Molecular Cell

Molecular Mechanism of Sequence-Directed
DNA Loading and Translocation by FtsK

Jan Léwe,!* Antti Ellonen,2 Mark D. Allen,® Claire Atkinson,? David J. Sherratt,? and lan Grainge>*
TMRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 0QH, UK

2Department of Biochemistry, University of Oxford, Oxford OX1 3QU, UK

3Centre for Protein Engineering, MRC, Hills Road, Cambridge CB2 0QH, UK

*Correspondence: jyl@mrc-Imb.cam.ac.uk (J.L.), ian.grainge@bioch.ox.ac.uk (I.G.)

DOI 10.1016/j.molcel.2008.05.027

SUMMARY

Dimeric circular chromosomes, formed by recombi-
nation between monomer sisters, cannot be segre-
gated to daughter cells at cell division. XerCD site-
specific recombination at the Escherichia coli dif
site converts these dimers to monomers in a reaction
that requires the DNA translocase FtsK. Short
DNA sequences, KOPS (GGGNAGGG), which are po-
larized toward dif in the chromosome, direct FisK
translocation. FtsK interacts with KOPS through
a C-terminal winged helix domain y. The crystal
structure of three FtsKy domains bound to 8 bp
KOPS DNA demonstrates how three y domains rec-
ognize KOPS. Using covalently linked dimers of
FtsK, we infer that three ¥y domains per hexamer
are sufficient to recognize KOPS and load FitsK and
subsequently activate recombination at dif. During
translocation, FtsK fails to recognize an inverted
KOPS sequence. Therefore, we propose that KOPS
act solely as a loading site for FtsK, resulting in a uni-
directionally oriented hexameric motor upon DNA.

INTRODUCTION

Investigations of the bacterial chromosome are revealing ever
more intricate levels of control in its organization and segregation
(reviewed in Draper and Gober, 2002; Ebersbach and Gerdes,
2005; Ghosh et al., 2006; Sherratt, 2003). FtsK is a DNA translo-
case, highly conserved across bacteria, that plays a role in the
later stages of cell division and chromosome segregation. It is
localized to the developing septum by interaction with FtsZ,
and, once there, the motor domain can translocate on DNA
that is present in the region of the septum. This occurs when
there has not been a timely separation of replicated chromo-
somes, for example, when chromosome catenanes or dimers
are present. FtsK translocation then directs the topologically
simple synapsis of the sister dif sites bound by XerC and XerD.
Recombination is stimulated directly by FtsK until daughter chro-
mosomes are unlinked (Grainge et al., 2007). Remarkably, FtsK
is able to “read” the sequence of the DNA to determine its direc-
tion of movement so that its net movement should always be
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toward the dif site (for recent reviews, see Bigot et al., 2007;
Strick and Quessada-Vial, 2006).

FtsK is a member of the FtsK/SpolllE/Tra family of DNA trans-
locases. SpolllE is required for the complete transfer of the chro-
mosome into the prespore of sporulating bacteria (Wu et al.,
1995) and was the first protein of this family to be identified as
a DNA motor protein (Bath et al., 2000). Tra proteins are encoded
by conjugative elements and are thought to pump DNA during
bacterial conjugation (Gunton et al., 2007). Escherichia coli
FtsK is a 1329 amino acids protein that consists of several
domains. The N-terminal domain (FtsKy) of about 200 residues
contains four transmembrane helices (Dorazi and Dewar, 2000)
and is part of the divisome, the multiprotein complex that orches-
trates bacterial cell division (reviewed in Goehring and Beckwith,
2005; Vicente and Rico, 2006). It has been suggested that the N
terminus of SpolllE may form a channel for DNA through the cell
membrane, and a similar role could be envisaged with FtsK (Liu
et al., 2006). This idea is supported by the similarity of some Tra
proteins involved in conjugative transfer to the N-terminal
domain of FtsK (Gunton et al., 2007).

Separating the N- and C-terminal domains of FtsK is a linker
region (FtsK,) that is ~600 residues long in E. coli and has a pre-
cise function that is unclear (Bigot et al., 2004). Following the
linker is the DNA translocase FtsK¢, containing the a8 motor,
followed by the 85 amino acid FtsKy domain. The structure of
FtsKap from Pseudomonas aeruginosa shows a hexamer that
assembles around double-stranded DNA (Massey et al., 2006).
The fold of the o domain is unique to the FtsK/SpolllE/Tra family,
whereas B has a RecA-like fold common to a large number of hel-
icases and other hexameric proteins such as AAA+ proteins (lyer
et al.,, 2004). Based on an observed conformational change,
a “rotary inchworm” mechanism has been proposed (Massey
et al., 2006) that explains the very fast translocation of FtsK on
DNA with very little supercoiling induction (1/150 bp), as
observed in “single-molecule” experiments (Saleh et al., 2005).
In this mechanism, ATP hydrolysis by one of the six subunits of
the FtsK ring translocates ~2 bp of DNA, bringing the helical
backbone of the DNA into position for translocation by the next
subunit in the ring. Thus, very little net rotation of the protein
ring against the DNA is required, and this may aid the very high
translocation speeds of 5 kbp/s observed in single-molecule
experiments (Pease et al., 2005; Saleh et al., 2004).

FtsK has created great interest not only because of its prodi-
gious speed of translocation but because its movement on
DNA is directed toward dif by polarized sequences on the
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chromosome (Corre and Louarn, 2002). Subsequent single-mol-
ecule experiments suggested that FtsK appeared to read the
sequence of DNA while translocating (Pease et al., 2005). The
sequence that imparts this directionality has the consensus
5-GGGNAGGG-3' and is termed FtsK Orienting Polarized
Sequence (KOPS) (Bigot et al., 2005; Levy et al., 2005). KOPS
is recognized directly by the FtsKy domain (Ptacin et al., 2006;
Sivanathan et al., 2006), which has a winged helix fold, as deter-
mined by NMR. The FtsKy domain is also the site of interaction
with XerD, and, thus, it is required for the activation of recombi-
nation (Yates et al., 2006). Further, it has been determined that
the y domains help with loading of the motor hexamer (a8
domains) on one side of the KOPS sequences only (Bigot
et al., 2006). Yet, it has been unclear how KOPS is recognized
in the whole complex of the «, B, and y domains and how vy
apparently recognizes KOPS in the “permissive” orientation to
load a hexamer and in the opposite “nonpermissive” orientation
to pause/reverse a hexamer.

