ expression from fusions at the native
04406 position in the chromosome. The arrangement of M. xanthus
DNA (thin line) and plasmid vector DNA (thick line) is shown at the
top. The triangle shows the position of Tn5 lac 24406-Tc". The graph
shows the average [-galactosidase specific activity of five indepen-
dently isolated transductants with this structure (m; error bars show 1
standard deviation of the data). As a control, developmental B-galac-
tosidase specific activity was measured for Tn5 lac (24406-Tc"-contain-
ing strain MJL100 (O). B-galactosidase specific activity is expressed in
nanomoles of o-nitrophenyl phosphate per minute per milligram of
protein.

B —galactosidase specific activity

farther upstream by the plasmid vector and the other copy of
the 3.2-kb segment. The graph in Fig. 6 shows that these
transductants exhibited developmental lacZ expression that
was, on average, higher than observed for MJL100 containing
TnS lac Q4406-Tc". The timing of lacZ expression during de-
velopment was similar for the transductants and for MJL100
containing Tn5 lac Q4406-Tc". Taken together with our anal-
ysis of 24406 mRNA, these results strongly suggest that the
promoter responsible for TnS lac 4406 expression is located
about 1.3 kb upstream and that developmental expression of
lacZ is much higher at the native location in the chromosome
than at Mx8 a#tB.

Expression at Mx8 a#B with a different lacZ fusion vector.
We noted that Tn5 lac Q4406-Tc" (Fig. 6) exhibited about
twofold higher developmental lacZ expression than Tn5 lac
04406-Km" (Fig. 2). Although we do not understand the rea-
son for this difference, we constructed a plasmid (pPV12K)
with a Tc" gene rather than a Km" gene located downstream of
lacZ, reasoning that it might result in higher lacZ expression,
as observed for the Tn5 lac fusions. Plasmid pPV12K allows
fusions to be made to lacZ and integration at Mx8 attB, just
like the plasmids with the Km® gene (pREG1666 and
pREG1727) that we have used previously (4, 10, 11, 17, 32, 56,
63, 64), including in the experiment shown in Fig. 2. The 3.2-kb
04406 upstream DNA segment was subcloned into pPV12K in
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FIG. 7. Developmental expression from different segments of
04406 upstream DNA fused to lacZ and integrated at Mx8 attB. The
top part is the physical map of the M. xanthus chromosome in the
vicinity of Tn5 lac Q4406 from Fig. 1. Underneath the map, the seg-
ments tested for promoter activity are indicated. The graph shows the
average [-galactosidase specific activity of three independently iso-
lated transformants (Materials and Methods) with the 3.2-kb (OJ),
2.4-kb (m), 1.8-kb (A), or 1.0-kb (A) segment fused to lacZ in pPV12K.
Error bars show 1 standard deviation of the data. As a control, devel-
opmental B-galactosidase specific activity was measured for Tn5 lac
04406-Tc"-containing strain MJL100 (O). B-galactosidase specific ac-
tivity is expressed in nanomoles of o-nitrophenyl phosphate per minute
per milligram of protein.
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the correct orientation to fuse the putative 24406 promoter to
lacZ, and the plasmid was introduced into M. xanthus to allow
integration at Mx8 atB. The transformants exhibited develop-
mental lacZ expression, which reached a maximum of about 50
units (Fig. 7). This level of expression was well above that
observed for the 3.2-kb segment in pREG1666 (Fig. 2) but only
about 20% of that observed for Tn5 lac 4406-Tc" in the same
experiment (Fig. 7). Nevertheless, the result supports the idea
that the 3.2-kb segment contains the 24406 promoter.
Expression at Mx8 attB of different 24406 upstream DNA
segments. To further localize the 04406 promoter region, we
tested smaller segments of (24406 upstream DNA in pPV12K
after integration at Mx8 attB. Surprisingly, when a 2.4-kb seg-
ment lacking the 0.8-kb segment immediately upstream of
04406 was tested, developmental lacZ expression reached
about 450 units, which is ninefold higher than observed for the
3.2-kb segment and nearly twice that observed for Tn5 lac
04406-Tc" (Fig. 7). The 0.8-kb segment immediately upstream
of Q4406 appeared to strongly inhibit developmental lacZ ex-
pression. In qualitative agreement with this observation, a
1.0-kb segment with the same downstream endpoint as the
2.4-kb segment resulted in threefold higher developmental
lacZ expression than a 1.8-kb segment with the same down-
stream endpoint as the 3.2-kb segment (Fig. 7). We conclude
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that the (24406 promoter is located in the 1.0-kb segment from
0.8 to 1.8 kb upstream of (4406, in agreement with our anal-
ysis of 04406 mRNA (Fig. 3 to 5), and that the 0.8-kb segment
immediately upstream of 4406 inhibits developmental ex-
pression of a downstream lacZ reporter in pPV12K integrated
at Mx8 attB in the M. xanthus chromosome.

