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ABSTRACT

The Escherichia coli replication origin oriC con-
tains the initiator ATP-DnaA-Oligomerization Re-
gion (DOR) and its flanking duplex unwinding ele-
ment (DUE). In the Left-DOR subregion, ATP-DnaA
forms a pentamer by binding to R1, R5M and three
other DnaA boxes. The DNA-bending protein IHF
binds sequence-specifically to the interspace be-
tween R1 and R5M boxes, promoting DUE unwind-
ing, which is sustained predominantly by bind-
ing of R1/R5M-bound DnaAs to the single-stranded
DUE (ssDUE). The present study describes DUE un-
winding mechanisms promoted by DnaA and IHF-
structural homolog HU, a ubiquitous protein in eu-
bacterial species that binds DNA sequence-non-
specifically, preferring bent DNA. Similar to IHF,
HU promoted DUE unwinding dependent on ssDUE
binding of R1/R5M-bound DnaAs. Unlike IHF, HU
strictly required R1/R5M-bound DnaAs and inter-
actions between the two DnaAs. Notably, HU site-
specifically bound the R1-R5M interspace in a man-
ner stimulated by ATP-DnaA and ssDUE. These find-
ings suggest a model that interactions between the
two DnaAs trigger DNA bending within the R1/R5M-
interspace and initial DUE unwinding, which pro-
motes site-specific HU binding that stabilizes the
overall complex and DUE unwinding. Moreover, HU
site-specifically bound the replication origin of the
ancestral bacterium Thermotoga maritima depend-
ing on the cognate ATP-DnaA. The ssDUE recruit-
ment mechanism could be evolutionarily conserved
in eubacteria.
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INTRODUCTION

The replication of bacterial chromosomal DNA requires
the formation of highly ordered nucleoprotein complexes at
oriC, the chromosomal DNA origin of replication (1-4). In
Escherichia coli, the ATP-bound DnaA (ATP-DnaA) ini-
tiator protein forms a complex with oriC to promote local
unwinding of duplex DNA within oriC. This complex for-
mation is aided by IHF, a nucleoid-associated protein with
sequence-specific binding activity. DnaB replicative DNA
helicases are recruited to oriC-bound DnaA complexes and
loaded onto the resulting single-stranded (ss) DNA via spe-
cific interactions with the DnaC helicase loader. This results
in expansion of the unwound region, which allows loading
of DnaG primase and DNA polymerase to initiate DNA
synthesis (5-10).

The 245-bp minimal oriC of E. coli is composed
of a Duplex-Unwinding Element (DUE) and a DnaA-
Oligomerization Region (DOR) (Figure 1A) (1,3,4). The
DUE contains three AT-rich 13-mer repeats (L, M, and
R) and M/R-DUE includes two T-rich sequence motifs,
TT[G/A]T(T) (11,12). Binding of DOR-bound ATP-DnaA
complexes to the single-stranded TT[G/A]T(T) motifs sta-
bilizes the unwound state of DUE (Figure 1A-C) (12) (also
see below). L-DUE is less stably unwound than M/R-DUE
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Figure 1. Schematic structures of oriC and DnaA and the ssDUE recruitment mechanism. (A) Overall structure of oriC (257 bp). Minimal oriC (245 bp)
includes the duplex-unwinding element (DUE; gray bar) and the DnaA-Oligomerization Region (DOR; open bar). DUE is composed of three AT-rich
13-mer repeats termed L, M and R. The sequence of the DUE-upper (T-rich) strand is shown over the structure. DnaA binding motifs TT[A/G]T(T) are
indicated by red characters or red bars. The AT-cluster (a dotted square) flanking DUE outside the minimal oriC is a supplementary unwinding region.
The DOR contains 12 DnaA boxes (filled, gray and open arrowheads representing high-, moderate- and low-affinity sites respectively) and an IHF binding
region (IBR; vertical striped box). The DOR is subdivided into Left, Middle, and Right subregions. Major functions of the subregions are described briefly
below the structure. The Middle-DOR bearing DnaA box R2 assists in DnaA assembly at Left/Right-DORs. (B) Domains of DnaA. Domains I-1V are
shown schematically, with amino acid residue numbers shown in each bracket. H/B motifs (V211 and R245, squares) and Arg finger (R285, triangle) are
indicated. The major functions of each domain are described on the right side of the structure. (C) DUE unwinding mechanism by which IHF promotes
ssDUE recruitment. DnaA and IHF are indicated by red and pale green diagrams, respectively. For simplicity, only DUE and Left-DOR bearing IHF and
ATP-DnaA are shown. ATP-DnaA levels increase during the cell cycle, resulting in oligomerization on low-affinity DnaA boxes using the RSM-DnaA
protomer as a core, and resulting in the construction of DnaA pentamers, including R1-DnaA (panels 1 and 2). DUE is unwound unstably by thermal
motion and torsional stress (panel 2). The M/R-region bearing TT[A/G]T(T) sequences (red line) of the DUE-upper strand (black bold line) binds to
R1-DnaA and R5M-DnaA via IHF-induced DNA bending (panel 3). The resulting ssDUE-ATP-DnaA-DOR ternary complex stabilizes the unwinding
of DUE. (D) Model for DnaB loading. In addition to M/R-DUE, L-DUE is moderately unwound and interacts with the Right-DnaA subcomplex. Each
Left-DnaA and Right-DnaA subcomplex binds to a DnaB hexamer (blue ovals) complexed with DnaC (yellow circles) (left panel). Upon DnaB loading,
the stable unwound region expands to the AT-rich cluster (right panel).
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(13,14). M/R-DUE is essential and L-DUE is stimula-
tory for loading of a pair of DnaB helicases onto the un-
wound regions (14). Upon loading of this pair of DnaB heli-
cases, the stable unwound region is expanded to the L-DUE
and the AT-cluster region immediately upstream of L-DUE
(Figure 1D) (14,15). The AT-cluster region assists in DnaB
helicase loading when formation of DnaA complexes is in-
complete (14).

The DOR carries twelve DnaA-binding sequences
(DnaA boxes) termed R1-2, R4, R5M, I1-3, 71-2 and C1-
3 (Figure 1A) (3,16-18). R1 and R4 are high-affinity DnaA
boxes, and R2 is a moderate-affinity DnaA box. Each DnaA
box is composed of typical 9-mer consensus sequences
(TT[A/T]TNCACA) to which ATP-DnaA or ADP-DnaA
can bind. The other nine boxes (R5M, I1-3, 71-2 and C1-3)
are low-affinity DnaA boxes with degenerated consensus se-
quences. ATP-DnaA rather than ADP-DnaA preferentially
binds to the low-affinity DnaA boxes cooperatively via spe-
cific DnaA-DnaA interactions (18-23) (see below).

The DOR is subdivided into three subregions: the Left-,
Middle-, and Right-DOR (Figure 1A) (23). The Left-DOR
contains the left-directional array of DnaA boxes (R1, 71,
R5M, 12, I1 and 12) and an IHF binding region (IBR)
that overlaps with DnaA box 71 (21,24,25). The Right-
DOR consists of the right-directional DnaA boxes (R4, C1,
13, C2 and C3). ATP-DnaA binding to Left- and Right-
DOR results in the formation of the Left- and Right-DnaA
subcomplexes, respectively. The Middle-DOR has only one
DnaA box (R2). In the presence of IHF, the Left-DnaA sub-
complex is sufficient for M/R-DUE unwinding (Figure 1C)
(14,21,24). The Right-DnaA subcomplex binds with mod-
erate affinity to T-rich ssDNA (upper strand) spanning
M/L-DUE, stimulating the unwinding of DUE, which is
essential for efficient loading of DnaB helicases (Figure 1D)
(14). The Left- and Right-DnaA subcomplexes each re-
cruits a DnaB-DnaC complex through direct DnaA-DnaB
binding, leading to DnaB loading onto ssDUE (14,21). The
Left-DnaA subcomplex alone binds a single DnaB-DnaC
complex and can sustain a moderate level of the DnaB
loading.

DnaA consists of four functional domains I-1V, which
play specific roles in DnaA assembly and DnaB loading
(Figure 1BC) (3,26,27). In E. coli DnaA, domain I inter-
acts with multiple proteins, including the DnaA-assembly
stimulator DiaA as well as DnaB, and HU protein, a struc-
tural homolog of IHF, does with domains I-II (8,28-31). In
addition, weak domain I-domain I interactions support in-
teractions of R2-bound DnaA with DnaA molecules bound
to Left- and Right-DOR (20,23,32). Domain II is a flex-
ible linker (29,33). Domain III contains AAA+ (ATPase
Associated with various cellular activities) motifs involved
in tight ATP/ADP binding, ATP hydrolysis, and domain
I1T-domain III interactions (2,3,18,19,34-36). The arginine
finger motif Arg285 within this domain interacts with ATP
bound to the flanking DnaA protomer, sustaining the for-
mation of the head-to-tail ATP-DnaA oligomerization on
Left- and Right-DOR (Figure 1BC) (18). AID motifs (Arg
227 and Leu 290) residing near Arg285 may assist in specific
domain I1I-domain III interactions, stimulating the forma-
tion of functional Left-DnaA subcomplexes (19). Further-

more, the H/B motifs (Val211 and Arg245) of domain III
play an essential role in capturing the T-rich strand of ss-
DUE by binding to TT[G/A]T(T) sites during DUE un-
winding processes (Figure 1A-C) (12,24,37). Domain IV
binds specifically to the DnaA box (38).

