
Single-molecule imaging of LexA degradation in Escherichia coli 
elucidates regulatory mechanisms and heterogeneity of the SOS 
response

Emma C. Jones1, Stephan Uphoff1,*

1Department of Biochemistry, University of Oxford, South Parks Road, Oxford, OX1 3QU, UK

Abstract

The bacterial SOS response stands as a paradigm of gene networks controlled by a master 

transcriptional regulator. Self-cleavage of the SOS repressor, LexA, induces a wide range of cell 

functions that are critical for survival and adaptation when bacteria experience stress conditions1, 

including DNA repair2, mutagenesis3,4, horizontal gene transfer5–7, filamentous growth, and the 

induction of bacterial toxins8–12, toxin-antitoxin systems13, virulence factors6,14, and 

prophages15–17. SOS induction is also implicated in biofilm formation and antibiotic 

persistence11,18–20. Considering the fitness burden of these functions, it is surprising that the 

expression of LexA-regulated genes is highly variable across cells10,21–23 and that cell 

subpopulations induce the SOS response spontaneously even in the absence of stress 

exposure9,11,12,16,24,25. Whether this reflects a population survival strategy or a regulatory 

inaccuracy is unclear, as are the mechanisms underlying SOS heterogeneity. Here, we developed a 

single-molecule imaging approach based on a HaloTag fusion to directly monitor LexA inside live 

Escherichia coli cells, demonstrating the existence of 3 main states of LexA: DNA-bound 

stationary molecules, free LexA and degraded LexA species. These analyses elucidate the 

mechanisms by which DNA-binding and degradation of LexA regulate the SOS response in vivo. 

We show that self-cleavage of LexA occurs frequently throughout the population during 

unperturbed growth, rather than being restricted to a subpopulation of cells, which causes 

substantial cell-to-cell variation in LexA abundances. LexA variability underlies SOS gene 

expression heterogeneity and triggers spontaneous SOS pulses, which enhance bacterial survival in 

anticipation of stress.

Gene expression heterogeneity can increase the odds of population survival under stress 

conditions by diversifying the behavior of individuals26–28. Distant bacterial species exhibit 

cell-to-cell heterogeneity in the SOS response, suggesting that it has a functional 

benefit10,16,20,22,24 or that the accuracy of the conserved regulatory mechanism is inherently 
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limited29,28. Spontaneous SOS induction in a subpopulation of cells reduces the fitness costs 

of SOS gene expression for the population as a whole, while several studies suggest that it 

can increase short-term stress tolerance18,30 and long-term evolutionary adaptation via SOS 

mutagenesis5,31,32. During interbacterial warfare, spontaneous SOS induction of bacteriocin 

toxins can serve as a pre-emptive attack strategy against a competing bacterial species12. 

Although spontaneous induction of prophages via the SOS response can be lethal for an 

individual host cell, it can lead to competitive advantages for the population17,33. Prophage 

induction and lysis of a subpopulation of cells promotes biofilm formation11, horizontal 

gene transfer6, and the release of phage-encoded toxins, such as E. coli Shiga toxin8,9,33. 

Nevertheless, the underlying molecular mechanisms responsible for the heterogeneity and 

spontaneous induction of the SOS response remain incompletely understood.

Single-cell measurements of the SOS response have relied entirely on fluorescent gene 

expression reporters4,10,16,21–25, but the output of these reporters is itself confounded by 

gene expression noise that is difficult to distinguish from genuine cell-to-cell variation in 

SOS signalling34. Moreover, cellular stress causes global physiological changes that affect 

the output of gene expression reporters independently of the SOS response, and several SOS 

genes are co-regulated by other stress responses35,36. Although SOS signalling can be 

measured directly using immunoblots that detect the cleavage of LexA37, these assays 

cannot monitor SOS response dynamics at a single-cell level. As such, it is unknown how 

heterogeneity in the SOS outputs relates to the underlying input from LexA. Furthermore, 

key functions of LexA and regulatory mechanisms of the SOS response have been inferred 

using indirect genetic methods or in vitro biochemical assays, but not been observed directly 

in vivo.

This motivated the development of a microscopy-based approach for visualising LexA 

function in individual living cells. We replaced the endogenous lexA gene with a HaloTag 

fusion allowing covalent labelling with the cell-permeable fluorophore 

Tetramethylrhodamine (TMR) (Fig. 1a). Cells expressing LexA-Halo exhibit normal growth, 

viability, SOS gene repression, and survival during treatment with DNA damaging agents 

(Extended Data Figs. 1–2). UV resistance was mildly perturbed, but far less so than for SOS 

response-deficient mutant strains (Extended Data Fig. 1). These and other characterisations 

(see Materials and Methods) show that the LexA-Halo fusion closely recapitulates native 

LexA function. High-speed single-molecule imaging (7 ms/frame) on a custom-built 

microscope38 and reversible photoswitching of TMR39 allowed us to record hundreds of 

tracks of LexA-Halo molecules per cell (Fig. 1b). During normal growth, cells showed a 

distinct population of immobile LexA molecules (Pbound = 4.8±0.4 % of tracks with D ~ 0.1 

μm2/s) and a mixture of mobile LexA species with a broad range of diffusion coefficients 

from D = 0.2 to 12 μm2/s (Fig. 1c). The abundance of LexA has been estimated to 600 – 

1300 molecules/cell37,40,41. Based on this, the population of immobile LexA molecules is in 

the range of ~14 – 31 LexA dimers. This is consistent with the number of LexA dimers 

required to repress ~40 genes in the SOS regulon considering that many of these genes are 

not fully repressed during normal growth (e.g. lexA, recA, uvrA, etc)2. To test if immobile 

molecules are indeed DNA-bound, we examined LexAE71K and LexAE45K mutants that 

have increased DNA-binding affinity and reduced promoter specificity, respectively42,43. 

Because lexA transcription is auto-regulated, we expressed mutants from an ectopic pBAD 
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promoter in a ΔlexA strain, thus ensuring that expression levels are equal for different 

variants. As predicted, LexAE71K and LexAE45K both exhibited a larger population of 

immobile molecules compared to wild-type LexA (Fig. 1d). The E45K mutation also 

decreased the diffusion coefficients of the mobile LexA population, consistent with a loss of 

promoter specificity and an increased frequency of transient non-specific DNA 

interactions42,44. To probe specific binding of LexA to SOS boxes, we transformed cells 

with pUC19 plasmids carrying promoters that are regulated by LexA, or the constitutive 

PpolA promoter as a negative control. Indeed, the bound LexA population increased in the 

presence of additional PdinG and PsulA promoters that contain one SOS box, and further 

increased for PrecN promoters with three SOS boxes (Fig. 1e).

