@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Maeda M, Shimada T, Ishihama A (2015)
Strength and Regulation of Seven rRNA Promoters in
Escherichia coli. PLoS ONE 10(12): e0144697.
doi:10.1371/journal.pone.0144697

Editor: Szabolcs Semsey, Niels Bohr Institute,
DENMARK

Received: October 24, 2015
Accepted: November 23, 2015
Published: December 30, 2015

Copyright: © 2015 Maeda et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the MEXT
Grants-in-Aid for Scientific Research (A) (21241047),
(B) (18310133) and (C) (25430173) to Al, MEXT
Grant-in-Aid for Young Scientists (B) (24710214) to
TS, Research Fund from IFO (Institute for
Fermentation, Osaka) to TS, MEXT Cooperative
Research Program of Network Joint Research Center
for Materials and Devices to TS and Al, MEXT-
Supported Program for the Strategic Research
Foundation at Private Universities 208-2012
(S0801037) to Al. The funders had no role in study

Strength and Regulation of Seven rRNA
Promoters in Escherichia coli

Michihisa Maeda', Tomohiro Shimada®?, Akira Ishihama®*

1 Meiji University, Faculty of Agriculture Chemistry, Kawasaki, Kanagawa 214-8571, Japan, 2 Chemical
Resources Laboratory, Tokyo Institute of Technology, Nagatsuda, Yokohama 226-8503, Japan, 3 Research
Center for Micro-Nano Technology, Hosei University, Koganei, Tokyo 184-8584, Japan

* aishiham @hosei.ac.jp

Abstract

The model prokaryote Escherichia coli contains seven copies of the rRNA operon in the
genome. The presence of multiple rRNA operons is an advantage for increasing the level of
ribosome, the key apparatus of translation, in response to environmental conditions. The
complete sequence of E. coli genome, however, indicated the micro heterogeneity between
seven rRNA operons, raising the possibility in functional heterogeneity and/or differential
mode of expression. The aim of this research is to determine the strength and regulation of
the promoter of each rRNA operon in E. coli. For this purpose, we used the double-fluores-
cent protein reporter pBRP system that was developed for accurate and precise determina-
tion of the promoter strength of protein-coding genes. For application of this promoter assay
vector for measurement of the rRNA operon promoters devoid of the signal for translation, a
synthetic SD sequence was added at the initiation codon of the reporter GFP gene, and
then approximately 500 bp-sequence upstream each 16S rRNA was inserted in front of this
SD sequence. Using this modified pGRS system, the promoter activity of each rrn operon
was determined by measuring the rrn promoter-directed GFP and the reference promoter-
directed RFP fluorescence, both encoded by a single and the same vector. Results indi-
cated that: the promoter activity was the highest for the rrnE promoter under all growth con-
ditions analyzed, including different growth phases of wild-type E. coli grown in various
media; but the promoter strength of other six rrn promoters was various depending on the
culture conditions. These findings altogether indicate that seven rRNA operons are different
with respect to the regulation mode of expression, conferring an advantage to E. coli
through a more fine-tuned control of ribosome formation in a wide range of environmental
situations. Possible difference in the functional role of each rRNA operon is also discussed.

Introduction

Bacteria carry a sophisticated genetic system to optimize the cell growth rate in response to
environmental conditions. Growth rate is closely related to the level of ribosome synthesis, the
key apparatus of protein synthesis. The number of ribosomes per cell in a growing bacterial cell
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increases in direct proportion to the growth rate [1,2]. The number of ribosomes per cell is pro-
portional to the growth rate to satisfy the cells demand for protein synthesis [3]. In fast growing
E. coli cells, there are as many as 70,000 ribosomes per cell, while at lower growth rates, this
number is reduced to less than 20,000 [4]. The intracellular level of RNA polymerase, the key
apparatus of transcription, correlates the ribosome level [5,6].

Ribosomes are composed of 3 species of rRNA (16S, 23S and 5S rRNA) and a total of 22 spe-
cies of ribosomal protein (r-proteins) for 30S ribosome and 35 species of r-proteins for 50S
ribosomes. The syntheses of 3 rRNA species and all r-protein species are generally coordinated
for efficient assembly of ribosomes. The genome of Escherichia coli K-12 W3110 contains
seven rRNA operons, which are similar in the gene organization [7,8], each consisting of tan-
dem promoters (P1 and P2), 16S rRNA gene, tRNA genes (tRNA"® and tRNA" genes in the
rrnA, rrnE and rrnH operons); and tRNAS" gene in the r7nB, rrnC, rrnD and rrnG genes); 23S
rRNA genes; 55 rRNA gene; and at 3” termini, tRNA™ gene in the rrnD and tRNA gene in
the rrnH operon, respectively [9] (Fig 1). Each of the seven rRNA operons is transcribed from
two promoters, upstream P1 and downstream P2, which are separated by approximately
120 bp in length [9]. P1 plays a major role in high-level synthesis of rRNA during exponential
growth in nutrient-rich media while P2 accounts for basal-level synthesis of rRNA at low
growth rate and in stationary phase of cell growth. Both cis-acting elements (AT-rich “‘UP ele-
ment’ and GC-rich ‘discriminator’) within the promoter region and trans-acting protein fac-
tors (Fis, H-NS, Lrp and DksA) are involved in the regulation of rRNA synthesis [10,11,12]. In
addition, two nucleotide factors, ‘alamone’ ppGpp (and pppGpp) [13-15] and ‘initiating nucle-
otide’ iNTPs [16], participate in this regulation [10,12,17].

Even though the sequences of seven rrn operons are almost identical, significant difference
exists in the promoter sequence between seven tRNA operons, and the rRNA sequences
encoded by seven rrn operons include operon-specific minor difference (see Discussion).
Seven rrn operons in E. coli are located in noncontiguous sites around the genome and are
transcribed in the same direction of genome replication [18]. The redundancy of rRNA oper-
ons in E. coli is considered to have evolved to support the high levels of ribosome production
necessary for rapid growth rates [9,19,20]. All seven rRNA operons are needed for optimal
adaptation to changing physiological conditions [21]. After systematic approaches of making
E. coli strains with deletion of rRNA operons [22,23], the level of growth reduction was found
to correlate with the deleted number of rRNA operons. The presence of even a single rRNA
operon on the genome is able to produce as much as 56% of wild-type levels of rRNA [23]. The
correlation between the number of rrn operons and the rate of cell growth was also confirmed
by using a set of engineered rRNA opeon copy-number variants [24]. These findings indicated
that E. coli harbors an excessive level of ribosomes, keeping a certain level of ribosome storage.
In fact, unused ribosomes are stored in inactive forms by forming ribosome dimers after inter-
action with dimerization factors such as ribosome modulation factor RMF [25].

The seven rRNA copies have long been believed to be identical in the structure and function.
This concept was challenged after analysis of the expression mode of seven rRNA operons in E.
coli. Initial attempts were made to estimate the difference in the promoter activity of each
rRNA operon using the protein reporter systems. Condon et al. [26] analyzed CAT (chloram-
phenicol acetyl transferase) expression by rRNA promoter-cat operon fusions while Hirvonen
et al. [27] analyzed expression of rRNA promoter-lacZ operon fusion. Since RNA genes lack
the signal for translation, the reporter gene-associated SD sequence was used for expression of
the reporter proteins in these studies. Nevertheless, these pioneering studies suggested the
growth rate- and growth phase-dependent difference in the expression pattern between seven
rRNA operons.

