@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Tymecka-Mulik J, Boss L, Maciag-
Dorszynska M, Matias Rodrigues JF, Gaffke L,
Wosinski A, et al. (2017) Suppression of the
Escherichia coli dnaA46 mutation by changes in
the activities of the pyruvate-acetate node links
DNA replication regulation to central carbon
metabolism. PLoS ONE 12(4): e0176050. https://
doi.org/10.1371/journal.pone.0176050

Editor: Sergey Korolev, Saint Louis University,
UNITED STATES

Received: October 18,2016
Accepted: April 4, 2017
Published: April 27, 2017

Copyright: © 2017 Tymecka-Mulik et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Transcriptomic files
are available from NCBI Sequence Read Archives
under the following accession numbers: STUDY:
PRJNA382025 (SRP103504); SAMPLE: dnaA46
ackA (SRS2112691); EXPERIMENT:
dnaA46_ackA_C (SRX2723951).

Funding: This work was supported by the National
Science Center grants: UM0-2012/04/M/NZ2/
00122 (G.W.) and NCN 2012/05/N/NZ1/00535 (M.

RESEARCH ARTICLE

Suppression of the Escherichia coli dnaA46
mutation by changes in the activities of the
pyruvate-acetate node links DNA replication
regulation to central carbon metabolism

Joanna Tymecka-Mulik', Lidia Boss?, Monika Maciag-Dorszyriska?, Jodo F. Matias
Rodrigues?®, Lidia Gaffke!, Anna Wosinski', Grzegorz M. Cech?, Agnieszka Szalewska-
Patasz?, Grzegorz Wegrzyn', Monika Glinkowska?®*

1 Department of Molecular Biology, University of Gdansk, Gdansk, Poland, 2 Department of Bacterial
Molecular Genetics, University of Gdansk, Gdansk, Poland, 3 Institute of Molecular Life Sciences, University
of Zurich, Zurich, Switzerland

* monika.glinkowska @biol.ug.edu.pl

Abstract

To ensure faithful transmission of genetic material to progeny cells, DNA replication is tightly
regulated, mainly at the initiation step. Escherichia coli cells regulate the frequency of initia-
tion according to growth conditions. Results of the classical, as well as the latest studies,
suggest that the DNA replication in E. coli starts at a predefined, constant cell volume per
chromosome but the mechanisms coordinating DNA replication with cell growth are still not
fully understood. Results of recent investigations have revealed a role of metabolic pathway
proteins in the control of cell division and a direct link between metabolism and DNA replica-
tion has also been suggested both in Bacillus subtilis and E. coli cells. In this work we show
that defects in the acetate overflow pathway suppress the temperature-sensitivity of a
defective replication initiator—DnaA under acetogenic growth conditions. Transcriptomic and
metabolic analyses imply that this suppression is correlated with pyruvate accumulation,
resulting from alterations in the pyruvate dehydrogenase (PDH) activity. Consequently,
deletion of genes encoding the pyruvate dehydrogenase subunits likewise resulted in sup-
pression of the thermal-sensitive growth of the dnaA46 strain. We propose that the suppres-
sor effect may be directly related to the PDH complex activity, providing a link between an
enzyme of the central carbon metabolism and DNA replication.

Introduction

In their natural environment bacteria often come across drastic variations in growth condi-
tions as well as competition with other species. During environmental alterations, bacterial
cells need to constantly coordinate the chromosomal DNA replication and cell division with
cell growth, to ensure faithful transmission of the genetic material to progeny cells while
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keeping the cell size homeostasis. Despite decades of research, the mechanisms coordinating
these essential cellular functions remain poorly understood.

In E. coli, DNA replication is mainly regulated at the initiation level. At slow growth, cells
contain only one replicating chromosome and the initiation of DNA replication is followed by
complete chromosomal DNA synthesis and cell division in the same cell generation. However,
during fast growth in rich media, cells attain bigger sizes, where the stable DNA/mass ratio is
maintained due to a new replication round beginning before the preceding one finishes [1].
Hence, at fast growth rates, cells contain multiple replicating chromosomes although still only
one replication initiation occurs per cell cycle, taking place in the mother or the grandmother
cell generation. Results of early research on bacterial physiology, as well as the latest works
employing live single molecule imaging suggest that replication is initiated at a constant, pre-
defined cell volume per chromosome (origin), however the mechanisms coupling the cell
growth with DNA replication are still not fully understood [2-5]. Several hypotheses were pro-
posed to explain the mechanism of this coupling, where the most widely accepted one assumes
that a threshold amount of an active initiator protein per origin must be attained to trigger ini-
tiation [6].

In E. coli, the replication initiator protein DnaA, when associated with ATP, forms an oligo-
meric complex of specific architecture facilitating the unwinding of DNA strands at the AT-
rich region of oriC [7]-a prerequisite for subsequent helicase loading and assembly of the repli-
cation complexes. The ability of DnaA to form an oligomer competent in the DNA unwinding
at oriC is tightly controlled by several mechanisms. One class of these mechanisms regulates
the amount of DnaA-ATP in the cell and it may happen in two ways. Firstly, the ATPase activ-
ity of the DnaA protein is stimulated either by the Hda protein in cooperation with the
clamp of the DNA polymerase III or chromosomal datA region in the presence of the IHF
nucleoid associated protein [8-11], reducing the amount of DnaA-ATP; secondly, an exchange
of ADP to ATP by DnaA and hence—rejuvenation of the active form of the replication initia-
tor protein—is facilitated by acidic phospholipids of the cell membrane, as well as by two
specific regions of the chromosome called DARS [12, 13]. The second class of the DnaA-regu-
lating mechanisms deals directly with the formation of the DnaA oligomer at oriC, with the
DiaA protein stimulating this process and the SeqA protein hindering access of DnaA to
the newly replicated origins and thus preventing premature reinitiation [14]. Moreover,
DnaA-ATP (but not DnaA-ADP) can both effectively repress and activate transcription from
the two dnaA promoters [15, 16]. Current picture of the cell cycle control involves coordinated
action of the above mentioned mechanisms (summarized in Fig 1), resulting in fluctuations of
the DnaA-ATP level during the cell cycle and reaching its peak at the time of DNA replication
initiation. However, it is still not fully understood how fluctuations of DnaA-ATP are coupled
to cell growth and whether reaching a certain DnaA-ATP threshold is a signal for replication
initiation [17].

