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SUPPLEMENTARY METHODS 

Plasmids and strains 

The E. coli recA strain AN1459 (S1), grown at 30˚C in LB media, was used as host during plasmid 

construction, and strain BL21(λDE3)recA (S2) was used for preparative over-production of the 

DnaB6(DnaC)6 complex. The dnaC+ plasmid pJK129 (S3) and the dnaB+ plasmid pKA1 (S4) were gifts 

of Dr Arthur Kornberg (Stanford University). The vector pPT150 (S5) contains tandem phage λ pR and 

pL promoters upstream of a synthetic ribosome-binding site (RBS) perfectly complementary to the 3’ 

end of 16S rRNA and a unique HpaI restriction site, as well as unique NcoI and SmaI sites located ~350 

bp further downstream. Vector pPT150 also expresses the λ cI857ts allele; the cI857 protein represses 

the λ promoters at 30˚C but is inactivated at 42˚C, enabling temperature-induced overexpression of 

target genes. 

 

Overproduction of DnaC directed by plasmids pPS237 and pSB957 

A 2634-bp NcoI–HpaI fragment containing the intact dnaC and yjjA genes was isolated from pJK129 

and inserted between the NcoI and SmaI sites of pPT150. The new plasmid pPS231 (6297 bp) was 

linearised with NcoI and treated with sufficient exonuclease Bal31 to remove ~285 bp of DNA upstream 

of the ATG start codon of dnaC (and a similar amount from the other end). The product mixture was 

digested with HpaI and plasmids recircularised by intramolecular ligation, a strategy designed to bring 

the synthetic RBS in pPT150 into close proximity to the ATG start codon of dnaC. Since moderate 

overproduction of DnaC protein is lethal to E. coli, transformants were first screened for a temperature-

sensitive (ts) phenotype on replica plates at 42˚C, then plasmids in 96 ts strains were subjected to high-

resolution restriction mapping to identify those likely to promote highest-level overproduction of DnaC. 
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Nucleotide sequence determination and small-scale temperature induction experiments with SDS-

PAGE analysis led to retention of pPS237 (Supplementary Figure S1A), a plasmid that directed high-

level overproduction of DnaC at 42˚C. Unfortunately, most of the DnaC protein was found not to be in 

the soluble fraction on cell lysis. To facilitate construction of plasmid pSB958 (see below), pPS237 was 

linearised with NdeI, the overhanging ends were filled in with Pol I (Klenow) and dNTPs, and the plasmid 

religated to yield pSB957 (Supplementary Figure S1A)  

 

Overproduction of DnaB directed by plasmid pPS359 

An ~4.4-kb BamHI–HindIII dnaB+npt+(kanR) fragment from plasmid pKA1 was inserted between the 

same sites in vector pUC9 (S6); transformants were selected at 30˚C for resistance to ampicillin and 

checked for kanamycin resistance and complementation of the dnaBts mutation in strain SG1692recA 

(S7). The ~2.8 kb dnaB+ NdeI fragment from the product plasmid pPS307 was treated with sufficient 

Bal31 to remove ~44 bp from each end, then digested with EcoRI. The ~2.1 kb dnaB+ fragments were 

isolated and inserted between the HpaI and EcoR1 sites of pPT150. Ninety-six ampicillin-resistant 

transformants were screened for a ts phenotype at 42˚C, and eight selected plasmids were restriction 

mapped with BamHI and NcoI. These transformants were then screened for overproduction of DnaB 

using small-scale cultures and SDS-PAGE, followed by nucleotide sequence determination to 

demonstrate the proximity of the strong RBS from pPT150 to the ATG start codon of dnaB. Finally, a 

small SmaI fragment was removed from the selected plasmid pPS353 to yield plasmid pPS359 

(Supplementary Figure S1B). Although pPS359 directed high-level overproduction of DnaB, the protein 

also largely remained in the insoluble fraction after cell lysis. 

