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Abstract  

FtsK is a prokaryotic ring-shaped hexameric DNA translocase that localises to the septum 

between dividing cells. It aids duplicated chromosomes into daughter cells and resolves the 

physical links between chromosomes, caused by recombination events that frequently result in 

catenated or dimerised chromosomes. The C terminal segment of FtsK (FtsKC) has three 

ƳǳƭǘƛŦǳƴŎǘƛƻƴ ǎǳōǳƴƛǘǎΣ ʰΣ ʲ ŀƴŘ ʴΦ {ŜǉǳŜƴŎŜ ŀƭƛƎƴƳŜƴǘ ŀƴŘ ·-ray crystalƭƻƎǊŀǇƘȅ ǎƘƻǿ ǘƘŜ ʲ 

subunit to contain a RecA-like ATPase fold, which classes FtsK as part of the AAA+ enzyme 

superfamily. Sequence alignments have suggested that FtsK contains an arginine finger motif, 

though none has been identified in the only structure published at the time of writing. Using in 

vivo and in vitro assays of the activity of trimeric FtsKC constructs, this study showed that an 

ArgČAla mutation in the putative arginine finger motif caused loss of function (l.o.f.) 

consistent with an arginine finger motif. Results further point to possible systems-level 

compensation for moderate offenses to the hexamer (i.e. two l.o.f mutations in a hexamer). 

This study also set out to investigate what role (if any) the putative arginine finger may have in 

FtsK mechanochemistry. Precise hexameric combinations of mutant FtsKC tandem repeats have 

been created by fusing monomers to form trimers that are thought to self-assemble into 

native-like hexamers. This study cloned in mutations to specific tandem repeats to investigate 

coordination between subunits during DNA translocation. Results suggest that optimal FtsK 

DNA translocation is conditional on a moderate degree of coordination between subunits that 

is impaired by loss-of-function mutations in arginine fingersΦ ¢Ƙƛǎ ǎǘǳŘȅΩǎ ǇǊŜƭƛƳƛƴŀǊȅ ŦƛƴŘƛƴƎǎ 

call for further structural, single-particle and proteomic work, plus investigation into the 

optimal linker length and flexibility between fused tandem repeats. 
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Abbreviations  

AAA+: ATPases Associated with various cellular Activities 

Bp: DNA base pair(s) 

dsDNA: Double-stranded DNA 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

KOPS: FtsK Orienting Polar Sequence 

LB: Luria-Bertani nutrient broth 

L.o.f: Loss of Function 

MES: 2-(N-morpholino)ethanesulfonic acid 

OD600: Optical density at 600nm wavelength 

RF: Loss of function mutation in a putative arginine finger motif 

SDS: Sodium dodecyl sulphate 

SSR: Site-specific recombination 

TAM buffer: Buffer containing 10mM tris(hydroxymethyl)aminomethane (tris)-hydrochloride 
(pH 7.8), 10mM magnesium acetate, 10mM ammonium chloride, 1mM dithiothreitol. Used at 
10x dilution with H2O 

WB: Loss of function mutation in the Walker B motif 

Wt: Wild-type 
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Introduction  

Background  

Active DNA transport (DNA translocation) plays an important role during vegetative cell 

division, directing chromosomal choreography at the divisome, a complex of 15 or more 

proteins that forms a ring at mid-cell and gradually constricts the membrane to form a septum 

between the future daughter cells. (Wang and Lutkenhaus, 1998). The Escherichia coli protein 

FtsK is a very large DNA translocase (1,330 amino acids; ~147 kDa) that acts late in cell division, 

concomitant with the narrowing of the septum. 

FtsK forms hexameric rings at the septum that function as ATP-driven double-stranded DNA 

(dsDNA) pumps (Aussel et al., 2002; Saleh et al., 2004; Massey et al., 2006). In vitro ΨǎƛƴƎƭŜ 

ƳƻƭŜŎǳƭŜΩ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿ ǘƘŀǘ CǘǎY ƛǎ ŎŀǇŀōƭŜ ƻŦ ǇǳƳǇƛƴƎ 5b! in vitro at close to 7 kilobases 

per second (approximately 2 µm/s), making it one of the fastest molecular motors currently 

known (Saleh et al., 2004; Pease et al., 2005). The FtsK/SpoIIIE/Tra family of DNA translocases 

are highly conserved in eubacteria (Bath et al., 2000; Possoz et al., 2001; Aussel et al., 2002), 

and a homologous protein, HerA, can also be found in Achaea (Iyer et al., 2004). 