Here, we report a high-resolution crystal structure of three FtsKy
domains bound to KOPS. The structure shows three y domains
recognizing the 8 bp KOPS with sequence specificity, employing
two different DNA-binding modes as well as protein-protein inter-
actions. Using covalent dimeric FtsK proteins, we show that three
y domains per hexamer are sufficient for KOPS recognition and re-
combination at dif. Importantly, we demonstrate that FtsK does
not recognize KOPS in the nonpermissive orientation; a translocat-
ing hexamer passes through these sequences. Instead, the
KOPS-v interaction yields a FtsK hexamer loaded onto DNA in
a defined orientation on one side of KOPS. Therefore, we believe
the biological role of KOPS is most likely purely a loading mecha-
nism for correctly orienting FtsK on DNA prior to translocation.

RESULTS AND DISCUSSION

The FtsKy Domain Is a Winged-Helix Domain

We have crystallized the FtsKy domain from Pseudomonas
aeruginosa and solved the structure to 1.4 Aresolution by molec-
ular replacement using the NMR structure determined by us
previously (Sivanathan et al., 2006; Tables 1 and 2). The new
high-resolution structure confirms that FtsKy is a winged helix
domain (WHD) (Figure S1A available online). The WHD fold is
comprised of helices H1 to H3 and a wing that is in  sheet-like
conformation, though the new high-resolution crystal structure
shows that the two strands do not have a regular 8 sheet hydro-
gen-bonding network between them. Estimation of the electro-
static potential on the surface of the domain, which can now
be performed to a greater precision, identifies a patch of positive
charge, mostly around the loop between helices H2 and H3
(Figure S1B). Surprisingly, the crystals contained eight mole-
cules per asymmetric unit (Figure S1C). These are arranged in
a tight octamer with 222 symmetry. The structure is very com-
pact, with between ~1600 A? and ~1300 A? buried (26%-34%
of the monomer surface) for the different positions in the
octamer. There is currently no evidence that this arrangement
has any biological significance, and it is not related to the pack-
ing when bound to DNA (described below), though it is tempting
to speculate that a similar self-interaction of y domains in the
absence of KOPS DNA might be part of its regulation.

Table 1. Crystallographic Data

Pseudomonas aeruginosa FtsK (FTSK_PSEAE) y-Domain: GGS-742-
811; P2(1),a=445A,b=585A,c=954A, p=92.5°

Crystal A [A] Resol. I/cI? RmMP°(%) Multipl.° Compl.(%)?
NATI 0.9393 1.4  13.1(3.0) 0.088(0.532) 4.0 99.9
Pseudomonas aeruginosa FtsK (FTSK_PSEAE) y-Domain: GGS-742-
811 with KOPS-Containing DNA Duplex: 5'- ACCAGGGCAGGGCGAC-
3;C2,a=137.9A,b=63.1A,c=76.0A, 3 =118.8°

Crystal A[A]  Resol. I/cl? RmP®(%) Multipl.® Compl.(%)®
PEAK 0.9796 1.9  23.3(3.8) 0.051(0.318) 6.7(3.3) 99.7

INFL 0.9798 2.2  32.1(14.3) 0.041(0.114) 7.3(3.7) 99.7

HREM 0.9687 2.2  29.1(10.7) 0.044(0.153) 7.3(3.8) 99.8
2Signal-to-noise ratio for merged intensities.

P Rm: =hzi|l(h,i)-I(h)| / =h=i I(h,i), where I(h,i) are symmetry-related inten-
sities and I(h) is the mean intensity of the reflection with unique index h.
¢ Multiplicity for unique reflections (@anomalous multiplicity in brackets).
dCompleteness for unique reflections. Highest resolution bins in
brackets. The native structure was solved using molecular replacement
using the NMR structure as search model (PDB ID 2J50). The DNA coc-
rystal was solved using the SeMet MAD data set for phase determination.
The CC of anomalous pairs for the peak data set was 0.15 to 2.2 A
resolution.

Three y Domains Recognize One KOPS Sequence

In order to better understand how FtsKy recognizes KOPS se-
quences, we cocrystallized the protein with 16 bp of double-
stranded DNA containing the KOPS sequence, GGGCAGGG
(Bigot et al., 2005; Ptacin et al., 2006). Bioinformatic studies
have suggested that this same sequence is likely to be the
KOPS sequence in Pseudomonas aeruginosa (Hendrickson
and Lawrence, 2006), and this sequence was previously shown
to be recognized by both E. coli and P. aeruginosa vy (Sivana-
than et al., 2006). The structure was solved by SeMet MAD
phasing to 1.9 A resolution (Tables 1 and 2). The crystals con-
tain two double-stranded DNA molecules bound by six FtsKy
domains; the complexes are arranged so that a unit containing
three FtsKy domains and one DNA is present twice (Figure 1A).
The ends of the DNA are partly unwound and partly overlap. In
the overlapping regions, Watson-Crick base pairs form be-
tween the different strands, though the DNA used is blunt-
ended. The binding mode of one molecule of FtsKy to DNA
is shown in Figure 1B; the WHD domain makes many contacts
with the major groove of the DNA, binding to the backbone as
well as reading the base sequence. For this, the loop between
helices H2 and H3 and one side of H2 insert into the groove, as
was determined by nuclear magnetic resonance studies
(NMR). The wing of the WHD interacts with the next minor
groove, as is common for these domains (Gajiwala and Burley,
2000). When looking along the DNA (Figure 1C), the three do-
mains follow the major groove and bind every 80°-100°, with
the first and last being almost exactly 180° apart. When bound
by the three domains, the DNA does not significantly change
its conformation and is very close to ideal B-DNA
(Figure 1D). We believe that this makes it unlikely that bending
or non-B-DNA in KOPS bound by FtsKy could somehow influ-
ence the FtsK motor.

