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ABSTRACT

In all cells, initiation of chromosome replication de-
pends on the activity of AAA+ initiator proteins that
form complexes with replication origin DNA. In bac-
teria, the conserved, adenosine triphosphate (ATP)-
regulated initiator protein, DnaA, forms a complex
with the origin, oriC, that mediates DNA strand sep-
aration and recruitment of replication machinery.
Complex assembly and origin activation requires
DnaA-ATP, which differs from DnaA-ADP in its ability
to cooperatively bind specific low affinity sites and
also to oligomerize into helical filaments. The degree
to which each of these activities contributes to the
DnaA-ATP requirement for initiation is not known. In
this study, we compared the DnaA-ATP dependence
of initiation from wild-type Escherichia colioriCand a
synthetic origin (oriC®"APP), whose multiple low affin-
ity DnaA sites bind DnaA-ATP and DnaA-ADP simi-
larly. OriC"APP was fully occupied and unwound by
DnaA-ADP in vitro, and, in vivo, oriC®"APP suppressed
lethality of DnaA mutants defective in ATP binding
and ATP-specific oligomerization. However, loss of
preferential DnaA-ATP binding caused over-initiation
and increased sensitivity to replicative stress. The
findings indicate both DnaA-ATP and DnaA-ADP can
perform most of the mechanical functions needed
for origin activation, and suggest that a key reason
for ATP-regulation of DnaA is to control replication
initiation frequency.

INTRODUCTION

In all organisms, initiation of chromosome replication must
be precisely timed during the cell cycle, since delayed or
under-initiation leads to eventual chromosome loss, while
re-initiation from the same origin can result in replication

fork collapse and genome instability (1). Although diverse
mechanisms exist among different domains of life to regu-
late the onset of chromosome replication (2), much of the
control focuses on formation, activation and/or inactiva-
tion of initiator protein complexes that bind to and unwind
replication origin DNA, recruit replicative helicase and help
load replication proteins (3).

In bacteria, the complex that triggers initiation of chro-
mosome replication is termed the orisome, and its assem-
bly is best characterized in the model organism, Escherichia
coli (4). Escherichia coli orisomes assemble in stages, as
monomers of the highly conserved initiator protein, DnaA,
bind first to widely spaced high affinity (K4 = 4-20 nM) (5)
recognition sites in the replication origin, oriC, and then to
arrayed low affinity (K4 > 200 nM) sites positioned in gap
regions between strong sites (Figure 1A) (4).

DnaA contains four domains, each with distinct func-
tions. Targeted mutations in Domains I, III and IV have
revealed key roles for these domains in DnaA recruitment
(I), binding (IV), oligomerization (I, I1T) and helicase load-
ing (I, III), reviewed in (6,7). Further, as a member of
the AAA+ family of adenosine triphosphatases (ATPases),
DnaA has structural similarity to archaeal and eukary-
otic initiators (8) and tightly binds both ATP and adeno-
sine diphosphate (ADP) in domain III (9). While either
form of DnaA can occupy high affinity recognition sites in
oriC, (10), a subset of lower affinity sites preferentially bind
DnaA-ATP (11,12). In vivo, DnaA is bound to high affin-
ity sites throughout the cell cycle (13), but the origin is un-
wound, and initiation triggered, only when initiator binding
extends to the low affinity sites (14-16). Low affinity site oc-
cupation requires cooperative binding, which is mediated by
bound DnaA recruiting another DnaA molecule and posi-
tioning it so that it can bind the adjacent recognition se-
quence (17,18). Not all of the low affinity sites are essential
for origin activation, but at least some of the DnaA-ATP
preferring sites must be occupied, particularly in the left re-
gion of oriC (19). Thus, the long recognized DnaA-ATP
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Figure 1. Characterization of low affinity DnaA binding sites in Escherichia coli oriC. (A) Map of oriC, showing low affinity DnaA recognition sites
that preferentially bind DnaA-ATP (gray boxes) and high and low affinity sites that bind both nucleotide forms (black and hatched boxes, respectively).
The putative 71 site is marked with a dashed outline. The DUE is indicated. (B) DMS footprint comparing in vitro binding of purified DnaA-ATP and
DnaA-ADP to oriC. Binding sites and positions of the G2 and G4 residues diagnostic of DnaA binding are marked. (C) Quantitation of G2 or G4 band
intensities for each site when bound to 80 nM DnaA-ATP (gray) or DnaA-ADP (black), relative to band intensity of site in the absence of DnaA.

requirement for in vitro unwinding (9) depends, at least in
part, on this subset of origin binding sites.

DnaA-ATP is also uniquely capable of oligomerizing via
interactions between AAA+ domains (domain III). The
solved oligomeric structure is a helical filament having
single-stranded (ss) DNA binding activity (20). A num-
ber of roles for the ssDNA-binding oligomer in orisome
function have been suggested, including stabilization of the
unwound complex (21), DNA strand separation by DNA
stretching (22) and recruitment of the helicase loader (23).
An alternative form of the DnaA-ATP oligomer is pur-
ported to associate with double-stranded (ds)DNA recog-
nition sites in oriC, altering oriC topology as part of the
unwinding mechanism (24,25).

