
Simplification of topology during Xer-

mediated recombination 
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Xer-mediated recombination resolves 

chromosome dimers 

OriC 

Xer recombination 

crossover 

Bi-directional replication 



Xer-mediated recombination resolves 

chromosome dimers 

OriC 

Xer recombination 

crossover 

Bi-directional replication 

Dimer resolution requires: 

Chromosomal site, dif (28 bp) 

Recombinases, XerC + XerD 

Translocase, FtsK 



Xer site-specific recombination stimulated by FtsK- 



In vitro- XerCD +FtsK leads to unlinked products 

Aussel et al.  Cell: 2002 
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E. coli FtsK is essential for formation of the divisome 

Adapted from Grainge, 2010, Molecular Microbiology, 78: 1055-1057 



E. coli FtsK 

a/b is a hexameric motor 

Translocates DNA ~ 17kb sec-1 

Essential in E. coli (and gram –ve?) 



wt E. coli FtsK motor deletion 

FtsK motor helps to clear DNA from the septum 

(FtsKC) 



FtsK functions to clear the septum of DNA 

 



To bring the two dif sites together in a simple synapse 

Stimulate Xer-mediated recombination 

Pump DNA of the ter region to aid chromosome segregation 

N-terminus acts to recruit factors for cell division 

FtsK plays multiple roles in the cell 

4.6 Mbp 4.6 Mbp 

FantastiK! 



Proof of decatenation pathway by Xer recombination 

Lemma S1 (Murasugi 1965) 

Let L be the substrate knot or link and L’ be product knot or link. If P=(0) and R=(w,0) and 

the band surgery is coherent, then | σ(L) - σ(L’) | ≤ 1.  

  

The following two theorems are used in the proof of Theorem 2. 

  

Theorem S2 

Let O, P, and R be tangles that satisfy the following equation. 

N(O+P)  =  2k-cat with parallel sites 

N(O+R)  =  knot with at most 2k-1 crossings with direct repeat site 

If P is assumed to be (0) and R is assumed to be (w,0) where w is an integer, then the 

product knot N(O+R) is the (2k-1,2)-torus knot  

  

Theorem S3 

Let O, P, and R be tangles that satisfy the following equation. 

N(O+P)  =  (2k+1,2)-torus knot with direct repeat site 

N(O+R)  =  link with at most 2k crossings 

If P is assumed to be (0), and R is assumed to be (w,0) where w is an integer, then the 

product link N(O+R) is the 2k-cat with parallel sites. 



In vitro- XerCD +FtsK leads to unlinked products 

Aussel et al.  Cell: 2002 



 & 3 can both stimulate recombination in vivo 

Time after protein induction 
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XerC/XerD- fusions 



Both XerC- and XerD-  function in vivo, independent of FtsK 

DS9041- FtsKc
- 

Time after protein induction 

2 dif reporter 

pBAD-x 

Deletion 

product 

Grainge et al., 2012 



Xer- fusions complement Xer mutations,  

but not the absence of FtsK- 

Grainge et al., 2012 



XerD-gamma partially complements an XerD mutant  

DS9039 (xerD) + pBAD-XerD 



Recombination on plasmid substrates 



nicked 

C- and D- fusions give complex recombination products 
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Grainge et al., 2012 



substrate 

Free products 

supercoiled 

cut 

substrate 

substrate 

products 

Adding a motor to FtsK independent reactions 

produces simple products 

Grainge et al., 2012 



Summary 

FtsK + XerCD produces “simple” recombination products 

FtsK is sufficient to stimulate recombination 

FtsK alone +XerCD, produces complex products  

Addition of FtsKab again produces simple products 



Model(s) for simplification of topology by FtsK translocation 

Translocation could also promote DNA 

slithering – 1 motor or 2 opposed FtsK motors 



How does FtsK simplify topology of XerCD recombination? 

Does FtsK only activate simple synapses? 

Does FtsK translocate so rapidly that it  

“captures” in cis only 

Does FtsK disassemble complex synapses 



FtsK “capture” of dif sites leads to intermolecular recombination 



FtsK 50C can “capture” dif sites in trans. 

linear 

substrate 

Rec + Lin 

Rec 



substrate 

Rec + Lin 

Rec 

substrate 

Rec + Lin 

FtsK 50C can “capture” dif sites in trans. 