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 2/19



el e
@ ' PLOS ‘ ONE Strength and Regulation of Seven rRNA Promoters

rrnH
u rrnE

rrnC

2 Escherichia coli
rrng 3110 73.83 Escherichia coli
rrn W
"5 \rars MG1655

rrnG
16S 238 58
RNA . TRNA rRNA
rrnA
"T
rrnB —»—g—u-—‘—ﬂ
Ity
rrnC J
gltv thrv
rrnD —pp-ey—{— ) §-
ileU  alaUl
rrE —pp—-m—) (- w)—-
Itw
rrnG —»d—u—_‘—l—l
iley alav aspU
rrnH

Fig 1. Gene organization of seven rrn operons in the E. coli K-12 genome. Seven rRNA operons exist in
more than 2,000 E. coli strains so far sequenced [39]. Two K-12 strains, MG1655 [7] and W3110 [8], are
widely used as the model E. coli strains. Strain W3110 carries an inversion between rrnD and rrE operons
[A], but the direction of transcription for all seven rrn operons are the same with that of DNA replication in both
strains. The order of rRNA organization in seven rrn operons are the same, but each rrm operon contains one
to three different tRNA genes [B]. Details are described in text.

doi:10.1371/journal.pone.0144697.g001

Here we demonstrate the intrinsic characteristics for seven rRNA promoters by using the
two fluorescent protein (GFP/RFP) reporter system, that was developed for accurate measure-
ment the promoter strength and regulation of protein-coding genes [28]. Approximately
500 bp-long segment upstream from 5’ end of 16S rRNA was inserted, after addition of SD
sequence for reporter translation, into this pBRP promoter assay vector yielding the improved
vector pBRS to be used for the promoter assay of RNA genes. These direct fusions between
each rRNA promoter-GFP coding sequence, a kind of translational fusion, allowed more accu-
rate estimation of the strength and regulation of rRNA promotors. Results herein described
indicate that: the promoter activity is maximum for the rrnE operon; but the order of promoter
strength between other six rrn operon promoters is different depending on the growth condi-
tions. The molecular basis of the difference in promoter strength and regulation is discussed in
relation of possible difference in the physiological role of each rrn operon.
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Results
Construction of the promoter assay system for all seven rRNA operons

E. coli contains a total of seven rRNA operons, of which five (rrnC, rrnA, rruB, rrnE and rrnH
on this order from the replication origin) are in clockwise direction and two (rrnD and rrnG)
in anti-clockwise direction (Fig 1). All seven rRNA operons contain tRNA genes: both Ile-
tRNA and Ala-tRNA genes within spacer between 16S and 23S rRNA genes for rrnA, rrnE and
rrnH operons; one Glu-tRNA gene between 16S and 23S rRNA genes for rruB, rrnC, rrnD and
rrnG rRNA operons. In addition, downstream of 23S rRNA gene, one Thr-tRNA gene in the
rrnD operon and one Ala-tRNA gene in the rrnH operon. The Glu tRNA gene is not present
outside the rrn operons, implying that one evolutionary force for maintenance of the rrnB,
rrnC, rrnD and rrnG operons is the inclusion of Glu-tRNA gene within these composite rrn
operons.

On each rRNA promoter, three to five Fis-binding sites have been proposed (Fig 2). To con-
firm these proposals, we analyzed the number of Fis-binding sites along each 500 bp-long
rRNA promoter segment. Based on the gel shift assay, the number of Fis-binding sites on rrnA,
rrnb, rrnC, rrnD and rrnH were estimated to be the same as reported [27], but that on rrnE
increased from 5 to more than 8, and that on r»nG increased from 3 to more than 6 (Fig 3).
Based on the gel shift pattern, the apparent increase in Fis-binding sites on these two promoters
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Fig 2. Promoter-region sequences of seven rrn operons used for construction of the promoter assay
vectors. For construction of the promoter assay vectors of rrn operons, a total of approximately 500 bp-long
sequence upstream from 5’ terminus of 16S rRNA gene, as indicated above each DNA lane, were PCR-
amplified using specific set of primers (for primer sequences see S1 Table) and inserted into pGRS vector, a
modified form of pGRP [28], containing an SD sequence at the junction of GRF-coding sequence. Open
box and closed boxes on each probe represent the relative location of UP element and predicted Fis-binding
sites, respectively (see Fig 8). Triangles downstream of the UP element indicate two promoters, upstream P1
and downstream P2. The number of Fis sites on the rrE promoter was suggested to be more than those
hitherto identified (see Fig 3). The whole length used for the construction of pGRS vector is described in
parenthesis at right-side end of each lane.

doi:10.1371/journal.pone.0144697.g002
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Fig 3. Gel shift assay of Fis binding to promoter DNA probes of seven rrn operons. Gel shift assay of Fis-binding sites was performed under the
standard procedure as described in Materials and Methods using each of seven rrn promoter probes as shown in Fig 2 and increasing amounts of purified Fis
protein. With the rrnE and rrnG promoters, Fis exhibited high-level of cooperative binding, forming multiple ladders.

doi:10.1371/journal.pone.0144697.g003

was suggested to be attributable to the cooperative binding of Fis at high protein
concentrations.

Previously we constructed the quantitative promoter assay systems using GFP-RFP two-
fluorescent protein reporters [28]. For measurement of RNA promoter strength without SD
sequence for translation, we modified the original pGRP vector by adding a SD sequence prior
to the coding sequence of GFP (Fig 4). This newly constructed pGRS vector (the modified
pGRP with SD sequence added) was used in this study for measurement of the strength and
regulation of rRNA promoters. Approximately 500 bp-long sequence upstream the initiation
site of each rrn promoter (see Fig 2) was cloned into pGRS vector between BglII and EcoRI sites
so as to insert them prior to the SD sequence. The resulting pGRS series vectors (pGRS-rrnA to
pGRS-rrnH) (Table 1) allowed the detection of strength of each rrn promoter by measuring
the relative level of GFP and RFP expression levels (Fig 4).

