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Abstract

Oscillation of the active form of the initiator protein DnaA (ATP-DnaA) allows for the timely regulation for chromosome replication. After initiation,
DnaA-bound ATP is hydrolyzed, producing inactive ADP-DnaA. For the next round of initiation, ADP-DnaA interacts with the chromosomal locus
DARS2 bearing binding sites for DnaA, a DNA-bending protein IHF, and a transcription activator Fis. The IHF binding site is about equidistant
between the DnaA and Fis binding sites within DARS2. The DARS2-IHF-Fis complex promotes ADP dissociation from DnaA and furnishes ATP-
DnaA at the pre-initiation stage, which dissociates Fis in a negative-feedback manner. However, regulation for IHF binding as well as mechanistic
roles of Fis and specific DNA structure at DARSZ remain largely unknown. We have discovered that negative DNA supercoiling of DARSZ2 is
required for stimulating IHF binding and ADP dissociation from DnaA in vitro. Consistent with these, novobiocin, a DNA gyrase inhibitor, inhibits
DARS?2 function in vivo. Fis GIn68, an RNA polymerase-interaction site, is suggested to be required for interaction with DnaA and full DARS2
activation. Based on these and other results, we propose that DNA supercoiling activates DARSZ2 function by stimulating stable IHF binding and
DNA loop formation, thereby directing specific Fis—-DnaA interaction.
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Introduction tiated at the replication origin oriC once per cell cycle in a
Bacterial chromosomes form a condensed nucleoid structure manner coordinated with growth environments (Figure 1A)
by binding nucleoid-associated proteins (NAPs) and form- (4-6). The initiator protein DnaA binds to oriC and pro-
ing DNA supercoils which are controlled by DNA topoi-  motes initiation, which is regulated by supercoiling of DNA
somerases, local transcription, etc. (1-3). The timing of E.  and NAPs. However, underlying mechanisms remain to be
coli chromosomal replication is tightly regulated to be ini- investigated.
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Figure 1. Structures of oriC, datA, DARS1, and DARSZ2. (A) Schematic representation of the genomic DNA elements oriC, datA, DARS1, DARS2, and
terC on the 4.6 Mb circular E. coli chromosome. (B) Structure of oriC. The open bar indicates oriC (250 bp) including the DOR, the DUE and the
AT-cluster (AT) (23). DOR includes 9-mer DnaA boxes (triangles), primary IBS (IBS1) and the initiation stage-specific secondary IBS (IBS2), which overlaps
with the DnaA box R1. DUE includes the 13-mer elements and DnaA binding sequences TTRT(T) (R indicates A or G), which binds DnaA in a
single-stranded form. The AT-cluster assists in DUE unwinding in specific conditions. (C) Domains of DnaA and their function. The major roles of each
domain (domain I, Ill, and 1V) are summarized. (D) Schematic presentation of the regulatory cycle of DnaA. ATP-DnaA initiates DNA replication from oriC
with the aid of IHE. ATP-DnaA is converted to ADP-DnaA by RIDA and DDAH systems. RIDA requires the complex of Hda protein and the DNA-loaded
form of clamp subunit of DNA polymerase Il holoenzyme, and DDAH requires the datA-IHF complex. DARST and DARSZ loci stimulate nucleotide
exchange of ADP-DnaA to produce ATP-DnaA. DARS2-dependent ATP-DnaA production requires IHF and Fis. (E) A schematic presentation of the
chromosomal datA locus. tRNA and protein coding regions (glyV-X-Y and queG, respectively) are indicated. Bent arrows indicate transcriptional
promoters (Pgyv.xy and Pgueg). The minimal datA (200 bp) consists of DnaA boxes 2, 3, 7 and 4 and a single IBS. The datA DnaA boxes 2, 3 and 7 are
essential and DnaA box 4 is stimulatory for DDAH. (F) Structures of DARST and DARS2. The upper and lower open bars indicate DARST (101 bp) and
DARS2 (256 bp), respectively. DARST and 2 share oppositely oriented DnaA boxes | and I, and DnaA box IlI. This region is termed Core and is essential
for DnaA-ADP dissociation. IBS1-2 and FBS2-3 are also essential for DARSZ activation. The ATP-DnaA-specific, low-affinity DnaA boxes Va, Vb, and Vc,
that partly overlap with FBS2-3, are shown. (G) ADP-DnaA oligomerization at DARS core DnaA boxes. Three molecules of ADP-DnaA bind to Core DnaA
boxes I, Il, and Ill. DnaA molecules bound to DnaA boxes | and Il physically interact via GIn208 residue in AAA + domain Ill in a head-to-head manner,
whereas DnaA molecules bound to DnaA boxes Il and lll interact via Leu290 residue in AAA + domain Il in a head-to-tail manner.
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oriC consists of a duplex-unwinding element (DUE), and
a flanking DnaA oligomerization region (DOR) composed of
clusters of DnaA boxes, which are specific 9-mer sequences
for DnaA binding and have the consensus of TTATnCACA
(n is any nucleotide) (Figure 1B). Also, IHF, a NAP, sequence-
specifically binds to DOR (Figure 1B). IHF consists of a het-
erodimer of «- and B-subunits (3), and specifically binds
to IBS (IHF-binding site) with the consensus sequence of
YAAnnnnTTGATW (where Y is C or T, and W is A or T), in-
ducing sharp DNA bending and topological constraint (7,8).

DnaA consists of four functional domains (Figure 1C) (9-
12). Domain I functions as an interaction hub for various pro-
teins such as DnaB helicase and DnaA-assembly factor DiaA
(13-15). Domain Il is a flexible linker (13,16). Domain Il is a
AAA + ATPase domain for ATP/ADP binding, ATP hydroly-
sis, DnaA-DnaA interactions, and single-stranded DUE bind-
ing (Figure 1B and C) (9-12). Domain IV specifically binds to
DnaA box sequences (17).

Initiation-active ATP-DnaA forms head-to-tail oligomers at
oriC DOR, which is stimulated by DiaA (18-20). The ATP-
DnaA complexes induce transient DUE unwinding of super-
coiled oriC, which is stimulated by IHF binding (21) and
stabilized by the sequence-specific interaction of the single-
stranded DUE with DOR-bound DnaA (22-24). DnaB heli-
cases are loaded to the stably unwound DUE, followed by
construction of replisomes.

The cellular ATP-DnaA level fluctuates during the cell cycle
and peaks at the time of replication initiation (25). After initi-
ation, the regulatory inactivation of DnaA (RIDA) system im-
mediately hydrolyzes DnaA-bound ATP to produce initiation-
inactive ADP-DnaA (Figure 1D) (26-29). RIDA is backed up
by the DDAH (datA-dependent DnaA-ATP Hydrolysis) sys-
tem (Figure 1D) (30,31). The minimal datA region for DDAH
contains four DnaA boxes and a single IBS (Figure 1A and
E) (31). The datA-IHF complex catalytically promotes DnaA-
ATP hydrolysis and produces ADP-DnaA. We previously sug-
gest that IHF induces DNA loop formation and promotes the
key interactions between the ATP-DnaA oligomers for the ac-
tivation of ATP hydrolysis. IHF binds to datA specifically after
initiation, ensuring the timely activation of DDAH (30). The
datA-THF binding is regulated by negative DNA supercoiling
and transcription of the datA-proximal tRNA-Gly (glyV-X-Y)
operon (Figure 1E) (31,32).

In the pre-initiation stage, ADP-DnaA is converted to ATP-
DnaA by chromosomal DnaA Reactivating Sequence (DARS)
1 and 2 that share specific core DnaA boxes I, I and III (Fig-
ure 1A, D and F) (33,34). In vivo, DARS2 is predominant for
ATP-DnaA production, while DARS1 is supportive. Unlike
the head-to-tail arrangement of 07iC DnaA boxes, the DARS
core DnaA boxes I and II have a head-to-head arrangement
and induce head-to-head ADP-DnaA interaction that dissoci-
ate ADP (Figure 1G) (33,35). DARS core DnaA box III plays
an essential role for the DARS function by enhancing DnaA
oligomer formation. DARS1 does not require any protein ac-
tivators (33,35). By contrast, DARS2 core DnaA boxes are
less active for DnaA-ADP dissociation and are drastically ac-
tivated by specific binding of IHF and another NAP Fis to
IBS1-2 and FBS2-3 (Fis-binding sites 2-3), respectively (Figure
1F) (34). Fis is abundant in log-phase cells, and forms a ho-
modimer, which specifically binds to the consensus sequence
GnnYAnnnnTRnnC, inducing slight DNA curvature (3,36).
However, the molecular mechanism of DARS2 activation by
IHF and Fis remains unclear.