Molecular Cell 37, 498-509, August 22, 2008 ©2008 Elsevier Inc. 499



Table 2. Refinement Statistics
Model

v-Domain

Eight protein chains A-H: A, 745-811; B,
745-809; C, 746-809; D, 744-811; E,
744-809; F, 744-808; G, 747-806; H,
747-808; 688 water molecules

NATI, 50.0-1.4 A, all data

0.14 (0.17), 0.19 (0.26)

Diffraction data
R factor, R free®

B factors® 18.6 A2, 2.9 A? (aniso)
Geometry® 0.030 A, 2.33°
Ramachandran® 92.8%/0.0%

PDB ID 2VES

Model y-Domain: DNA Cocrystal

Two duplexes bound to three protein chains
each: DNA chains | and J bound by protein
chains A, B, and C; DNA chains K and

L bound by protein chains D, E, and F; A,
746-807; B, 747-807; C, 746-807; | and J,
1-14; J, 1-16; D, 747-808; E, 747-808; F,
745-807; K, 1-14; L, 1-16; 510 water
molecules, 1 Mg

PEAK, 50.0-1.9 A, all data

0.20 (0.27), 0.25 (0.36)

Diffraction data
R factor, R free?

B factors® 40.3 A%, 1.15 A2
Geometry® 0.013 A, 1.647°
Ramachandran® 94.1%/0.0%
PDB ID 2VE9

25% of reflections was randomly selected for determination of the free R
factor prior to any refinement. R factors for the highest resolution bins are
given in brackets.

P Temperature factors averaged for all atoms and RMS deviation of
temperature factors between bonded atoms.

°RMS deviations from ideal geometry for bond lengths and restraint
angles.

9 Percentage of residues in the “most favored region” of the Ramachan-
dran plot and percentage of outliers. All data were collected on beamline
ID14eh4 (ESRF, Grenoble, France).

Cooperative Binding Enables the Recognition

of Different Sequences by the Three FtsKy Domains

One of the most interesting aspects of the complex structure be-
tween KOPS DNA and FisKy is the recognition of the DNA
sequence, GGGCAGGG. To illustrate this, Figure 1E shows the
three domains (A, B, and C) bound to the DNA, with color-coding
highlighting the three parts of the sequence recognized by each.
The first three Gs are recognized by subunit A (Figure 1E, left).
The central C and A bases are recognized by the middle subunit
B (Figure 1E, middle), and the last three Gs are recognized by
subunit C (Figure 1E, right). Thus, subunits A and C recognize
the same DNA sequence: GGG (Figure 1F). Accordingly, they
also share exactly the same binding mode, with the wing of the
WHD being inserted deep into the next minor groove. Subunit
B is different. It recognizes a different sequence, is slightly tilted
with the wing not so deeply penetrating the minor groove, and is
generally further away from the DNA with many water molecules
mediating contacts with the DNA (Figures 1E, middle, S1D, and
S1E). This binding mode immediately explains why the KOPS
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consensus sequence is less stringent for positions four and
five (Bigot et al., 2005) since these bases are not directly read
by the protein. Table S1 provides a list of residues in vy that
read the DNA sequence, notably S766, Q769, and N777, which
make contacts to oxygens and nitrogens in the DNA bases via
water molecules (Figure S2). These contacts are conserved be-
tween subunits A and C but are different in B. The binding modes
of the three y subunits also explain how a small domain such as
FtsKy can recognize such a large sequence motif. Most likely,
subunits A and C bind to the GGG motifs of KOPS with higher af-
finity than subunit B to the CA motif, but cooperative interactions
between the three y domains stabilize the complex as a whole.
Presumably, only three contributions to the binding energy are
sufficient for effective binding of the B subunit: binding to DNA
and protein-protein contacts with subunits A and C all at the
same time. This cooperative binding mode enables the small
FtsKy WHD domain to recognize GGG and CA bases at the
same time in a specific and ordered way. All three subunits
bind in roughly the same orientation on the DNA (Figure 1F), ori-
enting the N termini on one side of the complex and the C termini
on the other. Importantly for this study, the orientation of the pro-
tein on the KOPS motif is such that all N termini of the FtsKy
domains point toward the 5’ end of the GGGCAGGG seqguence.

A Model of KOPS-Directed Loading of the FtsK
Motor Domain
Knowing the orientation of the y domain on KOPS allows us for
the first time to assemble a molecular model of FtsK, including
the motor domains o and B, loaded in a specific orientation at
KOPS (Figures 2A and 2B). Taking our previous model of FtsK
bound to DNA (Massey et al., 2006), we orient it so that the C ter-
mini of the B domains join with the N termini of the y domains. In
unmodified FtsK, there is a short 10-14 amino acid linker be-
tween these two. This then places the motor on the 5’ side of
the GGGCAGGG KOPS motif, which is in excellent agreement
with previous data showing loading on the 5’ side of KOPS (Bigot
et al., 2006). Our model also predicts that the motor moves so
that the DNA enters the hexamer from 3 because we know which
way around a KOPS sequence is permissive for translocation
(Figure 2B). Interestingly, the three FtsKy domains are not in an-
gular register with the hexamers in the complex (Figure 2A). The
significance of this is unknown, although the interaction with
XerD and subsequent recombination might require this special
arrangement in a way we currently do not understand. The model
predicts that only three of the six FtsKy subunits present are
used for KOPS recognition. To confirm the structural data, we
performed an isothermal titration calorimetry experiment (Fig-
ures 2C and 2D). We used the same double-stranded DNA as
in the cocrystallization experiments and an unrelated DNA of
the same length as negative control. The experiment yielded
the same stoichiometry of ~3:1 protein:DNA as in the crystals
described above. It is currently not possible to fit a suitable bind-
ing model for three subunits in order to obtain dissociation
constants and binding energies. Possible roles of the three free
vy domains in the complex bound to KOPS are discussed below.
If the model and predictions of directionality of the motor pro-
tein deduced here are correct, FtsKy binding could interfere with
translocation, because the KOPS-bound y domains need to be
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Figure 1. Crystal Structures of the FtsKy Domain with and without DNA

(A) Cocrystallization of PaFtsKy with the KOPS-containing DNA duplex 5'-ACCAGGGCAGGGCGAC-3' (KOPS: GGGCAGGG) produced a structure containing
three PaFtsKy domains bound to double-stranded DNA. The asymmetric unit of these crystals contains two complete complexes. Protein chains A, B, and C are
bound to the first duplex; chains D, E, and F are bound to the second.

