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The mraZ and mraW genes are highly conserved in bacteria, both in sequence and in their position at the head of the division
and cell wall (dcw) gene cluster. Located directly upstream of the mraZ gene, the Pmra promoter drives the transcription of mraZ
and mraW, as well as many essential cell division and cell wall genes, but no regulator of Pmra has been found to date. Although
MraZ has structural similarity to the AbrB transition state regulator and the MazE antitoxin and MraW is known to methylate
the 16S rRNA, mraZ and mraW null mutants have no detectable phenotypes. Here we show that overproduction of Escherichia
coli MraZ inhibited cell division and was lethal in rich medium at high induction levels and in minimal medium at low induction
levels. Co-overproduction of MraW suppressed MraZ toxicity, and loss of MraW enhanced MraZ toxicity, suggesting that MraZ
and MraW have antagonistic functions. MraZ-green fluorescent protein localized to the nucleoid, suggesting that it binds DNA.
Consistent with this idea, purified MraZ directly bound a region of DNA containing three direct repeats between Pmra and the
mraZ gene. Excess MraZ reduced the expression of an mraZ-lacZ reporter, suggesting that MraZ acts as a repressor of Pmra,
whereas a DNA-binding mutant form of MraZ failed to repress expression. Transcriptome sequencing (RNA-seq) analysis sug-
gested that MraZ also regulates the expression of genes outside the dcw cluster. In support of this, purified MraZ could directly
bind to a putative operator site upstream of mioC, one of the repressed genes identified by RNA-seq.

Escherichia coli varies the timing of cell division, DNA replica-
tion, and peptidoglycan (PG) synthesis, depending on the

phase of growth, nutrient availability, and the respiratory or fer-
mentative mode of growth (1–5). An �17.8-kb region located at
approximately min 2 on the E. coli chromosome, called the divi-
sion and cell wall (dcw) cluster, consists of 16 genes expressed in
the same orientation that are involved in the biosynthesis of PG
and assembly of the cell division apparatus, also called the divi-
some (Fig. 1A). This cluster is highly conserved in prokaryotes in
terms of both gene content and gene order (6–8).

The mraZ (yabB) and mraW (yabC, rsmH) genes, which are
usually the first two genes in the dcw cluster in many bacterial
species, are no exception in terms of conservation (9, 10) (see
Tables S2 and S3 in the supplemental material). Because of the
specific location of their genes, it has been assumed that the MraZ
and MraW proteins might have functions related to cell division
and PG synthesis (7, 11, 12). Nonetheless, their presence in my-
coplasmas (13), which usually lack cell walls, is suggestive of ad-
ditional and/or alternative functions. Considering their conserva-
tion, knowledge about their functions is relatively limited. The
N-terminal end of MraZ, encompassing approximately 45 resi-
dues, is similar to the N-terminal DNA-binding domains of the
transition state regulator AbrB from Bacillus subtilis (14, 15) and
the antidote protein of the MazE/F addiction module, MazE, from
E. coli (16). AbrB and MazE are members of a family of transcrip-
tional regulators that have a dimeric N-terminal region consisting
of a four-stranded � sheet and a C-terminal DNA-binding do-
main forged from one � helix and a looped hinge, constituting a
so-called “looped-hinge helix fold.” It has been proposed for AbrB
that this looped-hinge helix motif reorients with respect to the
four-stranded �-sheet, allowing a localized induced fit between
the protein and DNA target sites. This, in turn, would allow AbrB
to bind unrelated DNA sequences with high specificity and affin-
ity. This DNA recognition fold is present in bacteria and archaea

(17). Because of the similarity at their N-terminal ends, AbrB,
MazE, and MraZ had been grouped into a superfamily of proteins,
and by inference, it had been suggested previously that MraZ
might also bind to DNA (14).

MraZ from E. coli (MraZEc) and Mycoplasma pneumoniae
(MraZMp), which share 28% sequence identity, have both been
crystallized (6, 18), and the solved structures are unusual. MraZ
contains two tandem homologous copies of the UPF0040 fold, a
novel protein fold with no significant similarity to any other pro-
teins whose three-dimensional structures are known (19). Fur-
thermore, both proteins have a tendency to multimerize; MraZEc

oligomerizes as a dodecamer, whereas MraZMp assembles as an
octamer. Both oligomers adopt a toroidal structure.

MraW, one of 21 16S rRNA methyltransferases (MTs) present
in E. coli (20), methylates 16S rRNA at position C1402 in vitro in
an S-adenosyl-L-methionine (AdoMet)-dependent manner (21).
Interestingly, MraW might also use proteins as substrates for
methylation. Two unknown proteins of 20 and 60 kDa were meth-
ylated when MraW was overproduced in vivo (22), although this
may reflect either direct or indirect methylation. Similar to other
AdoMet-dependent MTs, MraW releases S-adenosyl-L-homocys-
teine as a methylation by-product. The structure of MraW is also
unusual. Conserved amino- and carboxy-terminal domains of
MraW form the MT fold, as well as an internal, approximately

Received 19 November 2013 Accepted 19 March 2014

Published ahead of print 21 March 2014

Address correspondence to William Margolin, william.margolin@uth.tmc.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JB.01370-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.01370-13

June 2014 Volume 196 Number 11 Journal of Bacteriology p. 2053–2066 jb.asm.org 2053

http://dx.doi.org/10.1128/JB.01370-13
http://dx.doi.org/10.1128/JB.01370-13
http://dx.doi.org/10.1128/JB.01370-13
http://jb.asm.org


110-amino-acid domain of unknown function that is novel
among MTs but conserved in all MraW orthologs, including those
in eukaryotes (see Table S3 in the supplemental material). Crystal
structures of MraW from both Thermotoga maritima (19) and E.
coli (23) are available, where MraW has been shown to form
dimers in solution.

Transcription within the dcw cluster is complex, with as many
as 12 different transcripts having been described (Ecogene data-
base; www.ecogene.org), and reviewed in references 24 and 25.
This transcript complexity may be necessary for proper regulation
of the cell cycle in response to growth rate changes (26). The sta-
tionary-phase sigma factor RpoS and the LuxR family protein
SdiA regulate the expression of the last genes in the dcw cluster,
ftsQA and possibly ftsZ (27). SOS boxes precede the ftsI gene, and
a gearbox promoter is located upstream of ftsQ (25). RNase E
cleaves the polycistronic ftsA-ftsZ transcripts, affecting the decay
of the ftsA and ftsZ mRNAs (28). Overall, the stability of the
steady-state mRNAs from the dcw cluster varies (29).

Previous studies in other laboratories identified a �70 pro-
moter, Pmra, located upstream of mraZ, the first gene in the dcw
cluster. Pmra drives the transcription of a polycistronic mRNA (11,
30, 31) extending through the first nine genes of the dcw cluster,
including ftsW (11, 25) and possibly also through murC, but not
reaching the essential ftsQAZ genes at the distal end of the cluster
(32). Thus, the Pmra promoter is unlikely to be one of the upstream
promoters driving the expression of the ftsZ gene (33). A putative
�70 promoter (11, 25) and a transcriptional start site located 38 bp
upstream of the mraZ start site (25) have been identified previ-
ously. Intriguingly, there is an unusually long stretch of DNA be-
tween mraZ and its upstream gene, cra (fruR), with no apparent
coding capacity (11). This, along with the importance of the 5= dcw

genes for cell division and PG synthesis, suggests that the Pmra

promoter might be subject to regulation under some growth con-
ditions. In this respect, recent microarray, promoter enrichment,
and DNA-binding data implicate the pyruvate dehydrogenase
complex regulator PdhR as a possible transcriptional regulator of
Pmra, although the effects are very subtle (34).

