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Abstract

In Escherichia coli, the housekeeping sigma factor 6”° directs RNA polymerase to transcribe
growth-related genes, whereas the alternative sigma factor o directs it to transcribe stress
response genes during stationary phase. Two molecules hypothesized to regulate RNA
polymerase activity are Rsd, which sequesters free ¢”°, and 6S RNA, which sequesters the RNA
polymerase-6”° holoenzyme. Despite multiple studies, their function remains controversial. Here
we use genome-wide expression studies in five phases of growth, along with theoretical
modeling, to investigate the functions of Rsd and 6S RNA. We show that 6S RNA and Rsd act as
global regulators of gene expression throughout bacterial growth, and that both increase
transcription of 6*® dependent genes. We also find several instances of crosstalk between 6S RNA
and Rsd, and propose a model in which this crosstalk is important in regulating sigma factor

competition.

Importance

Bacteria possess a single RNA polymerase which transcribes all genes. This RNA polymerase is
a crucial point for regulation, as changes in its level, distribution or activity could have rapid and
widespread effects on gene expression. In the model bacterium E. coli, Rsd and 6S RNA are two

abundant molecules that regulate the activity of RNA polymerase. Here we identify genes
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regulated by Rsd and 6S RNA in five phases of bacterial growth and suggest a model to explain

their regulatory activity.

Introduction

In bacteria, all transcription is dependent on a single core RNA polymerase. This multisubunit
enzyme (o:pp'w, referred to as E) cannot bind specifically to promoters. This ability is conferred
by a sigma (o) factor, which binds to E forming an Ec holoenzyme, and directs it to transcribe

RNA from specific promoters.

Seven sigma factors — o”° (RpoD), 6 (RpoS), 6%, 6**, 6%, 6* and ¢" - have been identified in the
model bacterium Escherichia coli (1). In vivo studies have shown that when one sigma factor is
overproduced, underproduced, or mutated, not only is there a change in transcription of its target
genes, but increased activity of one sigma factor decreases the activity of others and vice-versa
(2—4). In vitro assays have demonstrated competition between sigma factors when E is limiting
(3-6). Though it was previously reported that the cellular concentration of E exceeded that of
sigma factors (6, 7), recent quantitation has shown that sigma factors exceed E under common

culture conditions (8, 9), and therefore compete to bind to limited E.

0" (RpoD) is the housekeeping sigma factor, directing transcription of genes essential for growth

and proliferation. The alternative sigma factors are produced under specific conditions, and
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direct transcription of genes required under those conditions. The major alternative sigma factor
is 6 (RpoS). This is present at low concentration during exponential growth, but nevertheless
regulates several hundred genes (10, 11). Upon entry into stationary phase, while the
concentrations of E and ¢”° show little change, ¢*® accumulates (9, 12, 13; Table 1) and directs
transcription of genes responsible for multiple stress tolerance (14—18). However, ¢’° remains the
most abundant sigma factor even in stationary phase, and has higher affinity for E than any other
sigma factor (6, 9, 19, 20), implying that additional regulators are needed for 6* and other sigma

factors to compete effectively with ¢”°.

Such regulators are known. The Crl protein binds to 0® and increases its affinity for E, and
promotes transcription by the Eo® holoenzyme at some promoters (21-23). The nucleotide
ppGpp increases the ability of alternative sigma factors to compete with 6”°(3). However, ppGpp
is produced transiently on entry into stationary phase (24), and Crl has also been shown to

decrease during extended stationary phase (21).

On the other hand, two regulators - the protein Rsd and the non-coding 6S RNA - act on ¢”°. Rsd
binds to 0”°, sequestering it from E, and inhibits Eo”°-dependent transcription at several
promoters in vitro (25). An Rsd null strain showed increased transcription from a ¢’ dependent
promoter, and reduced transcription from a 0* dependent promoter, in stationary phase, whereas
Rsd overexpression had the opposite effect (26). It was hypothesized that in stationary phase,

Rsd reduces Eo” formation, and, by freeing E to bind 6%, increases Eg* formation. However, a
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microarray experiment found no significant difference in gene expression between an Rsd
knockout and wild-type E. coli, and even comparison of the knockout with an Rsd
overexpressing strain found changed expression of only a few ¢**-dependent genes (27). All
effects of Rsd in vivo were observed only during stationary phase. This was initially attributed to
low Rsd levels during exponential phase. However, recent quantitation has shown that Rsd is
present at ~50% of the level of ¢”° in exponential phase and ~90% in stationary phase (9) —

raising the question of why no change in expression is seen in its knockout.

6S RNA is a 184-nucleotide non-coding RNA expressed from the ssrS gene. 6S RNA binds to
the Eo” holoenzyme (28). It has been shown to block Ec” binding to a target promoter (29), and
inhibit transcription from several promoters in vitro and in vivo (24, 28, 30-32). A 6S RNA
knockout showed increased expression from some Eo”’ promoters containing extended -10
elements, and reduced expression from a few Eo*® promoters, in stationary phase (32). It was
suggested that 6S RNA blocks Eo” from binding to certain target promoters, reducing their
transcription, and that sequestration of Eo” by 6S RNA allows ¢ to compete more effectively
for E, increasing transcription by Eo®. An alternative hypothesis was that 6S RNA regulates a
trans-acting factor important for Eo® activity (32). A later study showed that 6S RNA regulates
hundreds of genes in stationary phase, and, by mutating promoter sequences, showed that an
extended —10 element and a weak -35 element could make a promoter sensitive to 6S RNA (30).

But contrary to these, another expression study found no correlation of 6S RINA sensitivity with
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104 promoter sequence or sigma factor preference (33), and there was little overlap between the

105 regulated genes found in the two experiments.

106

107 Rsd and 6S RNA are present at high concentrations during growth, increase in stationary phase,
108 and are thereafter at high levels (9, 25, 28). Yet their effects on gene expression, especially

109  during growth, remain controversial. Both have been hypothesized to reduce Eo” and increase
110  formation of Ec®; however, they act at different levels, one sequestering free ¢’ and the other
111  sequestering the Eo” holoenzyme. We must therefore ask what impact this difference has on their
112 regulatory effects. Do Rsd and 6S RNA possess similar regulatory functions?

113

114  Here, we present a genome-wide investigation of the functions of Rsd and 6S RNA in E. coli. We
115 used RNA-seq to identify genes regulated by Rsd and 6S RNA in five phases of growth, and

116  demonstrated that both function as global regulators of transcription during exponential as well
117  as stationary phase. We showed that both increase transcription of 0 target genes, with 6S RNA
118  also regulating hundreds of 0™ targets, including genes encoding subunits of RNA polymerase,
119 ribosomes and other global regulators, and substantiated these findings by gRT-PCR and western
120  blotting. We found evidence of substantial crosstalk between Rsd and 6S RNA, with each

121 regulating the other's expression and non-additive effects on over a thousand genes. Finally, we
122 developed a mathematical model of sigma factor competition in E. coli, which suggested a

123  theoretical basis for our experimental results.

124
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Results

RNA-seq to identify genes regulated by Rsd and 6S RNA

Figure 1A shows a schematic of the binding activity of 6S RNA and Rsd. Rsd sequesters ¢”° and
prevents it from binding to core RNA polymerase (E), while 6S RNA binds to the Ec”
holoenzyme and prevents it from binding to promoters. To find their effects on gene expression,
we carried out RNA-seq to identify genes regulated by Rsd and / or 6S RNA in five growth

phases.

Table S1 lists strains and plasmids used in this study. Five strains: E. coli K-12 MG1655 (Wild-
type), Rsd knockout (Arsd), 6S RNA knockout (AssrS), 6S RNA-Rsd double knockout
(ArsdAssrS), and 6**/RpoS knockout (ArpoS) were used for RNA-seq. These strains had similar
growth rates in M9 glucose (Figure S1). RNA-seq was performed at five growth phases: early
exponential (EE), mid-exponential (ME), transition to stationary (TS), stationary (S), and late

stationary (LS; time points in Methods).

Rsd increases ¢**/RpoS activity throughout growth

We defined differentially expressed genes as genes whose expression changed >=2-fold in a

mutant strain relative to the wild-type, with an FDR-adjusted p-value < 0.05. Using these criteria,
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the Arsd strain showed only 16 differentially expressed genes. These included several non-
coding RNAs (ryfD, sokA, oxyS, sroH, sibD) which were increased 2-6 fold in Arsd during
stationary phase. The expression of 6S RNA was also altered in Arsd; 6S RNA was increased to
more than twice the wild-type level in stationary phase, but in mid-exponential phase was

reduced to about half its wild-type level (Table S2).