The SOS response is triggered when RecA proteins form nucleoprotein filaments on single-

stranded DNA at DNA breaks or stalled replication forks. Interaction of LexA with RecA 

filaments stabilises a conformation that causes LexA to cleave itself45, which should 

separate the fluorescently-labelled C-terminal domain (LexA85-202-Halo) from the N-

terminal DNA-binding domain in our construct (Fig. 1a). Indeed, LexA-Halo mobility 

increased following a UV pulse due to a loss of DNA-bound and slowly diffusing molecules 

accompanied by the gradual appearance of a rapidly-diffusing population (Fig. 2a). The 

localization of LexA in untreated cells reflected the shape of the bacterial nucleoid. This 

organization was lost after UV exposure (Extended Data Fig. 3). LexA self-cleavage exposes 

recognition motifs for degradation of the protein fragments by Lon46 and ClpXP 

proteases47. The distribution of diffusion coefficients of LexA-Halo 180 min post UV 

exposure was identical to that obtained from untreated cells expressing unconjugated 

HaloTag (Fig. 2b). Hence, the free HaloTag appears to remain in cells as a rapidly-diffusing 

species after degradation of the LexA85-202 cleavage fragment. This is consistent with the 

inability of ClpXP to degrade the HaloTag from its N-terminus48. Detection of LexA species 

via SDS-PAGE and in-gel TMR fluorescence confirmed the UV-induced cleavage of LexA-

Halo and its conversion into the free HaloTag (Fig. 2c). Hence, the presence of the rapidly-

diffusing HaloTag can serve as a direct reporter for LexA degradation in live cells. Although 

LexA-Halo diffusion increased after UV treatment in a ΔclpX Δlon strain with similar 

kinetics as in the wild-type, the average diffusion coefficients were lower throughout the 

response (Fig. 2d, Extended Data Fig. 4). This is consistent with the protease-deficient cells 

being unable to degrade the cleaved LexA85-202-Halo fragment, which has a larger size and 

thus a lower mobility than the HaloTag alone.

The relative abundances of the DNA-bound population (Pbound), free LexA pool (Pfree), and 

degraded LexA species (Pdegraded) provide a quantitative readout for the progression of the 

SOS response in live cells (Extended Data Figs. 5–6). Pfree decayed exponentially with a 

half-life of 19 min after 50 J/m2 UV (16–27 min 95% CI), while lower UV doses caused 

slower and incomplete LexA degradation, as expected37,49 (Fig. 2e). To study the role of 

LexA dimerization, we examined the G124D mutation that causes a 50-fold reduction in 

dimerization affinity45. The increased mobility of this mutant relative to the wild-type 

confirms that LexA is predominately dimeric in cells45,50,51 (Fig. 2f). As dimerization is 

important for promoter recognition, the G124D mutation also diminished the DNA-bound 

population (Fig. 2f). Self-cleavage of LexA dimers is thought to occur separately for each 
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monomer45,51. In fact, we found that UV-induced degradation of monomeric LexAG124D 

proceeded faster than the wild-type (Fig. 2f).

Although LexA degradation induces an entire gene network, the activation times of different 

genes follow a specific chronology in response to DNA damage2,52. DNA repair genes are 

activated rapidly, whereas mutagenic DNA polymerases, toxins, and other factors with a 

burden on cell fitness or genome stability become induced later in the response as a strategy 

of “last resort”2,3. The differential gene induction is attributed to DNA-bound LexA being 

protected from self-cleavage51, so that the activation time of each gene is governed by the 

dissociation rate constant of LexA from its promoter. Our data are consistent with this 

model. First, the decay of the DNA-bound population was slower than the decay of the free 

LexA pool (Extended Data Fig. 6b,c). Second, increasing the number of DNA-binding sites 

in cells protected the bound LexA population from degradation after UV treatment (Fig. 2g). 

Third, the population of bound LexA molecules resistant to degradation was higher in the 

presence of additional PsulA promoter sequences as compared to PdinG sequences, 

consistent with the delayed induction of sulA compared to dinG during the SOS response2,52 

(Fig. 2g). As expected, the degradation kinetics of the free LexA pool were unaffected by the 

presence of additional DNA-binding sites (Extended Data Fig. 6d-f). Together, single-

molecule tracking of LexA-Halo confirms the key regulatory mechanisms of the SOS 

response in vivo (Fig. 2h).

Quantifying LexA populations in untreated cells via single-molecule tracking or in-gel 

fluorescence showed that a surprisingly large proportion of LexA molecules become 

degraded spontaneously during normal growth both for endogenous and pBAD-expressed 

LexA-Halo (Pdegraded = 32.0±2.6% and 30.0±1.6% respectively) (Fig. 3a-b). Bona-fide 

LexA self-cleavage is responsible for this, as degradation was diminished for the non-

cleavable LexAK156A mutant45 (Fig. 3a-b, Extended Data Fig. 7). Perturbed DNA 

replication and frequent DNA breakage in a Δdam strain53 strongly increased Pdegraded (Fig. 

3a, Extended Data Fig. 7). However, inactivation of RecA did not abolish LexA degradation 

completely (Fig. 3a-b, Extended Data Fig. 7), demonstrating that DNA damage is not the 

sole trigger for cleavage. LexA is capable of adopting its auto-cleavable conformation 

without RecA co-protease47,54–56, but the relevance of this pathway inside cells remained 

uncertain. The LexA V82S mutation has been shown to block auto-cleavage without 

perturbing RecA-dependent cleavage54. Indeed, Pdegraded was reduced for this mutant (Fig. 

3a-b, Extended Data Fig. 7), showing that auto-cleavage contributes to a basal rate of LexA 

degradation.

Degradation of LexA during normal growth could be an underlying cause for spontaneous 

inductions of the SOS response which may function as a strategy of stress-anticipation in a 

subpopulation of cells10,12,21,22,24,25. Quantification of LexA populations in single cells 

revealed substantial cellular heterogeneity (Fig. 3a-d, Extended Data Fig. 8). The broad 

distributions of Pdegraded and Pfree show that degradation is triggered very frequently, and not 

solely in a small subpopulation of cells as had been inferred from gene expression 

reporters10,11,21,22,24,25. Heterogeneity in the free LexA pool was further increased among 

Δdam cells, but far reduced for the non-cleavable LexAK156A strain (Fig. 3d-e). Evidently, 

spontaneous SOS induction reflects a continuous scale of LexA degradation levels rather 
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than a distinct regulatory state. Because spontaneous DNA breakage is rare during normal 

growth (~2% of cell cycles57), other processes must be involved in triggering LexA 

degradation in a large proportion of cells. In fact, it is known that DNA replication forks 

frequently stall or collapse during normal growth (~once per cell cycle)58–60. Furthermore, 

recA- strains grow poorly even in optimal conditions and RecA filaments or foci are formed 

in ~13-20% of cell cycles61,62. It is plausible that LexA can interact with these transient 

RecA filaments, and that variation in their size and lifetime affects LexA cleavage rates. 

This, together with a basal rate of RecA-independent auto-cleavage, would lead to the high 

frequency and heterogeneity of LexA degradation seen in untreated cells. Despite the 

variability in the basal state of LexA, UV treatment caused complete and uniform 

degradation (Fig. 3f), showing high fidelity in DNA damage signalling.

