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The FtsK dsDNA translocase functions in bacterial chromosome
unlinking by activating XerCD-dif recombination in the replication
terminus region. To analyze FtsK assembly and translocation, and
the subsequent activation of XerCD-dif recombination, we ex-
tended the tethered fluorophore motion technique, using two
spectrally distinct fluorophores to monitor two effective lengths
along the same tethered DNA molecule. We observed that FtsK
assembled stepwise on DNA into a single hexamer, and began
translocation rapidly (∼0.25 s). Without extruding DNA loops, sin-
gle FtsK hexamers approached XerCD-dif and resided there for
∼0.5 s irrespective of whether XerCD-dif was synapsed or unsy-
napsed. FtsK then dissociated, rather than reversing. Infrequently,
FtsK activated XerCD-dif recombination when it encountered a
preformed synaptic complex, and dissociated before the comple-
tion of recombination, consistent with each FtsK–XerCD-dif en-
counter activating only one round of recombination.

tethered fluorophore motion | DNA translocation | site-specific DNA
recombination | chromosome segregation | single-molecule FRET

Understanding how molecular machines assemble and act
requires a combination of biochemical, structural, and bio-

physical approaches. In recent years, single-molecule techniques
have allowed the observation of biological reactions in real time,
thereby avoiding the averaging of ensemble experiments. These
single-molecule studies rely on information gained from existing
biochemical characterization to set experimental parameters and to
place their results in context. To follow complex multistep reactions
involving multiple components, methods capable of tracking several
observables simultaneously have been established (1–4). In this
work, we push the boundaries of a recently developed technique,
and apply it to further our understanding of the Escherichia coli
XerCD-dif–FtsK molecular machine, which functions in chromo-
some segregation and coordinates it with cell division.
FtsK is a 1,329-aa DNA translocase, which assembles at the

division septum and functions in segregating sister chromosomes
during the late stages of the cell cycle in a wide range of bacteria
(5–8) by activating site-specific recombination by XerCD at dif
(9). The two related Tyr recombinases, XerC and XerD, bind the
28-bp dif site located within the terminus region, ter, on the
E. coli chromosome. They unlink catenated chromosomes and re-
solve chromosome dimers formed by homologous recombination
(10–14). Independent of its role in activating XerCD-dif re-
combination, FtsK appears to play a direct role in the segrega-
tion of ter (8). FtsK consists of three domains: an essential 179-aa
N-terminal domain that anchors it to the division septum, an
∼500-aa C-terminal motor domain, and an ∼650-aa linker do-
main (6, 7, 15, 16). The motor domain, FtsKC, is composed of α-,
β-, and γ-subdomains (17). The α- and β-subdomains form a
dsDNA translocase, belonging to the RecA family of ATPases
(17). The γ-subdomain plays a regulatory role in the recognition
of the FtsK orientating polar sequence (KOPS) that guides FtsK
translocation toward the dif site at ter (18–20), and in the acti-
vation of XerCD-dif recombination (9, 14, 21). Activation of

recombination requires direct interaction between the γ-sub-
domain and XerD (22, 23).
Our previous work, using a single tethered fluorophore motion

(TFM) reporter, in combination with Förster resonance energy
transfer (FRET), determined the conformational transitions in
the XerCD-dif complex that occurred as XerD mediated an
initial strand exchange to form a Holliday junction (HJ), which
was resolved by a subsequent XerC-mediated strand exchange
(24). In that work, we indirectly inferred the presence of FtsKC,
taking advantage of protein-induced fluorescence enhancement
(PIFE) (25). Here, we have expanded TFM-FRET, using two
spectrally distinct TFM reporters (one on FtsKC and one on
DNA), to directly observe FtsKC as it assembles and trans-
locates, and to correlate its behavior, upon arrival at XerCD,
with the progress of the recombination reaction.
Previous studies of FtsKC assembly and translocation have

