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Summary

Background—Evolution depends on mutations: rare errors in the transmission of genetic
information. Experimentally, mutations have been found by detecting altered phenotypes or
sequencing complete genomes, but most mutations do not have overt phenotypes, and sequencing
is expensive and has limited time resolution. The major source of mutations is DNA replication
errors. Nearly all mistakes in DNA replication are detected and repaired by the mismatch repair
machinery.

Results—We use a functional, fluorescently labeled derivative of one of the key mismatch repair
proteins (MutL) to see and count the small fraction of errors in Escherichia colithat does not get
repaired and is converted into stable mutations by the next round of DNA replication. Over a 300-
fold range, there is a linear relationship between the frequency of fluorescent foci and the
genetically measured mutation frequency, and the mean frequency of fluorescent foci agrees well
with estimates of the global mutation rate.

Conclusion—We describe a method for detecting the majority of genomic mutations emerging

in living cells, independently of their potential phenotype. The distribution of emerging mutations
per cell is roughly Poisson distributed, suggesting that all the cells in the population have roughly
the same mutation rate.

Introduction

Mutations are the raw material of evolution and play important roles in cancer, AIDS, and
other human diseases. Because mutations are rare, they are hard to detect, particularly as
they emerge. For most of the history of genetics, mutations were inferred by comparing the
phenotypes of different individuals, and determining how fast, and when, mutations
occurred depended on the sort of statistical analysis pioneered by Luria and Delbruck [1].
More recently, genome sequencing has made it possible to discover all the mutations that
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separate two lineages [2, 3], but this approach is expensive and has limited ability to resolve
when mutations occur. Here we exploit the cell’s own machinery for correcting mistakes in
DNA replication to directly see the small fraction of mistakes that is not repaired and is
converted into mutations by the next round of DNA synthesis (Figure 1). This method
detects genomic mutations as they emerge in living cells independently of their potential
phenotype.

The mismatch repair machinery is a strongly conserved group of proteins that detects and
corrects errors in DNA replication [4, 5]. In all organisms endowed with mismatch repair,
MutS binds to the sites of mistakes and recruits MutL. In enterobacteria, the MutL bound to
mismatch-MutS complex recruits MutH, an endonuclease that cleaves the newly replicated
DNA strand, triggering the removal of a segment of single-stranded DNA that contains the
errant base. MutH can distinguish the two DNA strands because it recognizes the
unmethylated adenine in the palindromic sequence GATC: the old strand is methylated, and
the new strand remains unmethylated for several minutes after its synthesis. After the newly
synthesized strand is methylated, MutH is unable to cleave either strand, and mistakes can
no longer be corrected. Eukaryotes use homologs of MutS and MutL to correct errors in
DNA replication, but they lack a homolog of MutH and do not use methylation to
distinguish old and new DNA strands [4, 5].

How uniform is the mutation rate within a population of genetically identical cells [6]? This
question has important implications for evolution and medicine but is beyond the reach of
previous methods for measuring mutation rates, which used populations rather than
individual cells [7]. We have removed this limitation by studying the localization of
functional, fluorescently labeled derivatives of mismatch repair proteins. In wild-type cells,
a small fraction of the cells contains fluorescent focus formed by the accumulation of MutL,
and the number of cells with focus, as well as the number of foci per cell, rises dramatically
as mismatch repair is compromised, with the number of foci corresponding to the mutation
rates of the different strains. In strains with high mutation rates, the number of foci per cell
is a close match to the Poisson distribution that we would expect if most of the cells in the
population had the same mutation rate. We discuss how our method can be extended to
measure mutation rates in eukaryotes.

MutL Foci Represent Nascent Mutations

Three processes could recruit mismatch repair proteins to a region of the £. coli
chromosome: (1) association with a replication error that was destined to be repaired, (2)
association with an error that will not be repaired, and (3) other processes that are unrelated
to errors in DNA synthesis, such as homologous recombination between nonidentical DNA
sequences. These possibilities can be distinguished by fluorescently labeling components of
the mismatch repair machinery, looking at cells that have different mutation rates, and
correlating the number of foci of labeled proteins with the frequency of mutant colonies in
different strains. If foci persist for the same time on mistakes that will and will not be
repaired, the number of foci will depend only on the rate at which DNA polymerase makes
mistakes and will be independent of the fraction of these errors that is corrected. If mistakes
that are repaired never recruit enough mismatch repair protein or last long enough to be
detected as discrete foci, the only visible mistakes will be those that are not corrected, and
thus the number of foci will depend both on the fraction of mistakes that is corrected and the
rate at which DNA polymerase makes errors. Finally, if the mismatch repair proteins are
being recruited to other DNA configurations, e.g., recombination intermediates, the number
of foci should be uncorrelated with either the accuracy of DNA polymerase or the efficiency
of repair.
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To distinguish these hypotheses, we produced fluorescently labeled mismatch repair
proteins. Our eGFP-labeled versions of MutL and MutS retain their normal function, as
judged by measuring the frequency of rifampicin-resistant mutants in the strains that carried
only the labeled derivatives (see Table S1 available online). Biochemical and in vivo
experiments suggest that a single mismatch may lead to the recruitment of many copies of
the MutL and MutS, thus allowing us to detect the presence of a single mismatch in a cell by
fluorescent microscopy [8, 9]. We found that fluorescent MutS and MutL form foci in a
subset of cells. Although MutS shows some mismatch-independent foci (detected with
mismatch binding-defective MutSF36A mutant [10]; data not shown), two lines of evidence
suggest that all MutL foci are at mismatch sites: all eGFP-MutL foci are abolished by (1)
eliminating MutS and (2) replacing wild-type MutL with MutL-K159E, a mutant deficient
for DNA binding and ATP hydrolysis [10] (Figures 2Ad, 2Ae, and 2B). We therefore used
only eGFP-MutL for this study.