These observations raise the question of how LexA’s variability affects SOS gene 

repression. Single cells growing unperturbed inside microfluidic channels exhibited frequent 

expression pulses of the transcriptional SOS reporter PrecA-GFP (Fig. 4a, Extended Data 

Fig. 9a,b). Pulse amplitudes had a skewed distribution with many small spikes and a long tail 

of infrequent large pulses (Fig. 4b). Cells expressing the non-cleavable LexAG85D mutant 

did not show any pulses and had lower basal expression (Fig. 4a-c). This indicates that 

frequent LexA cleavage causes partial de-repression of the SOS response in the majority of 

cells. To understand how natural fluctuations in regulatory input levels modulate the output 

of the SOS response, we quantified LexA-Halo populations and PrecA-GFP fluorescence in 

the same cells (Fig. 4d). We found that PrecA was strongly induced in cells with increased 

LexA degradation (Fig. 4d-e). Furthermore, intermediate LexA abundances translated to a 

continuum of PrecA expression levels (Fig. 4e inset), explaining how gradual variation in the 

LexA pool creates a continuous scale of SOS expression pulses. The relation between PrecA 

expression and the abundance of free LexA was well described by a gene regulatory function 

with a promoter affinity of LexA between 2-10 nM52,63 (Fig. 4e). The same function also 

matched PrecA-GFP expression in the Δdam strain with increased LexA degradation (Fig. 

4e), but the distribution of cells along the curve was altered, as expected. Expression of the 

constitutive PpolA promoter was independent of the state of LexA, confirming that the 

observed regulation is specific to SOS-controlled genes (Extended Data Fig. 10).

Many of the survival mechanisms induced by the SOS response impose a substantial fitness 

cost, and therefore must be repressed reliably in the absence of stress, despite the basal 

LexA fluctuations. SOS induction of the cell division inhibitor SulA is one such mechanism. 

Indeed, spontaneous SOS expression pulses were correlated with increased cell cycle 

duration (Extended Data Fig. 9c,d). Closer inspection of this relation showed that rare large 

expression pulses were associated with pronounced cell cycle delays, whereas frequent 

smaller pulses only had a minor effect on cell cycle duration (Extended Data Fig. 9c,d). In 

agreement with this, cells switched to filamentous growth when the free LexA pool declined 

below a threshold of Pfree<30% (Fig. 4f). Only 5% of cells had such low LexA abundance, 

and any variation in the free LexA pool above the threshold did not influence cell length or 

the probability of filamentation (Fig. 4f). The switch-like control of filamentous growth 

ensures that the cell cycle and cell size homeostasis are robust to LexA variability. 

Interestingly, a related phenomenon is seen in the eukaryotic DNA damage response, where 

transient induction of the tumour suppressor p53 occurs under non-stressed conditions64. 

Jones and Uphoff Page 5

Nat Microbiol. Author manuscript; available in PMC 2021 December 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Similar to LexA, p53 pulses are only translated into cell cycle arrest when DNA damage 

signaling is sustained. These observations add to a growing appreciation that the genetic 

networks governing the DNA damage response share widespread similarities between 

bacteria and eukaryotes65,66.

Our findings demonstrate that LexA achieves a remarkable balance as a master regulator, 

ensuring reliable repression and induction of the SOS response, while also generating gene 

expression variability that can act as a source of cellular variability to enhance stress 

resistance of isogenic bacterial populations. Because of the continuous scale of LexA 

degradation levels, spontaneous SOS induction is not restricted to a distinct subpopulation of 

cells per se, but costly SOS outputs such as filamentation are only expressed in a small 

number of cells when LexA abundances drop below a threshold. Such a mechanism also 

agrees with models that explain the stability of the lysogenic state of lambda prophages, 

whose SOS-dependent activation follows threshold behaviour67,15. The negative feedback 

autoregulation of LexA buffers variation in degradation rates to stabilise protein levels68. 

Single-molecule tracking of LexA-Halo provides a direct and quantitative readout of the 

SOS response, and the approach is applicable to other proteins that are cleaved in an SOS-

dependent manner, such as lambda phage repressors9,15,16 and DNA translesion polymerase 

UmuD3,16. The method is sensitive and bypasses key limitations of existing SOS reporters 

based on gene expression, opening avenues to understand how the SOS response enables 

bacterial survival in diverse environments.

Methods

Bacterial strains

All strains used in this study are shown in Supplementary Information Table 1 and were 

derived from Escherichia coli AB1157. The LexA-Halo fusion was generated by Lambda 

Red recombination69. We used plasmid pSU007 as a template to insert the HaloTag 

sequence70 with a 27-amino acids linker at the C-terminus of the endogenous lexA gene 

followed by a kanamycin resistance cassette. The linker sequence 

SAEAAAKEAAAKEAAAKEAAAKAAAEF was designed to form an alpha-helical 

structure. The gene fusion was confirmed by colony PCR and in-gel fluorescence and the 

allele was moved into AB1157 wild-type strain by P1 phage transduction. The kanamycin 

resistance gene flanked by frt sites was removed by expressing Flp recombinase from 

plasmid pCP20. The temperature-sensitive pCP20 plasmid was cured by growing cells at 

37°C, generating strain SU225.

Strains with chromosomal gene deletions of clpX, lon, dam, sulA from the Keio collection71 

and lexAG85D (lexA3 Ind-) were obtained from the Coli Genetic Stock Center. The alleles 

were moved into background strain SU225 using P1 phage transduction with selection for 

kanamycin or tetracycline resistance, as appropriate. Gene deletions were confirmed by 

colony PCR and the lexAG85D allele by UV sensitivity. To combine multiple deletions, 

antibiotic resistance genes flanked by frt sites were removed using pCP20 as above. The 

recA- allele (recAT233C) was kindly provided by David Sherratt (strain VS90), and 

confirmed by its UV sensitivity. The ΔlexA allele was kindly provided by Rahul Kohli 

(strain SAMP04) and moved into AB1157 ΔsulA strain via P1 phage transduction with 
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selection for chloramphenicol resistance, and confirmed by colony PCR. The sulA gene 

deletion is necessary for viability of ΔlexA strains.

For plasmid expression of the LexA-Halo fusion, the lexA-halo allele was amplified from 

SU225 and inserted into plasmid pBAD24 using Gibson assembly kit (NEB) and confirmed 

by sequencing. LexA point mutants were made using Q5 site-directed mutagenesis kit 

(NEB) and confirmed by sequencing. Plasmids were transformed into SU315 ΔlexA ΔsulA 
strain and selection of ampicillin resistance, ensuring that the plasmid-expressed LexA-Halo 

fusion is the only LexA species present.

pUC19 plasmids carrying LexA-regulated promoters were generated by amplifying the 

promoter sequences from an E. coli promoter library72. Insertions were made into the 

multiple cloning site on pUC19 by restriction digestion using EcoRI and XmaI cut sites. 

Plasmids were transformed into SU225 expressing chromosomal LexA-Halo.