used biochemical methods (26, 27) and single-molecule tech-
niques, including magnetic and optical tweezers (18, 28–30);
tethered particle motion (TPM) (18); and, more recently, DNA
curtains (31, 32). Optical/magnetic tweezers and TPM experi-
ments have relied on loop extrusion by FtsKC to observe its action
(looping by FtsK shortens the length between two DNA ends,
hence displacing the bead used in TPM or optical/magnetic
tweezers). Many of the single-molecule assays involved the at-
tachment of FtsKC to quantum dot (QD) labels or used derivatives
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that were known to aggregate, thereby potentially confounding the
interpretation of data, because multiple motors could be present
in the region of analysis. Experiments utilizing DNA curtains have
revealed that FtsKC can push, evict, and bypass proteins bound
to DNA as it translocates (32). However, FtsKC stops at least
transiently and/or dissociates at XerCD bound to dif (27, 32).
Reversals in translocation direction have been observed to occur
spontaneously (18, 28, 30, 31) and in response to XerCD bound to
dif (32). The use of a fluorophore label, along with singly tethered
DNA, has allowed us to observe FtsKC without requiring any loop
extrusion, and to observe its interaction with synaptic complexes of
XerCD, where previous single-molecule work has only dealt with
unsynapsed XerCD-dif (32). Using this approach, we have de-
termined that FtsKC assembles on DNA as a single hexamer, and
begins translocating rapidly (∼0.25 s), without extruding a loop of
DNA. When it reached XerCD bound to dif, either in a synapsed
or unsynapsed conformation, it resided briefly for ∼0.5 s and then
dissociated without any evidence of reversal. FtsKC activated re-
combination when it met synapsed XerCD-dif complexes, and
then dissociated faster than the completion of recombination
by XerCD.

Results
Spectrally Separate Fluorophores Report on DNA Conformation and
FtsKC Behavior.We adapted TFM-FRET (24, 33, 34) to follow the
assembly, translocation, and behavior of FtsKC when it interacts
with XerCD. We made a DNA substrate carrying two dif sites
separated by a 1-kb spacer (Fig. 1A). The substrate was attached
to the slide surface through a biotinylated 5′ end that was located
200 bp away from the first surface-proximal dif site, and the
second surface-distal dif site was flanked by a 2.8-kb DNA seg-
ment containing a triple KOPS near its end. The KOPS was
orientated toward the surface (Fig. 1A, Fig. S1A, and Methods).
The DNA was labeled with Cy3B 1 bp away, in the direction of
the free end, from the XerD binding sequence of the surface-
distal dif site. TFM uses the width of the image of this single
fluorophore to measure an effective distance along DNA; the
fluorescence image width (FIW) decreases as the effective tether
length decreases. Synapsis formation between the two dif sites,
mediated by XerCD, was evident as a reduction in the green
(Cy3B) FIW, and recombination was evident as a permanent
reduction in the green FIW (Fig. 1A).
We used a covalent trimer of FtsKC (35), singly labeled with

Cy5 at a surface Cys introduced in the motor β-subdomain of the
middle monomer (Cy5-FtsK, with a labeling efficiency of ∼50%;
Fig. S1 B–F and Methods). The trimer concentration, 5 nM, was
close to the ∼40 nM in vivo monomer concentration (36). The
binding of FtsKC was apparent as an appearance of signal in the
red (Cy5) channel, and the position and behavior of the FtsKC
were monitored via the red FIW (Fig. 1B). To convert between
the red FIW and the position of FtsKC along DNA, we imaged
dsDNA, with lengths between 87 and 4,000 bp, using our total
internal reflection fluorescence (TIRF) microscope and standard
conditions of 25-ms alternating laser excitation (ALEX) (37)
(Fig. 1C and Methods). At around a 1-kb tether length, with the
400 photons per 25-ms frame observed using our illumination
power (corresponding to a 16-kHz emission rate), we would need
to measure for 15 frames (∼400 ms of observation time) to be
able to distinguish with 95% confidence a 500-bp difference in
effective tether length (Fig. 1C). The spatial and temporal res-
olution of TFM is discussed in our previous work (34).
In the absence of ATP and XerCD, we observed transient

binding events that showed no obvious translocation (Fig. S2A);
these binding events were distributed randomly along the DNA
(Fig. S2B). The FtsKC dwell time was fit using three exponentials
(Fig. S2C and Methods), recovering a major time of 0.84 ± 0.07 s
(61 ± 5%) and two minor times of 4.0 ± 0.9 s (18 ± 5%) and
24 ± 3 s (19 ± 3%). We attribute the shortest time to transient