Moreover, in E. coli oriC, IHF binds to its consensus
recognition sequences in the IBR located between DnaA
boxes R1 and R5M, enabling stable DUE unwinding in the
presence of ATP-DnaA (Figure 1C). IHF is a heterodimer
consisting of highly homologous « and B subunits encoded
by ihfA and ihfB, respectively (39-41). IHF tightly binds to
30-35 bp DNA regions by recognizing the 13-mer core se-
quence (WATCAAnnnnTTA), resulting in a sharp bend in
DNA, up to 160° (Figure 1A and C) (42-44). DnaA box 71
partly overlaps with IBR, and IHF predominantly binds to
this region (24).

The mechanism underlying IHF-promoted unwinding of
DUE has been elucidated in E. coli. ATP-DnaA molecules
assemble on the low-affinity DnaA boxes R5SM-I12 using
R5M-bound DnaA as a DnaA assembly core (Figure 1C,
left) (1,3,22-24). DNA bending by IHF at IBR stimu-
lates the interaction of R1-bound DnaA with RSM-bound
DnaA in a head-to-tail manner, resulting in the formation
of the Left-DnaA subcomplex. DNA superhelicity and heat
energy cause the initial unstable unwinding of the DUE
(Figure 1C, middle). DNA bending by IHF at IBR also
brings the resulting ssDUE close to the Left-DnaA subcom-
plex, allowing formation of the ssDUE-Left-DnaA sub-
complex and stabilizing the unwound state, a prerequisite
for DnaB loading. R1- and R5M-bound DnaA protomers
are thought to be important in the ssDUE-DnaA bind-
ing process, with H/B motifs of the protomers binding to
TT[G/A]T(T) sequences in the ssDUE M-R region (Fig-
ure 1C, right). Collectively, these processes are referred to
as the ssDUE recruitment mechanism (21,24). Recent in-
tensive studies support that principles of this mechanism are
conserved in oriCs from other bacteria such as Thermotoga
maritima and Helicobacter pylori in addition to the Vibrio
cholerae chromosome 2 (Chr2) (12,45,46).

Despite the importance of IHF in the ssDUE recruit-
ment mechanism in E. coli oriC, IHF is present only in
proteobacteria, nitrospirae, and nitrospinae (Supplemen-
tary Figure S1) (41,47). By contrast, both DnaA and HU, a
structural homolog of IHF and a major nucleoid-associated
protein, are ubiquitously conserved throughout eubacte-
rial species (39,41) (Supplementary Figure S1). Unlike IHF,
HU binds to DNA in a sequence-independent manner, al-
though it preferentially binds to bent DNA: The dissoci-
ation constants Kd values for bent DNA and for linear
DNA are reported to be 5-20 nM and 1.8-760 pM, respec-
tively (39,41,48). Despite this difference, HU can replace
IHF in E. coli oriC DUE unwinding in vitro (13,25,49).
Moreover, HU can support the in vivo initiation of chro-
mosomal replication in E. coli. IHF-deficient E. coli cells
can survive despite disturbed regulation of replication ini-
tiation (25); however, cells in which both IHF and HU are
disrupted grow at a very slow rate or can die (50). Com-
pared with wild-type cells, IHF-deficient cells have lower
ratios of oriC to DnaA (51). Moreover, the origin unwind-
ing of T. maritima, one of the most evolutionarily ancient



organisms, can be reconstituted in vitro using 1. maritima
DnaA (TmaDnaA) and E. coli HU, which is homologous
to that of 7. maritima HU (52). These characteristics sug-
gest that HU may be a general DUE-unwinding stimulator
in eubacteria.

The precise mechanisms by which E. coli HU promotes
DUE unwinding remain unclear. In vitro analyses using
E. coli oriC and proteins, based on sequence-non-specific
DNA binding of HU, have suggested that HU modulates
overall DNA topology to promote oriC unwinding (53,54).
Alternatively, it has been suggested that E. coli HU may be
included in oriC-DnaA complexes through unknown mech-
anisms (25,49,53,54). Even if so, the DnaA assembly mech-
anism on E. coli oriC in the presence of HU is not com-
pletely identical to that in the presence of IHF, in that DnaA
binding to the low-affinity site I3 is inefficient in the pres-
ence of HU, but not in the presence of IHF (25). As such
initiation mechanism using HU has remained as a long-
standing mystery. The high structural homology between
IHF and HU suggests that the ssDUE recruitment mecha-
nism can be involved in HU-promoted unwinding of DUE
in E. coli. The requirement for ssDNA binding by H/B mo-
tifs of TmaDnaA during HU-dependent T. maritima oriC
(Tma-oriC) unwinding in vitro also suggests that HU can
be involved in initiation even in other eubacterial species
in a principally similar manner (12). However, the HU-
promoting mechanisms as well as the structure of putative
oriC-HU-DnaA complexes have not yet been determined
even in E. coli.

The present study was designed to uncover the molec-
ular mechanisms of HU-promoted DUE unwinding (the
HU system). In addition to E. coli oriC, Tma-oriC was
also analyzed to have insights into evolutional conserva-
tion. First, for E. coli oriC, the minimal region required
for unwinding and the specific roles of key DnaA pro-
tomers in the HU system were determined. Subsequently,
the HU binding sites in E. coli in the presence of the cog-
nate ATP-DnaA were identified. The specificity of bind-
ing of ssDUE to DnaA was also analyzed in the HU sys-
tem in vitro. All results were consistent with those of in vivo
analyses and suggested that the ssDUE recruitment mech-
anism was the primary mechanism, even in ATP-DnaA-
HU-oriC complexes. Unlike during IHF-promoted DUE
unwinding (the IHF system), R1/R5M-bound DnaAs as
well as interactions between the two were essential for HU-
associated DUE unwinding. Taken these together with re-
sults of footprint experiments, the present findings suggest
that R1-bound DnaA binds to R5M-bound DnaA, trigger-
ing DNA bending between the two sites and unstable DUE
unwinding, which is stabilized by binding of ssDUE to Left-
DnaA subcomplex and preferential binding of HU to the
bent region. Next, we analyzed Tma-oriC and results sug-
gested that HU binds to a specific region within interspace
of two TmaDnaA binding sites, depending on TmaDnaA
binding to these sites. These are fundamentally consistent
with the proposed mechanism based on analyzes of E. coli
oriC. Because DnaA and HU are highly conserved in eubac-
teria, this ssDUE recruitment mechanism is conceivable to
be an evolutionarily conserved feature of origin unwinding
of eubacteria.
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MATERIALS AND METHODS
Proteins, DNA, plasmids and strains

DnaA and its derivatives used in this study were prepared
as described (12,22,24). HU was prepared as previously re-
ported (55), except for additional purification on a heparin
column. Plasmids and primers used in this study are listed
in Supplementary Tables S1 and S2, respectively. All plas-
mids used here are described previously (21-24,52). To con-
struct ssMR-Left DOR, the upper strand was extended us-
ing the 5 overhang primer M28-R1f and the 119-mer ss-
DNA of the bottom strand (Left half DORr), the 3" end of
which was modified with amino-modifier-C7-CPG that pre-
vents extension of the bottom strand. Similarly, dsMR-Left
DOR was constructed by primer extension with the Left
half DORT oligo without the 3" end modification.

All E. coli strains used in this study are listed in Sup-
plementary Table S3. To eliminate a kanamycin-resistant
cassette (kan) from oriC mutant strains, FLP recombinase
encoded on pCP20 was used (24). Elimination of kan was
verified by checking sensitivity to 50 wg/ml kanamycin in
LB agar plates. NY20-frt strain and oriC mutant strains
(SYM25-frt, SYM5-frt, SYMe6-frt, SYM7-frt, SYMO-frt,
NY24-frt, SYM-24-frt) were constructed by eliminating
kan from NY20 strain and strains SYM25, SYMS5, SYM6,
SYM7, SYM9, NY24, SYM-24 (Supplementary Table
S3). AqueG::frt-kan, AihfA::frt-kan and AihfB::spec derived
from strains SR08, KMG-5 and KX95, respectively, were
introduced by P1 phage transduction into the oriC mutant
strains without the kanamycin resistant gene. Details for
these constructions are described in Supplementary Data.