Growth phase-coupled changes in the promoter activity of seven rRNA
operons

Using the newly developed vectors for the assay of RNA promoters thus constructed, we first
determined growth phase-dependent changes in the promoter activity of each rRNA operon.
Each of seven pGRS vectors was transformed into wild-type E. coli K-12 W3110 A-type with
the intact rpoS gene [29]. A reference vector pGRS-lacUV5 with lacUV5 promoter inserted
prior to both GFP and RFP coding sequences was also transformed into E. coli W3110. Trans-
formants were grown in LB and the levels of GFP and RFP fluorescence were measured at
every hour up to 30 hr (Fig 5A). The expression level of RFP under the control of lacUV5
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Fig 4. Map of the two-fluorescent reporter vector for the promoter assay of seven rrn operons. For determination of the promoter strength and
regulation of seven rrn operons, approximately 500 bp-long DNA fragments (indicated by blue; for details see Fig 2) covering each of the rrn promoters, as
shown in Fig 2, were PCR-amplified and inserted into pGRS vector (the modified version of pGRP vector with an inserted SD sequence (indicated by yellow).

doi:10.1371/journal.pone.0144697.9004

stayed almost constant throughout growth phases as measured using GFP/RFP ratio in good
agreement with the systematic measurement of promoter activity using the original pGRP vec-
tor [28]. To cancel possible fluctuation of the plasmid copy numbers, the level of rRNA pro-
moter-directed expression of GFP was calculated by measuring the ratio of GFP (under the
direction of test rRNA promoter) and RFP (under the direction of reference lacUV5 promoter).
The level of promoter activity was the highest in the exponential growth phase at 2 hr after
inoculation of the preculture to fresh media for all seven rRNA promoters and then decreased
upon entry into stationary phase. The high-level activity of rrn promoters agrees with the high-
level production of ribosomes in growing phase. The rate of decrease in promoter activity was
relatively slow for pGRS-rrnC (rrnC promoter) and pGRS-rrnE (rrnE promoter), and thus the
GFP fluorescence still remained at detectable levels even at 20 and 30 hr after inoculation of
the over-night preculture to a fresh medium.

Growth rate-coupled changes in the promoter activity of seven rRNA
operons

The level of rrn promoter activity was then compared for cells growing at different rates. For
this purpose, transformants carrying each pGRS vector were grown in four different media: a)
LB (Luria-broth); b) M9-0.4% glucose plus casamino acid; ¢) M9-0.4% glucose; and d) M9-
0.4% glycerol. The growth rates were: 1.8-1.9 doublings per hr (a); 1.3-1.35 doublings per hr
(b); 0.6-0.65 doublings per hr (c); and 0.4-0.45 doublings per hr (d), respectively. For each cul-
ture, the promoter activity was measured as the relative value to that of reference lacUV5

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 6/19
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Table 1. Bacteria and plasmids used in this study.

Bacterial strain Genotype

Escherichia coli W3110 moh-1 INV (rrnD, rrnE)

Escherichia coli DH5a SsupE44 lacU169 deoR nupG A(lacZYA-argF) hsdR17 recA1endA1 gyrA96 thi-
1relA

Escherichia coli BL21 dcm ompT hsdS gal (\DE3)

(DE3)

Escherichia coli BW25113 B AlacZ4787 hsdR514 AaraBAD567 rph-1
Escherichia coli JW1225 BW25113 hns
Escherichia coli JW3229 BW25113 fis

Plasmid Construction

pBR322

pGRP Promoter assay vector (Shimada T et al. [28])
pGRS SD within pGRP

pGRS-rmA rrnA promoter within pGRS
pGRS-rmB rmmB promoter within pGRS
pGRS-rmC rrnC promoter within pGRS
pGRS-rrD rrmD promoter within pGRS
pGRS-rmE rmE promoter within pGRS
pGRS-rmG rmnG promoter within pGRS
pGRS-rrmH rmH promoter within pGRS
pGRS-lacUV5 lacUV5 promoter within pGRS

doi:10.1371/journal.pone.0144697.1001

promoter-directed activity (purple line for each panel in Figs 5-7) at various times up to 30 hr
after inoculation of the preculture to each fresh medium.

In the growth phase-dependent change in the promoter activity for the M9-glucose-casa-
mino acid culture is slightly different from that in LB culture (Fig 5, red line). As in the case of
LB culture, the maximum activity was observed at the 2 hr for all seven rRNA promoters (Fig
5, green line). The growth phase-coupled decrease in the activity of rrn promoters was observed
for the slowly growing culture in M9-0.4% glucose (Fig 6) and M9-0.4% glycerol (Fig 7). In
both of these slowly growing cultures, the maximum promoter activity was observed at the cul-
ture time 5 hr. The delay in the appearance of rrn promoter activity is mainly attributable to
the decreased rate of cell growth in nutrient-poor media.

The promoter activity was calculated at different times for all four cultures grown in differ-
ent media. The highest levels of promoter activity are compared between these different cul-
tures (Fig 8A). Between seven rRNA promoters, the activity at the peak was the highest for
rrnE, and the lowest for rrnH, the level being rrnE > rrnG > rrnC > rrnD > rrnB > rrnA >
rrnH in decreasing order. The difference in promoter strength ranged 6-7 fold between the
strongest rrnE and the weakest rrnH. Nevertheless the order of promoter activity in different
media was the same between seven rrn promoters, showing the decreasing order: LB (a) >
M9-glucose-casamino acid (b) > M9-glucose (c) > M9-glycerol (d) (Fig 8B).

The promoter activity of all seven rRNA operons in mutants lacking Fis
or H-NS

Up to the present time, several regulatory factors have been indicated to be involved in regula-
tion of seven rrn promoters, including DNA UP element, transcription factors Fis, Lrp and
H-NS, and nucleotide effectors ppGpp and iNTP (initiating nucleotides ATP or GTP).
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el e
@ ) PLOS ‘ ONE Strength and Regulation of Seven rRNA Promoters

10

Promoter activity
CO v PO O B N O

' 0.01
30

Promoter activity

001 001
0 10 20 30 0 10 2 30 0 10 20 30
Culture time (h)
Fig 5. Growth phase-dependent variation of the promoter activity of seven rrn operons: LB and M9-Glc-CA growth. Promoter activity of seven rm
operons was determined using a series of pGRS vector, two fluorescent reporter assay vectors (for the plasmid map see Fig 4), which were transformed into
E. coliW3110 type-A. Transformants were grown at 37°C in LB (red) and M9+glucose+casamino acids (green). The growth curve (dotted lines) was

determined by measuring turbidity the promoter activity (straight lines) was determined by measuring the fluorescent intensity and is shown as the relative
values with the reference of lacUV5-directed activity. Purple symbols and lines represent the lacUV5 promoter-directed GFP level that was set at 1.0.

doi:10.1371/journal.pone.0144697.9005

Nucleoid of E. coli contains about 10 species of the DNA-binding protein with both architec-
tural and regulatory roles [29,30], of which two proteins, Fis and H-NS, have been proposed to
play major roles in expression of rrn operons [10,16]. The influence of Fis and H-NS on indi-
vidual rrn operons is not yet fully understood. As an attempt for elucidation of the regulatory
factors that influence the growth phase-dependent pattern of each promoter activity, we ana-
lyzed in this study the activity of each rrn promoter in mutants E. coli lacking the proposed
potent regulators Fis and H-NS.

Fis plays a major role in high-level expression of the growth-coupled genes including the
rrn operons [31]. In the absence of Fis, the growth rate decreased significantly due to the reduc-
tion of rRNA production (data not shown). The influence of Fis deletion was compared
between seven rRNA promoters (Fig 9A). The level of Fis deletion reduced, to various extent,
the expression of rrn operons as measured by the reporter assay, in good agreement with the
reduction of cell growth. The reduction in promoter activity was the maximum for rrnE (less
than 35% the level of wild-type value in the presence of Fis) and the minimum for rrnD (about
75% the level of wild-type value). The number of Fis-binding sites is the highest for rrnE (see
Fig 3), indicating the influence of Fis deletion correlates with the number of Fis-binding sites.
This finding supports the prediction that the high-level of promoter activity for rrnE is, at least
in part, to the high-level binding of activator Fis.