A
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Fig. 1. Experimental design. (A) Recombination is monitored using Cy3B.
Synapsis transiently reduces the fluorescence image width (FIW), and re-
combination permanently reduces FIW. Blue dashed lines represent population
average FIWs for the unsynapsed and synapsed/product DNA (165 nm and
136 nm, respectively). (B) Cy5 monitors FtsKC behavior. Translocation decreases
or increases FIW. The red line represents LS fit, which was used to segment
translocation. (C) FIW calibration. The SD from frame to frame over all of the
molecules is shown as the shaded region. The red line represents a quadratic
LS fit (n > 50 at each DNA length).
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association of a single Cy5-FtsK with DNA, the intermediate
time to formation of a hexamer from two Cy5-FtsK molecules on
DNA (because a hexamer would be more stable than a trimer), and
the longest time to nonspecific sticking to the surface of the slide
and subsequent photobleaching (photobleaching time for Cy5 at
the surface was 28 ± 3 s) (Fig. S1D). These nonspecific sticking
events were distinguished by their fixed narrow red FIW and were
excluded from further analysis. Hence, around a quarter of DNA
binding events had a dwell time that indicated hexamer assembly.
In the presence of ATP, in addition to transient binding events

(Fig. S3A), we observed events with a decreasing red FIW,
consistent with Cy5-FtsK translocations along DNA (Fig. 2A and
Fig. S3B). We used a least-squares (LS) fit to the red FIW
(Methods) to segment translocation events into three stages:
assembly before translocation, translocation, and residence after
translocation. The mean FIW before translocation, 220 nm,
corresponded to the position of the KOPSs (FIW ≈ 230 nm), and
the mean FIW after translocation, 161 nm, corresponded to close

to the surface (FIW ≈ 155 nm), past the Cy3B (FIW ≈ 183 nm)
(Figs. 1C and 2B), indicating that Cy3B does not impede
FtsKC translocation. These mean FIWs suggest that the trans-
locating FtsKC we observe assembles at or near the KOPSs and
translocates past Cy3B, reaching the surface attachment point
of the DNA. FRET, which reports the proximity of Cy5-FtsK to
Cy3B within ∼10 nm [Förster radius, R0 ≈ 6.5 nm for these
fluorophores (24)], was not observed under these conditions.
Occasionally (n = 7), the red and green fluorescence disappeared
simultaneously, which indicated that FtsKC had displaced the
biotin–neutravidin interaction that tethered the DNA to the
surface (Fig. S3C). This rare displacement is consistent with
previously described behavior (38).
We determined the duration of FtsKC assembly, translocation,

and residence using the LS fit to the red FIW. We found that
dwell time distributions were in better agreement with two in-
dependent exponential processes rather than one, as judged using
the Bayesian information criterion (BIC) (39) (ΔBIC > 10 in all

A

B C

Fig. 2. Translocation events in the absence of XerCD. (A) Translocation event. (Top) Intensity: green emission under green excitation (DD, green), red
emission under green excitation (DA, red), and red emission under red excitation (AA, black). (Middle) Apparent FRET. Under these conditions, no FRET was
observed. (Bottom) FIW in the green channel (green) and in the red channel (black), and LS fit to the red FIW (red) used to segment the event into before
(purple shading), during (green shading), and after (orange shading) translocation (n = 179 events). (B) Start and end positions of translocations. Black arrows
represent positions of features on the DNA, obtained using the FIW calibration. (C) Dwell times. (Top) FtsKC assembly. (Bottom) Residence after translocation.
Distributions were fit using a two-exponential process (Table S1 and Methods).
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cases, indicating strong evidence in favor of a two-exponential
model). Hence, except where otherwise noted, we fit dwell time
distributions with two exponentials and restrict our discussion to
the major population (Table S1). Averaging across all fits to dwell
times, the major population accounts for ∼90% of dwells, and we
suggest that the minor population is a fit to background events.
Using this method, the assembly time before translocation was
0.26 ± 0.12 s and the residence time after translocation was 2.1 ±
0.2 s (Fig. 2C, Table S1, and Methods). The mean translocation
time was 0.33 ± 0.02 (±SEM), which corresponds to a trans-
location velocity of 12 ± 1 kb·s−1 at 21 °C (given that translocation
events originated at the KOPS and ended close to the surface),
which is a factor of two faster than previously measured at this
temperature (30), but we note that our method did not require
looping by FtsKC or the movement of a large bead with associated
hydrodynamic drag to observe translocation. Hence, this velocity
corresponds to the physiological translocation speed along un-
constrained, flexible, “naked” dsDNA.
A minority of events (n = 8, compared with 176 obvious

translocations) showed a decrease in the green FIW, during the
time that FtsKC was bound to DNA, which could be interpreted
as the sticking of FtsKC to the surface or translocation-induced
looping (Fig. S3D). These results establish that, in general,
translocation does not induce DNA looping.

