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ABSTRACT

The decision whether to replicate DNA is crucial for
cell survival, not only to proliferate in favorable con-
ditions, but also to adopt to environmental changes.
When a bacteria encounters stress, e.g. starvation,
it launches the stringent response, to arrest cell pro-
liferation and to promote survival. During the strin-
gent response a vast amount of polymer composed
of phosphate residues, i.e. inorganic polyphosphate
(PolyP) is synthesized from ATP. Despite extensive
research on PolyP, we still lack the full understand-
ing of the PolyP role during stress. It is also elu-
sive what is the mechanism of DNA replication initia-
tion arrest in starved Escherichia coli cells. Here, we
show that during stringent response PolyP activates
Lon protease to degrade selectively the replication
initiaton protein DnaA bound to ADP, but not ATP. In
contrast to DnaA-ADP, the DnaA-ATP does not inter-
act with PolyP, but binds to dnaA promoter to block
dnaA transcription. The systems controlling the ra-
tio of nucleotide states of DnaA continue to con-
vert DnaA-ATP to DnaA-ADP, which is proteolysed
by Lon, thereby resulting in the DNA replication ini-
tiation arrest. The uncovered regulatory mechanism
interlocks the PolyP-dependent protease activation
with the ATP/ADP cycle of dual-functioning protein
essential for bacterial cell proliferation.

INTRODUCTION

Once a bacterial cell encounters stressful conditions, such
as amino acid starvation, it switches from proliferating to
survival mode, by launching the stringent response (1). The
stringent response is a pleiotropic mechanism that alters
the transcription profile and induces protein proteolysis to
provide cell survival. The hallmark of stringent response
is the accumulation of guanosine penta- or tetraphosphate

[(p)ppGpp] molecule (2). Apart from rearranging gene tran-
scription, (p)ppGpp inhibits the activity of exopolyphos-
phatase (PPX), thereby leading to the synthesis of long
chains of inorganic polyphosphate (PolyP) by polyphos-
phate kinase (PPK) from ATP (3–5). The PolyP, which
forms granules in cells (6), is abundant in all kingdoms of
life and was proposed to participate in multiple processes
(7). In Escherichia coli, PolyP directly interacts with highly
conserved Lon protease, thus altering Lon substrate speci-
ficity to degrade ribosomal proteins, which affects protein
translation (8). What is the influence of PolyP on other cel-
lular processes, like DNA replication, during stress in E. coli
is still elusive.

Although the control of DNA replication has been widely
studied, how replication is arrested when a cell encoun-
ters adverse environmental changes is still not fully eluci-
dated. Various mechanisms for DNA replication control
were proposed to date. In Caulobacter crescentus it was
shown that replication initiation protein (DnaA) is prote-
olyzed by ClpXP (9) and Lon during heat-shock and nu-
tritional downshift (10,11). In C. crescentus, the accumu-
lated (p)ppGpp leads to a change in DNA topology, which
prevents replication initiation (12). In E. coli, the increased
ppGpp level was also shown to be correlated with the inhibi-
tion of replication initiation (13). The binding of (p)ppGpp
to primase decreases primase activity in E. coli and Bacil-
lus subtilis (14,15). Yet, in B. subtilis DNA replication is
arrested downstream from the origin, while in E. coli at
the initiation stage (16). Notably, following the stringent
response induction in E. coli, all the ongoing replication
rounds are continued until completion (17). The immedi-
ate arrest of the initiation of DNA replication in E. coli
was ascribed to be the result of the inhibition of dnaA tran-
scription (18). However, neither the decreased activity of
primase nor the inhibition of de novo DnaA synthesis, ex-
plains how DNA replication initiation is rapidly arrested in
E. coli. We hypothesized thatPolyP-induced proteolysis by
Lon contributes to the regulation of DNA replication dur-
ing stress. Here, with the use of in vivo and in vitro exper-
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iments we uncovered regulatory system that interlocks in-
ducible proteolysis and the regulation of DNA replication
initiation during stress in E. coli.

MATERIALS AND METHODS

Oligonucleotides, plasmids and strains

Sequences of oligonucleotides used in this study are listed
in Supplementary Table S1. Mutation in pBAD-dnaA (used
for overproduction of DnaA R334A mutant) were intro-
duced using QuickChange Site Directed Mutagenesis Pro-
tocol (Stratagene, USA) with the use of primers: R334A F
and R334A R. Plasmid used for 6His-Hda overproduction
(pET-hda) was created as follows: hda gene was PCR am-
plified by using primers Hda F and Hda R, which was
cloned into pET15b (Novagen) by using NdeI and BamHI.
The poriC plasmid contains E. coli 245bp-minimal oriC se-
quence cloned into pSP6 (19) by using KpnI and XbaI.
Supercoiled form of poriC (also described as cccDNA)
was obtained with the use of Plasmid Midi AX kit (A&A
Biotechnology). The �x174 nicked circular DNA for in vitro
RIDA Complex Assembly was purchased from New Eng-
land Biolabs, UK.