 

Overproduction of the DnaBC complex directed by plasmids pPS562 and pSB958 

Because of the poor solubility of DnaB and DnaC in their respective overproducing strains, we 

developed methods for their co-expression in near-stoichiometric amounts by constructing synthetic 

dnaCB operons under control of the tandem phage λ promoters in the parent vectors (Supplementary 

Figure S1C). Plasmid pPS237 (Supplementary Figure S1A) contains a unique AccI site just following 

the TAA stop codon of dnaC; it was linearised with AccI and treated with Pol I (Klenow) and dNTPs to 

fill in the ends, before being further digested with EcoRI and the large (4769-bp) fragment isolated. 

Concurrently, plasmid pPS359 (Supplementary Figure S1B) was digested with BamHI and the ends 

filled with Pol I (Klenow) before being further digested with EcoRI. The 2122-bp dnaB+ fragment was 

isolated and ligated to the dnaC+ vector fragment from pPS237 (see above), to yield pPS562 

(Supplementary Figure S1C). Finally, to simplify production of mutant forms of dnaB and dnaC 

(S2,S8,S9), the unique AccI site downstream of dnaC in pPS562 was restored, and an NdeI site was 

generated at the ATG start codon of dnaB to generate plasmid pSB958 (Supplementary Figure S1C). 

This was accomplished by ligation of the 4771-bp AccI–EcoRI fragment of pSB957 (Supplementary 

Figure 1A), the 2006-bp PvuI–EcoR1 fragment of pPS359 (Supplementary Figure S1B) and a 111-bp 

AccI–PvuI fragment generated by PCR using primers 310 (5’-CCAGCAGATCTTCGCTGGTACG 
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CCCCTGCG-3’; within dnaB) and 311 (5’-TTCTGGCGGTAGTATACTAAGGAGGTTTCCATATGGC 

AGGAAATAAACCCTTC-3’; AccI and NdeI sites underlined), followed by endonuclease digestion with 

AccI and PvuI. Both plasmids pPS562 and pSB958 have been used interchangeably for overproduction 

of wild-type DnaB and DnaC proteins, in soluble form. 

 

Purification of DnaB and DnaC 

Buffers used were: lysis buffer (50 mM Tris.HCl pH 7.6, 10% w/v sucrose, 200 mM NaCl, 3 mM EDTA, 

2 mM dithiothreitol, 20 mM spermidine); buffer A (30 mM Tris.HCl pH 7.6, 10 mM MgCl2, 2 mM 

dithiothreitol, 100 µM ADP, 20% v/v glycerol); buffer B (25 mM Tris.HCl pH 7.6, 1 mM dithiothreitol, 

10% v/v glycerol); buffer C (50 mM Tris.HCl pH 7.6, 200 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 

100 µM ATP, 20% v/v glycerol); buffer D (40 mM Tris.HCl pH 7.6, 100 mM NaCl, 10 mM MgCl2, 2 mM 

dithiothreitol, 100 µM ATP, 20% v/v glycerol); buffer E (50 mM Tris.HCl pH 7.6, 5 mM MgCl2, 2 mM 

dithiothreitol, 1 mM ATP, 20% v/v glycerol).  

E. coli strain BL21(λDE3)recA/pSB958 was grown at 30˚C in LB medium supplemented with thymine 

(50 µg ml–1) and ampicillin (200 µg ml–1). Upon growth to A595 = 0.8−1.0, the temperature was rapidly 

increased to 42˚C to induce overproduction of DnaB and DnaC; the 1-litre cultures were shaken for a 

further 3 h, after which they were chilled in ice. Cells were harvested by centrifugation (11,000 × g, 5 

min), frozen in liquid nitrogen and stored at –80˚C.  

Frozen cells (12.3 g from 4 litres of culture) were resuspended in 370 ml of ice-cold lysis buffer by gentle 

agitation. Then a solution of 100 mg of egg lysozyme in 10 ml of water was added dropwise, while 

stirring. After the suspension had been stirred gently at 4˚C for 60 min, it was warmed in a bath at 37˚C 

for 6 min (with gentle inversion each minute). Complete C protease inhibitor pills (Roche) were then 

added to the suspension as per manufacturer’s prescription and then phenylmethylsulfonyl fluoride, 

dissolved in ethanol to 100 mM, was added dropwise to the agitated suspension to reach a final 

concentration of 0.5 mM. The suspension was rapidly cooled in ice, and then gently stirred for another 

60 min at 4˚C. Cell debris was removed by centrifugation (35,000 × g, 30 min). Solid ammonium 

sulphate (0.21 g per ml) was added to the supernatant (Fraction I) over the course of 30 min, and left 

to stir for an additional 30 min. The pellet was harvested by centrifugation (35,000 × g, 30 min), 

dissolved in 30 ml of buffer A + 25 mM NaCl, and dialysed against three changes of 2 litres of the same 

buffer, to yield Fraction II.  