CǘǎYΩǎ ǘǊŀƴǎƭƻŎŀǘƛƻƴ ŀŎǘƛǾƛǘȅ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ŀƛŘ όōǳǘ ƛǎ ƴƻǘ ŜǎǎŜƴǘƛŀƭ ŦƻǊύ ǎŜƎǊŜƎŀǘƛƻƴ ƻŦ ƴŜǿƭȅ 

replicated chromosomes into daughter cells (Lesterlin et al., 2004). It is essential in cell division 

however because of its key role important in removing physical links between newly replicated 

sister chromatids. Two types of physical link are common: intercatenation links and 

chromosome dimers. FtsK involvement in decatenation is poorly understood. The generally-

held view is that the ParC subunit of Topo IV may colocalise in vivo with FtsK to regulate 

TopoIV-mediated decatenation (Espeli and Marians, 2004; Wang et al., 2005). 

CǘǎYΩǎ ǊƻƭŜ ƛƴ ǘƘŜ ŘƛǾƛǎƻƳŜΩǎ resolution of chromosome dimers has been better characterised. In 

about 15% of E. coli replication events under standard laboratory conditions, incomplete 
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homologous recombination between sister chromosomes will result in chromosome dimers 

(Steiner and Kuempel, 1998; Perals et al., 2000). FtsK plays two distinct roles in their resolution 

by site-specific recombination (SSR). It first aligns dif sites (conserved recombination sequences 

in the ter region of the bacterial chromosome) in the chromosome dimer. It does this by 

recognising directional signal sequences in the dsDNA ŎŀƭƭŜŘ ΨCǘǎY-ƻǊƛŜƴǘƛƴƎ ǇƻƭŀǊ ǎŜǉǳŜƴŎŜǎΩ 

(KOPS) (Bigot et al., 2005). These conserved sequence elements are found primarily in the ter 

region flanking dif sites. They are inverted either side of dif such that they point towards it; thus 

FtsK translocates towards dif sites, not away from them. This very rapidly pulls dif sites together 

at the septum (Figure 1) (Corre & Louarn, 2002). Tyrosine recombinases XerC and XerD form a 

stable complex at dif that are thought to stop FtsK translocation (Yates et al., 2006). FtsK 

interacts with XerD to activate the XerCD complex, which catalyses a secondary recombination 

event in the cell, strictly between these two dif sites, thus resolving the chromosome dimer 

(Aussel et al., 2002). 

 

Figure 1: A model of CǘǎYΩǎ 5b! ǘǊŀƴǎƭƻŎŀǘƛƻƴ ŀƴŘ ǇǊƻƳƻǘƛƻƴ ·ŜǊ/5-mediated SSR activity at the septum between 

two nascent cells (taken from Bigot et al, 2007) 
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The most recent research suggests that KOPS are not read during translocation (Bigot et al., 

2006) but are preferential FtsK loading sites and that translocation is prevented by another FtsK 

protein either at rest on the non-permissive KOPS, or moving in the opposite direction, with the 

collision causing cessation, reversal or dissociation of the translocase (Löwe et al., under 

revision).  

Protein structure  

FtsK is a multidomain protein. The function of the large (>200 amino acid) N-terminal domain is 

poorly characterised but it is known to be a transmembrane segment essential for localising 

FtsK at the septal ring. It also contains residues important for hexamerisation of the protein. 

The N-terminus is joined by a linker (of variable length in different species) to the tripartite C-

terminal helicase domain of FtsK (named FtsKC), composed of h Σ ʲ ŀƴŘ ʴ domains. FtsKC is 

responsible for DNA translocation, promotion of decatenation, and XerCD recruitment.  ¢ƘŜ ʴ 

domain contains residues that interact with XerD to activate XerCD-mediated SSR (Aussel et al., 

2002). It also contains a winged-helix DNA-binding motif that allows FtsK to sense KOPS 

(Sivanathan et al., 2006). 

Domains h  ŀƴŘ ʲ ŦƻǊƳ ǘƘŜ motor 

unit of the protein. Sequence 

alignment shows that ǘƘŜ ʲ ǎǳōunit 

houses a RecA-like fold, a conserved 

nucleotide-binding domain 

containing motifs characteristic of 

the AAA+ (ATPases Associated with 

various cellular Activities) enzyme 

Figure 2: 3D structure of FtsK (taken from Massey et al., 2006).  