As very few genes were differentially expressed in Arsd, we looked for smaller changes. We
found that in all growth phases, there was a trend for genes whose expression was significantly
reduced (>=2-fold, p < 0.05) in ArpoS to also display slightly reduced expression in Arsd. This is
illustrated in Figure 1B-C. These boxplots show the distribution of log, fold change in gene
expression in Arsd relative to wild-type, for all genes. The central line represents the median, box
edges represent the inter-quartile range, and the whiskers represent 1.5 x IQR. For genes whose
expression is significantly reduced in ArpoS, the distribution is shifted downward, indicating a
tendency toward reduced expression (log, fold change < 0). The upper edge of the IQR is below
0, indicating that ~75% of the genes whose expression was significantly reduced in ArpoS also

showed reduced expression in Arsd. Plots for other growth phases are in Figure S2A.

This reduced expression was less than twofold in magnitude and so was not seen when searching
for differentially expressed genes directly in Arsd. Though these fold changes are small, we
consider them important for several reasons. They represent a consistent and highly significant

(Wilcoxon test p < 10™in all growth phases except LS) decrease in expression across hundreds
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167 of rpoS affected genes, in five growth phases. The average overlap between the set of rpoS-

168 regulated genes in successive growth phases is only 54%; so it is not a single set of genes whose
169  expression was reduced in Arsd, but a substantially different set in each growth phase. The Arsd
170 samples also showed high inter-replicate correlation in all growth phases (Table S3). This trend
171  of decreased expression held true when only previously reported o targets (18) were considered
172 (Figure S2B). Conversely, genes whose expression was increased >=2-fold in ArpoS showed
173 increased expression in Arsd, during the early exponential, mid-exponential and stationary

174  phases (Figure S2C). However, expression of genes under the control of constitutive ¢”° target
175 promoters (34) was not substantially altered in any phase (Figure S3).

176

177  Thus the Rsd knockout behaved like a 6® knockout, only with smaller changes in gene

178  expression. As western blots in stationary phase did not show changed ¢*® protein level in Arsd
179  (Figure S4), this is likely due to reduced binding of 6¢* to E. Therefore, although Rsd binds to
180 ¢”°, we hypothesize that its function is to increase 0* binding to E, and therefore transcription of
181 o¥ targets, in exponential as well as stationary phase.

182

183  6S RNA regulates distinct sets of genes in all phases of growth

184

185 What role does the Eo” - sequestering 6S RNA play in gene regulation? Is its function similar to

186 that of the o”°-sequestering Rsd? Our RNA-seq showed that the 6S RNA knockout (AssrS) was
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very different from the Rsd knockout. To begin with, it showed >=2-fold differential expression

of a total of 447 genes.

Figure 2A and B show that there was little overlap between genes differentially expressed in
AssrS in successive growth phases. In particular, 186 of 221 genes regulated by 6S RNA during
late stationary phase were regulated only in that phase. The only genes upregulated >=2-fold in
AssrS throughout growth were cusR, encoding a copper-sensing regulator, and its target genes
(cusCFB) encoding a copper/silver efflux system. The only gene downregulated >=2-fold in
AssrS throughout growth was fau (ygfA), which is downstream of 6S RNA in the same operon
and encodes a putative 5-formyltetrahydrofolate cyclo-ligase. fau expression was increased when
6S RNA was overexpressed from a plasmid in a wild-type background (Figure 2C and D),
indicating that this was at least in part a regulatory effect of 6S RNA and not merely a polar

effect. The mechanism is unclear; however, it could indicate an autoregulatory role of 6S RNA.

During exponential phase, the expression of several genes encoding amino acid transporters
(artM, artl, hisP, hisQ, hisJ, hisM, tdcC) and genes for amino acid biosynthesis (argH, argB,
thrA, thrB, thrC, asnB, glyA) was increased in AssrS, while expression of genes involved in
stress responses (rmf, appY, yadC, ybcM, yciF, gadW, ydel, yodD, dps, hdeA, hslV, oppA, osmE,
dosC) was reduced. These functional changes are consistent with previous reports (24, 33),
though most of the specific genes are different. In LS phase, genes encoding global

transcriptional regulators including crp, crl and hha and genes linked to the TCA cycle (sdhD,
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208 sdhC, gltA, aceB, ppc, sucA) were upregulated, while downregulated genes included iraP, csrB,
209 and 9 subunits of NADH dehydrogenase.

210

211 While the effects of the AssrS deletion appeared largely growth phase-dependent, we observed
212 certain patterns throughout growth. These are discussed in the following sections.

213

214  6S RNA increases ¢°*/RpoS activity throughout growth

215

216 Like Arsd, the AssrS strain showed reduced expression of ¢* target genes (Figure 3A and B,
217  Figure S5, Wilcoxon test p < 10" in all growth phases except late stationary). This was not due
218 to reduced o™ protein, as western blots in stationary phase showed that the AssrS strain had
219 higher 0® protein than the wild-type (Figure S4). On the other hand, expression of genes under
220 constitutive 0” promoters was slightly increased in the mid-exponential, transition to stationary
221  and late stationary phases (Figure S6).

222

223  6S RNA regulates the expression of RNA polymerase, ribosomal genes, and Rsd

224

225  Figure 4A shows that the wild-type expression of 6S RNA increased in successive growth

226 phases, as reported (28). Therefore, the effect of 6S RINA on its target genes should be greater in
227  each successive growth phase. Indeed, with the exception of the transition to stationary phase,

228  the number of 6S RNA regulated genes increased with growth phase (Figure 2A and B). A

11
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previous study (24) showed increased ppGpp in a 6S RNA knockout during the transition to
stationary phase; consistent with this, we observed slightly increased expression of ppGpp-
activated genes and reduced expression of ppGpp-repressed genes in the AssrS strain during this
phase (Figure S7). Since ppGpp also favors the competition of alternative sigma factors with ¢”°

(3), increased ppGpp may reduce the effects of the AssrS deletion during this phase.

Are there genes where 6S RNA has a dose-dependent effect throughout growth, increasing with
its expression level? Of 447 6S RNA regulated genes, 36 show such an effect, with the
magnitude of their repression or activation by 6S RNA increasing in each successive growth
phase (Figure S8). For example, Figure 4B shows the log, fold change in expression of rpoB
(encoding the 3 subunit of core RNA polymerase) in AssrS. rpoB expression was slightly
reduced in mid-exponential phase, and the magnitude of this reduction increased with time, as
the level of 6S RNA in the wild-type increased. Reduced RpoB expression was validated in
stationary phase by qRT-PCR (Table S7) and western blotting (Figure S9). Since excessive Eg”
inhibits rpoB transcription (35), we suggest that deleting 6S RNA leads to higher free Ec”°,
which proportionally represses rpoB transcription. Since RpoB is the limiting subunit for the
formation of core RNA polymerase (9), this implies that the cell compensates for the loss of 6S

RNA by reducing RNA polymerase synthesis.

Similarly, we observed changed expression of genes encoding ribosomal proteins (Figure 4C).

Decreased expression of these genes in a 6S RNA knockout during stationary phase was reported
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250 previously (33); here, their expression was increased in AssrS during early and mid-exponential
251 phases, then decreased steadily. 6S RNA also represses some genes similarly. For example,

252 Figure 4D shows that crl expression is slightly increased in AssrS during early exponential

253 phase, and the magnitude of this increase keeps growing, paralleling the increase in 6S RNA in
254  the wild-type. As with the effect of reducing RNA polymerase synthesis to compensate for the
255 loss of 6S RNA, increasing ¢* protein and Crl may be a means to compensate for reduced Eo™
256  activity in AssrS bacteria.

257

258 Since we observed that Rsd regulated 6S RNA expression, we checked whether 6S RNA in turn
259 regulated Rsd expression. Our RNA-Seq showed that rsd was not differentially expressed in
260  AssrS. To check if 6S RNA regulated Rsd post-transcriptionally, we added a 3xFLAG tag to the
261 C-terminal of the Rsd protein. Indeed, western blots showed that the expression of 3xFLAG-
262 tagged Rsd was reduced in the AssrS background relative to wild-type, in both mid-exponential
263 and stationary phases (Figure 4E).

264

265  Finally, though 6S RNA binds to Eo”, its effects are highly promoter-specific (24, 30, 32, 33).
266 Therefore we asked what features of a gene might be responsible for its response to 6S RNA.
267 However, we did not observe any link between 6S RINA sensitivity and an extended -10 or weak
268 -35 promoter sequence as reported in (30) (Figure S10). Instead, during stationary phase, the 6S
269 RNA sensitivity of a gene was correlated with its expression level. Genes downregulated in

270  AssrS tended to be highly expressed in the wild-type, and genes upregulated in AssrS had low

13
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expression in the wild-type (Figure 4F). It was also correlated with the occupancy of the gene
promoter by RNA polymerase, measured by ChIP-chip in (36) (Figure 4G). Thus, our data
support a model in which sequestration of RNA polymerase by 6S RNA primarily represses

promoters that are weak in binding to RNA polymerase.