(B) In the complex, the winged helix domains insert with the loop between H2 and H3 into the major groove of the DNA. The wing, as is common for WHD domains,
interacts with the minor groove of the DNA.

(C) The three PaFtsKy domains are arranged along the DNA to follow the major groove, leading to an arrangement in which they are ~90 degrees apart when
looking along the axis of the DNA (A to B: ~100°, B to C: ~80°).

(D) When superimposing the PaFtsKy-complexed DNA duplex with ideal B DNA, it becomes clear that the DNA is not, or is only very slightly, bent from straight.
(E) The three PaFtsKy subunits together recognize the GGGCAGGG KOPS motif. Chains A and C recognize a GGG triplet, whereas chain B slots in between the
two and recognizes mostly the CA duplet, although very few direct contacts exist, explaining the lack of conservation of the middle bases of the KOPS canonical
sequence. The binding mode for chains A and C is very similar, with a tight interaction of the wing with the minor groove. Chain B is tilted and binds in a slightly
different way, as expected, because it recognizes a different DNA sequence despite being the same protein.

(F) The recognition of different stretches of DNA by the same domain is possible because the three subunits also interact with themselves. They all bind in the
same overall orientation to the DNA, though chain B is slightly tilted.

displaced from DNA as translocation proceeds. Currently, we fectiveness of this sequence is readily explained: on the DNA, the
have no direct evidence that this is possible. v domains recognize GGG and CA in an alternating way with the
Previously, overlapping triple-KOPS sites were used for bio-  binding modes of subunits A (or C) and B following each other
chemical assays involving FtsKy domain KOPS recognition: along the major groove, providing potential binding sites for all
GGGCAGGGCAGGGCAGGG. With our structure in hand, the ef-  six y domains, hence enhancing recognition: ABABAB.
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(A) When modeling the KOPS:PaFtsKy complex onto the motor domain (PaFtsK o) (Massey et al., 2006), it becomes clear that the ¥ domains do not follow the

60° rotational repeat of the motor domains.

(B) Using the same model, a prediction can be made for the direction of the motor domain hexamer on KOPS-containing DNA. The model was generated by
placing the N termini of the ¥ domains close to the C termini of the motor domains (Massey et al., 2006). The two parts of the molecules are joined by a linker
of 14 amino acids in the full-length protein that are missing between the two structures. This then places the KOPS sequence in a way that the permissive direction
of the KOPS sequence goes from left to right. This means that it is likely that the motor complex moves the DNA from the wider end of the cone to the narrower end

where the N-terminal o domains are located, as is indicated.

(C) An isothermal titration calorimetry (ITC) experiment shows that three PaFtsKy domains bind to one KOPS, N = 0.37 (0.33 for 1:3).
(D) Control ITC experiment using double-stranded DNA of the same length without KOPS. No binding is observed.

A Recombination Assay Dependent upon FisK Loading

In vivo, FtsK translocates DNA until it reaches the dif site, where-
upon itinteracts with XerD to stimulate recombination with a part-
ner dif site. Recombination can, therefore, be used as a readout
for FtsK translocation up to a dif site in vitro, using the soluble de-
rivative FtsKsoc, consisting of 50 amino acids from FtsKy fused
to FtsKc (Aussel et al., 2002). In vitro, FtsKsoc can stimulate
recombination between two dif sites provided it can load upon
one or the other substrate; one of the dif sites can be upon a short
DNA that has no potential to allow FtsK to bind as long as the
partner dif site has a sufficient extra DNA to allow loading on
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the XerD side of dif (Massey et al., 2004). When the XerD side
arm is below 50 bp in length, recombination becomes inefficient.
The length requirement of the longer substrate can be further re-
duced by including three copies of KOPS in tandem repeat in ad-
dition to a short >20 bp arm (Bigot et al., 2006). This led to the
proposal that KOPS can act as loading sequences for FisK.
To investigate the requirements of the FtsKy-KOPS interaction
in loading a hexamer of FisK, this assay was adapted and
made more stringent by including a single KOPS sequence sep-
arated 5 bp from dif, followed by a further 25 bp upon which the
hexamer could be loaded, so that FtsK would subsequently
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translocate toward dif (Figures 3A and 3B). Recombination on
this substrate was efficient. When KOPS was inverted with re-
spect to dif (dif-5-revKOPS-25) or dif inverted with respect to
KOPS (difrev-5-KOPS-25), recombination was greatly reduced.
Similarly, recombination on a substrate of the same length but
with no KOPS present was inefficient (dif-5-noKOPS-25). In-
creasing the spacing between dif and KOPS had very little effect
on the recombination level observed. Lengthening the DNA the
other side of KOPS (the site of hexamer loading) to 35 bp led
to an increase in recombination, as did including an overlapping
triple-KOPS sequence (above), presumably as a result of in-
creased loading efficiency. These findings are in good agree-
ment with the model proposed in Figure 2B for the direction of
loading of a FtsK hexamer upon interaction with KOPS.

This assay provides a good test for efficiency of loading of
a FtsKsoc hexamer at KOPS, as recombination is essentially
dependent upon being able to recognize KOPS and load onto
the DNA arm such that FtsKsoc now translocates toward dif.