In addition, DARS2 activity is regulated by the timely
binding of IHF and Fis in the pre-initiation stage for chro-
mosome replication (34,37). At the initiation stage, ATP-
DnaA molecules are abundant and cooperatively construct
oligomers in DARS2 DnaA box V and its flanking low-affinity
DnaA boxes, which overlap with FBS2-3 (Figure 1F), com-
petitively dissociating Fis from FBS2-3 as a negative feedback
(37). By contrast, regulation for IHF binding at DARS2 still
remains to be investigated.

This study reports that negative DNA supercoiling supports
DARS2 activation by stimulating stable binding of IHF to
DARS2 in vitro. Consistently, DNA supercoiling is suggested
to activate DARS2 in vivo. Mutational analyses of Fis support
an idea that Fis site-specifically interacts with DnaA for acti-
vating DARS2. Based on these and other results, we propose
that DNA supercoiling is a prerequisite for stable IHF binding
and DNA bending in DARS2, which conformationally stim-
ulate functional interaction between DARS2-bound DnaA
and Fis.

Materials and methods

Proteins, DNA and E. coli strains

DnaA and IHF were purified as described previously (23,38).
For constructing overproducers of C-terminally Hisg-tagged
Fis mutants (Q68A, T70A, A16-22 and A26), the mutations
were induced by inverse PCR using pET-Fis6 H(WT) as a tem-
plate and the following primers (Supplementary Tables S1 and
S2): MK-102 and MK-103 for Fis Q68A, MK-102 and MK-
105 for Fis T70A, MK-110 and MK-111 for Fis A16-22 and
MK-112 and MK-116 for Fis A26. As described, the Hisg-
tagged Fis protein was overexpressed in BL21(ADE3) cells
transformed with its overproducer by adding 1.0 mM IPTG.
The protein was purified using Ni?*-NTA agarose column
chromatography. The purity of each protein was > 90% as
judged by SDS-PAGE and Coomassie Brilliant Blue staining.
Plasmids pOA61 and pOA21 are pACYC177-derivatives
bearing DARS2 WT and DARS1 WT, as described pre-
viously (33,34). pOA61 derivatives harboring DARS2
sequence substitutions were constructed by inverse PCR us-
ing the following primers (Supplementary Tables S1 and S2):
D2I12EcoRV-U and D2I12EcoRV-L for pKX137 [DARS2
IBS1-2-EcoRV], pOA61BclI-U and pOA61BclI-L for pKX141
[DARS2 FBS2-3-Bcll], KshD2-1 and KshD2-2 for pKX115
[DARS2exDnaAboxI], KshD2-4 and KshD2-5 for pKX117
[DARS2exDnaAboxIl], KshD2-4 and KshD2-6 for pKX118
[DARS2exDnaAboxIII], KshD2-1 and KshD2-7 for pKX119
[DARS2exCore| and KshD2-5 and KshD2-12 for pKX129
[DARS2exDnaAboxI-II]. Linear forms (Lin) of pOA61,
pACYC177, pOA21, pOA76 [DARSIACore], pKX137,
pKX141 and pKX129 were prepared by Sacll digestion
and purified using the Wizard SV Gel and PCR Clean-Up
System (Promega) or NucleoSpin® Gel and PCR Clean-up
(Macherey-Nagel). Relaxed forms (Relax) of pOA61was pre-
pared by incubation with DNA Topoisomerase I (Takara) and
were purified using Wizard SV Gel and PCR Clean-Up System
(Promega). pOA61tet-derivatives for A Red recombination, as
described below, were similarly constructed using the follow-
ing primers (Supplementary Table S1): KshD2-1 and KshD2-
2 for pKX115tet [DARS2exDnaAboxlI-fet], KshD2-4 and
KshD2-5 for pKX117tet [DARS2exDnaAboxII-tet], KshD2-
4 and KshD2-6 for pKX118tet [DARS2exDnaAboxIll-zet],
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Table 1. List of E. coli strains used in this study

Strain Genotype Source

MG1655 wT
DHS supE44AlacU169(¢80lacZAM1S5)
hsdR17 recAl endA1 gyrA96 thi-1 relAl

Laboratory stock
Laboratory stock

BL21(DE3) F-ompT hsdSB(rp~, mp~) gal dem (DE3) Laboratory stock
MIT17 MG1655 DARS1ACore::kan (33)
MIT78 MG1655 DARS2ACores:cat (33,34,48)
MIT80 MG1655 DARS1ACore::kan (33,34)
DARS2ACore::cat
MIT128 MG1655 AdatAscat (31)
KMG-5 MG1655 ibfA::frt-kan (34)
KMG-2 MGI1655 fis:frt-kan (34)
KX219 MG1655 DARS2exDnaAboxII-tet This work
KX221 MG1655 DARS2exCore-tet This work
KX222 MG1655 DARS2exDnaAboxI-II-tet This work

KshD2-1 and KshD2-7 for pKX119tet [DARS2ZexCore-
tet], and KshD2-5 and KshD2-12 for pKX129tet
[DARS2exDnaAboxI-I-tet], respectively.

Oligonucleotides listed in Supplementary Table S1 for
the electrophoretic mobility shift assay (I12U and I12L for
DARS2 IBS1-2 WT; D2I12EcoRV-U and D2112EcoRV -L for
DARS2 IBS1-2-EcoRV; F23U and F23L for DARS2 FBS2-3
WT; FBS23BclI-U and FBS23Bcll-L for DARS2 FBS2-3-Bcll;
subF23U and subF23L for DARS2 subFBS2-3 WT; D2DI-U
and D2DI-L for DARS2 DnaA box I; D1DI-U and D1DI-L for
DARSI DnaA box I; D2DII-U and D2DII-L for DARS2 DnaA
box II; D1DII-U and D1DII-L for DARS1 DnaA box II; D2DI-
II-U and D2DI-I-L for DARS2 DnaA box I-1I; and D1DI-II-U
and D1DI-II-L for DARST DnaA box I-IL, respectively) were
annealed at room temperature overnight after boiling.

AllL E. coli strains used in this study are listed in Table 1. As
described previously, chromosomal DARS2 mutants were in-
troduced in MG1655 cells harboring pKD46 (39); DNA frag-
ments carrying the DARS2 mutation and fet gene were am-
plified using pKX117tet for KX219 [DARS2exDnaAboxlI],
pKX119tet for KX221 [DARS2exCore| and pKX129tet for
KX222 [DARS2exDnaAboxI-11], respectively.

In vitro reconstitution of DARS2 DnaA-ADP
dissociation

As described previously (34,35), [’HJADP-DnaA was pre-
pared by incubation of nucleotide-free DnaA at 0°C for 15
min in buffer N (50 mM Hepes-KOH [pH 7.6], 2.5 mM
magnesium acetate, 0.3 mM EDTA, 7 mM dithiothreitol,
20%(v/v) glycerol, and 0.007%(v/v) Triton X-100) contain-
ing 3 uM [PHJADP. The resultant [P’HJADP-DnaA (80 nM)
was incubated in 25 uL of reaction buffer (20 mM Tris-HCI
[pH 7.5], 100 mM potassium glutamate, 10 mM magnesium
acetate, 2 mM ATP, 8 mM dithiothreitol, and 100 pg/mL
bovine serum albumin) containing 150 ng poly(dI-dC) and in-
dicated amounts of DARS2 (Sc, Lin, or Relax), IHF and Fis.
Then, DnaA-bound [PHJADP was recovered on nitrocellulose
filters, and quantified in a liquid scintillation counter.