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 8/19
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doi:10.1371/journal.pone.0144697.9006

Nucleoid protein H-NS is known as the general silencer of a large number of unused genes
and horizontally acquired genes [30,32]. By using the genomic SELEX screening system [32],
we have identified a total of 987 H-NS binding sites on the E. coli genome [33]. Between seven
rrn operon promoter regions, a high-level of H-NS binding was identified on three rrn promot-
ers, rrnA, rrnB and rrnH [34]. In good agreement with the presence of H-NS binding sites, the
increase in promoter activity in the hns mutant was the highest for the rrnB promoter, followed
by the rrnH, rrnC and rrunD promoters (Fig 9B). Noteworthy is that virtually no influence of
H-NS deletion was observed for the rrnE promoter, which was maximally activated by Fis in
exponentially growth phase (Fig 9A). Since H-NS interferes, as the general silencer, with the
binding of RNAP and Fis to these promoters, the low activity of rrnA, rrnB and rrnH, in partic-
ular in the stationary phase, might be attributable to the silencing effect by H-NS. These obser-
vations altogether confirmed the notion that the expression of seven rrn operons is indeed
under different control by two global regulators Fis and H-NS.

Discussion
Multiplicity of the rrn gene copies

rRNA genes have been widely used for the taxonomic assignment of individual organisms and
the estimation of evolutionary history of species. The level of sequence heterogeneity among

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 9/19
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doi:10.1371/journal.pone.0144697.g007

rrn operons influences the accuracy of species identification [20,35]. The existence of multiple
rRNA operons within a single bacterial species is widely identified, ranging from one to 15 cop-
ies per genome [20]. The presence of seven rRNA operons in E. coli is preserved among a total
of more than 2,000 strains so far sequenced [36]. The redundancy of seven rRNA operons in E.
coli must have evolved to support the high-level production of ribosomes and thereby the
high-level of cell growth [9,19]. The multiplicity of rrn operons has been considered to be pri-
marily a mechanism for maintaining the appropriate amount of rRNA in a cell. One genetic
system to keep the multiple copies of rRNA gene is the inclusion of specific tRNA genes within
all seven rRNA operons. In the spacer region of 16S and 23S rRNA genes, one Glu-tRNA gene
exists in each of the rrnB, rrnC, rrnD and rrnG operons and both Ala-tRNA and Ile-tRNA
genes exist in the rrnA, rrnE and rrnH operons (see Fig 1). In addition, in the 3’-proximal
region after 23S rRNA gene, the rrnD operon includes one Thr-tRNA gene between two 5S
rRNA genes, and the rrnH operon includes one Asp-tRNA gene after 5S rRNA gene. Among
these four species of tRNA, the genes encoding Glu-tRNA are present only the rruB, rruC,
rrnD and rrnG operons, indicating at least one of these rrn operons is essential for cell growth.
The high-level conservation of rRNA-coding sequence indicates the participation of rRNA
in important functions associated with ribosomes. The function of ribosomes as the apparatus
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of translation is unique: unlike other cellular enzymes, the ribosomes are ribozymes [37-39], in
which rRNAs play key roles in protein synthesis. All three species of rRNA in ribosomes con-
tribute, to various extents, in the rRNA functions, including peptide bond formation,
RNA-RNA interaction with mRNA and tRNAs, intra- and inter-molecular interaction of
rRNAs, RNA-protein interaction with a number of r-proteins and translation factors, and
interaction with ribosome-targeted antibiotics. The presence of multiple rRNA gene copies is
similar to those of the alloenzymes and alloproteins. At present, several alloproteins have been
identified in E. coli, which are variant forms of a single and the protein, each being encoded by
an independent allele. In the pathway of gene expression, for instance, two molecular species of
elongation factor Tu (EF-Tu) exist, which are encoded by two different genes, tufA and tufB,
together contributing to the highest level expression, 5-10% of total proteins or 10-times more
than ribosomes, in E. coli [40]. Two EF-Tu proteins differ only at a single position at the C-ter-
minus, Gly394 for TufA and Ser394 for TufB [41]. In the metabolic pathways, a number of
allozymes (also called isozymes) have been identified. In some cases, however, the gene prod-
ucts are post-translationally modified. For instance, three forms of alkaline phosphate differ
differing in the presence and absence of N-terminal Arg [42,43].

In addition to the inclusion of different tRNA gene(s) in each of the composite rrn operons,
rRNAs encoded by seven rrn operons in E. coli must play specific and different roles in rRNA
functions and/or in maintenance of all seven rrn operons in evolutionary time scale.
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Possible functional heterogeneity of rRNA encoded by seven rrn
operons

After genome sequencing, a considerable level of variation was found to exist between 168, 23S
and 5S rRNAs encoded by seven rRNA operons in E. coli. Even though the diversity between
each rRNA species within a single and the same species is limited, the combined numbers of
sequence difference between seven rrn operons are 2.14% for 16S rRNA, and 2.65% for 23S
rRNA (Fig 10; for details see S1 Fig). The sequence diversity of 16S rRNA is the maximum for
rrsH (0.58%) while that of 23S rRNA is the maximum for rrlA (0.89%). Further expansion of
the sequence diversity must have been prevented through the homogenization process by
homologous recombination. Based on the location of sequence diversity between seven rrn
operons, we can predict the homogenization of 16S rRNA through recombination between
rrsC, rrsE and rrsG (S1A Fig). Likewise, the homogenizations of 23S rRNA must have taken
place at least two regions: 5’-proxial region between rrIB, rrlE and rrlG and 3’-proximal region
between r7IB, rrID and rriG (S1B Fig).

Since rRNAs carry the important catalytic activities, the presence of sequence difference,
albeit at low levels, within the rRNA genes between seven rRNA operons implies possible dif-
ference in the functions and/or specificity of rRNA molecules. The sequence difference sum-
marized in Fig 10 is, however, limited within the regions that are not involved in the catalytic
functions of peptide bond formation [44,45]. The sequence difference is also not observed at
the target nucleotides of post-transcriptional modification such as base methylation and at the
sites involved in binding of ribosome-targeted antibiotics [49]. On the contrary, the sequences
of high-level variation appear to be exposed on the surface, playing roles in contact with r-pro-
teins and other ribosome-associated protein factors [46]. For instance, the nucleotide 79-93
region of 16S rRNA (see S1A Fig), differing between two groups (one group consisting of rrsA,
rrsB, rrsD and rrsH, and another including rsC, rrsE and rrsG), is located within 5” domain of
16S rRNA for direct contact with r-proteins S17, S20 and S4 [47]. This region forms one of the
bridges between 30S and 50S ribosomes [39]. Likewise the nucleotide 1869-1884 region of 23S
rRNA is altered only the rrlA gene (see S1B Fig). This region is located within domain IT of 23S
rRNA, forming another contact bridge between 30S and 508 subparticles [39]. Even though the
essential sequences for the catalytic function of rRNA are conserved between seven rrn oper-
ons, the difference in the sequence for 30S-50S bridging implies alteration in the affinity and
specificity of ribosome assembly between 16S and 23S rRNAs encoded by seven rrn operons.
Difference in the assembly mode between rRNA species must lead to altered expression of rrn
operon through feedback regulation [48]. Along this line, it is worthwhile to check possible dif-
ference in the function of rRNA molecules encoded by each of seven rRNA operons.

