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Stochastic activation of a DNA
damage response causes cell-to-cell
mutation rate variation
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Cells rely on the precise action of proteins that detect and repair DNA damage. However, gene
expression noise causes fluctuations in protein abundances that may compromise repair. For
the Ada protein in Escherichia coli, which induces its own expression upon repairing DNA
alkylation damage, we found that undamaged cells on average produce one Ada molecule per
generation. Because production is stochastic, many cells have no Ada molecules and cannot
induce the damage response until the first expression event occurs, which sometimes delays
the response for generations.This creates a subpopulation of cells with increased mutation
rates. Nongenetic variation in protein abundances thus leads to genetic heterogeneity in the
population. Our results further suggest that cells balance reliable repair against toxic side
effects of abundant DNA repair proteins.

T
he integrity of the genome is constantly
threatened by DNA damage. Most damage
events are reversed by active repair systems,
but the ones that escape repair can cause
cell death ormutations. An intriguing ques-

tion is what causes those failures. Specifically,
the classic perspective suggests that failures to
repair reflect the intrinsic error rate of the repair
enzymes, for example, because of the random
search for lesions (1, 2). Alternatively, most failures
could occur in an error-prone subpopulation of
cells (3, 4) in which repair is compromised by
fluctuations in the abundances of the repair
proteins (5–7).
To distinguish between these possibilities we

quantitatively analyzed, with single-molecule res-
olution in single cells, the adaptive response that
protects Escherichia coli against the toxic and
mutagenic effects of DNA alkylation damage
(8). The Ada protein functions not only in the
direct repair of alkylated DNA but also as the
transcriptional activator of the adaptive response
(Fig. 1A) (9, 10). Specifically, ada expression is
induced by methylated Ada (meAda) after ir-
reversible methyl transfer from DNA phospho-
triester andO6MeG lesions onto cysteine residues
of Ada. Because Ada is present in low numbers
before damage, this positive-feedback gene reg-
ulation may amplify stochastic fluctuations and
create cell-to-cell heterogeneity in the repair sys-
tem (2, 11).
We imaged the endogenous expression of a

functional Ada-mYPet fluorescent protein fusion
(fig. S1), in cells treated with methyl methane-
sulfonate (MMS) (Fig. 1B). We observed a strong
and uniform expression of Ada in most cells, but

20% of the cells did not respond at all, even at
saturating doses of MMS (Fig. 1, B and C). Quan-
titatively similar results were obtained with a
transcriptional fluorescent reporter in cells with
untagged Ada (fig. S2), which showed that the
protein fusion did not affect the observations.
To visualize the dynamics of the process, we

monitored Ada-mYPet abundance in real time in
amicrofluidic device that allows imaging of single
cells over tens of generations during constant DNA
damage treatment (fig. S3 andmovies S1 and S2)
(12, 13). At low-to-intermediate MMS concentra-
tions (<200 mMMMS), cells showed random un-
synchronized pulses of Ada expression (Fig. 1D).
The pulse frequency increased proportionally to
the MMS concentration (fig. S4), as expected
when triggering is limited by the probability that
Ada finds a lesion. At higher MMS concentra-
tions, most cells rapidly induced a persistent
and uniform response (Fig. 1E). However, 20 to
30% of cells were lagging even at saturatingMMS
and triggered the response after exponentially
distributed delays with an average of one gen-
eration time (Fig. 1F and fig. S5). Some cells thus
failed to respond for several generations.
To identify the molecular determinants of this

heterogeneity, we measured the Ada abundance
beforeMMS treatment. Ada-mYPet was undetec-
table over the autofluorescence background of
cells, which suggested that absolute amounts were
on the order of a few molecules per cell. We
therefore turned to single-molecule microscopy
to directly count individual proteins in live cells
(Fig. 1G and fig. S6). The abundance of Ada was
extremely low: The observed population average
was 1.4 ± 0.1 molecules per cell (±SEM) and 20 to
30% of the cells did not contain a single Ada mol-
ecule. Because the ada gene is strictly autoregula-
tory, i.e., it can only be induced by the Ada protein
(8–10, 14), cells with zero Adamolecules should be
unable to trigger the adaptive response, despite
great amounts of damage. This is supported by

the quantitative agreement between the percen-
tages of cells with a delayed response and with
zeroAdamolecules. Consequently, thedelaybefore
response activation should match the time until
the first random expression event occurs in these
cells. Indeed, the distribution ofAda copies before
damage was very close to a Poisson distribution
(Fig. 1G) with an average production rate of
onemolecule per cell cycle (fig. S6), and the late-
responding cells also activated the response with
a Poisson rate of once per cell cycle (Fig. 1F).
These findings also mean that most cells re-

liably launch the response with just one or two
Adamolecules to sense the damage and to induce
ada expression (Fig. 2A). We indeed observed dis-
tinct single-molecule signatures: The rates of Ada
production displayed staircase patternswith equi-
distant states during response activation and de-
activation at lowMMSconcentrations (Fig. 2B and
fig. S7), indicative of discrete production and loss
events of the meAda molecules that control
Ada expression. To further confirm the low num-
bers, we titrated meAda using promoter sites on
a low copy-number plasmid (15), whichmarkedly
decreased steady-state Ada induction, as expected
(fig. S8). Furthermore, the discrete production
rate steps disappeared when meAda abundance
was increased using high MMS concentrations
(fig. S7).
Because failure to trigger the adaptive response

