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Abstract

Escherichia coli MazF is a toxin protein that cleaves RNA at ACA sequences. Its activation has been thought to cause
growth inhibition, primarily through indiscriminate cleavage of RNA. To investigate responses following MazF activation,
transcriptomic profiles of mazF-overexpressing and non-overexpressing E. coli K12 cells were compared. Analyses of dif-
ferentially expressed genes demonstrated that the presence and the number of ACA trimers in RNA was unrelated to cellular
RNA levels. Mapping differentially expressed genes onto the chromosome identified two chromosomal segments in which
upregulated genes formed clusters, and these segments were absent in the chromosomes of E. coli strains other than K12.
These results suggest that MazF regulates selective, rather than indiscriminate, categories of genes, and is involved in the
regulation of horizontally acquired genes. We conclude that the primary role of MazF is not only cleaving RNA indiscrimi-

nately but also generating a specific cellular state.
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Introduction

Bacterial chromosomes encode various toxin—antitoxin (TA)
systems. For example, the chromosome of the Escherichia
coli MG1655 strain, a derivative of the K12 linage, encodes
at least 37 TA systems (Yamaguchi and Inouye 2011; Wang
et al. 2012). The function of a toxin-encoding gene is
repressed by the action of a cognate antitoxin gene in veg-
etatively growing cells but is de-repressed (activated) under
certain conditions to cause complete cell death, reversible
growth arrest, or both (Van Melderen and Saavedra De Bast
2009; Tripathi et al. 2014).

TA systems are classified into six types (type [-type VI)
according to their mode of action (Aakre et al. 2013; Masuda
et al. 2012; Yamaguchi and Inouye 2011; Wang et al. 2012).
In type II TA systems, which have been studied the most,
toxin proteins cause dysfunction in essential cellular pro-
cesses, and cognate antitoxin proteins repress the actions
of toxins through direct protein—protein interactions. Under
conditions of stress, antitoxins of type II TA systems are
degraded by stress-induced proteases, and consequently tox-
ins are activated. mazEF is one of the most widely distrib-
uted type II TA systems in bacteria. The E. coli mazF gene
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encodes a toxin that is an ACA-specific endoribonuclease
(RNA interferase). MazF activation has been thought to
cause growth inhibition through indiscriminate cleavage of
RNA, because 96% of E. coli coding sequences have at least
one ACA sequence (Venturelli et al. 2017).

However, how growth inhibition is evoked following
MazF activation remains unclear at the molecular level. To
address this issue, omics analyses of mazF-overexpressing
cells have been carried out. Typical RNA-seq and Poly-seq
(polysome fractionation coupled with RNA-seq) analyses
revealed that the activation of MazF leads to a reduction
in the translation of the genes involved in cell metabolism
and energy supply, as well as the selective synthesis of the
"MazF-regulon" proteins (Sauert et al. 2016). In contrast,
other transcriptome and proteome analyses indicated the
non-selective synthesis of MazF-regulon proteins but the
overall inhibition of protein synthesis after MazF activation
(Culviner and Laub 2018; Mets et al. 2019). Time-series
RNA-seq measurements of MazF-induced cells (2—-8 min)
showed the inhibition of cell division and specific upregu-
lation of 11 TCA cycle enzymes (Venturelli et al. 2017).
However, we assume that these studies lacked satisfactory
biological replicates and/or bioinformatic analysis. In this
study, we compared the transcriptomic profile of mazF-
overexpressing cells to that of control non-expressing cells
based on three biological replicates. From the results, many
differentially expressed genes (DEGs) were detected, and
bioinformatic analyses of DEGs highlighted new biological
roles for MazEF.

Materials and methods
E. coli strains and general techniques

Wild-type E. coli K12 MG1655 (obtained from the National
Bio Resource Research Project: NBRP, NIG, Japan) was
used as the host strain. Cells were cultured in Luria broth in
the presence or absence of appropriate antibiotics at 37 °C,
unless otherwise stated. When expressing mazF from plas-
mids, transformants were pre-grown overnight, diluted 1:400
with fresh Luria broth, and cultured for 1.7 h. Next, L-ara-
binose was added to the medium at a final concentration of
0.1% to induce gene expression from plasmids.

