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ABSTRACT

In most bacteria, the timing and synchrony of initi-
ation of chromosomal replication are determined by
the binding of the AAA+ protein DnaA to a set of
high- and low-affinity sites found within the origin
of chromosomal replication (oriC). Despite the
large amount of information on the role and regula-
tion of DnaA, the actual structure of the DnaA–oriC
complex and the mechanism by which it primes the
origin for the initiation of replication remain unclear.
In this study, we have performed magnetic tweezers
experiments to investigate the structural properties
of the DnaA–oriC complex. We show that the DnaA-
ATP–oriC complex adopts a right-handed helical
conformation involving a variable amount of DNA
and protein whose features fit qualitatively as well
as quantitatively with an existing model based on
the crystal structure of a truncated DnaA tetramer
obtained in the absence of DNA. We also investigate
the topological effect of oriC’s DNA unwinding
element.

INTRODUCTION

Initiators are trans-acting proteins that remodel DNA
structure at the origin of replication where the replisome
is recruited. Origin Recognition Complex (ORC) proteins
are the initiators in eukaryotes and archaea while the
DnaA protein is the initiator in most prokaryotes.
Initiators of the different kingdoms share numerous
features in their structure, for instance, the presence of
AAA+ domains (1), as well as in their mechanisms of
action (2–7). The DnaA-dependent initiation sequence in
Escherichia coli is the most intensively studied system of
initiation and the best understood (5,8): the ATP-bound

form of DnaA binds the 9-mer DnaA-binding sites within
oriC in a cooperative fashion followed by binding to the
lower affinity, DnaA-ATP-specific sites (Figure 1).
DnaA-ATP then invades the adjacent 30 bp A+T-rich
DNA unwinding element (DUE), which contains add-
itional 13-mer binding sites recognized by DnaA-ATP
(Figure 1). Structural and biochemical assays suggest
that this invasion stabilizes the single-stranded form of
the DUE where the replication machinery is eventually
recruited (8–11). The initiation of a round of replication
stimulates the inactivation of oriC-bound DnaA by
enhancing the rate of hydrolysis of the ATP bound to
DnaA by the regulatory inactivation of DnaA (RIDA)
process mediated by the Hda protein and the b-clamp
(12). The hydrolysis-driven switch from ATP-bound
DnaA to the ADP form is one of the most important
processes that contribute to the inhibition of re-initiation
of replication within the same cell cycle (13). The
ADP-bound form of DnaA is able to bind to 9-mer
DnaA-binding sites (R in Figure 1), with similar affinity
compared to DnaA-ATP (14); however, it is unable to
form multimeric structures characteristic of DnaA-ATP
(8,15) and is inactive for initiation (16).
The oligomeric structure of DnaA is still a matter of

debate. The four structural domains of the protein were
first identified by sequence alignment, with domains I and
III involved in DnaA–DnaA interaction and domain IV in
DNA binding (17,18). Domain III contains the AAA+

motif that mediates ATP binding and hydrolysis. Early
electron microscopy studies and bulk biochemical assays
suggested that DNA wraps around a core of multiple
DnaA proteins in a left-handed structure equivalent to
negative supercoiling (6,9,19,20). More recently, crystallo-
graphic studies resolved the structural properties of DnaA,
namely domain IV of DnaA fromE. coli bound toDNA, as
well as an oligomeric form of domains III and IV of DnaA
from Aquifex aeolicus in the absence of DNA (21,22).
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Based on these structures, it has been proposed that DnaA
could form an oligomeric right-handed helix with domain
IV facing outward so that oriC would wrap around this
protein scaffold (Figure 2A). However, when the DNA
was modeled onto the crystal structure of the oligomeric
form, domains III and IV exhibited steric clash with each
other, requiring further investigation of the structure in
the presence of DNA (15). Here, we show that magnetic
tweezers can be used to assess the structural feature of the
complex formed between wild-type DnaA and oriC from
E. coli, in solution and at the single-molecule level.
Due to their ability to directly monitor at high-

resolution protein–DNA interactions (down to subpi-
conewton forces and with nanometre-scale sensitivity),
single-molecule nano-manipulation techniques (e.g.
optical tweezers and magnetic tweezers) have been exten-
sively used to determine the mechanical and structural
properties of DNA both with and without DNA-binding
proteins (23–27). Using a magnetic tweezers assay
(Figure 2B), we were able to probe the structural
properties of the DnaA–oriC complex and observe the
formation of a highly stable positively supercoiled struc-
ture. These results are in agreement with the model
introduced by Erzberger et al. (11,22) but in contradiction
to the left-handed topology of the structure proposed by
Bramhill and Kornberg (6).

