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            Abstract
Escherichia coli Mfd translocase enables transcription-coupled repair by displacing RNA polymerase (RNAP) stalled on a DNA lesion and then coordinating assembly of the UvrAB(C) components at the damage site1,2,3,4. Recent studies have shown that after binding to and dislodging stalled RNAP, Mfd remains on the DNA in the form of a stable, slowly translocating complex with evicted RNAP attached5,6. Here we find, using a series of single-molecule assays, that recruitment of UvrA and UvrAB to Mfdâ€“RNAP arrests the translocating complex and causes its dissolution. Correlative single-molecule nanomanipulation and fluorescence measurements show that dissolution of the complex leads to loss of both RNAP and Mfd. Subsequent DNA incision by UvrC is faster than when only UvrAB(C) are available, in part because UvrAB binds 20â€“200 times more strongly to Mfdâ€“RNAP than to DNA damage. These observations provide a quantitative framework for comparing complementary DNA repair pathways in vivo.
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                    Figure 1: Tethered-RNAP assay for resolution of the Mfdâ€“RNAP complex.


Figure 2: Tethered-DNA assay for resolution of the Mfdâ€“RNAP complex.


Figure 3: Correlative single-molecule analysis of Mfdâ€“RNAP handoff to UvrAB, and downstream DNA incision by UvrC.


Figure 4: A model for the TCR pathway.
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Extended data figures and tables

Extended Data Figure 1 Motor properties of the translocating Mfdâ€“RNAP complex as seen in the tethered-RNAP assay.
a, Velocity distribution of translocating Mfdâ€“RNAP in the presence of 2â€‰mM ATP and under a weak opposing load (Fâ€‰=â€‰1 pN). Velocity is measured by fitting a single line segment to an entire translocation time-trace; this is made possible by the fact that velocity is essentially constant over the ~7,000â€‰bp of displacement which constitutes an entire trajectory. The velocity distribution is fitted to a Gaussian, giving a mean velocity of 4.7â€‰Â±â€‰1â€‰bp sâˆ’1 (SD; nâ€‰=â€‰99 trajectories). b, Tau plot of inverse velocity of translocating Mfdâ€“RNAP as a function of inverse ATP concentration is well-fitted to a line, indicating Michaelian behaviour with â€‰=â€‰16 Â± 0.4â€‰Î¼M (s.e.m.) and â€‰=â€‰4.7â€‰Â±â€‰0.1â€‰bp sâˆ’1 (s.e.m.). Error bars, s.e.m. as determined from at least ten trajectories for each ATP concentration.


Extended Data Figure 2 Resolution of the translocating Mfdâ€“RNAP complex by UvrA or by UvrAB is ATP-dependent as shown by the tethered-RNAP translocation assay.
Down-arrows indicate addition of components as noted and as follows. Beginning with stalled RNAP, we add 100â€‰nM Mfd and 2â€‰mM ATP to form the translocating Mfdâ€“RNAP complex. A wash step using 5â€‰ml of reaction buffer lacking ATP is applied to remove (nearly) all the free ATP in solution, causing the translocating complex to come to a nearly complete halt. Then, (a, b) 50 pM UvrA or (c, d) 50 pM UvrA and 250â€‰nM UvrB is added to the experiment. The complex is stable and release of the magnetic bead is not observed. Further addition of ATP-Î³-S (2â€‰mM; see b, d) does not permit bead release. However, final addition of ATP (2â€‰mM) leads to rapid release. Red up-arrows indicate bead release in b, d.


Extended Data Figure 3 Characterization of the long-lived Mfdâ€“RNAP intermediate on 2â€‰kb DNA using the tethered-DNA assay.
a, b, Nanomanipulation time-traces showing pulse-chase measurement of the lifetime of the Mfdâ€“RNAP intermediate for CPD-bearing DNA under conditions of positive (+sc) and negative (âˆ’sc) supercoiling, respectively. Down-arrows indicate moments of component addition as noted and as follows. First, we load RNAP onto DNA in standard conditions (25 pM RNAP holoenzyme, 500â€‰nM GreB, and the appropriate nucleotide complement, each present at 200â€‰Î¼M). We then wash out free RNAP with reaction buffer supplemented with 500â€‰nM GreB and the nucleotide complement. We then initiate formation of the intermediate by infusion of the above wash solution supplemented with 100â€‰nM Mfd and 2â€‰mM ATP. For negatively supercoiled DNA, RNAP was loaded under conditions of positive supercoiling before the DNA was returned to negative supercoiling; blue line indicates when DNA supercoiling is changed. Black bar highlights the intermediate state. c, d, Lifetime distributions for the Mfdâ€“RNAP intermediate formed on CPD-bearing DNA under conditions of positive or negative supercoiling, respectively, are well fitted to Gaussian distributions (red lines). For positive supercoiling the mean lifetime of the repair intermediate is 548â€‰Â±â€‰37â€‰s (s.e.m., nâ€‰=â€‰29 events: this distribution is also presented in Fig. 2b), and for negative supercoiling the mean lifetime of the repair intermediate is 556â€‰Â±â€‰33â€‰s (s.e.m., nâ€‰=â€‰21 events). e, f, Lifetime distributions for the Mfdâ€“RNAP intermediate formed on C-less cassette DNA under conditions of positive or negative supercoiling, respectively, are also well fitted to Gaussian distributions. For positive supercoiling the mean lifetime of the repair intermediate is 649â€‰Â±â€‰13â€‰s (nâ€‰=â€‰98 events) and for negative supercoiling the mean lifetime of the repair intermediate is 524â€‰Â±â€‰26â€‰s (nâ€‰=â€‰46 events). Data were fitted over the range delimited by the red lines.