Recombination Is Dependent upon ATP Hydrolysis

It was clear from the assay shown in Figures 3A and 3B that the
presence of a KOPS site acted to load FtsK onto a substrate too
short for spontaneous loading to occur with any reasonable effi-
ciency. Since three FtsKy domains bind to KOPS (Figure 1), itis
probable that these nucleate the formation of a hexamer around
the DNA. y-KOPS binding should be a nucleotide-independent
event, yielding a loaded hexamer with three y domains engaged
on KOPS and potentially three free ¥y domains per hexamer.
Hexamerization of FtsKap has also previously been observed

1.2 41 11.3 56

Figure 3. A Recombination Reaction De-
pendent upon FitsK Loading at KOPS

(A) Schematic diagram of recombination sub-
strates. The dif site, present on both substrates,
is shown as a gray box containing a triangle, and
KOPS is shown as an arrow on the DNA that points
in the permissive direction. Presence of a radioac-
tive label is shown by the asterisk. Each longer
substrate is named according to the order of its
component parts. For example, the substrate
shown in (A) is dif-5-KOPS-25, where 5 and 25
represent the length of duplex DNA (bp) in these
positions. This nomenclature is used for all the
subsequent substrates. In this substrate, the
XerD binding site of dif is closest to KOPS.

(B) Autoradiogram of a recombination gel. Each
lane contained XerCD, FtsKsoc, ATP, and the indi-
cated substrates. The percent recombination
shown below each lane is an average derived
from two independent experiments using the
same conditions. When the level of recombination
was too low to quantify, it is indicated as <0.1%.
(C) Recombination is dependent upon ATP.
Recombination reactions carried out on the indi-
cated substrates in the presence or absence of
ATP as indicated.

The smeary band seen in the difrev-5-KOPS-25
lane in (B) and the similar bands in the dif-2-

dif-5-KOPS-35
dif-20-KOPS-25

l— product

— substrate

— product KOPS-25 lanes in (C) are background bands and
unrelated to recombination since they appear
— substrate with these substrates in the absence of protein.

independently of nucleotide (Massey et al., 2006) and is also
demonstrated later (Figure 4B). Therefore, we examined the pos-
sibility that a hexamer of FtsKsoc could simultaneously bind to
KOPS and interact with XerD via its free v domains to stimulate
recombination in a nucleotide-independent reaction. To this end,
the distance between the KOPS loading site and the dif site was
reduced in single bp steps, as shown in Figure 3C, and reactions
were carried out either with or without addition of ATP. As the
KOPS site was moved closer to dif, the efficiency of recombina-
tion with ATP present declined. Without ATP, none of the sub-
strates showed any detectable recombination. Substituting
ATP with either ADPNP, a nonhydrolyzable analog of ATP, or
with ADP also failed to give detectable recombination (data not
shown). Further, addition of ATPyS, which is slowly hydrolyzed
by FtsK and is capable of supporting a low level of recombination
on plasmid substrates (Ip et al., 2003) and long linear substrates
(Massey et al., 2004), also failed to stimulate recombination in
this assay (data not shown). Thus, ATP hydrolysis appears to
be necessary for recombination to occur, although we cannot
formally exclude that ATPyS inhibits something other than hy-
drolysis. Substrates with 5 bp between dif and KOPS were con-
structed with a nick in either the top or bottom strand or a single
base gap in this spacer region to allow greater flexibility of the
complex. Each of these substrates gave recombination products
only when ATP was added to the reaction (data not shown).
Therefore, a hexamer of FtsK cannot simultaneously bind to
KOPS and interact with XerD to stimulate recombination at an
adjacent dif site. We interpret this to mean that FtsK needs to
actively translocate, displacing v from KOPS, before interaction
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Figure 4. Three Yy Domains in a Hexamer Are Sufficient for KOPS-Dependent Recombination

(A) Schematic representation of the covalent dimers of FtsKsoc and their indicated nomenclature.

(B) DNA binding of monomeric and covalent dimeric/trimeric FtsKsoc derivatives. The substrate is shown schematically above the gel. The KOPS site is flanked by
1 bp to one side and by 35 bp on the other side, upon which FtsK could load. The complexes are putatively identified on the right; the smallest complex, present
with FtsKsoc but absent in the covalent dimer, is, thus, assigned to be a monomer bound to DNA. Similarly, the smallest complex with the covalent dimer, absent
with the trimer, is assigned as a single dimer bound to DNA. The largest complex, common to all the proteins tested, is presumed to be a hexamer and is marked
as such. There is no indication that the covalent multimers form higher-order complexes of different composition than monomeric FtsKsoc.

(C) Recombination activity of the covalent dimeric proteins. Each dimeric protein was active except the y—/y— variant.

(D) Comparison of recombination efficiency on substrates of identical length, K, with KOPS, and N, without KOPS. This confirms that the dimeric proteins retain

the dependence on KOPS for efficient recombination.

with XerD takes place. It is hard to envisage how ATP hydrolysis
by FtsK could activate recombination when the y-KOPS interac-
tion is intact. Translocation could simply move FisK into the
correct position to interact with XerD. Alternatively, there may
be a change in either protein or DNA commensurate with trans-
location or ATP hydrolysis, which is necessary for recombination
stimulation.