Because origin binding by DnaA-ATP is a prerequi-
site for subsequent events in origin activation, it has not
been possible to rigorously examine the requirement for
this initiator form in all stages of orisome assembly. We
have addressed this issue by designing a version of oriC
(oriC*"APP) that binds to both nucleotide forms of DnaA
equivalently at all recognition sites, and using oriCAPP
to examine the need for DnaA-ATP in origin unwinding
and in vivo origin activation. We report that origin recog-
nition, but not cooperative binding between low affinity
sites, requires DnaA-ATP. Once bound, DnaA-ADP and
DnaA-ATP have similar unwinding activities in vitro. Fur-
ther, when harbored as the sole chromosomal replication
origin, oriC*'APP suppressed lethality of DnaA mutants
with defects in ATP binding and ATP-dependent oligomer
formation. These observations are consistent with DnaA-
ATP being the active form of the initiator primarily be-
cause this form is required for occupation of key dsDNA
low affinity binding sites in oriC. If allowed equivalent ac-
cess to oriC, both DnaA-ADP and DnaA-ATP are capable

of performing the mechanical functions required to trigger
initiation. However, loss of preferential DnaA-ATP binding
caused over-initiation and increased sensitivity to replica-
tive stress, demonstrating that an important consequence
of ATP-dependent DnaA binding is controlled replication
initiation frequency.

MATERIALS AND METHODS
Chemicals, proteins, oligonucleotides and enzymes

Supplementary Material contains a description of the
reagents used.

Bacterial strains and plasmids

The E. colistrains and plasmids used in this study, including
details of their construction, are described in Supplemen-
tary Material.

Recombineering

OriCMAPP was introduced into ACL402 by recombineering
(26) (described in more detail in Supplementary Materials
and Methods and Figure S1A). Replacement was verified
by sequence analysis, using sequencing primers shown in
Supplementary Table S2.

Dimethyl sulfate (DMS) footprinting

DnaA or DnaA(R285A) at the concentrations indicated
in the figures was pre-incubated with 5 mM ATP or 5
mM ADP for 5 min before adding DNA, followed by
dimethyl sulfate (DMS) modification of DNA and primer
extension, and analysis as described (16). Primer sequences
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were 5-GATCGCACGATCTGTATAC, for revealing R1-
12, and 5-GGATCATTAACTGTGAATG, for revealing
R4-R2. Representative scans are shown in the figures. Im-
ages were analyzed by using Bio-Rad Quantity One soft-
ware. Intensities of bands in binding sites (relative to the
total intensity of all selected bands) were calculated. Devi-
ations in band intensities among experiments were <10%.

EMSA

Electrophoretic mobility shift assay (EMSA) was done
as described previously (17) using end-labeled frag-
ment and DnaA-ATP, DnaA-ADP or DnaA(R285A)-
ATP. To generate the fragments, complementary single-
stranded oligonucleotides: 5'-CAGTCATTGGTCATTCA
CAGCT CATTCACAGAGTTATCCACAGTAGATCG
CA and its complement, or 5-CAGTCATTGGTCATT
CACAGCT CATTCACAGAGGATATAGTTGTAGAT
CGCA and its complement were annealed as described
(17). Representative scans (from triplicate experiments) are
shown, with some intervening lanes removed.

P1 endonuclease digestions

Supercoiled plasmid (10 fmol) in 20 pl of 40 mM HEPES-
KOH, pH 7.6, 8§ mm MgCl,, 30% glycerol, 0.32 mg/ml
bovine serum albumin (BSA) and 20 ng hydroxyurea (HU)
protein was incubated for 10 min at 38°C with varying mix-
tures of ATP and ADP (total concentration of nucleotide
was 5 mM). DnaA-ATP and/or DnaA-ADP at the concen-
trations indicated in Figure 3, and 1.2 units of P1 endonu-
clease were then added, and reactions were incubated for
10-15 s. Reactions were stopped and samples processed as
described in (16). Images were analyzed by using Bio-Rad
Quantity One software. Triplicate experiments were done,
with representative scans shown in Figure 3.

Protein crosslinking

Reactions were set up as for DMS modification, except that
no BSA was added to the reaction. After incubation of
DNA and DnaA for 5 min, the samples were incubated
with 3,3’-dithiobis(sulfosuccinimidylpropionate) (DTSSP;
100 mM) for 5 min at 37°C. Reactions were stopped by
the addition of lysine (50 mM). Loading buffer lacking
reducing agent was then added to the samples, and the
samples were resolved on 8% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis gels. The proteins were
transferred to nitrocellulose, and DnaA on the blots was re-
vealed using an anti-DnaA antibody, detected by chemilu-
minescence (Bio-Rad ImunoStar kit). Images were analyzed
by using Bio-Rad Quantity One software. Assays were done
in triplicate, with representative scans shown in Figure 4.