The PrecA-GFPmut2 and PpolA-GFPmut2 transcriptional reporters were copied from the 

promoter library plasmids72 and inserted on the chromosome between tam and yneE genes 

in the chromosome terminus region73 via Lambda Red recombination and selection for 

kanamycin resistance. Placement of the transcriptional reporter in the chromosome terminus 

region ensures it is present at a single copy during most of the replication cycle, thus 

minimising expression fluctuations due to gene copy number variations.

Functionality of the LexA-Halo fusion

We assessed the functionality of the LexA-Halo fusion in different ways:

1. It is known that E. coli strains with a ΔlexA gene deletion are non-viable because 

constitutive SOS induction of sulA inhibits cell division. ΔlexA strains are viable 

when combined with a ΔsulA deletion. We constructed the endogenous LexA-

Halo fusion in a wild-type strain (sulA +). This strain is fully viable and we do 

not see abnormal filamentation which would be expected if a partial defect of 

LexA-Halo caused mild SOS induction.

2. The LexA-Halo fusion strain has the same death rate as the wild-type, whereas a 

strain expressing non-cleavable LexAG85D has a higher spontaneous death rate 

(Extended Data Fig. 1h).

3. The basal expression level of the PrecA-GFP reporter is the same in the wild-

type and LexA-Halo strains (Extended Data Fig. 1g).

4. A lexA complementation assay was performed based on PrecA-GFP reporter 

expression (Extended Data Fig. 2a-c). A ΔlexA ΔsulA strain shows high reporter 

expression due to constitutive SOS response activation. Complementation of 

ΔlexA with pBAD plasmids expressing wild-type LexA or LexA-Halo both 

repressed the PrecA reporter to the same level.

5. UV sensitivity assays were performed for wild-type, LexA-Halo, LexAG85D, 

and recA-strains (Extended Data Fig. 1a). UV survival is partially reduced for 

LexA-Halo compared to the wild-type, but less so than for the SOS deficient 

mutants LexAG85D and recA-. The UV survival is in the same range as reported 
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in other studies for E. coli AB1157: 20% survival at 50 J/m2 74, 25% survival at 

60 J/m2 75, 10% survival at 75 J/m2 76.

6. The LexA-Halo strain shows the same survival as the wild-type when treated 

with the DNA damaging agents methyl methanesulfontate and ciprofloxacin, 

whereas LexAG85D and recA- are highly sensitive (Extended Data Fig. 1b,c).

7. The spontaneous SOS gene expression pulses of the PrecA-GFP reporter are 

present in the wild-type and LexA-Halo strains (Extended Data Fig. 1d-f).

8. The degradation level of LexA-Halo is correlated with PrecA-GFP target gene 

expression and cell filamentation in single cells (Fig. 4).

9. The LexA-Halo fusion recapitulates key aspects of known LexA function in 

cells, e.g. binding to specific promoter sequences (Fig. 1e), dimerization (Fig. 

2f), and DNA-damage induced cleavage (Fig. 2a).

10. Labelling LexA-Halo with TMR does not perturb function: (i) The D distribution 

of LexA-Halo does not depend on the concentration of TMR dye used for 

labelling (Extended Data Fig. 2e). (ii) The D distribution of LexA-Halo labelled 

with TMR before UV treatment is the same as for cells that were first exposed to 

UV and subsequently labelled with TMR. In both cases, LexA-Halo is fully 

converted into the free Halo tag (Extended Data Fig. 2f). (iii) TMR labelling 

does not affect cell viability or UV sensitivity (Extended Data Fig. 2g).

These characterisations establish that LexA-Halo is a functional reporter for LexA function 

in cells. The fact that the basal expression level of the PrecA reporter is the same in the wild-

type and LexA-Halo fusion strains indicates that the fusion does not alter LexA abundance 

in cells. The increased sensitivity of the LexA-Halo fusion strain to a UV pulse is notable. 

No increase in sensitivity is seen for constant chemical DNA damage treatment (Extended 

Data Fig. 1). During SOS response activation, LexA cleavage is triggered by binding to the 

RecA filament with interaction across its N- and C-terminal domains77. It is likely that the 

increased UV sensitivity is attributable to the C-terminal HaloTag fusion causing a steric 

hindrance that partially hinders the interaction of LexA with RecA filaments, but does not 

completely prevent this interaction. The C-terminal fusion would not perturb the N-terminal 

DNA-binding domain of LexA and hence SOS gene repression is unaffected, as observed.

A key result in this article is that LexA is frequently degraded during normal growth, which 

in turn leads to SOS gene expression heterogeneity. Notably, a partial decrease in LexA 

cleavage due to the HaloTag means that the degradation of wild-type LexA should be even 

more frequent, and hence SOS gene expression variation should be more pronounced in the 

wild-type. This is indeed what we observe. The distribution of PrecA-GFP expression is 

broader and spontaneous expression pulses are elevated in the wild-type strain compared to 

the LexA-Halo strain (Extended Data Fig. 1g).

Cell culture and HaloTag labelling

Strains were streaked from frozen glycerol stocks on to LB agarose with appropriate 

antibiotic selection. A single colony was used to inoculate LB (+ appropriate antibiotic if 

strain carried a plasmid) and grown for 6-7 hours. The cultures were then diluted 1:1000 into 
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supplemented M9 minimal medium containing M9 salts (15 g/L KH2PO4, 64 g/L 

Na2HPO4, 2.5 g/L NaCl, 5.0 g/L NH4Cl), 2 mM MgSO4, 0.1 mM CaCl2, 0.5 μg/ml 

thiamine, MEM amino acids, 0.1 mg/ml L-proline, 0.2% glucose. Cultures were grown 

overnight to stationary phase, then diluted 1:100 into supplemented M9 medium and grown 

to OD600 0.1-0.2 before labelling the HaloTag. For strains expressing LexA-Halo (and 

LexA mutants) from pBAD plasmid, growth medium containing 0.2% glycerol instead of 

glucose was used to induce leaky expression. This resulted in similar LexA expression levels 

as in the strains with chromosomal expression.

We labelled LexA-Halo covalently with TMR dye in live cells according to the protocol 

described before39. Briefly, cell culture was concentrated 10-fold by centrifugation. 100 μl 

of cell suspension was incubated with 2.5 μM TMR ligand (Extended Data Fig. 2d) 

(Promega) at 25°C for 30 min, followed by 4 rounds of washing, centrifugation, and 

resuspension in 1 ml of M9 medium to remove free dye from the culture. For dual-colour 

imaging with PrecA-GFP, we labelled LexA-Halo with JF54978 instead of TMR, using the 

same labelling protocol. The enhanced photostability of JF549 compared to TMR increases 

the number of tracks obtained per cell39, which facilitated the single-cell diffusion analysis. 

After labelling and washing, cells were recovered for 30 min shaking at 37°C to resume 

growth and allow free dye to diffuse out of cells, which was removed by a further wash with 

1 ml of M9 medium. This step was crucial to reduce background fluorescence contamination 

during single-molecule imaging39. After the removal of free dye, cell growth and division 

gradually dilutes the fluorescently-labelled LexA pool as new unlabelled proteins are 

synthesised.

