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Double-stranded DNA break repair by homologous recombination
is initiated by resection of free DNA ends to produce a 3′-ssDNA
overhang. In bacteria, this reaction is catalyzed by helicase–nucle-
ase complexes such as AddAB in a manner regulated by specific
recombination hotspot sequences called Crossover hotspot insti-
gator (Chi). We have used magnetic tweezers to investigate the
dynamics of AddAB translocation and hotspot scanning during
double-stranded DNA break resection. AddAB was prone to sto-
chastic pausing due to transient recognition of Chi-like sequences,
unveiling an antagonistic relationship between DNA translocation
and sequence-specific DNA recognition. Pauses at bona fide Chi
sequences were longer, were nonexponentially distributed, and
resulted in an altered velocity upon restart of translocation down-
stream of Chi. We propose a model for the recognition of Chi
sequences to explain the origin of pausing during failed and suc-
cessful hotspot recognition.
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Double-stranded DNA breaks (DSBs) are formed frequently,
both as a result of exogenous and endogenous DNA dam-

aging agents and as intermediates in programmed DNA rear-
rangements. Failure to properly repair DSBs results in loss of
chromosome structural integrity and genomic instability and is
associated with developmental defects, deficiencies of the im-
mune system, and cancer predisposition. There are multiple
mechanisms for DSB repair, but faithful repair generally requires
the homologous recombination pathway, which can occur only if
a suitable donor molecule such as the sister chromatid is avail-
able (1). Recombinational repair of DSBs is initiated by the long-
range resection of the DNA end to form a 3′-terminated ssDNA
overhang that acts as a substrate for the RecA/Rad51 recombi-
nase. In all domains of life, this reaction is catalyzed by an array
of helicases and nucleases but is best characterized in bacteria
where either an AddAB- or a RecBCD-type helicase–nuclease
complex recognizes the DNA end structure and then promotes
its processive unwinding and concomitant resection (2, 3). A
third class of helicase–nuclease named AdnAB is found in the
mycobacterial niche and it shares limited structural similarity
with AddAB enzymes (4). An apparently unique feature of
the DNA break processing in bacteria is its control by cis-
acting DNA sequences called Crossover hotspot instigator (Chi)
sequences. In the absence of hotspot sequences, AddAB or
RecBCD complexes processively and rapidly degrade DNA in an
ATP-dependent fashion, a mode of action that probably acts to
degrade foreign DNA or in the restart of regressed replication
forks (5). Recognition of Chi sequences by the translocating
enzymes has many different effects on AddAB and/or RecBCD
complexes, all of which serve to promote downstream recom-
bination (6). These include the attenuation of the nuclease ac-
tivity downstream of Chi on the 3′ strand (7), the promotion of
DNA unwinding (8), and the loading of RecA protein (9). To-
gether, these factors can help to ensure the formation of a
recombinogenic RecA-ssDNA filament as the product of the
reaction. For this reason, Chi sequences, which vary both in

length and in sequence in different bacteria (10), act as re-
combination hotspots and have played an important role in
shaping bacterial genomes.
In comparison with other sequence-specific DNA-binding

events, the recognition of Chi is unusual in several respects. The
sequence is recognized as single-stranded DNA during break
resection and unwinding (11) but must then remain bound within
the moving enzyme complex beyond Chi to prevent cleavage of
the 3′ strand (12). This is an inefficient process, even under
optimized in vitro conditions, with estimates of about 0.2–0.4 for
the probability of recognition of a single Chi sequence (7, 8, 13).
This may relate in part to the mechanism for target site location,
which does not involve facilitated diffusion, but rather a 1D
unidirectional scanning of the DNA driven by an ATP-de-
pendent helicase motor. Importantly, although many different
consequences of Chi recognition have been documented and
rationalized for AddAB or RecBCD complexes, the underlying
mechanism is poorly understood not least because a crystal
structure of either an AddAB-Chi or a RecBCD-Chi complex
remains elusive. However, structures of these enzymes bound to
DNA ends have provided limited structural insight into the
process (14–17). Residues important for Chi recognition are
located in a catalytically inactivated helicase domain that forms
a “Chi-scanning module” positioned immediately behind the 3′–
5′ ssDNA motor (Fig. 1A). Interestingly, the structural organi-
zation of these two activities may be superficially regarded as
antagonistic. On the one hand, the motor pumps DNA through
the scanning module extremely rapidly (at rates of up to 2,000
bp·s−1). This presumably results in dwell times (<1 ms) of the
Chi sequence at the binding locus, within which the binding
event has a single chance to occur. On the other hand, stable
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binding of Chi behind the motor would inhibit translocation of
ssDNA through the 3′ channel, presumably stalling the motor
until ssDNA can be extruded through a proposed alternative exit
channel in the complex (details in Fig. 1A). To gain further in-
sight into Chi recognition and how it affects DNA translocation,
we have investigated the dynamics of AddAB on single DNA
molecules, using magnetic tweezers. Our work shows that the
Chi scanning module is indeed inhibitory to DNA translocation
and causes the moving enzyme complex to make short stochastic
pauses at the many sites on DNA that closely resemble Chi
sequences. The enzyme pauses efficiently at locations containing
multiple bona fide Chi sites, but the durations of these pauses are
not exponentially distributed, consistent with a multistep process
associated with successful hotspot recognition.