MATERIALS AND METHODS

Protein expression and purification

The DnaA protein was over-expressed in E. coli strain
WM2287 from the pdnaA116 plasmid. Protein over-
expression was induced at OD600=0.5 for 3 h at 37�C
by addition of 0.3mM IPTG. The purification was per-
formed as described in (28) with the modifications
described below. After precipitation with 0.28 g/ml
(NH4)2SO4, the pellet containing DnaA was re-suspended
and desalted (Illustra NAP-25, GE Healthcare). The
protein solution was then applied to a cation exchange
resin (MonoS 5/50 GL, GE Healthcare) and fractio-
nated against a 0.1–1M gradient of potassium glutamate.
Fractions containing DnaA were pooled and loaded onto
a gel filtration column (Superdex 75 HR 10/300, GE
healthcare) previously equilibrated in LG-buffer (45mM
Hepes/KOH, pH 7.6, 600mM potassium glutamate,
1mM DTT, 10mM magnesium acetate, 0.5mM EDTA
and 10% glycerol). Purified fractions were pooled,

snap-frozen and stored in individual aliquots at �80�C.
Protein concentration was �5 mM as measured using a
standard Bradford assay.

Single-molecule assay

Individual, linear, double-stranded DNA molecules 2 kb
in length and containing oriC at their center were attached
at one end to a 1 mm magnetic bead (MyOne Dynabeads,
Dynal) and at the other end to a functionalized glass
surface (Figure 2B) according to (29). To accomplish
this, the 2 kb DNA was ligated at one end to a 1 kb
DNA fragment multiply labeled with digoxigenin, and at
the other end to a 1 kb DNA fragment multiply labeled
with biotin. The DNA was then allowed to bind to
streptavidin-coated magnetic beads. The bead–DNA
solution was then deposited on an anti-digoxigenin-
coated glass surface, and, when the DNA was bound to
the glass surface, a tethered DNA–bead system formed.
The sample was placed on an inverted microscope through
which bead images can be viewed and tracked by
computer-aided videomicroscopy (PicoTwist). To com-
pensate for microscope drift, the position of a second
bead, directly fixed to the surface of the capillary, was
simultaneously monitored (Figure 2B). From the differ-
ence in z positions between the two beads (the magnetic
bead and the bead attached to the surface), the end-to-end
extension, z, of the DNA was determined. A pair of per-
manent rare-earth magnets located above the sample is
used to generate a magnetic field with which the bead,
and hence the DNA, is manipulated. The mag-
nets are mounted on computer-controlled translation
and rotation stages. The vertical distance between the
magnets and the glass surface determines the vertical
extending force applied to the DNA via the bead
[for these experiments, the force is set to a very weak
value, namely 0.2 pN (1 pN=10�12 Newtons)], while
the angular position of the magnets determines the
angular position of the bead and hence quantitatively
sets the supercoiling of the DNA. The extension of the
DNA can then be measured as a function of its mechan-
ical constraints; in the experiments described here we vary
supercoiling of the DNA by rotating the magnets, while
keeping the extending force constant by holding constant
the position of the magnets above the sample (see below).

Unless specified otherwise, the standard conditions
under which experiments were performed were at 34�C
with 50 nM DnaA in buffer consisting of 25mM Hepes/
KOH, pH 7.6, 100mM potassium acetate, 5mM magne-
sium acetate, 0.1% Tween-20, 0.5mg/ml BSA, 300 mM
Mg-ATP and 170 pM of 2 kb competitor DNA. These
conditions are referred to in the text as the standard con-
ditions. Prior to injection into the reaction chamber,
DnaA was diluted to 50 nM in the reaction buffer
described above and pre-incubated at room temperature
for 30min. Experiments on oriC�DUE were conducted at
both 50 and 75 nM of DnaA.