On the other hand, it is clear that cell growth is dependent on the overall metabolic status of
the cell. Therefore, regulation of cell division and DNA replication has to be likewise coordi-
nated with cellular metabolism. Recent data shows that a crosstalk exists between metabolic
enzymes and the division apparatus. Namely, moonlighting metabolic pathway proteins were
demonstrated to directly affect the activity of FtsZ in E. coli, Bacillus subtilis and Caulobacter
crescentus [18-29]. There is also genetic evidence indicating direct influence of metabolism on
the DNA replication process in B. subtilis [30-33]. Moreover, lysine 178 residing within the
ATP-binding motif of DnaA and essential for nucleotide-binding function, has been shown to
be acetylated in E. coli cells by the YfiQ acetyltransferase, in a growth phase-dependent manner
(with the highest acetylation level during the stationary phase). This modification results in the
inability of DnaA to form a complex at oriC in vitro [34]. It is possible that variable level of
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Fig 1. Mechanisms controlling DnaA abundance and activity in the E. coli cells. Left panel shows the factors
stimulating ATP hydrolysis by DnaA or rejuvenation of DnaA-ATP. The dnaA gene and its promoter (gray triangle) are
depicted. Right panel summarizes the mechanisms stimulating or blocking complex formation by DnaA-ATP at oriC.
Stimulating interactions are marked by red arrows, inhibiting—by blue bars, + sign depicts dual function of the DnaA-ATP
protein as both, the repressor and activator of transcription. The oriC region contains three DnaA binding sequences of
high affinity (green triangles), two arrays of low-affinity sites recognized by DnaA-ATP exclusively (blue triangles) and a
DNA unwinding element (DUE) where duplex melting occurs. The middle circle reflects positions of the chromosomal
regions involved in the regulation of DnaA activity (datA and two DARS) on the E. coligenome map and their relative
distance to oriC and the dif chromosome dimer resolution locus, where chromosome copies become decatenated.

https://doi.org/10.1371/journal.pone.0176050.g001

DnaA acetylation under different growth conditions could provide a direct link between cellu-
lar metabolism and control of the DNA replication initiation. Also, deletion of various genes
encoding enzymes involved in the central carbon metabolism resulted in suppression of phe-
notypic manifestation of several replication proteins‘ defects in E. coli [32-33], however the
mechanisms of suppression were not characterized.

Particularly interesting was the case of an effective suppression of the temperature-sensitive
growth and other phenotypes of the dnaA46 mutant strain, by the lack of either of the two
genes of the acetate overflow pathway [32-33]. The DnaA46 protein variant contains A184V
and H252Y substitutions, residing within the domain responsible for ATP binding. These
changes confer a defect in nucleotide binding and thermolability in the initiation of E. coli
DNA replication [35].

Pta-AckA pathway produces acetate from acetyl-CoA in two steps, with concomitant syn-
thesis of an ATP molecule. It is utilized in E. coli cells during growth under anaerobic, but also
fully aerobic conditions in media rich in glucose. In the latter case, it results in reduction in the
flow of metabolites through the TCA cycle and electron transport chain and diverts a part of
the substrate (glucose) to production of an incompletely oxidized product-acetate. Several,
not mutually exclusive roles, have been proposed for this seemingly wasteful pathway. Namely,
the reactions carried out by Pta-AckA could allow for fast growth by replenishing the free
CoA-SH, a co-factor of 2-oxoglutarate dehydrogenase (KGDH), under conditions of high ace-
tyl-CoA synthesis by pyruvate dehydrogenase [36]. Moreover, it was proposed that, due to
repression of the metabolic flux through the TCA cycle, which occurs concomitantly with
acetogenesis at higher growth rates, it allows for maintaining optimal NADH/NAD ratio. This
prevents redox imbalance which results in formation of oxygen radicals, while keeping a nec-
essary pool of the free NAD+. The flow through the acetate overflow pathway was proven to
depend itself on a sufficiently high NADH/NAD ratio [37, 38]. In addition, its intermediate
metabolite (acetyl-phosphate) functions in the post-translational protein modification: phos-
phorylation and acetylation [39-41]. Recently, it has been shown that diverting the flow of
metabolites to a less efficient but also less costly pathway in terms of protein production (the
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TCA cycle and electron transport chain vs the acetate overflow pathway), may allow the cell to
redirect the released fraction of the cellular protein content to translational machinery, and
thus-to increase the biomass synthesis capacity of the cell, enabling fast growth [42]. Strains
bearing the pta or ackA mutation display a reduced growth rate under acetogenic conditions
and were also demonstrated to upregulate some stress response genes, in particular these
responsible for acid resistance [43], however the reason for those changes is not clear.

The mechanism of dnaA46 phenotypes suppression by deletion of one of the acetate over-
flow pathway genes is not known. Studying the cumulative effects of mutations in both the
replication and metabolic genes, may bring an important insight into the alterations of the
activity of replication proteins exerted by metabolites, metabolic enzymes or post-translational
modifications. Characterizing these mechanisms will shed light on the nature of links between
metabolism and replication and answer the question whether direct crosstalk between these
processes could play a role in the cell cycle regulation.

Materials and methods
Strains and growth conditions

Strains with deletions of several genes (pta, ackA, Ipd, aceE, rpoS, gadX, yfiQ and cobB) were
previously described [44] and were obtained from the Yale CGSC collection. The CF1693
strain (relA::kan, spoT::cm) was used as a donor for construction of the relA and spoT knock-
out mutants [45], and dnaA46 tnaA::tet strain [46] was used for construction of dnaA46 deriv-
ative of MG1655. All MG1655 derivatives [47] were constructed by P1 transduction; the pres-
ence of knock-outs was confirmed by PCR and sequencing.

The pTrc99-nox plasmid [37] was obtained from Prof. Mark A. Eiteman (University of
Georgia, Athens, USA). The empty vector pTrc99 was constructed by digestion of pTrc99-nox
with BamHI and Pst], creation of blunt ends with T4 and Klenow polymerase and religation.
pTrc99-fdh was obtained similarly, except that a PCR fragment obtained using primers com-
plementary to the Candida boidinii fdh gene, digested with BamHI, was cloned into the
BamHI-PstI sites of the pTrc99-nox plasmid. Protruding overhangs remaining after the PstI
digestion of pTrc-nox were removed by T4 polymerase prior to ligation with the DNA frag-
ment containing fdh. Sequences of primers used for the fdh amplification from the Candida
boidinii chromosomal DNA were as follows:

57 - TGTGGGATCCATGAAGATTGTCTTAGTTCTTTATGand 5/ - CTATTTCTTATCGTGT
TTACCGTAAGC.

Unless indicated otherwise, bacteria were grown in the LB (Lennox) medium at 30 (permis-
sive) or 39 (restrictive) °C. The M63 minimal medium, containing glucose or glycerol was
used as described previously [43]. Acetate (potassium or sodium salt) and pyruvate (sodium
salt) were added to the LB medium at indicated amounts, and the medium was buffered with
50 mM TES-KOH pH 7.0.