Because of the inferred importance of MraZ and MraW in
selective aspects of cell division and PG synthesis gene expression,
as well as their widespread conservation in diverse bacteria, we
decided to investigate their functions. In the present study, we
focused mainly on MraZ and asked whether it is a transcriptional
regulator on the basis of its structural homology to AbrB and
MazE. We indeed found new evidence of a role for MraZ as a
transcriptional regulator. We report that approximately 2% of the
genes in the genome are differentially regulated when comparing a
stationary-phase-grown mraZ null mutant to the wild-type (WT)
parent. In addition, �23% of E. coli genes are regulated by MraZ
upon its overproduction during the early logarithmic phase. We
also provide evidence that MraZ autoregulates its own expression
from the Pmra promoter and can potentially repress the first 11
genes in the dcw cluster. We identify the locations of specific MraZ
binding sequences involved in Pmra repression and demonstrate
the DNA-binding activity of purified MraZ in electrophoretic mo-
bility shift assays (EMSAs). Finally, we characterize a second MraZ
binding site upstream of mioC.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are described in Table 1. E. coli strains were
grown at the required temperatures on either LB or minimal M-63 me-
dium supplemented with either 0.2% glucose or 0.4% glycerol (35). When

FIG 1 Physiological effects of deletion and overexpression of the mraZ gene. (A) The dcw cluster of E. coli, showing the location of the Pmra promoter upstream
of mraZ and highlighting the position of mraZ and mraW at the beginning of the cluster. (B) Spot dilution assay of WT and mraZ and mraW overexpressing
MG1655 cells on LB plates containing 0.1 �g/ml trimethoprim. Shown from left to right are undiluted and 10�1 to 10�5 diluted samples of a mid-logarithmic-
phase culture grown in LB with no antibiotic. (C) Spot dilution assay of WT and mraZ and mraW mutant MG1655 on LB plates containing 1 mM IPTG to fully
induce gene expression. Shown from left to right are undiluted and 10�1 to 10�5 diluted samples of a mid-logarithmic-phase culture grown in LB with no
induction. (D) Growth curves of the same strains as in panel B either uninduced or induced with 1 mM IPTG. V, vector.
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or phenotype
Source or
reference

E. coli strains
CGSC 8019 F� �mraZ52 �lacL �fnr267 rph-1 40
CGSC 8021 F� �mraW54 �lacL �fnr267 rph-1 40
DH5� F� 	80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17 (rK

� mK

) supE44 �� thi-1 gyrA relA1 76

DH5� phe F� 	80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK
� mK


) supE44 �� thi-1 gyrA relA1 phe::Tn10dCm 77
JE6478 MG1655/pJE6448 Apr This study
JE6430 MG1655/pDSW208 Apr This study
JE6513 MG1655/pJE6496 Apr This study
JE6517 MG1655/pJE6500 Apr This study
JE6583 MG1655/pJE6584 Cmr This study
JE6598 WM2909/pRK415 Tetr This study
JE6599 WM2909/pJE6595 Tetr This study
JE6627 MG1655 lacU169/pDSW208/pJE6618 Apr Tetr This study
JE6628 MG1655 lacU169/pJE6500/pJE6618 Apr Tetr This study
JE6647 MG1655 lacU169/pDSW208/pJE6621 Apr Tetr This study
JE6648 MG1655 lacU169/pJE6500/pJE6621 Apr Tetr This study
JE6661 MG1655/pJE6653 Apr This study
JE6707 MG1655 lacU169/pDSW208/pJE6695 Apr Tetr This study
JE6708 MG1655 lacU169/pJE6500/pJE6695 Apr Tetr This study
JE6710 MG1655 lacU169/pDSW208/pJE6696 Apr Tetr This study
JE6711 MG1655 lacU169/pJE6500/pJE6696 Apr Tetr This study
JE6713 MG1655 lacU169/pDSW208/pJE6697 Apr Tetr This study
JE6714 MG1655 lacU169/pJE6500/pJE6697 Apr Tetr This study
JE7023 MG1655 �mraZ52 MG1655 leuO::tet � P1(CGSC8019) Tets prototroph This study
JE7025 MG1655 �mraW54 MG1655 leuO::tet � P1(CGSC8021) Tets prototroph This study
JE7031 MG1655 �mraZ52/pDSW208 This study
JE7032 MG1655 �mraZ52/pJE6500 This study
JE7035 MG1655 �mraW54/pDSW208 This study
JE7108 MG1655 lacU169/pJE6640/pJE6618 Apr Tetr This study
MG1655 Sequenced �� and F� derivative of K-12 78
MG1655 lacU169 lac mutant derivative of MG1655 Laboratory

strain
WM2724 W3110 with native ftsZ 
 Ptrc-ftsZ-gfp at � att site 79
WM2909 W3110�ftsL::kan with Ts plasmid pTSA29-ftsL Kanr Apr Laboratory

strain

Plasmids
pBAD33 pACYC184 vector with PBAD promoter; Cmr 80
pBlueScriptII (pBSII) Apr, with T3 and T7 promoters Stratagene
pDSW208 Ptrc promoter vector; Apr 81
pJE6448 pDSW208 EcoRI-HindIII with mraZ-gfp; Apr This study
pJE6496 pDSW208 EcoRI-HindIII with mraW-flag; Apr This study
pJE6500 pDSW208 EcoRI-HindIII with mraZ-gluglu; Apr This study
pJE6584 pBAD33 KpnI-HindIII with mraZ-gluglu; Cmr This study
pJE6595 pRK415 BamHI-KpnI with �2,700-bp PCR fragment encompassing 563 bp upstream of mraZ to downstream ftsL This study
pJE6617 pBSII SmaI with same �2,700-bp PCR fragment as pJE6595 but with MraZR15A mutation This study
pJE6618 WT mraZ::lacZ translational fusion vector; pUI523A::593-bp PCR fragment from mraZ (563 bp upstream and 30

bp within gene); Tetr

This study

pJE6621 O1 mraZ::lacZ translational fusion in pJE6618 with TGGGG-to-ATCGG mutation in DR2; Tetr This study
pJE6640 pDSW208 EcoRI-HindIII with mraZR15A-gluglu; Apr This study
pJE6695 O2 mraZ::lacZ fusion in pJE6618 with TGGGA-to-AGGCA mutation in DR1 and TGGGG to ATCGG mutation in

DR2; Tetr

This study

pJE6696 O3 mraZ::lacZ fusion in pJE6618 with TGGGG-to-ATCGG mutation in DR2 and TGGGA to ATCGA mutation in
DR3; Tetr

This study

pJE6697 O4 mraZ::lacZ fusion in pJE6618 with TGGGA-to-AGGCA mutation in DR1, TGGGG-to-ATCGG mutation in
DR2, and TGGGA-to-ATCGA mutation in DR3; Tetr

This study

pJE6653 pDSW208 EcoRI-HindIII with mraZ-mraW; Apr This study
pJE6761 pDSW208 NcoI-HindIII with his-mraZ-gluglu; Apr This study
pJE6762 pDSW208 NcoI-HindIII with his-mraZR15A-gluglu; Apr This study
pJE7145 pBAD33 KpnI-HindIII with mioC This study
pRK415 Low-copy-number IncP plasmid; Tetr 82
pUI523A Promoterless lacZ translational fusion vector; Tetr 38
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required, tetracycline (Tet) at 20 �g/ml, kanamycin (Kan) at 25 �g/ml,
chloramphenicol (Cm) at 20 �g/ml, and ampicillin (Ap) at 150 �g/ml
were added to the growth medium. Cultures were grown anaerobically in
anaerobic chambers with BD BBL Plus anaerobic system envelopes and
indicators, and LB and minimal M-63 plates were supplemented with 20
mM KNO3 as the terminal electron acceptor.

DNA manipulations and analysis. For the primers used in this study,
see Table S1 in the supplemental material. Standard protocols or the man-
ufacturer’s instructions were followed to isolate plasmid DNA, as well as
for restriction endonuclease, DNA ligase, PCR, and other enzymatic treat-
ments of plasmids and DNA fragments. To eliminate potential impurities,
DNA fragments were drop dialyzed against autoclaved water for 1 h on
0.025-�m disc filters (Millipore, Billerica, MA) prior to ligation reactions.
Enzymes were purchased from New England BioLabs, Inc. (Beverly, MA);
Promega Corp. (Madison, WI); and Invitrogen (Carlsbad, CA). Plasmids
and DNA fragments were purified with the Wizard SV miniprep and PCR
Cleanup kits from Promega (Madison, WI). Phusion DNA polymerase
was used as the high-fidelity PCR enzyme (New England BioLabs). The
final versions of all relevant clones were verified by sequencing. Modified
and unmodified oligonucleotides were purchased from Sigma-Aldrich.