Rotation–extension curves

As mentioned above, the field generated by a pair of per-
manent magnets constrains the rotation of the magnetic

Figure 1. The E. coli origin of replication bears five 9-mer DnaA-
binding sites (R1, R2, R3, R4 and R5) as well as three 13-mer
binding sites included in an A+T-rich DNA unwinding element
(DUE). Although the 9-mers show no differential specificity between
DnaA-ATP and DnaA-ADP, the 13-mers specifically recruit
DnaA-ATP. In addition to DnaA-binding sites, oriC hosts-specific
binding sites for IHF, SeqA and FIS, three proteins that regulate the
activity of DnaA.

7376 Nucleic Acids Research, 2012, Vol. 40, No. 15



bead and applies an extending force of 0.2 pN to the DNA
[as calibrated from the thermal fluctuations in the bead’s
position (30)]. Rotation of the magnets by one turn
induces rotation of the magnetic bead by one turn and
results in a change in the topology of the DNA [quantified
by the linking number, Lk (31)] of +1 for counterclock-
wise rotation and �1 for clockwise rotation (as viewed
from above the bead). Under the weak extending force
employed here, supercoiled DNA adopts a plectonemic
conformation where the DNA double helix is intertwined
upon itself (Figure 2C). As the DNA in the plectonemic
phase does not participate in the vertical extension of the
DNA tether, the growth of the plectonemic phase de-
creases the distance between the bead and the surface.
Figure 2C shows the vertical extension of a single DNA
molecule as a function of the rotation of the magnets
(rotation–extension curve). Under our physico-chemical

conditions, the rotation–extension curve is symmetric for
naked DNA, with an apex representing the torsionally
relaxed state of the DNA. This apical point of rotation–
extension curves can be computed with subrotational and
nanometric accuracy by fitting the rotation–extension
curves with a polynomial function of the sixth degree.

Single-molecule detection of a DnaA–oriC complex

So as to characterize the DNA structure stabilized by
DnaA, we proceed as follows: we first measure a rota-
tion–extension curve of the tethered DNA molecule in
the absence of protein (Figure 2C). Then, the protein is
added to the sample chamber and incubated for 15min
before measuring a second rotation–extension curve
(Figure 2D). The shift in the position of the apex
provides structural information on the complex formed
on the DNA. Indeed, the shift in the position of the

Figure 2. Single DNA micromanipulations with magnetic tweezers. (A) The DnaA-ATP–oriC is modeled as a right-handed helical structure with
DNA-binding domain (red stick) facing outward. The structural properties of the helix are characterized by its pitch, p, and its diameter, a.
(B) Sketch of the experimental setup: a single �2 kb DNA is attached at one end to a magnetic bead and at the other to a functionalized glass
surface. A pair of permanent magnets located above the sample generates a vertical extending force, F, on the DNA and constrains the rotation of
the bead and hence DNA’s supercoiling. In all experiments presented here, the force F=0.2 pN. The end-to-end extension, z, of the DNA is
measured in real time (30Hz) by monitoring the bead position with �5 nm accuracy. To account for microscope drift, the position of a second bead
fixed to the surface (reference bead) is simultaneously monitored. (C) Typical rotation–extension curve with, superimposed, the corresponding DNA
conformation and polynomial fit. The apical point of the curve is computed by polynomial fitting and is indicated by a blue cross on the curve.
(D) Rotation–extension curves, and their fits, performed on the same single DNA molecule containing the oriC sequence in the absence of protein
(green circles) and in the presence of 50 nM of DnaA-ATP (red squares). As shown on the superimposed sketch, the change in the DNA conform-
ation imposed by the formation of a nucleoprotein complex (blue structure) results in a shift in the coordinates of the apex. For this particular
experiment, the shifts in apex coordinates are �z=�45 nm and �r=0.54 turns.
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apex along the rotation axis (�r) relates to the topology of
the nucleoprotein complex (see Supplementary Data).
Since the fraction of DNA involved in the complex no
longer participates in the total vertical extension of the
DNA (see Supplementary Data), a reduction of the exten-
sion at the apex (�z) is also observed. The measure of (�z,
�r) on several single molecules can then be reported on a
2D plot (Figure 3) to infer the structural properties of the
underlying DnaA–oriC complex.