seems to be the result of a complete lack of Ada
molecules in a fraction of cells, it should bepossible
to reduce this fraction with a slight increase in
the average abundance of Ada. Specifically, for
many distributions (including the Poisson) the
probability mass in the tails depends sensitive-
ly on the average. We therefore moderately in-
creased Ada numbers per cell either by inhibiting
cell division—keeping the concentrations con-
stant (16)—or by expressing additional unlabeled
Ada from the PAda promoter on a very low copy-
number plasmid (MiniF; ~2 copies per cell). In
both cases, we observed the predicted uniform
MMS response and disappearance of the late-
responding cell subpopulation (Fig. 2, C and D).
These observations raise the question of why

the native ada gene is expressed at such low basal
amounts. Following the fates of single cells over
time showed that a failure to activate the adaptive
response during MMS treatment lowered the via-
bility of those cells, as expected (Fig. 3A and fig. S9).
However, the moderate overexpression of Ada re-
sulted in severe toxicity ofMMS treatment (Fig. 3A
and fig. S10) (14, 17) and caused spontaneous
triggering of the response in the absence ofMMS
(Fig. 3B and fig. S10), somethingwenever observed
at native ada expression (Fig. 3B and fig. S3). The
extremely low abundance of Ada can thus be ad-
vantageous to the population as a whole, which
implies that the repair system faces a trade-off to
repair exogenous alkylation damage without in-
troducing harmful effects. In fact, given the low
numbers of molecules, the ada regulation is re-
markably precise: First, the Poisson distribution
before damage shows an almost complete absence
of gene expression bursts or “extrinsic” noise (Fig.
3C and fig. S6), in stark contrast to the regulation
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of most genes studied (5, 6, 7, 18). This can be
explained by a short half-life and inefficient trans-
lation of ada mRNAs (19, 20), as well as the
tendency of Poisson noise to dominate at very
low abundances. Second, a dual reporter assay (5)
that simultaneously monitors expression of the
endogenous PAda ada-mYPet and an ectopic PAda
cfp insertion (Fig. 3, D and E, and fig. S11) showed
that both the activation time afterMMS treatment
and the subsequent expression dynamics were
closely correlated between the two genes, with
little uncorrelated noise that would indicate tran-
scriptional bursting. Considering the central role
ofmeAda inada regulation (8–10, 14), these expres-
sion dynamics likely reflect fluctuations in meAda
numbers. Indeed, the normalized standard devia-
tion was inversely proportional to the square root
of the expected average number of DNA damage
sites, quantitatively consistent with the simplest
model, where varying damage levels determine
meAda abundances that then reliably control ada
expression (fig. S12). Third, ada transcription acti-
vation is inhibited by unmethylated Ada. Thismay

control response deactivation after the damage has
been repaired (21). Indeed, removal ofMMScaused
all cells to switch off the adaptive response uni-
formly, andAdawas diluted because of cell growth
(Fig. 3F).
The total number of Ada molecules directly de-

termines a cell’s repair capacity: each Ada mol-
ecule can only act once to remove onemutagenic
O6MeG lesion (10). Furthermore, a lack of Ada
repair capacity cannot be compensated for by the
DNA mismatch repair pathway, because unre-
paired O6MeG lesions miscode for T instead of
C. This leads to futile mismatch repair cycles,
which eventually cause stable mutations during
the next round of replication (17). We therefore
tested whether heterogeneity in Ada concentra-
tions affects mutation rates. To directly measure
genomic mutation rates in single cells, we used
the DNA mismatch recognition protein MutS as
a marker for labeling nascent mutations (22). Spe-
cifically, photoactivated single-molecule tracking (23)
allowedus to classify individualMutS-PAmCherry
fusion proteins asDNA-bound ormobile (24, 25),

while also imagingAda-mYPet in the same live cells
(Fig. 4). Without MMS treatment, the apparent
mutation frequency was low (fig. S13), and most
MutSmolecules weremobile (average 6% bound)
(fig. S14). MMS treatment of Ada-deficient cells
(Dada) increased both themutation frequency (fig.
S13) and MutS binding (56% bound) (Fig. 4 and
fig. S14).MMS treatment ofwild-type cells resulted
in highly variable amounts of bound MutS mol-
ecules betweencells. This variationcouldbe entirely
explained by the heterogeneity in Ada expression
(Fig. 4 and fig. S15): MutS binding was increased
only in the subpopulation of cells with low Ada ex-
pression (30%bound),whereas cellswith abundant
Ada retained low MutS activity (10% bound). Sto-
chastic activationof the adaptive response therefore
leads to an error-prone cell subpopulation that
does not efficiently repair DNA alkylation dam-
age and accumulates mutations.
We found that a cell’s fate after DNA damage