Transcriptome sequencing (RNA-seq) experiments. Whole-genome
transcriptome analyses were performed at two different stages of the cell
cycle. Gene expression was assayed in an mraZ null mutant (JE7031)
grown to a high cell density (optical density at 600 nm [OD600] of �1.4)
and compared to that in the WT (JE6430). Ten-milliliter volumes of the
respective cultures were spun, treated with RNAlater (Life Technologies,
Grand Island, NY) by following the manufacturer’s instructions, frozen,
and stored at �70°C prior to RNA extraction. In addition, gene expres-
sion was also assayed in MraZ-overproducing cells (JE6517) and com-
pared to that in WT cells containing the empty vector (JE6430); both were
grown to early log phase (OD600 of �0.1). Two-hundred-milliliter vol-
umes of the respective cultures were processed in a manner similar to that
described above. All cultures were grown in triplicate and processed in-
dependently.

RNA extraction. RNA was extracted with Invitrogen TRIzol Reagent
(catalog no. 15596018), followed by genomic DNA removal and cleaning
with the Qiagen RNase-Free DNase Set kit (catalog no. 79254) and the
Qiagen Mini RNeasy kit (catalog no. 74104). An Agilent 2100 Bioanalyzer
was used to assess the integrity of the RNA samples. Only RNA samples
with integrity numbers between 8 and 10 were used.

RNA sequencing. The Applied Biosystems SOLiD Total RNA-Seq kit
(catalog no. 4445374) was used to generate the cDNA template library.
The SOLiD EZ Bead system was used to perform emulsion clonal bead
amplification to generate bead templates for SOLiD platform sequencing.
Samples were sequenced on the 5500XL SOLiD platform. The 50-base
short-read sequences produced by the 5500XL SOLiD sequencer were
mapped in color space with SOLiD LifeScope software version 2.5 by
using the default parameters against the genome of E. coli K-12 strain
MG1655 (WIS_MG1655_m56) reference genome, and both the FASTA
and GFF files were obtained from the E. coli Genome Project at the Univer-
sity of Wisconsin—Madison (http://www.genome.wisc.edu/sequencing
.htm). The output of the whole-transcriptome analysis generated a gene
count file with the base counts summed to a single value across the entire
gene length and with the number of reads per kilobase of transcript per
million mapped reads (RPKM) also given for each gene, a BAM file con-
taining the sequence of every mapped read and its mapped location, one
pair of *.wig files giving the mapped counts at each base position, and a
statistical summary on alignment and filtering report.

Transcriptome and pathway enrichment analyses. RNA-seq data
were filtered to remove genes in the high- or low-OD sample sets with
fewer than two replicates with nonzero counts per million for each con-
dition. The bioconductor package edgeR (36) was used to identify the
degree of statistical differential expression between the WT and the mraZ
mutant, as well as WT and mraZ overexpression conditions, for each gene.
Separate analyses of data from high- and low-OD600 conditions were con-

ducted. Genes were ranked according to the resulting P values, and these
rankings were used as input to Gene Set Enrichment Analysis (GSEA)
software (37). This algorithm identifies gene sets whose members are sta-
tistically significantly enriched among genes at the top (or bottom) of a list
of ranked genes. We used the “GSEA preranked” setting so that we could
enter our ranked list as direct input, thus bypassing the ranking step set by
GSEA. As input, GSEA takes user-defined gene sets grouped according to
areas of potential interest. For gene sets, we used the files “func-associa-
tions.col” and “pathways.col” in the set of E. coli-specific files from the
EcoCyc web resource (ecocyc.org). Gene sets were included only if the
number of genes in the set present in the expression data was at least 10.

Microscopy. Cells expressing green fluorescent protein (GFP) or
mCherry fusions were grown in LB plus antibiotics and embedded in 1%
LB-agarose on a microscope slide. To image these cells, we used an Olym-
pus BX60 fluorescence microscope equipped with a 100� numerical ap-
erture 1.4 objective and GFP, 4=,6-diamidino-2-phenylindole (DAPI),
and tetramethyl rhodamine isocyanate (for mCherry) filter sets. Grayscale
images from each channel were captured with a Hamamatsu ORCA II
charge-coupled device camera and HCImage software and imported into
Adobe Photoshop for pseudocoloring and image layering.

Construction of translational lacZ fusions and �-galactosidase as-
says. Plasmid pJE6618 harbors the WT mraZ-lacZ translational fusion,
which contains a 593-bp PCR fragment from the mraZ gene (563 bp
upstream and 30 bp within the gene) fused to lacZ in pUI523A (38).
Combinatorial PCR, as described previously (39), was used to mutate the
three direct repeats (DRs) in the mraZ operator to construct fusions O1,
O2, O3, and O4 in plasmids pJE6621, pJE6695, pJE6696, and pJE6697,
respectively (Table 1).

�-Galactosidase assays were performed as described elsewhere (38).
The data provided are the averages of at least two separate experiments
each performed in duplicate. Standard deviations were always �15%.
Protein concentrations of cell extracts were determined with the bicin-
choninic acid (BCA) protein assay kit (Thermo Scientific, Waltham, MA)
with bovine serum albumin as the standard.

P1 transductions. Standard protocols were used to mobilize genetic
markers from existing strains by phage P1vir transductions (35). All of the
strains used are listed in Table 1. JE7023 (MG1655 mraZ) and JE7025
(MG1655 mraW) were constructed by P1 transduction with CGSC8019
and CGSC8021 (40), respectively, as donors and MG1655 leuO::Tn10 as
the recipient. After selecting for prototrophy and scoring for Tets, the
resulting mraZ and mraW deletion mutant genes were PCR amplified
from the chromosome of the transductants and verified by sequencing.

DNA labeling. The mraZ and mioC regulatory regions were PCR am-
plified with biotinylated primers. A 240-bp mraZ biotinylated fragment
was amplified with primers 1922 and 1923, whereas mioC was amplified
with primers 2045 and 2046 to form a 238-bp fragment. Competitor DNA
fragments were also PCR amplified with nonbiotinylated primers with the
exact same DNA sequences. The DNA amplification efficiencies were sim-
ilar when using labeled and unlabeled primers. DNA concentrations were
calculated after reading the OD260s of several dilutions of the purified
fragments with a UV-1601 UV-visible spectrophotometer (Shimadzu,
Kyoto, Japan).

MraZ binding and competition assays. The final reactant concentra-
tions in the 25-�l DNA-binding reaction mixtures were 1� binding buf-
fer, 5 mM MgCl2, 0.04% Nonidet P-40 (NP-40), 2 mM spermidine trihy-
drochloride, �0.35 pmol of a biotin-labeled double-stranded 240-bp
mraZ or 238-bp mioC fragment, 40 ng/ml LightShift poly(dI · dC) non-
specific competitor DNA (Thermo Scientific, Waltham, MA), water, and
purified MraZ in storage or dilution buffer at the appropriate concentra-
tions (see recipes below). The presence of spermidine in the binding re-
action mixtures increases the binding specificity for other transcriptional
regulators (41). The MraZ dilutions were done in 1� dilution buffer.
After the addition of MraZ, the reaction mixtures were incubated at room
temperature for 20 min, and immediately 4 �l (�1/6) of each reaction
mixture was loaded into the prerun gels described in the next section. For
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each experiment, both gels in the electrophoresis tank contained identical
samples and therefore were run in duplicate. For competition experi-
ments, the specific competitor DNA at the appropriate concentration was
added after MraZ addition, prior to incubation. The 10� MraZ binding
buffer contained 200 mM Tris (pH 7.5), 50 mM KCl, 5 mM MgCl2, and 1
mM dithiothreitol (DTT). The 1� MraZ dilution buffer contained 25
mM Tris (pH 7.5), 150 mM KCl, 5 mM MgCl2, and 0.5 mM DTT. The
10� gel loading buffer contained 250 mM Tris (pH 7.5), 0.2% bromophe-
nol blue, and 40% glycerol.

Electrophoretic mobility shift assays (EMSAs). Electrophoresis was
performed in Mini Protean 3 cells (Bio-Rad, Hercules, CA) with 5% gels
made with a 40% stock of 29:1 acrylamide-bisacrylamide and 0.5� Tris-
borate-EDTA (TBE). Gels were run at 4°C for approximately 20 min at 85
V and for an additional 1 h at 60 V. Both the gels and the running buffer
contained a final concentration of 200 �M spermidine. After electropho-
resis, the DNA fragments were wet transferred in 0.5� TBE to Biodyne B
nylon membranes (Thermo Scientific, Waltham, MA) for 30 min at 385
mA and UV-cross-linked with a UV Stratalinker 1800 (Agilent Technol-
ogies, Santa Clara, CA) by using the auto-cross-link setting. The Chemi-
luminescent Nucleic Acid Detection Module (Thermo Scientific, Wal-
tham, MA) was used for detection in accordance with the manufacturer’s
instructions. The blots were exposed on Hyblot CL film (Denville Scien-
tific Inc., South Plainfield, NJ).