Buffers

Buffer P contained 60 mM HEPES-KOH (pH 7.6), 0.1 mM
zinc acetate, 8 mM magnesium acetate, 30% [v/v] glycerol,
and 0.32 mg/ml bovine serum albumin (BSA). Buffer N
contained 50 mM HEPES-KOH (pH 7.6), 2.5 mM magne-
sium acetate, 0.3 mM EDTA, 7 mM dithiothreitol (DTT),
0.007% [v/v] Triton X-100, and 20% [v/v] glycerol. Buffer
F’ contained 25 mM HEPES-KOH (pH 7.6), 5 mM cal-
cium acetate, 2.8 mM magnesium acetate, 4 mM DTT, 10%
[v/v] glycerol, 0.2% [v/v] Triton X-100, and 0.5 mg/ml BSA.
Buffer X contained 30 mM Tris—HCI (pH 8.0), 3 mM mag-
nesium chloride, 0.2 mM DTT, and 0.1 mM EDTA.

DUE unwinding assay

DUE unwinding assays were performed essentially as de-
scribed (22,24). Briefly, EcoDnaA, ChiDnaA, and their
derivatives were preincubated with 3 uM ATP for 10 min
at 4°C, resulting in their ATP forms. M130riCMS9 oriC
plasmid or its derivatives (1.3 nM) were incubated with 43
nM HU and the indicated amounts of the ATP form of
EcoDnaA or its derivatives at 38°C for 3 min in 20 p.l buffer
P containing 5 mM ATP and 125 mM potassium chloride,
followed by further incubation with 1.5 units of P1 nuclease
(Wako) for 200 s. The reactions were halted by the addi-
tion of 20 pl of stop buffer (1% SDS and 25 mM EDTA),
and the DNA was purified by phenol-chloroform extraction
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and ethanol precipitation. One-half of each purified DNA
was digested with EcoRI, which yielded 3.8 and 3.9 kb frag-
ments for DUE unwinding of M130riCMS9 (24). The re-
sultant DNA fragments were analyzed by 1% agarose gel
electrophoresis and subjected to Gelstar (Lonza) staining.
Gel images were taken using a FAS V transilluminator, and
products derived from unwound plasmids were quantified
using ImageJ software.

DNase I footprint assay

The assay was essentially performed as described previ-
ously (18,24), with minor modifications, including the de-
sign of the oriC fragment. DnaA and HU were incubated
for 10 min at 30°C in 10 w1 buffer F’ containing 2.4 nM of
end-labeled ssMR-Left DOR (102-bp double strand DNA
with a 28-mer single-stranded region) or dsMR-Left DOR
(130-bp double strand DNA), 20 mM ammonium sulfate,
50 mM sodium chloride, 1 wg/ml poly (dI-dC), 1 wg/ml
poly (dA-dT) and 3 mM ATP, followed by the addition
of 10 mU of DNase I and further incubation at 30°C for
4 min. Purified DNA was analyzed by 6% sequencing gel
electrophoresis and a Typhoon FLA9500 image analyzer
(GE Healthcase).

For analyzing 71-I12 DOR, DnaA and HU were incu-
bated for 10 min at 30°C in 10 pl buffer F’ containing 2.4
nM of end-labeled wild-type T1-I2 DOR or its T Inon mu-
tant derivative, 20 mM ammonium sulfate, 50 mM sodium
chloride, 0.7 pg/ml poly (dI-dC), 0.7 wg/ml poly (dA-dT),
3 mM ATP or ADP, followed by the addition of 15 mU of
DNase I and further incubation at 30°C for 4 min. Purified
DNA was analyzed similarly.

Dimethyl sulfate (DMS) footprint assay

This assay was performed basically accordingly to a pre-
viously described method (25). To analyze HU binding to
oriC, supercoiled oriC plasmid M130riCMS9 (2.1 nM) was
incubated with the indicated amounts of HU and DnaA in
buffer X containing 100 mM potassium chloride and 5 mM
ATP or ADP at 38°C for 5 min, followed by the addition
of 0.25% DMS and further incubation for 5 min. DMS was
quenched by the addition of 650 mM 2-mercaptoethanol,
and the DNA was purified by phenol-chloroform extraction
and ethanol precipitation. The purified DNA was incubated
at 90°C for 30 min with 1 M piperidine, followed by ethanol
precipitation. One sixth portion of the resultant DNA frag-
ments were analyzed by primer extension using 0.4 units of
Vent (exo-) DNA polymerase and 0.1 pmol *?P-labeled ori2
for the upper strand or 0.1 pmol **P-labeled KWSmalor-
iCFwd for the lower strand. Extension products were ana-
lyzed by electrophoresis on 6% sequencing gels, followed by
exposure of the dried gels to imaging plates. For densitom-
etry, the imaging plates were scanned with Typhoon FLA
9500 (GE Healthcare) and images were quantified using
Imagel.

To analyze Tma-oriC, 6 nM pOZ14 was incubated with
the indicated amounts of HU and 7maDnaA in buffer X
at 48°C for 5 min, followed by the procedure used in the
analysis of M130riCMS9.

Flow cytometry analysis

Flow cytometry analysis was performed essentially as de-
scribed (56). Briefly, cells were grown at 30°C in LB medium
including 100 g/ml ampicillin until the absorbance of the
culture (Aggo) reached 0.1. Portions of the cultures were di-
luted thousand folds into 5 ml LB medium, which were in-
cubated at 30°C until the absorbance of the culture (Ag)
reached 0.1. The remaining portions were further incubated
to deduce the doubling time (Td) by measuring Ay every
20 min. At Agg of 0.1, the aliquots of the cultures were
fixed in 70% ethanol to analyze cell mass using Multisizer
3 Coulter counter (Beckman Coulter). The remaining cul-
tures were further incubated for 4 h with 0.3 mg/ml ri-
fampicin and 0.01 mg/ml cephalexin for run-out replication
of the chromosomal DNA. The resultant cells were fixed in
70% ethanol. After DNA staining with SYTOX Green (Life
Technologies), cellular DNA contents were analyzed on a
FACS Calibur flow cytometer (BD Bioscience). We deduced
the number of the origins/cell (ori/cell) from histograms
of the flowcytometry analysis. The values of ori/cell were
divided by the mean cell mass deduced from the cell mass
analysis, resulting in the values of ori/mass.

Immunoblot analysis

The assay was essentially performed as described previ-
ously (24,57). Briefly, exponentially growing cells were pre-
pared as described above for flow cytometry analysis. When
Agoo of the culture reached 0.1, cells were harvested by cen-
trifugation and dissolved in SDS sample buffer to adjust
the calculated Aggo of 50. Proteins in the portions (10 wl)
were separated using 10% SDS-PAGE and were transferred
to polyvinylidene difluoride membranes (Millipore) using
a semi-dry blotting method (Bio-Rad). After blocking at
30°C for 30 min in 3% gelatin-TBS (3% gelatin, 20 mM Tris—
HCI, 500 mM NaCl, pH 7.5), the membrane was incubated
overnight at 4°C in 1% gelatin-TTBS (20 mM Tris—HCI,
500 mM NacCl, 0.05% Tween-20, pH 7.5) containing anti-
DnaA rabbit antiserum (1:3000). After washing, the mem-
brane was incubated at 30°C for 1 h in 1% gelatin-TTBS
containing goat anti-rabbit IgG antibody conjugated to al-
kaline phosphatase (Bio-Rad), followed by development us-
ing AP Conjugate substrate Kit (Bio-Rad).

‘When colonies were directly analyzed, colony suspension
of fresh transformants grown at 30°C for 24 h on LB agar
plates including 100 wg/ml of ampicillin were used, instead
of liquid culture.