Growth conditions and mRNA isolation for RNAseq

The Escherichia coli MG1655 strain and its derivatives were grown at 30°C in LB medium. The
overnight culture was diluted 1:1000 in a fresh LB medium and cells were grown with aeration
until the ODggg of the culture reached 0.3. To each sample (10° cells), ice-cold Ethanol/Phenol
(5% Phenol) solution was immediately added (1:8 ratio of the stop solution: culture) to prevent
mRNA degradation; the cells were then harvested by centrifugation and the pellets were frozen
in liquid nitrogen. RNA was extracted with the RNeasy Mini kit (Qiagen) and treated with
Turbo DNase (Life Technologies) according to the manufacturers’ instructions. Subsequent
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rRNA depletion was carried out with a Ribo-Zero kit (Illumina) and 0.5 g of the enriched
mRNA of each sample was sent for RNA-seq analysis (Illumina HiSeq 2000).

Gene expression analysis

Sequence reads were mapped using bowtie2 (version 2.2.3) to the Escherichia coli MG1655 ref-
erence genome available from the NCBI refseq database (accession: NC_000913.3). Gene
count tables were generated from the bowtie2 alignments for each strain and replicates.
Finally, a differential expression analysis was performed on the gene counts using the EdgeR
bioconductor package for the R statistics language. Statistically significant differences in
expression of gene sets across strains were tested using the ROAST method available in the
same package.

Determination of pyruvate, 2-oxoglutarate and acetate level

Acetate and pyruvate concentration in bacteria was assessed using the FluoroSELECT™ Acetate
Assay Kit (Sigma-Aldrich) and Pyruvate Assay Kit (Sigma-Aldrich), respectively. Briefly, an
overnight culture of bacteria was diluted 100-times in a fresh LB medium, and cultivation was
continued at 39°C, with shaking. Samples (0.5 ml) were withdrawn at ODgg = 0.3, chilled on
ice and spun down. 450 pl of bacterial supernatant was discarded and the pellet was suspended
in 200 pl of the Acetate Assay Buffer (acetate quantification procedure) or the Pyruvate Assay
Buffer (pyruvate quantification procedure). Bacteria lysis was performed by sonication. The
debris was spun down and 1:10 dilution were made in appropriate assay buffers. Fluorometric
quantification of acetate and pyruvate was completed according to the manufacturer’s proto-
cols. 2-oxoglutarate level was measured using cold methanol extraction [48] and the a-Keto-
glutarate Assay Kit (Sigma).

Determination of NADH/NAD ratio

NADH/NAD ratio was assessed using NAD/NADH quantitation kit (Sigma-Aldrich). Briefly,
bacteria were cultivated at 30°C in LB medium to ODggg ~ 0.5, subsequently a sample conain-
ing ~1.25-10"° was added to 25 ml of cold methanol (-80°C) and centrifuged at 10000 g for 5
min at 0°C. Supernatant was removed; pellets were immediately frozen in liquid nitrogen and
stored at -80°C no longer than 24h. Prior to measurement, pellets were resuspended in 250 pl
of NADH/NAD extraction buffer, sonicated and centrifuged for 5 min at 15000 g. Samples
were deproteinized by filtering through 10 kDa cut-off spin filters. 50 ul of samples were mea-
sured according to manufacturer’s instructions.

Measurement of NADH/NAD ratio in the MG1655 strain containing plasmids overexpres-
sing formate dehydrogenase (fdh1) or NADH oxidase (nox) genes was performed in a similar
way, but at ODggo 0.1-0.15 bacteria were induced with 1 mM IPTG and samples were taken at
ODggo ~ 0.7.

Results

Suppression of the dnaA46 growth defect by the deletion of pta-ackA
pathway occurs during fast growth under acetogenic conditions

In order to shed light on the mechanism of suppression of the dnaA46 phenotypes by the
dysfunction of the acetate overflow pathway, we asked whether it depends on the lack of the
Pta and AckA proteins per se or on metabolic changes occurring in the cells in these proteins’
absence. The growth of pta and ackA mutants is perturbed in comparison to their wild-type
counterpart in acetogenic media supporting fast growth but not in media containing glycerol
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Fig 2. Suppression of dnaA46 thermal sensitivity by mutations in the pta-ackA pathway depends on the carbon source. Bacteria were
grown on plates containing the indicated carbon sources (as described in Materials and methods) at 30 and 39°C and growth was estimated in
CFU. Data represents mean + SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0176050.9002

as a sole carbon source (Fig A in S1 File) [49]. Therefore, we speculated that the suppression
of dnaA46 phenotype caused by the deletion of pta and ackA genes may be condition-depen-
dent and relies on the changes in cellular physiology arising during growth of the acetate
pathway mutants on an acetogenic medium. In other words, we assumed that the suppres-
sion occurs under conditions where the metabolism of pta and ackA mutants differs signifi-
cantly from the wild-type strain. To test this hypothesis, we compared the ability of dnaA46
Apta and dnaA46 AackA strains to form colonies at 39°C, during growth on minimal
medium containing glycerol, on a glucose minimal medium and LB (Fig 2). The growth of
dnaA46 Apta mutant at the restrictive temperature was already reduced in the glucose-mini-
mal medium in comparison to that observed on LB, whereas suppression of the dnaA46
temperature-sensitivity was abolished for both double mutants when utilizing glycerol as a
sole carbon source (Fig 2). Dependence of suppression on the medium composition again
strongly indicated that the function of DnaA46 protein at an elevated temperature is restored
due to metabolic alterations in the Apta and AackA mutant cells growing in acetogenic media
supporting a fast growth rate. Moreover, this result further confirmed that the suppression,
observed in the LB medium, is not a simple consequence of the slower growth rate of the
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mutants, since if this was the case, the observed suppression should be strongest in media
supporting slow growth, i.e. in glycerol. In addition, we also observed growth of the dnaA46
Apta AackA triple mutant at the restrictive conditions in LB medium, confirming that the
phenotypic suppression is a result of alterations arising in response to a malfunction in the
acetate overflow pathway (Fig C in S1 File).