Differential expression of seven rRNA operons

In contrast to the low-level variation in rRNA sequences between seven rRNA operons, higher
levels of the sequence variation exist within both the promoter (Fig 10) [9,49] and the spacer
regions [50]. Previous studies using reporter assays of transcriptional fusion indicated different
regulation between seven rrn operons [21,27]. Here we confirmed differential regulation of
seven rrn operons using a newly developed translational fusion between each rrn promoter and
the fluorescent protein-coding sequence (see Figs 4-9). Transcription of rRNA is the rate-lim-
iting step in ribosome biosynthesis in E. coli. When the demand for protein synthesis is high
during rapid growth, the rRNA promoters account for more than 60% of total cellular tran-
scription [4]. The majority of transcription originates from P1 promoter in growing cells. Each
P1 promoter contains an AT-rich sequence called the upstream (UP) element located upstream
of the promoter -35 element [51,52]. UP elements interact with the C-terminal domain of the
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alpha subunit of RNA polymerase, leading to increase in rRNA transcription. Alpha subunit
CTD binds to the minor groove of the UP element DNA, contacting both bases and phospho-
diester backbone [53,54]. Upstream of the P1 promoter in all seven rrn operons, there is an
activator region including multiple sites of Fis binding [55,56], which are located upstream of
the UP element for the P1 promoters (Fig 10). Fis binding to these sites increases transcription
of rRNA operons [27,51]. The Fis protein stimulates rrn P1 promoters by making protein-pro-
tein contacts with the alpha CTD [57,58]. Fis concentrations are very low at low growth rates
and in stationary phase [59,60]. Fis and UP element together account for the high activity of
each of the rrn P1 promoters, although Fis and UP make slightly different contributions,
depending on the promoter [27]. The P2 promoter is considered to be constitutive, working in
expression of low-level of rRNA in slowly growing cells in poor media and in stationary phase
[10,61]. Since the binding of more than five Fis molecules was indicated to the rrnE promoter
(see Fig 3), the high-level activity of these promoters could be due to co-operative binding of
multiple Fis molecules. On the other hand, we have identified, by using genomic SELEX
screening system, H-NS binding only on to three rrn promoters, rrnA, rrnB and rrnH [34].
Since H-NS interferes, as the general silencer, with the binding of RNAP and Fis to these pro-
moters, the low activity of rrnA, rrnB and rrnH, in particular in the stationary phase, might be
attributable to the silencing effect by H-NS. The intracellular level of Fis is the maximum in
exponentially growing phase and decreased to virtually undetectable level in the stationary
phase [59,60] while H-NS remains as a major population of nucleoid proteins in the stationary
phase. Since the relative level of StpA, an analog of H-NS, increases over the H-NS level in the
stationary phase [30], it is worthwhile to examine possible silencing role of StpA on rrn expres-
sion in the stationary phase.

Materials and Methods
Bacterial strains and culture conditions

Escherichia coli K-12 W3110 type-A with the intact rpoS gene [62] was used throughout this
study (Table 1). The culture media used were: LB (Luria-Broth), and M9 minimal supple-
mented with 0.4% glucose-casamino acid, 0.4% glucose or 0.4% glycerol.

Construction of promoter assay vectors

For quantitative measurement of the promoter activity in vivo, two types of fluorescent protein
genes, one for the red fluorescent protein dsRed (Clontech) (referred to as RFP in this paper)
and the other for the green fluorescent protein eGFP (Clontech) (referred to as GFP in this
paper), were inserted into a single vector. The RFP gene was under control of reference pro-
moter lacUV5, and the GFP gene was under control of a test promoter [28]. For measurement
of the promoter activity of protein-coding genes, test promoter sequences upstream from the
corresponding translation initiation codons up to about 500 bp were PCR-amplified and
inserted into pGRP between BglII and EcoT221 sites (the sites for BglII and EcoT22I were
included in the PCR primers) [28]. For measurement of the activity of rRNA promoters with-
out SD sequence, we constructed pGRS vector by adding, into pGRP vector, a 33 bp-long DNA
fragment including the SD (AGGAGG) signal-containing sequence [AGATCT(BgIII)
TCGGAATTC(EcoRI)AAACAGGAGG(SD)ATTACCCCATGCAT(EcoT221)] between BglIl
and EcoT221 sites. About 500 bp-long sequence of seven rrn operons, each including both P1
and P2 promoters, were inserted into this pGRS vector in front of this synthetic SD sequence
to construct the rRNA promoter assay vectors (pGRS-rrnA to pGRS-rrnH) (Table 1; see S1
Table for primer sequences for pGRS construction and Fig 4 for the plasmid map).
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Promoter assay

The promoter activity was determined by measuring GFP and RFP fluorescence according to
the standard procedure [28]. In brief, the promoter assay vectors (pGRS-rrnA to pGRS-rrnH)
constructed in this way (see Table 1) were transformed into the appropriate host strains. LB
contains unidentified natural substances that are fluorescent that bothered the accurate mea-
surement of fluorescence. For accurate measurement of the fluorescence intensity of RFP or
GFP expressed in E. coli, cells grown in LB for various times were harvested by centrifugation,
resuspended in phosphate-buffered saline, and diluted with phosphate-buffered saline to
obtain approximately the same cell density (0.6 A600nm unit) for all samples. For measure-
ment of bulk fluorescence, aliquots of a 0.3-mL cell suspension were added to 0.4 x 96 flat-bot-
tom wells, and the fluorescence was measured with a FL600 Bio-Tek Microplate Fluorescence
Reader (Bio-Tek Instruments, Winooski). The net fluorescence value was measured after sub-
traction of the background fluorescence, which was determined by using E. coli cultures with
PGRS vector without promoter insertion.

Purification of Fis protein

Fis protein was expressed using pFis expression vector that was constructed using pET21a vec-
tor, and affinity-purified using the standard purification procedure of His-tagged transcription
factors [63]. The purity of His-tagged Fis was more than 95% as judged by PAGE.

Gel shift assay

Promoter probes carrying seven rRNA promoter regions were generated by PCR amplifica-
tion using pGRS reporter plasmids as template, Ex Taq DNA polymerase (Takara, Japan),
and pairs of rrn primers (for primer sequences see S1 Table), one of which was labeled with
5’-fluorescein isothiocyanate [FITC], FITC-labeled PCR products were purified by PAGE
prior to gel shift assays. Gel shift assays were performed under the standard conditions as
described [64].