Stoichiometry of Translocating FtsKC. Previous biochemical analysis
has suggested that the translocating unit of FtsKC assembles on
DNA in six steps to form single hexamers (26). However, double-
ring structures that could correspond to head-to-head hexamers
on DNA have been observed in electron micrographs of Pseu-
domonas aeruginosa FtsKC lacking the γ-subdomain, and crystal
structures of this protein contained dodecameric ring structures
(17). To assess the stoichiometry of the active unit of FtsKC di-
rectly, we measured the intensities of Cy5-FtsK and counted the
number of fluorophores present during assembly and during
interactions with XerCD. A single hexamer, made up of two
labeled trimers, would have between one and two fluorophores
attached, and a double hexamer would have between one and
four fluorophores attached.
For this analysis, we used the shorter, single dif-containing,

DNA fragments formed by XerCD recombination at the surface
(Fig. S4A), because all features of the DNA (dif site, KOPS, and
Cy3B) were 1,000 bp closer to the surface than in the original
substrate, and hence in a region of higher illumination intensity
in the evanescent field of TIRF. This DNA recombinant product
was identified as having a permanent narrow green FIW. Trans-
location events were segmented as before (Fig. S4B). If FtsKC
preassembled in solution and then bound DNA fully assembled,
we would predict no change in intensity between FtsKC binding
and the start of translocation; however, if FtsKC assembled on
DNA, the intensity should increase before translocation begins
(Fig. 3A). The mean intensities during assembly, across all trans-
location events, were extracted (Fig. 3B). At a time 0.5 s after the
appearance of red fluorescence signaling the presence of FtsKC,
more than 66% of translocations had begun (Fig. S4C). We saw
that on this time scale, there was a clear increase in the intensity of
the red signal without any change in FIW (Fig. 3B), which implies
that there was a stepwise assembly of Cy5-FtsK before trans-
location. Given our labeling efficiency of ∼50%, if FtsKC assem-
bled into a single hexamer composed of two trimers, we would
anticipate an average increase of 33%, and if it assembled into a
double hexamer, we would anticipate an average increase of 110%
before translocation (Methods). The observed 38.5% increase in
intensity during the 0.5 s after binding is consistent with assembly
into a single hexamer (Fig. 3B). The intensity increase suggests
that FtsKC assembles on DNA rather than in solution. Using
biotinylated anti-His antibodies, we pulled Cy5-FtsK out of solu-
tion, and determined that, at 5 nM and in the absence of DNA,

the predominant stoichiometry was a single trimer (Fig. S1F),
consistent with stepwise assembly on DNA before translocation.
We also determined the stoichiometry of FtsKC during its

interaction with XerCD complexes. In the presence of Cy5-FtsK,
ATP, and XerCD, we observed FRET, signaling proximity be-
tween Cy5-FtsK and the Cy3B placed near the XerD binding site
(Fig. S4A). We used the Cy5 intensity during FRET to extract
the number of Cy5 fluorophores attached to a FtsKC complex
while it interacted with XerCD-dif (Methods). This intensity was
expressed relative to the calculated intensity for a single Cy5 at
the same position (40) (Methods). Using this intensity for a single
fluorophore, the labeling efficiency of Cy5-FtsK, and the width

A

B
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Fig. 3. FtsKC stoichiometry. (A) Intensity changes before translocation. If
FtsKC assembles in a stepwise fashion before translocation, we expect an
increase in intensity before translocation starts, whereas if fully assembled
oligomers in solution bind and translocate, there would be no increase.
(B) Mean relative intensity before translocation. A single Cy5 had a relative
intensity of 0.2–0.4 between 2 and 3 kb along the DNA (Methods). Error
bars: ±SEM. Least-squares fit (red) with an intensity increase of 38.5 ± 0.2%
in the 0.5 s since binding (by which time more than 66% of translocations
have begun). (Inset) Mean FIW for the same molecules. (C) Cy5 intensity
during FRET. (Right) Corrected intensity during FRET events for the product
DNA conformation were extracted and histogrammed (n = 108). (Left) Pre-
dicted intensity distribution is shown for a single hexamer (red) and a double
hexamer (blue) of FtsKC. A single hexamer provides a better explanation of
our data [single hexamer: sum of squared deviation (SSD) = 330; double
hexamer: SSD = 1,230].
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of the intensity distribution for a single fluorophore (Fig. S1E),
we predicted the intensity distribution for a single hexamer and a
double hexamer (Fig. 3C, Fig. S5, andMethods). Across all DNA
conformations, the data agree much better with the single-hex-
amer prediction (Fig. 3C and Fig. S5). Hence, we conclude that,
consistent with its assembly into a single hexamer before trans-
location, FtsKC interacts with XerCD as a single hexamer.