For experiments with fixed cells, we labelled LexA-Halo with TMR as above and 

subsequently resuspended cells in 2.5% paraformaldehyde solution in PBS buffer. Cells 

were fixed for 30 min at room temperature and washed once in PBS before imaging.

Following labelling, cells were resuspended in approximately 10 μl M9 medium and spotted 

onto 1% low-fluorescence agarose pads (Bio-Rad) prepared in M9 medium and covered 

with a no1.5 glass coverslip. Coverslips were treated with air plasma (Plasma Etch) prior to 

use to remove fluorescent background particles. For UV treatment, cells were placed on the 

agarose pad and exposed to a UV pulse using a Stratalinker 1800 lamp at the indicated doses 

before covering with a coverslip. Slides were then incubated at 22°C and multiple fields of 

view were recorded per slide for up to 45 min for untreated cells, or at the indicated times 

post UV exposure.

Single-molecule tracking

Single-molecule imaging was performed using a custom-built total internal reflection 

fluorescence (TIRF) microscope38 under oblique illumination at 22°C. Movies and 

snapshots were acquired using Andor Solis software. Initially, cells in a field of view were 

exposed to 561 nm laser illumination at 0.5 kW cm−2 for around 30 seconds such that there 

was less than one molecule in the fluorescent state per cell on average. We recorded movies 

of 10-20 thousand frames under continuous 561 nm excitation at 0.5 kW cm−2 at a rate of 

7.48 ms/frame. TMR and JF549 dyes switch reversibly between dark and bright states. The 

dark state is long-lived such that the majority of molecules are off at any time and only a 
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small subset stochastically switches to the bright state. The bright state is sufficiently stable 

to track a single molecule for several frames until deactivation or photobleaching. This 

allows measuring tens to hundreds of tracks per cell39 (Extended Data Fig. 8a). A 

transmitted light image generated by LED illumination was recorded for each field of view 

for the purpose of cell segmentation.

For dual-colour LexA-Halo and PrecA-GFPmut2 or PpolA-GFPmut2 imaging, we first 

recorded a 100-ms snapshot with 488 nm illumination at 0.1 kW cm−2, followed by a movie 

of LexA-Halo-JF549 under 561 nm illumination at 0.5 kW cm−2 of the same cells.

Custom-written MATLAB software (Mathworks) was used for localisation79, tracking80 and 

calculation of diffusion coefficients81. Cell outlines were automatically segmented from 

transmitted light images using a modified version of MicrobeTracker82 combined with 

SuperSegger83. Apparent diffusion coefficients (D) were calculated from the Mean Squared 

Displacement (MSD) averaged over 4 steps per molecule: D = MSD/(4·Δt), with Δt = 7.48 

ms. Shorter tracks were discarded and longer tracks were truncated to 4 steps. The number 

of tracks reported in the figure legends refer to tracks with 4 or more steps. Distributions of 

diffusion coefficients represent the accumulated tracks from biologically independent 

repeats with a total number of cells as indicated in the figure legends (as in Fig. 1 & 2) or of 

single cells (as in Fig. 3). The number of repeats reported throughout refers to biologically 

independent experiments from separate cell cultures and performed on different days. 

Pearsson’s correlation coefficients were computed using the corrcoef function in MATLAB 

with default parameters.

Because TMR and JF549 fluorophores switch repeatedly between dark and bright states, 

individual molecules can be observed multiple times over the course of a movie. 

Furthermore, although we have optimised our labelling procedure to saturate HaloTag 

labelling (Extended Data Fig. 2d), the labelling efficiency is unknown. Therefore, the 

absolute number of tracks is not a direct measure of the number of LexA molecules. Here, 

we quantified the relative abundances of LexA populations based on the number of tracks in 

a particular diffusion state normalized by the total track counts per cell. In our previous work 

(e.g.84) we used analytical distributions that described diffusion characteristics of a single 

protein species that exists in multiple diffusive states (e.g. DNA-bound, transiently DNA-

interacting, freely diffusing). However, for LexA we found this approach was not 

appropriate. This was because a variety of different LexA species are present in the cell (e.g. 

various types of cleavage and degradation intermediates and monomer/dimer states). Instead, 

we fitted D distributions with model curves using linear regression. We used calibration 

measurements to generate empirical D distributions for the bound (Dbound), free (Dfree), and 

degraded (Ddegraded) LexA species. The model curve for the bound population was obtained 

from measuring LexA-Halo in cells fixed with paraformaldehyde. The model curve for the 

free LexA pool was obtained from cells expressing the non-cleavable LexA K156A mutant. 

The model curve for the degraded population was obtained from cells expressing 

unconjugated HaloTag. Model curves were smoothed using moving mean filters. Measured 

D distributions (Dmeasured) were then fitted with these empirical model curves by linear 

least-squares regression using MATLAB lsqlin. The function minimises (NORM(Dmodel*P - 

Dmeasured))2. where Dmeasured is a vector of the histogram bins, Dmodel = [Dbound, Dfree, 
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Ddegraded] is a matrix of size 3 x histogram bins, and P = [Pbound, Pfree, Pdegraded]. The 

resulting coefficients P give the LexA population abundances, constrained such that Pbound + 

Pfree + Pdegraded = 1. Each fit was averaged over 100 bootstrapping repeats. Fitting results 

are summarized in Supplementary Information Table 2.

The unconjugated HaloTag distribution shows an immobile population of Pbound = 

1.3±0.4%, which represents residual TMR dye that remains after the labelling and washing 

procedure and also reflects a low level of non-specifically bound HaloTag39. This 

background level matches the residual bound population of LexA-Halo after complete 

degradation post 50 J/m2 UV treatment. Therefore, in order to compare the bound LexA 

population to the number of LexA-regulated promoters, we deducted this background level 

from the Pbound estimate for LexA in the wild-type strain, giving an estimate of Pbound = 

4.8±0.4%. Note that because the number of tracks differs between cells, the mean population 

abundances from the accumulated D distribution of multiple cells are not the same as the 

mean of the population abundances from multiple single-cell D distributions. For example, 

for endogenous LexA-Halo in untreated cells, Pdegraded = 32.0% for the accumulated tracks, 

and Pdegraded = 22.1% for the mean of the single-cell abundances. For single-cell analysis of 

LexA populations, cells with less than 25 tracks (with >4 localizations) were excluded to 

ensure reliable distribution fitting (~10% of cells).

For dual-colour measurements, the PrecA-GFPmut2 or PpolA-GFPmut2 intensity per cell 

was measured from the average pixel intensity within each segmented cell area and the 

median background intensity outside cells was subtracted.

In-gel Halo-TMR fluorescence

Cells expressing HaloTag fusions were grown and labelled with TMR dye as for single-

molecule imaging, but washed only once with 1 ml M9 medium. Cells were pelleted after 

labelling and lysed in 30 μl SDS sample buffer heated at 95°C for 5 min. Halo-tagged 

species were separated via SDS-PAGE and imaged on a gel scanner with 532 nm laser 

excitation (Fujifilm Typhoon FLA 7000). Band intensities were quantified using ImageJ and 

the relative abundance of the degraded LexA population was calculated from the ratio 

HaloTag/(LexA-Halo + HaloTag).