RESULTS

Determination of the minimal DOR for HU-promoted DUE
unwinding

In the presence of IHF, the Left-DOR was sufficient for
DUE unwinding by ATP-DnaA (21,24). To investigate the
specificity of DOR in the HU system, minimal DOR for
DUE unwinding in the presence of HU or IHF was assessed
using deletion derivatives of the supercoiled oriC plasmid
(M130riCMS9) (Figure 2A). In this assay, the unwound
DUE was digested by the single strand-specific nuclease
P1, followed by digestion with EcoRI, which yields specific
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Figure 2. Determination of the minimal oriC for DUE unwinding in the HU system. DUE unwinding activities of wild-type oriC plasmid M 130riCMS9
(WT) and its deletion derivatives were analyzed by P1 nuclease assay in the presence of HU or IHF. The oriC regions (open bars) included in each plasmid
are shown below the wild-type oriC structure depicted as in Figure 1. (A) The relative unwinding activities of the mutant oriCs relative to that of wild-type
oriC are shown in panel A as ‘DUE unwinding’ using the data obtained with 30 nM ATP-DnaA (see below). The supercoiled form of oriC plasmids (1.3 nM)
were incubated with the indicated amounts of ATP-DnaA in the presence of HU (43 nM) (B and C) or IHF (36 nM) (D and E), followed by co-incubation
with P1 nuclease. The DNA products were extracted, further digested with EcoRI, and analyzed using 1% agarose gel electrophoresis. Representative gel
images of two independent experiments were shown (B and D). Band intensities of each lane in the gel image were analyzed by densitometric scanning.
The percentages of the P1 nuclease-digested oriC DNA molecules per input DNA molecules are shown as ‘DUE unwinding (%)’ (C and E). Means and
standard deviations (SDs) are also shown (n = 2). ND, not detected.
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DNA fragments indicative of DUE-specific digestion by P1
nuclease (24). The unwinding activity of M130riCMS9 R 1-
12 was slightly less than that of the wild-type oriC in the
HU system (Figure 2B and C). M130riCMS9 R1-12 and
M130riC R1-R5M exhibited little DUE unwinding activity
in the presence of HU (Figure 2B, lanes 10-15; Figure 2C),
but both had moderate activities in the presence of IHF at
a higher DnaA level (Figure 2D, lanes 10-15; Figure 2E).
These results suggested that the Left-DOR was generally
sufficient for DUE unwinding, as shown for the IHF system
and that Left-DOR-DnaA complexes formed with HU are
relatively more labile than those with IHF, as basically con-
sistent with previous reports (21,24). In particular, the R1-
I1 region was found to be the HU-specific minimum Left-
DOR region (Figure 2B, lanes 10-15; Figure 2C; Figure 2D,
lanes 10-15; Figure 2E). Thus, DnaA molecules bound to
R1, 72 and I1 are likely crucial for HU-promoted DUE
unwinding.

Analysis of individual DnaA boxes in HU-promoted DUE un-
winding

Requirements for individual DnaA boxes were analyzed us-
ing full-length oriC with a DnaA box mutation in the Left-
DOR. Because DnaA box 12 was non-essential for DUE
unwinding (Figure 2), DnaA boxes R1, 71, R5M, 72 and
11 were individually substituted with a sequence (nonsense
box) lacking specific affinity for DnaA (Figure 3A) (16,24).
Specific unwinding of these mutant oriC plasmids was as-
sessed by the P1 nuclease assay in the presence of HU or
THF (Figure 3B-G). The R5M box was found to be essential
for DUE unwinding in both the HU and IHF systems (Fig-
ure 3B and E; Supplementary Figure S2A and D), in agree-
ment with previous results showing that RSM box-bound
DnaA (R5M-DnaA) is essential as a DnaA assembly core
in low-affinity DnaA box cluster spanning boxes R5SM to 12
(24). DnaA boxes 72 and I1 were more important for DUE
unwinding in the HU than in the IHF system (Figure 3C
and F; Supplementary Figure S2B and E). These strict re-
quirements in the HU system were consistent with the re-
sults of deletion analysis.

DnaA box R1 was essential in the HU system, whereas
it was moderately important in the IHF system (Figure 3B
and E; Supplementary Figure S2A and D). In addition,
DnaA box 11 moderately assisted in DUE unwinding ac-
tivity in the HU system (Figure 3D and G; Supplementary
Figure S2C and F). Given that even in the absence of IHF
and HU, R1-bound DnaA (R1-DnaA) interacts with ATP-
DnaA molecules bound to the RSM-12 region (21,24), these
findings suggest that R1-DnaA plays an essential role in
construction of ATP-DnaA complexes competent to DUE
unwinding specifically in the HU system and that 1 box-
bound DnaA (t1-DnaA) plays a subordinate role in these
processes in the HU system.

Specific roles for R1- and RSM-DnaA in the HU system

In DUE unwinding processes, the R1- and R5M-DnaA
protomers directly bind to ssDUE to stabilize the unwound
form of DUE in the ATP-DnaA-IHF-oriC complex (Fig-

ure 1C) (24). If DUE unwinding by HU and DnaA de-
pends on a ssDUE recruitment mechanism, R1- and R5M-
DnaA protomers should similarly interact with ssDUE di-
rectly even in the HU system. Thus, the specific activities of
R1-and R5M-DnaA protomers in the HU system were an-
alyzed using a chimeric DnaA-oriC system. The chimeric
DnaA (ChiDnaA) consisted of E. coli DnaA (EcoDnaA)
domains I-III connected to TmaDnaA domain IV. The
chimeric oriC had a unique 12-mer 7imaDnaA box (consen-
sus sequence, AAACCTACCACC) instead of E. coli-type
9-mer DnaA boxes (consensus sequence, TTATnCACA)
(Figure 4A). Unlike EcoDnaA, ChiDnaA binds specifi-
cally to the TmaDnaA box but little to the E. coli DnaA
box (Figure 4B) (14,22-24,58). In addition to ChiDnaA,
the oriCR1Tma plasmid bearing a TmaDnaA box substi-
tution at the R1 box site (M130riCMS9 R17ma) and the
oriCR5SMTma plasmid bearing the identical substitution
at the R5M box site (M130riC MS9 R5M Tma) were used
(Figure 4C). Both chimeric oriC plasmids unwound only
when both EcoDnaA and ChiDnaA (ChiDnaA WT) were
co-incubated with HU (Figure 4D, lanes 4-9, and 18-21;
Figure 4E, lanes 4-9, and 18-21; Figure 4F and G). How-
ever, unlike ChiDnaA WT, ChiDnaA bearing V211A and
R245A substitutions in the ssDNA binding H/B motifs
(ChiDnaA VR) barely or only slightly stimulated the un-
winding of DUE of the both oriC plasmids (Figure 4D,
lanes 10-17; Figure 4E, lanes 10-17; Figure 4F and Q).
Slight residual activities of the ChiDnaA VR were possi-
bly due to EcoDnaA non-specific binding to a TmaDnaA
box at the R1 or RSM box site in a cooperatively stimulated
manner. These results support the importance of ssDUE
binding by R1- and R5SM-DnaA protomers in the HU sys-
tem and the idea that ssDUE recruitment mechanism oper-
ates in the HU system.

In the IHF system, R1-DnaA interacts with neighboring
R5M-bound ATP-DnaA through the R1-DnaA Arg fin-
ger, stimulating ssDUE recruitment (Figure 1C) (22). The
importance of the Arg finger of R1-DnaA in the HU sys-
tem was investigated using the chimeric DnaA-oriC sys-
tem. Unlike ChiDnaA WT, ChiDnaA R285A (ChiDnaA
RA) did not substantially stimulate DUE unwinding of
M130riCMS9 R1Tma in the presence of EcoDnaA (Fig-
ure 4D, lanes 14-17; Figure 4F). These results support the
importance of specific interaction between R1- and R5M-
DnaA protomers in the HU-dependent DUE unwinding
system.

The role of the RSM-DnaA Arg finger was similarly
analyzed. Unlike ChiDnaA WT, ChiDnaA RA did not
substantially stimulate DUE unwinding of M130riCMS9
R5MTma in the HU system (Figure 4E, lanes 14-17;
Figure 4G), which is consistent with the results showing
that RSM-DnaA acts as the assembly core for cooperative
DnaA binding in the RSM-12 low-affinity DnaA box cluster
(24).

Specific importance of R1, RSM and 7 1 boxes in cells lacking
IHF and bearing HU

The importance of R1 and R5M boxes was assessed in live
cells lacking IHF and bearing HU. The synthetic effects
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Figure 3. Determination of the key DnaA boxes required for the HU system. DUE unwinding activities of wild-type oriC plasmid M 130riCMS9 (WT) and
its substitution derivatives in the presence of HU or IHF as determined by P1 nuclease assays. The wild-type oriC structure is shown as in Figure 2; below
it, the oriC derivatives (open bars) with nonsense boxes (light-gray) substituted with DnaA box (R1non, T Inon, RSMnon, 72non, or I1non) are shown
(A). Unwinding activities of mutant oriC DUE relative to that of wild-type oriC DUE shown in panel A as ‘DUE unwinding’ using the data obtained with
30 nM ATP-DnaA shown in panels B-G (B-D for the HU system and E-G for the IHF system). Means and standard deviations (SDs) are also shown
(n = 2). Representative gel images are shown in Supplementary Figure S2. ND, not detected.
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oriC DNA molecules per input DNA molecules are shown as ‘DUE unwinding (%)’ (panels F and G). Means and standard deviations (SDs) are also shown
(n = 2). Abbreviations in panels D and E: EW, wild-type E. coli DnaA; CW, wild-type ChiDnaA; CV, ChiDnaA V211A/R245A; CA, ChiDnaA R285A.