Results
ATP-Dependent Single-Molecule Translocation of AddAB Helicase–
Nuclease. In previous work we monitored the DNA unwinding
(i.e., strand separation) kinetics of a synchronized population of
AddAB molecules in real time (18) and imaged the products of
AddAB–DNA reactions at the single-molecule level (8). That
work showed that Chi recognition greatly stimulates productive
strand separation beyond Chi, but ruled out the possibility of
large effects of Chi recognition on DNA translocation kinetics.
In this work, to study DNA translocation by single AddAB
molecules at high resolution we used a magnetic tweezers (MT)
apparatus (19, 20), which consists of a pair of magnets positioned
over a flow cell on an inverted optical microscope (Fig. 1B).

Fig. 1. Real-time measurements of AddAB translocation using magnetic tweezers. (A) Cartoon of AddAB showing the two single-stranded DNA channels and
the main domains of the heterodimer. The 3′→5′ motor domain and the Chi-scanning domain are situated along the 3′ channel. Between these domains
a hypothetical alternative DNA exit channel is depicted. Nuclease domains are shown for completeness. The cartoon highlights the antagonistic role of
specific sequence-recognition and translocation functions of AddAB. (B) Scheme of the experiment used to measure real-time dynamics of AddAB at the
single-molecule level. (C) Optical image showing the different appearance of a reference bead (in focus) and AddAB beads (out of focus). Diffraction rings are
used to determine the height difference between beads (AddAB position). (D) Schematic representation of Chi0 DNA substrate. Triangles represent re-
combination hotspot sequences within the parental vector. Five Chi sequences appear at the distal end of the DNA at positions approximately in scale with
the length of the substrate. (E) Representative time trace of a complete AddAB translocation event. DNA end-to-end distance measured in nanometers is
translated to base pairs, using the worm-like chain model for a given force. (Upper) This sets the position of AddAB on the DNA track. Gray points are raw
data taken at 60 Hz; black line is the data averaged over ∼0.33 s. (Lower) AddAB velocity time trace calculated using a running window of 0.33 s. Gray area
determines the threshold to separate pauses and translocation data. (F) AddAB velocity as a function of its position along the track. Experiments were
performed at 3 pN.
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Magnetic beads are used in the flow cell as probes that are
manipulated by an external force that pulls them toward the
magnets. Because AddAB starts translocation from a DNA end,
we used biotinylated AddAB to bridge one end of a DNA mol-
ecule to 1-μm superparamagnetic beads coated with streptavidin
(AddAB-bead). The other end of the DNA was labeled with
digoxigenin and attached to a glass surface covered with anti-
digoxigenin. Note that this strategy naturally selects for AddAB–
DNA assemblies with the correct orientation as complexes with
AddAB bound to the digoxigenin end or to both DNA ends are
unable to interact with the glass surface. The glass surface was
used as a zero-height reference determined with fixed beads that
were not affected by the magnetic field (Ref-bead). The differ-
ence in height between both AddAB- and Ref-beads was readily
distinguishable by their diffraction rings (Fig. 1C). Comparison of
these rings with a calibration profile provided the DNA end-to-
end distance as a function of time. Experiments were performed
in a chamber that allows exchange of buffers, and injection of
ATP quickly triggered unidirectional translocation of AddAB
along the DNA, dragging the micrometer bead toward the sur-
face. Because AddAB always begins translocation from the
nonlabeled end, the position of the translocating bead can be
directly correlated with the position of AddAB along the DNA
track. An illustrative example of a typical experiment is included
in Movie S1.
Our standard substrate (Chi0) consists of a ∼7,500-bp DNA

with a proximal Chi-free section of 5,400 bp and five re-
combination hotspots (small red triangles, Fig. 1D) located at the
distal end of the DNA within the parental vector DNA (details in
SI Materials and Methods). Following the introduction of 1 mM
ATP into the fluid chamber at 20 °C, the height of the AddAB-
bead decreased monotonically. Backsliding events of tens of
nanometers were observed in less than 1% of traces. A repre-
sentative example of a single AddAB translocation trace is shown
in Fig. 1E, Upper and the first derivative of the filtered position
signal yielded the instantaneous velocity curve (Fig. 1E, Lower).
AddAB translocated the entire substrate in about 20 s, providing
a mean translocation rate for this molecule of ∼375 bp·s−1. To
ensure that we were observing a bona fide ATP-dependent trans-
location signal, experiments were carried out with varying [ATP].
The translocation rate changed with [ATP] in accordance with
Michaelis–Menten kinetics, yielding a maximum translocation
rate of Vmax = 344± 7 bp·s−1 and Km= 31± 3 μM(Fig. S1A). The
measurements shown below were made at 1 mM ATP and this
corresponds to saturating conditions. The translocation rate is in
good agreement with values from bulk triplex displacement
translocation assays at the same temperature (Fig. S1B), dem-
onstrating that the immobilization of the AddAB on the magnetic
bead did not perturb the activity. This view is also supported by
experiments in which AddAB was conjugated to the bead, using
a longer linker that produced no significant difference in the
observed activity (details in Materials and Methods). Visual in-
spection of the data identified stalling or pausing events that, for
quantification purposes, were defined as instantaneous trans-
location velocity values below 75–100 bp·s−1, a threshold set as
three times the SD of the instantaneous velocity at zero ATP (i.e.,
the noise, shaded region in Fig. 1E, Lower; details in SI Materials
and Methods). A particularly informative representation of the
data is shown in Fig. 1F, where the instantaneous velocity is
plotted as a function of the position of AddAB on the track. In the
example shown, we observed two short pauses, at 300 bp and
5,400 bp, and varying translocation velocities ranging from 300 to
600 bp·s−1. This assay allows direct measurement of AddAB in-
stantaneous velocities and their correlation with positions along
the DNA track.