The Rsd/6S RNA double knockout shows differential expression of a distinct set of

genes

We have discovered several instances of crosstalk between 6S RNA and Rsd; apart from the fact
that both sequester 0’ in different forms, each regulates the other's expression, and both favor the
activity of 0*. We therefore asked whether the double knockout of Rsd and 6S RNA showed

effects on gene expression distinct from the single knockouts.

The ArsdAssrS strain showed several of the features described for AssrS (Figure S11 and S12).
In addition, in each growth phase, hundreds of genes were differentially expressed in the double
knockout relative to the wild-type. This far exceeded the number of differentially expressed

genes in both single knockouts, suggesting significant crosstalk between the two regulators.

Figure 5A and B show genes that showed differential expression in the double knockout, but less
than twofold change in both single knockouts added together; there were 1780 such genes in

total. These included genes encoding DNA Gyrase and Topoisomerase I, which maintain DNA
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supercoiling and regulate expression of hundreds of genes (37), the nucleoid-associated proteins
HU, H-NS and StpA, the global transcriptional regulators ArcA, LRP and IHF, the small RNA

chaperone Hfq, and the Fo-F; ATP synthase.

A theoretical model suggests possible explanations for the behavior of Rsd and 6S RNA

Our RNA-Seq demonstrated that Rsd and 6S RNA are regulators of sigma factor competition and
gene expression at a global scale; however, several results appear counter-intuitive. How does
Rsd, which sequesters ¢”°, increase transcription of ¢*® target genes without as much effect on ¢”°
target genes? How does 6S RNA, which sequesters not only ¢”°, but also the core RNA
polymerase which is required for transcription by all sigma factors, nevertheless increase

transcription by ¢**?

To suggest possible answers, we constructed a mathematical model of transcription during
stationary phase, using parameters from literature (Table 2.2). We focused on stationary phase as
that is when 0*, 6S RNA and Rsd are at high concentrations. Our model is similar in structure to
previous studies (8, 38), that have attempted to model sigma factor competition. However, this is
the first model of stationary phase conditions and the first to include both 6S RNA and Rsd.

Consequently, our results differ from previous models.
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312 A schematic of reactions in the model is given in Figure 6A. Core RNA polymerase (E) binds to
313 sigma factors (0’ and 0*) forming holoenzymes (Ec” and Ec®). Holoenzymes recognize target
314 promoters (P7 and Pssrespectively) and initiate transcription, releasing the sigma factor. The
315 elongating RNA polymerase (Ecand Eess) transcribes until released. Holoenzymes and E can
316 also bind to DNA non-specifically. We focus on the steady state of this model, determined

317 byequations (1) - (4) and (8) — (17) in Methods.

318

319 To understand how Rsd and 6S RNA regulate competition between sigma factors for RNA

320 polymerase, we initially modeled the formation of E6” and Ec*® holoenzymes in the absence of
321 DNA. This is represented by the shaded area in Figure 6A. The corresponding steady-state

322  equations are (1) - (9) in Methods.

323

324  Figure 6B(i) depicts what happens when Rsd is added to a system containing only E, ¢’ and 0.
325 We emphasize that this represents the steady-state behavior of the model. That is, each value of
326 Rsd on the x-axis corresponds to a separate Tun' of the model where we compute the steady-state
327  for those fixed parameter values, before moving on to the next Rsd value.

328

329 [Initially, our model predicts that ~94% of total E would be bound to 6”°. As Rsd is increased, it
330 sequesters 6”°, reducing Ec” formation. This allows more E to bind to ¢* and thus increases the
331 formation of Eoc® by an equal amount, consistent with previous predictions of the function of

332 Rsd (26). However, Figure 6B(ii) predicts that when 6S RNA is present in the system, Rsd

16
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333 increases Eg* with relatively little effect on Eo”®. How? This paradoxical result can be

334 understood with Figure 6B(iii), which shows that the concentration of the 6S RNA-Eo”

335 complex decreases as Rsd is increased. When 6S RNA is present, increasing Rsd still reduces E-
336 o’ association; however, the reduction in Eo” is partially compensated for by the release of E¢”
337 from its complex with 6S RNA, and so there is little change in the overall Ec” level.

338

339 Next, we included DNA in the model (represented by the complete schematic in Figure 6A) and
340 observed how Rsd's effects on holoenzyme formation lead to changes in transcription. Here, we
341 modeled 200 promoters specific to each sigma factor. As expected from Figure 6B(ii), the model
342 predicts that Rsd increases the rate of transcription by Eg*® with less effect on Eo” transcription
343 (Figure 6B(iv)).

344

345 Apart from losing Rsd, our Arsd strain also displayed a ~2.3-fold increase in 6S RNA during

346 stationary phase. Figure 6B(v) shows the predicted rate of transcription from Eo”® and Eo® target
347 promoters in the wild-type and when Rsd = 0. The third pair of bars is an approximation of

348 conditions in the Arsd strain, where 6S RNA is increased 2.3-fold. We see that increased

349 expression of 6S RNA could reduce Ec” dependent transcription in the Arsd strain to almost the
350 wild-type level, such that the main observable effect of knocking out Rsd would be reduced

351 transcription by Eo®.

352
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We therefore hypothesize that in the presence of 6S RNA, Rsd increases the formation of Ec™
and therefore transcription of Eo™ target genes, with less effect on Eo”, consistent with both our
RNA-seq and a previous study (27). We note that increasing Rsd is predicted to be a
considerably more effective way to increase Eo™ transcription than increasing o**itself (Figure

S13).

What is the effect of 6S RNA? Again, we initially modeled the effect of 6S RNA on sigma factor
competition without DNA. Figure 6C(i) predicts that 6S RNA sequesters Ec”, reducing the
available E for binding to both sigma factors, thus inhibiting formation of both holoenzymes. By
sequestering Eo”, 6S RNA also reduces the ratio of ¢’ to 6*, and so the decline is sharper for
Eo’°. Similarly, Figure 6C(ii) shows the predicted effect of 6S RNA on transcription; 6S RNA

decreases the rate of transcription by both holoenzymes, though the decline is greater for Eo™.

However, our RNA-seq showed that deleting 6S RNA actually results in reduced transcription of
Eo*® target genes, i.e. 6S RNA causes increased transcription by Eo®. How is this possible? A 10-
fold increase or decrease in any of the parameters was not sufficient to reproduce this

observation.

Apart from losing 6S RNA, our AssrS strain also displayed changed levels of Rsd, RpoB, and
0. Figure 6C(iii) shows the predicted rate of transcription from Ec”’ and Ec™ target promoters

in the wild-type and when 6S RNA = 0. The third pair of bars is an approximation of conditions
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374 in the AssrS strain (based on western blots in Figure 4, Figure S4 and Figure S9). Here, Rsd and
375 E are reduced to 50% of their wild-type levels and ¢* is increased by 50%. We see that Ec™

376 transcription is now reduced to less than the wild-type level. In fact, within the default

377  parameters of our model, reducing Rsd alone from 10.4 pM to 8 uM is sufficient to lower Ec®
378 transcription in the 6S RNA knockout below its wild-type level.

379

380 We also observed increased crl mRINA in AssrS. We have not modeled this due to lack of

381 quantitative data on Crl. However, if the change in mRINA corresponds to increased Crl protein,
382 it could partially mitigate the effect of reduced Rsd in the AssrS strain.

383

384 Thus, from our base model we can make the strong claim that the binding reactions of Rsd and
385 6S RNA shown in Figure 6A cannot explain the reduced transcription of Ec* target genes in the
386 AssrS strain. However, adding reduced Rsd levels to the model is sufficient. We therefore

387 hypothesize that the reduced Ec¢® transcription in the 6S RNA knockout could be due to indirect
388 effects, primarily via Rsd.

389

390 The predictions of this model would ideally be validated by in vitro transcription experiments
391 with Rsd and 6S RNA in varying concentrations; to our knowledge, such studies have never been
392 carried out. However, such experiments are necessarily limited to a few promoters, and previous
393 studies have not succeeded in distinguishing specific transcription inhibition by 6S RNA in vitro.

394 Some predictions may be testable by looking at distributions of gene expression in vivo; for
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instance, increasing Rsd expression in AssrS back to the wild-type level should largely mitigate

the reduced expression of 0 target genes.

Discussion

6S RNA and Rsd have long been known to regulate RNA polymerase in E. coli. It was originally
hypothesized, based on expression studies using single promoters, that Rsd reduces the
association of E with 6”° and correspondingly increases its association with 0® (26). However, a
microarray experiment failed to find any significant effect of deleting Rsd (27). All studies so far

have found effects of Rsd only in stationary phase.