A trivial explanation of the inhibition observed for the 0.8-kb
segment would be that it results in a less optimal fusion to the
downstream lacZ reporter. The downstream end of the 0.8-kb
segment includes 53 bp from the left end of Tn5 lac, which has
translation stop codons in all three reading frames (28). This
could conceivably cause a polar effect on expression of the
downstream lacZ gene in the fusions generated with the 3.2-
and 1.8-kb segments. On the other hand, our sequence analysis
of pPREG1727, from which pPV12K was derived, indicated that
the fusions generated with the 2.4- and 1.0-kb segments fuse
orfl in frame with #rpA4 (Materials and Methods), so that trans-
lation is expected to terminate at the end of #pA, near the
ribosome binding site of the downstream lacZ gene. To test
whether such a fusion, when integrated at the native location in
the M. xanthus chromosome, would result in a higher level of
developmental lacZ expression, the 2.4-kb segment was sub-
cloned into pREG1175, fusing orfl in frame with trpA, just as
in pPREG1727 (Materials and Methods). For comparison, the
1.8-kb segment, with translation stop codons in all three read-
ing frames downstream of orfl, was also subcloned into
pREG1175. Since pREG1175 lacks the Mx8 phage attachment
site (attP), it does not integrate at Mx8 a#tB. Rather, transfor-
mants were identified in which homologous recombination oc-
curred between the 2.4- or 1.8-kb segment of M. xanthus DNA
in the plasmid and the corresponding segment of the chromo-
some, generating the structures depicted at the top of Fig. 8.
The transformants expressed lacZ at a similar level during
development (Fig. 8). These results do not support the idea
that the 2.4-kb segment simply creates a better fusion for
expression of lacZ than the 1.8-kb segment, as an explanation
for the results shown in Fig. 7. The 0.8-kb segment immediately
upstream of (4406 does not appear to inhibit developmental
lacZ expression from fusions recombined at the native site in
the chromosome (Fig. 6 and 8), in contrast to the effect of the
0.8-kb segment on expression of fusions at Mx8 attB (Fig. 2 and
7). We conclude that inhibition by the 0.8-kb segment of de-
velopmental expression from the 4406 promoter fused to a
downstream lacZ reporter depends on chromosomal position
(see Discussion).

Effect of orf2 on expression of orfl. Since the 0.8-kb segment
immediately upstream of 24406 did not appear to inhibit de-
velopmental lacZ expression from the fusion generated by
insertion of Tn5 lac, it was puzzling that expression from Tn5
lac Q4406-Tc" was about half of that from the 2.4-kb segment
in pPV12K integrated at Mx8 a#tB (Fig. 7). On the other hand,
the 1.0-kb segment in pPVI12K integrated at Mx8 attB ex-
pressed lacZ during development at a comparable level as Tn5
lac Q4406-Tc" (Fig. 7). One difference between the 1.0- and
2.4-kb segments is that orf2 appears to be intact in the 2.4-kb
segment. Based on our predicted translation start codon for
orf2, the upstream end of the 2.4-kb segment is just upstream
of the putative ribosome binding site for orf2. Therefore, it was
possible that expression of orf2 from the plasmid integrated at
MxS8 attB was increasing expression of orfI and the downstream
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FIG. 8. Developmental expression from /acZ integrated by homol-
ogous recombination near the (4406 insertion site in the M. xanthus
chromosome. The arrangement of M. xanthus DNA (thin line) and
plasmid vector DNA (thick line) after recombination of pREG1175
derivatives bearing the 2.4-kb (top) or 1.8-kb (bottom) segment (Fig. 7
shows the position of these segments relative to the site of TnS lac
04406 insertion). The triangle indicates the site of the {14406 insertion
as a reference point (Tn5 lac Q4406 is not present). The starred Xhol
site is not normally present in the chromosome at the indicated posi-
tion but was designed into the primer used to synthesize the 1.8-kb
segment. The graph shows the average B-galactosidase specific activity
of three independently isolated transformants with the structure at the
top (m) or bottom (<) (Materials and Methods). B-galactosidase
specific activity is expressed in nanomoles of o-nitrophenyl phosphate
per minute per milligram of protein. Error bars show 1 standard
deviation of the data.