AddAB Pauses at Chi Sequences. We first characterized the be-
havior of AddAB on Chi0 DNA (Fig. 2A). To help visualize

these data, a representative set of instantaneous-velocity traces is
displayed with 5-s offsets in Fig. 2B, Top (blue data). Individual
AddAB enzymes displayed large variability in their velocity dis-
tributions (static disorder, Fig. S2A) and three distinct regimes
within a single trace: (i) a rapid increase in velocity over the first
1,000 bp, (ii) a region with approximately constant velocity, and
(iii) a region containing pauses and a significant reduction of
velocity. These three regimes are clearly distinguished in a mean
velocity curve (Fig. 2C, Upper, blue data). We attribute the initial
acceleration to the arrival of ATP in a concentration gradient
that stabilizes in ∼5 s (Materials and Methods). From individual
translocation activities the positions of pauses were recorded and
represented as a pause frequency per trace histogram (Fig. 2C,
Lower, blue bars). Note that most of the pauses for Chi0 (74%)
are located in the distal region of the substrate, beyond about
4,500 bp, which contains several individual Chi sequences. Im-
portantly, however, most of these pauses do not correlate with
the position of the five individual Chi sequences and we return to
this point later.
Previous studies showed that Chi recognition is an inefficient

process, but that the number of successful Chi recognition events
increases with the number of consecutive Chi sequences present
in DNA substrates (8). Therefore, to promote efficient Chi
recognition at a defined position in our substrates, we fabricated
a DNA molecule (Chi10-For) with 10 closely spaced Chi se-
quences located approximately ∼1.1 kbp from the entry point but
that is otherwise identical to Chi0. A control substrate (Chi10-
Rev) with the same 10 Chi sequences in the opposite orientation
was also purified as a control (Fig. 2A). The 10×Chi loci were
recognized efficiently and provoked the expected down-regula-
tion of nuclease activity in conventional bulk Chi-recognition
assays (Fig. S2B). A set of 10 representative single-molecule
translocation curves for Chi10-For is shown in Fig. 2B, Middle
(black data). In most of the traces a pause is detected precisely at
the position of the 10×Chi region (arrow in Fig. 2B, Middle).
Downstream of the 10×Chi locus, AddAB moved at variable
translocation rates between 150 and 450 bp·s−1, punctuated by
short stochastic pauses. As observed previously, these pauses
were mainly located at the end of the trace but were reduced in
frequency compared with Chi0 substrates. Multiple individual
translocation traces were processed to produce mean velocity
curves and the pause distribution as shown previously (Fig. 2C,
black data). Approximately 80% of all traces exhibited a well-
defined pause at the 10×Chi locus, and this was reflected by a
downward spike in the mean translocation curve. A control ex-
periment with Chi10-Rev did not show any pause at the inverted
10×Chi locus (Fig. 2 B and C, red data). An additional control
used a mutant enzyme (AddABF210A) with a point mutation in
the Chi recognition domain of AddB. We have shown that
AddABF210A displays wild-type ATPase and DSB resection ac-
tivities when processing Chi-free DNA (Fig. S2C and ref. 15).
This mutant is specifically defective in generating Chi-specific
DNA fragments on Chi-containing substrates (Fig. S2B and ref.
15). The AddABF210A showed no pausing at the 10×Chi locus
and only three pauses in the entire molecule (Fig. S3, blue data,
and Table S1). The observed pausing was therefore specific to
Chi recognition (Fig. 2C and Fig. S3).
In current models for Chi recognition, AddAB (or RecBCD)