The dialysate was loaded at 1 ml min–1 onto a column (2.5 × 16 cm) of Toyopearl DEAE-650M anion-

exchange resin that had been equilibrated in buffer A + 25 mM NaCl. The column was washed with 100 

ml of the same buffer, after which a linear gradient (500 ml) of 0–500 mM NaCl in buffer A was applied 

at a flow rate of 1.5 ml min–1. Fractions that did not bind to the column containing DnaC (flow-through, 

90 ml) were pooled and dialysed against buffer B (Fraction III). On the other hand, DnaB eluted in a 

single peak at ~230 mM NaCl. Fractions containing DnaB (50 ml, ∼110 mg of protein) were pooled 

judiciously to avoid contamination by nucleic acids. DnaB in these fractions was precipitated by the 
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addition of solid ammonium sulphate (0.4 g ml–1) and dissolved in 12 ml of buffer C (Fraction IV). 

Fraction III (containing DnaC) was loaded at 1 ml min–1 onto a column (2.5 × 10 cm) of Toyopearl SP-

650M cation-exchange resin that had been equilibrated in buffer B. The column was washed with 60 ml 

of buffer B at a flow rate of 1 ml min–1, after which DnaC was eluted in a linear gradient (500 ml) of 0–

500 mM NaCl in buffer B in a peak at ~200 mM NaCl. Fractions containing DnaC (34 ml) were pooled, 

dialysed into storage buffer D, frozen in liquid nitrogen and stored at –80˚C. A typical preparation yielded 

∼35 mg of highly purified DnaC. 

To separate DnaB from contaminating DNA, Fraction IV was divided into two equal portions (6 ml each) 

that were separately loaded at 0.5 ml min–1 onto a column (2.5 × 65 cm) of Sephacryl S-400 gel filtration 

resin (GE Healthcare), which has been equilibrated in buffer C. DnaB eluted in the included volume at 

∼220 ml, whereas most of DNA (and aggregated species) eluted in the excluded volume at ∼130 ml. 

Fractions containing DnaB (36 ml from each run) were pooled, frozen in liquid nitrogen and stored at –

80˚C. A typical preparation yielded ∼80 mg of highly purified DnaB. 

 

Assembly and purification of the DnaB6(DnaC)6 (or DnaBC) complex 

To assemble the DnaBC complex, 18.6 ml of DnaB (at 1.18 mg ml–1) and 13.4 ml of DnaC (at 1.48 mg 

ml–1) were gently mixed into 44 ml of buffer E that had been supplemented with an additional 1.5 ml of 

ATP stock solution (25 mM). These conditions provided an ∼1.7-fold molar excess of DnaC over DnaB 

(calculated each as monomers) in a solution finally containing 1 mM ATP and <70 mM NaCl. The 

solution was stirred gently at 4˚C for 60 min, then clarified by centrifugation (35,000 × g; 30 min) and 

finally loaded at 0.5 ml min–1 onto a onto a column (1 × 6 cm) of Toyopearl Super Q-650M anion-

exchange resin that had been equilibrated in buffer E + 80 mM NaCl. After the column had been washed 

with 30 ml of buffer E + 80 mM NaCl at a flow rate of 1.5 ml min–1, the DnaBC complex was eluted in a 

steep linear gradient (45 ml) of 80–1400 mM NaCl in buffer E in a peak centred at ~180 mM NaCl 