Single-cell microfluidics

Mothermachine microfluidic experiments were performed as described4 to measure PrecA-

GFPmut2 expression dynamics during continuous unperturbed growth in M9 glucose 

medium at a single-cell level. Cells expressed fluorescent protein mKate2 constitutively and 

carried an flhD gene deletion to remove flagellum motility. Imaging was performed on a 

Nikon Ti Eclipse inverted fluorescence microscope equipped with perfect focus system, 

100x NA1.45 oil immersion objective, sCMOS camera (Hamamatsu Flash 4), motorized 

stage, and 37°C temperature chamber (Okolabs). Fluorescence images were automatically 

collected using NIS-Elements software (Nikon) and an LED excitation source (Lumencor 

SpectraX). Time-lapse movies were recorded at 3-min intervals with 100 ms exposures for 

GFPmut2 and mKate2 using 50% LED excitation intensities. Movies were analysed using 

custom Matlab software to segment cells based on cytoplasmic mKate2 fluorescence and to 
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construct single-cell lineages. PrecA-GFPmut2 expression traces represent the average pixel 

intensity within the area of a cell in each frame after subtracting the median background 

signal outside cells. Expression pulses were identified by applying a moving mean filter (30 

frames window) and using findpeaks function in Matlab.

Extended Data

Extended Data Fig. 1. Assessing the functionality of the LexA-Halo fusion.
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a, b, c DNA damage sensitivity assays: 10-fold serial dilutions of LB cultures at OD 0.4 

were spotted on LB agarose plates and exposed to indicated UV doses (a), or spotted on LB 

plates containing ciprofloxacin (b), or methyl methanesulfonate (c). Plates were incubated 

overnight. Control plates were incubated without DNA damage treatment. The percentages 

of surviving cells are the number of colonies on treatment plates normalised relative to the 

number of colonies counted for wild-type (WT) without treatment. Data are mean ±SEM 

from 6 repeats (UV) or 3 repeats (ciprofloxacin, MMS). * indicates zero survival observed. 

The LexA-Halo fusion strain shows a moderate increase in UV sensitivity compared to the 

wild-type AB1157 strain, while the SOS deficient strains with non-cleavable LexAG85D 

mutant or recA- mutation are hypersensitive to UV damage. LexA-Halo shows the same 

sensitivity to ciprofloxacin and methyl methanesulfonate as the wild-type. d, e, f, 
Functionality of LexA-Halo fusion assessed in continuous growth conditions: Single-cell 

fluorescence dynamics of SOS expression reporter PrecA-GFP during unperturbed growth in 

mothermachine microfluidic chips for cells expressing wild-type LexA (d, 310 cells), LexA-

Halo (e, 501 cells), and non-cleavable LexAG85D (f, 446 cells). Two example cell traces are 

highlighted per strain. The LexA-Halo fusion strains shows SOS expression pulses similar to 

the wild-type strain. No pulses are seen in the LexA G85D strain. g, Distributions of PrecA-

GFP fluorescence for wild-type LexA, LexA-Halo, and LexAG85D strains show that the 

LexA-Halo fusion is functional in SOS gene repression. The tail in the distribution for 

LexA-Halo shows functional SOS induction similar to the wild-type strain. The amplitudes 

of the SOS expression pulses were slightly reduced compared to the wild-type, matching the 

reduction in UV tolerance (panel A). h, Distributions of cell survival times during growth in 

microfluidic chips for wild-type LexA, LexA-Halo, and LexAG85D strains confirms 

functionality of the LexA-Halo fusion.
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Extended Data Fig. 2. LexA-Halo complementation and characterization of HaloTag labelling.
a, Testing LexA-Halo functionality by complementation of ΔlexA mutant. Representative 

phase contrast and fluorescence snapshots from 3 independent biological repeats. The 

PrecA-GFP reporter shows high fluorescence in a ΔlexA strain because the SOS response is 

unrepressed. The PrecA-GFP reporter becomes repressed to the same level when the ΔlexA 
allele is complemented with pBAD plasmids expressing LexA (untagged wild-type gene) or 

the LexA-Halo fusion construct. The ΔlexA strain without PrecA-GFP reporter is included 

to show the level of cellular autofluorescence. b, Average PrecA-GFP fluorescence per cell 
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± SEM and individual measurements from 3 repeats. ΔlexA: 1195 cells; ΔlexA PrecA-GFP: 

1268 cells; ΔlexA PrecA-GFP pBAD LexA: 1100 cells; ΔlexA PrecA-GFP pBAD LexA-

Halo 1241 cells). c, Histograms of PrecA-GFP fluorescence for pBAD LexA (1100 cells) 

and pBAD-LexA-Halo (1241 cells) complementation. d, Characterisation of LexA-Halo 

labelling: Average number of observed LexA-Halo tracks per cell after labelling with 

different concentrations of TMR dye. The labelling efficiency saturates for TMR 

concentration > 2.5 µM. Arrow indicates concentration used throughout this study. e, D 

distributions for LexA-Halo do not depend on the concentration of TMR dye used for 

labelling. f, LexA degradation is unaffected by TMR labelling. D distributions for LexA-

Halo 90 min after 50 J/m2 UV treatment for cells labelled with TMR before treatment (top) 

and for cells labelled with TMR after UV treatment. g, TMR labelling does not affect cell 

viability or UV sensitivity. Cells expressing LexA-Halo were prepared and labelled with 2.5 

µM TMR using the same protocol as for imaging, or mock-labelled in buffer only. 10-fold 

serial dilutions were spotted on LB agarose plates and exposed to 50 J/m2 UV light before 

incubating overnight, or incubated without UV exposure.

Extended Data Fig. 3. Spatial distribution of LexA.
Histograms show the density of LexA-Halo localizations projected onto the long cell axis. 

Cells were split into 4 classes based on length, < 2.5 µm, 2.5 – 3.5 µm, 3.5 – 4.5 µm, 4.5 – 
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5.5 µm. In untreated cells, LexA localizations reflect the typical spatial distribution of the 

nucleoid that splits into two lobes as cells elongate. This spatial pattern is largely absent in 

cells 180 min after treatment with 50 J/m2 UV when LexA-Halo has been largely converted 

into free HaloTag. Untreated cells: 4 repeats, 466 cells, 500284 localizations; UV-treated 

cells: 3 repeats, 164 cells, 103475 localizations.