RESULTS

Method resolution

Our approach holds intrinsic limitations on the amount of
data points that can be acquired within one experimental
session and the accuracy of the measured parameters.
Indeed, each experimental point relating apex coordinates
shifts is based on a measurement performed on a single
DNA molecule, which cannot be recycled for a new, in-
dependent measurement due to the very high stability of
the nucleoprotein complex (see below and Supplementary
Data). In order to test the intrinsic resolution of the
method, we first performed experiments in the absence
of DnaA. Thus, after measuring the first rotation–exten-
sion curve, we performed a blank injection of reaction
buffer containing no DnaA, and then re-measured the ro-
tation–extension curve. Analysis of these experiments
shows that the values for (�r, �z) measured on individual
molecules are centered about zero with a mean change in
rotation �r=0.04±0.06 turns (SD=0.25 turns, n=20)

and a mean change in extension �z=1±3nm
(SD=12nm, n=20) (Figure 3A, green squares). Since
no structural change is induced on the DNA in the
absence of protein, this first control is a direct evaluation
of the intrinsic resolution of our approach.

Structural properties of the DnaA–oriC complex,
specificity and requirement for ATP

In order to study the structural properties of the DnaA–
oriC complex, we performed experiments in which
DnaA-ATP is injected into the reaction cell and incubated
for 15min prior to measuring the second rotation–exten-
sion curve to determine shifts in apex coordinates (�r, �z)
(Figure 3B, blue circles).

From a qualitative standpoint, the data indicate that the
vast majority (80%) of complexes induce a positive shift in
DNA topology accompanied by a decrease in DNA
extension. Comparison of these data with values
obtained after blank injections shows that the shifts in
apex coordinates after incubation with DnaA-ATP are
statistically significant as they lie above the resolution
limit as determined from the control experiments
(Figure 3A and histograms in Figure 3B). We thus
conclude that these shifts in apex coordinates reflect a
structural change induced by DnaA-ATP on the DNA.
From a more quantitative standpoint, 85% of data
points cluster in a Gaussian fashion with mean shift in
extension �z=�32±5nm (SD=28nm, n=48)
and mean shift in rotation �r=0.60±0.05 turns
(SD=0.37 turns; n=48) (Supplementary Figure S3).

Figure 3. Shifts in apex coordinates (�r, �z) obtained after incubating nanomanipulated DNA with DnaA under various conditions and for a fixed
extending force F=0.2 pN. (A) Shift in apex coordinates for: (i) no DnaA present in the injected solution (green squares, n=20),
h�ri=0.04±0.06 turns (SD=0.25 turns) and h�zi=1±3nm (SD=12nm), (ii) DNA lacking oriC sequence (red circles, n=13):
h�ri=0.08±0.04 turns (SD=0.16 turns) and h�zi=1±2nm (SD=6nm) and (iii) when ADP is substituted to ATP in the reaction mix
(purple triangles, n=12): h�ri=0.09±0.06 turns (SD=0.21 turns) and h�zi=�5±3nm (SD=12nm). (B) Shifts in apex coordinates under
standard conditions: DNA bearing the oriC sequence, DnaA-ATP (blue circles, n=57). Pink is the predicted area for a left-handed helical complex
and the light-blue region is the predicted area for a right-handed helical complex. The corresponding projection on both axes is depicted in blue on
both the upper histogram (projection along the axis of rotation) and right histogram (projection along the axis of extension). The orange bars
correspond to the distribution of the combined controls from panel A. The dotted line corresponds to the maximum of likelihood for the Gaussian fit
applied to the clustered points along the two axes as calculated in Supplementary Figure S3 (see main text for details).
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While most data points fall into this cluster, roughly 15%
appear as outliers with either j�zj> 100 nm or �r> 2
turns, giving mean values �z=�129±26nm
(SD=77nm, n=9) and �r=2.8±0.5 turns (SD=1.4
turns; n=9). We note that the ratio �z/�r is similar for
points in the cluster and the outliers (respectively,
�53±9nm/turn and �46±12nm/turn). Taken all
together, the data gave a mean shift in rotation
�r=0.91±0.14 turns (SD=1.08 turns, n=57) and a
mean shift in extension �z=�47±7nm (SD=51nm,
n=57; �z/�r=�52±9nm/turn).

Whereas the standard deviation of experimental points
measured in the control experiments is due to the intrinsic
error in determining the position of the apex, when DnaA
is present the standard deviation increases �2-fold (for
data points that distribute in a Gaussian fashion). This
significant increase in variance is not unusual for
protein–DNA interactions (23) and can be a sign of mo-
lecular heterogeneity, in other words of variability
between different DnaA–oriC complexes. Conformations
and localization of monomers may vary slightly from
filament to filament, for instance, or the number of
DnaA oligomers involved in the complex, and thus its
extent, could vary from complex to complex leading to
additional variance in the observed shifts. As the
observed standard deviation is the sum in quadrature of
the ‘intrinsic’ standard deviation (related to measurement
error) and the ‘extrinsic’ standard deviation (DnaA-
related variability), we estimate that DnaA-related vari-
ability contributes 0.27 turns and 25 nm to the observed
experimental standard deviation.