Interactions Between Translocating FtsKC and XerCD-dif Complexes.FtsK
activates site-specific recombination by XerCD, and biochemical
studies have shown that when FtsKC encounters XerD during
translocation, it stops there (27). Moreover, QD-labeled FtsKC has
been observed to pause and reverse translocation direction after
meeting unsynapsed XerCD-dif on DNA curtains (32). In this work,
we use singly Cy5-labeled FtsKC and observe its interaction with
XerCD-dif in both unsynapsed and synapsed configurations.
We imaged our double-dif tethered DNA substrate in the

presence of Cy5-FtsK, ATP, and XerCD. We observed FtsKC
translocations toward the surface when the DNA was in an
unsynapsed conformation, as judged by the green FIW (n = 342;
Fig. 4A and Fig. S6). In 30% of these events, at least one frame
of FRET was apparent between the Cy3B attached to DNA and
Cy5-FtsK, suggesting that FtsKC remained within ∼10 nm of the
dif site for more than approximately the camera frame time (25 ms).

Segmenting the translocation events as before, we observed
that unsynapsed XerCD-dif acts as a roadblock for FtsKC, with
the mean FIW after translocation, 181 nm, matching the location
of the surface-distal dif site (FIW ≈ 183 nm) (Fig. 4B). The dwell
times for assembly and residence after translocation were fit
(Fig. 4C), recovering an assembly time of 0.25 ± 0.03 s and a
residence time of 0.50 ± 0.02 s. The assembly times were in-
dependent of the presence of XerCD as anticipated, but the
residence time after translocation decreased fourfold when
FtsKC encountered XerCD bound to unsynapsed dif (compared
with when it encountered the biotinylated DNA end), suggesting
that interactions between XerD and FtsKC promote FtsKC dis-
sociation. This decreased residence time gives us confidence
that, under these conditions, it reflects interactions with XerCD
bound to dif. Only a small minority (<0.5%, n = 1) of trans-
locations toward unsynapsed XerCD resulted in a reversal by
FtsKC, apparent as an increasing red FIW after residence. The
lack of reversals in our data contradicts previous observations
(32), where FtsKC reversed translocation direction after meeting
XerCD bound to dif. The previous observations were made with
QD-labeled FtsKC trimers, where there was the possibility of
multiple FtsKC trimers tethered to the same QD. This multiple
tethering could permit loading of a second FtsKC motor during the
residence time of the original motor at XerCD, and may explain

A

B C

Fig. 4. Translocation stops at unsynapsed XerCD-dif. (A) Translocation. Blue shading highlights FRET. Translocation towards unsynapsed XerCD-dif is ap-
parent in 342 events, of which 102 have at least a single frame of FRET accompanied by anticorrelated DD and DA changes. (B) Start and end positions of
translocations. The mean starting FIW is 229 ± 1 nm (±SEM), and the mean end FIW is 181 ± 1 nm (±SEM). (C) Dwell times before and after translocation.
Distributions are fit in MATLAB (MathWorks) (Table S1).
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the presence of reversals in the previous observations. The Cy5-
FtsK used in this work had only one trimer of FtsKC per fluores-
cent label, and hence overcomes this limitation. In the presence of
XerCD, we recovered a mean translocation time of 0.18 ± 0.02 s
(±SEM), which is shorter than the translocation time (0.33 ± 0.02 s)
observed in the absence of XerCD, which, given the shorter

translocation distance from the KOPS to XerD, corresponds to a
similar mean translocation speed of 15 ± 1 kb·s−1.
FtsKC activates XerCD recombination at dif, which was apparent

asDNAmolecules that transitioned to a persistent narrow greenFIW
(Fig. S7A). Of these events, 90% that had remained with a narrow
FIW for at least 43 s had recombined (rather than being long-lived