Covalent Dimers and Trimers of FtsK5oc Are Active
In Vivo and In Vitro
A recombinant gene that encodes a covalently linked dimer of
FtsKsoc containing two copies of FtsKsoc separated by
a 14 amino acid glycine-rich linker (amino acid sequence
GGGSEGGGSEGGSG) allowed the reconstitution of hexamers
with six, three, or zero y domains (Figure 4A). The short linker still
supports hexamer formation as depicted in Figure 2B since the
N and C termini are close in space (Massey et al., 2006).
Binding of the covalent fusion proteins to a short DNA frag-
ment containing KOPS was compared to that of the monomeric
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form (Figure 4B). Each of the proteins gave defined complexes
on DNA, with the lowest mobility complex being the same for
all the variants (Figure 4B). We interpret this complex to be a hex-
amer loaded onto the DNA. Each of the complexes produced by
the covalent fusion proteins was also observed using monomeric
FtsKsoc. There was no evidence for formation of higher-order
complexes or aberrant multimerization using the covalent fusion
proteins. Therefore, we believe that the covalent fusions are,
indeed, capable of forming hexameric rings and do not readily
form other higher-order structures. Although other interpreta-
tions of the data presented are possible, we believe that this
is both the most parsimonious and plausible one. Further, at
high-protein concentration, monomeric FtsKsoc and the cova-
lent dimeric proteins yielded complexes of the same size when
analyzed by gel filtration chromatography (data not shown).
The complex was very large and, thus, poorly resolved by this
technique but was consistent with being a hexameric ring.
Trimeric forms were also constructed with two copies of the 14
amino acid linker, each flanked by a unique restriction site,
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separating the three copies of the FtsKsoc monomers. They are
described using the nomenclature of Figure 4A. Each of these
proteins was tested for the ability to stimulate recombination
on a plasmid substrate in vivo. The relevant expression plasmid
was transformed into cells harboring a reporter plasmid with two
dif sites, either without KOPS (KOPS-0) or with each site flanked
by nonpermissive KOPS (KOPS-2) (Sivanathan et al., 2006), and
deletion reactions were studied over time after induction of the
dimeric FtsKsoc derivatives. A plasmid expressing monomeric
FtsKsoc Was used alongside for comparison (data not shown).
The WT/WT and +y—/WT dimers each showed robust
recombination stimulation in vivo on the KOPS-0 substrate, but
the WT/y— dimer showed very low activity. As expected, the
y—/v— dimer was incompetent for activating recombination.
Recombination on these plasmid substrates confirms that three
vy domains per hexamer are sufficient to stimulate recombina-
tion. Each of the constructs showed a reduced level of recombi-
nation on the KOPS-2 substrate compared to KOPS-0, suggest-
ing that the covalent dimers were able to respond to the
presence of KOPS as monomeric FtsKsqc did. A covalent tri-
meric WT/WT/WT protein also stimulated recombination. No re-
combination was observed upon expression of the y—/y—/y—
protein, but y—/y—/WT did show a low level of activity (data
not shown).

Three Yy Domains per Hexamer Are Sufficient to Load

at KOPS

Each of the dimeric proteins was purified and tested for ATPase
activity in vitro. Protein concentrations were adjusted so that the
same concentration of active sites was present in each assay,
and each of the dimeric proteins appeared to be at least as
active as a similar preparation of monomeric FtsKsoc (data not
shown).

The dimeric forms of FtsKgoc Were tested in the previously de-
scribed recombination reaction dependent upon loading at
KOPS to be able to recombine two short DNA fragments. With
normalized protein concentrations, each of the dimers was again
seen to be active in this assay, apart from the y—/y— dimer
(Figure 4C). Therefore, hexamers with three or six y domains
were able to bind to these substrates containing KOPS and sub-
sequently activate recombination.

In order to test whether the dimeric forms of the protein had
a similar requirement for KOPS in order to load onto a short
DNA arm, each of the proteins was tested on substrates of the
same length either with or without a KOPS site (Figure 4D).
This confirmed that the loading of the dimers onto these sub-
strates was still KOPS dependent and that, in the absence of
KOPS, no recombination was observed. When a similar experi-
ment was carried out for the trimeric variants of FtsKsqc, it was
observed that both the WT/WT/WT and y—/y—/WT trimers
were active when KOPS was present, but the WT/WT/WT trimer
also showed a low level of activity on the “no KOPS” substrate,
demonstrating that, at least in the trimeric form of the protein,
some of the dependence upon loading by KOPS could be over-
come. The trimeric form of FtsKsoc would be expected to form
hexamers more readily on DNA than a monomeric form because
interaction between two molecules in the trimeric form is all that
is required. Perhaps this relaxed requirement for hexamer forma-

tion is what allows the y—/y—/WT trimer to load at KOPS despite
having only two y domains per hexamer.

KOPS Acts as a Loading Site for FtsK and Is Not
Recognized in the Nonpermissive Orientation
It is clear that KOPS can act as a loading site for FtsK, but it has
been previously proposed that translocating FtsK also recog-
nizes KOPS in the opposite nonpermissive orientation and
uses this as a signal to stop translocation and perhaps even re-
verse its direction of translocation (Bigot et al., 2005, 2006;
Pease et al., 2005; Ptacin et al., 2006; Saleh et al., 2005).
However, such a recognition of KOPS would require either that
the v domains bind KOPS in a different mode to that shown in
Figure 1 or that the linker between B and v is sufficiently long
and flexible enough to stretch over the y-KOPS complex and
maintain the same binding mode. However, both of these possi-
bilities seem unlikely, given our structural data. Alternatively, we
propose that KOPS is simply an efficient loading site for FtsK and
that, when sufficient protein is used, the majority of KOPS sites
will be occupied by FtsK. In order to test these different possibil-
ities, the loading-dependent recombination assay previously
used was altered such that a KOPS sequence was inserted in
the opposite orientation between the permissive KOPS loading
site and the dif site (Figures 5A-5C). The distance between dif
and the inserted KOPS site was then varied; if y can recognize
nonpermissive KOPS, then this distance should be inconse-
quential. However, if pausing requires loading of FtsK at the
reversed site, then this will become more efficient when there
is more DNA upon which to load, and, thus, the reversed
KOPS site should be a better block as the distance increases.
Recombination reactions using these substrates showed that,
when the opposing KOPS site was placed just 5 bp from the dif
site, the recombination efficiency was not lowered when com-
pared to a control substrate of similar length (dif-20-KOPS-25)
(Figures 5B and 5C). As the distance between the reversed
KOPS and dif was increased, the recombination rate concur-
rently decreased. Indeed, when the distance was increased to
30 bp, recombination was barely detectable. Recombination
reactions using various short time points confirmed that there
was no difference in recombination rate between the control
substrate without KOPS and the substrate with KOPS 5 bp
from dif (Figure 5C). Therefore, we conclude that translocating
FtsK does not respond to a reversed KOPS sequence, and,
hence, FtsKy recognizes KOPS in only one direction.