To determine the specificity of formation of this
complex, we investigated the response of DNA molecules
lacking the oriC sequence to incubation with DnaA-ATP
and competitor DNA at the same concentrations as in the
previous experiments. With DNA substrates lacking oriC,
no significant shifts in the apex’s position were observed in
the presence of DnaA-ATP (Figure 3A, red circles), essen-
tially identical to control results obtained in the absence of
DnaA. This shows that the formation of the complex, as
observed in our assay, is dependent on the presence of the
oriC sequence.

To determine the role of the available nucleotide in for-
mation of the complex, we replaced ATP by ADP in the
reaction mix (ADP was also used instead of ATP in the
pre-incubation step, see ‘Materials and Methods’ section).
In these conditions, no significant shifts in apex coordin-
ates were observed (Figure 3A, purple triangles). This
confirms that the binding of DnaA-ADP to oriC does
not result in any structural changes detectable by our
assay. Since it has been shown that DnaA-ADP is
unable to form an oligomeric structure this implies that
the signal observed in the presence of DnaA-ATP results
from an oligomerization of the protein dependent on the
presence of the DnaA sites at the origin.

In summary, the above experiments demonstrate that
the DNA present in the DnaA–oriC complex possesses a
preferred topology and level of compaction, and further-
more that the nucleoprotein complex we observe is both
sequence- and nucleotide specific.

Characterization of oriC mutants lacking DUE

The DUE plays a key role during DnaA-mediated initi-
ation of replication at oriC. This A+T-rich region of oriC
has traditionally been believed to undergo melting over
several turns of the double helix during formation of the
DnaA–oriC complex (9,32), although recent structural
results (see (11), discussed below) may lead to a
re-examination of this model. Nevertheless, simple un-
winding of the DUE would be predicted to have a topo-
logical effect that could be directly investigated with our
approach (23) (see Supplementary Data). We thus con-
ducted experiments on a mutant of oriC lacking the
DUE segment (oriC�DUE; Figure 4, red squares).
Under those conditions, the shifts in apex coordinates
induced by the formation of the initiation complex
fall in the same range as the ones resulting from
standard conditions (Figure 4, blue circles). We conclude
that the complexes we detect formed on oriC wt or on
oriC�DUE share the same structural properties, and
thus that in this topological assay, the DUE does not sig-
nificantly affect the overall topology of the DnaA–oriC
complex. This somewhat surprising result is further dis-
cussed below, in particular in light of recent structural
data pertaining to the structure of a DnaA–ssDNA
cocrystal.

Figure 4. Comparison with model for DnaA-ATP–oriC nucleoprotein
filament. The shaded area reflects the experimental area accounted for
by the structural model proposed by Erzberger, Mott et al. using the
mechanical model introduced by Hegner et al. (22,33). In this case, the
radius and pitch of the helix are as discussed in the Supplementary
Data, and the shaded area is delimited at bottom by the case for a
flexible helical filament (�=30nm), and at top by the case for a rigid
helical filament (�=180nm). Empty blue circles: standard conditions
(from Figure 3). Red squares: DNA bearing a mutated version of oriC
lacking the DUE (oriCDDUE, n=15). Purple diamonds: DNA lacking
oriC and incubated with DnaA in the absence of bulk competitor DNA
(n=16). The complete data set collected under standard condition are
linearly fitted (solid line, y=Ax+B with A=�31 nm/turn and
B=�20 nm). The blue cross represents the mean for points which
distribute in a Gaussian fashion.

Nucleic Acids Research, 2012, Vol. 40, No. 15 7379

http://nar.oxfordjournals.org/cgi/content/full/gks371/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks371/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks371/DC1


Formation of a non-specific complex

All the above experiments were carried out in the presence
of bulk, non-specific, 2 kb competitor DNA (170 pM) that
does not contain the oriC sequence. This is required in
order to distinguish specific from non-specific effects of
DnaA binding. Indeed, results obtained using the
control DNA substrates lacking oriC, but this time in
the absence of competitor DNA (Figure 4, purple
diamonds) show that the presence of a large excess of
DnaA-ATP compared to the amount of tethered DNA
molecules within the capillary (on the order of attomolar)
can result in the formation of oligomeric complexes inde-
pendently of the presence of specific binding sites.

