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ABSTRACT 22 

 23 

Bacterial-derived polyketide and non-ribosomal peptide natural products are crucial sources of 24 

therapeutic agents and yet little is known about the conditions that favor activation of natural 25 

product genes or the regulatory machinery that controls their transcription. Recent findings 26 

suggest that the σ54 system, which includes σ54-loaded RNA polymerase and transcriptional 27 

activators called enhancer binding proteins (EBPs), might be a common regulator of natural 28 

product genes. Here, we explore this idea by analyzing four putative σ54 promoters identified 29 

in the sequences of Myxococcus xanthus natural product gene clusters. We show that mutations 30 

in the putative σ54-RNA polymerase binding regions reduce in vivo promoter activities during 31 

growth and development. We also show that the EBP Nla28 is important for the in vivo 32 

activities of three natural product promoters, that Nla28 binds to wild-type fragments of these 33 

promoters in vitro, and that in vitro binding is lost when the putative Nla28 binding sites are 34 

mutated. These results indicate that the natural product promoters are bona fide σ54 promoter 35 

elements and three are direct targets of Nla28. Interestingly, the vast majority of experimentally 36 

confirmed and putative σ54 promoters in M. xanthus natural product clusters are located within 37 

genes and not in intergenic sequences. 38 

  39 



INTRODUCTION 40 

The σ54 regulatory system modulates transcription of a wide variety of bacterial genes. One 41 

crucial component of this regulatory system is the σ54 protein, which directs RNA polymerase 42 

to conserved DNA sequences located in the -12 and -24-bp regions of σ54 promoter elements1,2.  43 

Enhancer binding proteins (EBPs), which are transcriptional activators, are also crucial for the 44 

normal function of the σ54 regulatory system. Namely, EBPs are ATPases that use the energy 45 

from ATP hydrolysis to help σ54 -RNA polymerase form an open promoter complex and initiate 46 

transcription3-5. Bacteria typically have one gene for σ54, but often have multiple genes for EBPs; 47 

each EBP works with σ54 to regulate a subset of σ54 promoters, which the EBP identifies via 48 

specific tandem repeat sequences or enhancer elements6,7. Interestingly, the tandem repeat 49 

binding sites of EBP dimers are typically located 80- to 150-bp upstream of the -24 and -12 50 

regions of σ54 promoters; hence, it seems likely that many σ54 promoters have intrinsically 51 

curved DNA sequences or binding sequences for DNA bending proteins, as EBP dimers 52 

directly contact σ54 -RNA polymerase8-10. 53 

 54 

EBPs generally contain three domains: an N-terminal signaling domain, a central ATPase 55 

domain that is responsible for ATP hydrolysis and transcriptional activation, and a C-terminal 56 

DNA-binding domain (DBD) that recognizes a specific DNA sequence7. Typically, the N-57 

terminal signaling domain modulates the ATPase activity of the EBP in response to an 58 

intracellular or extracellular signal. In some cases, the N-terminal domain binds directly to a 59 

signaling molecule. However, the N-terminal domain of most EBPs is modified (eg., by 60 

phosphorylation) by a signal transduction partner such as a histidine kinase sensor that detects 61 

the signal11. Because σ54-RNA polymerase requires the energy from EBP-catalyzed ATP 62 

hydrolysis to initiate transcription and the EBP’s ATPase activity is controlled by signal input, 63 

the σ54 system is able to tightly control transcription of its target genes.  64 

 65 

Historically, σ54 was viewed as specialized regulatory system that was mainly dedicated to 66 

transcription of genes involved in nitrogen assimilation or nitrogen fixation12,13. In recent years 67 



however, it has become clear that the σ54 system is important for transcription of many types of 68 

bacterial genes. For example, the σ54 system in Escherichia coli modulates transcription of 69 

genes involved amino acid transport, the response to reactive nitrogen species and the phage 70 

shock response14-16. In Caulobacter crescentus, Pseudomonas putida and Vibrio cholerae the 71 

σ54 system regulates genes that are important for flagellar biosynthesis and motility17-20, and in 72 

Pseudomonas aeruginosa the σ54 system is implicated in transcription of genes involved in 73 

quorum sensing, biofilm formation and virulence21-23.  74 

 75 

The σ54 system in the soil bacterium Myxococcus xanthus has been studied extensively and has 76 

some rare properties. Namely, M. xanthus is one of the rare bacterial species in which the σ54 77 

system has been linked to growth in nutrient rich conditions. For example, inactivation of the 78 

nla4 or nla18 EBP gene severely impairs M. xanthus growth in nutrient rich media24-26. 79 

Presumably, the relatively slow growth of the nla4 mutant and nla18 mutant is due at least in 80 

part to a relatively low level of the intracellular starvation signal (p)ppGpp.   81 