Escherichia coli C600 wt strain and its lon-depleted
derivative (described as E. coli C600 Δlon) (20), E. coli
MG1655 wt strain and its derivatives (tj. MG1655 Δppk
(21) and MG1655 dnaC2 (22) and E. coli WM539 (23) were
used for in vivo experiments. Escherichia coli BL21(DE3)
(24) was used for overproduction of all protein, except for
DnaA-6His and its mutant R334A, which were overpro-
duced in E. coli JP313 (25).

Proteins, antibodies and reagents

Escherichia coli proteins were purified as described
previously: subunits of DNA Polymerase III (i.e.
�, ε, �, � , � , �, �’, � and 	) (26), 
-clamp (26), DnaB-
6His (27), DnaC (28), gyrase, HU, DnaG (26); Lon (20).
Escherichia coli DnaA-6His and its R334A mutant were
purified as described previously (27,28). Briefly, DnaA-
6His or DnaA R334A were overproduced in E. coli JP313
strain with pBAD24 containing genes encoding either
DnaA-6His or its R334A mutant. The cells were sonicated
in sonication buffer [50 mM phosphate buffer (pH 8), 300
mM. NaCl, 2 mM imidazole, 0.1% (v/v) Triton X-100]
Next, the supernatant after centrifugation was applied
onto 1 ml of Nickel-nitrilotriacetic acid (Ni-NTA) resin.
The resin was washed with sonication buffer containing
20 mM imidazole, followed by wash with storage buffer
[500 mM potassium L-glutamate, 45 mM HEPES/KOH
(pH 7.6), 10 mM Magnesium acetate, 20% sucrose, 0.1%
(v/v) Triton X-100]. The DnaA-6His was eluted with the
use of storage buffer containing 250 mM imidazole (0.5 ml
fractions collected) and dialyzed against storage buffer
without Triton X-100. Escherichia coli 6His-Hda protein
was purified as follows: the E. coli BL21(DE3)/pET-hda
was cultured in LB medium supplemented with ampicillin
at 37◦C. Once cells reached OD600 of 0.4, the overproduc-
tion of 6His-Hda protein was induced by the addition of
IPTG (0.5 mM) and further cultured for 2 h. The next steps

were as for DnaA-6His purification (26). Commercially
available proteins were single-stranded DNA binding
protein (SSB) (Promega), Bovine Serum Albumin (BSA)
fraction V (Sigma-Aldrich) and creatine kinase (Roche
Diagnostics). The subcomplexes of the holoenzyme of
DNA Polymerase III (i.e. core and clamp loader com-
plex) were reconstituted as described previously (26).
The concentration and purity of proteins was estimated
by resolving the protein of interest and BSA of known
concentration by SDS-PAGE, followed by comparative
densitometric analysis with the use of ImageJ or ImageLab
softwares. The protein concentration was additionally
verified by NanoDrop measurements at 280 nm. The
proteins used in this study were highly pure (95% purity or
higher). The molar concentration of proteins is shown for
monomers. Immunodetection assays were performed with
the use of polyclonal anti-DnaA antibodies (rabbit) and
polyclonal anti-Lon antibodies (mouse), goat anti-mouse
and anti-rabbit conjugated with Horseradish peroxide
(HRP) secondary antibodies (BioRad). PolyP (biotinylated
and non-biotinylated), synthetic long chain of ∼700 phos-
phate residues long (linear as stated by the producer), were
purchased from Kerafast; Cardiolipin, Fluphenazine and
creatine phosphate were from Sigma-Aldrich.

Western blotting

Cell lysates were resolved by 9% SDS-PAGE and the pro-
teins were transferred to the nitrocellulose blotting mem-
brane (0.2 �m) with the use of transfer buffer [48 mM Tris,
39 mM glycine, 20% (v/v) methanol, 1.3 mM SDS]. The
membrane was blocked for 1 h in a solution of 5% dry non-
fat milk dissolved in PBST (pH 7.4) [137 mM NaCl, 3 mM
KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.1% (v/v) Tween-
20], followed by the incubation with diluted in PBST anti-
DnaA antibodies (1:10 000 dilution) or anti-Lon antibodies
(1:5000 dilution) for 1 h. After washing with PBST (3 × 15
min) the membrane was incubated for 1 h with appropriate
HRP-conjugated secondary antibodies at a dilution of 1:30
000 in PBST buffer. The membrane was washed with PBST
(5 × 30 min) and briefly incubated with chemiluminescent
HRP antibody detection reagent WesternBright Quantum
(Advansta) and developed by using the Chemidoc. Densit-
ometric analysis was performed with the use of ImageLab
or ImageJ softwares.

Determination of number of E. coli cells

Optical density. Escherichia coli cell culture (1 ml) was
measured in spectrophotometer at OD600. The number of
E. coli cells was calculated by taking the estimate that 1 ml
of cell culture at OD600 of 1 contains 8 × 108 cells.