Protein purifications. His6-MraZ-GluGlu and His6-MraZR15A-
GluGlu were purified from 8 liters of MG1655 containing plasmid
pJE6761 or pJE6762 (Table 1) encoding full-length WT or R15A mutant
MraZ, respectively. These plasmids are derivatives of pDSW208, which
contains an isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible Ptrc

promoter. Cells were grown at 30°C for approximately 3 h to an OD600 of
�0.6, induced with 1 mM IPTG for �90 min, and collected by centrifu-
gation. Pellets were washed once in MraZ lysis buffer (25 mM Tris [pH
7.5], 200 mM NaCl, 5 mM MgCl2) and stored at �70°C. Phenylmethyl-
sulfonyl fluoride was used at a 1 mM final concentration. Cells were lysed
by three passages through a French pressure cell (SLM Aminco, Roches-
ter, NY). The cell lysates were clarified by centrifugation at 11,000 � g for
20 min at 4°C and incubated on ice for 30 min in the presence of 2 mg/ml
lysozyme and DNase. TALON metal affinity resin (Clontech, Mountain
View, CA) was used for purifications by following manufacturer’s instruc-
tions. Crude extracts were incubated with the resin for 2 h at 4°C prior to
column purification in the presence of 5 mM imidazole. After washes in
MraZ lysis buffer containing 5, 20, and 30 mM imidazole and elution in
MraZ lysis buffer with 500 mM imidazole, the proteins were dialyzed
twice at 4°C for �18 h against buffer I (25 mM Tris [pH 7.5], 150 mM KCl,
5 mM MgCl2, 1 mM DTT, 20% glycerol, 100 mM NaCl) and then buffer
II (same as buffer I but with no NaCl). The purified proteins were resus-
pended in 100-�l aliquots and quick frozen in a dry-ice– ethanol bath
prior to storage at �80°C. The BCA assay (Thermo Scientific, Rockford,
IL) was used to determine protein concentration. The purification proce-
dure yielded proteins that were �95% pure (data not shown).

Immunoblot analysis. Crude extracts and purified protein were re-
suspended in SDS loading buffer, boiled for 10 min, and separated by
SDS-PAGE in Mini Protean 3 cells (Bio-Rad, Hercules, CA) with 12 or
18% gels made with a 40% stock of 29:1 acrylamide-bisacrylamide. Pro-
teins were transferred to nitrocellulose membranes with a wet apparatus.
In addition to the N-terminal His6 tag, a C-terminal GluGlu epitope (EE
EVMPME) (42) was used to tag MraZ for Western blot analysis. The
sequence encoding the GluGlu tag was added by using combinatorial PCR
as described previously (39). The DNA fragments were amplified from an
mraZ-containing PCR product obtained by colony PCR. Plasmid pJE6500
contains carboxy-terminally GluGlu-tagged full-length mraZ. The pri-
mary antibodies used for immunoblotting were monoclonal anti-His6

(Sigma-Aldrich, St. Louis, MO) or monoclonal anti-GluGlu (Covance
Research Products, Inc., Emeryville, CA) antibodies at 1:5,000. Anti-
mouse secondary antibodies conjugated to horseradish peroxidase (HRP)

were used at 1:10,000. SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Scientific) was used as the substrate for HRP detection.

Other reagents. o-Nitrophenyl-�-D-galactopyranoside, spermidine
trihydrochloride (minimum 98%), and antibiotics were purchased from
Sigma Chemical Co., St. Louis, MO. NP-40 was purchased from Thermo
Scientific, Waltham, MA. GeneMate LE agarose was purchased from Bio-
Express, Kaysville, UT. All of the other chemicals used in this work were
reagent grade.

RESULTS
Phenotypic analysis of cells after loss of MraZ or MraW. The dcw
cluster (Fig. 1A) and its first two genes, mraZ and mraW, are
highly conserved in prokaryotes (9, 10). Using the web server
hmmer.janelia.org, we identified orthologs of MraZ in 2,184 out
of 2,259 significant query matches within bacterial species (see
Table S2 in the supplemental material) and orthologs of MraW in
4,184 out of 4,402 (see Table S3). Interestingly, MraW was also
found in 161 eukaryote species (see Table S3), consistent with a
previous report of MraW homologs in eukaryotes (6). Thus, mraZ
and mraW are very highly conserved and MraW is more universal.

Despite their conservation and prevalence, nonpolar deletions
of mraZ and mraW have no detectable phenotypes under standard
laboratory conditions in E. coli (40, 43, 44) and B. subtilis (45). We
confirmed that unmarked deletion mutations in both genes (40)
in the MG1655 strain background are indeed nonessential for vi-
ability and subsequently searched for conditional phenotypes as-
sociated with the removal of these genes. The growth rates of cells
lacking mraZ or mraW were indistinguishable from those of the
WT parent during aerobic growth in LB at 37°C, anaerobic growth
on LB with nitrate as the terminal electron acceptor, or both aer-
obic and anaerobic growth on M-63 minimal medium supple-
mented with glycerol as the sole carbon source (data not shown).
Additionally, viability after a 12-day extended period in stationary
phase was not affected in the mraZ and mraW mutants compared
to the WT parent strain, although general viability was down by 2
logs (data not shown).

We then searched for differences in antibiotic susceptibility.
We found that the MICs for both mutants and the WT parent
strain were the same in the presence of Ap; the �-lactam amoxi-
clav; the cephalosporin cephapirin; cefoxitin, which interferes
with cell wall synthesis; colistin, which alters both inner and outer
membrane integrity; and the DNA gyrase inhibitor nalidixic acid.
Notably, however, we did find that the mraZ mutant was more
resistant to the dihydrofolate reductase (DHFR) inhibitor trim-
ethoprim than the WT parent (Fig. 1B). In contrast, the mraW
mutant was more sensitive to trimethoprim than was the WT
strain, consistent with data from the Porteco website (Porteco
.org).

MraZ overproduction is lethal and perturbs cell division.
The difficulty in uncovering a growth phenotype for the mraZ or
mraW null mutant prompted us to investigate the effect of mraZ
or mraW overexpression. Although overproduction of MraW
by IPTG induction of plasmid pDSW208-Ptrc-mraW (called
pDSW208-mraW here) had no phenotype in rich (LB) growth
medium, overproduction of pDSW208-Ptrc-mraZ (called pDSW208-
mraZ here) with IPTG induction was lethal (Fig. 1C). IPTG
concentrations of �50 �M prevented colony formation (data not
shown). Cessation of growth after the overexpression of mraZ was
also observed in growth curves (Fig. 1D). Notably, MraZ-over-
producing cells filamented (see Fig. S1 in the supplemental mate-
rial), suggesting that cell division is affected and may be a signifi-
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cant cause of the lethality seen. Cells containing the pDSW208-
mraZ plasmid in minimal medium supplemented with glycerol as
the sole carbon source filamented and formed bulges (data not
shown) even without IPTG induction, suggesting that excess
MraZ is more toxic when cells are grown in minimal medium than
when grown in LB (see Fig. S2).

Our results suggest that cell filamentation and killing are di-
rectly correlated with increased cellular levels of MraZ. Consistent
with this, when expressed from the more tightly repressed arabi-
nose-inducible promoter in pBAD33, filamentation increased as
MraZ was overproduced by induction with arabinose, but there
was no killing (data not shown). These phenotypes were not
caused by induction of the SOS response, as recA mutant cells
exhibited similar phenotypes (data not shown).

MraW suppresses the toxic effects of MraZ overproduction.
The mraZ and mraW genes are nearly always adjacent, and in E.
coli they are separated by 1 nucleotide (nt). It has been suggested
that conservation of a gene pair indicates that the proteins in the
pair interact (46). To test this notion, we co-overexpressed mraW
and mraZ, either in cis in their native mraZ-mraW gene context or
in trans on separate plasmids. In both cases, MraZ toxicity was
significantly reduced (Fig. 2A), suggesting that MraW antagonizes
MraZ overproduction toxicity (see also below). Consistent with
this antagonistic effect, we found that uninduced pDSW208-
mraZ, normally not toxic in a WT background, inhibited the
growth of an mraW null mutant (Fig. 2B). Thus, in addition to an
increased sensitivity to trimethoprim (Fig. 1B), this is a new phe-
notype of an mraW null mutant and suggests that MraW may
regulate MraZ activity.