 82 

M. xanthus also has an unusually large repertoire of 53 EBP genes27. All of the EBPs were 83 

characterized a number of years ago and many of the EBPs were implicated in motility24,28,29 84 

and in starvation-induced biofilm formation24,29-35, which yields spore-filled aerial structures 85 

called fruiting bodies. Six of the EBPs that begin functioning in the early to middle stages of 86 

biofilm development, which is also known as fruiting body development, form a regulatory 87 

cascade29. This EBP cascade is reminiscent of the sigma factor cascade that controls the 88 

sequential stages of spore development in Bacillus subtilis36, as pairs of EBPs functioning at 89 

one stage of development directly activate transcription of an EBP gene important for the next 90 

developmental stage. 91 

 92 

Nla28 is one of the early-functioning developmental EBPs that participates in the 93 

transcriptional cascade. A putative tandem repeat promoter binding site for Nla28 dimers was 94 

identified and analyzed using bioinformatics and experimentation29,42. The consensus Nla28 95 



binding site [CT(C/G)CG(C/G)AG consensus half site], which was generated from these 96 

studies, was subsequently used to search the M. xanthus genome sequence for Nla28 target 97 

promoters/genes located outside the EBP cascade27. A number of these putative Nla28 target 98 

promoters are located in natural product gene clusters. This was an intriguing finding, as it was 99 

previously suggested that the σ54 system might be a key regulator of polyketide (PK) and non-100 

ribosomal peptide (NRP) natural product genes in M. xanthus, and in bacteria in general, based 101 

on bioinformatics37. 102 

 103 

Here, we present a study of four putative σ54 promoters that are located in natural product gene 104 

clusters in M. xanthus, which is a major producer of bacterial natural products. We show that 105 

mutations in the -12, -24 and spacer regions of three of the putative σ54 promoters substantially 106 

reduce their in vivo activities in growing and developing cells, a finding that supports their 107 

designation as σ54 promoter elements and indicates that the σ54 promoters are responsible for 108 

most of the observed activities. When similar mutations were generated in the fourth putative 109 

natural product σ54 promoter, the in vivo activity in growing and developing cells is only 110 

modestly reduced. We suggest that the fourth natural product promoter is a σ54 promoter 111 

element, but likely only a minor contributor to the observed developmental and growth-related 112 

activities; an unidentified promoter element (or elements) is the major contributor to these 113 

activities. In additional studies, we generated mutations in the putative tandem repeat Nla28 114 

binding sites in the former three σ54 promoters and found that the in vivo activities are 115 

substantially reduced in growing and developing cells. Moreover, we found that the in vivo 116 

developmental and growth-related activities of the promoters are substantially reduced in a 117 

nla28 mutant. Finally, we show that the purified DNA binding domain of Nla28 (Nla28-DBD) 118 

binds to promoter fragments carrying a putative Nla28 tandem repeat binding site and that 119 

Nla28-DBD binding is lost when one repeat is mutated. Taken together, these findings indicate 120 

that the natural product promoters, which were originally identified via bioinformatics, are bona 121 

fide σ54 promoter elements and that three are direct targets of the EBP Nla28. These findings 122 

also provide support for the idea that the σ54 system plays an important role in the regulation of 123 



PK and NRP natural product genes in M. xanthus. Interestingly, putative σ54 promoters are 124 

abundant in M. xanthus natural product gene clusters and the vast majority are located within 125 

genes and not in intergenic sequences. 126 

 127 

  128 



MATERIALS AND METHODS 129 

Bacterial strains, plasmids and media. Bacterial strains and plasmids used in the study are 130 

listed in Table S1. M. xanthus strains were grown at 32℃ in CTTYE broth [1% Casitone, 0.2% 131 

yeast extract, 10 mM Tris (pH 8.0), 1 mM KH2PO4 (pH 7.6), 8 mM MgSO4] or on CTTYE 132 

plates containing 1.5% agar. Fifty μg/ml of kanamycin or 10 μg/ml of tetracycline were added 133 

to CTTYE broth and CTTYE agar plates as needed. CTT soft agar (CTTSA), which is used to 134 

plate electroporated M. xanthus cells, contains 1% Casitone, 10 mM Tris (pH 8.0), 1.0 mM 135 

KH2PO4 (pH 7.6), 8.0 mM MgSO4, and 0.7% agar. Submerged culture development of M. 136 

xanthus strains were carried out 24-well polystyrene plates containing in 100 µl of MC7 buffer 137 

[10 mM morpholinepropanesulfonic acid (MOPS; pH 7.0), 1 mM CaCl2]. Unless otherwise 138 

stated, E. coli strains were grown in Luria-Bertani (LB) broth [0.5% yeast extract, 1% tryptone, 139 

1% NaCl) or on LB plates containing 1.5% agar. LB broth and LB plates were supplemented 140 

with 100 μg/ml of ampicillin,50 μg/ml of kanamycin or 10 μg/ml of tetracycline as needed. 141 

For Nla28-DBD expression, E. coli strains were grown in rich LB broth [0.5% yeast extract, 1% 142 

tryptone, 0.5% NaCl, 0.2% glucose] supplemented with 100 μg/ml of ampicillin.  143 

 144 

M. xanthus growth and development. M. xanthus strains were grown by inoculating cells into 145 

flasks containing CTTYE broth and incubating the cultures at 32℃ with vigorous swirling. 146 

Development was induced as previously described24. Briefly, M. xanthus cells were grown in 147 

CTTYE broth until the cultures reached a density of approximately 5 x 108 cells/ml, the cells 148 

were pelleted, the supernatant was removed, and the cells were resuspended in MC7 buffer to 149 

a density of 5 x 109 cells/ml. Forty µl aliquots of the cell suspensions were placed into 150 

polystyrene plate wells containing 100 µl of MC7 buffer and the polystyrene plates were 151 

transferred to a 32°C incubator for 24 hours. 152 

 153 

Standard DNA procedures. Chromosomal DNA from wild-type M. xanthus strain DK1622 154 

was extracted using ZYMO Research gDNA extraction kit. Oligonucleotides used in PCR 155 

reactions were synthesized by Integrated DNA Technologies (IDT) and are listed in Table S2. 156 