Direct counting. Escherichia coli cell culture (5 �l) was
put onto Petroff-Hauser chamber and the cells were ob-
served under OLYMPUS BX51 microscope. The cells were
counted from 25 random sectors (total number of sectors
is 400, 50 �m square each). The calculated average number
per sector was multiplied by 2 × 107, which gave the number
of cells present in 1 ml of medium.
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In vivo protein level analysis during stress

Overnight culture of E. coli was diluted 1:50 in 50 ml
of LB medium and cultured at 30◦C (150 RPM). Once
cells reached OD600 of 0.6, either DL-serine hydroxamate
(SHX) (at final concentration of 4 mM) was added; alter-
natively inductor was omitted to test DnaA level upon en-
try stationary phase. At particular time points, the cells (3.2
× 108 cells) were harvested and resuspended in 10 �l of
2× Laemmli buffer (29), followed by electrophoresis in 9%
SDS-PAGE and western blotting. While testing DnaA sta-
bility in E. coli wt strains containing pBAD plasmid deriva-
tives, 0.2% arabinose was added to induce plasmid-born
DnaA expression. When testing DnaA stability in E. coli
WM539 strains (containing hyper-unstable chromosome-
derived DnaA I389N mutant) harbouring pBAD deriva-
tives, the plasmid-born dnaA expression was induced at
OD600 of 0.3 by the addition of 0.02% arabinose, followed
by glucose addition at final concentration of 0.2% to inhibit
dnaA expression and finally SHX addition (4 mM).

In vivo DNA replication assay

Overnight culture of E. coli cells was diluted 1:10 in LB
medium and further incubated at 30◦C (150 RPM). Once
cells reached OD600 of 0.15, the DNA radiolabelling was ini-
tiated by the addition of 5 �Ci/ ml tritium-labelled thymi-
dine and continued until the end of the experiment. After
10 min, the stringent response was induced by adding SHX
to the final concentration of 4 mM, when indicated. At par-
ticular time points the fractions were immediately collected
and prepared as follows: 50 �l of cell culture was dropped
on Whatmann paper, dried, incubated for 10 min with 10%
TCA, followed by 10 min incubation with 5% TCA and
wash with 96% ethanol. The samples (Whatmann papers)
were dried, put into tubes, filled with 3 ml of scintillator
liquid and the tritium-labelled thymidine incorporation was
measured with the use of scintillator counter.

Chromatin immunoprecipitation (ChIP)

Escherichia coli wt strain was grown at 30◦C (150 RPM)
in 40 ml LB medium. At OD600 of 0.5, formaldehyde (at
final concentration of 1%) was added to crosslink nucleo-
protein complexes, followed by 20 min incubation at room
temperature. The reaction was quenched by the addition of
glycine to the final concentration of 500 mM. The cells were
harvested by centrifugation (5 min; 4000 RCF; 4◦C) and
washed with 10 ml TBS buffer [20 mM Tris/HCl (pH 7.5),
150 mM NaCl] and further with 1 ml of TBS buffer. The
cells were suspended in 1 ml of ChIP-FA150 buffer [50 mM
HEPES/KOH (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1%
(v/v) Triton X-100, 0.1% (v/v) sodium deoxycholate, 0.1%
(w/v) SDS] supplemented with lysozyme (2 mg/ml) to-
gether with cOmplete Protease Inhibitor Cocktail (Roche)
and incubated at 37◦C for 30 min, followed by 10 min in-
cubation on ice. Next, the lysate was sonicated on ice and
centrifuged (5 min; 20 000 RCF; 4◦C). The supernatant was
diluted to the final volume of 2 ml with ChIP-FA150 buffer.
The diluted supernatant was aliquoted to four portions and
every portion was diluted to the final volume of 800 �l with
ChIP-FA150 buffer. Protein A beads (12.5 �l, 50% slurry)

(Protein A Sepharose 6MB, GE Healthcare) were equili-
brated with TBS buffer and 0.8 �l of anti-DnaA antibod-
ies were added, followed by 1.5 h incubation with rotation
in a cold room. The immunoprecipitates were centrifuged
for 1 min at 4,000 RCF, the supernatant was discarded and
750 �l of ChIP-FA150 buffer was added, followed by the
incubation with rotation for 10 min in a cold room. The
wash was further performed with the same volume of ChIP-
FA150, ChIP-FA500 (ChIP-FA-150 containing 500 mM
NaCl instead of 150 mM), ChIP-W [10 mM Tris/HCl (pH
8), 250 mM LiCl, 1 mM EDTA, 0.5% (v/v) Triton X-100,
0.5% (w/v) sodium deoxycholate] and TE buffers [10 mM
Tris/HCl (pH 8), 1 mM EDTA]. The beads were suspended
in 100 �l of ChIP-E buffer [50 mM Tris/HCl (pH7.5), 10
mM EDTA, 1% (w/v) SDS], incubated at 65◦C overnight,
followed by the centrifugation (1 min; 4000 RCF; RT). The
DNA was purified with the use of NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel). The eluted DNA sample
was added to the PCR premix containing polymerase buffer
(Marathon buffer, A&A Biotechnology), deoxynucleotides
(dNTPs) and Polymerase Marathon (A&A Biotechnology).
To the equal volumes of obtained PCR premix, primers
were added (either dnaAp2 F and dnaAp2 R or terC F and
terC R). The primers were used in excess. We tested the
range of primers concentrations and ensured that they do
not affect reaction efficiency. The PCR products were re-
solved in 1% agarose gel stained with ethidium bromide.