Flow cytometry

MG1655 or MG1655(oriC*'APP) were grown in LB media
or minimal salts media (27) supplemented with 0.2% glu-
cose, 0.2% uracil and 0.2% casamino acids to an ODysy of
0.2, and then incubated with 300 wg/ml rifampicin and 15
wg/ml cephalexin at 37°C for 4 h. A total of 1 ml of treated

cells were fixed with 9 ml of 70% ethanol and stored at
4°C. Prior to flow cytometric analysis, 1 ml of the fixed cell
suspension was pelleted, washed with 50 mM Tris—Cl, pH
7.5, 150 mM NaCl (TBS) and resuspended in 1 ml of TBS
containing 0.5 wl Vybrant DyeCycle Green (Thermofisher).
Stained cells (30005000 cells/ml) were analyzed using an
Accuri C6 personal flow cytometer, and data from 10 000
cells were collected. The threshold was set to prevent count-
ing of non-fluorescing particles, and gating was used to ex-
clude non-bacterial particles from the histogram images.
Forward scatter was used for cell mass measurement.

Drug sensitivity assays

An overnight culture of MGI1655 asnB::tet or
MG1655(oriCMAPP - gsnB::tet) was grown in LB-media
supplemented with tetracycline (12.5 pg/ml) at 37°C. The
cultures were serially diluted in LB media and different
dilutions were plated on LB plates containing HU at 0,
5, 10, 15 or 20 mM or azidothymidine (AZT) at 0, 0.5, 1,
1.5 and 2 uM, followed by incubation for 24 h at 37°C.
Duplicate plates were used for each concentration. The
total cell viability and surviving fraction was calculated as
described in (28). Three individual assays were performed.

RESULTS

Escherichia coli oriC contains six low affinity sites that pref-
erentially bind DnaA-ATP

Previous studies established that the I1, 12, I3 and 72 recog-
nition sites preferentially bind DnaA-ATP, while R1, R2,
R4 and R5M bind DnaA-ATP and DnaA-ADP equiva-
lently (11,12). Binding attributes have not been reported
for three recently identified low affinity sites (C1, C2 and
C3) (17). To complete characterization of DnaA-ATP and
DnaA-ADP binding to oriC, DMS footprinting was used
to reveal the DnaA binding patterns on supercoiled tem-
plates (Figure 1B and C). DnaA was pre-incubated with
either ATP or ADP, and then bound to supercoiled oriC
plasmid prior to DMS treatment and primer extension.
Sites that are occupied by DnaA are revealed by distinctive
changes to the DMS modification pattern resolved on se-
quencing gels. Specifically, the G4 of the 9 mer consensus 5'-
TGTGGATAA (or variations of this sequence) becomes hy-
persensitive, and the G2 less sensitive to DMS (Figure 1B),
causing darker and lighter bands, respectively. It should be
noted that not all binding sites have guanosines at both po-
sitions. Based on the footprints, C1 and R5M bind DnaA-
ATP and DnaA-ADP equally, as do R1, R2 and R4. In con-
trast, C2 and C3 preferentially bind DnaA-ATP. We are un-
able to detect any DnaA binding to the putative 71 site, lo-
cated to the left of RSM, by either DMS footprinting (Fig-
ure 1B) or EMSA (17). Thus, we conclude that in E. coli
oriC, each gap region between strong sites contains four low
affinity sites: one non-discriminatory site (C1 or RSM), and
three sites that preferentially bind DnaA-ATP.

DnaA-ATP is not required for the cooperative binding needed
to fill low affinity DnaA sites

For low affinity sites to become occupied, DnaA must not
only recognize the nucleotide sequence of the site to be



filled, but also must be recruited and positioned (cooper-
ative binding) by previously bound DnaA (17,18). There
is evidence that both site recognition and recruitment as-
pects of cooperative binding require DnaA-ATP. Single nu-
cleotide changes in the 12 and I3 sites allow them to recog-
nize and bind DnaA-ADP (11), while mutation of a criti-
cal arginine (R285) in DnaA results in loss of both AAA+-
dependent interactions and low affinity site binding (12).
However, DnaA bound to R1 or R4 can use its N-terminal
domain (domain I) to recruit DnaA-ADP for binding to
R5M or Cl1, respectively (29), and similar domain I in-
teractions might promote cooperative DnaA-ADP bind-
ing between the remaining low affinity sites, as long as
the recruited DnaA could recognize the 9 mer sequences.
To examine this possibility, the ability of DnaA-ADP and
DnaA(R285A) to extend from an anchor R4 site to occupy
two flanking RSM sites was measured by EMSA (Figure
2A). End-labeled probe was incubated with two concentra-
tions of DnaA-ATP, DnaA-ADP or DnaA(R285A)-ATP,
and the resulting complexes were resolved on polyacry-
lamide gels. At the higher DnaA concentration, all forms of
DnaA were capable of filling all three sites on the oligonu-
cleotide probe, including the two low affinity sites, to form
complexes containing three bound DnaA molecules (Figure
2A). Binding to the two closely spaced R5M sites required
the high affinity anchor site (Figure 2A, first panel), as has
been reported previously (5,17).

We next designed a version of oriC (termed oriC¥4PP)
that can become fully occupied with DnaA-ADP. To ensure
that orisome assembly on the oriC*P? template remained
staged, the DnaA-ATP sites were converted to sequences
similar (or identical) to the low affinity R5SM and C1 sites.
The sequences of the converted sites are shown in Sup-
plementary Table S1. Staged binding of DnaA-ADP and
DnaA(R285A) to oriC PP was verified using DMS foot-
printing (Figure 2B and C); the binding pattern is similar to
the ordered binding of DnaA-ATP to wild-type oriC (Fig-
ure 1B). Combined, these results indicate that site recogni-
tion, more than ATP-dependent recruitment, contributes to
the requirement for DnaA-ATP in oriC binding.