Plasmid DNA was extracted using the Promega Nucleic acid purification kit. Amplified and 157 

digested DNA fragments were purified using the Gel Extraction Minipreps kit of Bio Basic. 158 

For all kits, the manufacturer’s protocols were used. The compositions of all plasmids and 159 

promoter fragments were confirmed by DNA sequencing (Genewiz).  160 

 161 

Site-directed mutations. Site-directed mutations in putative σ54 promoter elements were 162 

generated using the Quick Lightning Mutagenesis Kit from Agilent Technologies and the 163 

manufacturer’s protocol. Briefly, promoter fragments containing the putative σ54-RNA 164 

polymerase binding site in the -12 and -24 regions and the upstream Nla28 tandem repeat 165 

binding site were cloned into pCR 2.1 TOPO vector (Invitrogen). Mutations in the -12 region, 166 

the -24 region, the spacer between the -12 and -24 regions or in one half of Nla28 binding site 167 

were generated using primers carrying the appropriate nucleotide changes (Table S2), plasmids 168 

containing the promoter fragments and PfuUltra DNA polymerase. Parental plasmid DNA was 169 

removed by digesting with DpnI and transformed into E. coli for conversion into duplex form.  170 

Plasmid-borne promoter mutations were verified by DNA sequence analysis. Promoter 171 

fragments carrying Nla28 binding site mutations (PEM1286, PEM1579 and PEM3778) were synthesized 172 

by IDT; the first putative Nla28 half binding site in each promoter was changed to 173 

AAAAAAAA. The mutant promoter fragments were then subcloned into the promoterless lacZ 174 

expression vector pREG172738, introduced into M. xanthus strains and analyzed as described 175 

below.  176 

 177 

In vivo analysis of wild-type and mutant promoters. Wild-type and mutant MXAN1286, 178 

MXAN1603, MXAN1286 and MXAN3778 promoter fragments were cloned into the 179 

promoterless lacZ expression vector pREG1727 to create lacZ transcriptional fusions38. The 180 

plasmids were introduced into strain DK1622 or a derivative of strain DK1622 carrying an 181 

insertion in the nla28 gene, and cells carrying a plasmid integrated at the Mx8 phage attachment 182 

site in the chromosome were identified via PCR. The in vivo activities of wild-type and mutant 183 

promoters were determined by measuring the specific activities of β-galactosidase in cells 184 



developing in submerged cultures for 1, 2, 6, 12 or 24 hours, or growing in CTTYE broth for 185 

various amounts of time39,40.  186 

 187 

Expression and purification of Nla28-DBD. A fragment of the nla28 gene corresponding to 188 

the Nla28 DNA binding domain (Nla28-DBD)29 was PCR amplified using gene-specific 189 

primers (Table S2), and then cloned into the pMAL-c5x vector. The resulting plasmid, which 190 

creates an N-terminal Maltose Binding Protein (MBP) fusion to Nla28-DBD, was introduced 191 

into E. coli strain BL21 (DE3) using electroporation. Cells containing the Nla28-DBD 192 

expression plasmids were grown in rich LB broth to a density of 2 x 108 cells/ml. Protein 193 

expression was induced by the addition of 0.3 mM IPTG to the culture and the subsequent 194 

incubation of the culture for 12 hours at 15 ℃. Cells were pelleted via centrifugation and 195 

resuspended in 25 ml column buffer (20 mM Tris-HCl, 200 mM NaCl, 1mM EDTA, 5 U/ml 196 

DNase I) per liter of culture. The resuspended cells were lysed by a combination of freeze-197 

thawing and sonication, and pelleted by centrifugation. The crude extract (supernatant) 198 

containing Nla28-DBD was diluted by adding 125 ml of cold column buffer to every 25 ml 199 

aliquot of crude extract. Nla28-DBD was purified by loading diluted crude extract onto amylose 200 

columns and eluting with column buffer containing 10 mM maltose. The MBP tag was cleaved 201 

by mixing purified Nla28-DBD with Factor Xa, and Nla28-DBD was subsequently 202 

concentrated using Amicon Ultra centrifugal filter units (EMD Millipore). SDS-PAGE and 203 

Bradford assays were used to estimate the purity and concentration of Nla28-DBD. 204 

 205 

Electrophoretic mobility shift assays (EMSAs). Purified Nla28-DBD was expected to bind 206 

to wild-type MXAN1286, MXAN1579 and MXAN3778 promoter fragments carrying a 207 

putative Nla28 tandem repeat binding site. Using the 5’Cy5-labelled oligonucleotides shown in 208 

Table S2, Cy5-labelled MXAN1286, MXAN1579 and MXAN3778 promoter fragments (Cy5-209 

P1286, Cy5-P1579 and Cy5-P3778) were generated via PCR; each promoter fragment contained a 210 

putative wild-type Nla28 binding site. Three mutant derivatives of these 5’ Cy5-labelled 211 

promoter fragments (Cy5-Pmut1286, Cy5-Pmut1579 and Cy5-Pmut3778) were synthesized; the first 212 



putative Nla28 half binding site in each promoter was changed to AAAAAAAA. All PCR-213 

generated and synthesized promoter fragments were gel-purified and used in subsequent 214 