remains bound to the Chi sequence during translocation beyond
Chi, resulting in the formation of a ssDNA loop and the inability
of the Chi-modified form of the enzyme to recognize additional
Chi sequences (12, 15). To test this, we performed conditional
Chi recognition experiments involving substrates with two
10×Chi loci in either correct (“For”) or incorrect (“Rev”) ori-
entation for recognition (Fig. 3A). In agreement with the model,
these experiments showed that the presence of a correctly ori-
ented 10×Chi sequence in the proximal region of the substrate
strongly inhibited pausing at an equivalent 10×Chi locus in the
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distal region of the substrate (compare For-For and Rev-For
substrates in Fig. 3 C and F, Lower). Interestingly, about 15% of
AddAB enzymes paused at both Chi loci in Chi10-For-For
substrates (Table S1). In the context of our current structural
understanding of AddAB–Chi interactions, this observation can
be accommodated only if (i) the AddAB–Chi complex can decay
during translocation to the second locus or (ii) a proportion of
the pauses that are observed at the first locus actually represent
failed recognition events. Interestingly, the pause duration at the
first locus (for traces containing pauses at both loci) was rela-
tively short, which is consistent with the latter possibility in the
context of a model for Chi recognition that is presented later
(see below). However, the low number of observed events pre-
vents us from reaching a statistically rigorous conclusion.
These experiments also confirmed the pausing of AddAB at

correctly oriented 10×Chi loci and allowed the measurement of
the pause duration at the first 10×Chi loci and its representation
in a histogram (Fig. 3D). Data showed a nonexponential distri-
bution that was fitted with a gamma function providing a maxi-
mum at 1.4 s, with N = 3.9 ± 0.3 and a decay rate of K = 2.1 ±
0.3 s−1. The pauses at the first and second Chi loci were identi-
fied with ∼75 bp precision and were of similar duration (Fig. 3D,
Inset). The fact that the Chi-induced pause distribution is not
exponential indicates that several kinetic steps must be overcome
to exit the pause state at a 10×Chi locus. However, we cannot
exclude the possibility that the pauses observed at the 10×Chi
locus may represent the sum of both failed and successful Chi
recognition events, because the spacing of the Chi loci is of a
similar magnitude to the spatial resolution of the apparatus.

Chi Recognition Decreases the AddAB Translocation Velocity. Pre-
vious work using the related Escherichia coli RecBCD observed
pausing at recombination hotspots and a reduction of trans-
location rate after Chi (21, 22). Given the fundamentally dif-
ferent structural organization of AddAB-type helicase–nuclease
complexes (3), we were interested in understanding how Chi
recognition by AddAB may affect its movement on DNA. Our
pause-free velocity histograms hinted at a general slowing effect
on the translocation rate of AddAB, above and beyond the
stalling effect at the position of the Chi sequences (Fig. S4A).
However, those distributions were broad due to static and dy-
namic disorder. To address this question more directly, we
compared the translocation rates of many individual AddAB
complexes immediately pre- and post-Chi. To avoid any issues
arising from the arrival of ATP, we compared data from sub-
strates in which the 10×Chi locus was located at ∼4.5 kbp in
either the correct or the incorrect orientation for recognition
(Fig. 3A, Rev-For and Rev-Rev substrates). As expected, traces
for these substrates showed a high-frequency pause that corre-
lated perfectly with the position of the 10×Chi region, but only if
it was appropriately oriented for recognition (Fig. 3 E and F).
The duration of the pauses at the second Chi locus followed
a distribution described by a gamma function with N = 4.2 ± 0.4
and a decay rate of K = 3.1 ± 0.3 s−1, similar values to those
obtained previously at the first Chi locus (Table S1).
Focusing on individual traces, we calculated the mean velocity

over the 1 kbp immediately before and after the pause at Chi
(Fig. 4A) and plotted these values against one another (Fig. 4B).
As a control we made equivalent measurements at the second
Chi locus of the Chi10-Rev-Rev substrate that did not display

Fig. 2. AddAB pauses at Chi sequences. (A) The standard DNA substrate Chi0 and DNA substrates containing 10 closely spaced Chi sequences (10×Chi) either
correctly oriented for AddAB recognition (Chi10-For) or in opposite orientation (Chi10-Rev). The 10×Chi locus is located ∼1.1 kbp from the entry point. (B)
Representative sets of wild-type AddAB translocation time traces for Chi0, Chi10-For, and Chi10-Rev. In the standard substrate (blue data) three regimes were
identified: (i) arrival of ATP, (ii) constant AddAB velocity, and (iii) variable rates and pauses. A clear pause was found at the correctly oriented Chi locus (arrow
in Chi10-For data). A control experiment using Chi10-Rev did not show a pause at Chi. (C) Mean AddAB velocity as a function of DNA position (Upper) and
pauses per trace distribution for different DNA substrates (Lower) were calculated as described in SI Materials and Methods. About 80% of traces presented
a clear pause of AddAB at the Chi locus.
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pausing because of its inappropriate orientation. In this analysis,
enzymes that do not change velocity at the Chi locus produce a
data point on the diagonal shown in Fig. 4B. As might be expected,
the control experiment provided values clustered closely along the
diagonal (correlation coefficient = 0.88) with a slight tendency to

decrease velocity for higher rates (above 500 bp/s). In clear con-
trast, enzymes that paused at the 10×Chi locus showed greater
dispersion of velocities from the diagonal line (correlation coef-
ficient = 0.04) and an average decrease of 16% in the translocation
rate compared with the control. Interestingly, the population of