A

B

C D

Fig. 5. Arrival of FtsKC at XerCD-dif synapses. (A) FtsKC arrives after synapsis formation, leading to recombination. (Inset) Successful recombination reactions
result in a permanent narrow green FIW. The highlighted region corresponds to the main figure. FtsKC binding is apparent after synapsis formation (but not
during synapse formation) in 39 of 73 recombination events that meet the 90% confidence criterion. (B) FtsKC arrives at a synapsis and dissociates before the
synapsis disassembles. (Inset) Synapsis formation and disassembly are apparent as a transiently narrowing FIW (n = 48, of which 20 show FRET). (C) Start and
end positions of translocations. The mean starting FIW is 221 ± 4 nm (±SEM), and the mean end FIW is 175 ± 2 nm (±SEM). (D) Dwell times before and after
translocation. Distributions are fit using MATLAB (Table S1).
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synapses; Methods), and we define a recombination event as
meeting this criterion (n= 73). In 50% of recombination events (n=
39), FtsKC binding was apparent after synapsis formation (Fig. 5A).
In 8% of recombination events (n = 6), obvious translocation
(consisting of binding followed by a decreasing image width without
any anomalous changes in intensity) accompanied recombination
(Fig. 5A). Obvious translocations did not accompany all recom-
bination events because translocations may not have initiated at
the KOPS, and hence would have been too short to resolve in our
assays, and because recombination could have been activated by
the ∼25% of FtsKC complexes that would carry no fluorescent
label. If translocation-induced looping (leading to formation of a
synapsis) were a prerequisite for the activation of recombination,
it would have been apparent as a FtsKC presence during synapsis
formation. However, only 10% of recombination events (n = 8)
followed this pattern (Fig. S7B), suggesting that translocation-
induced looping between dif sites was not necessary for the acti-
vation of recombination. This suggestion is consistent with the
previous result that the formation of the XerCD-dif synapsis is
independent of FtsKC (24).
FtsK can resolve catenated chromosomes produced by repli-

cation (41). We have previously suggested that FtsK may facili-
tate this decatenation by remaining in the vicinity of XerCD-dif
after the activation of recombination and activating multiple
rounds of recombination (12, 24). Taking the residence time
(during synapsis) of the first FtsKC to dissociate after the syn-
apsis formation that leads to recombination [i.e., the best can-
didate for having activated the recombination (Fig. S7C)], we
recovered a residence time of 0.9 ± 0.2 s. This residence time is
the total time from the first observation of binding (or synapsis
formation) until FtsKC dissociates, and is hence an over-
estimation of the time FtsKC spends at XerCD-dif. Despite this
overestimation, it is still shorter than the 1.6 s it takes XerCD to
complete the recombination reaction (24), suggesting that FtsKC
does not reside at XerCD long enough to activate multiple fur-
ther rounds of recombination.
Not all translocations toward synapsed XerCD-dif resulted in

recombination. We analyzed these nonproductive translocation
events, distinguished by a transiently narrowing green FIW (Fig.
5B and Fig. S8); of 65 events, around a quarter showed FtsKC
present during synapsis disassembly (Fig. S8). Again, XerCD
acted as a roadblock for FtsKC, with the end of translocation
approximately matching the position of the synapsis (Fig. 5C).
FRET was apparent after translocation in 46% of events. For all
these translocations toward a synapsis, the assembly time was
0.18 ± 0.4 s, consistent with the assembly time on unsynapsed
DNA, and the posttranslocation residence time was 0.65 ± 0.07 s,
again consistent with the residence time at unsynapsed XerCD-dif
(Fig. 5D), as well as with the residence time of FtsKC during
productive recombination events (0.9 ± 0.2 s). From this consis-
tency, we infer that FtsKC does not reside for a significantly longer
or shorter time depending on whether it encounters a single
XerCD-dif or a XerCD-dif synaptic complex, or depending on
whether it has activated recombination.
FRET may represent a transient association between Cy5-

FtsK and XerCD-dif complexes. The automatic extraction of
FRET events (Methods) required a minimum duration of 0.1 s
(two frames), and so an upper bound on the duration of this
association was estimated (Fig. S9). We find that FRET events
had a dwell time of 0.30 ± 0.04 s and 0.23 ± 0.02 s for DNA in the
substrate and product configurations, respectively. The dwell after
FRET (before dissociation) was 0.09 ± 0.02 s and 0.07 ± 0.01 s for
DNA in the substrate and product configurations, respectively.
These dwells, between the end of FRET and dissociation, are
shorter than the mean translocation time of 0.18 ± 0.02 s, sug-
gesting there is no time for FtsKC to reverse and translocate after
leaving the proximity of XerCD, consistent with the absence of an

increasing FIW before dissociation, confirming that FtsKC disso-
ciates, rather than reverses, after meeting XerCD-dif.