In order to confirm that the suppression of the dnaA46 phenotype depends on the activity
of the pta-ackA pathway under conditions of fast growth in an acetogenic medium, we made
an attempt to manipulate utilization of this pathway in the dnaA46 Apta and dnaA46 AackA
cells growing in the LB medium. Flux through the acetate overflow pathway was shown to be
correlated with the redox ratio. Namely, a switch from respiratory to respirofermentive metab-
olism occurs at a certain threshold value of NADH/NAD+ (0.06), whereas overexpression of
the NADH oxidase, reducing this ratio, decreases acetate formation [37]. Therefore, we intro-
duced enzymes, which were previously shown to increase or decrease the redox potential in E.
coli cells, by overproducing Streptococcus pneumoniae water-forming NADH oxidase (NOX)
or Candida boidinii NAD+ dependent formate dehydrogenase (FDH), respectively [37, 38].
Since overproduction of these proteins is not very efficient in E. coli, even when the gene is
present on a multicopy plasmid (data not shown), and the above mentioned changes in the
acetate excretion were measured for proteins produced from a plasmid-borne gene [37, 38],
we attempted to use a system similar to the previously published ones. The nox and fdh genes
were placed under an IPTG-inducible promoter in the pTrc99a-based plasmids. However, the
empty vector alone severely reduced the suppressor effect of metabolic mutations with respect
to dnaA46, most likely masking the effect of the NOX activity (Fig D1 in S1 File). Nevertheless,
when FDH was overproduced, and thus the NADH/NAD+ ratio increased, the ability to grow
at the restrictive temperature was restored to the dnaA46 Apta and dnaA46 AackA strains bear-
ing the respective plasmid (Fig 3). On the other hand, the presence of a plasmid expressing the
pncB gene, resulting in the synthesis of additional NAD+ and thus leading to lowering of the
intracellular redox ratio, was not able to restore the suppression (data not shown). The pncB
gene codes for nicotinic acid phosphoribosyltransferase (NAPRTase) which catalyzes the for-
mation of nicotinate mononucleotide, a direct precursor of NAD, from nicotinic acid. In
accordance with these results, NADH/NAD ratio was increased in the cellular extracts of
strains with deletions of either pta or ackA gene (Fig D2 in S1 File) and these strains had higher
level of total NAD(H) amount (particularly the pta mutant), suggesting increased synthesis of
the cofactor (data not shown).

The results presented in the above paragraph strongly suggest that the growth of dnaA46
Apta and dnaA46 AackA double mutants at elevated temperatures results from metabolic
alterations which occur under conditions supporting high growth rates, when the increase
in the intracellular redox ratio is not accompanied by the activity of the acetate overflow
pathway.

Strains lacking a part of the acetate overflow pathway upregulate o°
and ppGpp-dependent genes and accumulate intermediary metabolites
during growth under acetogenic conditions

To gain insight into the possible cause of suppression, we compared transcription profiles of
the dnaA46 mutant and the strains bearing in addition suppressor deletions in pta or ackA.
We did not observe significant differences in the RNA level of dnaA or its known regulators
(hda, diaA, dnaN, seqA) between the dnaA46 strain and its counterparts containing the sup-
pressor mutations. However, the overall transcriptomic profiles of Apta and AackA strains dif-
fered significantly from that of its wild-type counterpart (Fig B in S1 File).
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and 1 mM IPTG (where indicated). Growth was estimated in CFU. Data represents mean + SEM of three independent
experiments.

https://doi.org/10.1371/journal.pone.0176050.9g003

Expression of the central carbon metabolism genes was altered in both the single and dou-
ble mutants in a similar way, irrespective of which particular element of the acetate overflow
pathway was inactivated. The mutant strains showed an elevated expression of genes encoding:
the TCA cycle enzymes, acetyl-CoA synthetase (acs), pyruvate oxidase (poxB), gluconeogenetic
enzymes ppsA, maeB, fbaB and fbp (Fig 4). On the other hand, the expression of many genes,
coding for transport proteins for alternative carbon sources, was substantially elevated, for
example: operons mgIBAC (galactose), gatYZ (tagatose), malEFG and the malK and lamB
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Fig 4. Alterations of CCM genes’ expression in the single and double metabolic mutants. Blue arrows
indicate upregulation of transcription of the respective genes. Only the genes that were consistently
upregulated at least 2-fold in all of the four strains bearing metabolic mutations (ackA, pta, dnaA46ackA and
dnaA46pta) were marked by solid blue arrows. The arrows represent gene function and not reactions,
therefore two arrows are present for the functions encoded by two separate genes which may be differentially
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regulated. The expression of glyoxylate bypass genes was increased more than 2-fold in both ackA strains,
but not the pta mutants, although it was still enhanced in the latter strains in comparison to the wt (as marked
by blue dotted lines). Relative change of RNA abundance is shown as fold change (values in brackets) for
significantly upregulated genes. Consecutive numbers stand for the fold change in the ackA, pta,
dnaA46ackA and dnaA46pta strain, respectively. All of the TCA cycle genes were upregulated by more than 2
fold in all four strains, the change of expression of sucAB and sucCD was most pronounced and the range of
fold-change in all strains was indicated in brackets. Abbreviations: G6P —glucose 6-phosphate, F6P —fructose
6-phospate, FBP- fructose 1,6-bisphosphate, G3P —glyceraldehyde 3-phosphate, PEP—
phosphoenolpyruvate, PYR- pyruvate, AcCoA—acetyl-CoA, ICT—isocitrate, SUC—succinate, OAA—
oxaloacetate, GOX—glyoxylate. pstHl, crr, ptsG-PTS glucose transport system, glk—glucokinase, pgi-
phosphoglucose isomerase, pfkA and pfkB— 6-phosphofructokinase, fbp—fructose-1,6-bisphosphatase, fbaB—
fructose bisphosphate aldolase, tpiA-triosephosphate isomerase, gapA—glyceraldehyde 3-phosphate
dehydrogenase, pgk—phosphoglycerate kinase, gpmA and gpmB-phosphoglycerate mutase, eno—enolase,
pykA and pykF—pyruvate kinase, ppsA—-phosphoenolopyruvate synthetase, pckA—-phosphoenolopyruvate
carboxykinase, ppc—phosphoenolopyruvate carboxylase, poxB—pyruvate oxidase, aceEF—pyruvate
dehydrogenase, acs—acetyl-CoA synthetase, sfcA and maeB-malate dehydrogenase, gltA—citrate synthase,
acnA and acnB-aconitate hydratase, icdA-isocitrate dehydrogenase, sucAB-2-oxoglutarate
dehydrogenase, sucCD-succinyl-CoA synthetase, sdhCDAB-succinate dehydrogenase, fumA—fumarase,
mdh-malate dehydrogenase, aceA-isocitrate lyase, glcB and aceB-malate synthase. The scheme was
adapted from reference 50.

https://doi.org/10.1371/journal.pone.0176050.g004

genes (maltose) (Table B in S1 File). Overall, in the double and single overflow pathway
mutants, activity of the genes of central metabolic pathways and transport proteins resembled
that which was previously shown for acetate-grown E. coli cells [50].

Significantly, genes associated with a stress response were differentially expressed in all of
the tested strains containing mutations in the overflow pathway genes. A large fraction of the
genes (over 30%) belonging to the rpoS regulon was upregulated more than twofold in the
AackA mutant. In the Apta strain, the percentage of upregulated rpoS-dependent promoters
was on the whole lower, however, expression of many general stress response genes was still
higher in comparison to the wild-type strain, especially those connected with response to
acidic and osmotic stresses as well as carbon and nitrogen starvation and acetate metabolism
(Fig D in S1 File, Table A in S1 File). Our results corroborate findings of previous studies
which pointed to an elevated level of some transcripts and proteins regulated by ¢® in the ace-
tate overflow pathway mutants growing in the LB medium [43, 51].