Synchronization of DNA replication in E. coli MG1655
dnaC2 by temperature shift

The DNA replication in E. coli MG1655 dnaC2 strain was
synchronized similarly as described before (22). Briefly, the
cell culture was grown at permissive temperature, i.e. 30◦C
(150 RPM) in LB medium until they reached OD600 of 0.05.
After that, the cell culture was shifted to nonpermissive tem-
perature (42◦C) and cultured for 2 h. Next, the cultures were
shifted back to permissive temperature. The synchroniza-
tion of DNA replication was confirmed by flow cytometry.

Synchronization of DNA replication in E. coli C600 by SHX

Escherichia coli C600 wt cells were cultured at 30◦C (150
RPM) in LB medium. Once cells reached OD600 of 0.2,
SHX was added to the final concentration of 8 mM and
the cells were further cultured for 1.5 h. Next, the cells were
harvested by centrifugation (6000 RCF; 5 min) and resus-
pended in 50 ml of fresh LB. The synchronized cells were
further used for the determination of the intracellular level
of DnaA.

Flow cytometry

The flow cytometry experiments were performed similarly
as previously described (12). Briefly, cells were fixed with the
use of 95% ethanol, harvested and resuspended in sodium
citrate containing RNase A, followed by incubation at 50◦C
for 5 h. The cells were stained with 0.5 �l/ml SYTOX green
nucleic acid strain (Thermo Fisher) and analyzed by using
Guava EasyCyte (Millipore) Flow Cytometer. 20 000 events
were collected with the rate of ∼800 events per second.
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Gel mobility shift assay (GMSA)

The PolyP (1.4 �M as polymer of 700 phosphate residues)
was incubated with increasing concentration of DnaA, pre-
heated for 20 min at 45◦C DnaA, BSA proteins (0, 1.5, 3,
6 �M), or Lon (0, 0.75, 1.5, 3, 6 �M) in GMSA-P buffer
[50 mM Tris/HCl (pH 7.6) and 10 mM Magnesium ac-
etate] in 25 �l for 20 min at 37◦C. Ficoll 4000 was added
to the final concentration of 2.5%. The reaction mixtures
were resolved in 1% agarose gel stained with PolyP-specific
toluidine blue staining solution [0.5% (w/v) toluidine blue
(Sigma-Aldrich) and 10% (v/v) glycerol], followed by incu-
bation with destaining solution [25% (v/v) methanol and
10% (v/v) glycerol].

Bio-layer Interferometry (BLI) assays

BLI assays were performed with the use of BLItz instru-
ment (ForteBIO, a division of PALL Life Sciences) at room
temperature at 1500 RPM shaking. In all BLI assays the
streptavidin-coated sensor tip was used (SA Dip and Read
Biosensors), the buffer was PBS supplemented with 2%
Tween-20 (PBST) and reaction mixture was 50 �l. For test-
ing PolyP interactions, biotin-tagged PolyP (1.25 �M) was
present in a test tube in PBST buffer during immobiliza-
tion (300 s), then 60 s incubation with PBST alone was per-
formed, followed by 1000 s association with DnaA (at con-
centrations as in figures) and 500 s of dissociation, where
sensor tip was incubated with PBST buffer alone. For test-
ing interaction with DnaA box R1, the 1 �M of biotinylated
double-stranded DNA (hybridized R1 up with R1 bottom)
in PBST was incubated with sensor tip for 100 s, then sensor
tip was incubated with PBST alone, followed by association
(50 s) and dissociation (60 s) as in figure. The results show
only association and dissociations steps. The DnaA-ATP
was obtained with the use of ATP-agarose resin similarly
as previously described (30).

In vitro DNA replication assay reconstituted with purified
proteins

The assay was performed essentially as described previously
(26) with the use of poriC plasmid.

In vitro RIDA complex assembly

The RIDA complex was assembled similarly as described
previously (31) with several modifications. The first reaction
mixture containing 
-clamp (25 pmol), the clamp loader
(132 fmol) and �X174 open circular form (0.5 pmol) were
incubated in buffer RIDA-
 [20 mM Tris/HCl (pH 7.5),
10% (v/v) glycerol, 8 mM DTT, 0.01% (w/v) Brij-58, 8
mM Magnesium acetate, 20 mM potassium L-glutamate,
2 mM ATP] for 20 min at 32◦C (final volume: 25 �l). The
nucleoprotein complex was isolated by molecular filtration
(0.63 ml MicroSpin S-400 HR column, GE Healthcare) in
void volume. The second reaction mixture containing Hda
(0.31 pmol) and 2 mM ADP was preincubated for 10 min
at 32◦C. The third reaction mixture contained DnaA (0.5
pmol), ATP (2 mM), cardiolipin (14 �g/ml), which was in-
cubated for 10 min at 37◦C; followed by the incubation with
fluphenazine (0.15 mM) for 10 min at 37◦C. The reaction

mixtures were mixed together, incubated for 10 min and the
nucleoprotein complex was isolated by molecular filtration
as previously. The RIDA complex assembly was resolved in
12.5% SDS-PAGE, followed by silver staining.