lacZ reporter. To test this possibility, we used site-directed
mutagenesis to replace the translation start codon of orf2 with
a stop codon in the 2.4-kb segment. This segment was sub-
cloned into pPV12K, the plasmid was transformed into wild-
type M. xanthus DK1622, and developmental lacZ expression
was measured from three transformants expected to have the
plasmid integrated at Mx8 a#tB (Fig. 9A). Expression was re-
duced, reaching a maximum of only about 120 units, compared
with about 450 units for the wild-type 2.4-kb segment. This
result suggests that expression of orf2 from the 2.4-kb segment
in pPV12K integrated at Mx8 a#tB boosts the level of devel-
opmental lacZ expression.

Does expression of orf2 boost expression of orfI at the native
location in the M. xanthus chromosome? To address this ques-
tion, we disrupted orf2 by plasmid integration in the chromo-
some of M. xanthus containing Tn5 lac Q4406-Tc'. An internal
segment of the predicted 488-codon orf2, from codon 114 to
361, was amplified by PCR and cloned into a plasmid with a
Km" gene, and the plasmid (pPV0.74kbins) was transformed
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FIG. 9. Effect of orf2 on developmental expression of orfl-lacZ
fusions. (A) Developmental expression from the wild-type 2.4-kb
04406 upstream DNA segment (®) or its derivative with a stop codon
mutation in orf2 (OJ), fused to lacZ in pPV12K and integrated at Mx8
attB. Average B-galactosidase specific activity is shown for three inde-
pendently isolated transformants (Materials and Methods). (B) Devel-
opmental lacZ expression from Tn) lac (4406-Tc" (inserted in orfI) in
M. xanthus with orf2 disrupted by plasmid integration. The arrange-
ment of M. xanthus DNA (thin line) and plasmid vector DNA (thick
line) is shown at the top. The triangle shows the position of Tn5 lac
04406-Tc". The graph shows the average B-galactosidase specific ac-
tivity of three independently isolated transformants with this structure
(m) (Materials and Methods). As a control, developmental B-galacto-
sidase specific activity was measured for Tn5 lac (24406-Tc"-containing
strain MJL100 (O). In both panels, B-galactosidase specific activity is
expressed in nanomoles of o-nitrophenyl phosphate per minute per
milligram of protein, and error bars show 1 standard deviation of the
data.
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FIG. 10. C-signal dependence of developmental lacZ expression
from the 24406 promoter. The average B-galactosidase specific activity
of three independently isolated transformants (Materials and Meth-
ods) with the 1.0-kb (solid lines) or 1.8-kb (dashed lines) 4406 up-
stream DNA segment fused to lacZ in pPV12K and integrated at Mx8
attB of wild-type DK1622 (@) or csgA mutant LS203 in the absence (A)
or presence (A) of an equal number of wild-type DK1622 cells (lacking
lacZ but capable of C-signaling). B-galactosidase specific activity is
expressed in nanomoles of o-nitrophenyl phosphate per minute per
milligram of protein, and error bars show 1 standard deviation of the
data.

into M. xanthus MJL100 (Materials and Methods). Three
transformants in which the plasmid integrated by homologous
recombination, resulting in the structure depicted at the top of
Fig. 9B, were identified by diagnostic PCR, and developmental
lacZ expression was measured. The graph in Fig. 9B shows that
the plasmid insertion in orf2 had very little effect on lacZ
expression from Tn5 lac 04406-Tc" during development. This
result suggests that the boost in orfI expression caused by orf2
expression from plasmids integrated at Mx8 a#B is artifactual.
Indeed, orf2 might not be expressed at its native site in the
chromosome during development, since we failed to detect
mRNA with a probe spanning the 5’ half of orf2 by Northern
blot hybridization of RNA from 24-h developing cells (Fig. 3,
lanes 2 and 4).