Genes of the rpoS regulon are strongly induced under a variety of stress conditions includ-
ing starvation, as a result of an increase in the level of ppGpp. This alarmone is produced by
RelA or SpoT proteins in response to amino acid starvation or limitation of several other com-
pounds (fatty acids, carbon, iron, nitrogen), respectively. Therefore, we asked, whether the
observed upregulation of the stress response genes could be associated with ppGpp-dependent
regulation. We analyzed our transcriptomic data using a set of rpoS-dependent genes activated
upon amino-acid starvation which had been previously defined in experiments with wild-type
and rpoS mutant strains growing under isoleucine limitation conditions [52]. Comparison of
this set to the pool of genes upregulated in the acetate overflow pathway mutants revealed that
the majority of genes sensitive jointly to rpoS and ppGpp (rpoS+ppGpp) are highly expressed
in the AackA cells (>70%) and a lower but substantial fraction of these genes, was also acti-
vated in the Apta mutant (Table A in S1 File). Thus, the transcription profile of the acetate
overflow pathway mutants grown in a rich medium, particularly AackA, is akin to the one
observed in cells under amino acid starvation conditions (Fig 5, Table A in S1 File, Fig D in
S1 File).

This expression pattern was preserved in the dnaA46 AackA double mutant, where abun-
dance of most of the rpoS and rpoS+ppGpp dependent genes (genes differentially expressed in
the presence of high ppGpp levels and absence of rpoS) was still significantly increased in this
strain, although, in many cases, to a lesser extent than in the single AackA mutant. On the
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Fig 5. Expression of genes regulated by rpoS and ppGpp in the overflow pathway mutants. Gene
expression was estimated in the exponential phase by RNA-seq. Heat map contains the genes whose
expression in the metabolic mutants was changed by at least 2-fold with p-value < 0.05. RpoS and ppGpp-
regulated genes were chosen based on results of whole transcriptome studies of an isoleucine limitation
response [52].

https://doi.org/10.1371/journal.pone.0176050.9g005

other hand, expression of these genes increased in the dnaA46 Apta mutant in comparison to
the Apta strain, making the transcription pattern of the former strain similar to that of AackA,
and resulting in both double mutant profiles being more closely related than those of the single
mutants. As expected, the expression patterns of cells containing the dnaA46 allele and the
wild-type ones were very similar, with only few differences (Fig 5).

Next, we aimed to determine the changes in the key metabolites which could be correlated
with transcriptomic profile of the pta and ackA mutants, and that underlie the suppression of
the replication initiator defects. The lack of the acetate overflow pathway activity may result in
the deficit of the free CoA-SH [49] or imbalance of the NADH/NAD ratio, which both could
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Fig 6. Intracellular accumulation of metabolites in the acetate overflow pathway mutants. A) pyruvate, B)
2-oxoglutarate. Concentration of metabolites was measured as described in Materials and Methods. Data represents
mean + SEM of two independent experiments. The values present metabolites’ concentration in the cellular extracts
prepared from an equal bacterial mass but not their concentration in the bacterial cell volume.

https://doi.org/10.1371/journal.pone.0176050.g006

lead to accumulation of pyruvate and 2-oxoglutarate due to limitation of performance of
KGDH and PDH, both of which require free CoA-SH as a cofactor and contain the LpdA
subunit, sensitive to the redox ratio [53, 54]. Therefore, we assayed the intracellular levels of
pyruvate and 2-oxoglutarate in the pta and ackA strains. The single metabolic mutants accu-
mulated pyruvate and 2-oxoglutarate, similarly to their dnaA46 derivatives (Fig 6A and 6B,
respectively; Fig E in S1 File).

Taken together, our results indicate that, under nutritional conditions supporting suppres-
sion of the dnaA46 phenotypes, strains lacking the pta and ackA genes upregulate many stress
and starvation response genes, whereas transcription profile of the CCM genes resembles that
of strains grown on a poor carbon source like acetate. Changes in the level of pyruvate and
2-oxoglutarate may account for the increased expression of the stress and starvation-response
genes in the acetate overflow mutants, due to these metabolites’ role in the synthesis of amino
acids or function of the PTS system, since both the pyruvate/PEP ratio and the 2-oxoglutarate
level regulate substrate uptake by the PTS system.

Stress response factors are involved in the suppression of DnaA46
defects in the Apta and AackA strains

Our results have demonstrated that the mutants with defective Pta-AckA pathway, display an
increased level of transcripts of the rpoS-dependent genes when grown in LB medium. The
increased expression of the genes regulated by ¢° and ppGpp in the strains lacking Pta or
AckA prompted us to check whether suppression of the dnaA46 temperature-sensitive growth
depends on the rpoS, relA and spoT gene function. The required deletion mutants were con-
structed by P1 transduction and their ability to form colonies was monitored under permissive
and restrictive conditions. Growth of the dnaA46 Apta ArelA and dnaA46 AackA ArelA strains
at the restrictive temperature was somewhat decreased in comparison to their relA+ counter-
parts under analogous conditions, however, it was still much higher than that of the dnaA46
ArelA (Fig 7A). Several attempts to create a quadruple mutant with deleted spoT were unsuc-
cessful. Although this result requires further verification, it may suggest that dnaA46 Apta
ArelA and dnaA46 AackA ArelA cells are dependent on the spoT function or at least a minimal
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Fig 7. The influence of rpoS (A), relA (B) and gadX (C) on the suppression of the dnaA46 temperature-sensitive growth by mutations in the
acetate overflow pathway or Ipd genes. Bacteria were grown at 30°C in LB medium to early exponential phase, subsequently serial dilutions were
prepared and plated on LB plates at 30 and 39°C. Growth was estimated by CFU. Data represents mean + SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0176050.9007

level of ppGpp even at the permissive temperature. Deletion of the poS gene, on the other
hand, resulted in abolishment of suppression of the dnaA46 temperature-sensitive phenotype
by the dysfunction of the acetate overflow pathway (Fig 7B).

Since one of the most prominent features in the transcriptomic patterns of the strains with
defective acetate overflow pathway is activation of many genes belonging to the GadX/GadW
regulon which is responsible for survival under acidic conditions, (Fig 6, Table A in S1 File),
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we tested the effect of deletion of the gadX gene on suppression of the dnaA46 temperature-
sensitivity. Both, in the case of the dnaA46 AptaA gadX and dnaA46 AackA AgadX triple
mutants, the number of colonies formed at the restrictive temperature was 3 to 4 orders of
magnitude lower than in the case of their gadX+ counterparts, and was similar to that observed
for the dnaA46 single mutant (Fig 7C). This result suggests that GadX-regulated pathway or
pathways are important for suppression to occur. Interestingly, we were not able to delete
gadX in the pta or ackA mutants or remove any of the acetate overflow pathway components
in the gadX background, despite several efforts. Further investigation is required to verify
whether the combination of these mutations may be synthetically lethal or inhibitory for
growth in the presence of the wild-type dnaA allele.