MraZ overproduction destabilizes the divisome but does not
affect FtsZ levels or prevent Z ring assembly. The filamentation
of MraZ-overproducing cells prompted us to ask whether the lev-
els or localization of the key divisome component FtsZ were per-
turbed. To enable us to measure MraZ levels while also monitor-
ing FtsZ levels, we fused the GluGlu epitope tag to the 3= end of
mraZ (Table 1 and Materials and Methods). This fusion conferred
the same overproduction phenotype as untagged MraZ. We found
that MraZ overproduction did not affect cellular FtsZ levels and
allowed normal localization of an FtsZ-GFP fusion to Z rings (data
not shown). Moreover, an increased copy number of the last three
dcw genes, ftsQAZ (Fig. 1A), which can alleviate many cell division
defects, did not suppress the killing phenotype (data not shown).
On the other hand, higher but normally nonlethal levels of MraZ
became lethal at the permissive temperature (30°C) in an ftsZ84
mutant, which has lower GTPase activity and subunit turnover at
the permissive temperature (47, 48) (data not shown). A similar
synthetic lethal phenotype with normally nonlethal levels of MraZ
was observed in �minCDE mutant cells, which assemble extra Z
rings at inappropriate locations throughout the cell (49). These
results support the ideas that MraZ overproduction perturbs the
level or activity of a divisome component(s) and that this pertur-
bation, combined with partially defective FtsZ or MinCDE, causes
divisome collapse.

MraZ localizes to the nucleoid. Because of the similarity be-
tween the N-terminal domain of MraZ and the N-terminal DNA-
binding domains of AbrB and MazE, we decided to investigate
whether MraZ binds DNA, perhaps acting as a transcriptional
regulator of dcw genes. As a first step to test this idea, we con-
structed carboxy-terminal GFP and mCherry fusions to both
MraZ and MraW to investigate their cellular localization. The
MraZ fusions were toxic when overproduced, suggesting that they
retained at least partial function. Cells containing an uninduced
MraZ-GFP fusion on pDSW208 exhibited fluorescence through-
out the nucleoid, with several areas of brighter intensities (Fig. 3).
Cytoplasmic fluorescence was undetectable above the back-
ground, indicating that MraZ strongly bound DNA. Uninduced
levels of MraZ-mCherry displayed a similar nucleoid localization
pattern (data not shown). Higher induced levels of MraZ-GFP

FIG 2 Antagonistic effect of MraW on MraZ. (A) Spot dilution assay of WT
MG1655 containing the pDSW208 vector alone, pDSW208-mraZ, or
pDSW208-mraZ-mraW on LB plates containing 1 mM IPTG to fully induce
gene expression. Shown from left to right are undiluted and 10�1 to 10�5

diluted samples of a mid-logarithmic-phase culture grown in LB with no in-
duction. (B) Growth curves of WT MG1655 and the mraW null mutant in LB
without IPTG containing either the pDSW208 vector alone (V) or pDSW208-
mraZ.

FIG 3 MraZ localizes to the nucleoid. WT MG1655 containing an mraZ-gfp
fusion in pDSW208 was grown in LB to an OD600 of �0.2 with no IPTG
induction. Cells were moderately inhibited for septation even under these
uninduced conditions because of leaky expression from the plasmid trc pro-
moter. Differential interference contrast (DIC), DAPI-stained, MraZ-GFP flu-
orescence, and merged DAPI-GFP images of a representative dividing filament
are shown (scale bar, 3 �m).
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also localized throughout the nucleoid, still with no detectable
nonnucleoid localization. In contrast, the MraW-GFP and
MraW-mCherry fusions localized uniformly in the cytoplasm
(data not shown). These results agree with previous general local-
ization studies reported earlier for E. coli proteins (Genobase;
http://ecoli.naist.jp/GB6/search.jsp). This localization of MraZ
throughout most of the nucleoid but with a nonuniform pattern
at low levels of induction is consistent with MraZ binding to dif-
ferent sites on the chromosomal DNA, and it supports the hypoth-
esis that MraZ might have several chromosomal targets, which we
set out to test further.

MraZ negatively regulates its own expression from Pmra. As
both AbrB and MazE negatively regulate their own expression (50,
51), we decided to test whether MraZ does the same by repressing
transcription from Pmra. To define the potential boundaries of the
Pmra promoter, we constructed pJE6595, a low-copy-number
plasmid that contains a 2.7-kb fragment including the unusually
long 563-bp regulatory region upstream of mraZ and extending
through mraZ-mraW-ftsL (Table 1). This plasmid was able to
complement the FtsL depletion strain WM2909 (see Fig. S3 in the
supplemental material), suggesting that it contains the key ele-
ments for regulation of Pmra expression. The basic promoter struc-
ture of Pmra is shown in Fig. 4A, including the �35 and �10
sequences typical of �70-dependent promoters (52).

To measure transcription from Pmra and potential regulation
by MraZ, we fused the 563-bp regulatory region upstream of mraZ
plus 10 codons of the mraZ coding region to lacZ to make an
mraZ-lacZ reporter. We then measured �-galactosidase produc-
tion in response to excess MraZ produced from a compatible plas-
mid, pDSW208-mraZ, induced with a low, nonlethal level of
IPTG (Fig. 4B). We found that increased expression of mraZ re-
duced the expression of the mraZ-lacZ fusion by �7-fold, com-
pared to the vector alone (compare white with black bars). In
contrast, the increased expression of mraW from pDSW208-
mraW had little effect on mraZ-lacZ expression (Fig. 4B), consis-
tent with its lack of toxicity in LB. When mraW was present down-
stream of mraZ in its normal context in pDSW208-mraZ-mraW,
�-galactosidase values were nearly 2-fold higher than those ob-
tained with the vector alone and nearly 10-fold higher than those
obtained with pDSW208-mraZ at the same level of IPTG (com-
pare light gray with black bars). These results strongly suggest that
MraZ represses its own promoter, Pmra, and that the MraW neg-
ative modulatory effect on MraZ described above leads to dere-
pression of Pmra expression, possibly by preventing DNA binding
by MraZ.

Examination of the mraZ regulatory region revealed the motif
TGGGN-5 nt-TGGGN-5 nt-TGGGN, containing three successive
TGGGN DRs separated by two consecutive 5-nt spacers. Interest-

FIG 4 Negative autoregulation by MraZ. (A) The DNA sequence of the mraZ regulatory region is shown, highlighting Pmra and the OWT sequence, TGGGN-
N5-TGGGN-N5-TGGGN. DR1, DR2, and DR3 represent the three DRs separated by the 5-nt spacer regions. (B) �-Galactosidase assays with the WT mraZ-lacZ
fusion. WT MG1655 cells carrying a pDSW208 plasmid with no insert (vector) or expressing mraZ, mraW, or both mraZ and mraW were assayed for expression
of the mraZ-lacZ reporter on a compatible plasmid (pJE6618). �-Galactosidase activity is expressed in �mol/min/mg protein. Standard deviations were �15%.
(C) Four different mutant Pmra operator sites are shown. Asterisks indicate the mutagenized DRs. The mutations in the DRs are underlined. (D) Comparison of
the �-galactosidase activities of the WT mraZ-lacZ reporter or mutant mraZ-lacZ (O1 to O4) reporters regulated by expression from pDSW208 (vector) or
(pDSW208/mraZ). Cells were induced with 50 �M IPTG for 30 min. �-Galactosidase activity is expressed in �mol/min/mg protein. One representative
experiment is shown.

Function of MraZ in Escherichia coli

June 2014 Volume 196 Number 11 jb.asm.org 2059

http://ecoli.naist.jp/GB6/search.jsp
http://jb.asm.org


ingly, this repeat resembles the TGGNA motif involved in DNA
recognition by AbrB in B. subtilis (53). As this repeat region is
located 8 nt downstream from the Pmra promoter (Fig. 4A), it is
consistent with the idea that these DRs constitute an operator site
for MraZ binding.