Extended Data Figure 4 Characterization of the Mfdâ€“RNAP intermediate on negatively supercoiled 1â€‰kb DNA in the absence or presence of UvrAB using the tethered-DNA assay.
DNA bears a C-less cassette. a, Nanomanipulation time-trace obtained in continuous-tracking mode in the presence of 25 pM RNAP holoenzyme, 100â€‰nM Mfd, 500â€‰nM GreB, 2â€‰mM ATP, 200â€‰Î¼M UTP and 200â€‰Î¼M GTP. b, As in a but in the added presence of 50 pM UvrA and 250â€‰nM UvrB. c, Lifetime distribution of the Mfdâ€“RNAP intermediate in the absence of UvrA and UvrB has a mean lifetime of 258â€‰Â±â€‰17â€‰s (s.e.m., nâ€‰=â€‰33 events). d, Lifetime distribution of the Mfdâ€“RNAP intermediate in the added presence of 50 pM UvrA and 250â€‰nM UvrB has a mean lifetime of 167â€‰Â±â€‰17â€‰s (s.e.m., nâ€‰=â€‰32 events). Data sets for kinetics were obtained using the pulse-chase methodology.


Extended Data Figure 5 Reduced lifetime of the Mfdâ€“RNAP intermediate in the presence of UvrAB, monitored on 2 kb DNA using the tethered-DNA assay.
a, Nanomanipulation time-trace for positively supercoiled DNA (+sc) bearing a C-less cassette in the presence of 25 pM RNAP holoenzyme, 100â€‰nM Mfd, 50 pM UvrA, 250â€‰nM UvrB, 500â€‰nM GreB, 2â€‰mM ATP, 200â€‰Î¼M UTP and 200â€‰Î¼M GTP (continuous-tracking methodology). b, Nanomanipulation time-trace obtained as in a but for negatively supercoiled DNA (âˆ’sc). câ€“f, Lifetime distributions for the Mfdâ€“RNAP intermediate in the presence of UvrA and UvrB as above are essentially independent of both the cause of RNAP stalling (either a C-less cassette or a CPD) and supercoiling of the DNA (positive or negative). For positively supercoiled template the mean lifetime observed using DNA bearing a C-less cassette is 132â€‰Â±â€‰7â€‰s (s.e.m., nâ€‰=â€‰210 (c), see overview in Extended Data Fig. 6d) and for DNA bearing a CPD it is 141â€‰Â±â€‰20â€‰s (s.e.m., nâ€‰=â€‰58 (e)). For negatively supercoiled template the mean lifetime observed using DNA bearing a C-less cassette is 132â€‰Â±â€‰13â€‰s (s.e.m., nâ€‰=â€‰65 (d)) and for DNA bearing a CPD it is 157â€‰Â±â€‰65â€‰s (s.e.m., nâ€‰=â€‰10 (f)).


Extended Data Figure 6 Lifetime distributions of the Mfdâ€“RNAP intermediate as a function of UvrA concentration, using the tethered-DNA assay.
The DNA substrate used in these experiments was positively supercoiled and contained a C-less cassette, and data were collected using the continuous-tracking methodology in the presence of 10â€“20 pM RNAP holoenzyme, 500â€‰nM GreB, 100â€‰nM Mfd, 2â€‰mM ATP, 200â€‰Î¼M UTP, 200â€‰Î¼M GTP and 250â€‰nM UvrB. The UvrA concentration was (a) 50 pM, (b) 75 pM and (c) 100 pM. Red lines show the result of global fitting to a difference-of-two exponentials characteristic of a Michaelisâ€“Menten process, using the rate-limiting forward catalytic step extracted from classical Michaelian analysis of the mean times (Fig. 2d) as an additional constraint. d, Overview of lifetimes of the Mfdâ€“RNAP complex measured with the tethered-DNA assay and as a function of template supercoiling, cause of RNAP stalling and UvrA concentration, as presented in this paper. UvrB was fixed at 250â€‰nM throughout.