The hexameric arrangement ƻŦ CǘǎYʰʲʴ ǇǊƻǘƻƳŜǊǎ ŎǊŜŀǘŜǎ ŀ 

central cavity capable of accommodating a double stranded DNA 

molecule. 
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superfamily. These motifs include the Walker A P-loop and Walker B. Sequence alignment of 

the ftsk gene also identifies ŀ ǎŜǉǳŜƴŎŜ ǘƘŀǘ Ƴŀȅ ōŜ ŀƴ άŀǊƎƛƴƛƴŜ ŦƛƴƎŜǊ ƭƻƻǇέ ƳƻǘƛŦ (see 

following section). 

The Arginine  Finger motif  

An FtsK arginine finger could be an important mechanochemical detail. Inter-monomer sensing 

and/or catalytic interactions via arginine fingers have been observed in other AAA+ class 

hexameric proteins (Ogura et al., 2004), for example RuvB (Putnam et al., 2001), bacteriophage 

T7 gene 4 helicase (Crampton et al., 2004), Papillomavirus E1 protein (Enemark & Joshua-Tor, 

2006), Rho (Adelman et al., 2006) and the P4 protein of bacteriophage ʊ12 (Kainov et al., 

2008). In the latter two, the arginine finger was found to be organising the firing sequence of 

the hexameric protein by relaying the conformational change induced in one subunit by ATP 

hydrolysis to adjacent protomers, activating them in turn such that subunits fire sequentially. 

 

FtsK motor mechanism 

The rotary inchworm model has been proposed by Massey et al. (2006) to explain Ftsk DNA 

translocation (Figure 5). It postulates that motor units fire sequentially, catalysing alternating 

attachment of the h  ŀƴŘ ʲ ǎǳōǳƴƛǘǎ of a protomer ǿƛǘƘ ǘƘŜ 5b!Φ /ƻƳǇŀǊƛǎƻƴ ƻŦ ΨƻǇŜƴ ƧŀǿΩ ŀƴŘ 

Figure 3: Detail from the structure of Pseudomonas aeruginosa FtsK in the absence of DNA (Massey et al., 

2006). Residues identƛŦƛŜŘ ŀǎ ŀ ǇǳǘŀǘƛǾŜ ŀǊƎƛƴƛƴŜ ŦƛƴƎŜǊ ƳƻǘƛŦ όƭŜŦǘύ ŀǊŜ млΦр ) ŦǊƻƳ ǘƘŜ ʲ-phosphate of the 

nucleotide (right)  
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ΨŎƭƻǎŜŘ ƧŀǿΩ ·-ray crystallography structures suggested a minimum of 1.6bp of B-DNA (5.5Å) can 

be translocated per catalytic event, assuming one jaw event per catalytic event.   

 

The step size must be an integral number of DNA base pairs to maintain register between FtsK 

active sites and the DNA. A putative 2bp step size reconciles this model with experimental 

observations from single-molecule studies that show one positive supercoil being induced 

ahead of the protein, and a negative supercoil behind, per 150bp translocated (Figure 5) 

(Aussel et al., 2002; Saleh et al., 2005; Massey et al., 2006). 

Figure 4 : Alternate conformations of an FtsK monomer with 

non-hydrolysable ATP and ADP analogues, showing a 

12
o
/5.5Å moveƳŜƴǘ ƻŦ ǘƘŜ ΨƧŀǿΩ. Motor domains are 

hypothesised to alternate between these conformations and 

ŎƘŀƴƎŜ ǘƘŜ ǎǳōǳƴƛǘ όʰ ƻǊ ʲύ ǘƘŀǘ ǎǘǊƻƴƎƭȅ interacts with DNA. 

¢Ƙƛǎ άƛƴŎƘǿƻǊƳέ Ƴƻǘƛƻƴ would correspond to a DNA step size 

of approximately 1.6bp. The authors of the structural paper 

suggest that this is a minimum, and that 2bp is more likely 

(adapted from Massey et al., 2006) 

 

Figure 5: The rotary inchworm model of FtsK 
DNA translocation 

For simplicity this diagram does not show individual 
ǇǊƻǘƻƳŜǊǎΣ ʴ ŘƻƳŀƛƴǎ, or four of six N termini. It also 
shows ̡Č  h  directionality of DNA transport, which 
was put forward by Massey et al. based on the 
Ǉƻǎƛǘƛƻƴ ƻŦ ʴ, and by analogy to similar proteins. 