Effect of C-signaling on expression from the 4406 pro-
moter. Since orf2 had little effect on expression from the 4406
promoter at its native location in the chromosome (Fig. 9B),
we focused on the 1.0- and 1.8-kb segments, which contain the
04406 promoter, but not intact orf2 (Fig. 7), to determine
whether developmental lacZ expression from plasmids inte-
grated at Mx8 a#tB depends on C-signaling. Previously, it was
shown that developmental expression from Tn5 lac Q4406 is
abolished in csg4 mutant cells that fail to make C-signal (27).
Figure 10 shows that developmental lacZ expression from plas-
mids containing the 1.0- or 1.8-kb segment was also abolished
in csg4 mutant cells. When these csg4 mutants were mixed
with an equal number of wild-type M. xanthus DK1622 to
supply the extracellular C-signal during codevelopment, ex-
pression from both the 1.0- and 1.8-kb segments was restored
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to the level observed for those segments in the wild-type back-
ground (Fig. 10). These results demonstrate that the Q4406
promoter is regulated by extracellular C-signaling both in the
presence and in the absence of the 0.8-kb segment immediately
upstream of 4406, which inhibits developmental lacZ expres-
sion from the pPV12K derivative containing the 1.8-kb seg-
ment integrated at Mx8 at#tB of the csg4 mutant.

DISCUSSION

We have localized the 4406 promoter region to a DNA
segment located 0.8 to 1.8 kb upstream of Tn5 lac insertion
Q4406. The 5’ end of a 3.0-kb development-specific mRNA
transcript mapped to the center of this 1.0-kb DNA segment,
suggesting that the (24406 promoter is about 1.3 kb upstream
of Tn5 lac 4406. Sequencing of the 1.0-kb DNA segment and
primer extension analysis of the mRNA (Fig. 5) precisely lo-
calized the 5’ end. Mutational analysis has confirmed that the
5" end reflects the transcriptional start site of the 4406 pro-
moter (55). However, we discovered that expression of a lacZ
reporter fused transcriptionally to the (4406 promoter de-
pends strongly on the position of the fusion in the M. xanthus
chromosome. Expression from a 3.2-kb segment of DNA up-
stream of Tn5 lac (24406 was normal at the native location in
the chromosome (Fig. 6), but undetectable at a phage attach-
ment site, Mx8 a#tB (Fig. 2). By constructing a new lacZ fusion
vector with a different antibiotic resistance gene (Tc"), we were
able to detect developmental lacZ expression from a fusion to
the 3.2-kb segment integrated at Mx8 attB, but a much higher
level of expression was observed when the 0.8-kb segment
immediately upstream of Q4406 was deleted (Fig. 7). The
inhibitory effect of the 0.8-kb segment on developmental lacZ
expression from fusions integrated at Mx8 a#tB has also been
demonstrated with a vector (pREG1727) bearing a Km* gene
(55). In contrast, the 0.8-kb segment does not inhibit develop-
mental expression of lacZ from fusions integrated by homolo-
gous recombination at the native (4406 site (Fig. 6 and 8).
Taken together, our results indicate that the 0.8-kb segment
mediates a chromosomal position-dependent effect on expres-
sion of a downstream lacZ reporter.

Reduced expression from transcriptional lacZ fusions inte-
grated at Mx8 attB, relative to identical fusions located at their
native location in the M. xanthus chromosome, has been re-
ported previously (11, 32), but this is the first case in which the
effect has been shown to be attributable to a DNA segment
outside the promoter region. Li and Shimkets (32) found that
11 kb of DNA upstream of Tn5 lac (4435 was insufficient for
full developmental lacZ expression when the fusion was inte-
grated at Mx8 attB. Since expression from the fusion at Mx8
attB was about half that for Tn5 lac 24435 and since the strain
with the fusion at Mx8 a#B has a second copy of the (24435
promoter region, it is possible that titration of a limiting tran-
scription factor, rather than a chromosomal position effect,
accounts for the difference in expression. On the other hand,
Fisseha et al. (11) observed fourfold lower developmental ex-
pression of fusions between 24403 upstream DNA (up to 17
kb) and lacZ when located at Mx8 a#tB, compared with a fusion
generated at the native chromosomal site by insertion of Tn5
lac. Also, integration of a plasmid 17 kb upstream of TnJ5 lac
04403 Tc" only slightly reduced (less than twofold) develop-
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4400 -68 ggagcgaacagtccca -53
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4406 -69 ggacagaaccgtctca -54