Electrophoretic mobility shift assay

Indicated amounts of DnaA, IHF, or Fis were incubated with
double-stranded DNA at 30°C for 5§ min in 10 uL of reaction
buffer containing 100 mM potassium glutamate and the indi-
cated amounts of poly(dI-dC) or lambda DNA as competitors,
followed by analysis by 7-10% PAGE at 100 V for 60-80 min
in Tris-Borate buffer and staining with GelStar or GelRed.
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Restriction enzyme protection assay for IHF/Fis
binding

For the analysis of DARS2-IHF binding using the Pcil pro-
tection assay, linear or supercoiled plasmid pOA61 [DARS2
WT] (0.4 nM) was incubated at 30°C for 5 min with vari-
ous amounts of IHF in 10 pL of reaction buffer containing
100 mM NaCl followed by further incubation at 30°C for 5
min with Pcil (New England BioLabs, 0.4 units). The reaction
was terminated by adding SDS loading buffer, and DNA frag-
ments were analyzed by 1% (w/v) agarose gel electrophoresis.
For the analysis of DARS2-IHF binding by the EcoRV protec-
tion assay, the plasmid pKX137 [DARS2 IBS1-2-EcoRV] (0.4
nM), which contains a DARS2 sequence engineered to contain
a EcoRV recognition site in IBS1-2, was used. For the analysis
of DARS2-Fis binding by the Bell protection assay, the plas-
mid pKX141 [DARS2 FBS2-3-BclI] (0.4 nM), which contains
a DARS?2 sequence engineered to contain a Bcll-recognition
site in FBS2-3, was used.

Protein crosslinking assay

For the analysis of direct Fis-DnaA interaction, 100 nM of
ADP-DnaA and 0-200 nM of Fis WT or Q68A were incu-
bated at 30°C for 15 min in the presence of 0.1% glutaralde-
hyde in 20 uL of reaction buffer containing 100 mM NaCl.
DARS2 DNA was not added in the crosslinking assay. The
reaction was terminated by adding 10% trichloroacetic acid,
and precipitated proteins were analyzed by SDS-12% PAGE
and immunoblotting using anti-Fis antibody.

Flow cytometry

As described previously, cells were cultivated at 37°C in LB
medium (with or without NaCl) or supplemented M9 medium
in the presence or absence of 100 pg/mL ampicillin or 15
pg/mL novobiocin until an Aggp (absorbance at 660 nm) of
0.1-0.2 was reached, followed by further incubation at 37°C
for 4 h in the presence of 300 pg/mL rifampicin and 10
pg/mL cephalexin for run-out replication. The resultant cells
were fixed with 70% ethanol, stained with SYTOX Green
(Life Technologies), and analyzed with FACS Calibur (BD
Biosciences).

Results

Negative DNA supercoiling stimulates DnaA-ADP
dissociation by the DARS2-IHF-Fis complex in vitro

First, to examine whether negative DNA supercoiling is
required for DARS2-dependent DnaA-ADP dissociation,
[*H]ADP-bound DnaA was incubated with supercoiled plas-
mid harboring DARS2, termed pOA61 (pACYC177-DARS2),
its Sacll-digested linear DNA derivative, or its parental plas-
mid pACYC177 (Figure 2A), followed by quantification of
DnaA-bound [*H]JADP by the filter binding assay. In the stan-
dard in vitro DARS2 reconstitution assay containing 2 nM
each of IHF and Fis as dimers (34), supercoiled but not linear
pOA61, efficiently dissociated DnaA-bound [PHJADP from
DnaA (Figure 2B). Under the same experimental conditions,
neither supercoiled nor linear pACYC177 showed substantial
DnaA-ADP dissociation activity. Consistent with the require-
ment for DNA supercoiling, little or no DnaA-ADP dissocia-
tion activity was observed when pOA61 supercoiling was re-
laxed by DNA Topoisomerase I (Figure 2A, C and D). These
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Figure 2. DNA supercoiling-dependent activation of DARS2 DnaA-ADP dissociation. (A) Structure and preparation of supercoiled (Sc), linear (Lin), and
relaxed (Relax) forms of DARS2-plasmids. pOA61, a pACYC177-based plasmid harboring the DARS2 WT fragment (991 bp), was used for analysis of
DnaA-ADP dissociation (33,34). Linear pOAB1 was prepared by digestion using restriction enzyme Sacll. Relaxed pOA61 was prepared by
Topoisomerase | (Topol) treatment. (B) Comparison of DnaA-ADP dissociation activity with supercoiled or linear DARSZ2. [PHIADP-DnaA (80 nM) was
incubated at 30°C for 15 min with IHF (2 nM as heterodimer), Fis (2 nM as homodimer), and the indicated amounts of the supercoiled (Sc) or linear
forms (Lin) of pOAG1 or pACYC177, followed by a filter binding assay to analyze the yield amount [%] of [PHJADP-DnaA. Average values and the errors
from at least two independent experiments are shown. (C, D) Comparison of DnaA-ADP dissociation activity with supercoiled or relaxed DARS2. The
supercoiled or relaxed forms (Relax) of pOAB1 or pACYC177 were similarly analyzed (C). For preparing the relaxed form, supercoiled pOAB1 was
incubated with Topoisomerase I. The products were analyzed using 0.65% (w/v) agarose gel electrophoresis, and ethidium bromide staining (D). (E-G)
The DnaA-ADP dissociation activity of linear DARSZ in the presence of excess IHF and Fis. Filter binding assay was performed with IHF (80 nM), Fis (80
nM) and the indicated amounts of pOA61 or pACYC177 (Sc or Lin) (E). [FHIADP-DnaA (80 nM) was incubated at 30°C for indicated times with IHF (80
nM), Fis (80 nM), and 0.8 nM of pOAB1 or pACYC177 (Sc or Lin) (F). Similar experiments were performed in the presence of indicated amounts of IHF or
Fis (G). (H) Supercoiling-independent activity of DARST. Filter binding assay was performed with the indicated amounts of pOA21 [DARST WT] or pOA76
[DARS1ACore] (Sc or Lin).
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results indicate that DARS2-dependent DnaA-ADP dissocia-
tion requires DNA supercoiling i vitro.

To test further how DNA supercoiling affects the functions
of IHF and Fis required for DARS2 activation, an in vitro
DARS?2 reconstitution assay was performed in the presence
of excessive amounts of IHF and Fis. Unlike under standard
conditions (2 nM each of IHF and Fis), these assays contain-
ing 80 nM each of IHF and Fis moderately stimulated DnaA-
ADP dissociation with linear pOA61 (Figure 2E), whereas
the level of DnaA-ADP dissociation with supercoiled pOA61
in these assays was comparable to that in the standard as-
say (Figure 2B and E). These results suggest that DNA su-
percoiling is stimulatory, but not essential, for IHF/Fis func-
tions in DARS2. This idea was supported by the results of the
time course experiments (Figure 2F). Quantitative analysis of
DnaA-ADP dissociation in the presence of various amounts
of IHF and a fixed amount (40 nM) of Fis or vice versa indi-
cated that 40 nM each of IHF and Fis was sufficient to pro-
mote DnaA-ADP dissociation with linear pOA61 (Figure 2G).
In contrast to DARS2, DNA supercoiling did not stimulate
DARS1-dependent DnaA-ADP dissociation, which does not
require IHF or Fis (Figure 2H), suggesting that DNA super-
coiling stimulates the functions of IHF and Fis rather than
ADP-DnaA oligomerization at the core DnaA boxes.

IHF and Fis activate a DARS2 mutant harboring
DARS1 core DnaA boxes in a manner dependent on
DNA supercoiling

To test the hypothesis that IHF and Fis regulate the confor-
mational changes of ADP-DnaA oligomers occurring at core
DnaA boxes in a manner dependent on DNA supercoiling,
we first analyzed ADP-DnaA binding to each DnaA box of
DARS1 and DARS2. DnaA box II of DARS1 only has the
complete match to the consensus and others have a different
single mismatch to the consensus (Figure 3A). In EMSA using
linear 19-bp DNA containing a single DnaA box, ADP-DnaA
efficiently formed a discrete complex on DARSI DnaA box
I DNA, whereas it did not on DARS2 DnaA box I DNA, as
evidenced by the absence of a discrete band shift (Figure 3B),
demonstrating that ADP-DnaA has higher affinity for DARS1
DnaA box I DNA than for DARS2 DnaA box I DNA. In
contrast to DARS2 DnaA box I, ADP-DnaA formed a dis-
crete complex on DARS2 DnaA box II; however, the ADP-
DnaA binding affinity for the DARS2 DnaA box II was signif-
icantly lower than that for DARSI core DnaA box II which
has the complete consensus sequence (Figure 3C). Next, we
performed EMSA using linear DNA fragment containing two
oppositely oriented DnaA boxes I-II (Figure 3D). Consistent
with the ADP-DnaA binding affinities for each DnaA box,
DARS1 core DnaA boxes I-II formed ADP-DnaA oligomers
more efficiently than DARS2 core DnaA boxes I-1I.