(A) DNA is displaced by a 2 bp longitudinal 
translocation step as the active catalytic site (red) 
undergoes an inchworm-like movement 

(B) This results in a new alignment between the 
protein and the DNA that would correspond to a 70

o
 

rotation 

(C) An actual 8
o
 back-rotation of the DNA relative to 

FtsK is needed to align the new active site with the 
DNA grip point, causing positive supercoiling ahead of 
the protein, and negative supercoiling behind it. 
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Aims of this study 

The existence of an arginine finger and its involvement in the mechanochemistry of FtsK has so 

far been hypothetical ς indeed, none is apparent in the crystal structure obtained by Massey et 

al. (2006), which shows the putative arginine finger positioned too far from the ̡  ǇƘƻǎǇƘŀǘŜ ƻŦ 

the ADP in the active site for interaction (Figure 3). The central aim of this study is therefore to 

establish or disprove the existence of an arginine finger in FtskC.  

Three important mechanistic parameters of ring-shaped NTPases are highlighted by Donmez & 

Patel (2006): coordination between protomers (randomness in time of a hydrolysis event 

relative to others in the ring), concertedness (number of simultaneous hydrolysis events), and 

the freedom/number of permutations of the firing sequence. In the absence of any structural 

basis for sequential ATP hydrolysis, but an observed role for arginine fingers in coordinating 

firing sequences in other hexameric AAA+ proteins, the secondary objective of this project was 

to investigate the coordination between FtsK protomers in the hexamer. Whether they fire in 

strict sequence or independently is an important factor in the interpretation of kinetic data and 

the verification of the rotary inchworm model for FtsK translocation. 

Strategy 

This study takes place within ongoing work in the research unit to characterise FtsK hexamers 

using an approach that emulates a successful study of another hexameric ring-shaped AAA+ 

enzyme, ClpX, a prokaryotic protein chaperone and protease-associated motor (Martin et al., 

2005). This project uses trimeric FtsKC mutants created (prior to this project) by fusing three 

FtsKC domains in tandem, linked together by flexible 14 amino acid (GGGSEGGGSEGGSG) linkers 

(Figure 6).  
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This approach is used to overcome several limitations of monomer-based studies. FtsKC, which 

lacks the N terminus oligomerisation domain, is only active (i.e. will only form viable hexamers) 

in high concentrations of FtsKC monomer or dimer (E. Crozat, personal communication). 

Furthermore, it allows specific combinations of mutated motor units (i.e. in the 1st, 2nd and/or 

3rd tandem position, Figure 6, Figure 17). This should allow the coupling between motor units in 

the FtsK hexamer to be investigated - different combinations are expected to have signature 

effects on the activity of FtsK that can be matched to models. 

Materials and Methods  

Strains, media & plasmids: 

The Escherichia coli strains were based on DS9041, a derivative of E. coli K12 strain AB1157. 

Cultures were grown in Luria-Bertani broth and 50 µg/ml ampicillin ς LB+amp ς which selected 

for cells containing the vector plasmid (pEC), at 37oC (or 30oC before an in vivo dif SSR assay, 

see below). The tandem repeat gene is under the control of the ara (L-Arabinose response) 

promoter. 

Figure 6: Diagram showing the fused FtsK-ʰʲʴ ǘŀƴŘŜƳ ǊŜǇŜŀǘǎΦ Stars show the general position of the RecA-like 

fold, and an N-terminal grey rectangle represents a 6xHis tag. Throughout this study, mutants are represented by 

identifiers of the form wt-wt-wt, indicating the presence or absence of mutations in the first, second and third repeat 

respectively. Abbreviations are wt = wild-type, RF = ArgČAla mutation in the putative arginine finger motif, and WB, 

an inactivating mutation in the Walker B motif 
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Vector plasmids carrying the tandem repeat trimer gene were derived from plasmids pEC106 

and pEC114 (gifts from E. Crozat). Construction of pEC106/pEC114 derivatives consisted of 

exchanging wild-type putative arginine finger motifs in a single FtsKC gene (carried in a TOPO 

vector, derivative of pCR-Blunt II-TOPO (see Appendix A), with inserts containing a CGČGC 

mutation in the putative arginine finger motif, then inserting the entire FtsK gene into a tandem 

position in pEC106 or pEC114. Figure 7 outlines this process; Table 1 shows the plasmids that 

were constructed. After ligation (see Appendix C for standard DNA manipulation methods 

used), the plasmid was transformed into competent DS9041 cells (previously prepared by CsCl2 

permeation and stored at -80oC as per Morrison, 1977). Plasmid construction was subject to a 

twofold verification. Newly-made plasmids were verified by double-digestion of the purified 

plasmid. The digestion fragments were run alongside undigested and single-cut plasmid, so that 

the size of fragments could be checked for successful insertion of mutant repeats. Secondly, 