Supporting Information

S1 Fig. [A] Difference of 16S rRNA gene between seven rrn operons in E. coli K-12 W3110.
The sequence of 16S rRNA gene was compared between seven rrn operons. The position
that is different from the consensus sequence is shown in gray. The level of difference
within a total of 1,542 bases of 16S rRNA is indicated in the difference column. [B] Differ-
ence of 23S rRNA gene between seven rrn operons in E. coli K-12 W3110. The sequence of
23S rRNA gene was compared between seven rrn operons. The position that is different from
the consensus sequence is shown in gray. Extra two bases at positions 1883 and 1884 exist only
in the rrnA operon, and thus these positions are shown in black for other six rrn operons. The
level of difference within a total of 1,542 bases of 16S rRNA is indicated in the difference col-
umn.

(PDF)

S1 Table. Primers used for isolation of rRNA promoters. For cloning the promoter region
sequence upstream from 16S rRNA gene of each rrn operon, 313 to 554 bp sequences, shown
in Fig 2, were PCR-amplified using the indicated primer sets.

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144697.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144697.s002

@’PLOS ‘ ONE

Strength and Regulation of Seven rRNA Promoters

Acknowledgments

We thank Junya Katayose for assay of the promoter activity, Ayako Kori for purification of Fis
protein, and Hiroshi Ogasawara for advice in experiments. This work was supported by MEXT
Grants-in-Aid for Scientific Research (A) (21241047), (B) (18310133) and (C) (25430173) to
Al MEXT Grant-in-Aid for Young Scientists (B) (24710214) to TS, Research Fund from IFO
(Institute for Fermentation, Osaka) to TS, a support from the MEXT Cooperative Research
Program of Network Joint Research Center for Materials and Devices to TS and Al, and the
MEXT-Supported Program for the Strategic Research Foundation at Private Universities 208-
2012 (S0801037) to Hosei University.

Author Contributions

Conceived and designed the experiments: AI MM. Performed the experiments: TS Al Ana-
lyzed the data: AI TS. Contributed reagents/materials/analysis tools: TS AL Wrote the paper:
AL

References

1. Kjeldgaard NO, Maaloe O, Schaechter M (1958) The transition between different physiological states
during balanced growth of Salmnella typhimurium. J Gen Microbiol 19: 607-616. PMID: 13611203

2. Schaechter E, Maaloe O, Kjeldgaard NO (1958) Dependence on medium and temperature of cell size
and chemical composition during balanced growth of Salmonella typhimurium. J Gen Micribiol 19:
592-606.

3. KeenerJ, Nomura M (1996) Regulation of ribosome synthesis, In Neidhardt FC et al. (eds.) Escherichia
coli and Salmonella typhimurium: Cellular and Molecular Biology. American Society for Microbiology,
Washington, DC, pp. 1417-1431.

4. Bremer H, Dennis PP (1996) Modulation of chemical composition and other parameters of the cell by
growth rate. In: Eshcerichia coli and Salmonella typhimurium: Cellular and Molecular Biology. Edited by
Hedhardt JC et al. Washington DC; ASM, 2nd Ed., pp. 1553—-1569.

5. Ishihama A. (1999) Modulation of the nucleoid, the transcription apparatus, and the translation machin-
ery in bacteria for stationary phase survival. Genes Cells 4: 135-143. PMID: 10320479

6. Ishihama A (2000) Functional modulation of Escherichia coli RNA polymerase. Ann Rev Microbiol 54:
499-518.

7. Blattner FR, Plunkett G I, Bloch CA, Perna NT, Burland V, Rilley M, et al. (1997) The complete
genome sequence of Escherichia coli K-12. Science 277: 1453-1462. PMID: 9278503

8. HayashiK, Morooka N, Yamamoto Y, Fujita K, Isono K, Choi S, et al. (2006) Highly accurate genome
sequences of Escherichia coli K-12 strains MG 1655 and W3110. Mol Syst Biol 2: 2005.0007.

9. Jinks-Robertron S, Nomura M (1987) Ribosomes and tRNA. In Neidhardt FC, et al. (eds.) Escherichia
coli and Salmonella typhimurium: Cellular and Molecular Biology. American Society for Microbiology,
Washington, DC, pp. 1358—1385.

10. PaulBJ, Ross W, Gaal T, Gourse RL (2004) rRNA transcription in Escherichia coli. Annu Rev Genet
38: 749-770. PMID: 15568992

11. Hillebrand A, Wum R, Menzel A, Wagner R (2005) The seven E. coli ribosomal RNA operon upstream
regulatory regions differ in structure and transcription factor-binding affinities. Biol Chem 386: 523—
534. PMID: 16006239

12. Jin DJ, Cagliero C, Zhou YN (2012) Growth rate regulation in Escherichia coli. FEMS Microbiol Rev 36:
269-287. doi: 10.1111/1.1574-6976.2011.00279.x PMID: 21569058

13. Cashel M, Kalbacher B (1970) The control of ribonucleic acid synthesis in Escherichai coli. V. Charac-
terization of a nucleotide associated with the stringent response. J Biol Chem 245: 2309-2318. PMID:
4315151

14. Jain V, Kumar M, Chatterji D (2006) ppGpp: stringent response and survival. J Microbiol 44: 1-10.
PMID: 16554711

15. Toulokhonov I, Shigina |, Hernandez VJ (2001) Binding of the transcription effector ppGpp to Escheri-
chia coli RNA polymerase is allosteric, modular, and occurs near the N-terminus of the beta-prime sub-
unit. J Biol Chem 276: 1220-1225. PMID: 11035017

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 16/19


http://www.ncbi.nlm.nih.gov/pubmed/13611203
http://www.ncbi.nlm.nih.gov/pubmed/10320479
http://www.ncbi.nlm.nih.gov/pubmed/9278503
http://www.ncbi.nlm.nih.gov/pubmed/15568992
http://www.ncbi.nlm.nih.gov/pubmed/16006239
http://dx.doi.org/10.1111/j.1574-6976.2011.00279.x
http://www.ncbi.nlm.nih.gov/pubmed/21569058
http://www.ncbi.nlm.nih.gov/pubmed/4315151
http://www.ncbi.nlm.nih.gov/pubmed/16554711
http://www.ncbi.nlm.nih.gov/pubmed/11035017

@’PLOS ‘ ONE

Strength and Regulation of Seven rRNA Promoters

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gaal T, Bartlett MS, Ross W, Turnbough CL Jr, Gourse RL (1997) Transcription regulation by initiating
NTP concentration: rRNA synthesis in bacteria. Science 278: 2092—2097. PMID: 9405339

Gralla JD (2005) Escherichia coli ribosomal RNA transcription: regulatory roles for ppGpp, NTPs, archi-
tectural proteins and a polymerase-binding protein. Mol Microbiol 55: 973-977. PMID: 15686546

Ellwood M, Nomura M (1982) Chromosomal locations of the genes for rRNA in Escherichia coli K-12. J
Bacteriol 149: 458—-468. PMID: 6173374

Nomura M, Morgan EA, Jakunas SR (1997) Genetics of bacterial ibosomes. Ann Rev Genet 11:297-
347.