Fig. 3. Conditional Chi recognition experiments and pause duration at Chi. (A) Cartoon representation of DNA substrates containing two Chi loci in all
possible orientations (For-For, For-Rev, Rev-For, and Rev-Rev). (B) Representative sets of WTAddAB translocation time traces for the Chi10-For-For and Chi10-
For-Rev substrates. Gray regions represent 10×Chi loci appropriately oriented for AddAB recognition. (C) Mean velocity graph and pause distribution his-
togram for wild-type AddAB translocation on Chi10-For-For and Chi10-For-Rev substrates, showing Chi-dependent pausing. (D) Normalized pause length
distribution for all pauses at the first 10×Chi locus. Data were fitted to a normalized gamma function (SI Materials and Methods), giving N = 3.9 ± 0.3 and k =
2.1 ± 0.3 s−1. This distribution suggests a process made of multiple stochastic steps. (Inset) Pause position and duration at the first and second 10×Chi loci. No
significant differences were found between pauses at the first and second loci in terms of their duration. (E) Representative sets of WTAddAB translocation
time traces for the Chi10-Rev-For and Chi10-Rev-Rev substrates. (F) Mean velocity graph and pause distribution histogram for wild-type AddAB and Add-
ABF210A translocation on Chi10-Rev-For and Chi10-Rev-Rev substrates. Data show that AddAB paused precisely at the Chi loci and implies that the positional
accuracy of our measurements is ∼75 bp.
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enzymes that did not detectably pause in Chi10-Rev-For sub-
strates also showed a tendency to decrease velocity after Chi (12/
14 molecules decreased velocity after Chi). This either could
mean that the effect of Chi on the velocity of AddAB is in-
dependent of pausing or might simply reflect our inability to
detect pauses that are shorter than the time resolution of our
apparatus.

Pauses That Do Not Occur at Chi Are Short, Stochastic, and Caused by
Interactions with Chi-Like Sequences. We now return to the origin
of pausing that does not apparently occur at Chi, for example as
was found at the distal end of the DNA in Chi0 substrates (Fig. 2,
blue data). This pausing was largely eliminated by placing
10×Chi loci in the proximal region of the substrate (Fig. 2, black
data). This implies that the pausing is in some way related to the
process of Chi recognition, because we know that successful Chi
recognition inhibits downstream recognition of additional hot-
spots (Fig. 3). To test this idea further, we used a substrate
(Chi3-For) with fewer intervening Chi sequences at ∼1,140 bp
from the AddAB-binding end (Fig. 5A). Individual translocation
traces, the mean velocity curve, and the pause distribution his-
togram revealed pausing at the distal end of the substrate similar
to that observed for Chi0 substrates (compare blue data in Fig. 2
B and C and black data in Fig. 5 B and C). The lack of any clear
feature in the translocation curve at the triple-Chi locus shows
that recognition of a triple-Chi locus is relatively inefficient, in
agreement with bulk Chi recognition assays performed at room
temperature (Fig. S2B). This also suggests that the increased
pause frequency at the distal end of the substrates was unlikely to
be accounted for by the five single Chi sequences common to
both of them. Indeed, as discussed above and given the posi-
tional accuracy of our assay (details in Materials and Methods),
we can conclude that the majority of the stalling events observed
in both Chi0 and Chi3-For substrates do not occur at the location
of the Chi sequences.
To determine whether the distal pausing behavior of AddAB

was an artifact associated with the enzyme nearing the surface of
the flow cell, we fabricated the Chi3-For-Inverted substrate with
identical base pair content but the reverse orientation with re-
spect to Chi3-For (Fig. 5A). In distinct contrast to Chi3-For, the

individual translocation traces for Chi3-For-Inverted substrates
displayed slow translocation and pausing in the proximal region
with faster translocation in the distal region (compare red and
black data in Fig. 5 B and C). Regardless of the orientation of the
substrate, the overall frequency of pausing, calculated as the
average number of pauses per trace divided by the mean trans-
location time without pauses, was kin = 0.06 s−1 (Fig. S4C), in-
dicating that, on average, AddAB makes a pause every 6.3 kbp.
Pauses were short and their duration followed an exponential
distribution (Fig. S5A). This indicates that the transition from
a paused state to a translocating state is stochastic and occurs
with a rate constant of kout = 2.5 ± 0.3 s−1, almost two orders of
magnitude faster than the average rate for entry into the pause.
The overall picture is that AddAB is a processive motor protein
that pauses at Chi, but also makes other short and infrequent
pauses along the track. Pausing is not caused by the approach to
the surface, so we considered other aspects of the DNA sub-
strates that might influence translocation, including the location
of Chi-like sequences and their GC content.
We define a Chi-like sequence as a set of 5 nt with one mis-

match from the consensus Bacillus subtilis Chi: 5′-AGCGG. A
histogram with the occurrences of Chi-like sequences for Chi3-
For and Chi3-For-Inverted substrates is shown in Fig. S5B. In-
triguingly, this correlates well with the distribution of pauses
observed in our experiments (Fig. S5C). Motivated by the fact
that the energy needed to separate a GC base pair is larger than
for AT (23) and that this is known to affect the movement of
some DNA helicases (24–26), we also analyzed the GC content
of our substrates. Interestingly, the regions of the substrates as-
sociated with elevated pausing clearly also coincided with
areas of high GC content (Fig. S5D). To distinguish between
the possible role of Chi-like sequences and high-GC content
in AddAB pausing, we repeated our experiments with the mu-
tant enzyme AddABF210A. Experiments using the Chi3-For and
Chi3-For-Inverted substrates generated far smoother single-
molecule translocation traces (Fig. 5D) with an almost com-
plete absence of pauses in all regions of the substrate (Fig. 5E).
The frequency of pausing for AddABF210A was sixfold lower
than for wild-type AddAB (kin, F210A = 0.01 s−1, Fig. S4C). The
F210 residue is located in the Chi-scanning domain of the AddB