Extended Data Fig. 4. Comparison of LexA diffusion in ΔclpX Δlon and wild-type strains without 
treatment and after exposing cells to a pulse of 50 J/m2 UV.
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Combined data from N = 3 repeats per time point. Untreated WT: N = 9 repeats, 2528 cells, 

384241 tracks. Untreated ΔclpX Δlon: 458 cells, 33239 tracks. 5 min WT: 280 cells, 23452 

tracks. 5 min ΔclpX Δlon: 238 cells, 11249 tracks. 30 min WT: 295 cells, 15408 tracks. 30 

min ΔclpX Δlon: 258 cells, 17578 tracks. 90 min WT: 333 cells, 18338 tracks. 90 min ΔclpX 
Δlon: 232 cells, 17995 tracks. 180 min WT: 307 cells, 18391 tracks. 180 min ΔclpX Δlon: 

250 cells, 10858 tracks.

Extended Data Fig. 5. Quantifying relative abundances of LexA populations.
a, Bound, free, and degraded LexA populations were quantified by fitting a mixture model 

to D distributions using least squares optimization (3 repeats for each condition), as 

described in the Materials and Methods. The D distribution of LexA-Halo from fixed cells 

was used as a model for the bound population (dark blue curve). The mobile part of the D 

distribution for the non-cleavable LexAK156A mutant was used as a model for the free 

population (light blue curve). The mobile part of the D distribution for the unconjugated 

HaloTag was used to model the degraded population (yellow curve). The model distributions 

were smoothed using moving mean filters. b, Fitted mixture model for LexA-Halo in 

untreated wild-type cells.
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Extended Data Fig. 6. Dynamics of LexA populations after UV exposure
a, Relative abundances of degraded (yellow), free (light blue), and DNA-bound (dark blue) 

LexA populations after exposing cells to a pulse of 50 J/m2 UV. LexA populations were 

quantified by fitting a mixture model to D distributions at different time points post UV 

using least squares optimization as shown in Extended Data Fig. 7 (error bars: SEM, 3 

repeats, average numbers per time point: 304 cells, 15365 tracks). Lines show moving mean 

curves. b, Decay of bound LexA population post UV exposure of 5 J/m2 (blue), 20 J/m2 

(orange), or 50 J/m2 (grey), 1 repeat per condition. c, Decay rate constants were obtained 

from exponential fits of the data in panel b. Error bars: ± 95% confidence intervals. The 

decay of the bound LexA population is slower than that of the free LexA population (Fig. 

2e), and the rate does not scale with UV dose. d, e, f Dynamics of LexA populations post 50 

J/m2 UV exposure for cells carrying empty pUC19 plasmid, pUC19 with PdinG or PsulA 

(error bars: SEM, N = 3 biologically independent experiments. Average numbers per time 

point pUC19 empty: 232 cells, 5669 tracks; PdinG: 273 cells, 13186 tracks; PsulA: 290 

cells, 18724 tracks). Bound population (d), free population (e), degraded population (f).

Jones and Uphoff Page 18

Nat Microbiol. Author manuscript; available in PMC 2021 December 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Extended Data Fig. 7. D distributions for mutant strains and LexA variants.
a, LexA-Halo in wild-type (grey, 9 repeats, 2528 cells, 384241 tracks) and Δdam (blue, 3 

repeats, 911 cells, 186197 tracks) strain backgrounds. b, LexA-Halo in wild-type (grey, 9 

repeats, 2528 cells, 384241 tracks) and recA- (blue, 3 repeats, 854 cells, 41528 tracks) strain 

backgrounds. c, Wild-type LexA-Halo (grey, 5 repeats, 1265 cells, 99306 tracks) and non-

cleavable LexAK156A mutant (blue, 3 repeats, 368 cells, 24343 tracks), both expressed 

from pBAD plasmid. d, Wild-type LexA-Halo (grey, 5 repeats, 1265 cells, 99306 tracks) and 

auto-cleavage deficient LexAV82S mutant (blue, 3 repeats, 1096 cells, 116653 tracks), both 
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expressed from pBAD plasmid. e, Wild-type LexA-Halo (grey, 5 repeats, 1265 cells, 99306 

tracks) expressed from pBAD plasmid in wild-type (grey) and recA- (blue, 934 cells, 3 

repeats, 1511 cells, 153981 tracks) strain backgrounds.

Extended Data Fig. 8. Quantification of LexA populations in single cells.
a, Distribution of the number of tracks per cell for LexA-Halo wild-type. b, The abundances 

of Pfree and Pdegraded are highly correlated with the average diffusion coefficient of LexA-

Halo per cell. Each dot represents a single cell from the wild-type LexA-Halo strain. R: 
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Pearsson’s correlation coefficient. c, d, Plots of Pfree versus Pdegraded show that increased 

level of LexA degradation is correlated with a loss of the pool of free LexA in individual 

cells from the wild-type and the Δdam strain background. R: Pearsson’s correlation 

coefficient. e, Evaluation of the statistical fitting error for single cells: Recorded movies 

were split into two halves, and single-cell quantification of LexA populations was performed 

independently for each movie half. Pfree from the two movie segments are correlated (R: 

Pearsson’s correlation coefficient) with a mean absolute difference of 16%, showing that the 

cell-to-cell variation in LexA abundances is not due to fitting uncertainty. Note that the 

actual fitting uncertainty is yet lower because the analysis includes the full-length movie 

data.
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Extended Data Fig. 9. Spontaneous SOS expression pulses are associated with a cell cycle delay.
a, Snapshots of PrecA-GFP expression reporter for untreated cells growing in microfluidic 

channels. Continuous scale of spontaneous SOS induction levels in wild-type cells. b, No 

SOS expression pulses are seen in the LexAG85D mutant strain. Identical greyscale as in 

panel a. c, Histogram of cell cycle durations for wild-type cells growing in microfluidic 

channels. All cell cycles (grey, 16076 cycles), cell cycles that contain a PrecA-GFP 

expression pulse (blue, 1013 cycles), cell cycles that contain a PrecA-GFP expression pulse 

with amplitude > 2000 a.u. (orange, 102 cycles). Percentage of cell cycles with duration > 
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60 min shown for each category (dashed line). 3 repeats. d, PrecA-GFP pulse amplitude 

plotted versus the duration of the cell cycle that contained the pulse (3 repeats, 1013 pulses). 

Pulse amplitude and cell cycle duration are correlated, R: Pearsson’s correlation coefficient. 

Moving average curve (blue line) shows a minor cell cycle delay for small PrecA-GFP 

pulses, but a strong delay for pulses with amplitude > 2000 a.u.

Extended Data Fig. 10. No correlation between LexA variability and expression of a gene that is 
not part of the SOS regulon.
Imaging PpolA-GFP expression and tracking LexA-Halo diffusion in the same cells shows 

that there is no correlation between gene expression and the free LexA abundance per cell. 