Restriction digestion of same reactions 



Conclusions 

-XerD interaction is sufficient to activate recombination 

Complete separation of translocation/recombination 

(no ATP requirement for re-modelling complex) 

FtsK translocation promotes simple synapsis: 

-XerD-dif interaction promotes  

simple synapsis upon translocation 



Trapping of HJ reaction intermediates by peptides (A. Segall) 

Recombination of XerCD +FtsK50C  

in the presence of WRWYCR  

peptide 

Grainge et al., 2012 



In the presence of FtsK, XerD exchanges the first strands 

Grainge et al., 2012 



FtsK stimulates XerD to initiate recombination 

Best explanation is that XerCD-dif synapses are mostly D- active  

How does FtsK stimulate XerD? 



psi recombination reaction 

PepA/ArcA XerC/D 



XerD- recombination on 2 x psi plasmid 

cut nicked 

PepA 



The order of strand exchange at psi depends upon  and PepA 

In the presence of , XerD exchange goes first 

At psi, XerC exchanges first, XerD resolves HJ 

Addition of PepA reverts the site to XerC first 

HJ 
Substrate 

Substrate 

Recombinant 

product 



Conclusions 

• XerCD is active at psi sites and gives a range of  

complex products 

• PepA converts these reactions to XerC-first, and produces  

    4 noded catenanes.  

• XerCD is at psi sites recombines by a D-first mechanism 

• External topology controls both the synapsis and  

    recombination mechanism 
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E. coli FtsK 

a/b is a hexameric motor 

Translocates DNA ~ 5kb sec-1 



dsDNA is pumped through the central channel of a FtsK hexamer

~25bp 



XerD- recombination on 2 x psi plasmid 

cut nicked 



P. ae FtsK hexamer 

Different crystal forms of FtsK 

+ATPS +ADP 



A model of DNA translocation by FtsK 

• Comparison of FtsK monomers from different crystal forms of FtsK reveals a 
conformational change between the two domains 

~1.6 bp 



Rotary inchworm model for FtsK 



How to test mechanism: active site mutants placed 

at specific positions 

One active site mutant Three active site  

mutants 

Comparison of ATPase activity and DNA translocation activity 

Effects of cis and trans mutations 

+ all combinations? 

Does this reveal the mechanism of translocation? 



New FtsK motor trimers 

Trimers form hexamers: confirmed by DNA binding and EM studies 



Covalent dimers and trimers of FtsKC are active  DNA translocases



Walker A/B mutations in trimers- 

positioned mutations in hexamers 

1*, 3* & 5*- mixed populations 

1 2 1 : : 

i.e. 1* is expected to be 



Introduction of 1-2 mutant active sites does not kill activity…. 

Normalised results: 100% is level of wt timer FtsKC 



Single molecule, magnetic tweezers for measuring 

 FtsK translocation 



Hexamers with 2 mutant active sites (opposite each other) are active)



Translocation models: partial escort? 



A model of DNA translocation by FtsK 

• Comparison of FtsK monomers from different crystal forms of FtsK reveals a 
conformational change between the two domains 

a 

b 

~1.6 bp 



Towards a new model for translocation 



Towards a new model for translocation 

Active ATPase 

Stimulates recombination 



Trimers with mutant subunits generate less force 



Poisoning of ATPase activity by Walker A mutant FtsK 





Translocation in the presence of XerD promotes positive 

supercoiling: -XerD interaction produces a topological domain 



A longer linker between the motor and  allows 

ATP independent recombination  



XerD- recombination does not require wt XerD, 

but does require XerC 

pBAD-x 

2 dif reporter 

Deletion 

product 

A new tool to study Xer recombination  

without the need for accessory factors 



XerD forms a complex with  on DNA 

dif 



FtsK 50C can “capture” dif sites in trans,  

leading to two topological domains 

Relaxed DNA 

Linear 

supercoiled 



ATP hydrolysis is required for recombination 

AMPNP, ATPS or ADP cannot substitute for ATP 

Extra flexibility in the DNA cannot promote recombination 

substrate 

product 



Lengthening the linker between the motor and  

FtsK can only load in one orientation 

If the linker is long enough can it 

load in either orientation? 

Is it long enough to become ATP 

independent? 



Lengthening the linker between the motor and  