EMSAs. In EMSA reactions, 2mM purified Nla28-DBD was incubated with 1.0 nM of 5’ Cy5-215 

labelled wild-type promoter fragment (Cy5-P1286, Cy5-P1579 and Cy5-P3778) or 5’ Cy5-labelled 216 

mutant promoter fragment (Cy5-Pmut1286, Cy5-Pmut1579 and Cy5-Pmut3778) in EMSA buffer 217 

(25 mM Tris/acetate, 8.0 mM magnesium acetate, 10 mM KCl, 1.0 mM DTT, pH 8.0) for 30 min 218 

at 30 °C. The samples were then analyzed using PAGE under non-denaturing conditions and 219 

imaged using a Bio-Rad imager. 220 

  221 



RESULTS 222 

Identifying putative σ54 promoter elements in M. xanthus natural product gene clusters. 223 

In a previous study37, the algorithm developed by Studholme et al.41 was used to examine 224 

whether the σ54 system might be a common regulator of bacterial natural product genes. Namely, 225 

180 annotated PK and NRP gene clusters from 58 bacterial species were analyzed for sequences 226 

that closely match the σ54 promoter consensus in the -12 region and in the -24 region (ie., the 227 

regions of σ54-RNA polymerase binding). The results, which uncovered 124 clusters with at 228 

least one σ54 promoter based on consensus matching, supported the idea that the σ54 system 229 

might be a general regulator of bacterial natural product genes.   230 

 231 

The goal of the work presented here was to examine whether a major producer of bacterial 232 

natural products (M. xanthus) uses the σ54 system for transcription of PK and NRP gene clusters, 233 

as predicted in the bioinformatics analysis of Stevens et al.37. We focused on the putative σ54 234 

promoters of the MXAN1286, MXAN1579, MXAN1603 and MXAN3778 natural product loci, 235 

as these loci were also identified as potential targets of the EBP Nla2829,42; 8-bp repeat 236 

sequences, which are close matches to the consensus Nla28 half binding site, were identified 237 

upstream of the putative −12 and -24 regions (Figure 1). It is notable that six of the eight 238 

putative Nla28 half binding sites and three of the four putative σ54-RNA polymerase binding 239 

sites are located within protein coding sequences. Indeed, residence in an intragenic region is 240 

common among the putative PK and NRP σ54 promoters identified in the M. xanthus genome 241 

(Figure 2, Table S3 and Figure S1), and among the σ54 promoters known to be regulated by the 242 

EBP Nla2829,42. It is also noteworthy that many of the putative σ54 promoter elements are 243 

located within operons; they might serve as internal promoters (Figure 2, Table S3 and Figure 244 

S1).  245 

 246 

Mutations in the putative -12 region, -24 region or spacer region impair the in vivo 247 

activities of natural product promoters. σ54 promoters typically have a GC dinucleotide in 248 

the −12 region and a GG dinucleotide in the −24 region1,2. These dinucleotides and the 4-bp 249 



spacer between the -12 and -24 regions are often referred to as the hallmarks of σ54 promoters. 250 

Indeed, the putative σ54 promoters in the MXAN1286, MXAN1579 and MXAN1603 natural 251 

product loci appear to have these hallmarks (Figure 1). As for the σ54 promoter identified in the 252 

MXAN3778 locus, one hallmark variation is apparent. Namely, the -24 region has GA instead 253 

of a GG dinucleotide. Despite this variation in -24 region dinucleotide, MXAN3778 was 254 

classified as a potential σ54 promoter, as a 1-bp change in either the GC or GG dinucleotide has 255 

been identified in a number of characterized σ54 promoters, including the σ54 promoters in the 256 

M. xanthus asgE, spi and nla6 loci29,43-45.  257 

 258 

To confirm that the natural product loci have bona fide σ54 promoter elements, we analyzed the 259 

putative σ54 promoter hallmarks via mutational analysis. In particular, a 446-bp DNA fragment 260 

of the MXAN1286 promoter region, a 402-bp fragment of the MXAN1579 promoter region, a 261 

518 bp fragment of the MXAN1603 promoter region and a 600-bp fragment of the MXAN3778 262 

promoter region were used to generate the hallmark mutations. We should note that the 263 

MXAN1286 promoter fragment contains both of the putative σ54 promoters shown in Table S3 264 

and Figure S1 and the MXAN1579 promoter fragment contains all three of the putative σ54 265 

promoters shown in Table S3 and Figure S1. However, we focused the mutational analysis on 266 

the putative σ54 promoter that is closest to the MXAN1286 gene and the putative σ54 promoter 267 

that is closest to the MXAN1579 gene, as these promoters have all of the σ54 promoter 268 

hallmarks1,2. The hallmark mutations that we generated are the following: the GC dinucleotide 269 

in the −12 region was replaced with a TT, the GG (GA in MXAN3778) dinucleotide in the −24 270 

region was replaced with a TT, or 1 bp in the spacer between the −12 and −24 regions was 271 

deleted. Subsequently, wild-type and mutant promoter fragments were fused to the 272 

promoterless lacZ gene in plasmid pREG172738 and the lacZ transcriptional fusion plasmids 273 

were introduced into wild-type M. xanthus strain DK1622 (the plasmids integrated at the Mx8 274 

phage attachment site in the chromosome).   275 

 276 



Wild-type and mutant promoter activities during growth in CTTYE broth and fruiting body 277 

development in MC7 starvation buffer were inferred from the levels of lacZ expression. As 278 

shown in Figure 3A-C, the in vivo activities of the MXAN1286, MXAN1579 and MXAN3778 279 

promoters increased about 4.6-fold, 1.8-fold and 2-fold, respectively, during growth in CTTYE 280 

broth. It is notable that peak levels of promoter activity occurred at the highest cell densities, 281 

which correspond to stationary phase and presumably nutrient depletion. This of course agrees 282 

with the data shown in Figures 3D-F, which revealed a 1.8- to 2.5-fold increase in the vivo 283 

activities of the three promoters during development in MC7 starvation buffer. Mutations in the 284 

