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Abstract

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, sometimes delaying the response for
generations. This creates a subpopulation of cells with increased mutation rates. Non-genetic
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.

The 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 or
mutations. An intriguing question 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 due to the random search for lesions (1, 2). Alternatively, most
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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
resolution in single cells, the adaptive response that protects £. 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) following irreversible methyl transfer from DNA phosphotriester and O6MeG
lesions onto cysteine residues of Ada. Because Ada is present in low numbers before
damage, this positive feedback gene regulation may amplify stochastic fluctuations and
create cell-to-cell heterogeneity in the repair system (2, 11).

We imaged the endogenous expression of a functional Ada-mY Pet fluorescent protein fusion
(fig. S1) in cells treated with methyl methanesulfonate (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). Quantitatively similar results were
obtained with a transcriptional fluorescent reporter in cells with untagged Ada (fig. S2),
showing that the protein fusion did not affect the observations.

To visualize the dynamics of the process, we monitored Ada-mY Pet abundance in real time
in a microfluidic device that allows imaging of single cells over tens of generations during
constant DNA damage treatment (fig. S3 and movies S1 and S2) (12, 13). At low to
intermediate MMS concentrations (<200 uM MMS), cells showed random unsynchronized
pulses of Ada expression (Fig. 1D). The pulse frequency increased proportionally to the
MMS concentration (fig. S4), as expected when triggering is limited by Ada finding a lesion.
At higher MMS concentrations, most cells rapidly induced a persistent and uniform response
(Fig. 1E). However, 20 to 30% of cells were lagging even at saturating MMS, and triggered
the response after exponentially distributed delays with an average of one generation 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 prior to MMS treatment. Ada-mY Pet was undetectable over the auto-
fluorescence background of cells, suggesting 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 (xSEM) and 20 to
30% of the cells did not contain a single Ada molecule. Because the ada gene is strictly
auto-regulatory, i.e., it can only be induced by the Ada protein (8-10, 14), cells with zero
Ada molecules should be unable to trigger the adaptive response, despite high amounts of
damage. This is supported by the quantitative agreement between the percentages of cells
with a delayed response and with zero Ada molecules. Consequently, the delay before
response activation should match the time until the first random expression event occurs in
these cells. Indeed, the distribution of Ada copies before damage was very close to a Poisson
distribution (Fig. 1G) with an average production rate of one molecule per cell cycle (fig.
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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 reliably launch the response with just one or two
Ada molecules to sense the damage and induce ada expression (Fig. 2A). We indeed
observed distinct single-molecule signatures: the rates of Ada production displayed stair-
case patterns with equidistant states during response activation and deactivation at low MMS
concentrations (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 numbers, we
titrated meAda using promoter sites on a low copy-number plasmid (15), which markedly
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 due to a complete lack of Ada
molecules in a fraction of cells, it should be possible 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 sensitively on the average. We therefore
moderately increased Ada numbers per cell either by inhibiting cell division — keeping the
concentrations constant (16) — or by expressing additional unlabelled Ada from the Paga
promoter on a very low copy-number plasmid (MiniF; ~2 copies/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 viability of those cells, as expected
(Fig. 3A and fig. S9). However, the moderate over-expression of Ada resulted in severe
toxicity of MMS treatment (Fig. 3A and fig. S10) (14, 17), and caused spontaneous
triggering of the response in the absence of MMS (Fig. 3B and fig. S10), something we
never observed at native ada expression (Fig. 3B and fig. S3). The extremely low abundance
of Ada can thus be advantageous to the population as a whole, implying that the repair
system faces a trade-off to repair exogenous alkylation damage without introducing harmful
effects. In fact, given the low numbers of molecules, the adaregulation is remarkably
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 of most genes studied (5, 6, 7, 18). This can be explained by a short half-life and
inefficient translation of aga mRNAs (19, 20), and the fact that Poisson noise tends to
dominate at very low abundances. Second, a dual reporter assay (5) that simultaneously
monitors expression of the endogenous Pag, ada-mYPetand an ectopic Paga ¢fp insertion
(Fig. 3, D and E, and fig. S11) showed that both the activation time upon MMS treatment
and the subsequent expression dynamics were closely correlated between the two genes,
with little uncorrelated noise that would indicate transcriptional bursting. Considering the
central role of meAda in ada regulation (8-10, 14), these expression dynamics likely reflect
fluctuations in meAda numbers. Indeed, the normalized standard deviation was inversely
proportional to the square root of the expected average number of DNA damage sites,
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quantitatively consistent with the simplest model where varying damage levels determine
meAda abundances that then reliably control aga expression (fig. S12). Third, ada
transcription activation is inhibited by unmethylated Ada. This may control response
deactivation after the damage has been repaired (21). Indeed, removal of MMS caused all
cells to switch off the adaptive response uniformly, and Ada was diluted due to cell growth
(Fig. 3F).