Here we report for the first time that Rsd regulates gene expression from early exponential to
stationary phase. Though it sequesters ¢”°, our data leads us to hypothesize that its primary
function is to increase the association of the alternative sigma factor 0*® with RNA polymerase.
Based on theoretical modeling, we suggest that this is due to the presence of 6S RNA, which
minimizes the effect of Rsd on Ec”® levels. Since Rsd overexpression has been seen to increase
transcription directed by 0* and ¢ in a ppGpp° background (4, 39), Rsd may generally assist

alternative sigma factors in associating with RNA polymerase, under suitable conditions.

6S RNA is more complex, regulating hundreds of genes controlled by multiple sigma factors. We

identified 447 6S RNA regulated genes, of which 203 are upregulated in the 6S RNA knockout,
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243 are downregulated, and 1 (rzoD) is upregulated in EE phase but downregulated in LS phase.
However, our data does not show associations between promoter sequence and 6S RNA
susceptibility as previously reported (30). Our data has somewhat greater similarity with that of
(33), who reported reduced expression of rpoB and ribosomal genes in AssrS in stationary phase,
and observed increased ppGpp without an increase in relA; however, there is still relatively low
overlap in the list of 6S RNA regulated genes (46 genes). This is likely because these studies
were carried out in different time points and media from ours. Even within our dataset, there is
little overlap between genes regulated by 6S RNA at different time points. Therefore, it seems
that there is generally a large difference in the 6S RNA regulon under different conditions.
Nevertheless, certain patterns stand out; 6S RNA increases 0* mediated transcription, and
modulates the expression of the transcription and translation machinery. This supports a model in
which 6S RNA acts as a background-level regulator operating on RNA polymerase, with gene-
level outcomes depending strongly upon the cellular environment; this could potentially involve
DNA topology, transcription factors, and other RNA polymerase-binding factors, all of which

vary with growth phase (40).

Previous work using a few promoters (32) had suggested that 6S RNA might increase
transcription by Eo® during stationary phase. It was suggested that this was either a direct effect
of 6S RNA, allowing ¢**to compete more effectively for E, or indirect, by means of a trans-

acting factor important for 0® activity. However, another study (33) found no evidence of this
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436  link. We show that 6S RNA increases transcription by Eo* globally, from early exponential to
437 stationary phase, and suggest that it does so through indirect effects, such as increasing Rsd.

438

439 It has been asked, given 6S RNA's function as a global regulator, why its deletion does not cause
440 a growth defect. Our data, along with others (24, 33), shows multiple feedback effects in the

441  AssrS strain, where the cell reduces RNA polymerase expression to compensate for the loss of 6S
442 RNA, and increases 0 and possibly Crl to compensate for reduced Eo® activity; increased

443 ppGpp may play a part during the TS phase. Our data also shows that in LS phase, 6S RNA

444  represses ppk, responsible for the synthesis of inorganic polyphosphate - which increases ¢**
445  expression and inhibits transcription by Ec”® (41). In stationary phase, the Rsd/6S RNA double
446  knockout shows reduced expression of DNA supercoiling enzymes; supercoiling regulates

447  promoter binding by Eo” and Ec* (42, 43); in ME phase, it shows reduced expression of the
448  gene encoding the small RNA chaperone Hfq, which, among many functions, increases ¢*

449  expression (44). These examples, illustrated in Figure S14, demonstrate that RNA polymerase
450 activity is very carefully controlled, and 6S RNA is connected to multiple pathways involved in
451  this process.

452

453  We also report for the first time that 6S RNA positively regulates the expression of its

454 downstream gene fau. The ssrS-fau operon arrangement is conserved in a- and y-proteobacterial
455 genomes as well as some [-proteobacteria (45), suggesting that it is functionally relevant,

456 perhaps for linking fau expression to 6S RNA, and thus to the nutritional state of the cell. As the
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fau gene product has been linked to folate metabolism (46), biofilm formation (47) and persister

cell formation (48), further investigation of the link between 6S RNA and fau is warranted.

Lastly, we report that 6S RNA and Rsd regulate each other. Rsd activates 6S RNA expression in
mid-exponential phase and inhibits it in stationary phase, and 6S RINA activates Rsd protein
expression in both mid-exponential and stationary phase. In addition, 1780 genes across 5
growth phases — almost 40% of the genes in the cell - are differentially expressed in the 6S RNA-
Rsd double knockout but not in the single knockouts added together, indicating some degree to

which 6S RNA and Rsd can compensate for each other's absence.

Given that 6S RNA homologs are widespread in bacteria, co-occurring with Rsd and with other
RNA polymerase regulators such as the actinobacterial RbpA, and many bacterial species have
two or three 6S RNA homologs with different expression patterns and potentially different
binding partners (45, 49), we suggest that studying the relationships between these regulators of
RNA polymerase will give greater insights into transcriptional control across the bacterial

kingdom.

Materials and Methods

Growth conditions
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478 Luria-Bertani broth and agar (20 g/L) were used for routine growth. M9 defined medium (0.6%
479 Na,HPO,, 0.3% KH,PO., 0.05% NaCl, 0.01% NH.CI, 0.1 mM CaCl,, 1 mM MgSO,, 5 x 10%
480 Thiamin) supplemented with 0.5% glucose and 0.1% casamino acids was used for RNA-seq and
481 validation. During strain construction, ampicillin or kanamycin were used at final concentrations
482 of 100 pg/ml and 50 pg/ml respectively.

483

484  Strain construction

485

486 Single gene deletions were achieved by the A Red recombination system (50), using plasmids
487 pKD46 and pKD13 and specific primers (Table S4). This method introduced a kanamycin

488 resistance cassette into the chromosome. Knockout strains were selected on LB Kanamycin

489 plates. In the rsd knockout, the resistance cassette was removed by FLP-mediated site-specific
490 recombination using plasmid pCP20. The ArsdAssrS double knockout was generated by P1

491 transduction from single knockouts (51). The 3x-FLAG epitope was added to the C-terminus of
492 Rsd by a PCR-based method using plasmid pSUBI11 as template (52), and introduced onto the
493 MG1655 chromosome by A Red recombination using specific primers (Table S5). The ssrS

494  knockout was moved into this strain using P1 transduction. Strain constructions were verified by
495 PCR using specific primers (Table S6) and Sanger sequencing.

496

497 RNA extraction and mRNA enrichment

498

24
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499 Overnight cultures in M9 glucose were inoculated in 100 mL fresh M9 glucose to a final ODgy
500 of 0.02 and incubated at 37 °C with shaking. Two biological replicates were performed for each
501 strain. Cells were collected by centrifugation at the early exponential (ODgy ~0.3), mid-

502 exponential (ODsg ~0.8), transition to stationary (ODggp ~1.6), stationary (16 hrs, ODeqo ~2), and
503 late stationary (48 hrs, ODeoo ~1.6) phases of growth. RNA was extracted using TRIzol

504 (Invitrogen), following the manufacturer's protocol. Total RNA was treated with DNase I

505 (Invitrogen, 18068-015) according to the manufacturer's protocol. Further precipitation of RNA
506 and ribosomal RNA cleanup was achieved using the MICROBExpress bacterial mRNA

507 purification Kit (Ambion, AM1905) according to the manufacturer's protocol. RNA was finally
508 suspended in 10 pL. RNAse free water. The concentration was determined using a Nanodrop
509 2000 (Thermo Scientific) and quality was checked by visualization on agarose gels.

510

511 RNA-Seq

512

513 Sequencing libraries were prepared using TruSeq RNA sample preparation kit v2 (Illumina, RS-
514 122-2001) according to the manufacturer's guidelines, checked for quality on an Agilent 2100
515 Bioanalyzer, and sequenced for 50 cycles from one end on an Illumina HiSeq1000 platform at
516 the Centre for Cellular and Molecular Platforms, Bangalore. The RNA-Seq data is summarized
517 inTable S3.

518

519 qRT-PCR for RNA-Seq validation

25
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520

521 gRT-PCR was carried out using specific primers to selected mRNA targets (Table S2 and S7). 5
522 ng of RNA was used for each RT-PCR reaction. TAKARA One-step SYBR PrimeScript RT-PCR
523 kit IT (RRO86A) was used according to the manufacturer's protocol, on an Applied Biosystems
524  ViiA 7 Real-Time PCR system.

525

526 Western Blotting

527

528 Cells were grown as for RNA-seq. For stationary phase samples, 5 ml of culture was harvested
529 by centrifugation. For mid-exponential phase, 10 ml was harvested. Lysates were prepared and
530 protein concentration was estimated using BCA assay (Thermo Fisher Scientific, 23227). Lysates
531 containing equal amounts of protein were loaded onto an SDS-PAGE gel. Proteins were

532 elecroblotted onto a nitrocellulose membrane and probed with mouse primary antibody against
533 the protein of interest followed by horseradish peroxidase-conjugated anti-mouse secondary

534 antibody. The primary antibodies used were: Mouse monoclonal antibody to RpoB (Neoclone,
535 WP023), Mouse monoclonal antibody to 6”° (Neoclone, WP004), Mouse monoclonal antibody to
536 0 (Neoclone, WP009), Mouse monoclonal anti-FLAG antibody (Sigma-Aldrich, F3165),

537 Mouse monoclonal antibody to GroEL (Abcam, ab82592). Bands were visualized using

538 SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher Scientific, 34076) and

539 imaged using an ImageQuant LAS 4000 system (GE Healthcare Life Sciences). Band intensities

540 were quantified using ImageJ (http://imagej.nih.gov/ij).