Extended Data Figure 7 Mfdâ€“RNAP-UvrAB control experiments, using the tethered-DNA assay.
These experiments were performed on positively supercoiled DNA substrate (+sc) bearing a C-less cassette and using the standard pulse-chase methodology. a, No ATP control: ATP dependence of UvrAB remodelling of Mfdâ€“RNAP intermediate. Black down-arrows indicate component infusion as follows. RNAP: we first introduce 25 pM RNAP holoenzyme, 500â€‰nM GreB, 200â€‰Î¼M ATP, 200â€‰Î¼M UTP and 200â€‰Î¼M GTP, and wait for RNAP to stall on DNA. Wash: we next wash out all free components except for GreB. Mfd ATP: we next infuse 100â€‰nM Mfd, 500â€‰nM GreB and 50â€‰Î¼M ATP and wait for Mfd to remodel RNAP and form the Mfdâ€“RNAP intermediate. Wash: we next wash out all free components except GreB. UvrAB: we next infuse 50 pM UvrA, 250â€‰nM UvrB and 500â€‰nM GreB. We wait several thousand seconds, without any observed change in the intermediate state. ATP: finally, we infuse 2â€‰mM ATP into the reaction and rapidly observe resolution of the intermediate species. b, No Mfd control: UvrAB does not functionally interact with RNAP in the absence of Mfd. Stalled RNAP formed as in a is not displaced in the presence of (down-arrow) 50 pM UvrA, 250â€‰nM UvrB, 500â€‰nM GreB and 2â€‰mM ATP. c, No UvrA control: lifetime distribution for the Mfdâ€“RNAP intermediate in the presence of UvrB alone. Stalled RNAP is formed as in a. We then wash out free RNAP while maintaining GreB and NTPs in solution, and add 100â€‰nM Mfd, 250â€‰nM UvrB and 2â€‰mM ATP while maintaining GreB and NTPs in solution. The lifetime of the Mfdâ€“RNAP intermediate thus formed remains long-lived (642â€‰Â±â€‰22â€‰s (s.e.m.), nâ€‰=â€‰80) with Gaussian statistics.


Extended Data Figure 8 Control experiments for UvrA and UvrB interactions with DNA in the absence of damage as seen in the tethered-DNA supercoiling assay.
Experiments were conducted on positively supercoiled DNA bearing a CTP-less cassette. a, UvrA alone compacts undamaged, supercoiled DNA in a non-specific manner even at concentrations as low as 10 pM. Trace shown obtained with 1â€‰mM ATP; the same phenomenon is observed in the absence of ATP (data not shown). b, UvrB prevents non-specific interaction of UvrA with DNA; (tâ€‰=â€‰0â€‰s) 250â€‰nM UvrB alone does not compact DNA, although it transiently interacts non-specifically and briefly with DNA in the presence of 1â€‰mM ATP (see câ€“f). The same phenomenon is observed in the absence of ATP (data not shown); (tâ€‰=â€‰2,000â€‰s) addition of UvrB also prevents UvrA from compacting DNA non-specifically. On the basis of these data we set the working UvrB concentration to 250â€‰nM: our measurements with UvrA can thus go up to 100 pM, which remains more than 90% saturated by this concentration of UvrB as shown by the fact that we can perform measurements without DNA compaction. c, d, Time-traces obtained on positively supercoiled DNA in the presence of 250â€‰nM UvrB and 1â€‰mM ATP show supercoiling-dependence of the dwell time (tdwell) of UvrB-DNA â€˜wrappingâ€™ events. Indeed the amplitude of these events (~50â€“100â€‰nm) is consistent with titration of a large positive supercoil by formation of a tight/compact, positive wrap of DNA around UvrB as observed in AFM imaging27. e, f, Histograms of the dwell time of the wrap state obtained above are fitted to single-exponential distributions, with a mean dwell time of (e) 28â€‰Â±â€‰2â€‰s (s.e.m., nâ€‰=â€‰175, +5 turns), and (f) 66â€‰Â±â€‰5â€‰s (s.e.m., nâ€‰=â€‰117, +6 turns). By performing experiments with no more than 250â€‰nM UvrB and with only +4 turns of positive supercoiling, this wrap state is of order 10â€‰s and does not significantly interfere with detection of Mfdâ€“RNAP intermediates or their resolution, and UvrB safely inhibits DNA compaction activity by UvrA.