Fig. 4. Chi recognition decreases the AddAB translocation velocity. (A) Detail of pauses at the 10×Chi locus in Chi10-Rev-For substrates. (B) Scatter plot of
velocities before and after Chi for Chi10-Rev-For and Chi10-Rev-Rev time traces. The velocity was calculated by fitting a straight line over 1,000 bp before
and after the pause. Enzymes translocating on Chi10-Rev-For substrates change velocity at the Chi locus and also showed a slight tendency to slow down
after Chi.
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subunit. Therefore, we conclude that virtually all pausing in the
wild-type enzyme is caused by interactions of the Chi-recognition
domain of AddAB with the DNA during translocation. Because
these pauses also correlate with the location of Chi-like se-
quences, it is highly likely that they represent failed Chi recog-
nition attempts that stall the progression of the translocating
motor. Representative differences in the overall shape of the
mean translocation curves were still maintained (Fig. 5E, Upper);
AddABF210A translocated at a slightly slower velocity in the
first half and clearly faster in the second half of Chi3-For-
Inverted compared with data obtained on Chi3-For. This may
mean that GC content also has subtle effects on AddAB trans-
location, with the enzyme moving slightly faster in AT-rich

regions compared with GC-rich areas, or might alternatively
reflect residual Chi recognition (possibly with a shorter stalling
duration) in the mutant protein. Histograms of AddAB in-
stantaneous velocity (which exclude pauses as defined above,
but would include pausing on a timescale too short to be detected
in our instrument) showed that the mutant protein was faster
than the wild type, consistent with the general idea that Chi (or
Chi-like) sequence recognition is inhibitory to translocation (Fig.
S4B). However, these distributions were broad due to the large
variability of velocities within one trace (dynamic disorder) and
between different independent traces (static disorder, Fig. S2A)
(27, 28). Such variability between traces has been previously
described in single-molecule experiments (29, 30).

Fig. 5. Pauses that do not occur at Chi were caused by interactions with Chi-like sequences. (A) Substrates used in this study. The substrate Chi3-For contains
a triple-chi locus located at ∼1 kbp from the AddAB-binding end and otherwise is identical to Chi0 with five recombination sequences within the parental
plasmid at the distal end (small triangles) and multiple Chi-like sequences in this region (Fig. S5D). Chi3-For-Inverted is equivalent to Chi3-For but is attached
to the glass surface at the opposite end of the substrate, presenting an inverted sequence to AddAB. (B) Representative sets of time traces for Chi3-For and
Chi3-For-Inverted substrates. Traces for Chi3-For were virtually identical to those obtained with Chi0. (C) Mean wild-type AddAB velocity as a function of DNA
position (Upper) and pauses per trace distribution. In contrast with data from Chi3-For, Chi3-For-Inverted showed pauses in the region closer to the AddAB
entry point, a region containing multiple Chi-like sequences (red data). (D) Single-molecule time traces of AddABF210A on Chi3-For and Chi3-For-Inverted
substrates. (E) Mean AddABF210A velocity as a function of DNA position (Upper) and pauses per trace distribution. Note that the mutant protein generated far
smoother traces with virtually no pauses occurring along the substrate.
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Discussion
The crystal structure of the heterodimeric AddAB complex
showed that the AddA helicase motor and the AddB inactivated
helicase domain responsible for Chi recognition are situated
along a narrow channel that accommodates the moving single-
stranded DNA chain (15). This structure presents a paradox for
AddAB translocation and Chi recognition functions, both of
which are important for its biological role. Continuous trans-
location would prevent interaction with recombination hotspots
and conversely, blockage of the channel by the strong AddAB–
Chi interaction would prevent translocation (Fig. 1A). A model
for the post-Chi translocation of AddAB based on the crystal
structure resolves this paradox, by proposing that the trans-
located ssDNA strand exits the enzyme complex in the form of
a loop via a new exit channel between the AddA motor and the
AddB Chi recognition domain (Fig. 1A). A similar exit channel is
proposed to form in RecBCD upon Chi recognition (31), and in
both systems the opening of such a channel may be controlled
by an “ionic latch” that is released upon Chi binding (15–17).