To summarize, the results presented in this study show that factors involved in stress
response, i.e. 0°, GadX, and most likely ppGpp as well, are involved in the intracellular changes
leading to suppression of the dnaA46 phenotypes by the lack of the Pta or AckA function. This
result is in agreement with our previous finding that the suppression occurs during fast growth
under acetogenic conditions, but not during growth on glycerol as a sole carbon source, since
perturbed growth and increased expression of some of the rpoS-dependent genes was previ-
ously reported to occur in LB but not in the glycerol minimal medium [43].

Changes in the pyruvate dehydrogenase activity and acetate
metabolism influence activity of the defective DnaA46 protein

Taking into account the observed accumulation of pyruvate and 2-oxoglutarate by the pta and
ackA mutants, and the role of the acetate overflow pathway in maintaining homeostasis of
Acetyl-CoA/CoA-SH and NADH/NAD ratio, we speculated that the increased levels of the
metabolites may be evoked by a limited performance of the PDH or KGDH enzyme complex.
Therefore, we tested whether the lack of the E3 subunit, encoded by Ipd, could suppress the
temperature-sensitivity of the dnaA46 strain. Indeed, the dnaA46 Ipd double mutant formed
colonies at the restrictive temperature and their growth under these conditions was faster than
in the case of inactivation of the acetate pathway (Table 1). Suppression was also observed for
the aceE mutant, devoid of the E1 subunit of PDH (Table 1).

Since accumulation of pyruvate is a common feature of all of the tested strains containing
metabolic defects leading to suppression of the dnaA46 temperature-sensitivity (pta, ackA, Ipd,
aceE), we tested whether supplementation of the culture medium with pyruvate allows for
growth of the dnaA46 mutant at the restrictive temperature. However, in a buffered medium,
sodium pyruvate (even at a concentration as high as 100 mM) caused only minor improve-
ment of growth of the dnaA46 strain at the elevated temperature (Table 2).

This result suggests that the reduced PDH complex activity, or the flow through alternative
pathways, activated as a compensation of the lack of the PDH function, but not higher level of

Table 1. Effect of deletion of the genes encoding pyruvate dehydrogenase subunits on growth of the
dnaA46 strain at the restrictive temperature.

Strain Plating efficiency at 39°C
dnaA46 0.00015+0.0002

dnaA46 IpdA 1.840.2

dnaA46 aceE 0.8+0.79

Results are presented as a ratio of CFU obtained for the strains at restrictive and permissive temperature.
Data represents mean + SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0176050.t001
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Table 2. Effect of pyruvate and acetate on growth of the dnaA46 strain at the restrictive temperature.

Concentration of metabolite
50 mM sodium pyruvate

100 mM sodium pyruvate

20 mM potassium acetate

50 mM potassium acetate

Plating efficiency at 39°C
0.00015+0.0002
0.00015+0.0009
0.0012+0.003

1.28+0.3

1.28+1

Results are presented as a ratio of CFU obtained for the strains at restrictive and permissive temperatures.
Bacteria were grown in a buffered LB agar supplemented with indicated amounts of pyruvate and acetate.
Data represents mean + SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0176050.t002

pyruvate per se, may be the cause of the decreased temperature sensitivity of the dnaA46 strain
growth in the presence of pta or ackA as well as the double pta ackA mutations.

Transcription profile observed for both the dnaA46 Apta and dnaA46 AackA strains resem-
bled that of E. coli cells grown on acetate as a sole carbon source (Fig 4) [50]. Moreover, cells
devoid of the activity of the lipoamide dehydrogenase also showed upregulation of the alterna-
tive pathway for acetyl-CoA generation, used during assimilation of acetate, namely the acetate
synthetase (Acs) [55], suggesting that the flux through the CCM pathways may be similar in
the case of the tested suppressor mutants (pta, ackA, Ipd, aceE) and acetate-grown cells. There-
fore, we tested whether the presence of acetate in the culture medium could affect colony for-
mation of the dnaA46 mutant at the restrictive temperature. Indeed, addition of moderate to
high amounts of acetate allowed the replication initiation mutant to grow at the increased tem-
perature (Table 2). This result suggests that suppression of the dnaA46 defects may be related
to this specific metabolic profile. Interestingly, high intracellular level of acetate was confirmed
for both the single and double acetate overflow pathway mutants (Fig 8).
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Fig 8. Intracellular accumulation of acetate in the pta and ackA mutants. Concentration of metabolites
was measured as described in Materials and Methods. Data represents mean + SEM of two independent
experiments.

https://doi.org/10.1371/journal.pone.0176050.9008
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Still, the growth of the dnaA46 Alpd mutant at the restrictive temperature was not depen-
dent on the rpoS function (Fig 7B). Similarly, suppression of the temperature-sensitive pheno-
type by acetate was effective for the dnaA46ArpoSat 39° suggesting that the o® activity may be
required for condition-dependent changes in the metabolic pathways, like these evoked by
mutation in the Pta-AckA pathway.

The mechanism of suppression is not linked to increased chromosomal
DNA supercoiling or DnaA acetylation

In the search for the causes of suppression of the dnaA46 phenotypes by the lack of acetate
overflow pathway, we investigated a possible influence of alteration in chromosome structure
or overall acetylation level on the growth of the dnaA46 strain at the restrictive temperature.