In vitro reconstituted proteolysis assay

Post-RIDA DnaA isolated by in vitro RIDA complex as-
sembly was incubated with Lon protease (350 nM) in the
presence or absence of either supercoiled poriC (1 nM) or
PolyP (1 �M as a 700 long polymer) in RIDA-A buffer [20
mM Tris/HCl (pH 7.5), 10% (v/v) glycerol, 8 mM DTT, 1
mM EDTA, 8 mM magnesium acetate, 80 mM potassium
L-glutamate] for 2 h at 37◦C (final reaction volume 12.5 �l).
The reaction mixture was resolved in 9% SDS-PAGE, fol-
lowed by DnaA detection by western blotting with the use
of anti-DnaA antibodies.

RESULTS AND DISCUSSION

Since Lon protease is known to degrade ribosomal proteins
in stringent response (8), we hypothesized that Lon con-
tributes to the regulation of DNA replication during stress
in E. coli. To determine if Lon is essential for the replication
initiation arrest during stress, we performed in vivo DNA
replication assay in E. coli C600 wt and lon-deficient E.
coli strains (Figure 1A). We cultured E. coli and added the
tritium-labelled thymidine to radiolabel newly synthesized
DNA (Figure 1A, time point 0) and then induced stringent
response by the addition of SHX (Figure 1A, time point
10). The analysis revealed that in E. coli C600 wt strain
DNA replication was arrested during stress (Figure 1A,
time points 20 and 30) as expected (13,32). However, in case
of lon-depleted strain, DNA synthesis continued over time,
which demonstrates that Lon is essential for replication ini-
tiation arrest during stress. As a control, DNA replication
was tested in E. coli wt strain without SHX addition (Sup-
plementary Figure S1). We observed lower (∼12%) increase
in tritium-labelled thymidine incorporation after SHX ad-
dition in E. coli C600 wt, when compared to Tehranchi and
others (∼25% increase) (32), which may be explained by
prolonged incubation with tritium-labeled thymidine in our
experiment that may be inhibitory to DNA replication (33).

Since in C. crescentus Lon degrades DnaA during stress,
i.e. during heat shock and nutrient depletion (10,11), we
asked whether the level of DnaA changes during stringent
response in E. coli. To test this, we investigated DnaA level
in E. coli in conditions during which stringent response is
launched, i.e. amino acid starvation and stationary phase
(34) (Figure 1B). We collected the samples of equal num-
ber of cells as determined by direct counting with the use
of Petroff-Hauser chamber (Supplementary Table S2) at
indicated time points and analyzed the level of DnaA by
western blotting. We observed a stepwise decrease in DnaA
level upon stress induction. The cell growth arrest in case
of amino acid starvation after 0.5 h indicates that the star-
vation was successfully induced (Figure 1B, left bottom).
We concluded that the level of DnaA decreases during strin-
gent response regardless of the kind of stress induced. It was
previously shown that under favorable growth conditions
and when protein synthesis is inhibited DnaA level is sta-
ble (35). Under stringent response dnaA transcription was
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Figure 1. Stringent response induces Lon-dependent DnaA degradation and DNA replication initiation arrest. (A) The in vivo DNA replication was
tested by measuring the incorporation of tritium-labelled thymidine (3H-T) before and after stress induction in E. coli C600 wt and E. coli C600 �lon (see
Materials and Methods for details). Results are means ± SD (n = 3). The mean values are shown above the bars. The control for E. coli C600 wt strain
when no stress was induced is presented in Supplementary Figure S1. (B) The DnaA level was analysed in E. coli during stringent response, i.e. amino acid
starvation (left) and stationary phase (middle). Equal number of cells (see Supplementary Table S2) were collected at indicated time points and analysed by
Western blotting (top). Bar charts show densitometric analysis of Western blots. Results are means ± SD (n = 3). The representative OD600 measurement
are shown (bottom). (C) In vivo DnaA level was tested during stringent response (i.e. amino acid starvation and stationary phase) in E. coli strains as for
panel A. The experiment was performed similarly as described for panel B. (D) DnaA level was analysed during SHX-induced stringent response in E. coli
MG1655 wt and E. coli MG1655 �ppk as described in panel B. (E) The level of Lon was tested similarly as for panel B, but anti-Lon antibodies were used.
The western blots (top) were analysed by densitometry (bar charts). The Lon level represents means ± SD (n = 3). The representative OD600 measurements
are shown (bottom).

demonstrated to be inhibited (18). Therefore, we concluded
that the decrease in DnaA level during stringent response,
observed by us, is due to DnaA proteolysis. Since we do
not observed DNA replication arrest in lon-depleted strain
(Figure 1A) we assumed that Lon protease could be respon-
sible for DnaA degradation during stringent response in E.
coli. To determine whether it is the Lon protease that is re-
sponsible for DnaA degradation during stress, we measured
DnaA level in the E. coli lon-depleted strain during strin-
gent response (Figure 1C). We observed that, in contrast to
E. coli wt strain, DnaA was stable during amino acid star-
vation and stationary phase when cells lacked Lon protease
(Figure 1C). Moreover, the proteolysis of DnaA in E. coli
wt strain carrying pBAD-dnaA plasmid was masked (Fig-
ure 1C). Together, we concluded that Lon protease degrades
DnaA, thereby inhibiting replication initiation during strin-
gent response. Because Lon degrades ribosomal proteins
during stress only in the presence of PolyP (8), we asked
whether the depletion of enzyme synthetizing PolyP (PPK)
would result in DnaA stabilization during stress. Indeed, we
observed that in the absence of PolyP the level of DnaA re-
mained at constant level after stress induction (Figure 1D).
Notably, we also observed the decrease in DnaA level dur-

ing stringent response in another E. coli wild-type strain,
i.e. E. coli MG1655 wt. Since the level of Lon protease in-
creases during heat-shock (36), we examined whether it also
changes during stringent response (Figure 1E). We observed
an increase in Lon level under applied conditions, which im-
plies that during stress the changing level of Lon and DnaA
contributes to the control of replication initiation during
stress.