Figure 7: Example construction of a mutant tandem repeat trimer gene (pEC200), by replacement of the 

middle wild-type repeat segment with one containing a R1146A, CGČGC όάwCέύ mutation. a) The pCR-Blunt 

II-TOPO (see Appendix A) derivative, TOPO-II, contains the FtsKC gene (red+blue) between XbaI and KpnI 

restriction sites. A sub-segment (blue) corresponds to the wild type sequence of the putative arginine finger. 

b) The sub-segment was excised from the plasmid by digestion of TOPO-II by PpuMI and SacII followed by gel 

purification. The replacement insert (using T4 DNA Ligase) was a PCR product containing a mutation (yellow) 

in the putative arginine finger. c) The mutant FtsKC repeat was excised from TOPO-II using XbaI and KpnI 

restriction enzymes, again followed by gel purification. d) pEC106 (see Appendix B) was cut with XbaI and 

KpnI. The large fragment was then extracted and ligated with the mutant insert using T4 DNA ligase. Tandem 

repeats in the pEC plasmids (d) are colour-coded to match their respective restriction enzymes (a). 
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fragments were sequenced after digestion by the three unique pairs of restriction enzymes 

(listed in Figure 7). 

Toxicity assay 

A culture containing 3 ml of LB+amp was inoculated from plates of pEC-plasmid transformed 

DS9041 cells, and grown overnight. This was used to inoculate 20ml of LB+amp, which was 

grown at 37oC. At OD600 =0.5, the culture was split to give two 10ml cultures. One culture 

received 0.2% (w/v) L-arabinose to induce expression; the other served as a control. The OD600 

of aliquots taken over a 2h period was measured using a spectrophotometer. 

In vivo dif site-specific recombination (SSR) assay 

DS9041 cells carrying either plasmid pVS52 or pFX142 were transformed with a pEC plasmid 

(Table 1) and plated on agar plates containing 50µg/ml ampicillin, 1% glucose and either 

25µg/ml Kanamycin or 33µg/ml Spectinomycin (selecting for pFX142 or pVS52 respectively) and 

incubated at 37oC. These plated cells inoculated 2ml of overnight culture (LB, 1% glucose, 

ampicillin). In turn, this was used to inoculate 20ml of LB+amp. At OD=0.5, protein expression 

was induced with 0.02% (w/v) arabinose. Aliquots (3ml) were taken at several timepoints over a 

2hr timeperiod and spun down (10,000 rpm, 60s). DNA was purified (see Appendix C) and then 

run on 0.8% agarose gel overnight at 30V prior to staining and processing on a Fuji FLA-3000 

image analyzer. 

Protein purification 

LB+amp (4ml) was inoculated from plates of new transformations of DS9041 with a pEC 

plasmid, and grown overnight at 37oC. These were used to inoculate 500ml of LB+amp that 

were shaken at 37oC. Once the OD600 of the cultures reached 0.5, expression was induced for 1 

hr by the addition of 0.2% (w/v) arabinose. Cells were spun down (4000 rpm, 20 min, 4oC) and 

frozen (-20oC). Pellets were resuspended in 25ml Resuspension Buffer (pH 7.5; 50 mM HEPES, 
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250 mM NaCl, 10% glycerol, plus 3 drops of Triton X-1000 detergent added after cell lysis), 

pressure lysed (12,000 ς 19,000 Mbar, Glen Creston Emulsiflex C5), given two 10 second 

sonication pulses and then spun down (19,000 rpm, 4oC, 25 minutes). 

The supernatant was loaded on a 5ml gravity drawn chromatography column containing 1.75ml 

TALON cobalt-based immobilized metal ion affinity resin (Clontech) that was pre-equilibrated 

with 3ml resuspension buffer (see above). The column was washed with 75ml of wash buffer 

(50 mM HEPES, 250 mM NaCl, 5% glycerol, 5 mM Imidazole). The protein was eluted using 7 ml 

elution buffer (50 mM HEPES, 250 mM NaCl, 10% glycerol, 250 mM Imidazole) into 0.5ml 

fractions. Protein concentration of each fraction was estimated from their A280 (Nanodrop ND-

1000 spectrophotometer) and a suitable range of fractions was run on SDS-PAGE. Gels were 

stained with Gelcode BlueStain Reagent or Brilliant Coomassie Blue G-250 (Pierce) and the most 

suitable fraction to conserve was chosen based on a visual estimation of purity and protein 

concentration (Figure 13) and was frozen at -80oC. 

ATPase Assay 

ATPase assays were carried out as per Cairns (1996). Reaction volume was 20 µl. The reaction 

buffer contained 1 mg/ml salmon sperm dsDNA, 1 mM MgCl2, 2.5 mM Tris (pH 7.5), and water. 