-12 region, the -24 region and spacer dramatically reduced (about 3.2- to 11.1-fold) the 285 

activities of these promoters at all cell densities during growth and time points in development. 286 

Thus, mutations in the putative sites of σ54-RNA polymerase binding substantially impacted the 287 

activities of the MXAN1286, MXAN1579 and MXAN3778 promoters in growing and 288 

developing cells, supporting the prediction that the three natural product loci use σ54 promoter 289 

elements for transcription.  290 

 291 

In contrast to the other promoters, the MXAN1603 promoter only showed a slight increase 292 

(about 1.3-fold) in activity during growth in CTTYE (Figure 4A) and during development in 293 

MC7 starvation buffer (Figure 4B). Furthermore, mutations in the -12 region, the -24 region 294 

and the spacer caused a modest, but statistically significant decrease in promoter activity at all 295 

cell densities during growth and time points during development (Figure 4). Thus, mutations in 296 

the putative σ54-RNA polymerase binding site in the MXAN1603 promoter region only had a 297 

modest impact on growth-related and developmental activities. Our interpretation of this result 298 

is that the MXAN1603 operon uses a σ54-type promoter element, but this promoter only makes 299 

a minor contribution to developmental and growth-related transcription. Of course, it is possible 300 

that the σ54 promoter is a major contributor to transcription of the MXAN1603 operon under 301 

different conditions.   302 

 303 



The in vivo activities of natural product promoters are impacted by inactivation of the 304 

nla28 gene. EBPs are essential for transcription at σ54 promoters, as EBP-mediated ATP 305 

hydrolysis opens the σ54-RNA polymerase promoter complex so that transcription can initiate3-306 

5. Since the σ54 promoters in the MXAN1286, MXAN1579, and MXAN3778 loci were 307 

identified as potential targets of Nla28, we determined whether the activities of wild-type 308 

promoter fragments are reduced as predicted in a mutant containing an inactivated nla28 gene24 309 

(Note that the MXAN1603 σ54 promoter was not analyzed further because it is unlikely to be 310 

the primary promoter used during growth or development). MXAN1286, MXAN1579, and 311 

MXAN3778 promoter activities in wild-type and nla28 mutant cells grown in CTTYE broth 312 

are shown in Figure 5A-C. As predicted, inactivation of nla28 abolished the growth phase 313 

regulation of all three promoters and caused about 3.1- to 4-fold reduction in peak promoter 314 

activities at the highest cell densities.  Inactivation of nla28 also abolished the developmental 315 

activities of the promoters, as the promoters did not show the typical increases in activities 316 

when nla28 cells were placed in MC7 starvation buffer (Figures 5D-F). Indeed, the peak 317 

developmental promoter activities in nla28 mutant cells were reduced about 3.4- to 5.0-fold 318 

relative to the corresponding peak activities in wild-type cells. These findings indicate that 319 

Nla28 is crucial for the observed growth-related and developmental activities of the 320 

MXAN1286, MXAN1579, and MXAN3778 natural product promoters. 321 

 322 

Mutations in putative Nla28 half sites impact the in vivo activities of natural product 323 

promoters. As noted above, we identified 8-bp repeat sequences, which are close matches to 324 

the consensus Nla28 half binding site [CT(C/G)CG(C/G)AG], in the σ54 promoters under study 325 

here (see Figure 1). To examine whether the σ54 promoters are directly regulated by Nla28 and 326 

to further confirm that the promoters are members of the σ54 family, mutations were generated 327 

in the putative Nla28 binding sites in the MXAN1286, MXAN1579, and MXAN3778 promoter 328 

fragments noted above. Namely, the distal (relative to the -12 and -24 regions) Nal28 half 329 

binding site in each promoter fragment was converted to all A nucleotides (Figure 6). Wild-330 

type and mutant promoters were introduced into wild-type strain DK1622 and promoter 331 



activities during growth in CTTYE broth and development in in MC7 starvation buffer were 332 

determined (Figure 6). The data revealed that Nla28 binding site mutations abolish the growth 333 

phase regulation of all three promoters (Figures 6A-C). Indeed, the peak mutant promoter 334 

activities, which were observed at the highest cell density, were reduced about 2.6- to 5-fold 335 

compared to that of the corresponding wild-type promoter.  Similarly, wild-type MXAN1286, 336 

MXAN1579, and MXAN3778 promoters showed increased activities during development and 337 

the Nla28 binding site mutations abolished this developmental regulation (Figures 6D-F). 338 