Plasmid construction

To construct pPBAD-mazF, a double-stranded DNA fragment
containing the ribosomal-binding sequence (RBS) was pre-
pared by hybridizing two complementary synthetic oligo-
nucleotides (sGEM12, 5'-ctagagaaagaggagaaatactagtagcg-
gccgetgea; sGEM13, 5'-gcggecgcetactagtatttctectetttet). The
hybridized fragment was cloned into the Spel-Pstl moiety
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of pPSB1C3-BAD (parts ID BBa_I0500, iGEM Foundation,
Cambridge, MA), yielding pBAD-RBS/C. The pBAD-
RBS/C plasmid was treated with EcoRI and Pstl, and the
resulting fragment containing the RBS was cloned into the
EcoRI-PstI moiety of pSB6A1 (iGEM foundation), yielding
pBAD-RBS. A DNA fragment containing the mazF cod-
ing sequence was PCR-amplified from MG1655 total DNA
using a specific primer set (sSGEM14, 5'-aaatctagatggtaa-
gccgatacgtacccgatat and sGEM15, 5'-aaactgcageggeege-
tactagtattattacccaatcagtacgttaattttggctttaatg). The fragment
was treated with Xbal and PstI and cloned into the Spel-PstI
moiety of pPBAD-RBS yielding pBAD-RBS-mazF/C. Then,
the mazF-containing fragment was excised from pBAD-
RBS-mazF/C using EcoRI and Pstl and cloned into the
EcoRI-Pstl moiety of pSB6A1, yielding pBAD-mazF.

To construct plac-mazE, a DNA fragment containing
lac promoter—RBS was excised from plac-RBS/C (parts ID
BBa_J04500, iGEM Foundation) using EcoRI and PstI and
cloned into the EcoRI-PstI moiety of pSB3K3 (iGEM Foun-
dation), yielding plac-RBS. A DNA fragment containing the
mazE coding sequence was PCR-amplified from MG1655
total DNA using a specific primer set (SGEM16, 5'-aaatcta-
gatgatccacagtagcgtaaagegttg and SGEM17, 5'-aaactgcagceg-
gccgctactagtattattaccagacttecttatctttcggetete). The fragment
was treated with Xbal and PstI and cloned into the Spel-Pstl
moiety of plac-RBS/C, yielding plac-RBS-mazE/C. Then,
plac-RBS-mazE/C was treated with EcoRI and Pstl and the
resulting mazE-containing fragment was cloned into the
EcoRI-Pstl moiety of plac-RBS, yielding plac-mazE.

RNA extraction and sequencing by next generation
sequencing (RNA-seq)

Before harvesting, cells were treated with RNAprotect Bac-
teria Reagent (Qiagen, Valencia, CA) to stabilize RNA. Total
RNA was extracted using the acid hot phenol method (Aiba
et al. 1981) and purified using an RNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. The MICROB-
Express Bacterial mRNA Enrichment kit (Ambion, Aus-
tin, TX) was applied to total RNA to remove excess rRNA.
cDNA libraries were constructed using a TruSeq Stranded
mRNA and Total RNA Sample Preparation Kit (Illumina
Inc., San Diego, CA) and sequenced with a MiSeq sequencer
(Illumina) in paired-end-read mode for 2 X 75 cycles. Each
sample was analyzed in triplicate. To obtain the read num-
ber, all samples were sequenced with Miseq twice.

Sequence analysis

High-quality RNA-seq reads were filtered using the trim-
momatic program version 0.36 (Bolger et al. 2014) with
the following parameters: ‘SE CROP:68 HEADCROP:7
MINLEN:18’. Reads were mapped to the chromosome by
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the EDGE-pro program version 1.3.1 (Magoc et al. 2013)
using default settings. The numbers of mapped reads were
3,676,809, 6,611,324, and 5,350,605 for experiments on
control cells and 5,002,966, 5,112,654, and 5,354,611 for
experiments using mazF-overexpressing cells. Transcrip-
tome profiles were compared using the edgeR package of
R (McCarthy et al. 2012) with the exactTest mode. The
genome index, gene annotation, and genome-sequence
files were downloaded from the RefSeq web site (MG1655
GCA_000005845.2_ASM584v2 version). The Biostrings
package of R (Ellrott et al. 2002) was used to count the num-
ber of ACA trimers in individual genes from a multi-fasta
formatted file of the chromosomal sequence. To visualize the
circular chromosome, the cgview program was used (Sto-
thard and Wishart 2005).

RNA-seq data has been deposited in DDBJ/ENA/Gen-
Bank under Bioproject number PRIDB5742 and BioSample
number SAMDO00079815-SAMDO00079832.

Results

Identification of DEGs and the number of ACA
trimers following mazF activation

To express mazF in an inducible manner, a plasmid harbor-
ing the L-arabinose-inducible bad promoter and the mazF
gene was constructed (pBAD-mazF). As expected, growth
of the transformant with pBAD-mazF was inhibited upon the
addition of L-arabinose (Supplementary Fig. S1). Besides,
this phenotype was rescued by the 20-min delayed induc-
tion of mazFE from the plasmid plac-mazE (Supplementary
Fig. S1).