To test this hypothesis, we constructed additional mraZ-lacZ
fusions containing mutations in the TGGGN DRs singly or in
combination. We called the WT sequence operator OWT and the
mutant sequences O1 to O4 (Fig. 4C). The expression results are
shown in Fig. 4D; in general, the mutant mraZ-lacZ fusions were
derepressed, even when mraZ was overexpressed, compared to the
WT fusion. Interestingly, the effect of mutation of the DRs is ad-
ditive; the lacZ fusion to the O1 operator, in which the middle DR
(DR2) is mutated, was still repressed, but the lacZ fusion to the O4

mutant operator, in which all of the DRs are mutated, was totally
derepressed, irrespective of whether MraZ was overproduced or
not. Thus, MraZ represses the expression of Pmra and the mraZ
gene and the DRs constitute DNA elements necessary for this re-
pression. As we cannot rule out the possibility that promoter func-
tion and/or a transcription start site(s) may have been perturbed
as a consequence of the mutagenesis, we next tested DNA binding
with purified MraZ (see below).

A point mutation in the putative DNA-binding domain of
MraZ eliminates its toxicity. If MraZ is a transcriptional regula-
tor, then the killing phenotype observed upon its overproduction
is most likely caused by inappropriate regulation of gene expres-
sion at the OWT operator located upstream of mraZ and/or at
additional genomic targets. Thus, overproduction of a mutant
MraZ protein unable to bind to DNA should not be toxic. Argi-
nine 15 (R15) in MraZ is conserved in AbrB from B. subtilis (14,
15) and MazE from E. coli (16). An R16A mutation at the equiv-
alent location in MazE abolishes DNA binding (16, 51). R15 of
MraZ forms part of the first DXXXR DNA-binding motif of MraZ
present in the two tandem homologous copies of the UPF0040
fold (Fig. 5A) (6, 18). We therefore decided to mutate this argi-
nine, predicting that it would abolish MraZ binding to DNA.

We found that MraZR15A is not toxic to cells, even when over-
produced by full IPTG induction, in contrast to the WT protein
(Fig. 5B). The stability of the MraZR15A mutant protein is similar
to that of WT MraZ under uninduced and induced conditions
(Fig. 5C), suggesting that the mutation inactivates a specific func-
tion of MraZ. We calculate that there was an �10-fold increase in
protein concentration in induced versus uninduced cells, with the
caveat that MraZ was lethal to cells at this concentration of IPTG.

FIG 5 Characterization of the MraZR15A DNA-binding mutant. (A) Sequence of the MraZ protein from E. coli, representing the two copies of the UPF0040 fold
(19), including amino acids 1 to 76 (top row) and 77 to 152 (bottom row). The two DXXXR motifs are highlighted; they correspond to amino acids D11 to R15
and D87 to R91. Arginine R15 (shaded square) in the first motif was mutated to alanine in the MraZR15A mutant. (B) Spot dilution assay of WT MG1655
containing the pDSW208 vector, pDSW208-mraZ, or pDSW208-mraZR15A on LB plates containing 1 mM IPTG to fully induce gene expression. (C) Levels of
MraZR15A are similar to those of MraZ. WT MG1655 cells containing the pDSW208 vector (lane 1), pDSW208-mraZ-gluglu (lanes 2 and 3), or pDSW208-
mraZR15A-gluglu (lanes 4 and 5) were grown in LB to an OD600 of �0.2. Cells expressing mraZ on the plasmid were either left uninduced (lanes 2 and 4) or
induced (lanes 3 and 5) with 1 mM IPTG and grown for an additional 2 h. Aliquots were normalized for total protein and subjected to SDS-PAGE. Blots were
detected with anti-GluGlu antibodies. The location of 20 Kd is where the 20-kDa molecular size marker runs. (D) �-Galactosidase assays comparing the effects
of pDSW208 (vector), (pDSW208/mraZ), and (pDSW208/mraZR15A) on the mraZ-lacZ reporter after induction with 50 �M IPTG for 30 min. �-Galactosidase
activity is expressed in �mol/min/mg protein. One representative experiment is shown.
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In addition, the expression of an mraZ-lacZ fusion is not repressed
by the overproduction of MraZR15A, in contrast to that of WT
MraZ (Fig. 5D). These results indicate that the killing phenotype
observed upon MraZ overproduction probably results from inap-
propriate regulation of gene expression because of DNA binding
and, importantly, is not a nonspecific effect of protein overpro-
duction.

Purified MraZ binds directly and specifically to its operator
sites. To demonstrate directly that MraZ binds to the regulatory
region near Pmra, we purified His6-MraZ-GluGlu and His6-
MraZR15A-GluGlu to homogeneity and measured their binding
to a 240-bp PCR-amplified DNA fragment containing the OWT

DRs by EMSAs. As shown in Fig. 6A, increasing concentrations of
WT MraZ led to the increased formation of two stable DNA-
protein complexes in the presence of the noncompetitive inhibi-
tor poly(dI · dC) and a concomitant decrease in the amount of free
DNA. In addition, unlabeled OWT DNA outcompeted the binding
of the highest level of MraZ (Fig. 6A, lane 7). Importantly, when
WT MraZ was replaced with similar amounts of purified
MraZR15A protein, no binding to OWT DNA was detected (Fig.
6B), consistent with the lack of MraZR15A toxicity in vivo. Thus,
purified WT MraZ binds specifically to OWT in vitro, and the tox-
icity observed upon its overproduction is directly related to its
ability to bind to its DNA site(s).

We have shown that MraZ binds to the OWT operator contain-
ing three consecutive DRs and that when these DRs are mutated,
the mraZ-lacZ fusion is derepressed. We predicted that the dere-
pression was a direct consequence of impaired DNA binding, be-
ing affected to various degrees when the mutant operators O1 to
O4 were used instead of OWT. To test this, we added WT MraZ
protein to DNA fragments with mutant operators and measured
DNA binding in EMSAs. As shown in Fig. 6C and D, binding of
MraZ was impaired to various degrees when the mutant operators

were substituted for OWT, especially when O4 was used (Fig. 6C,
lanes 9 and 10). This is consistent with the mraZ-lacZ fusion ac-
tivities.

The results of competition assays were also consistent with the
reporter fusion experiments. When an MraZ-OWT complex was
competed with OWT or the O1 to O4 mutants separately, only OWT

successfully outcompeted the labeled DNA, as evidenced by its
release from the MraZ-OWT complex (Fig. 6D, lane 2). Taken
together, our results suggest that MraZ represses transcription
from Pmra and that MraZ overproduction toxicity might result, at
least in part, from MraZ binding to the DRs near Pmra and possibly
overrepression of Pmra (Fig. 4 and 5). This would lead to the un-
derexpression of essential cell division genes such as ftsL and ftsI
(Fig. 1A).

Evidence that MraZ may have additional targets in addition
to the operator at Pmra. As MraZ binds to the operator site in front
of its own gene and represses expression from the Pmra promoter,
we wanted to determine how many dcw cluster-proximal genes
are affected in their expression by MraZ binding. In addition, an
assessment of whether MraZ regulates the expression of Pmra ex-
clusively or whether it has a broader regulatory spectrum was also
of paramount importance. We addressed these important ques-
tions by RNA-seq analysis.

We reasoned that to distinguish the effects of MraZ on gene
expression most effectively, we would analyze expression data
from two different stages of the cell cycle as described in Materials
and Methods. This was based on the similarity of MraZ to AbrB in
their DNA-binding region and the aforementioned observation
that mraW mutant cells containing extra copies of mraZ have a
lower than normal growth rate during early stages of growth be-
fore normal growth is resumed during later growth stages (Fig.
2B). We therefore chose two conditions for RNA-seq analysis, (i)
the mraZ null mutant strain compared with the WT at a high cell

FIG 6 Binding of MraZ to the mraZ regulatory region. (A) Binding of increasing concentrations of WT MraZ to biotinylated OWT in EMSAs. About 0.3 pmol
of a biotinylated 240-bp fragment containing the mraZ regulatory region was incubated with 3.2 (lane 2), 6.4 (lane 3), 10.7 (lane 4), 32 (lane 5), or 96 (lane 6) pmol
of MraZ protein. The components in lane 7 were similar to those in lane 6, with the addition of an approximately 8� molar excess of unlabeled mraZ DNA. Lane
1 is biotinylated mraZ DNA alone. Complexes 1 and 2 are the two specific complexes observed. (B) Binding of increasing concentrations of mutant MraZR15A
to biotinylated OWT. The protein concentrations were similar to those in panel A. Lane 1 is biotinylated mraZ DNA alone. (C) Binding of MraZ to WT (OWT) and
mutant (O1 to O4) operators. About 0.3 pmol of a labeled double-stranded 240-bp fragment containing OWT was incubated with �0.09 nmol of MraZ protein,
equivalent to the amount of MraZ used in lane 6 of panel A (lane 2). The mutant operators were incubated similarly (O1, lane 4; O2, lane 6; O3, lane 8; O4, lane
10). The corresponding DNA-only lanes are as follows: OWT, lane 1; O1, lane 3; O2, lane 5; O3, lane 7; O4, lane 9. (D) Competition with unlabeled WT (OWT) and
mutant (O1 to O4) operators. MraZ-OWT DNA complexes similar to those depicted in panel A, lane 6 (shown in lanes 1, 3, 5, 7, and 9), were competed with an
approximately 8� molar excess of unlabeled WT (OWT, lane 2) and mutant (O1, lane 4; O2, lane 6; O3, lane 8; O4, lane 10) operators.
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density and (ii) the WT strain overproducing MraZ compared
with the WT in the early log phase. Overproduction of MraZ-
GluGlu was confirmed by reverse transcription-PCR and immu-
noblotting with anti-GluGlu antibodies, similar to the data shown
in Fig. 5C.