However, detailed insight into this process, especially the manner
in which the initial interactions with Chi would affect trans-
location and promote the opening of the alternative exit channel,
is lacking.
Previous AddAB DNA unwinding measurements have un-

covered static disorder and pausing during translocation, but the
effect of Chi sequences has never been directly investigated (32,
33). In this work, we explored the effect of Chi recognition on
AddAB translocation at the single-molecule level, using mag-
netic tweezers. Our assay allows parallel tracking of many in-
dividual AddAB enzymes operating under identical conditions.
AddAB translocation was highly processive because release
of the magnetic bead into solution occurred only at the lower
surface of the flow cell following complete processing of the
∼7-kbp substrate.
Movement along DNA was characterized by continuous

changes in velocity punctuated by short and infrequent pauses,
with minimal backsliding, unlike that observed for RecBCD us-
ing high-resolution optical trapping (34). The location of most of

Fig. 6. A model for Chi recognition by AddAB. (i) During DNA translocation a fraction of AddAB enzymes simply bypass hotspot sequences, resulting in Chi
recognition failure. (ii) The initial binding of Chi or Chi-like sequences to AddAB antagonizes translocation and causes the enzyme to briefly stall. The
frequency of pausing (i.e., the average rate of entry into the pause) is 0.06 s−1 for wild-type AddAB. Short pauses are attributed to failed recognition events at
Chi-like sequences. These form transient complexes with the wild-type enzyme that decay at a rate of 2.5 s−1, and this results in recognition failure. The
AddABF210A complex forms highly unstable complexes with Chi-like sequences that are essentially undetectable at the time resolution of our assay (i.e., much
greater than 3 s−1). The longer, nonexponentially distributed pauses of the wild-type enzyme at bona fide Chi loci imply that successful Chi recognition
involves several kinetic steps. These would include conformational changes in the protein that allow continued DNA translocation beyond Chi while
remaining bound at Chi: for example, the opening of an alternative exit channel that facilitates formation of a single-stranded DNA loop pumped out of the
enzyme complex by the motor domain. We postulate that only interactions between wild-type AddAB and bona fide Chi sequences are sufficiently stable to
allow these changes to occur in the enzyme. The altered structure of Chi-modified enzyme is reflected by a change in the translocation rate, which is typically
slower than the pre-Chi rate.
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the pauses suggests that they could not have been caused by bona
fide Chi sequences, but did correlate with regions of the sub-
strate DNA that were rich in Chi-like sequences. The use of an
AddAB complex with a point mutation (F210A) in the Chi-
scanning domain that severely reduces its ability to recognize
hotspots was particularly informative with respect to the origin
of this pausing. The mutant protein paused extremely rarely on
all DNA substrates studied, strongly suggesting that the tran-
sient (and presumably failed) recognition of Chi-like sequences
momentarily stalls the complex on DNA. Pausing of DNA-
unwinding enzymes has also been attributed to the unfolding of
kinetic barriers dependent on sequence (25, 26, 35). However,
the experiment with the mutant AddAB complex excludes the
possibility that the pauses are caused by high GC content, as this
would be expected to directly affect the AddA helicase motor as
opposed to the Chi-scanning module. The same would be true
for any damage that may be present in our DNA substrates and
that might contribute to the observed pausing. In fact, we have
deliberately introduced nicks and UV-induced damage into our
substrates and these do cause stalling of AddAB, a finding that
led us to take special care in the preparation of DNA substrates
for these studies (Materials and Methods). We envisage that the
pause of AddAB at Chi-like sequences reflects the formation of
an unstable complex with a nonideal recombination hotspot that
decays stochastically. The duration of these short pauses is close
to the limit of our temporal resolution, and so it is quite probable
that we have underestimated the extent of these transient in-
teractions with Chi-like sequences. Indeed, the observation that
the instantaneous velocity histograms for the F210A mutant re-
veal it to be generally faster than wild-type AddAB would be
consistent with this idea.
We also found that the presence of several bona fide Chi

sequences in the substrate led to a pause precisely at the lo-
cation of the recombination hotspots, and translocation then
typically resumed at a different and (on average) lower rate.
We propose that this nonexponential pausing at Chi is the
consequence of a set of steps associated with conformational
changes required to open the alternative exit channel, thereby
beginning the process of single-stranded DNA loop extrusion
that will eventually produce the substrate for RecA-mediated
recombination. The “resetting” of the translocation rate fol-
lowing a pause may indicate a resampling of the disorder that
is inherent in the enzyme that is triggered by Chi recognition
and/or pausing. However, we have also found that pauses in-
duced by nicks in the DNA track do not provoke this rate change
phenomenon. Alternatively, or additionally, it may indicate that
the passage of Chi through the Chi-scanning domain of AddAB
alters the translocation mode of AddAB, perhaps due to the
inhibitory effects of a growing ssDNA loop on the moving
complex. However, we found no evidence for a continued
decrease of translocation rate with the distance traveled be-
yond Chi. An altered translocation mode could also relate to
the conformational changes that would be required to ac-
commodate the extrusion of a ssDNA loop (Fig. 1A). These
changes most frequently result in a lower translocation ve-
locity post-Chi, but events with substantially higher velocities
after the hotspot were also observed.
Pausing and translocation rate changes at recombination