FIG. 11. Alignments of the 24406 promoter region with the promoter regions of other C-signal-dependent M. xanthus genes. The program
BESTFIT in the Wisconsin GCG sequence analysis software was used to detect the best alignment between the 4406 promoter region (—100 to
—1) and the Q4403 (11), 24499 (10), or 04400 (4) promoter region (—100 to —1). Nucleotides in bold caused a greater than twofold change in
developmental promoter activity when mutated singly or in combination with a few adjacent nucleotides (56, 63, 64). The 7-bp C-box sequences

and the 5-bp elements are underlined.

mental lacZ expression. This strain had two copies of the 17-kb
segment, separated by vector sequences, analogous to the
structure depicted at the top of Fig. 6. Hence, titration of a
limiting transcription factor by a second copy of the 4403
promoter region could only account for a slight reduction in
expression, not the fourfold effect seen for fusions integrated
at Mx8 attB. Therefore, it was speculated that expression of
lacZ fused to the 4403 promoter might be partially silenced
at Mx8 attB by a localized effect on chromatin structure, similar
to that observed for yeast (Saccharomyces cerevisiae) mating
type switching, the telomere position effect, and rRNA gene
silencing (reviewed in reference 43). While these mechanisms
involve histone hypoacetylation and M. xanthus does not have
histones, similar mechanisms in bacteria may involve histone-
like proteins, orthologs of the yeast Sir2p histone deacetylase,
and proteins that bind to partitioning sequences (42). It was
noted that other fusions that depend less strongly on C-signal-
ing escaped inhibition at Mx8 a#tB, so it was further speculated
that C-signaling leads to an altered chromosomal state of DNA
integrated at Mx8 a#tB, partially inhibiting expression of genes
that depend strongly on C-signaling (11). Our results contra-
dict this latter speculation. Expression of lacZ fused to the
1.0-kb segment containing the (4406 promoter, when inte-
grated at Mx8 a#tB, depends absolutely on C-signaling (Fig.
10), yet expression in wild-type cells is comparable to that
observed for Tn5 lac Q4406 (Fig. 7). Clearly, the Q4406 pro-
moter escapes inhibition at Mx8 a#B when the 0.8-kb segment
immediately upstream of Q4406 is not present. It remains
possible that a localized effect on chromatin structure explains
chromosomal position-dependent expression of lacZ fusions to
the Q4403 promoter (11). Perhaps the 24403 promoter region
is permissive for silencing, while the 1.0-kb 4406 promoter
region is resistant to silencing. In the context of this model,
perhaps the 0.8-kb segment immediately upstream of Q4406
contains one or more sequences that facilitate attainment of a
chromatin structure that impedes initiation or elongation of
transcription from the (04406 promoter when it is located at
Mx8 attB. Alternatively, one or more sequences within the
0.8-kb segment might cause termination of transcription or
instability of the mRNA; however, these explanations would

require that termination factors or RNases, respectively, be
present at higher concentrations in the vicinity of Mx8 attB
than Q4406, in order to account for the dependence on chro-
mosomal position. It will be interesting to determine whether
the inhibitory effect of the 0.8-kb segment can be localized to
a smaller segment, whether it depends on orientation and
distance relative to the upstream (4406 promoter and the
downstream lacZ reporter, and whether it would affect a dif-
ferent promoter.

Our primary interest in the (4406 promoter region was to
understand its dependence on csgA for developmental expres-
sion. It was shown previously that expression from Tn5 lac
04406 is abolished in csg4 mutant cells under conditions of
development (27). Here, we showed not only that expression
from the 1.0-kb segment containing the Q4406 promoter is
abolished in csg4 mutant cells but also that expression is re-
stored upon codevelopment of the csg4 mutant cells with an
equal number of wild-type cells, which provide C-signal (Fig.
10). This demonstrates that developmental lacZ expression
from the Q4406 promoter depends on extracellular C-signal-
ing.