Furthermore, the peak developmental activities of the mutant promoters were reduced from 339 

about 2.8- to 4.8-fold. These findings are consistent with the idea that Nla28 directly regulates 340 

the MXAN1286, MXAN1579, and MXAN3778 σ54 promoters, that the 8-bp repeats that we 341 

identified are Nla28 binding sites and that Nla28 is crucial for growth-related and 342 

developmental promoter activities. 343 

 344 

Purified Nla28-DBD binds to natural product promoter fragments carrying a wild-type 345 

Nla28 binding site, but not to fragments carrying a mutated Nla28 binding site. 346 

Electrophoretic mobility shift assays (EMSAs) were used to confirm that the MXAN1286, 347 

MXAN1579, and MXAN3778 natural product promoters are targets of the Nla28 EBP. In 348 

particular, we used EMSAs to determine whether the purified DNA binding domain of Nla28 349 

(Nla28-DBD) is capable of binding a fragment of the MXAN1286 promoter, MXAN1579 350 

promoter, and MXAN3778 promoter. Each promoter fragment, which corresponded to DNA 351 

upstream of -12 and -24 regions, contained a putative binding site for a Nla28 dimer. As shown 352 

in Figure 7, Nla28-DBD is capable of binding to a MXAN1286, MXAN1579 and MXAN3778 353 

promoter fragment that has a Nla28 binding site. However, when the distal Nla28 half binding 354 

site in each promoter fragment was converted to all A nucleotides, no Nla28-DBD binding was 355 

detected (Figure 7). These findings provide further support that the Nla28 EBP directly 356 

regulates the σ54 promoter elements of the MXAN1286, MXAN1579 and MXAN3778 natural 357 

product loci and that the tandem repeats that we identified in the σ54 promoter elements are 358 

Nla28 binding sites.  359 



DISCUSSION 360 

For decades, bacterial-derived PK and NRP natural products have been a crucial source of 361 

therapeutic agents such as antibiotics and yet little information about the regulation of these 362 

genes has been uncovered. In a notable study in 2012, Volz et al showed that two M. xanthus 363 

EBPs (HsfA and MXAN4899) are capable of binding to fragments of natural product gene 364 

promoters46. With this information and the preliminary data from Nla28 studies in mind, 365 

Stevens et al. asked if the σ54 system might be a common regulator natural product genes37. 366 

Namely, a bioinformatics analysis was used to search for putative σ54 promoters in the 367 

sequences of 180 PK or NRP gene clusters from 58 bacterial species. The results, which 368 

revealed that about 70% of natural product gene clusters have at least one putative σ54 promoter, 369 

suggested that the σ54 system might indeed be a common regulator of natural product genes.   370 

 371 

One of the goals of this study was to analyze the bioinformatics data experimentally and the 372 

putative natural product promoter targets of Nla28 seemed particularly well suited for such a 373 

study, given our knowledge of Nla28-mediated regulation. Furthermore, M. xanthus is an 374 

excellent system to study natural product gene regulation, as this bacterium is a major producer 375 

of PKs and NRPs and over 80 putative σ54 promoters were identified in the PK and NRP gene 376 

clusters of strain DK162237 (Table S3 and Figure S1).   377 

 378 

Here, we provide evidence that four of the promoters in M. xanthus natural product gene 379 

clusters are indeed targets of the σ54 system. First, we showed that mutations in the putative 380 

σ54-RNA polymerase binding regions reduced the in vivo activities of the natural product 381 

promoters during growth and development (Figures 3A-F). Interestingly, the impact of the 382 

mutations on the growth-related and developmental activities of the MXAN1579, MXAN3778 383 

and MXAN1286 promoters were different than that of the MXAN1603 promoter; the mutations 384 

had dramatic impacts on the activities of the MXAN1579, MXAN3778 and MXAN1286 385 

promoters, but only a modest impact on the activity of the MXAN1603 promoter. Hence, it 386 

seems that σ54-RNA polymerase is crucial for the observed activities of the MXAN1286, 387 



MXAN1579 and MXAN3778 promoters, but makes only a minor contribution to the observed 388 

activities of the MXAN1603 promoter. 389 

 390 

We also found that Nla28 and the putative Nla28 binding site are crucial for the growth-related 391 

and developmental activities of the MXAN1579, MXAN3778 and MXAN1286 promoters 392 

(Figures 5 and 6). These finding suggest that the natural product promoters, which appear to 393 

be σ54 promoters, are in vivo targets of the Nla28 EBP. In additional studies, we showed that 394 

purified Nla28-DBD binds to promoter fragments that contain a wild-type Nla28 binding site, 395 

but not to promoter fragments with one mutated Nla28 half site (Figure 7), further supporting 396 

Nla28’s direct role in modulating the activities of the σ54 promoters of MXAN1579, 397 

MXAN3778 and MXAN1286.   398 

 399 

Previous work indicated that the Nla28 EBP is a response regulator that forms a two component 400 

signal transduction system with the membrane-bound histidine kinase sensor Nla28S47,48. 401 

Nla28 begins modulating gene expression in the early stages of starvation-induced fruiting 402 

body development24,29,42, which led to the suggestion that the Nla28/Nla28S signal transduction 403 

system might be a general regulator of starvation-induced or stress-responsive genes48. The 404 

findings presented here are consistent with this idea. In particular, the MXAN1579, 405 