Our RNA-seq data suggested that MraZ has additional targets
in E. coli. We found that approximately 2% of E. coli genes are
regulated �2-fold by MraZ when comparing an mraZ null mutant
to the WT parent in stationary phase. This regulation might be
direct or indirect, but it is clear that MraZ can activate (Fig. 7A,
white bars) or repress (Fig. 7A, black bars) transcription. A total of
69 genes were activated by MraZ, and 31 were repressed (see Table
S4 in the supplemental material).

Additionally, we also found differential regulation in approxi-
mately 23% of the E. coli genes when MraZ is mildly overproduced
in early log phase cells of the WT strain relative to WT cells con-
taining the vector alone (Fig. 7B). Notably, the RNA levels of the
first 11 genes of the dcw cluster are significantly decreased, as ex-
pected from repression of Pmra by MraZ. The genes affected are
widespread throughout several functional categories, including
metabolic and unknown genes.

Additional potential targets for regulation by MraZ. We then
investigated the effects of the loss or excess of MraZ on specific
pathways. The false-discovery rate (FDR) for the individual genes
cited in this section was �0.05, indicating that the differential
expression was statistically significant. We used functional enrich-
ment analysis to identify pathways and functions that were biased
toward differential regulation by MraZ. As the purpose of this
study was to discover new potential roles for MraZ rather than
validation, we set a liberal significance cutoff of 0.25 for the FDR.

When we compared the expression of genes in the WT strain
with that in the mraZ null mutant, both grown to stationary phase,

we found that the arginine catabolism pathway was transcription-
ally repressed by physiological levels of MraZ (see Table S4 in the
supplemental material; values in parentheses are fold changes in
expression). The specific genes repressed by MraZ were astA
(�3.5-fold), astB (�2.3-fold), astC (�4.7-fold), and astD (�3.2-
fold) (see Table S4; highlighted in purple). The transcript levels of
these genes, in general, were barely detectable at low cell density.
In addition, the putrescine utilization pathway (see Table S4;
highlighted in blue) was also repressed by physiological levels of
MraZ under these same conditions. Those genes were puuA
(�4.3-fold), puuB (�6.5-fold), puuD (�3.0-fold), and puuP
(�2.4-fold); in contrast, puuA (
6.4-fold), puuB (
7.8-fold),
puuC (
3.0-fold), puuD (
8.1-fold), puuE (
11.2-fold), and
puuR (
4.4-fold) were activated by MraZ overproduction at low
cell density. In addition, of the 69 genes activated by MraZ, 13
encode proteins involved in translation (see Table S4; highlighted
in yellow).

In contrast to the activator role suggested for MraZ early in log
phase (see below), the fatty acid (FA) degradation operon fadBA
and the monocistronic genes fadD and fadE were repressed �2-
fold by MraZ. We attribute this seeming paradox to the possibility
that additional factors superimpose regulation on these genes. For
example, fadB and fadE are both repressed by FadR in the absence
of long-chain FAs and by ArcA-P under anaerobic growth condi-
tions (54). MraZ activates the expression of both fadB and fadE
when overexpressed early in the highly aerobic log phase, when
ArcA is not phosphorylated and is inactive as a repressor. In sta-
tionary phase, however, ArcA-P represses both fadB and fadE,
which could prevent activation by MraZ.

MraZ repression of Pmra expression, as inferred from our data
(Fig. 4 to 6), suggests that MraZ can potentially regulate genes for
cell division and PG metabolism. In addition to the synthetic ef-
fects of combining ftsZ and min mutants with excess MraZ de-
scribed above, we found two sets of genes involved in cell division
that were repressed to various extents by MraZ overproduction
during growth in early logarithmic phase. The first set includes the
dcw cluster genes downstream from mraZ. These are, in order
from upstream to downstream, ftsL (�3.0-fold), ftsI (�3.5-fold),
murE (�3.5-fold), murF (�3.3-fold), mraY (�3.4-fold), murD
(�2.9-fold), ftsW (�2.8-fold), murG (�2.4-fold), and murC
(�2.2-fold). The mraW gene (�3.3-fold) was also repressed, but
the FDR was 0.05. The ddlB, ftsQ, ftsA, and ftsZ genes down-
stream of murC were not affected. Thus, consistent with previous
reports (11, 31) the Pmra transcript is likely to encompass the first
11 genes in the dcw cluster, extending from mraZ to murC but not
to ddlB (Fig. 1A). The second set of MraZ-repressed genes in-
cludes cell division genes unlinked to the dcw cluster, including
amiA (�7.1-fold), cedA (�3.6-fold), ftsB (�6.9-fold), mltF
(�2.4-fold), mltD (�2.3-fold), mrdA (�3.3-fold), pbpC (�2.4-
fold), ycfS (�3.7-fold), and zapB (�2.0-fold).

Metabolic genes were also regulated by MraZ overproduction.
The trichloroacetic acid (TCA) cycle was activated by MraZ over-
production early in logarithmic phase; acnA (
3.0-fold), acnB
(
4.5-fold), gltA (
5.2-fold), mdh (
4.5-fold), sdhA (
4.2-
fold), sdhB (
3.1-fold), sdhC (
2.8-fold), sdhD (
4.1-fold),
sucA (
3.3-fold), sucB (
3.9-fold), sucC (
4.1-fold), and sucD
(
3.2-fold) were all activated. In addition, the FA oxidation path-
way was also activated by MraZ overproduction. The representa-
tive genes from this pathway are aidB (
2.9-fold), fadB (
5.1-
fold), and fadE (
2.6-fold).

FIG 7 Gene expression analysis by RNA-seq. The numbers of genes activated
(white columns) or repressed (black columns) by MraZ are shown; they were
binned by the fold changes in their expression (top). These genes were selected
as follows. First, only genes with an FDR of �0.05 were chosen; second, the
cutoff for differential gene expression was set at a nonlogFC value of �2 (or
�2-fold). (A) WT MG1655 and a mraZ mutant containing the pDSW208
vector were grown in LB to stationary phase (OD of �1.4). Cells were col-
lected, and the total RNA was extracted and subjected to RNA-seq analysis. (B)
WT MG1655 containing either the pDSW208 vector alone or carrying mraZ
was grown in LB to early log phase (OD of �0.1) and induced with 50 �M
IPTG for 30 min. Cells were collected, and total RNA was extracted and subject
to RNA-seq analysis.
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MraZ binds to the mioC regulatory region. To validate the
RNA-seq data further, we inspected differentially expressed genes
by scanning their regulatory regions for the presence of a putative
MraZ-binding DNA sequence. Since no other gene in the genome
contains the same number of DRs with the same spacing distribu-
tion as that in front of mraZ, we searched for any multiple DR
T-G-G-G-N sequences separated by variable spacing regions. One
gene selected this way was mioC, which, according to the RNA-seq
data, is negatively regulated by MraZ overproduction by as much
as 12-fold during early log phase. Transcription through mioC has
been reported to affect initiation of chromosome replication (55,
56), although its effect might be more prevalent under suboptimal
growth conditions (57). The regulatory region of mioC is depicted
in Fig. 8A. We defined three MraZ consensus DRs as DR1, DR2
and DR3, where DR2 contains one mismatch.