Stability of the DnaA-ATP–oriC complex

Washing the sample with reaction buffer does not result in
a significant dissociation of the protein over a period of
1 h. In addition, the change in bead rotation to create a
negatively supercoiled DNA does not subsequently affect
the stability of the nucleoprotein complex (Supplementary
Figure S1).

A model for the mechanical and structural properties of
the DnaA–oriC complex

The crystal structure of the oligomeric form of DnaA
(PDB entry 2HCB) provides geometrical information
which can serve as a starting point for predicting the
shift in the apex position induced by formation of the
nucleoprotein complex (see Supplementary Figure S2
and Figure 4). Erzberger et al. propose that DNA tracks
the outside edge of the DnaA helix, leading us to model
the nucleoprotein helix as having the same pitch as the
protein helix P=17.8 nm, but with a radius R=7.1
±1nm (R=Rhelix+rDnaA+rDNA, with the protein helix
radius Rhelix� 4.5 ±1nm, the protein monomer radius
rDnaA� 1.6±0.3 nm, and the DNA radius rDNA=1nm
as determined from the respective crystal structures).
Our observation that complex formation causes the

apex position to shift to more positive values of supercoil-
ing, while also decreasing in extension, is qualitatively
consistent with this model. Indeed, sequestering a certain
contour length of DNA along the outer surface of such a
wide, right-handed, protein-determined suprahelix is
expected to both decrease the extension of the DNA and
‘lock in’ positive DNA topology, causing one to find the
topologically relaxed state of the DNA for more positive
values of rotation than in the absence of such a structure.
Thus formation of one helical pitch of right-handed
nucleoprotein filament with the dimensions cited
above has a topological ‘cost’ of �r=0.63 turns (see
Supplementary Data).
Next, to quantitatively relate the shift in DNA rotation

to the shift in DNA extension one must have information
on how the complex is extended by the applied force,
which depends on the mechanical bending rigidity (or per-
sistence length) of the complex. However, such informa-
tion is not directly provided by the crystal structure. In
addition, it cannot be derived experimentally with our
approach because only a very small portion of the total

DNA, on the order of 10%, is involved in the complex.
Nevertheless, Hegner et al. (32) developed an analytical
model to compute the mechanical properties of a helical
protein complex from the pitch and radius of the helix and
the thickness of the protein monomer as measured on the
crystal structure. This model successfully predicted the
bending rigidity of a RecA–DNA complex as measured
experimentally with optical tweezers (33). DnaA and
RecA are closely related, with similar helical structures
when bound to both dsDNA and ssDNA (11). In order
to estimate the mechanical properties of the DnaA–oriC
filament, we have applied this analytical model to the
structural model introduced by Erzberger et al. and
computed the bending rigidity of the complex (the DNA
does not affect the bending modulus of the helical
complex, see Supplementary Data). The predicted persist-
ence length of the complex is �60 nm, with values ranging
from 30 to 180 nm given the errors in estimating the radius
of the protein helix and the DnaA monomer.