In previous studies, suppressors of DnaA46 thermolability have been mapped to the topA,
rpoB and seqA genes [56-58]. All of these genes can be linked to chromosomal DNA superheli-
city or topology of DNA in the oriC region. The lack of topA or seqA increases the overall nega-
tive supercoiling of chromosomal DNA which could assist a defective DnaA protein in DNA
unwinding and allow for initiation of DNA replication. In line with this proposal, as a stimu-
lating effect of high negative superhelicity on the DnaA46 activity was shown in vitro [59].
Such mechanism of suppression was also proposed in the case of decreased temperature sensi-
tivity of the dnaA46 mutant grown in a medium containing 0.51M salt, which also results in
an increased negative superhelicity of the chromosomal DNA [59]. Addition of nalidixic acid,
an inhibitor of the DNA gyrase which introduces negative supercoils at the expense of ATP,
was shown to reduce growth of the dnaA46 strain at the restrictive temperature [59]. Due to
involvement of the pta and ackA genes in cellular energetics, we hypothesized that the suppres-
sion of DnaA46 thermolability by deletion of these genes could result from an increase in
the negative DNA supercoiling. Therefore, we tested the ability of the dnaA46Apta and
dnaA46AackA strains to form colonies at the restrictive temperature in the presence of increas-
ing concentrations of nalidixic acid and another gyrase inhibitor, novobiocin, which competes
with ATP-binding by the gyrase. Nalidixic acid, as in the case of suppression by high salt con-
centration, reduced the number of colonies formed by the dnaA46 strain at the restrictive tem-
perature (Fig 9A and 9C). Novobiocin in turn had little effect on the efficiency of suppression
of the dnaA46 temperature-sensitive growth by metabolic mutations and had an even lesser
effect on suppression caused by a high salt concentration (Fig 9B and 9D), although coumer-
mycin antibiotics were previously shown to effectively cause DNA relaxation in vivo during
osmotic shock. Thus, we conclude that the decreased thermolability of initiation of the DNA
replication in the dnaA46 strain, both in the presence of metabolic mutations and high salt
concentration, is not dependent on the gyrase activity. In agreement with these results, in the
transcriptomic patterns of both dnaA46 Apta and dnaA46 AackA double mutants, we noted an
enhanced activity of promoters preferring DNA relaxation (data not shown). Promoters pre-
ferring high or low level of negative superhelicity have been identified in previous studies [60].
These results also corroborate induction of genes belonging to the regulon controlled by ¢°,
which was shown to depend on the DNA relaxation [61]. In the case of suppression of the
dnaA46 temperature-sensitive growth by high medium osmolarity, the lack of requirement
for the rpo$ function (data not shown) and insensitivity to inhibition by coumermycin antibi-
otics may also suggest that metabolic alterations evoked by high salt are responsible for the
suppression.

Alterations in the AcCoA metabolism could lead to changes in the level and profile of intra-
cellular protein modification by lysine acetylation. The overall protein acetylation status differs
dramatically between the pfaA and ackA strains, due to accumulation of an acetyl group
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Fig 9. Sensitivity to gyrase inhibitors of the dnaA46 strain lacking a part of acetate overflow pathway (AB) or growing in
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grown on LB plates at 30 and 39°C and growth was estimated by CFU. Data represents mean + SEM of three independent

experiments.

https://doi.org/10.1371/journal.pone.0176050.9009

donor-acetyl phosphate in the latter strain and the lack of it in the former [39, 40]. We rea-
soned, however, that acetylation by YfiQ, the main acetyltransferase identified so far in E. coli
[62], could be decreased in all dnaA46 suppressor strains, leading to reduction of an inhibitory
acetylation of a positive replication regulator. Indeed, deletion of the yfiQ gene led to an effi-
cient suppression of the dnaA46 temperature-sensitive growth (Table 3). Therefore, we
increased acetylation level in the dnaA46 Apta and dnaA46 AackA strains by deleting cobB, a
gene encoding the NAD-dependent protein lysine-deacetylase which removes acetyl groups
added via the yfiQ and acetyl phosphate-dependent pathways. However, the absence of cobB
had no influence on the growth of the dnaA46 Apta and dnaA46 AackA strains at an elevated
temperature (Table 3). This result suggests that the suppression of the DnaA46 defect is most
likely not dependent on a decrease of the yfiQ-dependent acetylation in the pta and ackA
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Table 3. Effect of deletion of the yfiQ and cobB genes on the growth of the dnaA46 strain and its deriv-
atives with disrupted acetate overflow pathway at the restrictive temperature.

Strain Plating efficiency at 39°C
dnaA46 2.86x10-°20.12
dnaA46 AyfiQ 0.14+0.22

dnaA46 AyfiQ Apta 0.44+0.16

dnaA46 AyfiQ AackA 0.56+0.32

dnaA46 AcobB 1.52x10-°+0.22
dnaA46 AcobB Apta 0.39+0.19

dnaA46 AcobB AackA 0.14+0.17

Results are presented as a ratio of CFU obtained for the strains at restrictive and permissive temperatures.
Data represents mean + SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0176050.t003

strains, whereas suppression by the lack of yfiQ operates via an independent mechanism. Spe-
cifically, it could be related to reversible acetylation of DnaA Lys178, necessary for ATP bind-
ing by DnaA [34]. Even though the DnaA46 defect relies on the low affinity for ATP and ADP,
and thus it could be insensitive to the Lys178 acetylation status, it has been shown that in the
presence of chaperone proteins and a high ATP level, DnaA46-ATP complex formation may
take place [35]. In addition, dnaA46 temperature-sensitivity can be suppressed by overexpres-
sion of the defective DnaA protein [63]. It is therefore possible that a fraction of DnaA46 is
associated with ATP in vivo, and this fraction could be increased in the absence of YfiQ-depen-
dent acetylation, leading to suppression. Alternatively, acetylation could additionally nega-
tively influence the DnaA46 conformation, irrespective of the effect on ATP binding, and its
removal could enhance the fraction of the active protein.

Discussion

In this work we have shown that the suppression of dnaA46 phenotypes by the absence of a
part, or the whole acetate overflow pathway, depends on the growth conditions and occurs
during fast growth in an acetogenic medium but not when glycerol is used as a sole carbon
source (Fig 1). Furthermore, our results reveal that in a rich medium, strains devoid of pta or
ackA upregulate a significant fraction of the rpoS-dependent genes (Fig 5, Table A in S1 File),
corroborating results presented earlier by others [43] which had indicated an elevated level of
some stress response-related proteins in the pta-ackA strain when grown in LB but notin a
minimal medium with glycerol [43]. Among the upregulated genes, we also identified a high
representation of genes jointly regulated by ¢° and ppGpp (Table A in S1 File). Overall tran-
scription profile of the CCM genes in the pta and ackA mutants was similar to that of the ace-
tate-grown cells, mainly due to upregulation of genes encoding: the acetate synthetase (Acs),
the TCA cycle enzymes, some of the anaplerotic pathways’ enzymes utilized under gluconeo-
genetic conditions, as well as some transporters of alternative carbon sources (Fig 4, Table A in
S1 File) [50]. However no significant changes in the RNA level of dnaA or its regulators, which
could easily explain the suppressor phenotype, were detected. Therefore, we propose that the
activity of metabolic enzymes or the level of metabolites, specific for the pta and ackA strain
grown in LB is responsible for the observed suppression. In line with this hypothesis, we have
found that addition of acetate also suppresses the dnaA46 temperature-sensitive growth
(Tables 1 and 2), similarly to the lack of Lpd or other subunits of PDH, which results in
changes in the metabolism that in many aspects resembles that of the pta and ackA mutants.
Namely, cells devoid of the Lpd or AceE activity also show upregulation of the alternative
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pathway for acetyl-CoA generation, utilized during assimilation of acetate, like acetate synthe-
tase (Acs) or glyoxylate shunt [50], as well as an increased level of ¢® and ppGpp [64]. More-
over, we have shown that the rpoS and gadX activities are required in the dnaA46pta and ackA
strains for alleviation of the temperature-sensitivity. Induction of the stress response could
account for the suppression of the dnaA46 thermal sensitivity, since the low affinity of the
DnaA46 protein for ATP/ADP does not result from the change in amino acid residues that are
directly involved in the nucleotide binding, but rather results from an effect on protein confor-
mation, which can be rescued by the DnaK (heat-shock induced, 0°*-dependent) chaperone
protein in vitro [35]. Thus, production of the stress-induced chaperone proteins could account
for maintaining of thereplication activity by the defective protein. However, rpoS was required
for the suppression of dnaA46 thermolability in the case of pta or ackA mutants, but not Ilpd
and aceE. We suggest that in the pta and ackA mutants, 0° and gadX are necessary for the spe-
cific suppressor metabolic profile to occur rather than suppression to result from any single
rpoS-dependent gene product function. For instance, it has been shown that deletion of rpoS
strongly induces expression of the PDH genes in E. coli during exponential phase of growth
and GadX also regulates some genes associated with the nitrogen metabolism [65, 66] Alterna-
tively, the conditions for suppression may be weaker in the pta and ackA strains and require
additional, rpoS-dependent functions.