Although in our experiments the decrease in DnaA level
during stress is evident, a fraction of DnaA molecules is
still remaining (Figure 1B). Hence, we examined DnaA level
during prolonged stationary phase (Supplementary Figure
S2) and we still did not observe the complete clearance
of DnaA, which may be due to either continuous DnaA
synthesis or because a pool of DnaA molecules is some-
how resistant from degradation by Lon. Presumably, the
proteolysis-resistant DnaA molecules perform an impor-
tant role during stress survival. Apart from initiating DNA
replication, DnaA, as a dual-functioning protein, regulates
the transcription of various genes in bacteria (37). Knowing
that DnaA autoregulates its own transcription in a nutrient-
rich environment and that dnaA promoter (dnaAp2) is strin-
gently controlled in E. coli (18,38), we speculated that DnaA
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binds its promoter during stringent response to block dnaA
expression. To test this hypothesis, we applied chromatin
immunoprecipitation (ChIP) technique to pull down nucle-
oprotein complexes formed during stringent response with
the use of anti-DnaA antibodies (Supplementary Figure
S3). Indeed, during stress we observed DnaA interacting
with dnaAp2 promoter region (Supplementary Figure S3, i,
lanes 2–4), thus implying that it is the DnaA that autoreg-
ulates its transcription during stringent response. Notably,
DnaA occupied dnaAp2 sequence throughout the stress du-
ration, thereby suggesting that DnaA is protected from pro-
teolysis when bound to its promoter region. We expect that
also other promotors are occupied by DnaA in such condi-
tions. Indeed, DnaA was shown to stimulate the expression
of gene encoding DNA repair Polymerase I during station-
ary phase (39). The binding of initiator proteins to promot-
ers was previously shown to regulate various gene transcrip-
tion not only in E. coli, but also in other organisms like C.
crescentus and Saccharomyces cerevisiae (37,40,41) and it re-
mains to be tested which are inhibited or activated during
stringent response. Furthermore, it was previously shown
that it is the DnaA bound to ATP, not ADP, that prefer-
entially represses dnaA promoter under favourable growth
conditions (38).