Discussion
FtsKC Translocates on DNA as a Single Hexamer. In this work, using
labeled FtsKC trimers, we addressed the question of whether
FtsKC functions as a single or double hexamer. Double hexamers
of FtsKC have been observed using EM and in crystal structures
of FtsKC, and they have been implicated in the explanation of
translocation reversals, and the extrusion of DNA loops, in optical
tweezers single-molecule experiments (17, 28, 30). Our precise
fluorescence measurements unequivocally show that FtsKC as-
sembles on DNA into a single hexamer, rather than by forming a
solution hexamer that then loads onto DNA and subsequently
translocates as a single hexamer. Moreover, our data show that
FtsKC activates XerCD-dif recombination as a single hexamer.
We therefore conclude that double hexamers may not be physi-
ologically relevant. Consistent with our observations, previous
biochemical analysis using FtsK monomers led to the proposal
that FtsKc assembles on DNA from monomers in a stepwise
fashion (26). These results contrast with the demonstration that
Bacillus subtilis SpoIIIE, a FtsK ortholog, forms hexamers in the
absence of DNA at comparable concentrations to those concen-
trations used here (42, 43).
As revealed by a structural analysis, three FtsK γ-subdomains

bind a KOPS (44). Hence, it seems likely that interaction of a single
FtsK trimer with a KOPS will allow the engagement of the three
γ-domains with DNA, supporting the physiological relevance of the
transient association time, 0.84 ± 0.07 s, that we determined for a
single trimer and DNA. The onset of hexamer translocation hap-
pens on a similar time scale (∼0.25 s; Fig. 6A), indicating that as-
sembly of a second trimer into a functional hexamer and subsequent
translocation are rapid, and will be dependent on the local con-
centration of FtsKC in the cell. A short initial association may serve
to prevent FtsKC from assembling and translocating on DNA when
its local concentration is low, which is the case during most of the
cell cycle. In vivo, FtsK translocation occurs only when its concen-
tration is high, at an invaginating septum (36, 45).
Previous TPM and optical trapping experiments have required

loop extrusion by FtsKC to observe its action at the single-mol-
ecule level. In some of these experiments, large visible FtsKC
aggregates were observed to translocate at the same rate as
species observed using loop extrusion in optical trapping (28). It
has been suggested that loop extrusion arises from multiple
points of contact on the same FtsKC, and that reversals by FtsKC
require that it exists as more than a “single unidirectional motor”
(13, 28, 30). Our work establishes that FtsKC assembles into a
single hexamer before translocating, does not usually extrude
loops of DNA, and dissociates after it encounters XerCD-dif.
Hence, we suggest that the loop extrusion and reversals observed
in TPM (18) and optical trapping experiments (28, 29) may have
been introduced by the surface or by protein aggregates.

FtsKC Resides Briefly at XerCD-dif Before Dissociating. When FtsKC
encountered XerCD bound to dif, it resided there with a lifetime
of 0.5–1 s, irrespective of whether it encountered an unsynapsed
or synapsed XerCD-dif complex and independent of whether the
encounter led to recombination (Figs. 4–6 B and C). This pause
time is consistent with the pause time observed following colli-
sions of QD-labeled FtsKC trimers with XerCD-dif or XerD-dif
in studies utilizing DNA curtains (32). However, the outcome of
the encounters we observed was different. Although 80% of
encounters of QD-labeled FtsKC with XerCD-dif led to reversals
of translocation direction, in our experiments, more than 99% of
encounters of Cy5-FtsK led to dissociation. A possible explana-
tion is that the Cy3B label, positioned 1 bp away from the sur-
face-distal XerD binding site, influenced the behavior of FtsKC
in our experiments. However, in the absence of XerCD, the
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translocation of Cy5-FtsK was not impeded by the Cy3B linkage
on DNA, and when Cy5-FtsK encountered another obstruction,
the biotin-neutravidin used for surface attachment, we did not
observe reversals. We note that in our previous work, the acti-
vation of recombination was no less efficient when a fluorophore
was placed in the position used here (24). It is also possible that
our assay would not be able to resolve a rapid translocation away
from XerCD-dif; however, using the time between the disap-
pearance of FRET and the disappearance of fluorescence
marking the disassociation of Cy5-FtsK, we have established that
the average time of 0.08 ± 0.02 s that FtsKC appeared to remain
on DNA after leaving the XerCD-dif complex was too short for it
to have translocated off the “free end” of our DNA (which would
have taken 0.18 ± 0.02 s at the measured translocation velocity).
Because we had no more than one trimer of FtsKC per Cy5
fluorophore in our experiments, we suggest that QD-labeled
FtsKC could have had other FtsKC trimers, attached to the same
fluorescent probe, which might have assembled on DNA during
residence at XerD. Because assembly before translocation took
∼0.25 s, and because the residence time at XerCD-dif was ∼0.5 s,
there is sufficient time for the assembly of a second hexamer,
attached to the same QD, while the first resides at XerCD-dif.