DnaA-ADP is capable of unwinding oriC*"AP? plasmids

Binding of DnaA to low affinity sites in E. coli oriC is a
prerequisite for DNA strand separation (30). DnaA-ATP
is required to form the unwound complex (9), but mixed
complexes of DnaA-ATP and DnaA-ADP are also active
(31), and it remains unclear how much unwinding activ-
ity DnaA-ADP might possess if this form could access the
low affinity sites in the origin. To address this, oriC*!APP,
was used to compare unwinding activities of DnaA-ATP
and DnaA-ADP. First, we verified that the site mutations
in oriC*"APP did not increase or decrease the unwinding
activity of DnaA-ATP. Supercoiled wild-type oriC and
oriCMAPP plasmids were incubated with increasing concen-
trations of DnaA-ATP, treated with single-strand specific
P1 endonuclease, and the topological forms were separated
on agarose gels (Figure 3A). When the plasmid DNA un-
winds, P1 can make opposing nicks on the ssDNA, pro-
ducing a linear form. In this assay, wild-type and mutant
plasmids showed indistinguishable unwinding patterns with

Nucleic Acids Research, 2018, Vol. 46, No. 12 6143

DnaA-ATP. This is the expected result if oriC*'APP and
wild-type oriC have similar overall affinities for DnaA-ATP,
since DnaA would unwind oriC*'APP at a lower DnaA con-
centration if the converted sites had higher affinity than
their wild-type counterparts. Next, to determine if the mu-
tations in oriC*'APP reduced the requirement for DnaA-
ATP in plasmid origin unwinding, the wild-type or mu-
tant plasmids were incubated with varying ratios of DnaA-
ATP/DnaA-ADP, while keeping the total DnaA concen-
tration constant (at 80 nM) (Figure 3B). We observed
that oriC*"APP was unwound in reactions containing only
DnaA-ADP. In contrast, although DnaA-ADP could sup-
plement DnaA-ATP in unwinding the wild-type oriC plas-
mid, the majority of DnaA in the reaction mixture had to
be in the ATP form, similar to what has been reported pre-
viously (31). These results are consistent with earlier work
that suggested that 12 and I3 play a role in determining the
DnaA-ATP dependence of unwinding. The data demon-
strate that both DnaA-ADP and DnaA-ATP are mechan-
ically capable of unwinding oriC DNA if they can bind to
the origin.

DnaA mutants defective in ATP binding can activate
oriC"PP iy yivo

The ability of DnaA-ADP to unwind the oriC*APP plas-
mid suggests that the binding site mutations might also de-
crease the initiation requirement for DnaA-ATP in vivo.
Since it is not possible to generate cells containing only
DnaA-ADP, we chose to examine oriCYAPP activity in
cells carrying the dnaA46(ts) allele, which has two amino
acid substitutions (A184Vand H252Y) in the AAA+ do-
main. The A184V mutation disrupts nucleotide binding and
is responsible for the temperature sensitive growth (per-
missive at 25°C, and non-permissive at 42°C) (32). The
H252Y mutation reduces interactions between AAA+ do-
mains and ATP-dependent filament assembly, as well as
affinity for single stranded DNA (20). If oriC*"APP does
have a decreased requirement for DnaA-ATP in origin ac-
tivation, then as the sole chromosomal replication origin,
oriCYAPP should suppress the dnaA46 mutation and al-
low growth at non-permissive temperature. To test this,
recombineering (homologous recombination-mediated ge-
netic engineering)(26) was used to delete the chromoso-
mal copy of wild-type oriC, and replace it with oriC*IAPP
at the native location (Supplementary Figure SIA shows
a scheme of procedure). The mutant chromosomal origin
was then transferred from the recombineering strain into
MG1655(dnaA46) by transduction using P1 phage. Individ-
ual colonies were selected after growth in selective media at
25°C. The selected colonies were then diluted in LB, plated
and tested for growth at 25°C and 42°C (Figure 4A and
B). As expected, no MG1655(dnaA46) colonies appeared at
non-permissive temperature (Figure 4A, bottom right, 4B).
In contrast, oriC*'APP was able to suppress the DnaA46
mutation and form colonies at 42°C (Figure 4A, top right
and B). Only partial suppression was observed; at non-
permissive temperature, MG1655(oriC*"PP dnaA46) have
half the colony forming unit activity as MG1655(oriC*I'APP
wild-type dnaA) (Figure 4B), possibly because DnaA46 has
lower activity and stability even at permissive tempera-
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Figure 2. DnaA-ATP oligomerization is not required for cooperative binding between low affinity sites. (A) EMSA of wild-type DnaA-ATP,
DnaA(R285A)-ATP or DnaA-ADP binding to probe carrying the closely spaced sites shown below the panels. DnaA:DNA molar ratios were 0:1, 2.5:1
and 10:1. Positions of unbound probe (0), and probe bound to 1, 2 or 3 molecules of DnaA are marked. (B) DMS footprints of DnaA-ATP, DnaA-ADP
and DnaA(R285A)-ATP bound to oriC*APP Binding sites and diagnostic G2 and G4 residues are marked. (C) Quantitation of G2 or G4 band intensities
for each site when bound to 80 nM DnaA-ATP (gray), DnaA-ADP (black) or DnaA(R285A)-ATP (stippled) relative to intensities at 0 nM DnaA.