To investigate the cellular response following mazF
activation, transcriptome profiles were compared between

mazF-overexpressing and non-expressing cells. Cells har-
boring pBAD (an empty vector) or pPBAD-mazF were cul-
tured and treated with L-arabinose for 20 min, and RNA
from these cells was subjected to RNA-seq analysis. When
DEGs were defined as a log2-fold change > 2.5 and with
false discovery rate (FDR) < 1.0x 1072, 266 and 245 genes
were found to be up- and down-regulated, respectively,
among 4318 genes (the full data set is shown in Sup-
plementary Table S1). Relative levels of mazF mRNA
increased by 54-fold with an FDR of 1.3 x 107°.

For the first transcriptome analysis, the numbers of
ACA trimers in each gene were enumerated for the total,
upregulated, and down-regulated gene sets (Table 1).
Assuming that MazF has an enhanced opportunity to
cleave ACA-rich RNA, compared to that with ACA-less
RNA and that the cleaved RNA is further rapidly degraded
by RNases, ACA-less RNA, and short-length RNA would
be enriched in the upregulated gene set. Likewise, opposite
effect should be observed in down-regulated genes. How-
ever, no such enrichment was observed, and especially,
RNA species with no ACA sequence were not enriched in
the upregulated gene set. Therefore, RNA levels follow-
ing MazF activation are not determined by the presence of
ACA trimers. In contrast, a preceding study showed that
the number of ACA trimers was negatively correlated with
the mean log2-fold change in RNA abundance 8 min after
the overexpression of MazF; however, such correlations
were only observed for RNA species with fewer than three
ACA trimers, and no correlations were observed after
2 min of overexpression (Venturelli et al. 2017). We then
calculated the mean log2-fold change in RNA abundance
and similarly investigated the correlation using our data
(20-min overexpression), again showing no correlation
(Supplementary Table S1). Altogether, the presence and

Table 1 Comparison of the numbers of ACA trimers within coding sequences between mazF-overexpressing and non-expressing E. coli K12

MG1655 cells
All genes Upregulated genes Down-

regulated

genes
Number of genes® 4318 266 245
Average number of ACA sequences in one gene 10.7 12.1 11.0
Average number of ACA sequences in one gene per 100 bp 341 3.66 3.94
Number of genes containing no ACA sequences® 175 (4.1%) 11 (4.1%) 6 (2.5%)
Number of genes containing one ACA sequences® 326 (7.6%) 15 (5.6%) 25 (10%)
Number of genes containing two ACA sequencesd 408 (9.4%) 19 (7.1%) 29 (12%)
Number of genes containing greater than 30 ACA sequences® 135 (3.1%) 12 (4.5%) 9 (3.7%)
Average length of coding sequence (bp) 315 328 291

*These numbers were determined using only coding sequences

><The percentage in parenthesis indicates the ratio between the number of total genes and the number of genes containing no, one, two, or

greater than 30 ACA sequences (b/a, c/a, d/a, or e/a % in each column)
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number of ACA trimer determines RNA levels following
MazF activation only under very specific conditions.

Biased distribution of DEGs on the chromosome

When mapping DEGs onto the E. coli circular chromo-
some, we found an uneven distribution (Fig. 1). In the
chromosomal segments of 200440 (named segment I) and
4480-4600 (segment II) kbp, a cluster of upregulated genes
was formed, and no down-regulated genes were included.
We further noticed that these two segments coincided with
the specific segments reported by Karcagi et al. (2016);
they found the segments that were present in the E. coli
K12 MG1655 strain but absent in five other E. coli strains
and deleted genes in these segments to construct a genome-
streamlining strain MDS69 (the reconstructed genome map
is shown in Supplementary Fig. S2). It should be noted that
these segments contained only nonessential genes for growth
and were assumed to be DNA containing genes for toxins,
virulence factors, and mobile genetic elements that were
recently acquired by horizontal transmission (Karcagi et al.
2016). Although the chromosomal segments of 1390-1480
kbp (segment III) also included a cluster of deleted genes in
the MDS69 strain (Supplementary Fig. S2), this segment did
not contain a cluster of upregulated genes (Fig. 1).
Meanwhile, when growth-essential genes (302 genes)
(Yamazaki et al. 2008) were mapped similarly, no or few
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Fig. 1 Chromosomal mapping of MazF-regulated genes in E. coli
K12 MG1655. The black lines and characters indicate upregulated
genes, and the brown lines and characters indicate downregulated
genes. The full data set used for mapping is shown in Supplementary
Table S2 (color figure online)
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were found in segments I-1II (Fig. 1; the reconstructed
genome map is shown in Supplementary Fig. S3). Of 266
and 245 up- and down-regulated genes, two and 30 were
growth-essential genes, respectively, and 88 and 26 genes
were deleted genes in the MDS69 strain, respectively. Col-
lectively, we conclude that MazF regulates gene expres-
sion non-uniformly. Clusters of strain-specific genes are
upregulated, possibly reflecting involvement of MazF in
the activation of horizontally acquired genes. In contrast,
growth-essential genes tend to be down-regulated. To our
knowledge, this is the first report to show that MazF-regu-
lated genes form clusters in specific chromosomal segments.