Since Kurokawa and Katayama observed the accumula-
tion of DnaA–ADP as the replication forks progress (42),
we asked if the time at which stress is induced after initi-
ation of DNA replication affects the DnaA degradation.
To answer this question, we synchronized and restarted the
DNA replication initiation in E. coli MG1655 dnaC2 (as
confirmed by Flow Cytometry), followed by stringent re-
sponse induction after 10, 20, 30, 40 and 50 min and mea-
sured DnaA level (Figure 2). The E. coli MG1655 dnaC2 is
a temperature-sensitive strain, which is commonly used for
synchronization of DNA replication initiation (22). When
stress was induced shortly after the DNA replication initia-
tion synchronization DnaA proteolysis was inefficient (see
timepoint T10). However, with the progression of DNA
replication (as confirmed by Flow Cytometry) more and
more of DnaA molecules were proteolyzed. We observed
the most efficient DnaA degradation at timepoint T30, but
after 10 min (timepoint T40) the degradation was less ef-
ficient (compare also bars below Western blots). This may
be explained by new synthesis of DnaA-ATP between time-
points T30 and T40. In experiments published by Kurokawa
et al. (42) temporal increase in the level of DnaA-ATP was
observed. When we synchronized the E. coli C600 wt strain
with the use of SHX (Supplementary Figure S4A) more ef-
ficient DnaA degradation was also observed with the pro-
gression of DNA replication. It was previously demon-
strated that the DnaA-ATP/DnaA-ADP ratio varies be-
fore and after replication initiation (42). At the preinitiation
stage ∼80% of DnaA molecules are bound to ATP. Follow-
ing the initiation onset the ratio of DnaA-ATP to DnaA-
ADP shifts gradually, eventually resulting in 20% of DnaA
in ATP form, which is mainly caused by Regulatory Inac-
tivation of DnaA (RIDA), which hydrolyses DnaA-ATP to
DnaA-ADP during ongoing DNA synthesis (42). In our ex-
periment, we observe that the later the stress was induced
the more DnaA molecules were degraded, which suggest
that it is the DnaA-ADP, but not DnaA-ATP, that is de-
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Figure 2. With the progression of DNA replication the stress-induced pro-
teolysis of DnaA is more efficient. Analysis of DnaA intracellular level af-
ter stringent response induction in synchronized E. coli cells. DNA repli-
cation initiation was synchronized in E. coli MG1655 dnaC2 cells by incu-
bation at 42◦C for 2 h, followed by immediate transfer to 30◦C (T0). After
the synchronization of DNA replication (T0), the stringent response was
induced at indicated time points (T0–T40). The DnaA level was measured
in stressed cells for 2 h. The DnaA level was determined by western blotting
and analysed by densitometry (bar charts) (right). The results are means
± SD (n = 3). The synchronization of replication initiation was confirmed
by flow cytometry, which measured DNA content at indicated time points
(left). The flow cytometry profiles of DNA content in unsynchronized cells
n are shown in Supplementary Figure S4C (top). To interfere the chromo-
some number equivalents, cells were grown in ‘run out’ conditions with the
use of rifampicin and cefalexin (see Supplementary Figure S4C, bottom)
(56). The solid and dashed lines indicate the DNA content that equal two
and four chromosomes per a cell respectively. See Materials and Methods
for details.
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Figure 3. DnaA–ADP is selectively degraded by Lon in the PolyP-dependent manner. (A) DnaA mutant predominantly bound to ATP (DnaA R334A) is
resistant to proteolysis during stringent response. As a genetic background E. coli WM539 strain containing hyper-unstable DnaA I389N mutant was used
(i). The stability of plasmid borne DnaA wt (ii) and DnaA R334A mutant (iii) were tested during stringent response. Expression of genes encoding DnaA
variants was induced by arabinose (ara), followed by glucose (glc) addition to inhibit dnaA expression. The DnaA level was determined before and after SHX
addition as for Figure 1B (left). (B) DnaA and Lon interact with PolyP as examined by GMSA. DnaA (top left), DnaA preheated at 45◦C (top right), BSA
(bottom left) and Lon (bottom right) were added at increasing concentrations to PolyP, followed by 20 min incubation, agarose electrophoresis and toluidine
blue staining (see Materials and Methods). White arrows indicate unbound PolyP, black arrows indicate protein–PolyP complex. For better visualization
the images were modified by changing brightness and contrast, applied to whole images. (C) DnaA-ATP does not interact with PolyP, as opposed to a mix
of DnaA–ATP and DnaA-ADP. Biotinilated PolyP was immobilized on a streptavidin coated sensor BLI tip and increasing concentrations of DnaA was
added. The PolyP interaction was tested with DnaA before and after applying to ATP-agarose (top and bottom respectively). (D), DnaA-ADP, but not
DnaA-ATP, is efficiently proteolysed by Lon in the presence of PolyP. Western blots of remaining DnaA-ADP, DnaA-ATP and DnaA R334A after in vitro
reconstituted proteolysis in the presence or absence of supercoiled DNA (cccDNA) and PolyP. Results are means ± SD (n = 3). DnaA-ADP was obtained
by using RIDA system; scheme of the RIDA assay and the control of RIDA assembly are presented in Supplementary Figure S6B and C. DnaA-ATP was
obtained with the use of ATP-agarose, as for panel C, bottom. DnaA R334A mutant was found to predominantly bind ATP and was also tested in panel
A (iii). (E) The densitometric quantification of results presented in panel D. (F) Our model of PolyP-induced DnaA proteolysis (PDAP). We propose that
during stringent response in E. coli PolyP as well as Lon protease accumulate, Lon stimulated by PolyP proteolyses DnaA-ADP, but not DnaA-ATP to
arrest replication initiation.

graded during stringent response. Hence, we anticipated
that when DnaA is bound to ATP it is less prone to prote-
olysis. To test this hypothesis we established experiments in
E. coli WM539 strain, encoding hyper-unstable DnaA mu-
tant (DnaA I389N) (Figure 3A, i). In this strain, we exam-
ined the level of plasmid-born DnaA variants during strin-
gent response. The level of DnaA wt protein decreased af-
ter stress induction (Figure 3A, ii). In contrast, the level of

DnaA protein variant (DnaA R334A) which is permanently
bound to ATP (43) did not change (Figure 3A, iii). The re-
sults indicate that when DnaA is bound to ATP, it is re-
sistant to proteolysis during stringent response and implies
that it may be the DnaA–ADP that is degraded by Lon.
Consistently, corresponding DnaA R357A mutant (inactive
in ATP-hydrolysis) was resistant to proteolysis in C. crescen-
tus (44,45).



5464 Nucleic Acids Research, 2020, Vol. 48, No. 10

Since previously identified Lon substrates degraded dur-
ing stringent response were shown to interact with PolyP
(46), we aimed to determine whether DnaA interacts with
PolyP. Therefore, we tested whether DnaA forms a com-
plex with PolyP in vitro by using Gel Mobility Shift As-
say (GMSA) (Figure 3B). We observed the retardation in
bands migration when DnaA or Lon, but not BSA, was
present in the reaction mixtures, which indicates DnaA-
PolyP and Lon-PolyP complex formation. Almost no free
PolyP was observed after incubation with high concentra-
tion of DnaA. Recently, it was proposed that PolyP acts as a
molecular chaperone that binds partially unfolded proteins,
thus preventing proteins from aggregation during stress
(47,48). To exclude that PolyP recognizes unfolded DnaA,
we preheated DnaA at 45◦C and tested the interaction with
PolyP (Figure 3B). We did not observed retarded band as it
was observed when DnaA was not preheated (Figure 3B).
We also confirmed that the DnaA preparation was active
in helicase loading (Supplementary FigureS6A). Hence, it
is the properly folded DnaA that specifically interacts with
PolyP.