FtsKC Activates a Single Round of Recombination Before Dissociating
from DNA. Using single-color TFM-FRET, we previously de-
termined that FtsKC activates recombination by inducing the
remodeling of preexisting XerCD-dif synapses (24). In these
experiments, we deduced the fate of FtsKC after activation by
following the disappearance of PIFE, which resulted from the
close proximity of FtsKC to the recombining complex. The PIFE
signal was only observed up to isomerization of the HJ, which
was generated by XerD-mediated DNA strand exchanges, which
initiate FtsK-dependent recombination. This disappearance of

PIFE, however, could not determine FtsKC dissociation from the
complex, because the HJ isomerization could also lead to a
change in conformation, which, in turn, could lead to the end of
PIFE, because PIFE is only sensitive to distance changes in the
range of 1–2 nm (25). Here, using a labeled trimer of FtsKC, we
have followed precisely the presence of FtsKC at the recombin-
ing complex. Our results show that FtsKC predominantly disso-
ciated 0.5–1 s after arriving at XerCD-dif. Because HJ formation
and resolution by XerCD takes an average of 1.6 s (24), it seems
unlikely that FtsK can activate subsequent rounds of recombi-
nation without dissociation, rebinding DNA, and encountering
the XerCD-dif complex de novo. Therefore, multiple rounds of
recombination would have to be mediated by multiple arrivals of
FtsKC hexamers at XerCD-dif. The rapid dissociation of FtsKC,
observed once it encounters XerCD-dif, may prevent a FtsKC
hexamer from blocking access to XerCD-dif during these sub-
sequent activation attempts by other FtsKC hexamers.
The vast majority of the events where FtsK successfully acti-

vated XerCD-dif recombination were not accompanied by any
evidence of translocation-mediated looping. This lack of looping
provides more evidence to support the conclusion that FtsK
remodels existing initial synapses (24), rather than extruding a
loop and forming an active synapsis or otherwise promoting
active synapse assembly as suggested by TPM experiments using
a purified γ-subdomain (13, 46, 47).
Most frequently, when FtsKC encountered a XerCD-dif synapsis,

recombination was not activated. If FtsK behaves in a similar
fashion in vivo, this low likelihood of activation would serve as a
regulatory mechanism to help ensure it resolves, rather than pro-
duces, chromosome dimers. Only when a synapsis reformed several
times, because chromosome topology was preventing segregation,
would recombination, on average, be activated.

Two-Color TFM-FRET Follows Two Effective Lengths Along the Same
DNA. The extension of TFM, using two spectrally distinct fluo-
rophores to track two positions simultaneously along the same
DNA, has allowed us to correlate large-scale DNA conformation
with the behavior of FtsKC as it assembled, translocated, and
interacted with XerCD-dif. This method, performed on a stan-
dard fluorescence microscope, provides a blueprint for single-
molecule experiments with increasing bandwidth, allowing the
study of increasingly complicated protein–nucleic acid systems.
This work has encoded information in the intensities, widths, and
positions of the images of two fluorophores, realizing the pos-
sibility of six simultaneous fluorescence observables (increased
further with the use of ALEX). TFM-FRET can be extended
with the introduction of a third spectral channel (3, 48) and a
third excitation laser, which would allow up to three simulta-
neous FRET distances, colocalization of three binding partners,
and the simultaneous measurement of three distances along the
same DNA molecule.

Methods
Standard methods were used for DNA and protein preparation, and they are
described in detail in SI Text. Sample preparation and single-molecule ex-
periments are described in SI Text. Data analysis, including event extraction,
dwell time fitting, and the segmentation of translocation, is described in SI
Text. The procedure for correcting Cy5 intensity and predicting the intensity
distribution of labeled FtsK is described in SI Text.
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Fig. 6. FtsKC assembly, stoichiometry, translocation, and activation of re-
combination. (A) FtsKC assembles stepwise on DNA into a single hexamer,
which begins translocating around 0.25 s after the first binding. We note
that in vivo FtsKC is expected to assemble from monomers rather than tri-
mers. (B) When FtsKC arrives at a single dif site loaded with XerCD, it resides
for around 0.5 s and then dissociates. (C) FtsKC arrives at a preformed XerCD-
dif synapsis, resides for 0.5–1 s, and then dissociates. Frequently, the synapsis
then disassembles, but, occasionally, recombination is activated.
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