26


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

27

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cloning

A segment of DNA constaining the ssrS gene, both its upstream promoters and its downstream
terminator was amplified from MG1655 genomic DNA by PCR using specific primers (Table
S8), and cloned into the pCR2.1-TOPO vector using the TOPO TA Cloning Kit (Invitrogen,
K4500), to produce the circular plasmid pTOPO-ssrS. pTOPO-ssrS was digested with EcoRI to
remove the insert, and the digested vector was eluted and self-ligated to produce the circular

empty vector pTOPO-EV.

Data sources

The E. coli K-12 MG1655 genome was downloaded from NCBI (NC_000913.2). Gene
coordinates were taken from RegulonDB v8.0 (53). Lists of 0 target genes and ppGpp regulated
genes were obtained from (18) and (54) respectively. Previous lists of genes regulated by 6S
RNA were obtained from (30) and (33). Coordinates of RNA polymerase binding regions and
their occupancy were obtained from (36). A list of 501 genes under the control of constitutive ¢”°
promoters was obtained from (34). Of these, we selected 270 genes which were not regulated by
0™ or other sigma factors according to RegulonDB (53), (18), or our RNA-Seq data from the ¢**

knockout.
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562 Data Analysis

563

564 RNA-Seq reads were mapped to the E. coli K-12 MG1655 genome using BWA (55), and reads
565 mapping uniquely were used for further analysis. The number of reads mapping to each gene was
566 calculated and a matrix of read counts was generated with 50 columns, one per sample, and one
567 row per gene. This matrix was fed into the Bioconductor package DESeq (56) for differential
568 expression analysis. Genes with <= 10 reads mapping to them under all conditions were

569 excluded from all analyses and plots. All statistical analyses were performed in R version 3.0.1.
570

571 Mathematical model

572

573 The reactions shown in Figure 6A can be represented by a set of differential equations that

574  determine how the dynamical variables (levels of sigma factors, holoenzymes, etc.) change with
575 time. These equations are given in Text S2. We are interested in steady-state conditions as the
576 timescales on which these reactions occur is much faster than typical timescales of cell division,
577  or processes such as stress responses in stationary phase. Therefore, it is reasonable to assume
578 that the levels of sigma factors, holoenzymes, etc., are in quasi steady-state in the cell.

579 Parameters that determine the specific steady-state include the dissociation constants of the

580 various complexes, the total levels of Rsd, 6S RNA, E, sigma factors, and some others, listed in

581 Table 2 with their default values. Some values are altered in specific simulations as mentioned in
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582  the results. The model of holoenzyme formation (shaded in Figure 6A) describes the following

583 reactions:

584
585
l§—+—070 = Fo
586
l§—+—038 = Eo38
587
Rsd+ 0™ = Rsd — o™
588
6SRNA+ Ec™ = 6SRNA — Eo™
589

590 In steady state, the following equations must be fulfilled:

591
592 -0
% = Kpgo (Equation 1)
593 38
% = Kggss (Equation 2)
594 -0
m = KRsd (Equation 3)
sad — o0
595 0
OSRNAJEo" ] _ K (Equation 4)
6SRNA — Eg™] — %
> Equation 5
Fiotar = [E] + [Ec"™] 4 [Ec®®] + [6SRNA — Ec""] (Equation 5)
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597 .
Oiotar = [07°] + [Ec™] + [Rsd — 0™°| + [6SRNA — Ec™] (Equation 6)
598 .
USEW = [038] + [Ea38] (Equation 7)
599 .
Rsdiora) = [Rsd] + [Rsd — o] (Equation 8)
o Equation 9
6SRN Asotar = [BSRNA] + [6SRNA — Ec™] (Equation 9)
601

602 Steady-state levels of the dynamical variables were obtained from the above equations both by

603 solving them numerically and by integrating the corresponding differential equations until they
604 reached steady-state.

605

606 The model with DNA (represented by the full schematic in Figure 6A) includes, in addition, the

607 following reactions:

608
609
E+DNA=EDNA
610
Ec™®+ DNA=Es°DNA
611
Ec® + DNA = Ec*®*DNA
612 -0 . .
Ec™ 4+ Prg = Ec"" P Eerg + 07 + Prg
613 38 38 c
Fo —|—P38;\E0' P38—> E638+0'38+P38
614 .
E670—> E + mRNA70
615

Ee381> E + mRNAgg
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616

617 Here, c represents the rate of promoter clearance and e represents the rate of transcript

618 elongation. At steady state these fulfil the following equations, in addition to equations (1) - (4)
619 and (8) — (9). Kxs represents the dissociation constant for non-specific binding of RNA

620 polymerase to DNA, which we assume is equal for E, Ec”’ and Eg*.

621
622 70 38
EI[DNA] _ [Eo|[DNA] _ [Eo”][DNA] _ (Equation 10)
[EDNA] ~ [Ec™DNA] ~ [Ec*DNA] s
623
(Bo™[Pro] _ [Eo™)[Pss] _ . (Equation 11)
[Ec™Pr] — [Eo® Py Bol
624 70 38 70 70
Eiotal = |E] + [Ec™] + [Ec®®] + [6SRNA — Ec™] + [EDNA] + [EcT° DN A]
+[Ec*®* DN A] + [Ec™ Prg] + [Ec>® Psg| + [Eero] + [Fess]
625 (Equation 12)

626 0%, =[0"° +[Ec™] + [Rsd — ¢"°] + [6SRNA — Ec™°| + [Ec"°DNA| + [Ec"° Py)

627 (Equation13)

o (Equation 14)
038 = [0+ [Ec®®] + [Ec** DN A] + [Eo>® Psg] quation

o E (Equation 15)
DN Ayotq1 = [DNA] + [EDNA] + [Ec"° DN A] + [Ec** DN A] quati

630 .
Prototal = [Pro] + [Ea ™ Py (Equation 16)

631 .
Psgiotar = [P3s] + [E038P38] (Equation 17)

632
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633 Here, steady-state levels were obtained by integrating the corresponding differential equations
634 until they reached steady-state.

635

636 Accession Numbers

637

638 RNA-Seq data have been deposited with NCBI GEO under the accession number GSE74809.
639

640 Acknowledgments

641

642 We thank the Centre for Cellular and Molecular Platforms for Illumina sequencing, CGSC for
643 strains and plasmids, and Prof. Satyajit Mayor's laboratory for the pCR2.1-TOPO vector. We
644  thank Prof. Dipankar Chatterji, Prof. Akira Ishihama, Prof. Karen Wassarman, Prof. Steve Busby,
645 Dr. Dasaradhi Palakodeti, and Prof. M.M. Panicker for discussions.

646 A.S.N. is supported by the NCBS Young Investigator and Ramanujan Fellowships. S.K. is

647 funded by the Simons Foundation. A.L. is supported by the NCBS graduate programme

648 fellowship.

649

650 Funding Statement

651 This work was supported by core NCBS funds and by DBT grant BT/PR3695/BRB/10/979/2011
652 from the Department of Biotechnology, Government of India.

653

32


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

654 References
655
1. Ishihama A. 2000. Functional Modulation of Escherichia Coli RNA Polymerase. Annu Rev

Microbiol 54:499-518.

2. Farewell A, Kvint K, Nystrom T. 1998. Negative regulation by RpoS: a case of sigma

factor competition. Mol Microbiol 29:1039-1051.

3. Jishage M, Kvint K, Shingler V, Nystrom T. 2002. Regulation of g factor competition by

the alarmone ppGpp. Genes Dev 16:1260-1270.

4. Laurie AD, Bernardo LMD, Sze CC, Skarfstad E, Szalewska-Palasz A, Nystrém T,
Shingler V. 2003. The Role of the Alarmone (p)ppGpp in gN Competition for Core RNA

Polymerase. J Biol Chem 278:1494-1503.

5. Bernardo LMD, Johansson LUM, Solera D, Skarfstad E, Shingler V. 2006. The
guanosine tetraphosphate (ppGpp) alarmone, DksA and promoter affinity for RNA

polymerase in regulation of sigma-dependent transcription. Mol Microbiol 60:749-764.

6. Maeda H, Fujita N, Ishihama A. 2000. Competition among seven Escherichia coli o
subunits: relative binding affinities to the core RNA polymerase. Nucleic Acids Res

28:3497-3503.