Concluding Remarks

KOPS-directed FtsK translocation on the E. coli chromosome
localizes the sister dif sites to the septum. Thereupon, FtsK stim-
ulates chromosome unlinking by XerCD recombination. The first
experiments that addressed the directional translocation of FtsK
were interpreted as FtsK stopping translocation at nonpermis-
sive KOPS and then sometimes reversing the translocation
direction (Bigot et al., 2005, 2006; Pease et al., 2005; Ptacin
et al., 2006; Saleh et al., 2005). It was inferred that FtsK translo-
cated through permissive KOPS. Subsequently, it was proposed
that permissive KOPS could also act as a loading site for FtsK
and thereby facilitate directional translocation (Bigot et al.,
2006; Sivanathan et al., 2006). This dual action would require
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Figure 5. FtsK Cannot Recognize KOPS in the Reverse Direction

(A) Schematic representation of the substrates used. Nomenclature is as in Figure 3. In these substrates, a second (nonpermissive) KOPS is added between the
dif site and the KOPS loading site. An “x” represents the distance in bp between dif and this additional KOPS.

(B) Recombination reactions using substrates with a reversed KOPS. The control is dif-20-KOPS-25, used previously (Figure 3), which is a similar length to the
other substrates here. The quantified percentage of recombination from each substrate is shown below the autoradiograph and is normalized to the control
reaction. Multiple repeats of this experiment give the same trends.

(C) Graphs showing recombination against time for the substrates shown in (B). The top panel compares the control substrate with the substrate having reversed
KOPS 5 bp from dif. The lower panel shows the effect of varying this distance between dif and the reversed KOPS. Again, a representative set of data is shown,
but repeats give similar trends.

(D) Model for collision of FtsK hexamers following directional KOPS loading. Each hexamer is represented as a cone on the DNA, and, for clarity, only a single
vy domain is shown as a connected triangle. Since y binds KOPS in a specific orientation (Figure 1), recognition of an inverted KOPS would require the linker
between the motor and vy to loop over the entire length of the y-KOPS complex. This is disallowed (red cross). Thus, FtsK is never loaded in the “wrong” orien-
tation, nor can it recognize an inverted KOPS during translocation. Translocating hexamers have a black arrow to show their movement relative to the DNA. Ini-
tially, both hexamers are loaded directionally at KOPS, and the yellow hexamer has begun translocation. In scheme (Di), both hexamers translocate and collide in
the intervening DNA. In (Dii), one hexamer remains bound at KOPS. Both schemes could result in pausing of translocation upon collision. The various subsequent
outcomes are then shown (Da)—(Dc), with (arbitrary) reference to the initially translocating hexamer: in (Da) and (Db), one motor pushes the other, whereas in (Dc),

one motor dissociates and the other is free to translocate.

different binding modes to KOPS with different mechanistic out-
comes: stalling at reversed KOPS would need recognition in
a way that would lead to downregulation of the motor, and load-
ing at permissive KOPS would require that the motor be translo-
cation competent.

Based on the structures and the biochemical data showing
that translocating FtsK does not respond to nonpermissive
KOPS, we propose a model whereby KOPS acts solely to orient
the direction of the FtsK hexamer on DNA at the initial binding
event. Three y domains of a FtsK hexamer bind to KOPS simul-
taneously and are sufficient for a hexamer to be loaded on the
DNA “upstream” of KOPS. This mechanism requires no obliga-
tory regulation of motor activity upon KOPS binding. If KOPS is
simply a directional loading site that promotes formation of a hex-
amer specifically on DNA, then it may be expected that FtsK var-

iants that form hexamers more readily around DNA would be
able to show some KOPS-independent activity, as, indeed,
appears to be the case for the covalent trimers of FtsK.

We propose that the observed pausing and reversal of FtsK
upon encounter of KOPS in the nonpermissive orientation is
not a consequence of recognition of this KOPS by the translo-
cating FtsK. Rather, it results from efficient loading of a second
FtsK hexamer at KOPS, which would be oriented opposite to
the direction of translocation of the first. Therefore, a head-on
collision between the two FtsK hexamers is envisaged
(Figure 5D). This could then lead to pausing; either the translo-
cating hexamer is stopped by encounter of the FisKy-KOPS
complex, or it displaces y from KOPS and is stopped by en-
counter with the newly freed motor of the second hexamer. In-
deed, head-to-head hexamers have been seen in both crystal
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structures and EM images (Massey et al., 2006). Subsequently,
either one or the other hexamer could dissociate, leaving the re-
maining one free to translocate, or both could remain engaged
on DNA but one could successfully push the other (Figure 5D).
The outcome of this collision may be biased toward one path-
way as a result of one hexamer being associated with KOPS.
Further, because the binding energy of three y domains to
KOPS is similar to that released upon hydrolysis of ATP, it is pos-
sible that FtsK overcoming this barrier may be a relatively slow
event compared to translocation events at speeds of ~5
kbsec™' (Pease et al., 2005). The result of this would be that
the majority of observed collisions would be at KOPS rather
than on the intervening DNA.

In conclusion, we believe that all previous data are consistent
with this interpretation of KOPS acting simply as a loading site
and that an FtsK hexamer is a unidirectional, hexameric DNA
translocase. The biological consequence of directional loading
of FtsK by KOPS is that translocation will be toward the dif site
from either side and will result in FtsK encountering the recombi-
nases XerCD at dif to stimulate their recombination activity.
A similar model of directional loading can be expanded to other
members of the FtsK/SpolllE family to explain the polarized
movement of a motor on a chromosome.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of PaFtsK y Domain
Pseudomonas aeruginosa FtsK (Uniprot:FTSK_PSEAE) y domain was ex-
pressed as described before (Sivanathan et al., 2006). Seleno-methionine-
substituted protein was produced using published methods (van den Ent
et al., 1999), and 5 mM reducing agent (8-mercaptoethanol for nickel chroma-
tography and DTT for all others) was used in all buffers.