Purified trimer protein was added and left to equilibrate for 1 minute at room temperature. 

The reaction was started by adding ATP to a concentration of 2 mM. The reaction was 

quenched (a range of reaction times was tried, 2-30min) with 10µl 50mM EDTA. To detect free 

phosphate produced by the reaction, 600 µl of Malachite Green and Ammonium Molybdate 

(MGAM, see Cairns, 1996) solution were added to this and vigorously mixed. The green colour 

was allowed to develop for 60 seconds, and then 100 µl of 34% (w/v) Sodium citrate were 

added to stop this reaction. The A610 was then measured, blanked against a control reaction 

that contained no protein. A standards curve was obtained as per Cairns (1996). 
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Triplex displacement assay 

Triplex substrates were prepared as per Levy et al. (2005). Twenty pmol of FT1 (Sigma), a 24-

ƴǳŎƭŜƻǘƛŘŜ ƻƭƛƎƻ όрΩ-TTTCTTCTTTCTCTTTTCTTAACC-оΩύ, ǿŜǊŜ рΩ ŜƴŘ-labelled with 3 µl 32P- -ɹATP 

using 1 µl Phosphonucleotide kinase (NEB) in 20 µl PNK buffer for 2hr at 37oC. Unincorporated 

nucleotides were removed by passing the mixture with 30 µl of buffer PE through a Sephadex 

G-25 centrifuge column (GE Healthcare). 0.4 pmol of labelled oligo were annealed to 1.6 pmol 

of linearised pVS22 or pVS23 duplex DNA (Figure 15) in 5 µl buffer MM (25 mM MES, pH 5.5, 10 

mM MgCl2) in an overall reaction volume of 50 µl. This was heated to 80oC for 5min then left to 

cool slowly. 

The triplex displacement was performed at room temperature with 0.04 nM DNA triplex and 

250 nM protein in a 200 µl reaction volume at pH 7.5 containing 50 mM HEPES, 25 mM Tris and 

10 mM MgCl2. After a 10min equilibration period following the addition of the protein, 100 µM 

ATP were added to start the reaction. Aliquots were taken at intervals between t=0 and 

t=30min and quenched with 10 µl stop solution (0.1% SDS, Bromophenol blue, 10% glycerol). 

These aliquots were loaded on 6% polyacrylamide gel and run in TAM buffer at 100V at 4oC for 

approximately 60 minutes. Gels were dried and exposed on autoradiograph screens (Fuji) 

overnight, then analysed on a Fuji FLA-3000.  
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Results 

The primary aim of this study was to determine whether an Arginine finger is involved in the 

mechanochemistry of FtsK. An ArgČAla substitution in other AAA+ enzymes (e.g. RuvB ) 

disrupts the catalytic function of arginine fingers (linked to the guanidinium ion group of the 

Arginine side chain) without altering the secondary structure (Putnam et al., 2001). The 

following mutants were constructed as detailed in Materials & Methods: 

Table 1: Trimer proteins used in the study 

Name Parent EX/XK/KH tandem 

repeat mutations 

Purified/assayed in 

vitro? 

pEC106 n/a wt-wt-wt ᾜ 

pEC114 n/a wt-WB-wt  

pEC200 pEC106 wt-RF-wt ᾜ 

pEC201 pEC106 RF-wt-wt  

pEC202 pEC106 RF-RF-wt ᾜ 

pEC203 pEC114 RF-WB-wt ᾜ 

pEC204 pEC202 RF-RF-RF ᾜ 

pEC216 pEC114 wt-WB-RF ᾜ 

 

Prior work has compared FtsKC trimers with monomers and dimers to control whether products 

of trimer degradation may be responsible for the observed activity. Monomers and dimers 

show limited activity in vivo, and required much greater concentrations than trimer (5µm, 1µm 

and 250 nm respectively) for in vitro activity (E. Crozat, personal communication). This suggests 

that at moderate to low concentrations, the trimer is the only form able to reconstitute 

functional hexamers.  

In vivo toxicity assay 

The cause of FtsKc overexpression toxicity is thought to be over-condensation of chromosomal 

DNA (I. Grainge, personal communication). This study looked at whether mutations in the 

putative arginine finger motif affected this activity. Presentation of toxicity is defined in this 
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study as a 5% difference between the OD600 (optical density at 600 nm wavelength) of induced 

cultures and the control (i.e. ɲOD600 җ р҈ύ. 