7. Jishage M, Ishihama A. 1995. Regulation of RNA polymerase sigma subunit synthesis in

Escherichia coli: intracellular levels of sigma 70 and sigma 38. J Bacteriol 177:6832—6835.

33


https://doi.org/10.1101/058339

34

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

10.

11.

12.

13.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Grigorova IL, Phleger NJ, Mutalik VK, Gross CA. 2006. Insights into transcriptional
regulation and o competition from an equilibrium model of RNA polymerase binding to

DNA. Proc Natl Acad Sci 103:5332-5337.

Piper SE, Mitchell JE, Lee DJ, Busby STW. 2009. A global view of Escherichia coli Rsd

protein and its interactions. Mol Biosyst 5:1943-1947.

Dong T, Kirchhof MG, Schellhorn HE. 2008. RpoS regulation of gene expression during

exponential growth of Escherichia coli K12. Mol Genet Genomics MGG 279:267-277.

Rahman M, Hasan MR, Oba T, Shimizu K. 2006. Effect of rpoS gene knockout on the
metabolism of Escherichia coli during exponential growth phase and early stationary phase

based on gene expressions, enzyme activities and intracellular metabolite concentrations.

Biotechnol Bioeng 94:585-595.

Gentry DR, Hernandez VJ, Nguyen LH, Jensen DB, Cashel M. 1993. Synthesis of the
stationary-phase sigma factor sigma s is positively regulated by ppGpp. J Bacteriol

175:7982-7989.

Tanaka K, Takayanagi Y, Fujita N, Ishihama A, Takahashi H. 1993. Heterogeneity of
the principal sigma factor in Escherichia coli: the rpoS gene product, sigma 38, is a second

principal sigma factor of RNA polymerase in stationary-phase Escherichia coli. Proc Natl

Acad Sci 90:3511-3515.


https://doi.org/10.1101/058339

35

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

14.

15.

16.

17.

18.

19.

20.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Hengge-Aronis R, Fischer D. 1992. Identification and molecular analysis of glgS, a novel
growth-phase-regulated and rpoS-dependent gene involved in glycogen synthesis in

Escherichia coli. Mol Microbiol 6:1877—1886.

Hengge-Aronis R, Klein W, Lange R, Rimmele M, Boos W. 1991. Trehalose synthesis
genes are controlled by the putative sigma factor encoded by rpoS and are involved in

stationary-phase thermotolerance in Escherichia coli. J Bacteriol 173:7918-7924.

Lange R, Hengge-Aronis R. 1991. Identification of a central regulator of stationary-phase

gene expression in Escherichia coli. Mol Microbiol 5:49-59.

Sak BD, Eisenstark A, Touati D. 1989. Exonuclease III and the catalase hydroperoxidase
IT in Escherichia coli are both regulated by the katF gene product. Proc Natl Acad Sci

86:3271-3275.

Weber H, Polen T, Heuveling J, Wendisch VF, Hengge R. 2005. Genome-Wide Analysis
of the General Stress Response Network in Escherichia coli: 0S-Dependent Genes,

Promoters, and Sigma Factor Selectivity. J Bacteriol 187:1591-1603.

Colland F, Fujita N, Ishihama A, Kolb A. 2002. The interaction between sigma$, the
stationary phase sigma factor, and the core enzyme of Escherichia coli RNA polymerase.

Genes Cells Devoted Mol Cell Mech 7:233-247.

Ganguly A, Chatterji D. 2012. A comparative kinetic and thermodynamic perspective of

the o-competition model in Escherichia coli. Biophys J 103:1325-1333.


https://doi.org/10.1101/058339

36

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

21.

22.

23.

24.

25.

26.

27.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Bougdour A, Lelong C, Geiselmann J. 2004. Crl, a low temperature-induced protein in
Escherichia coli that binds directly to the stationary phase sigma subunit of RNA

polymerase. J Biol Chem 279:19540-19550.

England P, Westblade LF, Karimova G, Robbe-Saule V, Norel F, Kolb A. 2008.
Binding of the unorthodox transcription activator, Crl, to the components of the

transcription machinery. J Biol Chem 283:33455-33464.

Typas A, Barembruch C, Possling A, Hengge R. 2007. Stationary phase reorganisation of
the Escherichia coli transcription machinery by Crl protein, a fine-tuner of sigmas activity

and levels. EMBO J 26:1569-1578.

Cavanagh AT, Chandrangsu P, Wassarman KM. 2010. 6S RNA regulation of relA alters

ppGpp levels in early stationary phase. Microbiol Read Engl 156:3791-3800.

Jishage M, Ishihama A. 1998. A stationary phase protein in Escherichia coli with binding
activity to the major sigma subunit of RNA polymerase. Proc Natl Acad Sci U S A

95:4953-4958.

Jishage M, Ishihama A. 1999. Transcriptional organization and in vivo role of the
Escherichia coli rsd gene, encoding the regulator of RNA polymerase sigma D. J Bacteriol

181:3768-3776.

Mitchell JE, Oshima T, Piper SE, Webster CL, Westblade LF, Karimova G, Ladant D,

Kolb A, Hobman JL, Busby SJW, Lee DJ. 2007. The Escherichia coli Regulator of


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

37

28.

29.

30.

31.

32.

33.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Sigma 70 Protein, Rsd, Can Up-Regulate Some Stress-Dependent Promoters by

Sequestering Sigma 70. J Bacteriol 189:3489-3495.

Wassarman KM, Storz G. 2000. 6S RNA regulates E. coli RNA polymerase activity. Cell

101:613-623.

Wassarman KM, Saecker RM. 2006. Synthesis-Mediated Release of a Small RNA

Inhibitor of RNA Polymerase. Science 314:1601-1603.

Cavanagh AT, Klocko AD, Liu X, Wassarman KM. 2008. Promoter specificity for 6S
RNA regulation of transcription is determined by core promoter sequences and competition

for region 4.2 of sigma70. Mol Microbiol 67:1242—1256.

Gildehaus N, NeuBer T, Wurm R, Wagner R. 2007. Studies on the function of the
riboregulator 6S RNA from E. coli: RNA polymerase binding, inhibition of in vitro
transcription and synthesis of RNA-directed de novo transcripts. Nucleic Acids Res

35:1885-1896.

Trotochaud AE, Wassarman KM. 2004. 6S RNA Function Enhances Long-Term Cell

Survival. J Bacteriol 186:4978—4985.

Neusser T, Polen T, Geissen R, Wagner R. 2010. Depletion of the non-coding regulatory
6S RNA in E. coli causes a surprising reduction in the expression of the translation

machinery. BMC Genomics 11:165.


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

38

34.

35.

36.

37.

38.

39.

40.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Shimada T, Yamazaki Y, Tanaka K, Ishihama A. 2014. The whole set of constitutive
promoters recognized by RNA polymerase RpoD holoenzyme of Escherichia coli. PloS

One 9:e90447.

Fukuda R, Taketo M, Ishihama A. 1978. Autogenous regulation of RNA polymerase beta

subunit synthesis in vitro. J Biol Chem 253:4501-4504.

Cho B-K, Kim D, Knight EM, Zengler K, Palsson BO. 2014. Genome-scale
reconstruction of the sigma factor network in Escherichia coli: topology and functional

states. BMC Biol 12:4.

Peter BJ, Arsuaga J, Breier AM, Khodursky AB, Brown PO, Cozzarelli NR. 2004.
Genomic transcriptional response to loss of chromosomal supercoiling in Escherichia coli.

Genome Biol 5:R87.

Mauri M, Klumpp S. 2014. A model for sigma factor competition in bacterial cells. PLoS

Comput Biol 10:e1003845.

Costanzo A, Nicoloff H, Barchinger SE, Banta AB, Gourse RL, Ades SE. 2008. ppGpp
and DksA likely regulate the activity of the extracytoplasmic stress factor sigmakFE in

Escherichia coli by both direct and indirect mechanisms. Mol Microbiol 67:619-632.

Dorman CJ. 2013. Genome architecture and global gene regulation in bacteria: making

progress towards a unified model? Nat Rev Microbiol 11:349-355.


https://doi.org/10.1101/058339

39

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

41.

42.

43.

44,

45.

46.

47.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Kusano S, Ishihama A. 1997. Functional interaction of Escherichia coli RNA polymerase

with inorganic polyphosphate. Genes Cells Devoted Mol Cell Mech 2:433—441.

Bordes P, Conter A, Morales V, Bouvier J, Kolb A, Gutierrez C. 2003. DNA
supercoiling contributes to disconnect ¢S accumulation from ¢S-dependent transcription in

Escherichia coli. Mol Microbiol 48:561-571.

Kusano S, Ding Q, Fujita N, Ishihama A. 1996. Promoter selectivity of Escherichia coli
RNA polymerase E sigma 70 and E sigma 38 holoenzymes. Effect of DNA supercoiling. J

Biol Chem 271:1998-2004.