Inspection of the (4406 promoter region reveals striking
similarity to other C-signal-dependent promoter regions (Fig.
11). The —72 to —32 bp segment of the Q4406 promoter
region is 78% identical to the —67 to —31 bp segment of the
04403 promoter region, if two small gaps are allowed in the
latter sequence. Like the 4406 promoter, developmental lacZ
expression from the 4403 promoter depends absolutely on
C-signaling (11, 27). The region of similarity spans two DNA
elements shown by mutational analysis to be important for
04403 promoter activity, a C box (consensus sequence CAY
YCCY, in which Y means C or T), CATCCCT, centered at
—49 bp, and a 5-bp element (consensus sequence GAACA),
GACCG, centered at —61 bp (56). In the alignment shown in
Fig. 11, the Q4406 sequence diverges from the (4403 C-box
sequence, and from the C-box consensus sequence, at the last
three positions. Single base pair transversion mutations at two
of these positions (Fig. 11, boldface residues) nearly abolished
04403 promoter activity (56). It will be interesting to see if
single base pair changes in the CATCGTG sequence centered
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at —52 bp in the (4406 promoter region have a dramatic effect
on promoter activity. The sequence downstream of the C box
is also important for (24403 promoter activity (56, 57), and the
04406 sequence is similar in this region, making it a logical
target for mutational analysis. Upstream, the 04406 sequence
has two potential 5-bp elements, GAACC, centered at —62 bp,
and GGACA, centered at —67 bp. It also has a sequence,
GGCGTTTCA, centered at —86 bp (not shown in Fig. 11),
that resembles a 10-bp element, GGCATGTTCA, centered at
—74.5 bp in the 4403 promoter region, which is essential for
promoter activity (56).

Impressive similarity between the 4499 and 4406 pro-
moter regions also begins at about —70 bp, but it extends
farther downstream than in the case of the (04403 promoter
region (Fig. 11). Three gaps are present in the alignment, so
blocks of identical sequence are present at similar but not
identical positions in the 4499 and 4406 promoter regions.
The two gaps in the Q4406 sequence overlap with C boxes
centered at —55 (CATTCCC) and —33 bp (CATTCCT) in the
04499 promoter region, which have been shown by mutational
analysis to be important for promoter activity (64). Each C box
in the Q4499 promoter region is preceded by a 5-bp element
(GGACA and GAACT centered at —69 and —46 bp, respec-
tively) that is also important for promoter activity (64). The
04406 promoter region has an identical 5-bp sequence,
GGACA, centered at —67 bp, as the 5-bp element centered at
—69 bp in the Q4499 promoter region (Fig. 11). A multiple
base pair change of CCGG to AATT at —63 to —60 bp re-
duced 04499 promoter activity to 5% of the wild-type level
(64), and the Q4406 sequence matches this sequence at three
positions in the alignment (Fig. 11). Downstream, the two
promoter regions show two identical 8-bp sequence blocks
(CGTGCGCC and TCCCATGC); however, only a few muta-
tions have been made in this part of the 4499 promoter
region (64). Expression from the 4499 promoter occurs ear-
lier during development and does not depend as strongly on
C-signaling, in comparison to the Q4406 promoter (10, 27)
(Fig. 10). We hope to understand these differences by using the
sequence analysis to guide mutational studies of the 4406
promoter region and identify the proteins that regulate tran-
scription.

Like the Q4499 promoter, the 24400 promoter drives ex-
pression earlier, and it does not depend as strongly on C-
signaling as expression from the Q04406 promoter (4, 27) (Fig.
10). Nevertheless, the —68 to —53 bp segment of the 4400
promoter region is 75% identical to the —69 to —54 bp seg-
ment of the (24406 promoter region (Fig. 11). This segment of
the Q4400 promoter region includes a 5-bp element, GAACA,
centered at —61 bp, and downstream sequence, both of which
are important for developmental promoter activity, based on
mutational analysis (63). The segment also includes upstream
sequence, which did not appear to be important for 4400
promoter activity, in contrast to the corresponding sequence in
the 04499 promoter region. We conclude that the 24406 pro-
moter region exhibits striking blocks of similarity to sequences
that have been shown to be important for activity of other
C-signal-dependent promoters.