Categorization of DEGs according to function

For an overview, DEGs and all genes were categorized
into functional groups according to the KEGG Orthology
(KO) database (Table 2) (Kanehisa et al. 2012). The most
remarkable change was observed for the energy metabo-
lism category; only one gene in this category (0.78%) was
upregulated, whereas 42 genes (33%) were down-regulated.
Moreover, in the carbohydrate metabolism category, 23% of
genes were down-regulated. These results suggest that cells
affirmatively limit energy acquisition from carbohydrates
after MazF activation, and consequently, growth inhibition
might occur. Similar results have been obtained by others,
which have revealed that the activation of MazF leads to the
downregulation of process associated with metabolism and
energy supply (Sauert et al. 2016).

Enriched cellular pathways in DEGs

In the preceding section, DEGs were categorized into
rough functional groups. To categorize DEGs and inter-
pret the RNA-seq results in greater detail, gene ontology
(GO) enrichment analysis was implemented using DAVID
(Database for Annotation, Visualization and Integrated Dis-
covery) with the default settings (Huang et al. 2009). From
the resulting annotation list, the enriched cellular pathways
(KEGG Pathways) were extracted, with a p value <0.05
considered significant (Table 3). This analysis revealed that
with respect to the upregulated genes (1) thiamine metabo-
lism, (2) valine, leucine, and isoleucine biosynthesis, and (3)
2-oxocarboxylic acid metabolism pathways were enriched.
The latter two pathways are closely related, and both are
involved in branched chain amino acids biosynthesis. How-
ever, the biological role of this upregulation is unclear.
With respect to the downregulated genes, the result
again suggests that cells are limited in acquiring energy
from carbohydrate following MazF activation, and this
limitation is accomplished at multiple metabolic pathways
such as glycolysis, TCA cycle, oxidative phosphoryla-
tion, and sugar uptake (PTS) (Table 3). Besides, 11 genes
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KO categories All genes®  Upregulated genes® Downregulated genes®
Carbohydrate metabolism 469 21 (4.5%) 110 (23%)

Energy metabolism 128 1 (0.78%) 42 (33%)

Lipid metabolism 84 7 (8.3%) 3 (3.6%)
Nucleotide metabolism 150 4(2.7%) 11 (7.3%)

Amino acid metabolism 271 19 (7.0%) 25(9.2%)
Metabolism of other amino acids 80 2 (2.5%) 4 (5.0%)

Glycan biosynthesis and metabolism 57 0 (0%) 1(1.8%)
Metabolism of cofactors and vitamins 163 12 (7.4%) 7 (4.3%)
Metabolism of terpenoids and polyketides 33 2(6.1%) 0 (0%)
Biosynthesis of other secondary metabolites 25 0 (0%) 1(4.0%)
Xenobiotics biodegradation and metabolism 48 2 (4.2%) 2 (4.2%)
Translation 190 4(2.1%) 16 (8.4%)

Folding, sorting, and degradation 53 2 (3.8%) 6 (11%)
Replication and repair 88 4 (4.5%) 0 (0%)

Membrane transport 243 13 (5.3%) 25 (10%)

Signal transduction 146 9 (6.2%) 14 (9.6%)

Cell motility 56 1(1.8%) 4(7.1%)

Drug resistance: Antimicrobial 61 3(4.9%) 2 (3.3%)

In each cell, the number of genes assigned to the indicated KO category is indicated. When assigned using
all genes, KO categories to which greater than 1000 or less than five genes were assigned were omitted in
this table to avoid complexity. Note that some genes were assigned to multiple categories

“The percentage in parenthesis indicates the ratio between the number of genes assigned to each KO cat-
egory for all genes and that for up- or downregulated genes (b/a or c/a % in each raw)