Zhang A, Altuvia S, Tiwari A, Argaman L, Hengge-Aronis R, Storz G. 1998. The OxyS
regulatory RNA represses rpoS translation and binds the Hfq (HF-I) protein. EMBO J

17:6061-6068.

Barrick JE, Sudarsan N, Weinberg Z, Ruzzo WL, Breaker RR. 2005. 6S RNA is a
widespread regulator of eubacterial RNA polymerase that resembles an open promoter.

RNANY N 11:774-784.

Jeanguenin L, Lara-Nuiiez A, Pribat A, Mageroy MH, Gregory JF, Rice KC, de
Crécy-Lagard V, Hanson AD. 2010. Moonlighting glutamate formiminotransferases can

functionally replace 5-formyltetrahydrofolate cycloligase. J Biol Chem 285:41557—41566.

Ren D, Bedzyk LA, Thomas SM, Ye RW, Wood TK. 2004. Gene expression in

Escherichia coli biofilms. Appl Microbiol Biotechnol 64:515-524.


https://doi.org/10.1101/058339

40

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

48.

49.

50.

51.

52.

53.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Hansen S, Lewis K, Vuli¢ M. 2008. Role of global regulators and nucleotide metabolism

in antibiotic tolerance in Escherichia coli. Antimicrob Agents Chemother 52:2718-2726.

Wehner S, Damm K, Hartmann RK, Marz M. 2014. Dissemination of 6S RNA among

Bacteria. RNA Biol 11:1467-1478.

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal genes in

Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 97:6640-6645.

Thomason LC, Costantino N, Court DL. 2007. E. coli genome manipulation by P1

transduction. Curr Protoc Mol Biol Ed Frederick M Ausubel Al Chapter 1:Unit 1.17.

Uzzau S, Figueroa-Bossi N, Rubino S, Bossi L. 2001. Epitope tagging of chromosomal

genes in Salmonella. Proc Natl Acad Sci U S A 98:15264-15269.

Salgado H, Peralta-Gil M, Gama-Castro S, Santos-Zavaleta A, Muiiiz-Rascado L,
Garcia-Sotelo JS, Weiss V, Solano-Lira H, Martinez-Flores I, Medina-Rivera A,
Salgado-Osorio G, Alquicira-Hernandez S, Alquicira-Hernandez K, Lopez-Fuentes A,
Porron-Sotelo L, Huerta AM, Bonavides-Martinez C, Balderas-Martinez YI, Pannier
L, Olvera M, Labastida A, Jiménez-Jacinto V, Vega-Alvarado L, Del Moral-Chavez V,
Hernandez-Alvarez A, Morett E, Collado-Vides J. 2013. RegulonDB v8.0: omics data
sets, evolutionary conservation, regulatory phrases, cross-validated gold standards and

more. Nucleic Acids Res 41:D203-213.


https://doi.org/10.1101/058339

41

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

54.

55.

56.

57.

58.

59.

60.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Traxler MF, Summers SM, Nguyen H-T, Zacharia VM, Smith JT, Conway T. 2008.
The global, ppGpp-mediated stringent response to amino acid starvation in Escherichia coli.

Mol Microbiol 68:1128-1148.

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler

transform. Bioinforma Oxf Engl 25:1754—1760.

Anders S, Huber W. 2010. Differential expression analysis for sequence count data.

Genome Biol 11:R106.

Ali Azam T, Iwata A, Nishimura A, Ueda S, Ishihama A. 1999. Growth phase-dependent
variation in protein composition of the Escherichia coli nucleoid. J Bacteriol 181:6361—

6370.

deHaseth PL, Lohman TM, Burgess RR, Record MT. 1978. Nonspecific interactions of
Escherichia coli RNA polymerase with native and denatured DNA: differences in the

binding behavior of core and holoenzyme. Biochemistry (Mosc) 17:1612—-1622.

Sharma UK, Chatterji D. 2008. Differential mechanisms of binding of anti-sigma factors
Escherichia coli Rsd and bacteriophage T4 AsiA to E. coli RNA polymerase lead to diverse

physiological consequences. J Bacteriol 190:3434—-3443.

Beckmann BM, Burenina OY, Hoch PG, Kubareva EA, Sharma CM, Hartmann RK.
2011. In vivo and in vitro analysis of 6S RNA-templated short transcripts in Bacillus

subtilis. RNA Biol 8:839-849.


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not

656

657

658

659

660

661

662

663

664

665

666

42

61.

62.

63.

64.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

deHaseth PL, Zupancic ML, Record MT. 1998. RNA polymerase-promoter interactions:

the comings and goings of RNA polymerase. J Bacteriol 180:3019-3025.

Nitzan M, Wassarman KM, Biham O, Margalit H. 2014. Global regulation of

transcription by a small RNA: a quantitative view. Biophys J 106:1205-1214.

Smith TL, Sauer RT. 1996. Dual regulation of open-complex formation and promoter
clearance by Arc explains a novel repressor to activator switch. Proc Natl Acad Sci U S A

93:8868-8872.

Proshkin S, Rahmouni AR, Mironov A, Nudler E. 2010. Cooperation between translating

ribosomes and RNA polymerase in transcription elongation. Science 328:504-508.


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

667 Table 1: Cellular concentrations of RNA polymerase, sigma factors, Rsd and 6S RNA.

Molecule Exponential Stationary Reference
Core RNA Polymerase ~4.3 yM ~4.3 UM 9)

0" ~12.1 yM ~12.0 yM

o Not Detected ~2.7 UM

Rsd ~5.5 UM ~10.4 yM

6S RNA ~1000 molecules/cell ~10,000 molecules/cell (28)

668
669
670
671
672
673
674
675
676
677
678
679
680
681
682 Table 2: Default values of parameters used for simulations. Wherever possible, values used are

683 specific to stationary phase. These values are discussed in Text S1.

43


https://doi.org/10.1101/058339

bioRxiv preprint doi: https://doi.org/10.1101/058339; this version posted June 10, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Parameter Meaning Value Reference
Volume Average cell volume 10 L (57)
Eotal Total cellular concentration of RNA Polymerase 4.3 yM 9)
0" otal Total cellular concentration of ¢” 12.0 yM
0% 00l Total cellular concentration of ™ 2.7 M
Rsdioal Total cellular concentration of Rsd 10.4 yM
6S RNAwa  Total cellular concentration of 6S RNA 13 yM (28)
DNA ol Nonspecific binding sites per cell 4.6 x 10° MG1655
genome size
P70, P3s o-cognate promoters per cell 200 (38)
Ko7 Dissociation constant for E - 0" binding 3.3 nM (19)
Keoss Dissociation constant for E - 0*binding 15.2 nM
Kis Dissociation constant for nonspecific binding of10* M (58)
RNA Polymerase and DNA
Kkgsa Dissociation constant for Rsd - ¢’°binding 32 nM (59)
Kss Dissociation constant for 6S RNA - E¢’’binding 131 nM (60)
Keop Dissociation constant for holoenzyme - promoter10” M (61)
binding

Operon length Average operon length 1000 nt (62)
c Rate of promoter clearance 0.005s™ (38, 63)
e Rate of escape from elongation 0.021s™ (64)
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Figure 1: A) Schematic showing the binding activity of Rsd and 6S RNA. B) Boxplot of log, fold change in gene expression
(Arsdiwild-type, EE phase) for 313 genes whose expression is reduced at least twofold in ArpoS/wild-type in EE phase,
compared to all other genes. C) Boxplot of log, fold change in gene expression (Arsd/wild-type, stationary phase) for 634
genes whose expression is reduced at least twofold in ArpoS/wild-type in stationary phase, compared to all other genes.
p-values are for Wilcoxon Test.
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Figure 2: A) Venn diagram showing genes whose expression is increased at least twofold in AssrS relative to wild-type, in
different phases of growth. B) Venn diagram showing genes whose expression is reduced at least twofold in AssrS relative
to wild-type, in different phases of growth. C) Schematic of plasmid pTopo-ssrS, used for overexpressing 6S RNA. D)
Fold change in expression (QRT-PCR) of ssrS (dark gray) and fau (light gray) RNA in wild-type (both set to 1), AssrS,
wild-type transformed with empty vector, and wild-type transformed with pTopo-ssrS, during stationary phase. Data
represent mean +/- SEM for 3 biological replicates.
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Figure 3: A) Boxplot of log, fold change in gene expression (AssrS/wild-type, EE phase) for 313 genes whose expression
is reduced at least twofold in ArpoS/wild-type in EE phase, compared to all other genes. B) Boxplot of log, fold change in
gene expression (AssrS/wild-type, stationary phase) for 634 genes whose expression is reduced at least twofold in
ArpoS/wild-type in stationary phase, compared to all other genes. p-values are for Wilcoxon Test.
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Figure 4: A) log, fold increase in 6S RNA levels in wild-type E. coli over successive growth phases (relative to its expression
in EE phase), based on RNA-Seq. B) log2 fold change in rpoB gene expression in AssrS/wild-type, in successive growth
phases. C) log, fold change in the expression of 46 ribosomal protein genes in AssrS/wild-type, in successive growth phases.
D) log, fold change in crl expression in AssrS/wild-type, in successive growth phases. E) Western blot for 3xFLAG-tagged
Rsd in wild-type and AssrS backgrounds, in mid-exponential and stationary phases. F) Boxplots showing the wild-type
expression level of genes that are reduced >=2-fold in AssrSAvild-type, genes that are not differentially expressed in AssrS,
and genes that are increased >=2-fold in AssrS/wild-type, during stationary phase. G) Boxplots showing the RNA polymerase
occupancy (measured by ChIP-chip) of promoters beloning to genes that are reduced >=2-fold in AssrS/Avild-type, genes that
are not differentially expressed in AssrS, and genes that are increased >=2-fold in AssrS/wild-type, during stationary phase.
Only genes that were the first genes in their transcription unit, and were associated with a single RNA polymerase binding site,
were included in (G). All p-values are for Wilcoxon Test.
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Figure 5: Scatterplots of log, fold change in gene expression in the ArsdAssrS double knockout versus the sum of log, fold
changes in the Arsd and AssrS single knockouts, for each gene, in A) Early exponential and B) Stationary phase. Blue points
represent genes that show differential expression (>=2-fold increase or decrease, FDR-adjusted p-value<0.05) in the double
knockout, but less than twofold change in expression in both single knockouts added together.
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Figure 6: A) Schematic of the model. Shaded area represents reactions involved in holoenzyme formation (without DNA) B)