From the structural model and the estimates of the fila-
ment’s persistence length, we have computed the range of
possible ratios �z/Dr (see Supplementary Data). By con-
sidering a single pitch of helical DnaA–oriC nucleoprotein
filament with small persistence length (30 nm) we find �z/
Dr=�36 nm/turn, while for a single pitch nucleoprotein
filament with large persistence length (180 nm), we
estimate �z/Dr=�22 nm/turn. These delimiting
boundaries are shaded on the (�z, �r) plot shown in
Figure 4, with the mean measurement of experimentally
observed shifts lying just outside of this zone (with �z/
Dr=�53±9nm/turn). Thus, the closest fit to the model
would take place for the shortest persistence length, which
would predict a value slightly smaller than what we
observe after taking into account measurement uncer-
tainty. For the model to better include our mean measure-
ment would require an increase in the radius of the
nucleoprotein helix on the order of a few nanometers, or
a further decrease of the persistence length of the nucleo-
protein helix, or a combination of the two (see
Supplementary Table S1). Both of these are plausible
although the model is more sensitive to helix radius than
persistence length. For instance, in the nucleoprotein
filament model proposed by Erzberger et al., domain IV
requires a rotation away from its position as seen in the
crystal structure in order to bind the DNA. The range of
angles which are compatible with binding to DNA suggest
an increase (on the order of 10%) of the radius of the
nucleoprotein helix formed. Furthermore, crystal
packing forces would also be expected to act in a predom-
inantly lateral fashion on the protein helix and tend to
reduce its radius relative to its solution state. Both of
these effects would lead to better inclusion of our
mean measurement in the bounds of the model
(see Supplementary Table S1). Finally, we note that an
increase in helix radius couples to a decrease in helix per-
sistence length in the Hegner model, underscoring the
internal consistency of selecting the lower bounds for
the persistence length while simultaneously proposing
that the nucleoprotein helix may in fact be slightly wider
than proposed by Erzberger et al.
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With a mean change in rotation �r=0.6 for points in
the cluster, the structural model suggests that roughly one
pitch of nucleoprotein helix is formed (see Supplementary
Data). With �50 nm (�170 bp) of DNA sequestered in
one pitch of the complex, we estimate that this is the
mean amount of DNA involved in the cluster of
complexes we observe. Based on the crystal structure,
this would involve on average approximately 8
molecules of DnaA, with fluctuations on the order to
3–4 monomers based on our estimate of DnaA-related
variability.

Clearly, this amount can vary quite widely, as the sig-
nificant presence of outliers beyond the Gaussian cluster
attests, and for the entire dataset the mean amount of
DNA engaged in the complex approaches 260 bp. These
values are consistent with the spatial extent of oriC
(245 bp) excluding the DUE. Thus, overall, a geometrical
model accounting for polymer elasticity captures the main
features of the experimentally derived change in DNA
conformation upon DnaA binding to oriC.

DISCUSSION

We report a structural study of the DnaA–oriC complex
using single-molecule magnetic tweezers. Control experi-
ments where either DNA or DnaA is inactive for initiation
(DNA lacking oriC or DnaA-ADP) demonstrate that the
magnetic tweezers assay allows for characterization of
the effect of the specific binding of DnaA-ATP to oriC
and the formation of a complex at the single-molecule
level.

As shown by the slow dissociation measured here upon
washing the sample with buffer, the DnaA-ATP–oriC
oligomeric complex appears to be very stable (see
Supplementary Figure S1). Previous work by Messer
and coworkers (8,34) measured the dissociation constant
from short DNA fragments containing one or two DnaA
sites but not from the complete origin sequence. This new
result is consistent with recent work showing that the
binding of DnaA to the origin inhibits re-methylation of
the newly synthesized DNA strand for a significant
amount of time after initiation has taken place (35). This
emphasizes the role of auxiliary proteins for the regulation
of the initiation of replication. In addition, the presence of
DnaA-binding sites that do not discriminate between
DnaA-ATP and DnaA-ADP (R boxes in Figure 1) have
been shown to play an important regulatory role in the
activity of the origin (36), indicating that the binding of
DnaA-ADP could also play a role in the regulation of the
formation of the DnaA-ATP oligomeric complex at oriC.
Furthermore, systems such as RIDA appear to be essen-
tial to undo the complex, and to render oriC available for
the next replication round (37).

The distribution of the shifts in the position of the apex
resulting from the formation of a DnaA-ATP–oriC
complex (Figure 4, blue circles) displays numerous
features that can be linked to the underlying structure of
the complex. First, �r is nearly systematically positive and
�z is nearly systematically negative. These points imply,
respectively, that the topology of the DNA within the

complex is equivalent to positive supercoiling, and that
DNA contour length is sequestered by the nucleoprotein
complex. Second, �z and �r are strongly correlated for
each molecule (with a P-value< 10�3 according to
Pearson’s test). This implies that the relationship
between contour length of DNA sequestered in the
complex and topology of that DNA is non-random and
instead reflects the structure of the complex. This is sup-
ported by the fact that both points in the cluster and
outliers have the same ratio <�z>/<�r>. Finally, the
values for the shift in apex position in rotation and exten-
sion are widely spread, with �r of up to five turns and �z
reaching �280 nm. In summary, our results in standard
conditions support a structural model for a nucleoprotein
filament which is a (i) topologically right-handed (ii) helix
with (iii) variable extent:
(a) While Bramhil et al. have suggested a left-handed