Table 3 Enriched KEGG

KEGG pathway Gene count Count % p value
pathways among up- and
downregulated genes Upregulated genes
eco00730: thiamine metabolism 5 1.9 0.0011
eco000290: valine, leucine, and isoleucine biosynthesis 5 1.9 0.0035
eco01210: 2-oxocarboxylic acid metabolism 5 1.9 0.021
Downregulated genes
eco00190: oxidative phosphorylation 22 9.0 5.6x1071?
€c001200: carbon metabolism 33 14 6.6x 10710
eco00010: glycolysis/gluconeogenesis 18 74 2.6x1078
eco01120: microbial metabolism in diverse environments 43 18 1.8x10°®
eco01130: biosynthesis of antibiotics 36 15 7.2x107
eco00910: nitrogen metabolism 11 4.5 6.8x107
eco002060: phosphotransferase system (PTS) 12 4.9 0.0017
eco00020: citrate cycle (TCA cycle) 9 3.7 0.0021
eco00260: glycine, serine, and threonine metabolism 10 4.1 0.0053
eco03010: ribosome 16 6.5 0.0055
eco01110: biosynthesis of secondary metabolites 39 16 0.023
eco01230: biosynthesis of amino acids 19 7.8 0.027

The assigned enzyme commission (EC) number and KEGG pathway ID are shown in Supplementary
Table S3, and the full data set is shown in Supplementary Table S4

in the nitrogen metabolism pathway, glnA, narKGHJI,
napAB, nirBD, and nrfA, were downregulated (Table 3).
These genes are all involved in nitrate reduction to ammo-
nia and following glutamine synthesis, and thus, energy

acquisition is also limited at the nitrate respiration step.
However, Venturelli et al. reported that 11 TCA cycle
genes were upregulated between 2 and 8 min after the
induction of MazF expression (Venturelli et al. 2017). The
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difference in induction time (20 min in this study) might
be the cause of these conflicting results.

Enriched gene categories in DEGs

The result of the above GO enrichment analysis was
inspected further on enriched gene categories. Regarding
the upregulated genes (Table 4), the GO annotation cluster
related to transposon function showed the highest enrich-
ment score. Furthermore, we manually found that, out of 25
genes of the CP4-6 cryptic prophage, 10 genes were upreg-
ulated, whereas no gene was down-regulated. The CP4-6
prophage is in the middle of the segment I (from 262 to
296 kb) (Ferenci et al. 2009; Wang et al. 2010), and these 10
genes are part of the upregulated gene cluster (Fig. 1). Simi-
larly, out of 30 genes of the Qin cryptic prophage, six and
one genes were up- and down-regulated, respectively. The
Qin prophage belongs to none of the segments I-III. These
results again suggest activation of horizontally acquired and
mobile genetic elements, following MazF activation.

The annotation cluster related to the fimbria/pilus func-
tion was found to be upregulated (Table 4). Type 1 fimbriae
of E. coli facilitate attachment to biotic and abiotic surfaces
(Blumer et al. 2005), and multiple TA systems including
MazEF play important roles in biofilm formation through the
regulation of fimbria production (Kim et al. 2009; Kolodkin-
Gal et al. 2009). Therefore, this upregulation contributes
to biofilm formation, which helps bacteria survive harsh
conditions.

Table 4 Enriched gene categories in upregulated genes

Regarding down-regulated genes (Table 5), the functional
categories mentioned in Table 3 were again listed. In addi-
tion, the annotation cluster related to chaperon function was
listed, and groSL, dnaKJ, grpE, IsrR, hslUV, htpG, pykF,
hsIR, sodA, secB, hdeAB, ridA, and narJ were included in
this annotation cluster. The expression of some chaperone
genes including ibpAB, hsIUV, and dnaKJ is known to be
induced upon deletion of the mgsR toxin-encoding gene or
the overexpression of mgsR for 15 min (Kim et al. 2010).
These facts and our results both suggest that some toxin
proteins regulate the expression of chaperone network genes
both negatively and positively. As groSL, dnaKJ, grpE,
hslUV, htpG, and hsIR are members of the 2 (sigma fac-
tor 32)-regulon (Nonaka et al. 2006), these genes might be
downregulated through ¢°2. It should be noted that MazF
might regulate the levels of chaperone-function genes
directly and independently through its RNA interferase
activity (see “Discussion” section for detail).

Crosstalk of MazF to other TA systems

It is well known that activation of one TA system causes
sequential or simultaneous activation of other TA system(s)
and that free toxins (toxins unbound to cognate antitoxins)
can enhance transcription from other TA operons (Kasari
et al. 2013). Considering these facts, transcriptional regula-
tion of other TA systems was inspected in our RNA-seq data.