In this work, we have also excluded the global increase in negative supercoiling as a poten-
tial mechanism of suppression of the DnaA46 defects by the lack of pta and ackA activity; our
results also argue against changes in the DnaA acetylation as the underlying cause. The results
call also into question the mechanism of suppression of the dnaA46 temperature-sensitivity by
high salt concentration which was proposed to operate via increased negative DNA supercoil-
ing (Fig 9). High medium osmolarity results in an elevated level of the DnaK protein [67], and
also leads to significant changes in the cellular metabolism [68] which could alleviate the loss
of activity by DnaA46.

The reasons for the observed shift in the global gene expression pattern in the absence of
the acetate overflow pathway activity are not completely understood. Accumulation of pyru-
vate implies that the flux to pyruvate exceeds the capacity of the PDH complex to synthesize
acetyl-CoA. It was previously suggested that the PDH activity is partially restrained in the pta
and pta-ackA strains due to the accumulation of acetyl-CoA and the lack of free CoA-SH,
since expression of a heterologous acetyl-CoA consuming pathway had abolished excretion of
the unusual metabolites (pyruvate, lactate, glutamate) by the pta strain, restoring the wild-type
exometabolome profile [49]. However, the accumulation of acetyl-CoA in strains lacking Pta-
AckA pathway was not confirmed [41]. Another possibility is that the redox imbalance in
these strains could also pertain to pyruvate accumulation, due to the increased NADH/NAD
ratio which is inhibitory for the PDH activity (Fig D2 in S1 File) [53]. The same reason could
also account for pyruvate accumulation in the ackA strain or, alternatively, acetylation of
LpdA or another PDH subunit could alter this complex’s function. High levels of acetyl phos-
phate, present in ackA mutants, result in global enhancement of lysine-acetylation, whereas
LpdA as well as AceE are among the most highly acetylated proteins under these conditions
[69]. Pyruvate and 2-oxoglutarate are important for the function of the PTS system, constitute
precursors of the synthesis of amino acids and 2-oxoglutarate also plays a role in coordination
of the nitrogen and carbon status, and thus their imbalance may lead to induction of starvation
and stress responses [70]. Downregulation of several genes involved in the synthesis and trans-
port of branched amino-acids (ilvB, ilvG-nonfunctional in E. coli K-12, livKH), derived from
pyruvate is consistent with this scenario (Fig D in S1 File).

To summarize, our results suggest that changes in the flux of the pyruvate-acetyl CoA-ace-
tate node influence the initiation of DNA replication. Elucidation of the exact mechanism of
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this link between metabolism and replication requires further investigation, however several
possible scenarios can be proposed. The most probable is the one that changes in the level of
metabolite or activity of metabolic enzyme, facilitate the functional complex formation by
DnaA, directly or via an effect exerted on another regulatory protein. Changes in the level of
metabolites may lead to an altered post-translational modification of proteins controlling the
replication initiation step or these proteins may themselves interact with metabolites affecting
their activity, like for instance, DiaA protein which contains a sugar isomerase domain of
unknown function [71]. Secondly, metabolic enzymes may directly affect the activity of repli-
cation proteins, similarly to their role in the control of a cell division process. Our results
suggests that alterations in the PDH complex activity may account for restoration of DNA rep-
lication in the dnaA46 mutant, and PDH could be a candidate protein directly involved in the
control of other processes. However, we excluded the increased pyruvate level as underlying
the suppressory effect of the tested mutations, since supplementation of the culture medium
even with high concentration of pyruvate has a minor effect on the dnaA46 strain growth at
the restrictive temperature (Table 2). Interestingly, in B. subtilis, the dihydrolipoamide acetyl-
transferase (E2) subunit of PDH was identified as a membrane-associated factor inhibiting
DNA replication, probably via binding to the AT-rich region present at the origin of replica-
tion [72, 73]. Moreover, in the same organism, E2 was identified as an interacting partner of
the DnaG primase in a study employing yeast two-hybrid system [74]. In addition, most recent
studies suggest involvement of the E1 subunit of PDH in the cell division of B. subtilis by its
effect on the Z-ring formation [20]. These results strongly suggest coupling of the pyruvate
metabolism to the DNA replication and cell cycle in this bacterium. Such a relation has not
been uncovered so far for E. coli, but our results support a possibility of a similar mechanisms
operating in this case as well. Interestingly, in a high-throughput protein-protein interaction
study, LpdA was found in a complex with the DnaA protein, and AceE was found to interact
with DnaB [75].

Another possible mechanism of suppression could rely on the altered membrane proper-
ties in the metabolic mutants. The DnaA protein binds to the membrane, and the membrane
phospholipids stimulate rejuvenation of DnaA-ATP [18, 76]. Moreover, expression of genes
related to the membrane synthesis was affected in the dnaA46 mutant at the restrictive
temperature [77]. In our studies, both, the dnaA46pta and dna46ackA mutant, showed an
increased sensitivity to a variety of chemicals and antibiotics as well as an enhanced leakage
of Mg** from the cells, in comparison to the single dnaA46, pta and ackA mutants, even at
the permissive temperature (data not shown) which suggests broad changes in the mem-
brane function. The apparent incompatibility of these mutants with spoT deletion could
also suggest changes in the lipid synthesis, since mutations in aceE and fabH, which affect
synthesis of membrane lipids, were found to be synthetically lethal with a spoT deletion
[64, 78].
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