MXAN3778 and MXAN1286 natural product promoters, which are likely to be direct targets 406 

of Nla28, are induced in the early-middle stages of fruiting body development (Figures 3D-F 407 

and Figure 4B). Furthermore, the peak promoter activities in CTTYE broth were observed at 408 

the highest cell densities, which correspond to stationary phase and presumably nutrient 409 

depletion (Figures 3A-C).   410 

 411 

It is interesting that the -12 and -24 regions (putative σ54-RNA polymerase binding sites) of 412 

three of the four natural product σ54 promoters that we characterized are located within the 413 

coding sequences of genes (intragenic) and not in intergenic regions (Figure 1). In the 414 

MXAN1286 and MXAN1603 loci, the -12 and -24 regions are located in the coding sequence 415 



of the first gene of an operon and in the 5’ end of a single gene, respectively.  In the other case 416 

(MXAN3778), the -12 and -24 regions are located in the coding sequence of an upstream gene 417 

(Figure 1). With the exception of MXAN1603, the Nla28 binding sites of the natural product 418 

promoters are also intragenic, located in the coding sequence of an upstream gene (Figure 1). 419 

These findings are counter to the commonly held belief that bacterial promoter elements are 420 

typically located in intergenic regions49-51, but are supported by additional pieces of 421 

bioinformatic and experimental data. First, the vast majority of the putative natural product σ54 422 

promoters listed in Table S3 have -12 and -24 regions that are intragenic. Secondly, the majority 423 

of the characterized σ54 promoter targets of the M. xanthus EBP Nla6 are intragenic, located in 424 

coding sequence of an upstream gene45. Thirdly, the vast majority of the developmental σ54 425 

promoter targets of the EBP Nla28, which we recently characterized, are located in the coding 426 

sequence of an upstream gene or appear to be internal operon promoters29,42. Together, these 427 

results suggest that σ54 promoter elements might indeed be commonly located in intragenic 428 

regions. Of course, further experimental characterization of σ54 promoters is needed, but these 429 

findings do raise interesting questions. For example, are other types of bacterial promoters 430 

commonly located in intragenic regions and how do intragenic promoters evolve given the 431 

constraints of being located in protein coding sequence? Indeed, we argue that addressing such 432 

questions is important, as the answers might impact some long-held assumptions about 433 

bacterial promoters.  434 

  435 
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FIGURE LEGENDS 600 

FIGURE 1. The promoter regions of the MXAN1286, MXAN1579, MXAN1603 and 601 

MXAN3778 natural product loci. Nucleotides the match those in the consensus Nla28 602 

binding site or the consensus σ54 RNA polymerase binding site are relatively large. The 603 

conserved GC dinucleotide in -12 region and the conserved GG dinucleotide in -24 region of 604 

the putative σ54 RNA polymerase binding sites are in bold. The underlined nucleotides represent 605 

the spacers between the two half Nla28 binding sites or the spacers between -12 and -24 606 

promoter regions.  607 

 608 

FIGURE 2. Location of putative PK/NRP σ54 promoters identified in the M. xanthus 609 

genome. Of the 83 putative PK/NRP σ54 promoters identified in M. xanthus genome sequence, 610 

74 (89%) are located in protein coding sequences (intragenic promoters) and 9 (11%) are 611 

located in non-coding sequences (intergenic promoters). Of the 74 intragenic promoters, 43 are 612 

located within a protein coding sequence in an operon or within the protein coding sequence of 613 

a single gene (internal promoters), and 31 are located in the protein coding sequence of an 614 

upstream gene (upstream promoters).  615 

 616 

FIGURE 3. In vivo activities of wild-type MXAN1286, MXAN1579 and MXAN3778 617 

promoters and derivatives of the promoters carrying a mutation in the putative -12 region, 618 

-24 region or spacer region. Wild-type and mutant fragments of the MXAN1286, MXAN1579 619 

and MXAN3778 promoters were cloned into a lacZ expression vector and transferred to the 620 

wild-type M. xanthus strain DK1622. At various cell densities during growth (A-C) and time 621 

points during development (D-F), β-galactosidase-specific activities (defined as nanomoles of 622 

ONP produced per minute per milligram of protein) in cells carrying a wild-type or a mutant 623 

promoter fragment were determined. Mean β-galactosidase specific activities derived from 624 

three biological replicates are shown. Error bars represent standard deviations of the means. 625 

 626 



FIGURE 4. In vivo activities of the wild-type MXAN1603 promoter and derivatives of the 627 

promoter carrying a mutation in the putative -12 region, -24 region or spacer region. 628 

Wild-type and mutant fragments of the MXAN1603 promoter were cloned into a lacZ 629 

expression vector and transferred to the wild-type M. xanthus strain DK1622. At various cell 630 

densities during growth (A) and time points during development (B), β-galactosidase-specific 631 

activities in cells carrying a wild-type or a mutant promoter fragment were determined. Mean 632 

β-galactosidase specific activities derived from three biological replicates are shown. Error bars 633 

represent standard deviations of the means. 634 

 635 

FIGURE 5. In vivo activities of the MXAN1286, MXAN1579 and MXAN3778 promoters 636 

in wild-type and nla28
- cells. Fragments of the MXAN1286, MXAN1579 and MXAN3778 637 

promoters were cloned into a lacZ expression vector and transferred to the wild-type M. xanthus 638 

strain DK1622 or to a derivative of strain DK1622 with an inactivated nla28 gene. At various 639 

cell densities during growth (A-C) and time points during development (D-F), β-galactosidase-640 

specific activities in cells carrying a wild-type or a mutant promoter fragment were determined. 641 