can be accurately predicted by the presence or
absence of a single protein molecule. The re-
sulting cell heterogeneity increases the chance
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Fig. 1. Stochastic gene expression delays Ada response activation in a
cell subpopulation. (A) Methylation of Ada N- and C-terminal domains func-
tions as a damage sensor, turning Ada into an autoregulatory activator of
genes involved in DNA alkylation repair. (B) Ada-mYPet fluorescence (yellow)
in cells treated with 10 mM MMS for 1 hour. Constitutive mKate2 serves as
fluorescent cell marker (gray). Scale bar, 5 mm. (C) Percentage of cells that
activated Ada-mYPet expression after 1 hour in MMS. (Inset) Histogram of
Ada-mYPet fluorescence per cell with 10 mM MMS. (D and E) Time traces of
Ada-mYPet fluorescence in single cells treated with 50 mM and 750 mM MMS
(added at time 0). Example cells in yellow; time in units of average generation
times (42 min) throughout. (F) (Inset) Transformed cumulative distribution

log(1-CDF) of response delay times for the last 30% of cells to activate Ada-
mYPet expression after MMS treatment in the microfluidic chip. Different MMS
concentrations in colors as in main plot. Straight lines on log scale reflect ex-
ponential distributions as generated by a Poisson process; the slope cor-
responds to the average-delay time constant. Gray area: Poisson process with
a rate of 1 ± 0.1 per generation. Main plot: Average delay time constants from
the inset data (±SEM). (G) Single-molecule counting of Ada-mYPet without
MMS. Example cell shown. Poisson model was generated using measured
production rate of 1 molecule per generation. Note that the actual value may
be closer to 1.2 because of delayed maturation of mYPet (see supplementary
materials).
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Fig. 2. Single-molecule trigger of the Ada response. (A) Stochastic ex-
pression and random segregation of molecules at cell division creates a
subpopulation of cells with zero Ada molecules which therefore fails to auto-
induce the adaptive response. (B) Sections of time traces showing distinct
steps in Ada-mYPet expression rates during response activation upon 200 mM
MMS treatment, deactivation after MMS removal, and stochastic activation and
deactivation transitions with 100 mM MMS. Vertical lines indicate cell divisions.

Histograms show number of frames spent in the expression rate states. Losses
can occur because of rare meAda degradation or by segregation at cell division.
At very low numbers, all meAda molecules should sometimes remain in the
same cell, maintaining expression rates, as observed. (C) Uniform Ada-mYPet
inductionwhen cell divisionwas inhibitedwith cephalexin beforeMMS treatment
(orange). (D) Uniformaccumulation of endogenous Ada-mYPet with additional
MiniF plasmid carrying PAda ada (green). Scale bars, 5 mm.

Fig. 3. High precision of the Ada response. (A) Cell fates after treatment with
10 mM MMS for 1 hour: Percentages of cells failing to recover growth during
time-lapse microscopy without MMS for 3 hours (±SEM). Cells were distinguished
if they had activated (Ada on) or failed the response (Ada off). (B) Percentages of
cells spontaneously triggering Ada-mYPet expression without MMS (±SEM).
(C) Fano factors (variance/mean) for Ada-mYPet without MMS, using single-
molecule counting data from Fig. 1G (±SEM bootstrapped). Cells grouped by
size. Expression bursting would give Fano factors above Poisson limit of 1.
(D) Dual reporter assay: Delay times between MMS addition and response

activation for endogenous ada-mYPet and ectopic PAda cfp are closely cor-
related. Each dot represents one cell. (Inset) Example expression-rate time
traces with simultaneous activation of both genes. (E) Example time traces
showing correlated expression-rate fluctuations of the dual reporter genes and
simultaneous response deactivation after MMS removal. (F) Deterministic re-
sponse deactivation: Time traces after MMS removal at time 0 (average: yellow).
The dilution model (circles) has an exponential decay constant equal to the
average generation time. (Inset) Narrow distribution of delay times from MMS
removal until response is deactivated (dotted line threshold).
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of genetic adaptation in a hypermutagenic sub-
populationof cellswithout jeopardizing the genetic
integrity in the majority of the population during
stress (3, 26). However, our observations that high
Ada expression is toxic and that cells appear to
minimize the heterogeneity in severalways suggest
that this is not an adaptive bet-hedging strategy,
but rather a side effect of maximizing short-term
fitness: Becauseproteinswith the capacity tomodify
DNA can be detrimental, cells may be forced to
express them in low amounts, such that random
fluctuations are unavoidable. Mutations can then
result from stochastic variation in the concentra-
tions of DNA repair proteins. Just as genetic het-
erogeneity can cause phenotypic heterogeneity,
the reverse is thus also true.
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Fig. 4. Increased binding of mismatch recognition protein MutS in cells with delayed Ada response.
Photoactivated single-molecule tracking of MutS-PAmCherry and Ada-mYPet fluorescence in single cells
treated with 10 mMMMS for 1 hour. (A) Tracks of bound (red) and mobile MutS (blue). Cell outlines drawn;
scale bars, 2 mm. (B) Percentage of bound MutS molecules versus Ada-mYPet fluorescence per cell. Native
strain with (yellow) and without MMS (black); Dada with MMS (gray).
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