Extended Data Figure 9 Correlation between resolution of the Mfdâ€“RNAP intermediate and loss of fluorescent signal from labelled RNAP or Mfd in the NanoCOSM assay.
We plot the time elapsed between loss of fluorescence signal from (a) fluorescent RNAP or (b) fluorescent Mfd and nanomechanical resolution of the Mfdâ€“RNAP intermediate as observed in the magnetic trap, as shown in Fig. 3a, b. In both cases the vast majority of events are correlated as shown by the fact that loss of fluorescence and nanomechanical resolution of the intermediate temporally coincide (that is, the time between the two events is nil). Loss of fluorescence before nanomechanical resolution (that is, indicated as positive times) is most probably due to spontaneous photobleaching of the DY-549 fluorophore used to label proteins. No significant difference is observed between DNA substrates bearing a CPD or bearing a C-less cassette.


Extended Data Figure 10 Characterization of specific, control and non-specific GGR incision using the tethered-DNA assay.
a, b, Time-traces showing GGR incision on positively and negatively supercoiled CPD-bearing DNA. For positively supercoiled DNA (+sc), addition of UvrABC proteins (1â€‰nM UvrA, 250â€‰nM UvrB, 100 pM UvrC and 100 pM pUC18 competitor DNA) and 1â€‰mM ATP led to DNA incision and an abrupt loss of supercoiling. The average GGR incision times are 1,230â€‰Â±â€‰195â€‰s (s.e.m., nâ€‰=â€‰72 events) and 1,156â€‰Â±â€‰256â€‰s (s.e.m., nâ€‰=â€‰40 events) for +sc and âˆ’sc, respectively; see Fig. 3f, g for distributions and fits. c, As in a, but in the absence of ATP. The absence of incision was confirmed on 22 molecules over a ~4â€‰h window. Upon supplementing the reactions with 1â€‰mM ATP (red down-arrow) incision rapidly takes place. d, UvrC (100 pM) and ATP (1â€‰mM) are unable to incise positively supercoiled, CPD-bearing DNA. The absence of incision was confirmed on 31 molecules over a ~2â€‰h window. e, Incision times for UvrABC (as above) acting on positively supercoiled DNA bearing a C-less cassette (that is, undamaged) are essentially normally distributed (red line) with a mean of 2,922â€‰Â±â€‰222â€‰s (nâ€‰=â€‰44 events; the fit was obtained by excluding points between 3,000 and 4,000â€‰s). f, Incision times for UvrABC (as above) acting on negatively supercoiled DNA bearing a C-less cassette are essentially normally distributed with a mean of 2,471â€‰Â±â€‰377â€‰s (s.e.m., nâ€‰=â€‰28 events; the fit was obtained by excluding points below 1,000â€‰s). g, Incision times for UvrABC acting on positively supercoiled DNA bearing a CPD protected by stalled RNAP in the absence of Mfd are essentially normally distributed with a mean of 2,348â€‰Â±â€‰672â€‰s (s.e.m., nâ€‰=â€‰31 events). Red lines are guides to the eye (c, d) and overall results confirm all of UvrAB, UvrC and ATP are required for GGR incision. Results from eâ€“g further indicate that non-specific DNA incision by the complete GGR system can take place in this assay; however, it is slow enough to permit measurement of faster specific incision rates discussed in Fig. 3. We propose these incision events are in fact specific to the multiple biotin- and digoxigenin-based tethers at the ends of the DNA construct, which can ultimately be recognized as DNA damage by the GGR machinery9. Because only nicking at the first tethering biotin or dig, and within the 2â€‰kbp fragment, will result in loss of supercoiling, then, statistically, multiple incisions at multiple tethers must be realized before loss of supercoiling, resulting in a normal distribution. This can be compared to DNA incision by endonuclease, the time distribution of which is single-exponential28. As incision on these constructs is significantly slower and obeys different statistics than that on CPD-containing DNA, we conclude that our single-molecule measurements can indeed isolate CPD-specific from non-specific incision by the GGR machinery.
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The presence of a DNA lesion on a transcribed strand can elicit transcription-coupled repair. In bacteria, the Mfd translocase displaces RNA polymerase (RNAP) that is stalled at a lesion, and continues to migrate along the DNA slowly, with the polymerase attached. Terence Strick and colleagues now show that when the UvrAB repair factors are recruited to Mfdâ€“RNAP, they halt and displace the translocase complex. This requirement for recruitment to a slow-moving Mfdâ€“RNAP complex helps to localize UvrAB to the lesion, because unexpectedly, UvrAB binding is considerably stronger to Mfdâ€“RNAP than it is to a DNA lesion. Consequently, subsequent UvrC cleavage is enhanced when Mfdâ€“RNAP is present, rather than on a substrate with a naked lesion.
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