Table 1. Transduction frequency of AihfA::kan and AqueG::kan at 30°C
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Recipient (relevant Average number of Transduction frequency
Donor genotype) transductants (x1077) Relative frequency
AihfA::kan NY20-frt (WT oriC) 180 + 91 25+ 1.2 [1]
SYM25-frt (R1non) <1 <0.014 <0.006
SYM6-frt (R5SMnon) <1 <0.014 <0.006
SYMO-frt (I1non) 154 £ 70 2.1+ 1.0 0.90
AqueG::kan NY20-frt (WT oriC) 145 + 47 2.0 + 0.6 1
SYM25-frt (R1non) 92 £+ 50 1.2 £ 0.7 0.60
SYM6-frt (R5Mnon) 39+3 0.53 + 0.0 0.30

NY20-frt (wild-type oriC; WT), SYM25-frt (R Inon), SYMG6-frt (R5Mnon), or SYMO-frt (I1non) was crossed with P1 phage lysate prepared from the strain
KMG-5 (AihfA::frt-kan) or SRO8 (AqueG::frt-kan). Transductants were incubated at 30°C for 16 h on LB agar plates containing 50 pg/ml kanamycin,
and the numbers of colonies were counted. Transduction frequency was calculated by dividing the number of colonies by the number of infection events
(plaque-forming units). For relative frequency, the efficiency of NY20-frt was defined as 1. Results represent the mean of two independent experiments.

of disruptions of the ihf4 gene encoding the IHF o sub-
unit, and of each DnaA box of the Left-DOR were
analyzed. A single disruption in iif4 or ihfB encoding the
IHF B subunit, was sufficient to inactivate the functional ac-
tivity of IHF, as flow cytometry showed that inhibition lev-
els for replication initiation were similar among cells with
single or double disruptions (Supplementary Figure S3A:
also see below). In these experiments, exponentially grow-
ing cells were further incubated in the presence of rifampicin
and cefalexin to inhibit the initiation of replication and cell
division, allowing run-out replication of the whole chro-
mosome. Flow cytometry analysis of these cells shows the
number of oriC copies per cell at the time of drug addition
(7,14,24).

IHF-intact cells with individual substitutions at
R1, R5M, and Il with the nonsense box (i.e. Rlnon,
R5Mnon and Ilnon) grow at a rate similar to cells with
intact oriC, whereas initiation of chromosomal replication
is inhibited moderately by R1non or RSMnon and more
mildly by IInon (24). However, we found that the R1 and
R5M boxes were essential for maintaining the growth rates
of IHF-deficient cells. When cells were incubated at 30°C
for 16 h, the transduction frequency of AihfA::kan cells
with Rlnon or R5Mnon, but not Ilnon, was markedly
lower than that of wild-type cells (Table 1, Figure 5 and
Supplementary Figure S3BC). When incubated at 37°C for
12 h, AihfA::kan transductants with R1non or R5Mnon
formed only small colonies (Table 2 and Figure 5). Dis-
ruption of a non-essential gene (AqueG::kan) was used as
a control: AqueG::kan cells bearing Rlnon or R5Mnon
grew at 30°C and 37°C similarly to those of wild-type cells
(Table 1; Figure 5).

To confirm the synergistic effects of mutations in IHF
and mutations in DnaA boxes R1 and R5M, colony forma-
tion was analyzed in a series of oriC mutant cells with spec-
substitution mutations in the iifB gene. Consistent with
cells bearing AihfA::kan, the growth of AihfB::spec cells
bearing RInon or R5Mnon at 30°C was markedly lower
than that of wild-type oriC cells bearing AihfB::spec (Sup-
plementary Figure S3BC), indicating that the R1 and R5M
boxes sustain the growth of cells lacking IHF and bearing
HU. The elevated importance of the R1 and R5M boxes in
cells lacking THF is in agreement with the in vitro results
described above.

The importance of T1, 72 and Il boxes was tested us-
ing AihfA::kan cells bearing the nonsense box substitu-
tion to each (i.e., Tlnon, 72non, and I1non). The growth
of AihfA::kan cells bearing these substitutions on LB agar
plates at 30°C was similar to that of IHF-intact cells bearing
the same substitutions (Supplementary Figure S4A). How-
ever, flow cytometry analysis showed that the DNA replica-
tion initiation frequency was lower in AihfA::kan cells bear-
ing T Ilnon or 72non than in AiifA::kan cells without those
mutations, as shown by a decrease in the eight chromosomes
peak and an increase in the two to four chromosomes peaks
(Supplementary Figure S4B). In IHF-intact cells, initiation
was not substantially inhibited by T Inon or by 72non (Sup-
plementary Figure S4B), in agreement with previous find-
ings (24). I1non markedly inhibited initiation even in IHF-
intact cells, which was exacerbated in AihfA::kan cells (Sup-
plementary Figure S4B). These differences caused by the
DnaA box sites could be related to the residual levels in sta-
bility of DnaA complexes formed only by the intact DnaA
boxes.

DnaA protomers bound to 72 and I1 assist in stabilizing
the Left-DnaA subcomplex (24), basically consistent with
the results of inhibited initiation in AihifA::kan cells bear-
ing 72non or Ilnon. These suggest an idea that the com-
promised initiation in AihfA::kan cells bearing T lnon was
due to a decrease in the stability of the Left-DnaA subcom-
plex. To assess such a role for 71, we performed DNase I
footprint experiments using the oriC 71-12 fragments with
wild-type 71 box or TInon. ATP-DnaA binding to R5M
box was moderately enhanced depending on DnaA binding
to 71 box (Supplementary Figure S4C and D), consistent
with the idea that 71 moderately contributes to stability of
the Left-DnaA subcomplex in the system lacking IHF. The
moderate effect might come from relatively unstable bind-
ing of ATP-DnaA binding to 71 because of the distance to
the flanking R5M box (four bp) being greater than the other
box-to-box spaces (two bp each) in this region (24). Slight
protection of the Tlnon region was detected in the pres-
ence of high DnaA concentrations, which might be caused
by non-specific unstable interaction of a DnaA molecule
bound to RSM-bound DnaA via domain I-domain I inter-
action. The T 1non fragment showed altered digestion pat-
terns within the 71 box-corresponding region, which is due
to changes of the nucleotide sequence.
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Donor KMG-5 (4ihfA::frt-kan)
Recipient NY20-frt SYM25-frt SYM6-frt SYMO-frt
(oriC) (WT oriC) (R1non) (R5Mnon) (11non)
30°C
37°C
Donor SRO08 (aqueG::frt-kan)
Recipient NY20-frt SYM25-frt SYM6-frt
(oriC) (WT oriC) (R1non) (R5Mnon)
30°C
37°C

Figure 5. Requirement of DnaA boxes R1 and RSM in rapid growth of IHF-deficient cells. Colony formation of oriC mutants lacking the iif4 gene.
NY20-frt (wild-type oriC; WT) and its DnaA box mutant derivatives SYM25-frt (R1non), SYM6-frt (RSMnon), and SYMO9-frt (I1non), were crossed
with P1 phage lysates prepared from the strain KMG-5 (AihfA::frt-kan) or control SRO8 (AqueG::fit-kan). Transductants were incubated on LB agar
plates at 30°C for 16 h or 37°C for 12 h. Transduction frequencies are shown in Tables 1 and 2.

Table 2. Transduction frequency of AihfA::kan at 37°C

Average Transduction
Recipient (relevant number of frequency Relative
genotype) transductants (x1077) frequency
NY20-frt (WT oriC) 167 + 59 2.3 4+ 0.8 m
SYM25-frt (RInon) 120 + 9* 1.6 £ 0.1 0.70
SYM6-frt (R5Mnon) 96 =+ 2% 1340 0.60
SYMO-frt (I1non) 182 + 40 2.5+ 0.6 1.1

Transduction experiments were performed as described in the legend to
Table 1 except that transductants were incubated at 37°C for 12 h. Results
represent the mean of two independent experiments. *Small colonies (see
Figure 5).

Specific importance in vivo of Arg finger and ssDNA binding
motifs of R1/RSM-DnaAs in HU-dependent cells

The Arg finger motif of RI-DnaA has been shown to
play an important role in the initiation of chromosome

replication in cells bearing IHF and HU (22). Simi-
larly, the ssDNA-binding H/B motifs (V211 and R245)
of R1- and R5M-DnaA were shown to be important in
the in vivo initiation of replication (24). The in vivo im-
portance of these motifs was analyzed using cells with
chimeric oriC and ChiDnaA under ihfA-null conditions.
To this end, AihfA::kan cells were modified by substitu-
tion of a TmaDnaA box for boxes at the R1 (R17ma)
and R5M (R5MTma) positions. AihfA::kan cells bearing
R17ma showed marked inhibition of colony formation
at 30°C, although slight growth was observed (Supple-
mentary Figure S3B). Because the growth of these cells
with RInon was even lower (Supplementary Figure S3B),
the residual growth of the R17ma cells may result from
the slight binding of EcoDnaA to the TmaDnaA box
under in vivo conditions. Similarly, AihfA::kan cells with
R5MTma also showed marked inhibition of colony for-
mation but with slight residual growth (Supplementary
Figure S3C).