Pei AY, Oberdorf WE, Nossa CW, Agarwal A, Chokshi P, Gerz EA, et al. (2010) Diversity of 16S rRNA
genes within individual prokaryotic genomes. Appl Environ Microbiol 76: 3886—-3897. doi: 10.1128/
AEM.02953-09 PMID: 20418441

Condon C, Liveris D, Squires C, Schwartz L, Squires CL (1995) rRNA operon multiplicity in Escherichia
coli and the physiological implication of rrn inactivation. J Bacteriol 177: 4152—-4156. PMID: 7608093

Condon C, Liveris D, Squires C, Schwartz |, Squires CL (1993) Deletion of functional ribosomal RNA
operons in Escherichia coli causes increased expression of the remaining intact copies. EMBO J 12:
4305—4315. PMID: 8223440

Asai T, Condon C, Vougaris J, Zapoojets D, Ashen B, AlpOmar M, et al. (1999) Construction and initial
characterization of Escherichia coli strains with few or no intact choromosomal rRNA operons. J Bacter-
iol 181: 3803-3809. PMID: 10368156

Gyorfy Z, Draskovits G, Vernyik V, Blattner FF, Gaal T, Posfal G (2015) Engineered ribosomal RNA
operon copy-number variants of E. coli reveal the evolutionary trade-offs shaping rRNA operon number.
Nucleic Acds Res 43:1783-1794.

Wada A (1998) Growth phase coupled modulation of Escherichia coli ribosomes. Genes Cells 3: 203—
208. PMID: 9663655

Condon C, Philips J, Fu Z-Y, Squires C, Squires CL (1992) Comparison of the expression of the seven
ribosomal RNA operons in Escherichia coli. EMBO J 11: 4175-4185. PMID: 1396599

Hirvonen CA, Ross W, Wozniak CE, Marasco E, Anthony JR, Alyar SE, et al. (2001) Contribution of UP
elements and the transcription factor FIS to expression from the seven rrn promoters in Escherichia
coli. J Bacteriol 183: 6305-6314. PMID: 11591675

Shimada T, Makinoshima H, Ogawa Y, Miki T, Maeda M, Ishihama A (2004) Classification and strength
measurement of stationary-phase promoters by use of a newly developed promoter. J Bacteriol 186:
7112-7122. PMID: 15489422

Talukder AA, Ishihama A (1999) Twelve species of DNA-binding protein from Escherichia coli:
Sequence recognition specificity and DNA binding affinity. J Biol Chem 274: 33105-33113. PMID:
10551881

Ishihama A (2009) The nucleoid: an overview. In EcoSal-Escherichia coli and Salmonella: Cellular and
Molecular Biology. Boek A et al. (eds). Washington, DC, USA: ASM Press, Web version.

Gourse RL, Gall T, Bartlett MS, Appleman JA, Ross W (1996) rRNA transcription and growth rate-
dependent regulation of ribosome synthesis in Escherichia coli. Annu Rev Microbiol 50: 645-677.
PMID: 8905094

Oshima T, Ishikawa S, Kurokawa K, Aiba H, Ogasawara N (2006) Escherichia coli histone-like protein
H-NS preferentially binds to horizonally acquired DNA in association with RNA polymerase. DNA Res
13:141-153. PMID: 17046956

Shimada T, Fujita N, Maeda M, Ishihama A (2005) Systematic search for the Cra-binding promoters
using genomic SELEX. Genes Cells 10: 907-918. PMID: 16115199

Shimada T, Bridier A, Briandet R, Ishihama A (2011) Novel roles of LeuQ in transcription regulation in
E. coli: Antagonistic interplay with the universal silencer H-NS. Mol Microbiol 82: 376-397.

Acinas SG, Marcelino LA, Klepac-Ceraj V, Polz MF (2004) Divergence and redundancy of 16S rRNA
sequences in genomes within multiple rrn operons. J Bacteriol 186: 2625—2635.

Land M, Hauer L, Jun S- R, Nookaew |, Leuze MR, Ahn T-H, et al. (2015) Insights from 20 years of bac-
terial genome sequencing. Funct Integr Genomics 15: 141-161. doi: 10.1007/s10142-015-0433-4
PMID: 25722247

Green R, Noller HF (1997) Ribosomes and translation. Ann Rev Biochem 66: 679-716. PMID:
9242921

Nissen P, Hansen J, Ban N, Moore PB, Steitz TA. 2000. The structural basis of ribosome activity in pep-
tide bond synthesis. Science 289: 920-930. PMID: 10937990

Yusupov MM, Yusupova GZ, Baucom A, Lieberman K, Earnest TN, Cate JHD, Noller HF (2001) Crystal
structure of the ribosome at 5.5 A resolution. Science 292: 883-896. PMID: 11283358

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/9405339
http://www.ncbi.nlm.nih.gov/pubmed/15686546
http://www.ncbi.nlm.nih.gov/pubmed/6173374
http://dx.doi.org/10.1128/AEM.02953-09
http://dx.doi.org/10.1128/AEM.02953-09
http://www.ncbi.nlm.nih.gov/pubmed/20418441
http://www.ncbi.nlm.nih.gov/pubmed/7608093
http://www.ncbi.nlm.nih.gov/pubmed/8223440
http://www.ncbi.nlm.nih.gov/pubmed/10368156
http://www.ncbi.nlm.nih.gov/pubmed/9663655
http://www.ncbi.nlm.nih.gov/pubmed/1396599
http://www.ncbi.nlm.nih.gov/pubmed/11591675
http://www.ncbi.nlm.nih.gov/pubmed/15489422
http://www.ncbi.nlm.nih.gov/pubmed/10551881
http://www.ncbi.nlm.nih.gov/pubmed/8905094
http://www.ncbi.nlm.nih.gov/pubmed/17046956
http://www.ncbi.nlm.nih.gov/pubmed/16115199
http://dx.doi.org/10.1007/s10142-015-0433-4
http://www.ncbi.nlm.nih.gov/pubmed/25722247
http://www.ncbi.nlm.nih.gov/pubmed/9242921
http://www.ncbi.nlm.nih.gov/pubmed/10937990
http://www.ncbi.nlm.nih.gov/pubmed/11283358

@’PLOS ‘ ONE

Strength and Regulation of Seven rRNA Promoters

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Furano AV (1975) Content of elongation factor Tu in Escherichia coli. Proc Natl Acad Sci USA 72:
4780-4784. PMID: 1108000

Arai K, Clark BF, Duffy L, Jones MD, Kaziro Y, Laursen RA, et al. (1980) Primary structure of elongation
factor Tu from Escherichia coli. Proc Natl Acad Sci USA 77: 1328—-1330.