We hypothesized that the reason why DnaA–ATP is resis-
tant to proteolysis is that it does not interact with PolyP. To
test this we used Bio Layer Interferometry (BLI) technique
in which we immobilized PolyP and investigated its inter-
action with DnaA. The increasing concentration of DnaA
containing both ATP and ADP form, and DnaA after
ATP–agarose, which contained ATP form only, were used
in the experiment (Figure 3C). We observed that DnaA-
ATP does not interact with PolyP. Notably, the DnaA–ATP
preparation (obtained with the use of ATP-agarose) was ac-
tive in DNA interaction (Supplementary Figure S5), heli-
case loading and DNA replication (Supplementary Figure
S7).

We set out to reconstitute the reaction of DnaA prote-
olysis in vitro. Since Lon requires ATP for its activity and
we expected that DnaA has to be in the ADP form, set-
ting up such a reaction was challenging. In addition, the
nucleotide exchange within DnaA is very slow and ineffi-
cient (49). Therefore, we obtained DnaA-ADP by using the
most efficient physiological system for nucleotide exchange
within DnaA, i.e. RIDA (50). We reconstituted the RIDA
reaction in vitro to obtain post-RIDA DnaA bound to ADP
exclusively (Supplementary Figure S6). Next, we added pre-
incubated Lon-ATP and either supercoiled DNA (known
to stimulate the proteolysis of plasmid initiator (20,51)) or
PolyP and further incubated the reaction mixtures (Supple-
mentary Figure S6B). The results revealed that post-RIDA
DnaA is efficiently degraded by Lon in the presence of
PolyP, but not in the presence of DNA. Also, DNA does not
inhibit PolyP-induced DnaA proteolysis (Figure 3D and E).
We also tested the proteolysis of DnaA-ATP (obtained by
using ATP-agarose) and DnaA R334A mutant (predomi-
nantly bound to ATP). Neither the DnaA-ATP nor DnaA
R334A mutant were proteolyzed by Lon in the presence
of PolyP or DNA. Notably, obtained DnaA-ATP, but not
DnaA-ADP, was active in its functional assays (Supplemen-
tary Figure S7). Collectively, the results of in vivo and in vitro
experiments demonstrate that PolyP is essential for ADP-
bound DnaA degradation by Lon. The uncovered regula-
tory mechanism we termed PolyP-induced DnaA Proteoly-

sis (PDAP) (Figure 3F). It controls DNA replication ini-
tiation in E. coli in stressful environment when stringent
response is induced. During favorable growth conditions
the ratio of DnaA–ATP/DnaA–ADP changes (42). Once
bacteria encounter stressful conditions PPX is inhibited,
thereby resulting in the accumulation of PolyP (5). Lon pro-
tease level increases (Figure 1E) and PDAP is launched.
PolyP binds Lon protease and shifts its substrate specificity,
which results in DnaA proteolysis. Lon degrades DnaA,
but only ADP form that interacts with PolyP. A fraction
of DnaA, which does not bind PolyP, is resistant to pro-
teolysis most likely binds dnaA promoter sequence and,
as previously demonstrated (52), may cause the inhibition
of de novo DnaA synthesis. Another fraction of remaining
DnaA–ATP, is continuously converted to DnaA–ADP by
RIDA and DDAH (datA-dependent DnaA–ATP hydroly-
sis) (53). In consequence, the level of DnaA–ATP decreases
as well below the required threshold, leading to the arrest
of DNA replication initiation.

Interestingly in C. crescentus PolyP was shown as modu-
lator of cell cycle (52). Also, PolyP was shown to be able
to change the localization of proteins (54) as well as it
was demonstrated that PolyP can interact with positively
charged amino acids which results in a liquid–liquid phase
separation (54). Arthur Kornberg work (8) demonstrated
that Lon affinity to PolyP is higher than to DNA. We hy-
pothesize that upon stress induction in E. coli DnaA–ADP
binds to the accumulated PolyP, together with Lon and
other proteins leading to the formation of PolyP granules,
where DnaA proteolysis takes place.

To ensure the arrest of DNA replication PDAP must not
be the only system which controls DNA replication during
stress. The redundancy of regulatory systems controlling vi-
tal cellular processes was previously reported (55). Indeed, it
was proposed that the (p)ppGpp, accumulated during strin-
gent response, affects the activity of primase in Bacillus sub-
tilis and E. coli (14,15). Recently, it was also shown that
ppGpp has an influence on RNA polymerase activity and
therefore superhelicity of replication origin leading to DNA
replication initiation inhibition (12). Because Gray demon-
strated that ppGpp is not required for PolyP synthesis in E.
coli (21) we propose that the regulation by ppGpp-induced
decrease in the supercoiling of oriC (previously described
(33)) and PDAP (described here in our work) are indepen-
dent mechanisms responsible for controlling DNA replica-
tion initiation during stress in E. coli. Since Lon protease,
PolyP and replication initiators whose activity is modulated
by nucleotides are present in all domains of life, it is intrigu-
ing if PDAP-like regulations occur in other organisms.
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