Next, to analyze DnaA box-dependent ADP dissociation
activity in supercoiled and linear DNA, the set of the DnaA
boxes I-IT of DARS2 was exchanged with those of DARSI, re-
sulting in DARS2exDnaAboxI-II mutant (Figure 3A). DnaA-
ADP dissociation activity of supercoiled or linear DNA bear-
ing DARS2exDnaAboxI-II in the absence or presence of IHF
and Fis, was compared it with that of DARSI or DARS2
WT under the same conditions (Figure 3E). Interestingly, the
linear DARS2exDnaAboxI-II mutant DNA sustained com-
parable DnaA-ADP dissociation activity to that of the lin-
ear DARS1 DNA. Also, DnaA-ADP dissociation activity with
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supercoiled pKX129 [DARS2exDnaAboxI-II] was stimulated
by the addition of 2 nM each of IHF and Fis in a manner
dependent on DNA supercoiling (Figure 3F). These results in-
dicate that IHF and Fis can stimulate DARST core-dependent
DnaA-ADP dissociation in a manner dependent on DNA su-
percoiling even though the core DnaA boxes harbor higher
activity than that of the DARS2 core. This implies a possibil-
ity that either IHF or Fis directly interacts with ADP-DnaA
oligomers formed at the DARS core for optimizing complex
conformation.

DNA supercoiling stimulated stable binding of IHF,
but not Fis, to DARS2

To assess whether negative DNA supercoiling stabilizes
IHF/Fis binding within DARS2, a restriction enzyme protec-
tion assay was performed in the presence of 100 mM NaCl
(Figure 4). The plasmid pOA61 carries a single Pcil recogni-
tion sequence 5'-ACATGT-3’ (Figure 4A), which partly over-
laps with the DARS2 IBS1-2 region protected in DNase I foot-
print experiments (34). In the absence of IHE, both the su-
percoiled and linear forms of pOA61 were digested by Pcil
with similar efficiency (Figure 4B). In the Pcil protection as-
say, supercoiled or linear pOA61 was incubated with or with-
out IHF, followed by further incubation with a fixed amount
of Pcil (0.4 units/sample for Sc or Lin pOA61). The results
showed that addition of IHF inhibited Pcil digestion of pOA61
in a manner dependent on DNA supercoiling (Figure 4C and
D), indicating that IHF preferentially binds to DARS IBS1-
2 on supercoiled DNA rather than to that on linear DNA.
Similar experiments were performed using EcoRV, which was
originally used to analyze whether DNA supercoiling stabi-
lizes the datA-IHF complex (31). Both the supercoiled and
linear forms of datA plasmid are digested by EcoRV with sim-
ilar efficiency in the absence of IHF (31). Accordingly, we in-
troduced the EcoRV recognition sequence 5'-GATATC-3' at
DARS2 IBS1-2 to generate plasmid pKX137 [DARS2 IBS1-2-
EcoRV] (Figure 4E). EMSA experiments using 38-bp DARS2
IBS1-2 fragments indicated that IHF binding activity was lit-
tle affected with the DARS2 IBS1-2-EcoRV mutation (Figure
4F). IHF inhibited EcoRV digestion (0.5 units/samples for Sc
or Lin pKX137) of pKX137 in a manner dependent on DNA
supercoiling (Figure 4G), consistent with the results of the Pcil
protection assay (Figure 4D). These results conclusively sup-
port the idea that DNA supercoiling affects IHF binding to
DARS IBS1-2 and stabilizes the IHF-DNA complex.

Furthermore, we assessed whether DNA supercoiling stim-
ulates DARS2-Fis binding (Figure 4H). The Bcll recognition
sequence 5'-TGATCA-3’ was introduced at DARS2 FBS2-3
without changing the consensus sequences to generate plas-
mid pKX141 [DARS2 FBS2-3-Bcll] (Figure 4H). EMSA ex-
periments indicated that Fis binding activity was little affected
with the FBS2-3-Bcll mutation (Figure 41). In the absence of
Fis, supercoiled pKX141 was digested more efficiently by Bell
than linear pKX141 (Figure 4]). For this reason, we employed
different amounts of Bcll (1.2 units/sample for supercoiled
pKX141, and 3.0 units/sample for linear pKX141) in the
BclI protection assay to equalize the activity to each substrate
and determined whether DNA supercoiling affects DARS2-
Fis binding. Fis inhibition of Bcll digestion was little affected
by pKX141 DNA structure (Figure 4K), indicating that DNA
supercoiling does not stabilizes DARS2 binding to Fis, unlike
the situation with IHE.
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Figure 3. Supercoiling-dependent and independent DnaA-ADP dissociation activity of DARS2exDnaAboxI-Il. (A) Schematic view and sequences of the
DARSZexDnaAboxI-Il mutant. Arrows indicate 9-mer core DnaA boxes of DARST and DARS2. Mutated sequence in DARS2exDnaAboxI-Il mutant is

shown with underlines. (B-D) ADP-DnaA binding to the core DnaA boxes of DARST and DARS2. The indicated amounts of ADP-DnaA were incubated on

ice for 5 min with 40 nM of 19-bp dsDNA containing DARST or DARS2 DnaA box | (B), DnaA box Il (C), or 40 nM of 33-bp dsDNA containing DARST or

DARS2 DnaA boxes | and Il (D), followed by EMSA with 7% PAGE. Complexes 1 and 2, corresponding to the complexes with one and two molecules of
ADP-DnaA, respectively. Free, protein-free DNA. The proportions [%] of Complexes 1 and 2 in each lane are shown below the gel image. (E, F) DnaA-ADP

dissociation activity of the DARS2exDnaAboxes. [PHJADP-DnaA (80 nM) was incubated at 30°C for 15 min with 2 nM of pOAB1 [DARS2 WT], pOA21
[DARST WT], pKX129 [DARS2exDnaAboxI-Il] or pACYC177 [vector] (Sc) in the absence of IHF and Fis (E), or with indicated amounts of pOA61, pOA21,
pKX129 or pACYC177 (Sc or Lin) in the presence of IHF (2 nM as heterodimer) and Fis (2 nM as homodimer) (F), followed by the filter binding assay.
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Figure 4. Negative DNA supercoiling is required for stable DARS2-IHF binding. (A) Primary sequence of the original DARSZ2 containing the Pcil
recognition site located beside the IBS. The DNase | protection sites and hypersensitive sites observed in a previous study are shown as ‘x’ and ‘[,
respectively (34). (B) Effect of the DNA supercoiling on Pcil digestion. (C, D) Pcil protection assay for DARS2-IHF binding. The indicated amounts of IHF
were incubated at 30°C for 5 min with pOA61 (0.4 nM) and Pcil (Sc and Lin; 0.4 units), followed by Sacll digestion and agarose gel electrophoresis (C).
The proportions of undigested DNA to total DNA (Protection) are indicated as percentages (%) (D). (E) Primary structure of the DARS2 mutant
containing the EcoRV recognition site inside IBS. The underlined characters indicate the EcoRV recognition site, 5-GATATC-3'. (F) IHF binding to the
DARS2 IBS-EcoRV. The indicated amounts of IHF were incubated at 30°C for 5 min with 38-bp dsDNA containing DARS2 IBS WT or IBS-EcoRYV, followed
by EMSA with 8% PAGE. (G) EcoRV protection assay for DARS2-IHF binding. The indicated amounts of IHF were incubated at 30°C for 5 min with
pKX137 [DARSZ2 IBS-EcoRV] (0.4 nM) and EcoRV (0.5 units). (H) Primary structure of the DARS2 mutant containing Bcll-recognition site inside FBS2-3.
The underlined characters show the Bcll-recognition site, 5-TGATCA-3'. (I) Fis binding to the DARS2 FBS-Bcll. The indicated amounts of Fis were
incubated at 30°C for 5 min with 38-bp dsDNA containing DARS2 FBS WT or FBS-Bcll, followed by EMSA with 10% PAGE. (J) Check of the DNA
supercoiling sensitivity of Bell digestion. (K) Bcll protection assay for DARS2-Fis binding. The indicated amounts of Fis were incubated at 30°C for 5 min
with pKX141 [DARSZ2 FBS-Bcll] (0.4 nM) and Bcll (Sc; 1.2 units; Lin; 3.0 units).
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Fis directly interacts with DnaA and maximizes
DARS2-dependent DnaA-ADP dissociation

Based on the observations above, we hypothesized that IHF-
dependent DNA loop formation promotes direct interactions
between ADP-DnaA oligomers at the DARS2 core and Fis
bound at FBS2-3, which are critical for DARS2 activation.
Previous studies have predicted two protein interaction re-
gions in Fis as follows, which could also be important for its
interaction with DnaA; 1) the Fis N-terminal top-loop region
(residues 1-26) and 2) the Fis arm-loop region (residues 68—
70) positioned adjacent to the helix-turn-helix motif (Figure
5A). To obtain mechanistic insights into Fis-mediated DARS2
activation, we systematically performed mutational analysis
of these Fis residues.