Each dot represents a single cell. Black line shows linear fit; R: Pearsson’s correlation 

coefficient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Live-cell single-molecule tracking of LexA repressor.
a, Schematic of LexA-Halo tracking approach. b, Transmitted light image of an example 

cell with LexA-Halo tracks coloured according to the diffusion coefficient per molecule. c, 
D distribution of LexA-Halo in untreated wild-type cells (9 repeats, 2528 cells, 384241 

tracks). d, D distributions for pBAD-expressed LexA-Halo mutants with increased DNA-

binding affinity, E71K (blue, 3 repeats, 896 cells, 88432 tracks), E45K (blue, 3 repeats, 887 

cells, 70496 tracks), compared to pBAD-expressed wild-type LexA-Halo (grey, 5 repeats, 

1265 cells, 99306 tracks). Distributions are combined data from all repeats. Insets: Mean 

Pbound ± SEM with p-values from two-sided t-tests and individual measurements of 

biologically independent repeats. e, D distributions for wild-type LexA-Halo in cells 

carrying empty pUC19 plasmid (grey 3 repeats) or pUC19 with LexA-regulated promoter 

PsulA (blue, 5 repeats). Inset: Mean Pbound ± SEM and individual measurements of 3 

biologically independent repeats for cells with empty pUC19 (314 cells, 15314 tracks), 

pUC19 with LexA-independent promoter PpolA (806 cells, 27747 tracks), pUC19 with SOS 

promoters PdinG (504 cells, 20636 tracks), PsulA (5 repeats, 822 cells, 46802 tracks), PrecN 

(659 cells, 35285 tracks). Scale bar: 1 μm.
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Fig. 2. Dynamics of LexA cleavage and degradation in response to DNA damage.
a, D distributions for LexA-Halo in untreated cells and at indicated times post 50 J/m2 UV 

fitted with mixture model (dashed lines) of LexA populations Pbound (dark blue), Pfree (light 

blue), Pdegraded (yellow). Combined data from 3 repeats per time point. Untreated: 9 repeats, 

2528 cells, 384241 tracks. 5 min: 280 cells, 23452 tracks. 30 min: 295 cells, 15408 tracks. 

90 min: 333 cells, 18338 tracks. 180 min: 307 cells, 18391 tracks. b, D distribution for 

unconjugated HaloTag expressed in untreated cells (3 repeats, 314 cells, 84763 tracks). c, 
SDS-PAGE ingel TMR fluorescence from cells expressing LexA-Halo, unconjugated 

HaloTag, LexA-Halo at 120 min post 50 J/m2 UV exposure. The additional band for 

unconjugated HaloTag includes the protein linker. Representative gel from 3 biologically 

independent experiments. d, Average D of LexA-Halo after 50 J/m2 UV in wild-type (black) 
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and ΔclpX Δlon (blue) strains with moving average curves (error bars: SEM, N = 3 

biologically independent experiments, average numbers per time point WT: 304 cells, 15365 

tracks; ΔclpX Δlon: 245 cells, 13216 tracks.). Average D ± SEM of unconjugated HaloTag 

in untreated cells shown for reference (N = 3, yellow line and shaded area). e, Decay of free 

LexA pool post UV exposure 5 J/m2 (blue, 77 cells, 2986 tracks), 20 J/m2 (orange, 44 cells, 

2973 tracks), 50 J/m2 (black, 84 cells, 6757 tracks). Average numbers per time point; 1 

repeat per condition. Inset: decay half-life from exponential fits; error bars: 95% CI. f, D 

distributions for pBAD-expressed LexAG124D-Halo mutant and wild-type LexA-Halo from 

untreated cells (WT: 735 cells, 32583 tracks; G124D: 460 cells, 27215 tracks), after 50 J/m2 

UV at 60 min (WT: 595 cells, 30969 tracks; G124D: 736 cells, 13026 tracks) and 120 min 

(WT: 610 cells, 21528 tracks; G124D: 686 cells, 21724 tracks). Combined data from 3 

repeats per time point. g, Decay of the bound LexA population post 50 J/m2 UV exposure 

for cells carrying empty pUC19 plasmid, pUC19 with PdinG or PsulA (lines: moving 

average, error bars: SEM, N = 3 biologically independent experiments. Average numbers per 

time point: pUC19 empty: 232 cells, 5669 tracks; PdinG: 273 cells, 13186 tracks; PsulA: 

290 cells, 18724 tracks) h, Schematic for SOS induction via LexA degradation.
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Fig. 3. Spontaneous LexA degradation in untreated cells is highly heterogeneous.
a, Abundance of degraded LexA-Halo population per cell in wild-type (14 repeats, 2756 

cells), Δdam (3 repeats, 889 cells), recA- (3 repeats, 640 cells) strains. pBAD-expressed 

wild-type LexA-Halo (5 repeats, 977 cells), LexAK156A-Halo (3 repeats, 268 cells), wild-

type LexA-Halo in recA- strain (3 repeats, 1294 cells), LexAV82S-Halo (3 repeats, 916 

cells). Boxes: 25-75% percentile, blue dots: averages, lines: medians, grey dots: individual 

cells, p-values from two-sided t-tests of biologically independent experiments. b, In-gel 

fluorescence from pBAD-expressed LexA-Halo wild-type, LexAK156A-Halo, LexA-Halo 
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wild-type in recA- strain, LexAV82S-Halo. Representative gels from 3 biologically 

independent experiments. c, Transmitted light image of untreated wild-type cells with LexA-

Halo tracks coloured according to the diffusion coefficient per molecule. Scale bar: 2 μm. D 

distributions of example cells with mixture model for Pbound, Pfree, Pdegraded populations. d, 
e, f, Abundance of free LexA-Halo population per cell for wild-type (14 repeats, 2756 cells), 

Δdam strains (3 repeats, 889 cells), pBAD-expressed wild-type (5 repeats, 977 cells), 

LexAK156A-Halo (3 repeats, 268 cells), and for wild-type LexA-Halo at 30 min (3 repeats, 

220 cells) and 180 min (3 repeats, 248 cells) post 50 J/m2 UV.
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Fig. 4. Variability in LexA degradation underlies spontaneous SOS induction and expression 
heterogeneity.
a, Mothermachine microfluidic data showing single-cell dynamics of PrecA-GFP 

fluorescence for cells expressing wild-type LexA (3 repeats, 1095 cells), LexAG85D (2 

repeats, 769 cells). Example cell traces highlighted. b, Distribution of PrecA-GFP pulse 

amplitudes (3 repeats, 1095 cells, 1136 pulses). c, Distributions of PrecA-GFP fluorescence 

for wild-type (3 repeats, 1095 cells) and LexAG85D (2 repeats, 774 cells) strains (vertical 

lines: distribution modes). d, LexA-Halo tracks on transmitted light image and PrecA-GFP 
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fluorescence in single cells. Scale bars: 2 μm. Representative image from 3 biologically 

independent experiments. e, PrecA-GFP versus free LexA abundance per cell for wild-type 

(blue dots, 3 repeats, 832 cells), Δdam (orange dots, 3 repeats, 521 cells) strains. Grey area: 

Gene regulatory function for PrecA (I) controlled by Pfree with total concentration of LexA 

dimers = 650 nM and PrecA affinity kD between 2-10 nM. Inset: expanded section indicated 

by arrow. f, Left axis: Cell length versus free LexA abundance per cell (black dots, 9 repeats, 

2504 cells). Right axis: Percentage of filamentous cells (length > 5μm) across a moving 

average of free LexA abundance per cell (blue line).
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