 

Figure 8: In vivo toxicity of proteins pEC106 (wt-wt-wt), pEC200 (wt-RF-wt) and pEC201 (RF-wt-wt).  ɲh5 ǿŀǎ 

calculated from growth curves (measured by OD600) of cultures induced at t=0, vs non-induced cultures. Values 

displayed are averaged over three repeats. 

Toxicity presents at approximately t=30 min for pEC106 (wt-wt-wt), t=24 min for pEC200 (wt-

RF-wt) and t=27 for pEC201 (RF-wt-wt) cultures. Toxicity of the trimer protein is therefore not 

significantly reduced by an ArgČAla mutation at one of the three putative arginine finger 

ƳƻǘƛŦǎ όҐ άwC Ƴǳǘŀǘƛƻƴέύ. The tandem repeat position of the RF mutation has not impacted the 

toxicity of the protein. 
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Figure 9: In vivo toxicity of pEC202 (RF- RF-wt) and pEC204 (RF-RF-RF).  Left axis: OD600 of cultures over time. Right 

axisΥ ɲh5Τ Note that the ɲh5 of pEC204 does not exceed +/- 5% in 2 hr 30 mins. Note that within 25 minutes 

following the presentation of toxicity in pEC202, the OD600 of the culture completely ceases to increase. 

Toxicity was reduced by RF mutations in two out of three motor units; mutating all three totally 

ablated toxicity-causing activity. 

In vivo recombination 
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Figure 10: In vivo dif site-specific recombination (SSR) assay.  (a) Schematic diagram of pFX142 and pVS52 showing 

dif, KOPS (on pVS52, non-permissive) and ori. (b) Photograph of the pEC106 (wt-wt-wt)-pFX142 lanes. Quantitation 

compares the contrast of the two bands lying on blue lines (two readings per lane, averaged).  Note the 

redistribution of the pFX142 band to two smaller DNA molecules, and of these two, the relative enrichment for the 

plasmid that contains ori (c) Photograph of the pEC106 (wt-wt-wt)-pVS52 lanes - note the absence of dif SSR when 

dif is protected by nonpermissive KOPS 

 



 

18 
 

The major function for FtsK is the promotion of XerCD site-specific recombination (SSR) at 

aligned dif sites. If inactive, it will not align dif or activate XerCD. 

 

Figure 11: Promotion of plasmid recombination in vivo of mutant trimeric protein variants, shown as the absolute 

change in the % of recombined : unrecombined plasmid (pVS52 or pFX142)  over 2 hours 

None of the proteins tested were able to promote pVS52 (in which dif is shouldered by non-

permissive KOPS) recombination beyond what appears to be a baseline level of XerCD activity 

of approximately +7.5% change over 2 hours. Only the wt-wt-wt (pEC106) and wt-RF-wt 

(pEC200) proteins showed strong recombination activity of the KOPS-less pFX142 plasmid, with 

little difference between the two proteins (41% and 43% respectively). 

Protein purification 

Having demonstrated an impact of arginine finger mutations on in vivo activity, investigation 

moved onto in vitro assaying of the proteins. Initial attempts to produce very high purity 

trimers (listed in Table 1) using an Äkta FPLC (GE Healthcare) were efficient but resulted in low 

yields (Figure 12c). 
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This led to an alternative protein purification protocol being used. The TALON resin single-

column was more successful, offering greater yields and a faster purification and so was used 

exclusively to obtain protein for subsequent in vitro assays. However, protein purified this way 

suffered from lower purity (Figure 13).  

 

ATPase activity in vitro 

FtsK is known to have ATP dependent DNA translocation activity. Mutant trimers were assayed 

for this by measuring free phosphate levels produced by the ATPase reaction as they 

translocate dsDNA in vitro. The experiment was calibrated against two additional types of 

control, in which either no ATP or no DNA were added, showing that the activity of all trimers is 

dependent on added ATP and DNA (which could otherwise have been present, co-purified with 

the protein) (Figure 14). 

Figure 13: Representative result of a single-step 

TALON column purification. Photograph shows 

fractions collected from the purification of pEC203 

(dashed) and run on 8% SDS-PAGE (denaturing). 

Contaminant may include degradation products (e.g. 

dimers at ~80 kDa) resulting from proteolysis of 

inter-multimer linkers. 

 

Figure 12: Gel photographs (8% SDS-PAGE, denaturing) showing protein content of fractions at three stages 

of the Akta FPLC-based protein purification of pEC203: a) Nickel affinity. Marker lane shows protein marker 

weight; dashed box highlights the 161kDa trimer; b) Heparin; c) Strong anion exchange (HiTrap Q) column. 