To test whether the Arg finger motif and the H/B mo-
tifs of RSM-DnaA are crucial for colony formation in cells
lacking IHF and bearing HU, a series of pINGI1 vector-
based plasmids encoding ChiDnaA WT (pChidnaA) or
ChiDnaA mutants, pChidnad V211A/R245A (pChidnaA
VR) and pChidnad R285A (pChidnad RA), were intro-
duced into AihfA::kan cells with RSM Tma. Although none
of these plasmids significantly affected colony formation by
AihfA::kan cells bearing wild-type oriC, pChidnaA WT res-
cued the colony formation deficiency of AihfA::kan cells
bearing R5M Tma (Figure 6A). Consistent with previous
studies (22,24), these findings indicate that even leaky ex-
pression can supply sufficient ChiDnaA to support the
growth of R5SMTma cells. Notably, the rescuing activities
of pChidnaA RA and pChidnaA VR were markedly lower
than that of pChidna4 WT. These results suggest that RSM-
DnaA requires both the Arg finger motif and the H/B mo-
tifs to sustain functional initiation complexes even in cells
with HU but without IHF.

Similarly, AihfA::kan cells bearing R17ma and the above
plasmids were analyzed. The results confirmed the impor-
tance of the Arg finger motif in R1-DnaA, as well as the
moderate importance of the H/B motifs of R1-DnaA at
30°C and 25°C (Figure 6B and Supplementary Figure S5A).
The AihfA::kan cells expressed moderately similar levels
of WT or mutant ChiDnaA from corresponding plasmids
without the inducer arabinose: in particular, cellular lev-
els of ChiDnaA V211A/R245A and ChiDnaA R285A in
AihfA R1Tma cells were very similar (Figure 6C and D).

The function of H/B motifs of R1-DnaA was investi-
gated in more detail by flow cytometry to determine the
number of oriC copies in each growing cell. Most of the
AihfA::kan cells with wild-type oriC bearing each plasmid
had more than four chromosomes (Figure 6E, upper row).
Consistent with previous findings (25,56), AihfA::kan cells
initiated chromosome replication asynchronously, likely
due to changes in oriC function as well as DnaA regula-
tion by the loss of function of DARS2 and datA, which
are [HF-dependent regulators for DnaA activity (see Dis-
cussion) (56,59). By contrast, AihfA::kan cells with R17Tma
bearing the vector pINGI grew at a slower rate, with most
cells harboring one to three chromosomes (Figure 6E; first
histogram of the lower row). Introduction of pChidnaA WT
restored cell growth rates and enhanced the initiation of
chromosomal replication, with most cells having four to
eight chromosomes (Figure 6E, second histogram of the
lower row). In contrast, introduction of pChidna4 RA only
moderately restored the growth rates of cells and cells bear-
ing pChidnaA RA or pChidnaA VR had increased percent-
ages of cells containing fewer than four chromosomes com-
pared to cells bearing pChidna4 WT, with most cells bear-
ing pChidnaA RA having two to four chromosomes, fewer
than those bearing pChidnaAd VR (Figure 6E, third and
fourth histograms of the lower row). These findings indi-
cate that in vivo initiation activity of R1-ChiDnaA bear-
ing V211A/R245A is moderately lower than that of R1-
ChiDnaA WT, and that of R1-ChiDnaA R285A is much
lower, consistent with the results of colony formation of
mutant cells (Figure 6B and Supplementary Figure S5A).
Cellular levels of ChiDnaA V211A/R245A and ChiDnaA
R285A in AihfA R1Tma cells were very similar even un-
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der these growth conditions (Supplementary Figure S5B
and S5C). Taken together, these results suggest that the
Arg finger of R1-DnaA plays a very important role in HU-
promoted initiation of replication, whereas the H/B motifs
play a stimulatory role.

HU binds to IBR in a DnaA complex-dependent manner.

Based on the findings showing that R1-bound DnaA is
more crucial in the HU system than in the IHF system
and that interaction of R1/R5M-bound DnaAs is impor-
tant in the both systems, HU-promoted initiation mecha-
nisms were further analyzed by footprint experiments. HU
prefers to bind to a bent region of DNA (41,60) and IBR
resides between the R1 and R5M boxes. These and present
findings suggest that, in the absence of IHF, R1- and R5M-
DnaA molecules transiently interact with each other, stim-
ulating loop formation of the intervening region, and that
HU preferentially binds to the bent region, stabilizing the
overall complex. The resultant structure of the overall com-
plex would mimic the configuration of ATP-DnaA-IHF-
Left-DOR complexes, thereby adopting the ssDUE recruit-
ment mechanism (Figure 1C).

This hypothesis was initially tested in DMS footprint ex-
periments using supercoiled M130riCMS9. DMS modifies
guanine residues, which are detected by primer extension as-
says (Figure 7 and Supplementary Figure S6). If present, G
residues at the fourth position of a DnaA box become more
sensitive, whereas those at the second position become less
sensitive, to DMS in a manner depending on stable bind-
ing of ATP/ADP-DnaA (Supplementary Figure S6A) (25).
Primers for the lower and upper strands were used accord-
ingly to the different orientations of DnaA box sequences
(Figures 1A and 7A, Supplementary Figure S6B-D). In
good agreement, addition of ATP-DnaA or ADP-DnaA al-
tered intensities of the bands corresponding to DnaA box
R2 (Figure 7A and Supplementary Figure S6B). Intensi-
ties of the bands corresponding to the cluster of low-affinity
DnaA boxes R5M, 72, I1 and 12 were changed in an ATP-
DnaA-dependent manner (Supplementary Figure S6C
and D).

When HU alone was incubated with the oriC plasmid, the
DMS modification was unaffected, consistent with the non-
specific and dynamic DNA interaction of HU (Figure 7A,
lanes 1 and 2). By contrast, when HU and ATP-DnaA were
incubated together, the intensities of bands within IBR were
moderately reduced (bands a and b in Figure 7A, lanes 3
and 4; and Figure 7B and C). Little change was observed
for the two bands with mixtures of HU and ADP-DnaA
(Figure 7A, lanes 5 and 6; and Figure 7B and C; Supple-
mentary Figure S6E). In the case of ADP-DnaA, intensi-
ties of two bands at the R I-proximal terminus and the mid-
dle of IBR were moderately reduced by HU, which might
come from interaction of HU with IBR via interaction with
R1-bound DnaA. These results would be in agreement with
the hypothesis, that the construction of ATP-DnaA-specific
Left-DOR complexes is a prerequisite for specific HU-IBR
interactions.

To further consolidate the possible structures of ATP-
DnaA-HU-Left-DOR complexes, DNase I footprint as-
says were performed using the Left-DOR fragment with the
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markers. A representative gel image is shown in panel C. Band intensities of each lane in the gel image were analyzed by densitometric scanning. The
relative band intensities of ChiDnaA to EcoDnaA are shown as ‘Relative intensity (ChiDnaA/EcoDnaA)’ (D). Means and standard deviations (SDs) are
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and cephalexin for run-out replication. DNA contents were quantified by flow cytometry. Cell sizes (mass) at the time of drug addition were measured by
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T-rich ssDUE overhang (ssMR-Left DOR in Figure 7D).
Based on the ssDUE recruitment mechanism (Figure 1C),
an ATP-DnaA pentamer is likely constructed via DNA
bending in IBR, forming an unstable complex, which could
be stabilized by preferential binding of HU to the bent IBR
and by ssDUE binding to the ATP-DnaA pentamer. When
ssMR-Left DOR and ATP-DnaA were mixed, regions of
DnaA boxes were protected (Figure 7E, lanes 1 and 3). The
DNase I susceptibility of IBR was significantly stimulated
depending on ATP-DnaA, suggesting structural changes of
IBR (region ¢ in Figure 7E, lanes 3-6). Moreover, the upper
region of the R1 box was protected (Figure 7E, lanes 3-06),
which may have resulted from wrapping of this DNA region
by the DnaA complex, consistent with the ssDUE recruit-
ment mechanism (23). Notably, when HU was co-incubated
with ATP-DnaA, most bands in region ¢ within IBR were
protected in an HU dose-dependent manner (Figure 7E,
lanes 3-6). In this region, the intensities of several specific
bands detected in the presence of 100 nM HU and in the ab-
sence of DnaA, were markedly reduced even with 6 and 25
nM HU in the presence of DnaA. DnaA box-like sequence
was not present around these sites (Figure 7E. lanes 1-6).
These results are consistent with the enhanced binding of
HU to bent DNA: the dissociation constants Kd values for
bent and linear DNA are reported to be 5-20 nM and 1.8-
760 wM, respectively (48). Thus, these results suggest that
HU directly and specifically binds to the bent IBR within
the ATP-DnaA-Left-DOR complex. In addition, intensi-
ties of bands within DnaA box 71/IBR-overlapping region
are slightly changed depending on HU (Figure 7E). Interac-
tion of HU with this region might exclude a DnaA molecule
from 71 box (see Discussion).