(i) Steady-state levels of Ec”® (black) and Ec® (gray), computed from equations (1) - (9), as a function of total Rsd, when

6S RNA = 0. (ii) Same when total 6S RNA = 13 uM. (iii) Steady-state levels of the 6S RNA-Ea’® complex, as a function of
total Rsd. (iv) Steady-state rate of transcription from Ec’® dependent promoters (black) and Ec*® dependent promoters (gray),
as a function of total Rsd. Vertical dashed lines represent wild-type cellular concentrations in stationary phase. (v) Steady-state
rate of transcription from Ec”® dependent promoters (black bars) and Ec*® dependent promoters (gray bars) in the wild-type,
absence of Rsd, and simulated Rsd knockout. C) (i) Steady-state levels of Ec™ (black) and Ea®® (gray), computed from
equations (1) — (9), as a function of total 6S RNA. (ii) Steady-state rate of transcription from Ec’® dependent promoters
(black) and Ec* dependent promoters (gray), as a function of total 6S RNA. Vertical dashed lines represent wild-type cellular
concentrations in stationary phase. (i) Steady-state rate of transcription from Ec’® dependent promoters (black bars) and
Eo*® dependent promoters (gray bars) in the wild-type, absence of 6S RNA, and simulated 6S RNA knockout.
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731 Supplementary Material Legends

732

733  Figure S1: Sample growth curves of wild-type E. coli and the mutant strains used for RNA-Seq.
734  Overnight cultures were diluted 1:100 in fresh M9 Glucose medium and growth was estimated
735 by measuring optical density at 600 nm.

736

737  Figure S2: (A) Boxplots of log, fold change in gene expression (Arsd/wild-type) for genes whose
738 expression is significantly reduced in ArpoS in the indicated growth phase, compared to all other
739 genes. (B) Boxplots of log, fold change in gene expression (Arsd/wild-type) for reported o™

740 targets (18) in the indicated growth phase, compared to all other genes. (C) Boxplots of log, fold
741 change in gene expression (Arsd/wild-type) for genes whose expression is significantly increased
742 in ArpoS in the indicated growth phase, compared to all other genes. p-values are for Wilcoxon
743  Test.

744

745  Figure S3: Boxplots of log, fold change in gene expression (Arsd/wild-type) for 270 genes

746  whose expression is controlled by constitutive o”°-dependent promoters, compared to all other
747  genes, in the indicated growth phase. p-values are for Wilcoxon Test.

748

749  Figure S4: Western blot showing expression of ¢* (RpoS) during stationary phase, in the five
750  strains used for RNA-Seq. GroEL was used as a loading control.

751
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Figure S5: (A) Boxplots of log, fold change in gene expression (AssrS/wild-type) for genes
whose expression is significantly reduced in ArpoS in the indicated growth phase, compared to
all other genes. (B) Boxplots of log, fold change in gene expression (AssrS/wild-type) for
reported o™ targets (18) in the indicated growth phase, compared to all other genes. (C) Boxplots
of log, fold change in gene expression (AssrS/wild-type) for genes whose expression is
significantly increased in ArpoS in the indicated growth phase, compared to all other genes. p-

values are for Wilcoxon Test.

Figure S6: Boxplots of log, fold change in gene expression (AssrS/wild-type) for 270 genes
whose expression is controlled by constitutive 6’°-dependent promoters, compared to all other

genes, in the indicated growth phase. p-values are for Wilcoxon Test.

Figure S7: Boxplots of log, fold change in gene expression (AssrS/wild-type) during the
transition to stationary phase, for 710 genes repressed by ppGpp, 3159 genes unaffected by

ppGpp, and 704 genes activated by ppGpp (54). p-values are for Wilcoxon Test.

Figure S8: Heatmaps showing the log, fold change in expression, in successive growth phases, of
(A) 16 genes whose expression was increased in AssrS/wild-type, with the magnitude of this
increase increasing in successive growth phases, and (B) 20 genes whose expression was reduced

in AssrS/wild-type, with the magnitude of this reduction increasing in successive growth phases.
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Figure S9: Western blot showing expression of RNA polymerase 3 subunit (RpoB) during

stationary phase, in the five strains used for RNA-Seq. GroEL was used as a loading control.

Figure S10: (A) Boxplots of log, fold change in gene expression (AssrS/wild-type) for genes as a
function of the number of nucleotides in their promoter -35 sequence that match to consensus,
for a set of 312 mapped ¢”° promoters, based on the data of (30) (B) Boxplots showing log, fold
change in expression (AssrS/wild-type) of the same genes in our dataset. (C) Boxplots showing
log, fold change in gene expression (AssrS/wild-type) for 77 genes whose promoters have a
weak -35 element and extended -10 element, compared to 72 genes with a weak -35 element
only, based on the data of (30) (D) Boxplots showing log, fold change in gene expression

(AssrS/wild-type) for the same genes in our dataset. p-values are for Wilcoxon Test.

Figure S11: (A) Boxplots of log, fold change in gene expression (ArsdAssrS/wild-type) for genes
whose expression is significantly reduced in ArpoS in the indicated growth phase, compared to
all other genes. (B) Boxplots of log, fold change in gene expression (ArsdAssrS/wild-type) for
reported o™ targets (18) in the indicated growth phase, compared to all other genes. (C) Boxplots
of log, fold change in gene expression (ArsdAssrS/wild-type) for genes whose expression is
significantly increased in ArpoS in the indicated growth phase, compared to all other genes. p-

values are for Wilcoxon Test.
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Figure S12: (A) log, fold change in gene expression of rpoB in successive growth phases, in
AssrS/wild-type (black) and ArsdAssrS/wild-type (blue) (B) Boxplots showing log, fold change
in gene expression of 46 ribosomal protein-encoding genes in successive growth phases, in
AssrS/wild-type (black) and ArsdAssrS/wild-type (C) log, fold change in gene expression of crl
in successive growth phases, in AssrS/wild-type (black) and ArsdAssrS/wild-type (blue). (D)
Boxplots showing the wild-type expression level of genes that are downregulated by twofold or
more, genes that are not differentially expressed, and genes that are upregulated by twofold or

more, in AssrS/wild-type (black) and ArsdAssrS/wild-type (blue) during stationary phase.

Figure S13: (A) Steady-state rate of transcription from Ec’® dependent promoters (black) and
Eo*® dependent promoters (gray), as a function of total 6*, in the absence of Rsd. (B) Steady-
state rate of transcription from Eo” dependent promoters (black) and Ec* dependent promoters
(gray), as a function of total Rsd. Vertical dashed lines represent wild-type cellular

concentrations in stationary phase.

Figure S14: A schematic showing various pathways by which Rsd and 6S RNA have been
proposed to regulate RNA polymerase. Bold lines represent sequestration into inactive
complexes. Blue lines represent pathways which are affected only in the Rsd-6S RNA double
knockout. The three arrows connecting Rsd and 6S RNA show that Rsd inhibits expression of
6S RINA (in stationary phase) and activates it (in ME phase), while 6S RNA increases expression

of Rsd. The question mark indicates the possibility that 6S RNA is autoregulatory.
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