First, we investigated Fis GIn68 and Thr70 residues within
the arm-loop regions which directly interact with RNA poly-
merase «-subunit and stimulate the transcription activity of
the 7#nB P1 promoter (40-42). EMSA experiments using a
DNA fragment bearing DARS2 FBS2-3 confirmed that Fis
Q68A and T70A mutants were as effective as Fis WT for
binding to DARS2 FBS2-3 DNA (Figure 5B). In an assay for
DARS2-dependent DnaA-ADP dissociation in the presence of
[HE, Fis Q68A mutant was moderately impaired, whereas Fis
T70A mutant was effective as Fis WT (Figure 5C and D). Con-
sistent results were obtained in the time course experiments
(Figure SE). In the presence of Fis WT or Fis T70A mutant,
DARS?2 largely dissociated ADP from DnaA within 5 min (Fig-
ure 5D), whereas in the presence of Fis Q68 A mutant, DnaA-
ADP dissociation was impaired and 15 min were required for
full dissociation (Figure SE). DARS2 activation by Fis Q68A
depended on IHF and DNA supercoiling (Figure SF). Fur-
thermore, protein crosslinking experiments using glutaralde-
hyde showed that crosslinks between WT Fis and DnaA
were detected at a moderate level in the absence of DARS2
DNA and the Q68A mutation severely inhibited crosslink-
ing with DnaA (Figure 5G), supporting direct and weak in-
teraction of Fis with DnaA in a manner depending on Fis
GIné68 residue. These results are consistent with the idea that
Fis interacts with DnaA in DARS2 depending on DNA loop-
ing induced by IHF and DNA supercoiling (see ‘Discussion’
section).

Next, we asked whether the N-terminal top-loop region of
Fis is required for DARS2 activation. Previous reports showed
that Fis residues 16-22 within its N-terminal top-loop region
directly interact with Hin recombinase in a manner depen-
dent on HU-dependent DNA bending and DNA supercoiling,
and promote Hin-dependent DNA inversion activity (43,44).
Here, we purified two truncated Fis mutants, Fis A16-22 and
A26, and tested their activities of DNA binding and DARS2
activation. Figure SH-K show that Fis A16-22 and A26 mu-
tants were as effective in binding to DNA and supporting
IHF/DNA supercoiling-dependent DARS2 activation as Fis
WT. These support the idea that Fis GIn68 is a specific site
important for the DARS2 activation.

Modulation of DNA supercoiling by Novobiocin

diminishes DARS2 activation by IHF and Fis in vivo
To investigate the role of DNA supercoiling in DARS2 func-
tion in cells, we performed flow cytometry analysis to ex-
amine the cell cycle parameters of cells growing at 37°C in
NaCl-depleted LB medium containing novobiocin, a drug that
inhibits DNA gyrase activity and relaxes DNA supercoiling

(Figure 6A and B). NaCl depletion commonly induces mild
DNA relaxation, and has been used as a standard protocol in
combination with novobiocin to induce stronger relaxation
of E. coli chromosome (45). In exponentially growing E. coli
cells, replication initiation occurs at sister oriC copies syn-
chronously, resulting in the progression of multiple concomi-
tant rounds of replication. Previous studies have indicated
that inhibition of the replication initiation by the deletion of
DARS?2 core reduces oriC copy number in a cell (oriC/cells)
or in a unit cell mass or cell volume (ori/mass), which are
parameters of initiation activity in a cell (46,47). Consistent
with these and our previous study (34,48), MIT78 [ADARS2],
MIT17 [ADARS1],and MIT80 [ADARS1&2] cells exhibited
impaired initiation (ori/mass = 0.81 £ 0.03, 0.94 + 0.04
and 0.66 + 0.05, respectively), and MIT128 [AdatA] cells
exhibited increased initiation (ori/mass = 1.2 £ 0.04), com-
pared with MG1655 [WT] cells (ori/mass = 1 as a standard)
(Figure 6B).

Notably, MG1655 cells treated with 15 pg/mL
novobiocin showed significant inhibition of initiation
(ori/mass = 0.86 =+ 0.02), whereas MIT78 [ADARS2]
and MIT80 [ADARS1I&2] cells treated with 15
pg/mL novobiocin showed little inhibition of initiation
(ori/mass = 0.78 £ 0.03 and 0.71 % 0.07, respectively): i.e.
compare 1 versus 0.86 for WT with or without novobiocin,
0.81 versus 0.78 for ADARS2, and 0.66 versus 0.71 for
ADARS1&2 (Figure 6B). By contrast, MIT17 [ADARST]
and MIT128 [AdatA] cells showed significant novobiocin-
dependent inhibition of replication initiation, like MG1655
cells. These results suggest that DNA supercoiling is partic-
ularly important for DARS2 activation in cells. Consistent
with the DNA supercoiling requirement for IHF/Fis functions
in vitro, as well as for the phenotype of ADARS2 cells, the
initiation activities of KMG-5 [AibfA] and KMG-2 [Afis] cells
were little affected by novobiocin. Consistent results were
obtained in the experiments using cells growing in standard
LB medium containing 1% NaCl (Supplementary Figure S1),
a further support for novobiocin-dependent inhibition of
DARS2 function in vivo.

Novobiocin modulates DARS2-dependent
hydroxyurea sensitivity

A previous study suggested that a reduction in the frequency
of replication initiation causes resistance against hydroxyurea,
which decreases intracellular ANTP pools and induces repli-
cation fork arrest (49). As described in a previous report (50),
colony formation by SA102 [AdiaA] cells was resistant to 12.5
mM hydroxyurea (Figure 6C). We also assessed the hydrox-
yurea sensitivity of MIT17 [ADARS1], MIT78 [ADARS2]
and MIT80 [ADARS1&2] cells, and obtained the result that
colony formation by DARS mutant cells was also resistant to
12.5 mM hydroxyurea in a manner correlated with the re-
duction of initiation frequency (Figure 6B and C). To address
the effect of DNA supercoiling on DARS2-dependent hydrox-
yurea sensitivity, we simultaneously added 15 pg/mL novo-
biocin and 12.5 mM hydroxyurea to the LB plates. Without
hydroxyurea, 15 pg/mL novobiocin had little effect on the
colony formation of the WT or DARS mutant cells. However,
addition of 15 pg/mL novobiocin turned MG1655, MIT17
[ADARS1], and SA102 [AdiaA] colony formation to be re-
sistant to 12.5 mM hydroxyurea, whereas it did not increase
the hydroxyurea resistance of MIT78 [ADARS2] and MIT80

GZ0Z yote L uo sasn uaynyeb|-oAbnog 1eyas Alun nysnAy Aq | 12166//162L9e36/z/cG/a101e/eu/wod dno-ojwapede//:sdily woiy papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1291#supplementary-data

10 Nucleic Acids Research, 2025, Vol. 53, No. 2

QB68A T70A

Cc

Fis  Plasmid .
100 Q68A vector EI) 1004 )
& 80 ONwr vector ( = 80 Fis  Plasmid ADP-DnaA: [+ |-+ |-
g & T79A vector (4 ! . SSSSESSS
2 9 6 vector 50; Fis["M]: oR P RR X P v
2 he)
3 » s 160 —|
& 20 Q68A DARS2 (M) 8 2 . 1 58_
DARS2 B -
0 WT DARSZ2 (@) 0 T7pA DARszm o = DnaA-Fis
20 20 40 | — Fisp-Fis,
Fls [nM] Fls [nM]
30 | e =w==( Fis,
100 Fis  Plasmid 100
& 80 e Qs8A vector (0) ® 80
% 60 WT  vector (O) & g0
Z <
2 40 o
§ WT DARS2(®) § 40
o 20 Q68A DARS2 (M) & 20
0 T70A DARS2(A)
0
0 5 10 15 S % er << sr <=
i 13 ® S < ® S < © O
Time [min] Fis : 258{: 2058{: 558{:
HF:  + = T
DARS2: Sc Lin
: CI o | I | 0 3 | R
! b
! 1
at6-22 N _
A26 |
| WT  A16-22 A26 J K
; 288288288 100 Fis  Plasmid 100
Fis[fM]: c 3 "R B3I B= K A26 veotor (O s
= 80 vector  (Q) 2
o
% 60 |j A16 22 vector () % 60
: 3 40
g w0 726 DARS2 (#) s
8 20 A16-22 DARS2 () & 20
WT DARS2 (@) o
0 (o3 a © Q o ©
® o f5 38 538 558E
Fls [nM] =z = b4 2 b= 2
HF:  + - T
DARS2: Sc Lin