In addition, we performed similar experiments using
Left-DOR fragment with double strand DUE, but not ss-
DUE (dsMR-Left DOR) (Figure 7E and Supplementary
Figure S6H). When ATP-DnaA was co-incubated, regions
for DnaA boxes were protected like those of ssMR-Left
DOR. However, unlike the case of ssMR-Left DOR, the
band intensities in region ¢ within IBR in the presence of
DnaA were only slightly changed by the addition of HU,
implying labile interaction of HU with this region. These
results thus show contribution of ssDUE to the site-specific
HU binding, consistent with the importance of the ssDUE
binding of DnaA (Figure 4). Interaction of ssDUE with
Left DOR-DnaA complex is inferred to indirectly enhance
the HU binding through stabilization of DNA bending (see
Discussion). This is also consistent with the features with
supercoiled oriC plasmid that can promote DUE unwind-
ing (Figure 7A).

Furthermore, we performed similar experiments using
ssMR-Left DOR, HU and ATP-DnaA with deletion of
N-terminal domains I-II (ATP-DnaA III-1V). Weak in-
teraction between HU and DnaA domains I-1I is previ-
ously suggested (49). DNase I footprint patterns with ATP-
DnaA III-1V in the presence and absence of HU were basi-
cally similar to those with ATP-DnaA WT, although HU-
dependent protection of IBR was slightly less intense with
ATP-DnaA III-V than with ATP-DnaA WT (Supplemen-
tary Figure S6I). These results suggest that interaction of
HU and DnaA is not essential for, but is slightly stimu-
latory for specific binding of HU to IBR. Also, these re-

sults are consistent with previous reports indicating that
DnaA lacking domains I-11 is largely active in in vitro DUE
unwinding in the presence of HU and that DnaA-HU in-
teraction stimulates stability of DnaA complexes on oriC
(28,49).

HU binds to the interspace between TmaDnaA boxes 1 and 2
on Tma-oriC

T. maritima is an organism that is evolutionarily distant
from E. coli and conserves the cognate HU, but not IHF
(Supplementary Figure S1). Our previous study suggests
that the ssDUE recruitment mechanism operates even in
the origin of this bacterial species (12,21). To gain insight
into the evolutionary conservation of HU function in oriC,
DnaA-HU-oriC complexes from 7. maritima were analyzed
by DMS footprint experiments. The 149-bp minimal Tma-
oriCincludes TmaDnaA boxes 1 to 5 and an AT-rich DUE,
which is unwound in vitro by ATP-DnaA of T. maritima
(ATP-TmaDnaA) in the presence of E. coli HU, which is
homologous to 7. maritima HU (Figure 8A) (52). ATP-
TmaDnaA complexes constructed on the minimal 7ma-
oriC are suggested to bind to the cognate ssDUE via the
H/B motifs of TmaDnaA (21).

A DMS footprint assay using a supercoiled plasmid con-
taining the minimal Tma-oriC showed that ATP-TmaDnaA
bound to TmaDnaA boxes 1 to 5 (Figure 8B for box 2 and
Figure 8D boxes 1 and 3-5), consistent with our previous
results of DNasel footprint assays without HU (21). The
band annotation for the oriC position is shown in Supple-
mentary Figure S7. Notably, HU protected the specific po-
sition located between 7maDnaA boxes 1 and 2 depend-
ing on ATP-TmaDnaA (Band L1 in Figures 8B and C, and
Supplementary Figure S7D and E). Consistent results were
shown by analysis of the complementary strand although
changes of band intensity were small (Band Ul and U2 in
Figures 8D-G and Supplementary Figure STA-C and F-
I). In contrast, modifications in the box 3-5 region were
substantially unaffected by HU (Figure 8B and D). Also,
HU alone did not substantially change the footprint pro-
files (Figure 8B, lanes 1-4, and 8E, lanes 1-4). These results
are fully consistent with the idea that HU binds to the in-
terspace between TmaDnaA boxes 1 and 2 only when ATP-
TmaDnaA forms a complex with the minimal Tima- oriC.

To determine important 7maDnaA protomers for HU
binding, we similarly analyzed Tma-oriC plasmid with sub-
stitution of a TmaDnaA box with a sequence defective in
specific TmaDnaA binding (Supplementary Figure S7TD-I).
TmaDnaA binding was detected in the intact boxes, but not
in the substituted sites. HU-dependent protection in the in-
terspace between TmaDnaA boxes 1 and 2 was reduced in
Tma-oriCs with substitution of TmaDnaA box 1 or box 2,
but not substantially in Tma-oriC WT or Tma-oriCs with
substitution of 7maDnaA box 3, box 4 or box 5 (Supple-
mentary Figure S7D-I). These results suggest that DnaA
protomers bound to box 1 and box 2 are important for
HU binding to the interspace. Slight protection in this re-
gion remained even in the presence of TmaDnaA box 1 or
box 2 substitution might be caused by residual activity of
TmaDnaA complex constructed on boxes 2—5 for binding to
ssDUE of Tma-oriC (12). These results are consistent with
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proposed model for specific HU binding in E. coli oriC (see
Discussion).

DISCUSSION

Unlike IHF, HU homologs are evolutionarily widely con-
served in eubacterial species. Although both HU and IHF
have been reported to stimulate origin unwinding in E. coli,
the HU-specific DUE unwinding mechanism has remained
as a long-standing mystery. In this study, HU-DnaA-oriC
complexes were investigated intensively using in vitro re-
constituted systems. Similar to the IHF-promoted unwind-
ing of DUE, the HU-promoted mechanism showed a spe-
cific requirement for the Left-DnaA subcomplex, especially
DnaA protomers bound to the R1 and R5M boxes. More-
over, the protomer specific analysis using ChiDnaA sug-
gested that R1- and R5M-DnaA protomers directly in-
teracted with ssDUE to promote stable DUE unwinding.
These observations were supported by in vivo experiments.
Further analysis revealed that HU bound to the inter-
space between the R1 and R5M boxes (the R1-R5M in-
terspace), depending on ATP-DnaA-specific complex for-
mation, which was effectively stimulated by ssDUE. These
mechanisms are consistent with the hypothesis, that ATP-
DnaA binding to oriC and interaction between R1- and
R5M-DnaA protomers trigger DNA bending in the R1-
R5M interspace, stimulating labile interaction of HU to
the bending site and initial DUE unwinding, which pro-
motes ssSDUE binding to ATP-DnaA subcomplex, result-
ing in stable DNA bending of the R1-R5M interspace, sta-
ble HU binding and stable DUE unwinding (Figure 9A).
The initial DUE unwinding would be so labile as not to
be detected by P1 nuclease assay. These characteristics of
the HU-DnaA-oriC complexes were consistent with those
of the IHF-DnaA-oriC complexes and with the finding that
the ssDUE recruitment mechanism operates even in the HU
system. In addition, even in the HU system, the advan-
tage of the ssDUE recruitment mechanism in DnaB loading
would not be changed. A similar mechanism of site-specific
HU binding was suggested also in Tma-oriC, supporting
the hypothesis that the HU-promoted ssDUE recruitment
mechanism is evolutionarily conserved in eubacteria.

Some of the mechanisms in the HU system differed from
those in the IHF system. First, DMS footprint data revealed
that the site-specific HU binding to the R1-R5M interspace
depended on ATP-DnaA. By contrast, binding of IHF is
sequence-specific and does not depend on ATP-DnaA. Sec-
ond, in vivo analyses showed more stringent requirements
for R1 and R5M boxes in initiating chromosomal replica-
tion and in colony formation by IHF-deficient cells. By con-
trast, colony formation is observed in IHF-wild-type cells
bearing R1non or RSMnon on the chromosome, although
initiation of replication is markedly reduced in these cells
(24,61,62). The importance of R1- and RSM-DnaA in HU-
promoted DUE unwinding is consistent with the essential-
ity of R1 and R5M boxes in in vitro DUE unwinding in a
reconstituted system as well as the idea that DnaA binding-
dependent oriC structural changes are a prerequisite for HU
binding specificities. In addition, RSM-DnaA, which func-
tions as the core for ATP-DnaA assembly, was found to

bind to ssDUE even in the HU system. R1-DnaA was also
found to bind to ssDUE in the HU system.

The 71 box was found to be more important for in vivo
initiation of replication in IHF-deficient cells than in IHF-
wild-type cells (Supplementary Figure S4). In THF-wild-
type cells, chromosomal replication initiates without sub-
stantial inhibition, even when oriC bears T Ilnon mutations.
The in vitro unwinding of oriC in the IHF system is largely
sustained even with the T Ilnon mutation, and DNase I foot-
print experiments show that IHF outcompeted DnaA for
binding to the 71 box (24). The present study showed that
the in vitro unwinding of oriC in the HU system was only
moderate in the presence of Tlnon (Figure 3), consistent
with in vivo observations (Supplementary Figure S4). These
findings in addition to results of DNase I footprint experi-
ments suggest that DnaA temporarily binds to the 71 box,
stabilizing the DnaA assembly on the cluster of low-affinity
DnaA boxes in the Left-DOR during complex formation.
DnaA-DnaA interactions can lead to the formation of a
bent DNA in the interspace, such that the interaction of HU
with the bent DNA region, would lead to extrusion of 71
box-bound DnaA (t1-DnaA), stabilizing HU-DNA bind-
ing (Figure 9A).