(Supplementary Figure S1D). Fractions containing DnaBC were pooled (7.5 ml in total), frozen in liquid 

nitrogen and stored at –80˚C. This preparation yielded ∼24 mg of highly purified DnaBC complex. 
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Supplementary Figure S1. Genetic and physical maps of plasmids that direct overproduction of DnaB 
and DnaC and isolation of the DnaBC complex. (A) The dnaC+ plasmids pPS237 and pSB957. The 
restriction site marked NdeI* is present in pPS237, but absent from pSB957. (B) The dnaB+ plasmid 
pPS359. (C) Plasmids pPS562 and pSB958, containing synthetic dnaCB operons that direct 
simultaneous overproduction of both DnaB and DnaC, in near stoichiometric amounts. The restriction 
site marked NdeI* is present in pPS562, but absent from pSB958. (D) Purification of the DnaB.DnaC 
complex on a 5-ml Super Q-650M anion-exchange column. Samples from successive fractions 
(indicated by numbers) were analysed on a 15% SDS-PAGE gel. 
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Supplementary Figure S2. Structural model (PDB ID: 6QEM) of the E. coli DnaB helicase (blue 
shades) in complex with the DnaC helicase loader (orange shades) highlighting the position of the 
H201C mutation used for mutagenesis and labelling (red) (S10). (A) Side view of the DnaB6(DnaC)6 
hexameric ‘cracked ring’ conformation bound to ssDNA (green; mostly buried). (B) Close up view of the 
His201 residue positioned on the linker between the C- and N-terminal domains of DnaB protomers. 
This residue is not involved with DnaC or DnaG primase binding (not shown), and is solvent exposed 
in a surface loop, making it suitable for mutation to cysteine for fluorescent labelling. 
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Supplementary Figure S3. Activity of the labelled DnaB helicases. (A) SDS-PAGE gel of pure 
DnaB6(red). The left and middle lane are stained with Coomassie blue and imaged using a Bio-Rad Gel 
Doc XR, while the right lane is unstained and the Alexa Fluor 647 fluorescence is imaged using an 
Amersham Imager 600. (B) Comparison of the activities of inactive DnaB6 (from a preparation that 
resulted in inactive DnaB6, apparently due to transition-metal ion contamination), WT DnaB6 and 
DnaB6(red). Native agarose gel electrophoresis separates the products of leading-strand DNA 
replication from filled-in primed M13 (TFII) and unreplicated primed ssM13. The replication products 
are dependent on active DnaB and there is no difference between the WT DnaB6 and DnaB6(red). (C) 
SDS-PAGE of pure DnaB6(blue) similar to (A). (D) Native agarose gel electrophoresis similar to (B) 
showing the activity of DnaB6(blue).  
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Supplementary Figure S4. Photobleaching lifetime extrapolation. The photobleaching lifetime of 
DnaB6(red) was measured at four separate extents of laser exposure, where the laser power was 
constant at 40 W/cm–2 and the increasing x-axis represents longer intermission between exposure 
periods. Fitting these points with a linear function and extrapolating to exposure ‘20’ (400 ms ON, 7600 
ms OFF) provides a measure of the photobleaching lifetime of ~58 min under these conditions. 
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Supplementary Figure S5. The rolling-circle DNA template with controlled fork topology. (A) The 
rolling-circle DNA template was created as previously described (S11) by modifying a 2030-bp plasmid 
with an oligonucleotide with non-complementary region creating a 59-nt 5′-tail. This tail forms a 
replication fork suitable for loading of the DnaBC complex. The modification also leaves a 25-nt gap 
where the leading-strand Pol III core can associate with the primer–template junction. (B) The primer–
template junction in (A). The base-pair composition of this junction is important in the stationary 
replisome association assay, wherein dATP and dTTP are omitted from the association solution, which 
allows the Pol III core to bind the junction, incorporate the first three nucleotides (CCG) but not the 
fourth (A). Thus, the polymerase is retained at the junction cycling between the polymerisation and 
proofreading states. 
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Supplementary Figure S6. Quantification of the degree of labelling through single-molecule 
photobleaching steps. Both DnaB6(red) and DnaB6(blue) contain multiple fluorescent dyes per 
hexamer; however, the presence of ADP in the storage buffer interferes with measurement of the 