Bound[%]:ogﬁgg

Figure 5. Fis Q68A mutant has decreased activity for DARSZ activation. (A) Structure of Fis-DNA complex. Two potential interaction sites (top-loop and
arm-loop) are highlighted; Fis top-loop includes residues 1-26 and Fis arm-loop includes residues 68-70. (B) DNA binding activity of Fis Q68A and T70A.
The indicated amounts of Fis WT, Q68A, or T70A were incubated with 38-bp dsDNA containing DARS2 FBS2-3 (40 nM), followed by EMSA with 7%
PAGE. The proportions [%] of Fis-bound DNA in each lane are shown below the gel image. (C-E) DARSZ2 activation by Fis Q68A and T70A. Filter binding
assay was performed with [FBHJADP-DnaA (80 nM), 0.4 nM of pOAB1 or pACYC177, IHF (2 nM), and the indicated amounts of Fis WT or its mutants (C,
Q68A; D, T70A). Time course experiments were performed at 30°C with 0.4 nM of pOA61 or pACYC177, IHF (2 nM), and Fis WT or its mutants (Q68A or
T70A) (2 nM). The proportions [%] of the amounts present in the absence of Fis are plotted. Average values and the standard deviations from three
independent experiments are shown (E). (F) Requirement for DNA supercoiling for DARSZ activation by Fis Q68A and T70A. [*HIADP-DnaA (80 nM) was
incubated at 30°C for 15 min with IHF (2 nM), Fis WT, Q68A, or T70A (8 nM), and 0.4 nM of supercoiled (Sc) or linear (Lin) pOAB61 or pACYC177, followed
by the filter binding assay to analyze the yield amount [%] of [PHJADP-DnaA. (G) Dependence of Fis-DnaA interaction on Fis GIn68 residue. ADP-DnaA
(100 nM) and indicated amounts of Fis WT or Q68A were incubated at 30°C for 15 min in the presence of 0.1% glutaraldehyde, followed by
immunoblotting using anti-Fis antibody. (H) Schematic view of the secondary structure of Fis and the truncation mutants constructed in this study.
Arrows and cylinders indicate (3-strands and o-helixes, respectively. (I) DNA binding activity of Fis A16-22 and A26. EMSA was performed with the
indicated amounts of Fis WT, A16-22, or A26. (J) DARSZ2 activation by Fis A16-22 and A26. Filter binding assay was similarly performed with 0.4 nM of
pOAB1 or pACYC177 IHF (2 nM), and the indicated amounts of Fis WT or mutants (A16-22 or A26) as dimers. (K) Requirement for DNA supercoiling for
DARSZ activation by Fis A16-22 and A26. [PHJADP-DnaA (80 nM) was similarly incubated with IHF (2 nM), Fis WT, A16-22, or A26 (8 nM), and
supercoiled (Sc) or linear (Lin) pOAB1 or pACYC177 (0.4 nM), followed by the filter binding assay.

GZ0Z yote L uo sasn uaynyeb|-oAbnog 1eyas Alun nysnAy Aq | 12166//162L9e36/z/cG/a101e/eu/wod dno-ojwapede//:sdily woiy papeojumoq



Nucleic Acids Research, 2025, Vol. 53, No. 2 1
A MG1655 MIT78 MIT17 MIT80 MIT128 KMG-5 KMG-2
WT] [ADARSZ| [ADARST] [ADARS1&2] [AdatA] [AihfA] [Afis]
Novo = 7.7%£0.3 5.8+0.2 6.8+0.2 4.3+0.2 9.3+0.6 7104 6.0x1.4 |: oriClcell
[bg/mL] g [1] 0.94+0.05 0.94+0.05 0.83+0.06 0.98+0.05 0.90+0.10 1.8+0.2 |: Mass
€
0 2
K}
.—.L_
4 8 4 8 4 8 24 8 8 4 8 24 8
6.8+0.4 5.8+0.7 6.1+0.7 4.8+0.3 8.6+0.2 6.8+0.9 7.0x1.1
1.0+£0.0 0.95+0.07 0.98+0.02 0.87%+0.05 1.0£0.1 0.95+0.07 1.8%=
15
4 8 4 8 4 8 24 4 8 4 8 24 8
oriC number
No
B 1.4 p<0.002 C ne 15 pg/mL Novo
1 10" 102 10° 104 105 101 102 103 104 105
1.2 [ p<0.001 p<0.06 ns.
§ 1
£ 0.8
S 06 |
04
0.2 t

0
Novo [ug/mL] :

oW oW oW oW oW oW oW
7 = — —
0 — OO§) ~ 0 § 83 u')s q‘ﬁ'
E Nodr o o~ ~x QF O=
02 EX Ex PP £ 23 2=
S E 3 h)
s 3 =3 sk
h

12.5 mM HU
12.5 mM HU +15 pg/mL Novo
1 10" 102103 10* 10° 1 10 102 10 10 105

wr L
ADARST |
aDARs2 [

ADARS182

Figure 6. DARSZ2 activity is diminished by novobiocin in vivo. (A, B) Inhibition of DARS2/IHF /Fis-dependent stimulation of replication initiation by
novobiocin. (A) MG1655 [WTI], MIT78 [DARS2ACorel], MIT17 [DARSTACore], MIT80 [DARS1&2ACore], MIT128 [AdatAl, KMG-5 [AihfA] or KMG-2 [Afis]
cells were cultivated at 37°C in NaCl-depleted LB medium containing 0 or 15 pg/mL novobiocin and analyzed by flow cytometry. (B) The relative
ori/mass ratios (MG1655 cells without novobiocin as a standard) are shown as a bar chart. Data represent means with error bars of at least three
independent experiments. Based on the Student's t-test, the comparisons of 15 pg/mL novobiocin versus none of MG1655 (P < 0.001), MIT17 (P

< 0.06) and MIT128 (P < 0.002) are statistically significant, whereas those of MIT78, MIT80, KMG-5, KMG-2 were not. (C) The effect of novobiocin
addition on DARS2-dependent hydroxyurea resistance. Serial dilutions of MG1655, MIT78, MIT17 MIT80, MIT128 and SA103 [AdiaAl cells are cultivated
at 37°C on LB plates containing novobiocin (0 or 15 pug/mL) and/or hydroxyurea (0 or 12.5 mM) and a spot assay was performed.

[ADARS1&2] colony formation. These results are consistent
with the results of flow cytometry analysis.

Introduction of a DARS2 mutant harboring DARS1
core DnaA boxes induces excess and untimely
initiation of replication

To investigate whether the in wvivo activity of
DARS2exDnaAboxes mutants depends on IHF and Fis
(Figures 3A and 7A), we examined the colony forma-
tion and timing of replication initiation of MG1655
cells bearing pACYC177 derivatives with DARS2 WT or
DARS2exDnaAboxes mutants. Oversupply of DARS2 WT
by pBR322 causes severe inhibition of colony formation
due to over-initiation of replication (33). In contrast, copy
number of pACYC177 is lower than that of pBR322, and
cells bearing pOA61 [DARS2 WT] grew similarly to cells