Out of 37 known TA systems, expression of six toxin
and one antitoxin genes was upregulated, while expression
of two toxin and one antitoxin genes was downregulated

Category Term Gene count Count % p value
Annotation cluster 1, enrichment score: 4.3
GOTERM_BP_DIRECT GO:0015074 ~DNA integration 10 3.8 49x%10°°
UP_KEYWORDS Transposable element 15 5.6 5.6x107°
UP_SEQ_FEATURE chain: transposase insD for insertion element IS2A/D/F/H/I/K 6 2.3 1.7%107°
Annotation cluster 2, enrichment score: 3.5
UP_SEQ_FEATURE chain: transposase insC for insertion element IS2A/D/F/H/I/K 6 2.3 5.2%x107°
UP_KEYWORDS Transposable element 15 5.6 5.6x107°
UP_KEYWORDS Transposition 14 5.3 24x107°
Annotation cluster 3, enrichment score: 3.3
GOTERM_BP_DIRECT G0:0009229 ~ thiamine diphosphate biosynthetic process 6 23 32x107*
UP_KEYWORDS Thiamine biosynthesis 6 23 32x10™
GOTERM_BP_DIRECT G0:0009228 ~ thiamine biosynthetic process 6 23 52x10™
Annotation cluster 4, enrichment score: 2.6
UP_KEYWORDS Fimbrium biogenesis 10 3.8 7.5%107°
UP_KEYWORDS Transmembrane beta strand 11 4.1 3.0x10™
GOTERM_BP_DIRECT GO:0043711 ~pilus organization 7 2.6 40x107*

Only the annotation clusters whose enrichment scores are above 2.5 are shown, and for each annotation cluster, only the categories showing
three highest p values are listed. The full data set is shown in Supplementary Table S5
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Table 5 Enriched GO categories in downregulated genes

Category Term Gene count Count % p value
Annotation cluster 1, enrichment score: 7.1

KEGG_PATHWAY eco00190: oxidative phosphorylation 22 9.0 5.6x 10712

UP_KEYWORDS Ubiquinone 11 4.5 2.9x10710

GOTERM_CC_DIRECT GO:0030964 ~NADH dehydrogenase complex 11 4.5 2.8x107°
Annotation cluster 2, enrichment score: 6.8

UP_KEYWORDS Glycolysis 15 6.1 3.0x 1071

GOTERM_BP_DIRECT GO:0006096 ~ glycolytic process 15 6.1 1.3x 10712

KEGG_PATHWAY eco01200: carbon metabolism 33 13 6.6x1071°
Annotation cluster 3, enrichment score: 4.3

GOTERM_BP_DIRECT GO0:0042128 ~ nitrate assimilation 10 4.1 2.7%107°°

UP_KEYWORDS Nitrate assimilation 9 3.7 49%107°

KEGG_PATHWAY eco00910: nitrogen metabolism 11 4.5 6.8%x107
Annotation cluster 4, enrichment score: 4.1

UP_KEYWORDS Ribosomal protein 16 6.5 3.5x 1077

UP_KEYWORDS Ribonucleoprotein 16 6.5 45%107

GOTERM_MF_DIRECT GO:0003735 ~ structural constituent of ribosome 16 6.5 1.8%x107°
Annotation cluster 5, enrichment score: 3.4

GOTERM_MF_DIRECT GO0:0051082 ~unfolded protein binding 8 33 2.7%107°

GOTERM_BP_DIRECT G0:0009408 ~ response to heat 12 4.9 5.6x107

UP_KEYWORDS Chaperone 11 4.9 0.0023
Annotation cluster 6, enrichment score: 3.1

UP_KEYWORDS Electron transport 19 7.8 6.8%107°

GOTERM_BP_DIRECT GO0:0,009,061 ~ anaerobic respiration 14 5.7 42%x107

UP_KEYWORDS Iron 27 11 7.0x107
Annotation cluster 7, enrichment score: 2.8

UP_KEYWORDS CF(1) 2.0 5.3%107

GOTERM_CC_DIRECT GO:0045261 ~ proton-transporting ATP synthase com- 5 2.0 1.3x10*

plex, catalytic core F(1)
GOTERM_MF_DIRECT GO:0046961 ~ proton-transporting ATPase activity, 5 2.0 9.9%x 107

rotational mechanism

Only the annotation clusters whose enrichment scores are above 2.5 are shown, and for each annotation cluster, only the categories having three
highest p values are shown. The full data set is shown in Supplementary Table S5