Kelley PM, Neumann PA, Shriefer K, Cancedda F, Schlesinger MJ, Bradshaw RA (1973) Amino acid
sequence of Escherichia coli alkaline phosphatase. Biochemistry 12: 3499-3503. PMID: 4581334

Bradshaw RA,Cancedda F, Ericsson LH, Neumann PA, Piccoli SP, Schlesinger MJ, et al. (1981)
Amino acid sequence of Escherichia coli alkaline phosphatase. Proc Natl Acad Sci USA 78: 3473—
3477. PMID: 7022451

Carbon P, Ehresmann C, Ehresmann B, Ebel JP (1979) The complete nucleotide sequence of the ribo-
somal 16S rRNA from Escherichia coli: Experimental details and cistron heterogeneities. Eur J Bio-
chem 100: 399-410. PMID: 389624

Shen W- F, Squires C, Squires C (1982) Nucleotide sequence of the rrnG ribosomal RNA promoter
region of Escherichia coli. Nucleic Acids Res 10: 3303-3313. PMID: 6285294

Wilson DN, Nierhaus KH (2007) The weird and wonderful world of bacterial ribosome regulation. Crit
Rev Biochem Mol Biol 42: 187-219. PMID: 17562451

Shajani Z, Sykes MT, Williamson JR (2011) Assembly of bacterial ribosomes. Annu Rev Biochem 80:
501-526. doi: 10.1146/annurev-biochem-062608-160432 PMID: 21529161

Dennis PP, Ehrenberg M, Bremer H (2004) Control of rRNA synthesis in Escherichia coli: a systems
biology approach. Microbiol Molec Biol Rev 68: 639-668.

Plaskon RR, Wartell RM (1987) Sequence distribution associated with DNA curvetures are found
upstream of strong E. coli promoters. Nucleic Acids Res 15: 785-796. PMID: 3547329

Harvey S, Hill CW, Squires C, Squires CL (1988) Loss of the spacer loop sequence from the rmB
operon in the Escherichia coli K-12 subline that bears the relA1 mutation. J Bacteriol 170: 1235-1238.
PMID: 3277949

Ross W, Gosink KK, Salomon J, Igarashi K, Zou C, Ishihama A, et al. (1993) A third recognition element
in bacterial promoters: DNA binding by the alpha subunit. Science 262: 1407-1413. PMID: 8248780

Murakami K, Kimura M, Owans JT, Meares CF, Ishihama A. (1997) The two alpha subunits of Escheri-
chia coli RNA polymerase are asymmetirically arranged and contact different halves of the DNA
upstream element. Proc Natl Acad Sci USA 94, 1709-1714. PMID: 9050843

Ross W, Estream ST, Gourse RL (2001) Fine structure of E. coli RNA polymerase-promoter inerac-
tions: subunit binding to the UP element minor groove. Genes Dev 15: 491-506. PMID: 11238372

Yasuno K., Yamazaki T., Tanaka Y, Kodama TS, Tatsugami A, Katahira M, et al. (2001) Interaction of
the C-terminal domain of the E. coli RNA polymerase alpha subunit with the UP element recognizing
the backborne structure in the minor grove surface. J Mol Biol 306: 213-225. PMID: 11237595

Gosink KK, Ross W, Leirmo S, Osma R, Finkel SE, Johnson RC, et al. (1993) DNA binding and bending
are necessary but not sufficient for Fis-dependent activation of rrnB P1. J Bacteriol 175: 1580-1589.
PMID: 8449867

Leirmo S, Gourse RL (1991) Factor-independent activation of Escherichia coli rRNA transcription:
Kinetic analysis of the roles of the upsteam activator region and supercoiling on transcription of the rrnB
promoer in vitro. J Mol Biol 220: 555-568. PMID: 1870123

Murakami K, Fujita N, Ishihama A. 1996. Transcription factor recognition surface on the RNA polymer-
ase alpha subunit is involved in contact with the DNA enhancer element. EMBO J 15: 4358-4367.
PMID: 8861963

Bokal AJ, Ross W, Gaal T, Johnson RC, Gourse RL (1997) Molecular anatomy of a transcription activa-
tion patch: FIS-RNA polymerase interactions at the Escherichia coli rrnB P1 promoter. EMBO J 16:
154—-162. PMID: 9009276

Azam AT, Iwata A, Nishimura A, Ishihama A (1999) Growth-dependent variation in protein composition
of the Escherichia coli nucleoid. J Bacteriol 181: 6361-6370. PMID: 10515926

Ishihama A, Kori K, Koshio E, Yamada K, Maeda H, Shimada T, et al. (2014) Intracellular concentra-
tions of 65 species of transcription factors with known regulatory functions in Escherichia coli. J Bacter-
iol 196:2718-2727. doi: 10.1128/JB.01579-14 PMID: 24837290

Liang S, Bipatnath M, Xu Y, Chen S, Dennis P, Ehrenberg M, et al. (1999) Activation of constitutive pro-
moters in Escherichia coli. J Mol Biol 292: 19-37. PMID: 10493854

Jishage M, Ishihama A (1997) Variation in RNA polymerase sigma subunit composition within different
stocks of Escherichia coli W3110. J Bactereiol 179: 959-963.

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 18/19


http://www.ncbi.nlm.nih.gov/pubmed/1108000
http://www.ncbi.nlm.nih.gov/pubmed/4581334
http://www.ncbi.nlm.nih.gov/pubmed/7022451
http://www.ncbi.nlm.nih.gov/pubmed/389624
http://www.ncbi.nlm.nih.gov/pubmed/6285294
http://www.ncbi.nlm.nih.gov/pubmed/17562451
http://dx.doi.org/10.1146/annurev-biochem-062608-160432
http://www.ncbi.nlm.nih.gov/pubmed/21529161
http://www.ncbi.nlm.nih.gov/pubmed/3547329
http://www.ncbi.nlm.nih.gov/pubmed/3277949
http://www.ncbi.nlm.nih.gov/pubmed/8248780
http://www.ncbi.nlm.nih.gov/pubmed/9050843
http://www.ncbi.nlm.nih.gov/pubmed/11238372
http://www.ncbi.nlm.nih.gov/pubmed/11237595
http://www.ncbi.nlm.nih.gov/pubmed/8449867
http://www.ncbi.nlm.nih.gov/pubmed/1870123
http://www.ncbi.nlm.nih.gov/pubmed/8861963
http://www.ncbi.nlm.nih.gov/pubmed/9009276
http://www.ncbi.nlm.nih.gov/pubmed/10515926
http://dx.doi.org/10.1128/JB.01579-14
http://www.ncbi.nlm.nih.gov/pubmed/24837290
http://www.ncbi.nlm.nih.gov/pubmed/10493854

el e
@ ' PLOS ‘ ONE Strength and Regulation of Seven rRNA Promoters

63. Yamamoto K, Hirano K, Ohshima T., Aiba H., Utsumi R. and Ishihama A. 2005. Functional characteri-
zation in vitro of all two-component signal transduction systems from Escherichia coli. J Biol Chem
280: 1448-1456. PMID: 15522865

64. Ogasawara H, Hasegawa A, Kanda E, Miki T, Yamamoto K, and Ishihama A (2007) Genomic SELEX
search for target promoters under the control of the PhoQP-RstBA signal relay cascade. J Bacteriol
189: 4791-4799. PMID: 17468243

PLOS ONE | DOI:10.1371/journal.pone.0144697 December 30, 2015 19/19


http://www.ncbi.nlm.nih.gov/pubmed/15522865
http://www.ncbi.nlm.nih.gov/pubmed/17468243