Note the progressive enrichment for the 161 kDa trimer 
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Figure 14: In vitro ATPase activity of purified trimers. (top) The concentration of the protein used for this particular 

experiment was 250nM. Each protein was reacted in vitro with 2mM ATP at 37
o
C for 10 minutes. Readings were 

blanked against controls in which no protein was added. Further controls to which no ATP or no DNA was added 

are also shown (bottom) Variation of ATPase activity with concentration of protein in the 50-600nm range 

At 50nM protein, no activity was detectable for any protein. At 250nM protein, there was an 

approximately linear decrease in ATPase activity with increasing number of mutated subunits. 

Surprisingly, the triple mutant pEC204 (RF-RF-RF) retained low-level activity despite having 

100% mutant subunits in the hexamer. This activity increased slightly with increasing protein 

concentration. 
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Triplex displacement assay 

FtsK has previously been shown to be able to displace a DNA triplex (Figure 15) in vitro 

(Sivanathan, 2007). It is thought that this activity is caused by FtsK translocating along dsDNA, 

and is thus the basis for this next assay, which looks at the capacity of mutant trimers to 

displace triplexes. The previous ATPase assays determined that 250nM was a suitable protein 

concentration for these in vitro assays. 

 

 

Figure 16: Triplex displacement assay measuring the amount of oligo displaced from oligo-pVS22 DNA triplexes 

over 10 minutes by 250nM mutant trimer, as % of the activity observed for the wt-wt-wt protein (pEC106). Results 

were obtained as detailed in the Materials & Methods section. Note the non-linear relationship between number 

of mutant subunits, and activity. There was insufficient time to assay pEC204 (RF-RF-RF) 
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Figure 15: (left) Schematic representation of a DNA triplex (taken from Sivanathan, 2007). The pVS22 

Řǎ5b! ǎŜǉǳŜƴŎŜ Ŏƻƴǘŀƛƴǎ ǘǿƻ ΨǇŜǊƳƛǎǎƛǾŜΩ Yht{ ǘƘŀǘ ƻǊƛŜƴǘ CǘǎY ǘƻǿŀǊŘǎ ǘƘŜ ǘǊƛǇƭŜȄ ŀƴƴŜŀƭƛƴƎ ǎƛǘŜΤ ƛƴ 

pVS23, the KOPS are reversed, i.e. in the non-permissive orientation. The insertion site marks the location 

of KOPS. TFO: Triplex-forming oligo. TBS: Triplex binding sequence (right) Typical autoradiograph of a 

triplex displacement assay showing gradual redistribution of the radiolabelled oligo (TFO) from triplex to 

free oligo state 
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Background triplex displacement activity was controlled by substitution of the trimer protein 

with 250nM BSA (non ATP hydrolysing, non DNA translocating). A (non-linear) decrease in 

triplex displacement activity with increasing proportion of mutant subunits was observed. 

Secondary  aim 

Having demonstrated that the R1146A mutation (and identical mutations in tandem repeats) 

causes loss of function in FtsK trimers, attention was turned to the question of whether the 

FtsK arginine finger governs the firing of adjacent subunits. RF mutant subunits were combined 

with WB (Walker B, loss of function) subunits to see whether RF mutations continued to have 

an effect if placed before or after the inactive WB subunit in a firing sequence. The RF was 

either placed on the N-terminus side or the C-terminus side of the WB middle tandem repeat 

(Figure 17).  

 

All in vivo and in vitro assays detailed in Materials and Methods were run on RF+WB mutants 

pEC203 (RF-WB-wt) and pEC216 (wt-WB-RF). The results are summarised in the context of 

earlier results.  

Figure 17: Possible effects of upstream/downstream positioning of an RF subunit relative to a WB subunit. 

A) wt-wt-wt (pEC106); B) RF-WB-wt (pEC 203); C) wt-WB-RF (pEC 216). A full hexamer (linearised) is 

ǊŜǇǊŜǎŜƴǘŜŘΤ ΨǇǳȊȊƭŜ ǇƛŜŎŜǎΩ ǊŜǇǊŜǎŜƴǘ ƳƻǘƻǊ ǳƴƛǘǎ όōƭǳŜΥ ǿƛƭŘ-type Walker B; red: Walker-B loss-of-function 

mutant). Circles represent arginine fingers (green: wild-type; red: ArgČAla loss-of-function mutant) 

wt-wt-wt 

RF-WB-ǿǘ κ άǳǇǎǘǊŜŀƳέ 

wt-WB-RF κ άdownǎǘǊŜŀƳέ 