(Table 6). In these upregulated genes, two RNA interferase
genes, higB and yafO, were included. Upregulation of higB
(log2-fold change =3.2, FDR =6.1 x 10~) did not accom-
pany simultaneous upregulation of the cognate antitoxin
gene, higA (log2-fold change=1.4, FDR=2.9x 107"), from
which the ratio of toxin gene upregulation over antitoxin
gene upregulation was calculated as 3.5. Upregulation of
yafO (log2-fold change =4.0, FDR = 6.9 x 10™*) accompa-
nied elevated expression of cognate antitoxin gene yafN
(log2-fold change=2.5, FDR =3.3 x 107%; though this
FDR value indicates insignificant upregulation), and simi-
larly, the upregulation ratio was calculated as 2.8. Elevated
expression of the other toxin gene, yafQ, was observed
(log2-fold change =2.3, FDR = 4.5 x 107%; though this FDR
value indicates insignificant upregulation) without simul-
taneous upregulation of cognate antitoxin gene dinJ (log2-
fold change =0.46, FDR=7.6 x 107"), and similarly, the

upregulation ratio was calculated as 3.6. Taken together,
growth inhibition by mazF overexpression may be caused
through cleavage of RNAs with multiple RNA interferases.
Furthermore, it is clear that TA systems crosstalk at least
partly.

Discussion

Preceding studies have indicated that the primary role of
MazF is cleaving bulk mRNA and inhibiting global transla-
tion (Zhang et al. 2003; Sauert et al. 2016). This hypothesis
seems to be adequate, because only 175 of all 4318 E. coli
genes (4.1%) do not contain ACA in their coding sequences
(Table 1) (Venturelli et al. 2017). In contrast, RNA-seq
analysis in this study indicated that MazF activation leads
to biased regulation of RNA levels, which is independent of
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Table 6 Up- and down-

Gene log2-fold change FDR Toxin or antitoxin Comments
regulated TA genes

Type II TA system, ribosome-independent RNA interferase
mazlF’ 5.8 1.3x107 Toxin

Type 1I TA system, ribosome-dependent RNA interferase
yafO 4.0 6.9x10* Toxin
higB 32 6.1x1073 Toxin

Type II TA system, Inhibitors of cell division
yafW 6.6 4.6x107 Antitoxin Cognate toxin is YkfI
ykfl 5.7 3.4x10° Toxin Cognate antitoxin is YafW

Type 1I TA system, inhibitor of phospholipid synthesis
gnsA —4.1 3.7%x107 Toxin

Type I TA system
symE 45 3.4x107 Toxin
ibsD -35 22x107 Toxin Neighboring gene to sibE
SibE -34 5.2x107 Antitoxin Antitoxin RNA for ibsE
ibsE —44 3.5x107™ Toxin Repressed by sibE RNA
hokA 7.1 1.9x1073 Toxin

The full data set is shown in Supplementary Table S6

the presence and number of ACA sequences. Therefore, we
conclude that MazF activation does not result in global and
nonspecific translational inhibition and causes cells to shift
to a specific cellular state. In agreement with this model, pre-
ceding studies have demonstrated that MazF activation leads
to the selective synthesis of specific proteins (Amitai et al.
2009; Moll and Engelberg-Kulka 2012; Zorzini et al. 2016).
It has also been demonstrated that not all ACA sequences in
mRNAs are cleaved by MazF in vitro and in vivo (Tripathi
et al. 2014), further supporting this model. Nevertheless, we
do not exclude the possibility of global inhibition of transla-
tion by MazF, because in mazF-overexpressing cells, artifi-
cial ACA-free mRNAs are almost exclusively translated into
proteins (Suzuki et al. 2006), and because MazF functions
as an RNA interferase even in mammalian cells, mediating
cellular mRNA degradation, inhibition of protein synthesis,
and the induction of apoptosis (Shimazu et al. 2007).

An important question is how cellular levels of indi-
vidual RNA species are adjusted following MazF activa-
tion. One possibility is modulation through RNA decay. As
mentioned above, it seems that cleavage at ACA sequences
occurs non-uniformly. Although the exact reason for this
remains unclear, MazF seems to cleave at ACA sequences
only within unstructured RNA regions, and those within
structured regions are sterically hindered from cleavage
(Zhang et al. 2004; Zhu et al. 2008; Vesper et al. 2011).
The fate of cleaved RNA is still unclear, because 3’-ends of
MazF-cleaved RNA are phosphate groups; RNAs cleaved
by typical processing endonucleases such as RNases E/G
bear 3'-hydroxyl groups, and RNases E/G are the primary
endonucleases that trigger mRNA decay (Kushner 2002).
Even so, one previous study proposed the possibility
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that RNA cleaved by MazF is further degraded into four
nucleotide monophosphates by RNases (Mok et al. 2015).
Another study indicated that in response to stress, several
RNA interferases might trigger mRNA decay as RNases E/G
do (Deutscher 2006). Taken together, we propose a model,
wherein following MazF activation, the cellular level of a
specific RNA species is adjusted through the non-global
cleavage of RNA at ACA sites and the further degradation of
the cleaved RNA. However, we have shown here that MazF
activation evokes the activation of other RNA interferases
(Table 6), and thus, a more complicated cleavage and decay
pathway must be considered.