Another noteworthy feature of the 24406 promoter region
sequence is a 39-bp segment with an imperfect inverted repeat
(=101 TCATTCTGTGCGGCGTTTCAGGGAAACCGCAC
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GGACAGA —63). The downstream end of the segment in-
cludes one of the potential 5-bp elements, GGACA, centered
at —67 bp, and part of the other, GAACC, centered at —62 bp,
in a region with similarity to other C-signal-dependent pro-
moter regions (Fig. 11). The palindrome could be a binding
site for a dimeric DNA-binding protein that regulates tran-
scription from the 4406 promoter.

TnS lac Q4406 is inserted near the middle of orfI (Fig. 1), yet
it causes no detectable defect in aggregation or sporulation
(28). This is not unusual. Many developmentally regulated
genes play a subtle role not evident under laboratory condi-
tions or are functionally redundant with other genes (7, 28).
The predicted amino acid sequence of ORF1 provides no clue
about its function since it shows significant similarity only to
proteins of unknown function. Upstream of orfl and in the
same orientation is orf2, predicted to encode histidase. We did
not detect expression of orf2 during growth or at 24 h of
development, using Northern blot analysis (Fig. 3). The gene
might be expressed under different growth conditions or at a
different time during development, as it is typically regulated in
response to carbon and nitrogen availability in other organisms
(35). If so, transcription of orf2 is unlikely to proceed down-
stream through orfl. First, there appears to be a transcription
terminator located 40 bp downstream of the ORF2 transla-
tional stop codon. Second, disruption of orf2 by plasmid inte-
gration had little effect on expression of orf (Fig. 9B). On the
other hand, expression of orf2 from a plasmid integrated at
Mx8 attB, presumably due to readthrough transcription from a
promoter in the plasmid or in the M. xanthus chromosome near
MxS8 attB, appeared to boost the level of developmental ex-
pression from a lacZ reporter fused to orfl (Fig. 7). The finding
that a nonsense mutation in the putative start codon of orf2
eliminated the increased expression of the orfl-lacZ fusion
(Fig. 9A) suggests that ORF2 protein, when produced aber-
rantly, might somehow boost expression of the downstream
lacZ reporter. Alternatively, the readthrough transcription
presumed to express orf2 from a plasmid integrated at Mx8
attB might not terminate downstream of orf2, boosting expres-
sion of the downstream lacZ reporter, and the nonsense mu-
tation might cause a polar effect. In any case, orf2 expression
does not appear to boost orf1 expression at the normal location
in the chromosome, since orf2 disruption had little effect on
orfl-lacZ expression (Fig. 9B).

In summary, we have identified the (24406 regulatory region
and demonstrated that it responds to extracelluar C-signaling.
The Q4406 promoter region has blocks of similarity to se-
quences that have been shown to be important for activity of
other C-signal-dependent promoters. Mutational analysis can
be used to test whether these sequences define DNA elements
important for (04406 promoter activity. Identification of pro-
teins that directly regulate (24406 transcription is an important
future goal. We also discovered a 0.8-kb segment located 500
to 1,300 bp downstream of the 24406 promoter that mediates
chromosomal position-dependent inhibition of a downstream
lacZ reporter. This may provide an avenue to understand po-
sition effects on gene expression in bacteria, which have fre-
quently been described (2, 37, 54) but seldom understood, with
the exceptions that proximity to the chromosomal origin of
replication can increase expression during growth due to in-
creased gene copy number (47) and proximity to sequences



VoL. 187, 2005

involved in chromosomal partitioning can determine whether
expression occurs in spolllE mutants of Bacillus subtilis that
fail to translocate 70% of one copy of the chromosome into the
forespore during endosporulation (53, 58). Since neither of
these mechanisms would explain the position effect mediated
by the 0.8-kb segment uncovered in this study, perhaps it fa-
cilitates attainment of a chromatin structure that impedes ex-
pression, as has been proposed for gene silencing near parti-
tioning sequences in E. coli (42).
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