bearing pACYC177 [Vector] (Figure 7B and C). How-
ever, introduction of pKX119 [DARS2exCore] or pKX129
[DARS2exDnaAboxI-II] in MG1655 cells resulted in severe
growth inhibition with formation of colonies only appear-
ing after prolonged incubation (15 h at 37°C). In contrast,
introduction of pKX115 [DARS2exDnaAboxI]|, pKX117
[DARS2exDnaAboxIl], or pKX118 [DARS2exDnaAboxIII]
resulted in colony formation after 12 h, similar to that of
pOA61 [DARS2 WT] (Figure 7B and C). In addition, in-
troduction of pKX119 [DARS2exCore] in KMG-2 [Afis] or
KMG-5 [AibfA] cells resulted in colony formation within
12 h (Figure 7D), which is consistent with the data of
Figure 3F. These results are consistent with the idea that
the in vivo activity of DARS2exCore and exDnaAboxI-II
mutants depends on IHF and Fis, and causes excessive ini-
tiations and growth inhibition when the copy number is
elevated.
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Next, we performed flow cytometry analysis to investigate
the cell cycle parameters of MG16355 cells bearing pACYC177
derivatives with DARS2 WT or DARS2exDnaAboxes mu-
tants (Figure 7E and F). In LB medium, introduction of pOA61
[DARS2 WT] in MG165S5 cells stimulated replication initia-
tion and increased the number of cells harboring 16 07iCs in a
single cell (Figure 7E). Importantly, introduction of pKX115
[DARS2exDnaAboxI] or pKX117 [DARS2exDnaAboxII] re-
sulted in even higher oriC copy numbers (Figure 7E). In
contrast, introduction of pKX118 [DARS2exDnaAboxIII] re-
sulted in oriC copy numbers comparable to that of pOA61
[DARS2 WT]. Similar results were obtained when cells
were cultivated in supplemented M9 medium (Figure 7F).
Also, the results were consistent with those of flow cytom-
etry analysis of MG1655 cells bearing pACYC177 deriva-
tives with DARSTex mutants, and introduction of pKX110
[DARSIexDnaAboxI], pKX111 [DARS1exDnaAboxII], or
pKX114 [DARS1exCore| diminished the activity for increas-
ing the initiation frequency (Supplementary Figure S2). In
contrast, that of pKX113 [DARS1exDnaAboxIII] resulted in
oriC copy numbers comparable to that of pOA21 [DARSI
WT]. These results suggest that core DnaA box I and II, but
not III, are required for efficient DnaA activation by DARSI,
and DARS2exDnaAboxI and II mutants stimulate initiation
in cells more than DARS1/2 WT.

The cell cycle parameters (oriC/cell, ori/mass ratios, and
Ai: asynchrony index) were also analyzed in cells with
chromosomal DARS2exDnaAboxes mutants (Figure 7G).
The Ai (asynchronous index) evaluates the level of un-
timely initiations, and, in MG1655 cells, the Ai value
was very low (Ai = 6.5%), which means that replica-
tion was initiated profoundly synchronously. In KX219
[DARS2exDnaAboxIl] cells, the Ai value was increased
(Ai = 22%) and the number of oriC copies per cell
(oriC/cell) and initiation frequency (ori/mass) were also in-
creased (oriC/cell = 4.6, ori/mass = 1.1) relative to those
in MG1655 cells (oriC/cell = 4.0, ori/mass = 1 as a stan-
dard) (Figure 7G). Furthermore, KX221 [DARS2exCore] and
KX222 [DARS2exDnaAboxI-II] cells have higher o7iC copy
numbers (0riC/cell = 5.5 or 5.4, respectively) and severe asyn-
chronous initiation (Ai = 139% or 119%, respectively), indi-
cating that chromosomal DARS2exDnaAboxes mutants in-
duce excess and untimely initiations.

Next, to investigate the contribution of DNA supercoiling
to DARS2exCore function in cells, we performed flow cy-
tometry analysis on cells growing at 37°C in NaCl-depleted
LB medium containing 15 pg/mL novobiocin. Consistent
with the results shown in Figure 7G, KX221 [DARS2exCore]
cells showed more initiations (ori/mass = 1.2 + 0.06)
than MG1655 cells (ori/mass = 1 as a standard) (Fig-
ure 7H and I). Notably, KX216 cells treated with 15
pug/mL novobiocin showed significant inhibition of ini-
tiation (ori/mass = 1.1 £ 0.08), which was compara-
ble to that of MG1655 cells treated with novobiocin
(ori/mass = 0.89 =+ 0.06), suggesting that activation of
the DARS2exCore mutant also requires DNA supercoiling
in vivo.

Discussion

ATP-DnaA production from ADP-DnaA is largely achieved by
the timely binding of both IHF and Fis to DARS2 (34,37). This
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study provides direct evidence that stable DARS2-IHF binding
and DnaA-ADP dissociation by DARS2-THF-Fis complex are
stimulated by negative DNA supercoiling (Figures 2 and 4).
Consistently, the function of chromosomal DARS2 in growing
cells is inhibited by novobiocin (Figure 6). A previous study
probing the genome-wide dynamics of DNA supercoiling us-
ing psoralen, a supercoiling-sensitive DNA intercalator, has
suggested that negative DNA supercoiling locally accumulates
at the genomic DARS2 locus (51). Based on these, we suggest
a possibility that dynamic changes in chromosomal DNA su-
percoiling at DARS2 locus is a potential regulatory element
for the timely DARS2-IHF binding during cell cycle (Figure
8A). In addition, salt depletion in LB medium also alters the
ATP/ADP ratio in the E. coli cells, and affects the activity
of DNA gyrase, an ATP-dependent type II topoisomerase, re-
sulting in mitigation of genomic DNA supercoiling (52,53).
Based on these and this study, we suggest a possibility that
DARS?2 function is regulated depending on growth environ-
ments through modulation of DNA supercoiling.

Previous studies employing EMSA or DNase I footprint-
ing showed IHF bound to linear DARS2 under mild salt
conditions (100 mM potassium glutamate, equivalent to 60
mM NacCl) (34,54); however, high IHF concentrations were
needed for the binding under these conditions; i.e. 20-40 IHF
dimers/1 kb DNA were required to achieve 50% binding
to linear DARS2, whereas in the present study, 10-15 IHF
dimers/1 kb DNA were sufficient to achieve 50% binding to
supercoiled DARS2 under near-physiological salt conditions
(100 mM NaCl). Also, IHF hardly protected linear DARS2
from restriction enzyme digestion, indicating that DNA su-
percoiling converts the DARS2-IHF complex into one that is
more stable and resistant against salt and competitive pro-
teins. A previous report showed that DNA supercoiling also
stabilizes datA-IHF binding under high salt stress (31). Molec-
ular dynamics simulations have also supported our findings
that DNA supercoiling affects DNA recognition by IHF and
increases IHF wrapping around DNA (55). The preferential
binding to supercoiled or curved DNA rather than to straight
DNA is a universal feature of bacterial NAPs, including IHF,
an IHF homologue HU, and a DNA-bridging factor H-NS,
(38,56—60). Furthermore, the eukaryotic high mobility group
family protein Abf2, a yeast mitochondrial counterpart of
NAPs, as well as archaebacterial histone-like protein MC1,
also have higher affinity for supercoiled DNA than for relaxed
DNA (61,62). DNA supercoiling-dependent regulation of pro-
tein binding to DNA is universally conserved in a broad range
of species.