Mean β-galactosidase specific activities derived from three biological replicates are shown. 642 

Error bars represent standard deviations of the means. 643 

 644 

FIGURE 6. In vivo activities of MXAN1286, MXAN1579 and MXAN3778 promoters 645 

containing a wild-type or mutated Nla28 binding site. Fragments of the MXAN1286, 646 

MXAN1579 and MXAN3778 promoters were cloned into a lacZ expression vector and 647 

transferred to the wild-type M. xanthus strain DK1622. At various cell densities during growth 648 

(A-C) and time points during development (D-F), β-galactosidase-specific activities in cells 649 

carrying a wild-type or a mutant promoter fragment were determined. Mean β-galactosidase 650 

specific activities derived from three biological replicates are shown. Error bars represent 651 

standard deviations of the means. 652 

 653 



FIGURE 7. EMSAs performed with Nla28-DBD and a MXAN1286, MXAN1579 or 654 

MXAN3778 promoter fragment carrying a wild-type or mutated Nla28 binding site. 655 

Binding reactions were performed with (+) or without (-) 2 μM of purified Nla28-DBD and a 656 

Cy5 end-labeled promoter fragment containing a wild-type (WT) or mutated (Mut) Nla28 657 

binding site.  658 

 659 



Figures

Figure 1

The promoter regions of the MXAN1286, MXAN1579, MXAN1603 and MXAN3778 natural product loci.
Nucleotides the match those in the consensus Nla28 binding site or the consensus σ54 RNA polymerase
binding site are relatively large. The conserved GC dinucleotide in -12 region and the conserved GG
dinucleotide in -24 region of the putative σ54 RNA polymerase binding sites are in bold. The underlined
nucleotides represent the spacers between the two half Nla28 binding sites or the spacers between -12
and -24 promoter regions.



Figure 2

Location of putative PK/NRP σ54 promoters identi�ed in the M. xanthus genome. Of the 83 putative
PK/NRP σ54 promoters identi�ed in M. xanthus genome sequence, 74 (89%) are located in protein coding
sequences (intragenic promoters) and 9 (11%) are located in non-coding sequences (intergenic
promoters). Of the 74 intragenic promoters, 43 are located within a protein coding sequence in an operon
or within the protein coding sequence of a single gene (internal promoters), and 31 are located in the
protein coding sequence of an upstream gene (upstream promoters).



Figure 3

In vivo activities of wild-type MXAN1286, MXAN1579 and MXAN3778 promoters and derivatives of the
promoters carrying a mutation in the putative -12 region, -24 region or spacer region. Wild-type and
mutant fragments of the MXAN1286, MXAN1579 and MXAN3778 promoters were cloned into a lacZ
expression vector and transferred to the wild-type M. xanthus strain DK1622. At various cell densities
during growth (A-C) and time points during development (D-F), β-galactosidase-speci�c activities (de�ned
as nanomoles of ONP produced per minute per milligram of protein) in cells carrying a wild-type or a
mutant promoter fragment were determined. Mean β-galactosidase speci�c activities derived from three
biological replicates are shown. Error bars represent standard deviations of the means.

Figure 4



In vivo activities of the wild-type MXAN1603 promoter and derivatives of the promoter carrying a
mutation in the putative -12 region, -24 region or spacer region. Wild-type and mutant fragments of the
MXAN1603 promoter were cloned into a lacZ expression vector and transferred to the wild-type M.
xanthus strain DK1622. At various cell densities during growth (A) and time points during development
(B), β-galactosidase-speci�c activities in cells carrying a wild-type or a mutant promoter fragment were
determined. Mean β-galactosidase speci�c activities derived from three biological replicates are shown.
Error bars represent standard deviations of the means.

Figure 5

In vivo activities of the MXAN1286, MXAN1579 and MXAN3778 promoters in wild-type and nla28- cells.
Fragments of the MXAN1286, MXAN1579 and MXAN3778 promoters were cloned into a lacZ expression
vector and transferred to the wild-type M. xanthus strain DK1622 or to a derivative of strain DK1622 with
an inactivated nla28 gene. At various cell densities during growth (A-C) and time points during
development (D-F), β-galactosidase-speci�c activities in cells carrying a wild-type or a mutant promoter
fragment were determined. Mean β-galactosidase speci�c activities derived from three biological
replicates are shown. Error bars represent standard deviations of the means.



Figure 6

In vivo activities of MXAN1286, MXAN1579 and MXAN3778 promoters containing a wild-type or mutated
Nla28 binding site. Fragments of the MXAN1286, MXAN1579 and MXAN3778 promoters were cloned into
a lacZ expression vector and transferred to the wild-type M. xanthus strain DK1622. At various cell
densities during growth (A-C) and time points during development (D-F), β-galactosidase-speci�c
activities in cells carrying a wild-type or a mutant promoter fragment were determined. Mean β-
galactosidase speci�c activities derived from three biological replicates are shown. Error bars represent
standard deviations of the means.



Figure 7

EMSAs performed with Nla28-DBD and a MXAN1286, MXAN1579 or MXAN3778 promoter fragment
carrying a wild-type or mutated Nla28 binding site. Binding reactions were performed with (+) or without
(-) 2 μM of puri�ed Nla28-DBD and a Cy5 end-labeled promoter fragment containing a wild-type (WT) or
mutated (Mut) Nla28 binding site.
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