We then used EMSAs to test whether MraZ binds directly to
this region. Purified MraZ bound to a 238-bp fragment containing
the mioC regulatory region, forming one complex (Fig. 8B). The
MraZ-mioC DNA complex formed less readily than the two com-
plexes observed for MraZ-Pmra-mraZ DNA (Fig. 6A), most likely
because of lower binding affinity for mioC than for Pmra-mraZ.
Nevertheless, addition of unlabeled competitor mioC DNA at an
approximately �10-fold molar excess displaced MraZ from
MraZ-mioC DNA complexes, suggesting that MraZ binds to the
regulatory region of mioC specifically.

The mioC gene encodes a flavodoxin involved in biotin synthe-
sis, and it has been reported that cell division is retarded in biotin-
deficient medium (58). To test if excess MraZ might result in the
lack of this flavodoxin and contribute to the lethality of MraZ
overproduction, we overproduced the MioC protein from a com-
patible plasmid while overproducing MraZ and found that cells
were still killed by MraZ overproduction (data not shown). This

argues against the possibility that the lack of the MioC protein
contributes significantly to MraZ-mediated killing, and in favor of
possible effects of mioC transcription on oriC.

DISCUSSION

In this study, we set out to investigate the cellular role of MraZ.
Our findings support the idea that mraZ and its downstream
neighbor gene, mraW, are evolutionarily conserved but nonessen-
tial (40, 43–45). This apparent contradiction suggests that there is
stringent selection acting on these two genes (59). We tested for
mraZ and mraW essentiality by assaying both aerobic and anaer-
obic growth in rich and minimal media, as performed by others
for alternative genes (60). In addition, we tested sensitivity to dif-
ferent classes of antibiotics and survival in stationary phase. Al-
though we observed no effects with many antibiotics, mraZ null
mutants were more resistant to trimethoprim than the WT strain
and mraW null mutants were more sensitive. This is consistent
with our other evidence suggesting that MraW antagonizes MraZ
function, and it is the first phenotype reported for the loss of
mraZ. Trimethoprim inhibits DHFR and one-carbon metabo-
lism, which might be involved in the function of the MraW meth-
ylase, potentially impacting MraZ activity. The significance of this
will be investigated further.

As co-overproduction of MraW protects cells from the effects
of MraZ overproduction in vivo and mraZ and mraW are usually a
tightly linked gene pair, it is reasonable to assume that this effect is
direct, although additional data are needed. How could MraW be
affecting MraZ? One possibility is that MraZ could be inhibited by
an MraW-mediated posttranslational modification. Another is
that direct MraW binding to MraZ could inhibit MraZ activity,
similar to MazE inhibition of the MazF toxin (61). Alternatively,
MraW might somehow decrease cellular levels of the MraZ pro-

FIG 8 Binding of MraZ to the mioC regulatory region. (A) The DNA sequence of the mioC regulatory region is shown, including PmioC and the DnaA box (56).
DR1 to DR3 represent the three DRs separated by 8- and 5-nt spacer regions. DR2 is 1 nt from the consensus TGGGN. (B) Binding of increasing concentrations
of WT MraZ to biotinylated mioC. About 0.3 pmol of a biotinylated double-stranded 238-bp fragment containing the mioC regulatory region was incubated with
3.2 (lane 2), 6.4 (lane 3), 10.7 (lane 4), 32 (lane 5), or 96 (lane 6) pmol of MraZ protein. The components in lane 7 were the same as those in lane 6, with the
addition of an approximately 10� molar excess of unlabeled mioC DNA. Lane 1 is biotinylated mioC DNA only.
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tein. Any of these scenarios might result in more mraW gene ex-
pression because of the loss of MraZ repression at Pmra, which
would induce a positive feedback loop. Irrespective of the mech-
anism, our results suggest that MraZ and MraW regulate each
other and argue that MraW is above MraZ in the putative regula-
tory cascade.

What might be the molecular mechanism of MraZ transcrip-
tional regulation? We have observed high-molecular-weight
MraZ multimers in denaturing SDS gels with purified MraZ-Glu-
Glu (data not shown), consistent with the reported dodecameric
structure of E. coli MraZ in solution (18). Dodecameric transcrip-
tional regulators from bacteria have rarely been reported. Three
known examples adopting this quaternary structure are anti-
TRAP (trp RNA-binding attenuation protein) in Bacillus species
(62), the YjiE hypochlorite-specific transcription factor (63), and
the Dps DNA condensation protein (64), the latter two of which
are both from E. coli. If MraZ indeed binds to DNA as a dodeca-
mer, it might wrap the DNA around its toroidal structure similar
to the E. coli transcriptional repressor RcnR (65) and DNA gyrase
(66). In addition, as a dodecamer, six times more protein would be
necessary for DNA binding than for a dimer, which could explain
the relatively high MraZ concentration needed to detect band
shifts in our EMSAs. Alternatively, MraZ may assemble into poly-
mers of dimers similar to MazE (67) or ArcA-P, the latter being
able to occupy two, three, and even four consecutive DR se-
quences separated by variable spacer regions, all located on one
side of the helix (68). In our experiments, the existence of two
distinct MraZ-OWT complexes would be consistent with the bind-
ing of two MraZ dimers to the operator site.

The three TGGGN repeats in the mraZ OWT operator are sep-
arated by 5-nt spacers, indicating that the repeats face the same
side of the DNA helix; similarly, AbrB also binds to residues lo-
cated on one side of the helix (50). Thus far, we have not been able
to define a consensus DNA-binding sequence for MraZ, as the
number and distribution of DRs are highly variable in all of the
genes examined, similarly to AbrB DNA-binding regions (15, 69).
AbrB, which integrates environmental and metabolic information
to minimize inappropriate gene expression during log phase (70),
shows similarity to MraZ in its “looped-hinge helix fold” DNA-
binding domain. Therefore, MraZ might use a similar strategy for
DNA recognition, allowing it to bind unrelated DNA sequences in
a specific manner. It may even act like AbrB, with higher or lower
activity, depending on the growth phase.

The toxicity from MraZ overproduction was more pronounced
in minimal medium. When E. coli cells grow in minimal glycerol
medium, they exhibit a carbon stress response (71). Cells readjust
their metabolism by using the transcriptional regulators Cra
(FruR), which, among its other functions, downregulates the TCA
cycle (72); the CRP-cyclic AMP complex; and the ArcBA two-
component system. Our RNA-seq data showed that MraZ over-
production represses cra transcription by 4.4-fold, either directly
or indirectly, and as would be expected, upregulates TCA cycle
genes. Thus, altered expression of TCA cycle genes, which has
been shown to involve other regulators (73), might be partly re-
sponsible for the sensitivity to MraZ overproduction under these
particular growth conditions.

MraZ, at physiological levels, has the potential to autoregulate
its expression and that of the first 11 genes in the dcw cluster,
including mraW, by binding to the OWT operator at Pmra. Such
repression by MraZ might limit the amount of some essential cell

division and/or PG biosynthesis proteins, and this is the likely
cause of cell division inhibition after the overproduction of MraZ.
Despite this phenotype, an mraZ null mutant shows no significant
changes in dcw gene expression, at least in stationary phase. This
suggests that MraZ may be more active as a repressor during stress
conditions or other stages of growth, and/or MraZ function is
redundant with another transcriptional regulator.

Although they do not affect dcw transcription in stationary
phase, it is important to emphasize that physiological levels of
MraZ do repress the transcription of arginine and polyamine ca-
tabolism, the ast and puu genes, respectively, and activate other
genes encoding proteins involved in translation. This indicates
that increases in polyamine concentration and some regulation of
translation in stationary phase might be a consequence of MraZ
activity. These differences in gene expression between an mraZ
null mutant and the isogenic WT parent suggest that MraZ might
have a role in cell adaptation or survival in suboptimal environ-
ments or under suboptimal growth conditions, as has been pro-
posed for the MazEF toxin-antitoxin system (74, 75).

In summary, here we show that MraZ, the product of the
highly conserved mraZ gene, acts as a transcriptional regulator in
E. coli. By binding to a DNA sequence organized with different
combinations of TGGGN DRs located immediately downstream
from the Pmra promoter, MraZ represses its own expression and
that of the 10 subsequent genes in the proximal part of the dcw
cluster. In addition, overproduction of MraZ inhibits cell division,
but co-overproduction with MraW suppresses MraZ toxicity,
suggesting that MraZ and MraW may have antagonistic functions.
Finally, several lines of evidence, including MraZ localization
throughout the nucleoid, activation or repression of multiple
genes by RNA-seq, and in vitro binding to the mioC gene near
oriC, suggest that MraZ may also regulate the expression of genes
outside the dcw cluster and perhaps influence other cell cycle func-
tions.
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