ture (33). To ensure that the ability of MG1655(oriC*APP|
dnaA46) to grow at 42°C was not caused by activation
of a cryptic origin, P1 transduction was used to replace
the origins in MG1655(dnaA46) and MG1655(oriC*APP|
dnaA46) with AoriC::pKN1562(kan), asnA::cat; colonies
were selected after growth at 25°C. This transduction inacti-
vates oriC, and inserts a plasmid R 1 replication origin at the
native oriC location. The transduced cells were then trans-

formed with a plasmid expressing copA or dnaA. CopA is
an antisense RNA that prevents activation of the integrated
R1 plasmid origin (34), and is lethal to the cells unless an
alternative origin can trigger initiation. No colonies were
formed in cells derived from MG1655(wt oriC, dnaA46)
or MG1655(oriC*MAPP " dnaA46) after transformation with
the plasmid expressing copA, while the plasmid expressing
DnaA transformed the cells with high efficiency (Supple-
mentary Figure S2). Combined, these results suggest that
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even DnaA that is defective in nucleotide binding and has
reduced oligomerization capacity can trigger chromosome
replication from oriC*APP

OriC#APP can be activated by DnaA(R2854) in vivo.
The suppression of DnaA46 temperature sensitivity by
oriCMAPP supports a model of E. coli replication initiation
in which the ability of DnaA to occupy low affinity sites
in oriC is key to determining whether that DnaA can trig-
ger initiation, and suggests that ATP-dependent oligomer-
ization may be less critical in origin activation. However,
although the H252Y mutation in DnaA46 reduces inter-
actions between AAA+ domains, it does not eliminate

them (20). Therefore, to test the requirement for ATP-
dependent DnaA oligomerization further, we examined
oriC*ADP activation by the more robust assembly mutant,
DnaA(R285A), which is similar to DnaA-ADP in its inabil-
ity to oligomerize and to bind ssDNA (20). DnaA(R285A)
is also unable to activate wild-type oriC in vitro and in vivo
(12). However, since R285 is not essential for cooperative
binding at low affinity DnaA-ADP recognition sites (Fig-
ure 2), it seemed possible that DnaA(R285A) might trig-
ger initiation from oriC*'APP_ This idea was tested using
the 0ri C*MAPP recombineered cells, which, in addition to the
transplanted origin, carry a deletion in the chromosomal
dnaA gene and must initiate replication from an integrated
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plasmid R1 replication origin (Supplementary Figure SIA).
Cells containing either wild-type oriC or oriC*'APP at the
native position were transformed with plasmids expressing:
copA; copA and wild-type dnaA; or copA and dnaA(R285A)
(Figure 4C and Supplementary Figure S1B). CopA is lethal
to the cells unless the chromosomal oriC or oriC*"APP can
be activated by co-expressed DnaA. Accordingly, in the ab-
sence of exogenous DnaA, no colonies appeared after trans-
formation of either the strain carrying transplanted wild-
type oriC or oriC*"APP with the copA expression plasmid
(Figure 4C). This result also verifies that the cells do not
harbor any other alternative origins that function in the ab-
sence of DnaA. Further, as expected with cells that har-
bor functional versions of oriC, both strains were success-
fully transformed with the plasmid co-expressing wild-type
DnaA and copA (Figure 4C). In contrast, only the cells
carrying transplanted oriC*'"APP could be transformed with
the plasmid co-expressing DnaA(R285A) and copA (Fig-
ure 4C). These results suggest that when DnaA can ac-
cess all low affinity oriC recognition sites, the requirement
for arginine finger/ATP interactions and thus for robust
ATP-dependent oligomerization and ssDNA binding, can
be suppressed.

Although the assembly defect caused by the R285A mu-
tation has been well characterized (20), DnaA(R285A)
binds ATP similarly to wild-type DnaA and presumably
DnaA(R285A)-ATP and wild-type DnaA-ATP monomers
have comparable conformations. It is possible that the
close positioning of low affinity sites in oriC*'AP? pro-
moted some interactions between the AAA+ domains of
adjacent DnaA(R285A) monomers even without the R285
arginine finger, and in this way allowed DnaA(R285A)
to activate oriC¥'APP_ To investigate this possibility, pro-
tein crosslinking experiments were performed to evalu-
ate oligomerization of DnaA(R285A) on wild-type oriC
and oriC*APP (Figure 4D). Supercoiled plasmids carry-
ing oriC or oriC*"PP were incubated with DnaA-ATP
or DnaA(R285A)-ATP at levels slightly higher than re-
quired for full origin occupation and unwinding (100 nM).
The complexes were then treated with the amine specific
crosslinker DTSSP, separated on denaturing protein gels in
the absence of reducing agent and oligomeric species were
detected by immunoblotting. DnaA-ATP formed dimers
and trimers on both origins (Figure 4D and Supplemen-
tary Figure S3), with formation of multimers being stimu-
lated by the oriC template; these results are consistent with
previous studies (20,29). In contrast, DnaA(R285A)-ATP



was impaired in formation of any higher order species on ei-
ther origin (Figure 4D and Supplementary Figure S3), and
the very low level of DnaA(R285A) trimer formation on
oriC and oriCYAPP (<1% of total species) was the same
as that seen without any template (Supplementary Fig-
ure S3). Additionally, the crosslinking assays suggest that
DnaA(R285A) is either not oligomerizing on the ssDNA
in the unwound region, or it is forming only very unsta-
ble filaments that could not be detected in this assay. Com-
bined, these results suggest that formation of stable DnaA
oligomers longer than dimers is not essential for oriC*APP
activation.