Crystal Structure of PaFtsKy

Initial crystallization conditions were found using our 100 nl plus 100 nl high-
throughput crystallization facility (Stock et al., 2005). Diffracting crystals were
produced by sitting drop vapor diffusion in MRC 96-well crystallization plates
mixing 500 nl plus 500 nl of protein (9 mg/ml) and crystallization solution.
Crystallization solution was 100 mM Tris/HCI, pH 7.0, 30% (v/v) PEG 300,
and 14.3% (w/v) PEG 1000. A crystal without additional cryo protection
was used for data collection on beamline ID14eh4 (ESRF, Grenoble, France).
The structure was solved by molecular replacement using our previous NMR
structure as a template (PDB ID 2J50). The program PHASER (McCoy et al.,
2007) placed eight molecules in the asymmetric unit. The structure was built
using MAIN (Turk, 1992) and refined using REFMAC5 (Murshudov et al.,
1997). See Table 2 for refinement statistics to 1.4 A resolution.

Crystal Structure of PaFtsKy in Complex with KOPS-Containing

ds DNA

KOPS1 ds DNA was obtained in PAGE-purified form from Operon (UK) and
annealed without further purification: 5'~ACCAGGGCAGGGCGAC-3' and 5'-
GTCGCCCTGCCCTGGT-3'. Initial crystallization conditions were found using
high-throughput crystallization as above (Stock et al., 2005). Diffracting crys-
tals were produced by sitting drop vapor diffusion in MRC 96-well crystalliza-
tion plates mixing 200 + 200 nl of protein and crystallization solution. Protein
solution contained 13 mg/ml SeMet-substituted PaFtsKy plus 13 mg/ml ds
KOPS1 DNA. Crystallization solution was 200 mM citric acid/NaOH pH 3.5
and 29% (w/v) PEG 6000. A three-wavelength SeMet MAD data set was col-
lected on beamline ID14eh4 (ESRF, Grenoble, France) without any additional
cryoprotection. See Table 1 for data collection details. The structure was
solved de novo using SHELXD (Schneider and Sheldrick, 2002) and SHARP
(Bricogne et al., 2003), built with MAIN (Turk, 1992), and refined using CNS
(Brunger et al., 1998). The asymmetric unit contains two complexes consisting

of ds KOPS1 DNA and three PaFtsKy domains. See Table 2 for refinement
statistics to 1.9 A.

Isothermal Titration Calorimetry of the PaFtsKy:KOPS Interaction
The experiments were performed on a VP-ITC micro calorimeter from Micro-
Cal (UK) at 10°C. Protein and DNAs were in 20 mM Tris/HCI, 1 mM EDTA,
1 mM Na azide, (pH 7.5). PaFtsKy was in the cuvette (2 ml at 100 uM), and
KOPS1 ds DNA was added in 5 pl steps (500 ul at 1 mM). Delay was 210 s
and stirrer speed 300. If the complex has a 1:3 stoichiometry, as predicted
from the crystal structure, binding should be complete after 2000 pl / 5 pl /
(1 mM /0.1 mM x 3) = 13.3 steps. This can, indeed, be seen in Figure 2C.
As a control, non-KOPS-containing ds DNA of the same length (5'-
TGTTTCACGGGAAACA-3') was added. A single-site model was fitted for
obtaining the stoichiometry.

Cloning Linked Dimeric Proteins

FtsKsoc was amplified by PCR using primers, as outlined in the Supplemental
Data. The PCR products were cloned into pBAD24 so that two copies of
FtsKsoc Were separated by a 42 base linker, and the dimeric protein was ex-
pressed under the control of the arabinose promoter. Constructs lacking
one or the other ¥ domain were produced by PCR and cloned as above.
Trimeric proteins were constructed using a similar strategy. Each construct
was sequenced to confirm that there were no unexpected mutations intro-
duced by PCR.

Protein Purification for Biochemical Assays

A AFtsKc strain of E. coli (DS9041) carrying the relevant expression plasmid
was grown to an ODggo of ~0.8. Induction was with 0.2% arabinose for
1 hr. Cells were harvested and then lysed in buffer A: 50 mM HEPES (pH
8.0), 250 mM NaCl, 10% glycerol, and 0.01% Triton X-100. Cell debris was
removed by centrifugation at 40,000 g, and the resulting supernatant was
applied to TALON resin (Clonetech). The resin was washed using buffer B:
50 mM HEPES (pH 8.0), 250 mM NaCl, 5% glycerol, 5 mM imidazole until
the wash had no significant absorbance at 280 nm. Protein was eluted using
buffer A supplemented with 250 mM imidazole, aliquoted, and stored at
—20°C until use.

Recombination Reactions

In vitro recombination reactions contained 25 mM Tris/HCI pH 7.5, 10 mM
MgCly, 1 nM radiolabeled short dif fragment, 10 nM longer dif- KOPS
fragment, 150 nM XerC, 30 nM XerD, and, subsequently, 40 nM FtsKgoc
hexamer was added, whether it be made up of monomeric or dimeric/trimeric
subunits. After 2 min at room temperature, 2 mM ATP was added unless
stated otherwise, and reactions were placed at 37°C for 30 min unless spec-
ified. Reactions were stopped by addition of 0.1% SDS and 0.1 mg/ml
proteinase K and electrophoresed through 7% acrylamide containing 0.1%
SDS in 1 x TBE buffer (90 mM Tris-borate, 1 mM EDTA). Gels were dried
and imaged using a Fuji FLA-3000 scanner and ImageGauge software. Oligo-
nucleotide sequences of the various DNA substrates are in the Supplemental
Data. Recombination assays in vivo were as described in Sivanathan et al.,
2006.

DNA-Binding Assays

Reactions contained 25 mM Tris/HCI pH 7.5, 5% glycerol, 1 nM labeled
1-KOPS-35 ds DNA. Each protein tested was used at both 200 and 40 nM
FtsKsoc hexamer equivalent. Reactions were electrophoresed through 7%
acrylamide in 0.5 x TBE buffer and imaged as above.

ACCESSION NUMBERS

Coordinates of FTsKy and FtsKy:KOPS DNA have been deposited in the
Protein Data Bank (PDB) with accession codes 2VE8 and 2VE9, respectively.
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The Supplemental Data include two figures and one table and can be found
with this article online at http://www.molecule.org/cgi/content/full/31/4/498/
DC1/.
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