HU has been hypothesized to alter the overall superhe-
licity of oriC DNA to stimulate DUE unwinding (53,54).
However, the effective amounts per oriC in replication ini-
tiation are similar for HU and ITHF regardless of sequence-
non-specific binding nature of HU (13,54). Moreover, the
present study demonstrated similar requirements for the
RI1-I1 region in DUE unwinding by the both HU and THF
systems. These results suggest that basically similar mecha-
nisms underly DUE unwinding in the two systems rather
than the specific possibility that the overall superhelical
modulation caused by sequence-non-specific DNA binding
of HU stimulates DUE unwinding, although this possibility
can not be completely excluded. In addition, although HU
has been reported to directly but weakly interact with DnaA
domains I-II (49), this interaction is likely non-essential
based on the reported feature that DUE unwinding activ-
ity is largely sustained, even by domains I-II-deleted DnaA
in the HU system (28). Consistently, in this study we showed
that stimulation of HU binding to the R1-R5M interspace
is largely sustained by DnaA lacking domains I-II (DnaA
ITI-1V) although the stimulation is slightly less than that by
WT DnaA (Supplementary Figure S6I). These results are
fully consistent with the proposed DUE unwinding mech-
anism in the HU system. The WT DnaA-dependent slight
stimulation might come from enhancement in stability of
DnaA complex by HU-DnaA interaction or that in lo-
cal concentration of HU molecules in the close vicinity of
DnaA complexes (49). In live cells, HU-DnaA interaction
could enhance recruitment of HU molecules to the vicinity
of DnaA-oriC complexes.

Taken together, these findings suggest that E. coli uses
two systems to unwind DUE, which are principally sim-
ilar. IHF can bind to the R1-R5M interspace sequence-
specifically prior to ATP-DnaA complex formation within
oriC whereas HU binds to it depending on the formation
of ATP-DnaA-Left-DOR complexes. Notably, the site-
specific binding of IHF to oriC is important to ensure
timely initiation during cell cycle in E. coli (63). E. coli
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Figure 9. Model of HU-promoted ssDUE recruitment mechanism. (A) Model of HU-promoted ssDUE recruitment mechanism. The left oriC subregion
including DUE and Left-DOR and DnaA are shown as in Figure 1. HU is shown in the pink diagram. An increase in ATP-DnaA level during the cell
cycle results in its oligomerization on the low-affinity DnaA boxes using the RSM-DnaA protomer as a core (leftmost panel). If DnaA temporarily binds
also to the 71 box, T1-DnaA moderately stabilizes the RSM-12 DnaA complex (lower panel). IBR is unstably bent by unstable interaction between R1-
DnaA and R5M-DnaA, forming a transient structure with unstable DUE unwinding and unstable HU binding (upper middle panel). The M /R-region
bearing TT[A/G]T(T) sequences (red line) of the DUE-upper strand (black bold line) binds to R1-DnaA and R5M-DnaA, stimulating stability of the
bent structure of IBR. HU binds specifically to the bent region and stabilizes the overall structure (upper right panel). The resulting ssDUE-ATP-DnaA—
DOR-HU complex stabilizes the unwound state of DUE. (B) Eubacterial oriC structures. Experimentally determined DUEs (dark gray) or predicted
DUEs (light gray) are shown. DORs are shown by open bars. DnaA box positions are indicated by arrowheads (Black; full consensus for EcoDnaA box,
Open; DnaA box with degenerated sequence). For bacteria with bipartite origins, oriC1 and oriC2, which bears the insertion of the dnaA gene (H. pylori,
W. succinogenes, A. butzleri, and B. subtilis), only DUE-proximal oriC2s are shown. For A. aeolicus oriC, only DUE-proximal region is shown because
of its length. For 7. maritima oriC, the minimal region for DUE unwinding is shown. DnaA box 71 in E. coli and DnaA boxes corresponding to the E.
colit1l in V. cholerae and P. aeruginosa oriCs are indicated by the pale blue arrowheads. The pale blue arrowheads in B. subtilis oriC2 show DnaA boxes
non-essential for initiation. The length of the interspace between DnaA boxes is indicated above the structure (black characters, comparative length for E.
coli IBR; red characters, shorter length for E. coli IBR). The presence of IHF and HU, the name of the species, and the phylum are also indicated on the
left side of each structure. Abbreviations: E. coli, Escherichia coli KI12; V. cholerae, Vibrio cholerae Olbiovar eltor str. N16961; P. aeruginosa, Pseudomonas
aeruginosa PAOI; B. bacteriovorus, Bdellovibrio bacteriovorus HD100; H. pylori, Helicobacter pylori 26 695; W. succinogenes, Wolinellasuccinogenes DS M
1740; A. butzleri, Arcobacter butzleri RM4018; B. subtilis, Bacillus subtilis QB928; S. aureus, Staphylococcus aureus RF112; M. tuberculosis, Mycobacterium
tuberculosis H37Rv; S. elongatus, Synechococcus elongatus PCC 7942; A. aeolicus, Aquifex aeolicus VFS; T. thermophilus, Thermus thermophilus HBS; T.
maritima, Thermotoga maritima MSBS.
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may have acquired the THF system to develop a sophisti-
cated system for regulating the cell cycle-coordinated repli-
cation initiation. IHF plays various roles in DnaA regula-
tion, not only by increasing ATP-DnaA levels, depending
on DnaA reactivating sequence DARS?2, but also by reduc-
ing ATP-DnaA levels through datA-dependent ATP-DnaA
hydrolysis (56,58,59). DARS?2 and datA as well as oriC are
chromosomal loci and IHF alternates its binding targets
through the cell cycle to initiate DNA replication in a timely
manner.

The specific role for HU in oriC could be conserved dur-
ing eubacterial evolution. In addition to E. coli, site-specific,
ATP-TmaDnaA-dependent binding of HU was observed
in Tma-oriC. Similar to the mechanisms underlying E. coli
oriC dynamics, the mechanisms underlying these Tma-oriC
dynamics can be explained by the preferential binding of
HU to bent DNA and the specific configuration of the
ATP-DnaA complex, consistent with the ssDUE recruit-
ment mechanism. Because 7. maritima is one of the most
evolutionarily ancestral organisms, the ssDUE recruitment
mechanism could be highly conserved throughout the eu-
bacteria. Consistently, the origins of the Vibrio cholerae
chromosome 2 (Chr2) and of the chromosome of H. pylori,
an € proteobacterium in addition to the origin of RK2 plas-
mid have been reported to use the same principles of the ss-
DUE recruitment mechanism (45,46,64). Although HU is
not essential in the in vitro unwinding of the H. pylori ori2
DUE (45), various in vitro conditions for unwinding as well
as in vivo significance of HU in initiation remain to ana-
lyzed. Roles for HU in the origins of V. cholerae Chr2, RK2
plasmid and other systems also remain to be elucidated. In
Bacillus subtilis (B. subtilis), Mycobacterium smegmatis and
Borrelia burgdorferi, HU is suggested to be involved in the
initiation of chromosome replication (65-67).

Some of the oriC structures in eubacterial origins are in-
ferred to be consistent with the HU-promoted ssDUE re-
cruitment mechanism (Figure 9B). A relatively wider in-
terspace between two DnaA boxes within the origin likely
plays a key role in specific HU binding. The length for the
HU binding region in E. coli oriC is comparable to the
35 bp IBR. Although HU has been reported to occupy a
9-bp sequence (68), the bending of the structure by two
nearby DnaA molecules would likely result in the need for
a longer sequence: physicochemical study suggests that an
HU mode complexed with sharply bent DNA is taken with
34-bp DNA, but not 10-bp DNA (69). Moreover, HU was
found to bind to both the interspace between the leftward
R1 and R5M boxes in oriC and between the leftward box 1
and rightward box 2 of Tma-oriC, which suggests that the
relative orientations of DnaA boxes are less important for
HU binding. Based on these features, a review of various
eubacterial oriCs suggests potential HU-interactive regions
(Figure 9B) (24,52,70-78). An exception may be the case for
B. subtilis oriC: a candidate region overlaps DnaA boxes 3
and 4 (Figure 9B). However, like 71 box of E. coli, these
boxes are non-essential for initiation, and have degenerated
from the consensus sequence (75,76). Also, S. aureus and
M. tuberculosis oriCs have relatively shorter interspaces, of
26- and 22-bp, respectively: DnaA boxes within or flank-
ing these regions could have a feature like DnaA box 71
or even shorter regions could be sufficient for the cognate

HU homolog (Figure 9B). Further detailed investigations
are clearly required.
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