complex, the crystal structure described by Erzberger et al.
supports a right-handed helix (6,22). Our observation that
�r is nearly systematically positive strongly supports the
right-handed helical model and excludes the left-handed
model.
(b) DnaA is a member of the AAA+ family of proteins

that includes numerous proteins that form oligomers
(usually 6–7) with a donut-like shape, such as MCM
(38) and ClpX (39) or a helical shape such as RecA
(40,41). Recent structural studies show DnaA forms a
right-handed helix (11,21) and our observation of
coupled changes �z and �r supports such helical con-
formations. The structural parameters proposed by
Erzberger et al. (pitch and radius of the complex)
predict the coupled changes (�r, �z) represented by the
shaded area in Figure 4, which captures the essence of our
experimental observations. This suggests that binding of
DnaA to oriC does not significantly affect the oligomeric
form of the protein observed by crystallography in the
absence of DNA.
(c) As suggested by Leonard and Grimwade (42) in a

recent review, we observe that DnaA is prone to oligomer-
ize beyond oriC and vary in the extent of the complex
formed. In Leonard’s model, the formation of DnaA–
oriC complex nucleates at high-affinity sites and propa-
gates to lower affinity or cryptic sites, by ‘filling the gap’
(42). Tolerance for variability in helix formation from one
DNA molecule to the next could be a consequence of the
success of DnaA in driving initiation of replication for
numerous different oriC organizations (43). It could also
reflect the fact that the filament is structurally heteroge-
neous, with different monomers engaged on the DNA to
different extents. Furthermore, the numerous regulatory
proteins that target the formation of the DnaA–oriC
complex to fine-tune the rate of initiation would act
by changing the availability of the gap between
DnaA-binding sites. For instance, following initiation,
SeqA binds to hemimethylated oriC, preventing
DnaA from forming a new active complex at oriC and
inhibiting reinitiation during the same cycle (44). In
addition, more recently SeqA has also been shown to
direct the correct sequential binding of DnaA at the
origin (45).
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Effect of the DUE

One of the major transitions during the initiation process
is the DnaA-dependent denaturation of the DUE region
where the replisome assembles starting with DnaB and
DnaC (9,46). The form taken by DNA in the DUE has
long been a topic of controversy. On one hand, the sus-
ceptibility to chemical attack shown by this A+T-rich
region in the presence of DnaA led to the suggestion
that it became topologically unwound by DnaA (9,47).
More recently, the structure of the DnaA filament in
complex with ssDNA indicates that the nucleic acid is
highly extended in a manner similar to that seen in the
RecA–ssDNA filament (11). The structure does not
provide information, however, on the topology of the
two strands of DNA, which is what is detected in our
assay. Thus, our method is either unable to detect
DnaA-driven unwinding of the DUE, for instance, if it
occurs with both DNA strands sequestered on the
surface of the protein filament, or alternatively additional
protein components such as IHF and/or SSB will be
required to form and/or capture a DUE transiently
unwound by DnaA.

CONCLUSIONS

Using magnetic tweezers, we have obtained topological
information on the nucleoprotein filament formed on the
origin of replication by DnaA-ATP, the protein respon-
sible for initiating DNA replication. We have observed
that the oriC sequence involved in the complex adopts a
right-handed helical structure. These features do not fit the
prediction for the structure of DnaA–oriC proposed by
Bramhill and Kornberg (6), but they do fit, both qualita-
tively and quantitatively, the one introduced by Erzberger
et al. (22). Although we were unable to unequivocally
detect melting of the DUE, recent data on the DnaA–
ssDNA structure suggest that such melting could be
more complex than simply topologically driven, i.e. com-
pensatory melting due to formation of the adjacent, posi-
tively supercoiled nucleoprotein helix. This helical
structure is very similar to the hexameric structure of the
initiator ORC proteins from archaea and eukarya, two
members of the AAA+ superfamily and emphasizes the
universality of the initiators’ structure (7,15,22). In
addition, this helical structure and the observed propen-
sity to vary in extent of the complex formed echoes the
model for regulation of initiation introduced by Leonard
and Grimwade (42). By providing a way to detect binding
of DnaA to oriC in a single-molecule assay, these experi-
ments with DnaA may allow for progressive reconstitu-
tion of replication initiation, for instance by forming a
platform from which to detect DNA unwinding by
DnaB helicase.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1, Supplementary Figures 1–3
and Supplementary Data.
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