Alternatively, RNA levels after MazF activation can be
adjusted at the transcriptional level. However, the expression
of all seven sigma factor genes was unchanged in this study
(Supplementary Table S1). It should be noted that MazEF
functions as a DNA-binding transcriptional repressor, and
that MazE or the MazEF complex, alone or in conjunction,
repress transcription from its own promoter (Marianovsky
et al. 2001). Since, neither MazE nor the MazEF complex,
alone or in conjunction, have been reported to regulate tran-
scription from other promoters, we searched for the DNA-
binding motif of the MazEF complex (gTATcTAcAATn-
nanATTGATATATAC, where n is any nucleotide and
capital letters denote important nucleotides) (Marianovsky
et al. 2001) in the MG1655 chromosome. We failed to find
highly homologous sequences except for the 5'-upstream
region of the mazEF operon and found sequences show-
ing low similarity in the 5’-upstream region of mntP, yfgG,
and fauA (Supplementary Table S7). Among these three
genes, only mntP was differentially expressed (log2-fold
change=3.1, FDR=8.4 x 10‘3). In addition, information
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regarding promoters of upregulated genes in segments [
and II were collected, but common features were not found
(Supplementary Table S8). Collectively, we could find no
obvious evidence of adjustment at the transcriptional level.
Therefore, if RNA levels are adjusted at the transcriptional
level, this modulation is presumably not governed by a sin-
gle transcription factor, but rather a complex network.

Note that mechanisms of RNA modulation, both through
RNA decay and at the transcriptional level can be compat-
ible. Such mechanisms might work separately depending
on the target genes. We believe that how cellular levels of
individual RNA species are adjusted following MazF activa-
tion is an important target of future research. To unveil the
function of MazEF, how indiscriminate cleavage of RNA
and how specific adjustment of individual RNA species are
associated should be addressed.

The finding that upregulated gene clusters are present in
putative horizontally acquired DNA fragments (Fig. 1 and
Supplementary Figs S2 and S3) is particularly interesting
with respect to bacterial genome evolution. Many bacterial
TA systems including E. coli mazEF are thought to enter
the bacterial chromosome thorough horizontal gene trans-
fer (Van Melderen and Saavedra De Bast 2009; Ramisetty
and Santhosh 2016) and are frequently found on plasmids,
prophages, transposons, and integrons (Bustamante et al.
2014; Mruk and Kobayashi 2014). In general, most hori-
zontally transferred genes are lost from chromosomes just
after this event (Kunin and Ouzounis 2003), because they
are dispensable and metabolic burden is increased to repli-
cate DNA (Cavalier-Smith 2005; Giovannoni et al. 2014).
Nevertheless, portions of these elements can be retained on
chromosomes, which can confer the ability to utilize specific
nutrients or elevate tolerance to stresses. MazF might con-
tribute to the maintenance of horizontally acquired genes
by upregulating expression of such genes, so that cells can
survive in harsh conditions. Under harsh conditions, MazF
might stimulate adaptive evolution and generating pheno-
typic diversity. As mentioned above, the promoter sequences
of upregulated genes in segments I and II have no com-
mon features (Supplementary Table S8), and crosstalk of
TA systems are observed (Table 6). Therefore, we assume
that the gene expression regulation in these segments is not
governed by a single mechanism, but are co-ordinated and
co-evolved each other.

In conclusion, both the validation (or expanded dis-
covery) of already known facts and novel discoveries are
described regarding the cellular role of MazF. The former
includes (1) the selective synthesis of specific proteins, (2)
alterations in chaperon networks, and (3) crosstalk between
TA systems. The latter includes the fact that (1) the pres-
ence and number of ACA sequences is not related to cellu-
lar RNA levels, (2) upregulated gene clusters are present in
putative horizontally acquired DNA fragments, (3) thiamine

and amino acid metabolism genes are specifically regulated,
and (4) the energy acquisition pathway is limited at multiple
steps.
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