Cells with chromosomal oriC“PP initiate more than once
per cell division cycle.  Over a range of growth rates, a key
determinant of cell initiation age is the level of available
DnaA-ATP (35), which fluctuates during the cell cycle (36).
Logically, since occupation of the low affinity DnaA-ATP
sites in oriC requires the elevated DnaA-ATP levels attained
just prior to initiation, these sites should play a role in set-
ting the time of initiation in the cell cycle (17). Thus, if
oriCMAPP can be activated by any available form of DnaA,
then initiation timing should no longer be tightly coupled
to DnaA-ATP levels, but rather to available levels of ei-
ther form of DnaA. To generate cells where oriC*'APP is the
sole replication origin, the mutant origin or wild-type oriC
was transferred from the recombineered strains into the
native oriC location in MG1655(AoriC::pKN1562(kan),
asnA::.cat, asnB::tet) by transduction with P1 phage, replac-
ing the integrated plasmid origin. The resulting colonies, re-
gardless of whether their cells contained wild-type oriC or
oriCAPP a5 the sole chromosomal replication origin, ap-
peared at the same time interval after transduction. This re-
sult is not at all similar to the extremely small, slow to ap-
pear colonies observed after an ida null mutation is trans-
duced into cells (37) and suggests that survival and growth
of oriC*'APP cells does not require generation of suppressor
mutations.

To evaluate timing of initiation, MGI1655 or
MG1655(oriCAPPY) cells growing exponentially in LB
(generation time of 224 2 min for both strains) or minimal
media supplemented with glucose, casamino acids and
uracil (generation time of 334+ 2 min), were treated with
rifampicin to inhibit new rounds of chromosome replica-
tion and cephalexin, which prevents cell division, followed
by incubation to allow completion of ongoing rounds of
replication. After staining cellular DNA, the number of
chromosomes in the cell, which reflects the number of oriC
copies present at the time of drug addition, was detected
by flow cytometry. Under rapid growth conditions, the
E. coli generation time is less than the time needed to
complete chromosome replication (38), so exponentially
growing cells normally contain more than one copy of
oriC, and all origin copies initiate chromosome replication
synchronously, once per cell cycle, on partially duplicated
chromosomes (39). The origin number doubles at the time
of initiation, and only 2" origins should be in the cells.
Accordingly, cultures of MG1655 cells contained 4 or 8
origins when grown in LB (Figure 5A, top panel), or 2, 4 or
8 origins when grown in minimal media supplemented with
glucose and casamino acids (Figure 5A, bottom panel).
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In contrast, initiation timing in MG1655(ori C2"APP) cells
was perturbed, since cells containing odd numbers of
origins were detected (Figure 5B, top and bottom panels).
The histograms are consistent with over-initiation, since
the number of origins per cell is higher than observed in
wild-type cells; this is expected if origin activation is less
tightly coupled to DnaA-ATP levels.

To verify that the MG1655(oriC*'APP) cells were over-
initiating and not simply resistant to rifampicin-induced
inhibition of initiation, we measured the DNA content of
cells growing in minimal salts media at the time of drug
addition, and then at 20 min intervals after drug addi-
tion. Exponentially growing MG1655(oriC*'APP) cells had
a higher DNA content than MG1655 carrying wild-type
oriC, as is expected from cells that over-initiate, as long
as the forks can progress (Supplementary Figure S4A, top
panel). In contrast, cells that have rifampicin-resistant ini-
tiations, such as cells carrying a deletion of the datA lo-
cus, have the same DNA content as their wild-type parental
strain when growing exponentially (40). After addition of
rifampicin and cephalexin, DNA content increased in both
MG1655(0riC"PPy and MG1655 for approximately 50
minutes (Supplementary Figure S4), which is consistent
with the time required to complete all rounds of ongoing
chromosome replication. In contrast, rifampicin-resistant
datA cells continue to increase DNA content about twice
as long as wild-type cells (40). At last, the total DNA con-
tent in both MG1655 and MG1655(oriC*'APP) increased
to a similar extent (~1.5-fold) (Supplementary Figure S4A
and B), unlike rifampicin-resistant cells which have a greater
increase in DNA content (e.g. 2-fold for datA cells) (40).
The over-initiation also does not cause MG1655(oriC2APF)
cells to be discernably bigger than MG1655 cells, as mea-
sured by either light scatter or microscopy (Supplementary
Figure S4C).