The total number of Ada molecules directly determines a cell’s repair capacity: each Ada
molecule can only act once to remove one mutagenic OMeG lesion (10). Furthermore, a
lack of Ada repair capacity cannot be compensated for by the DNA mismatch repair
pathway because unrepaired O%MeG lesions miscode for T instead of C. This leads to futile
mismatch repair cycles, eventually causing stable mutations during the next round of
replication (17). We therefore tested whether heterogeneity in Ada concentrations affects
mutation rates. To directly measure genomic mutation rates in single cells we used the DNA
mismatch recognition protein MutS as a marker for labelling nascent mutations (22).
Specifically, photoactivated single-molecule tracking (23) allowed us to classify individual
MutS-PAmCherry fusion proteins as DNA-bound or mobile (24, 25), while also imaging
Ada-mYPet in the same live cells (Fig. 4). Without MMS treatment, the apparent mutation
frequency was low (fig. S13) and most MutS molecules were mobile (average 6% bound)
(fig. S14). MMS treatment of Ada deficient cells (Aada) increased both the mutation
frequency (Fig. S13) and MutS binding (56% bound) (Fig 4 and fig. S14). MMS treatment
of wild-type cells resulted in highly variable amounts of bound MutS molecules between
cells. This variation could be 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
expression (30% bound) whereas cells with abundant Ada retained low MutS activity (10%
bound). Stochastic activation of the adaptive response therefore leads to an error-prone cell
subpopulation that does not efficiently repair DNA alkylation damage and accumulates
mutations.

We found that a cell’s fate following DNA damage can be accurately predicted by the
presence or absence of a single protein molecule. The resulting cell heterogeneity increases
the chance of genetic adaptation in a hypermutagenic subpopulation of cells without
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 several ways suggest that this is not an adaptive bet-hedging
strategy, but rather a side-effect of maximizing short-term fitness: Because proteins with the
capacity to modify 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 concentrations of DNA repair proteins. Just as genetic
heterogeneity can cause phenotypic heterogeneity, the reverse is thus also true.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 functions as a damage sensor, turning

Ada into an auto-regulatory activator of genes involved in DNA alkylation repair. (B) Ada-
mY Pet fluorescence (yellow) in cells treated with 10 mM MMS for 1 hour. Constitutive
mKate2 serves as fluorescent cell marker (gray). Scale bar, 5 um. (C) Percentage of cells
that activated Ada-mY Pet expression after 1 hour in MMS. (Inset) Histogram of Ada-mY Pet
fluorescence per cell with 10 mM MMS. (D and E) Time traces of Ada-mY Pet fluorescence
in single cells treated with 50 pM and 750 pM MMS (added at time 0). Example cells in
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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 upon MMS treatment in the microfluidic chip.
Different MMS concentrations in colours as in main plot. Straight lines on log scale reflect
exponential distributions as generated by a Poisson process; the slope corresponds 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-mY Pet 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).

Science. Author manuscript; available in PMC 2016 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Uphoff et al.

A - B 400 200 uM MMS 600 200 M MMS Recovery

.

damaga

Pnsmve
'”W

/ \
re

| I
Activation
delay (1] S 4 0
4 6 8 0 10 20 33 35 37 0 5 10
Time (generations) Frames Time (generations) Frames
D +F ada plasmid
1

10 mM MMS

W
=1
S

400

Expression rate
(molecules/generation)

| 200

100 0 200 400 600 800

Fluorescence (a.u.)

/ \ i
v Stochastic

expression 2004 100 UM MMS

150 10 mM MMS

Single- 100f

Activated cells (%)

Expression rate
(molecules/generation)

moloculs
trigger . il 8 1 1
0
0 " " " " "
12 14 16 18 20 22 24 26 28 0 40 80 0 2 4 6 8 10

50

0 200 400 600 800
Fluorescence (a.u.)

Time (generations) Frames MMS (mM)

Fig. 2. Single-moleculetrigger of the Adaresponse
(A) Stochastic expression and random segregation of molecules at cell division creates a

subpopulation of cells with zero Ada molecules which therefore fails to autoinduce the
adaptive response. (B) Sections of time traces showing distinct steps in Ada-mY Pet
expression rates during response activation upon 200 uM MMS treatment, deactivation after
MMS removal, and stochastic activation and deactivation transitions with 100 uM MMS.
Vertical lines indicate cell divisions. Histograms show number of frames spent in the
expression rate states. Losses can occur due to 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 induction
when cell division was inhibited with cephalexin prior to MMS treatment (orange). (D)
Uniform accumulation of endogenous Ada-mY Pet with additional MiniF plasmid carrying
Pada @da (green). Scale bars, 5 pm.
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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 (xSEM). Cells were
distinguished if they had activated (Ada on) or failed the response (Ada off). (B) Percentages
of cells spontaneously triggering Ada-mY Pet expression without MMS (£SEM). (C) Fano
factors (variance/mean) for Ada-mYPet without MMS, using single-molecule counting data
(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-m YPet and ectopic Pag, cfp are closely
correlated. 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 response deactivation: Time-traces
following 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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Fig. 4. Increased binding of mismatch recognition protein MutSin cellswith delayed Ada
response
Photoactivated single-molecule tracking of MutS-PAmCherry and Ada-mY Pet fluorescence

in single cells treated with 10 mM MMS for 1 hour. (A) Tracks of bound (red) and mobile
MutS (blue). Cell outlines drawn; scale bars, 2 um. (B) Percentage of bound MutS
molecules vs. Ada-mY Pet fluorescence per cell. Native strain with (yellow) and without
MMS (black); Aadawith MMS (gray).
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