The THF binding pattern at oriC is also changed during
the E. coli cell cycle. During the cell cycle, IHF binds to oriC
specifically at the stage of replication initiation and dissoci-
ates from oriC immediately after initiation (30,63,64). Fur-
ther characterization of the genomic pattern of IHF bind-
ing has provided evidence for the uniqueness and specificity
of IHF binding at oriC. At the initiation stage, IHF recog-
nizes a 33-mer initiation-specific IHF binding consensus se-
quence 1-GTTGnnGnnnWnnAAAnnCAnnnnTTTnWnAAC-
33 that consists of the core DNA elements 19-CA-20 and
25-TT-26, which are conserved together with the conven-
tional IBS consensus WATCAAnnnnTTR, as well as unique
surrounding elements 1-GTTG-4 and 31-AAC-33 (64). Pro-
filing of IHF consensus binding sequences has suggested that
IHF binding affinity for each IBS depends on surrounding
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Figure 7. DARS2exDnaAboxes mutants cause excess and untimely initiation. (A) schematic view and sequences of the DARSZexDnaAboxes mutants.
Arrows indicate 9-mer core DnaA boxes of DARST and DARS2. Mutated sequences in DARSZexDnaAboxes mutants (DARS2 exDnaAboxl|, exDnaAboxl|,
exDnaAboxlll, exCore, and exDnaAboxI-Il) are shown with underlines. (B-C) Growth inhibition by the oversupply of DARSZexDnaAboxes mutant.
MG1655 cells were transformed with pACYC177 [vector], pOA61 [DARS2 WTI, pKX115 [DARS2exDnaAboxl], pKX117 [DARS2exDnaAboxll], pKX118
[DARSZ2exDnaAboxlll], pKX119 [DARS2exCore] or pKX129 [DARS2exDnaAboxI-Il] and incubated at 37°C for 12 h on LB agar plates containing 100 pg/mL
ampicillin. The number of transformants and the efficiency of transformation (T.E. [10°/ug DNAI) (B), and colony formation with each set of experiments
(C) are shown. (D) Suppression of DARS2exDnaAboxes-dependent growth inhibition by deletion of IHF/Fis. MG1655, KMG-2 or KMG-5 cells were
transformed with pACYC177 pOAB1 or pKX119 and incubated at 37°C for 12 h on LB agar plates containing 100 png/mL ampicillin. (E-G)
DARSZexDnaAboxes-dependent overinitiations. (E) MG1655 cells harboring pACYC177, pOAB1, pKX115, pKX117 or pKX118 were cultivated at 37°C in LB
medium containing 50 pg/mL ampicillin and analyzed by flow cytometry. The doubling time (Td [min]) and mean cell mass (relative to MG1655 cells
harboring pACYC177) are shown in the histograms. (F) Similar experiments were performed using supplemented M9 medium containing 50 pg/mL
ampicillin. (G) MG1655 [WT], KX219 [DARS2exDnaAboxll], KX221 [DARS2exCore] or KX222 [DARS2exDnaAboxl-I1] cells were cultivated at 37°C in
supplemented M9 medium and analyzed by flow cytometry. The oriC/cell, mean cell mass, ori/mass (relative to MG1655 cells), and Ai [%] are shown in
the histograms. (H, I) Inhibition of DARSZexCore activity by novobiocin. (H) MG1655 and KX221 cells were cultivated at 37°C in NaCl-depleted LB
medium containing 0 or 15 png/mL novobiocin and analyzed by flow cytometry. (I) The relative ori/mass ratio (MG1655 cells without novobiocin were
used as the control) are shown as a bar chart. Data represent means with error bars from three independent experiments. Based on the Student's t-test,
the comparisons of the 15 pg/mL novobiocin versus none of MG1655 (P < 0.04) and KX221 (P < 0.03) are both statistically significant.
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Figure 8. Timely regulation and mechanism of DNA supercoiling-dependent DARSZ activation. (A) A model of the DNA supercoiling-dependent
regulation of DARS2-IHF binding. In the pre-initiation stage, IHF binds to oriC and DARS2 and the DARS2-IHF-Fis complex increases the level of
ATP-DnaA. At the initiation stage, IHF dissociates from DARSZ2 and the elevated ATP-DnaA level induces initiation from oriC. In the post-initiation stage,
IHF immediately dissociates from oriC and binds to datA to activate DDAH. IHF then dissociates from datA in a manner dependent on tRNA-Gly
transcription readthrough. (B) Mechanistic model of DARSZ2 activation by IHF, Fis, and DNA supercoiling. ADP-DnaA, IHF and Fis bind to specific sites.
IHF stably binds to DARS2 IBS1-2 and forms a stable DNA loop in a manner dependent on DNA supercoiling, which induces direct interaction between
Fis Glu68 and the head-to-head DnaA dimer formed at core DnaA boxes I-Il, resulting in a structural change in the DnaA nucleotide-binding pocket and

dissociation of ADP from DnaA (not directly shown in this study).

AT-rich elements (8). Local DNA looping is induced at the
oriC IBS1 by the assembly of DUE-proximal ATP-DnaA
oligomers, which is also important for HU-dependent stimula-
tion of oriC DUE unwinding (38). The induced DNA bending
at the oriC IBS1 recruits HU, which further stimulates DUE
unwinding in the 07iC-DnaA-HU complexes, similar to IHF
binding. In this context, we propose that at specific cell cycle
stages, a DNA supercoiling-dependent genome structuring or
local DNA looping may increase dependency on surrounding
DNA elements at the DARS2 IBS for stabilizing IHF binding.

Another potential regulatory mechanism could be a syn-
ergy between the effects of IHF and Fis. This study revealed
that only DARS2-THF binding, but not DARS2-Fis binding,

was dependent on DNA supercoiling (Figure 4). A previ-
ous systematic study using synthetic transcriptional promot-
ers revealed that Fis binding to a specific locus can alter
the transcription activity by changing the specificity of IHF-
DNA binding (65). Also, simultaneous binding of IHF and
Fis can synergistically activate transcription activity, which
is consistent with the ideas that DNA bending by IHF al-
lows Fis to interact physically with its interacting partners,
such as RNA polymerase and DnaA, to stimulate transcrip-
tion initiation or to dissociate DnaA-ADP at DARS2. Previ-
ous studies also reported that Fis dissociates from DARS2 at
the time of IHF dissociation (34,37), implying another pos-
sible effect of IHF-Fis synergy to monitor DARS2-IHF for-
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mation or dissociation by Fis at specific times during the cell
cycle.

About the mechanism for DARS2 activation by Fis, this
study revealed that the Fis Q68A mutant was not as effec-
tive as Fis WT for DARS2 activation (Figure 5C and E). A
previous study suggested that Fis stimulates ADP-DnaA as-
sembly at the DARS2 core (34). In addition, this study has
suggested that the Fis GIn68 residue at the arm-loop region
(residues 68-74), which is required for interaction with RNA
polymerase a-subunit (40), is also required for direct interac-
tion with DnaA (Figure 5G). Based on these observations, we
propose a novel mechanistic model for DARS2 activation in
which direct DnaA-Fis interaction stimulates the ADP-DnaA
oligomerization at the DARS2 core to induce the conforma-
tional change in the DnaA nucleotide-binding pocket required
for ADP dissociation (Figure 8B).

Also, this study revealed that the DARST core contains high
affinity DnaA boxes I and II, whereas the DARS2 core con-
tains only low affinity ones (Figure 3B-D). The head-to-head
ADP-DnaA dimer was less stable at DARS2 than at DARSI,
which is consistent with the idea that Fis supports ADP-DnaA
oligomerization at the DARS2 core (Figure 8B). When the
head-to-head ADP-DnaA dimer bound to core DnaA boxes
I and II is stabilized at a certain level, interaction between
the two via DnaA AAA + domain III GIn208 would become
functional to induce a structural change in the DnaA pro-
tomers of the dimer and ADP dissociation as we previously
proposed (Figure 1G) (35). In agreement, the core DnaA box
III of DARSI and DARS2, which is essential for their activ-
ity, supports DnaA head-to-tail interaction via DnaA AID-
2 (Leu290) residue to stabilize head-to-head DnaA interac-
tion at core DnaA boxes I and II (Figure 1G) (35). These
DnaA box III sequences are functionally inter-changeable
between DARS1 and DARS2, suggesting the presence of a
common mechanism (Figure 7E and F and Supplementary
Figure S2). Taken together, the head-to-head ADP-DnaA
dimer formed at the DARS core would have to be stable at
a certain level for the ADP dissociation in both DARST and
DARS?2.

The essential elements of DARS2 (core DnaA boxes I-III,
IBS, and FBS) are well conserved among E. coli-related bac-
teria (34). Also, Vibrio cholerae harbors specific non-coding
DNA element crtS for regulating the activity of RctB for ini-
tiating Chr2 replication (66). And in eukaryotes, the initia-
tor complex ORC (Origin recognition complex), which con-
sists of five AAA + family or AAA+-like subunits (Orcl-
5) and one regulatory subunit Orc6, binds to specific chro-
mosomal replication origins and initiates replication (67,68).
The initiation activity of ORC is commonly regulated by its
bound nucleotides (ATP or ADP) and phosphorylation of
its constituent proteins. In Saccharomyces cerevisiae, ORC
forms a homomultimer on single-stranded DNA, stimulat-
ing ORC ATPase activity (69). ssDNA-dependent ORC reg-
ulation may be required to repress over-initiation, suggesting
that DNA-mediated regulation of the ORC nucleotide form
by its self-oligomerization may be conserved in other eukary-
otic cells. Other reports have suggested that S. cerevisiae ORC
interacts with the nucleosome specifically at the replication
origin, ARS1 (70-72). Unlike DnaA in E. coli, Drosophila
melanogaster ORC has been reported to have a 30-fold higher
affinity for supercoiled DNA than for linear one (73). Al-
though DARS2-like sequences have not been reported in eu-
karyotic genomes, these studies implies that histone- or DNA
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supercoiling-dependent regulations of initiator binding at spe-
cific genomic loci and the nucleotide form could be conserved
among eukaryotes for the regulation of the timing of replica-
tion initiation.
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