Although the rate of appearance of the transduced
colonies did not support the idea that generation of
suppressor mutations was required for survival of
MG1655(oriCAPPY  cells, some over-initiating cells,
such as cells lacking hda, do generate suppressors (37)
(41). Therefore, we examined MG1655(oriC'APP) cells
more thoroughly for suppressors that might affect initi-
ation. Origins in MG1655 or MG1655(oriC'APP) were
replaced with AoriC::pKN1562(kan), asnA::cat using
transduction. Wild-type oriC was then re-introduced into
both strains, creating MG1655 (wt oriC to wt oriC) and
MG1655(0riCMAPP to wt oriC). Initiation timing in both
strains was examined by treating exponentially growing
cells with rifampicin and cephalexin, and analyzing DNA
content after replication run out using flow cytometry
(Supplementary Figure S4D). DNA histograms of both
MG1655 (wt oriC to wt oriC) and MG1655(oriCAPP to
wt oriC) were very similar, and both looked like MG1655
(compare FigS4A, bottom, with S4D). These data indicate
that although MG1655(oriC*'APP) cells over-initiate, this
does not appear to result in generation of suppressor
mutations that would decrease initiation frequency.

Loss of ATP-dependent DnaA binding sites in oriC in-
creases sensitivity to inhibitors of replication fork move-
ment. Loss of once per cycle initiation regulation raises
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the probability of head-to-tail (co-directional) fork colli-
sions (1), since over-initiation can cause forks to be closer
together. Although under unstressed growth conditions,
over-initiation did not cause measurable growth defects in
MG1655(oriC*'APP), over-initiation could make the cells
more susceptible to agents that impair replication fork
movement, since these would further increase the odds
of collision between closely spaced replication forks (28).
To test this, we measured the sensitivity of MG1655 and
MG1655(oriC*'APPy to HU and to AZT, both of which
slow replication forks (42,43). Exponentially growing cells
were plated onto LB-agar plates containing varying concen-
trations of drug, and the number of colony forming units
was counted after overnight growth at 37°C (Figure 5B).
MG1655(0riC*"APPY was at least 3-fold more susceptible to
both drugs, indicating that loss of ATP-dependent initiator
binding to dsDNA resulted in increased sensitivity to repli-
cation stress. This behavior emphasizes the need for an ‘on-
off” switch to regulate replication origin firing and main-
tain genome stability, a switch that is provided by coupling
origin-initiator protein interactions to ATP binding and hy-
drolysis.

DISCUSSION

In all forms of life, the ATP-bound form of DNA replica-
tion initiators is required to license replication origins (44).
This requirement was first identified in E. coli, based on
studies showing that only DnaA-ATP has activity in in vitro
unwinding and replication assays (9). Various explanations
are proposed for the dependence on DnaA-ATP in E. coli
DNA replication; however, because origin binding is ATP-
dependent, it has been difficult to rigorously test the DnaA-
ATP requirement during all stages of the initiation process.
In this study, we addressed this issue by creating a version
of oriC (oriC*APP) in which DnaA binding to oriC is inde-
pendent of bound nucleotide. Using this origin, we found
that DnaA-ATP and DnaA-ADP were both competent to
unwind oriC*"APP plasmids and that bound nucleotide and
robust intermolecular interactions of AAA+ domains were
not essential for activation of oriC*'APP jn vivo. The data
suggest that after binding to low affinity sites, DnaA-ATP
is not unique in its ability to perform the mechanical pro-
cesses used in origin activation.

This and previous studies (11,12) identified low affinity
sites that bind DnaA-ATP and DnaA-ADP equivalently, as
well as sites that preferentially bind DnaA-ATP. It is not
known why some specific binding sites allow both DnaA’s
nucleotide forms to bind, and others do not, but, logi-
cally, the answer lies in conformational differences between
DnaA-ATP and DnaA-ADP. In the ATP-bound form, the
DNA binding domain IV bends toward the AAA+ domain
I11, placing the two domains in proximity (24). Alterna-
tively, the bent structure of DnaA-ATP could allow amino
acid side chains from both domains IIT and IV to partic-
ipate in site binding, similar to the ‘lobster claw’ mode of
interaction suggested for dsDNA binding of archaeal and
eukaryotic initiator proteins (45,46). Since ‘lobster claw’
binding is stabilized by AAA+ interactions (46), it is pos-
sible that in wild-type oriC, the AAA+ domains of DnaA
molecules occupying DnaA-ATP sites are linked, thus cou-
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pling DnaA-ATP oligomerization to site occupation. This
would explain the inability of DnaA(R285A) to stably oc-
cupy DnaA-ATP sites, and also why low affinity DnaA
binding in wild-type oriC requires that sites be arrayed in
the same orientation, and separated by 2 bp (17). In con-
trast, the low affinity RSM and C1 sites may be able to make
more base-specific contacts with domain IV, which would
alleviate the need for the contribution from domain III in
binding to these sites. Consistent with this idea, the A in
position 7 in the consensus sequence 5'- TTA/TTNCACA,
which aids sequence-specific binding to domain IV (47), is a
common feature among 9 mer sequences that bind DnaA-
ADP. It is also possible that some conformational changes
in DnaA, observed at physiological ATP concentrations (5
mM) (48), contribute to the cooperative binding that ex-
tends DnaA between low affinity DnaA-ATP sites. It should
also be noted that DnaA-ATP sites have not been identified
in many bacterial origins, and some bacterial DnaAs do not
contain a domain 1 that is capable of DnaA-DnaA interac-
tions (49). In these origins, it is possible that low affinity
sites can be filled only using DnaA-ATP oligomerization.
This may be the case in Bacillus subtilus, where one mode of
initiation regulation utilizes anti-cooperativity factors that
prevent DnaA-ATP oligomerization (50,51).