degree of labelling by spectrophotometry. Therefore, we deposited (A) DnaB6(red) or (D) DnaB6(blue) 
from 20 pM solutions of each on a cleaned glass coverslip and single-molecule photobleaching steps 
(black lines) were detected using change-point analysis (S12–S14). The distribution of step size for (B) 
DnaB6(red) was (4.25 ± 0.06) x 104 (µ (mean) ± S.E.M., n = 909) and for (E) DnaB6(blue) was (5.23 ± 
0.24) x 104 (µ (mean) ± S.E.M., n = 293). (C) Distribution of the number of steps and thus number of 
dyes per hexamer, for DnaB6(red). The black line is a Poisson fit of the data (λ (mean) = 3.50, n = 260). 
(F) Distribution of the number of steps and thus number of dyes per hexamer for DnaB6(blue). The black 
line is a Poisson fit of the data (λ (mean) = 2.52, n = 181). 
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Supplementary Figure S7. Further examples of kymographs from the rolling-circle replication assays. 
(A) Kymographs of preloaded DnaB6(red) overlaid with SYTOX Orange-stained DNA (green) during 
rolling-circle replication. (B) Kymographs of DnaB6(red) moving at the fork during rolling-circle 
replication when excess DnaB6(red) is present in solution. (C) Kymographs of DnaB6(red) moving with 
the fork during rolling-circle replication whilst chased with WT DnaB6. (D) Kymographs of DnaB6(red) 
as it is chased with DnaB6(blue) as they are moving with the fork during rolling-circle replication. 
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Supplementary Figure S8. DnaB helicase dynamics quantified by single-molecule FRAP. (A) Example 
kymographs of DnaB6(red) (2 nM) in the single-molecule FRAP experiments during rolling-circle 
replication. After 2 min of replication, a high intensity FRAP pulse (240 W cm–2; indicated by the magenta 
line) is used to rapidly bleach all DnaB6(red) foci in the field of view. Recovery dynamics are observed 
over the following 4 min. (B) Number of DnaB helicases as a function of time corresponding to the 
above kymograph A3, where single-molecule steps (black line) were detected using change-point 
analysis (S12–S14). (C) The average intensity recovered by 21 molecules of replicating DnaB6(red) in 
the single-molecule FRAP experiments. Fitting these data with a FRAP recovery function (Equation 2) 
determines a steady state of 0.34 ± 0.06 helicases at the fork (or 1.2 ± 0.2 fluorophores; mean ± S.E.M) 
and a characteristic exchange time of 2.8 ± 0.7 min (mean ± S.E.M.). Despite obtaining these values, 
the poor fit of this model (SSE = 81.5, R2 = 0.4478) suggests the kinetics measured here represent 
transient association rather than exchange.  
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Supplementary Figure S9. Analysis of the stationary replisome association experiments. (A) The 
analysis pipeline to process the stationary replisome association experiments (left) and to identify 
different populations within the data (right). (B) Fifteen example DnaB6(blue) kymographs for each 
population extracted from the τ3 replisome chase experiment. (C) Fifteen example DnaB6(blue) 
kymographs for the DNA-DnaB6(red) population from different experiments. 
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Supplementary Figure S10. Steady state analysis of the stationary replisome association 
experiments. (A) Histogram of all the intensity points recorded for all the DnaB6(blue) trajectories in the 
DNA + DnaB6(red) condition from the τ3 replisome chase experiment (n = 123). All the points excluded 
to the right of the zero-point Gaussian fit (red line) represent the fraction of time spent with DnaB6(blue) 
bound (43%). (B) Histogram of all the intensity points recorded for all the DnaB6(blue) trajectories in the 
DNA + DnaB6(red) condition from the DnaB6(blue) only chase experiment (n = 43). In this case, the 
fraction of time spent with DnaB6(blue) bound is less (12%). 
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Supplementary Figure S11. Comparison of stationary replisome association data. (A) Graphical 
representation of all the measured binding frequencies for different experiments (plotted along the x-
axis) and different populations within these experiments (colour corresponding to the legend). (B) 
Tabulation of binding frequencies (units in min–1) for the different conditions corresponding to the 
experiments in (A). The number of molecules is indicated in brackets. 
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