hotspots were first observed in the related E. coli RecBCD en-
zyme that contains dual motor domains (17, 21, 22, 36). Two
alternative models were initially proposed to explain the origin
of the pause observed in RecBCD and the subsequent decrease
in velocity. In the first model, the faster motor, RecD stops upon
Chi recognition and the pause accounts for the time it takes the
slower motor, RecB, to catch up. An alternative model attributed
the pause to the time required for a Chi-induced conformational
change. In both models, the change in translocation rate observed
after Chi could be simply related to a change in the identity of

the lead motor subunit. AddAB-type helicase–nuclease complexes
have a simpler organization compared with their RecBCD cousins
and contain only a single-motor subunit (3). Therefore, the first
model for pausing can be excluded, and the change in trans-
location velocity after Chi must have an alternative explanation.
In contrast to the results presented here, shorter stochastic
pauses at Chi-like sequences have never been observed for wild-
type RecBCD, and so it might be argued that these are not a
general feature of recombination hotspot scanning. Although
this could simply reflect a lower time resolution of previous
studies, it is critical to note that such pauses would not be
expected to be detectable in the RecBCD system. It is the slower
motor (RecB) that delivers the Chi sequence to RecC for rec-
ognition and consequently, any short-lived stalling events at Chi-
like sequences would be buffered by a ssDNA loop that is always
present ahead of RecB.
A unified model to explain the origin of pausing at both

Chi-like and bona fide Chi sequences and why this may lead to
either successful or unsuccessful Chi recognition (i.e., down-
regulation of nuclease activity via the formation of a ssDNA
loop) is presented in Fig. 6. We propose that the “battle” be-
tween the DNA translocation and Chi-binding domains acts as
a selectivity filter for correct Chi sequences, as only these form
sufficiently stable, long-lived intermediate complexes to resist
the motor domain, simply forcing the Chi sequence out of the
scanning locus, thereby allowing the opening of an alternative
exit channel and escape of the ssDNA in the form of a loop (Fig.
1A). In previous work, we have imaged intermediates of DNA
break resection that are consistent with the formation of a
ssDNA loop as a consequence of Chi recognition (8). This is
thought to exit the Chi-modified form of AddAB at some point
between the AddA motor subunit and the inactivated helicase
AddB domain, but an in-depth understanding of this exit channel
and how it is controlled by Chi binding will await further work.
Nevertheless, our detection of Chi-induced stalling intermediates
in this work now provides a method for characterizing mutations
that may interfere with the opening of the alternative exit channel,
including, for example, mutations designed to unlock an ionic
latch that is proposed to mediate conformational changes in
response to Chi binding.

Materials and Methods
Proteins and DNA Substrates. Biotinylated AddAB and AddABF210A were
purified as described previously (32). DNA molecules for single-molecule
experiments were produced by PCR, using one digoxigenin (DIG)-labeled
primer (distal end), one unlabeled primer (proximal end), and a high-fidelity
DNA polymerase. See SI Materials and Methods and Tables S2 and S3 for
detailed methods.

Magnetic Tweezers. The magnetic tweezers was set up as described in ref. 37
and is similar to that used in refs. 38 and 39. Force values were calculated
using the Brownian motion method applied to a DNA-tethered bead (37).
Measurements of AddAB mean translocation rate as a function of the ap-
plied force showed that it remained constant over our working range of
0.5–4 pN. Because the Brownian motion of the bead is inversely proportional
to the applied force, we set 3 pN as our standard force and, after filtering
the signals to 3 Hz, our system provides 5–10 nm positional precision in all
three dimensions in the absence of flow. Experiments were performed un-
der continuous flow and with enzyme activity that adds experimental noise
to the measurement. The estimated resolution of our approach was around
75–100 bp based on the noise of the measurement in the absence of ATP but
in the presence of flow. Tethered bead positions were recorded relative to
fixed beads to cancel out thermal drift effects. Experiments used streptavidin-
coated beads of 1 μm (Dynabeads, MyOne streptavidin; Invitrogen). Align-
ment of magnets and instrument performance were checked by obtaining
a force-extension curve of Chi0 DNA molecules containing a single biotin
and digoxigenin. Data were well fitted to the worm-like chain model with
a contour length of 2.7 μm and persistence length of 50 nm. In AddAB
translocation experiments, beads were selected for analysis showing the
maximum possible height (i.e., with the AddAB–DNA connection at the
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lowest point of the DNA bead). ATP solution flow was set to 65 μL/min.
Injecting the ATP faster compromised the bead tracking but reduced the
time taken to reach saturating ATP conditions (regime 1, Fig. 2B). Du-
ration of regime 1 did not change either with ATP concentration or with
temperature. Therefore, arrival of ATP accounts for regime 1 and lasts
for ∼5 s at standard flow conditions.

Analysis of Translocation Data. Experimental bead positions were recorded at
60 Hz. These data were smoothed by a running window of 20 points. The
derivative of the data (translocation rate) was calculated by fitting a linear
function to the smoothed data over a running window of 20 data points. The
measured end-to-end distance of translocated DNA is always less than the
contour length and is dependent on the applied force. Quoted distances in

base pairs were corrected using the value given by the worm-like chainmodel
of rise per base pair of DNA at a given force.
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