The observations that E. coli oriC*"AP? can be un-
wound by DnaA-ADP, and activated by DnaA46 and
DnaA(R285A) raise questions about the role of DnaA-
ATP oligomers in origin activation. Our data are not com-
patible with models for E. coli origin unwinding that in-
voke a requirement for an oligomeric DnaA-ATP filament
that extends from R1 into the DNA unwinding element
(DUE) (21), stretches DUE DNA (22) or creates right-
handed supertwists when bound to the dSSDNA DnaA-ATP
sites (24,25). The data may be more consistent with mod-
els that invoke engagement of DUE DNA with key amino
acids in the central channel of a DnaA-ATP oligomer asso-
ciated with low affinity sites (52), but only if a similar chan-
nel can be formed on oriC*"APP by close spacing of any form
of DnaA molecules, or if only one DnaA molecule bound
to R5M is needed to unwind, as has been recently suggested
(53). However, if a DnaA-ATP filament is not essential, the
question remains how DnaA in any form is able to separate
origin DNA strands. Perhaps the inherent DNA bending
activity of bound DnaA is sufficient. DnaA produces a 30—
40° bend in the DNA of each site to which it binds (5), sim-
ilar to the DNA distortions caused by binding of archaeal
and eukaryotic initiator proteins (45,46). Concerted DNA
bending by DnaA bound at multiple arrayed sites may gen-
erate sufficient torsional stress to unwind the AT-rich DUE.
In this model, the mechanical activity for unwinding results
from domain IV interacting with DNA, while domains I
and III, mediating cooperative binding to DnaA-ATP sites,
are needed for assembly of the unwinding complex. While
it is not known how many arrayed sites might be required,
there is evidence that not all the low affinity sites in E. coli
oriC are essential (19,53,54). Additionally, although we can
detect oriC'APP activation in the absence of robust DnaA
oligomers, it remains likely that in any cells containing wild-
type DnaA, a DnaA-ATP filament bound to ssDNA plays
a role in initiation, by providing a docking site for the he-
licase loader (DnaC) or by expanding the unwound region
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(22,23). While the location of ssDNA DnaA binding in E.
coliis not yet determined, the recently identified DnaA-trio
elements located in the right 13 mer region of the DUE (55)
are candidate sites. It is also possible that bacteria are capa-
ble of unwinding oriC using different mechanisms, depend-
ing on the origin configurations. Future studies are required
to elucidate this critical step in origin activation.

Our data also reveal a critical role for preferential DnaA-
ATP binding sites in regulating initiation timing, since
oriCAPP initiated more than once per cell cycle. It is
perhaps less obvious why the over-initiation activity of
oriCMAPP remained compatible with host growth. Over-
initiation is most lethal when closely spaced replication
forks are combined with some problem, such as a DNA le-
sion, that results in stalled forks, because this increases the
frequency of co-directional collisions (28,56). To avoid this,
cells maintain a minimal inter-initiation interval, termed the
eclipse period, which ensures some spacing between repli-
cation forks. In E. coli, the majority of the eclipse period
is caused by the SeqA protein (57,58), which prevents re-
initiation by blocking low affinity DnaA binding sites in
oriC immediately after replication begins (15,59). SeqA also
aids repair of collapsed forks and replication restart (60).
SeqA null mutants over-initiate, and because the closely
spaced forks encounter unrepaired collapsed forks, growth
of SeqA null cells is severely inhibited. Cells that carry too
much DnaA-ATP (such as ida null cells) also over-initiate,
and this is further complicated by DnaA-ATP-induced re-
pression of nrdAB (61,62), resulting in lower than nor-
mal nucleotide levels. Insufficient nucleotides could slow
fork movement directly, or could make it more difficult to
bypass DNA lesions caused by events such as oxidative
stress (56,63). In contrast oriC*"APP cells retain functional
SeqA, and the mechanisms controlling cellular DnaA-ATP
levels should be operating normally. Thus, despite over-
initiating, the SeqA protein should maintain the eclipse
period and fork stability in oriC*'APP cells, and the over-
initiation should not be not exasperated by slowed or stalled
forks caused by low nucleotide levels. However, since DnaA-
ATP hydrolysis will be ineffective at preventing extra initia-
tions after the end of the eclipse period, the oriC*'APP cells
are more susceptible to drug-induced fork slowing, prob-
ably because the extra forks arising from extra-initiation
events can collide under these conditions (28). Thus, requir-
ing DnaA-ATP for origin recognition links orisome assem-
bly to its inactivation switch, and contributes to the once-
per-cycle timing mechanism that helps maintain genome
stability. Based on the findings of this paper, however, it ap-
pears that this ATP-dependent regulatory mechanism is dis-
tinct from DnaA’s mechanical activities that cause the DNA
conformational changes required for origin activation.
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