Chromosomally mutL cells that express eGFP-MutL from plasmid show very rare focus,
with 0.45% of the cells growing in minimal medium containing a single focus (Figures 2Aa
and 2B). Eliminating MutH, the endonuclease that initiates the removal of the incorrect
base, increases the fraction of cells with at least one focus to 24.9% (Figures 2Ab and 2B).
The number of MutL foci in mutH cells is not dependent on the cellular amount of eGFP-
MutL (Figure S1). Elimination of the proofreading activity of the replicative DNA
polymerase (the mutD5 mutant) increases this fraction still further to 52% (Figures 2Ac and
2B). Thus, the number of eGFP-MutL foci depends on three things: the frequency of errors
in DNA replication, the efficiency with which these errors are repaired, and the integrity of
MutS and MutL.

These results are inconsistent with the two models: (1) a source of foci that is unconnected
to errors in DNA replication and (2) a model in which the foci are equally likely to come
from errors destined to be repaired and those that are not. The results are consistent with the
hypothesis that the foci only become bright enough and persistent enough to detect errors
that are not going to be repaired. This hypothesis makes two further predictions: (1) the foci
should disappear when a mismatched base pair is replicated to produce one duplex that has
entirely wild-type information and one duplex that has entirely mutant information (Figure
1), and (2) the frequency of foci should be equal to the mutation rate.

We tested the first prediction by following the fate of the eGFP-MutL foci in individual
mutH cells. Figure 3A shows images from the growth of a single microcolony: a fluorescent
focus becomes visible in one cell at 10 min and then disappears between 40 and 50 min.
Figure 3B traces the intensity of nine individual eGFP-MutL foci through time. Foci were
brighter than the background for 20 to 40 min. If a focus formed shortly after the passage of
the replication fork that made the initial mistake and disappeared after the next fork
replicated the mismatched DNA, the foci should persist for 40 min, which is the doubling
time of the cells under the microscope and represents the time between the passage of
successive replication forks. If the foci disappear because the mismatch is replicated,
preventing the next round of replication will stop the focus from disappearing. This is
precisely what we see: using rifampicin treatment to prevent the next round of DNA
replication allows the foci to persist for at least 200 min (Figure 3C).

The second and most important prediction is that the focus frequency should correspond to
the mutation rate. There are caveats to this prediction. Some types of replication errors, such
as C:C mismatches, are not recognized by the mismatch repair machinery [11, 12].
Fortunately, the rate at which DNA polymerases make these errors is much lower than the
rate of errors that is recognized by the repair machinery [13]. Additionally, it has been
suggested that in some incipient mismatches in £. coli[14], the templating base, instead of
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the mutant base, may be repaired and replaced in the newly synthesized strand. If this occurs
as rapidly as correct mismatch repair, then such mutations will not be visualized by our
method.

We tested the prediction that the frequency of MutL foci represents an accurate estimation
of the genomic mutation rate. We established the correlations between the frequency of
eGFP-MutL foci and two measurements that reflect the cellular mutation rate: the frequency
of rifampicin-resistant colonies and estimates of the genome-wide mutation rate [15]. We
measured the frequency of rifampicin-resistant colonies and the frequency of eGFP-MutL
foci in phenotypically wild-type, mutH, and mutD5 cells in minimal medium. Rifampicin
resistance is a result of point mutations, small deletions, or small insertions in the rpoB gene
[16]. Figure 4 shows that the number of eGFP-MutL foci is linearly related (R = 0.999) to
the frequency of rifampicin-resistant colonies (Table S4). This excludes the possibility that
above-mentioned problems preclude the precise estimation of mutation rate by our method.

Next, we tested the agreement between the frequency of foci and estimates of the average
mutation rate per base pair, which range from 4.1 x 10710 t0 6.9 x 10710 [15, 17]. We see
foci in 0.57% of wild-type cells grown in minimal medium. We calculate that an
exponentially growing population of cells has mean genome number of 2.0 by using the
measured doubling time of the population (40 min) and three assumptions: (1) it takes 40
min for the forks to get from the origin to the terminus, (2) there is a 20 min interval
between the termination of replication and cell division, and (3) the age distribution for
exponentially growing cells is N(x) = 21 =), where N is the number of cells of age xand x
varies from 0 (newly born cells) to 1 (cells about to divide). Using this value and the
frequency of foci, we calculate the overall mutation rate as the focus frequency (0.0057)
divided by the product of the mean genome number cell (2.0) and the length of the genome
(4.5 x 109), giving a value of 6.3 x 10710 pp/cell/generation. This number falls within other
estimates of the genomic mutation rate and suggests that we are measuring the occurrence of
base pair mismatches that the next round of replication will convert into stable mutations.
Because both our and others’ calculations of the genomic mutation rate involve assumptions,
we cannot exclude the possibility that we fail to detect all the lesions that are going to be
converted into mutations.

The Mutation Rate in the Population Is Roughly Uniform

Genetically identical cells need not behave identically even when they share the same
environment [18-20]. This raises the possibility that the mutation rate is nonuniform in a
population of cells. In principle, this possibility can be investigated by asking whether the
frequency of double mutations is greater than half the square of frequency of single
mutations. In practice, spontaneous double mutations are so rare that this question has
proved impossible to address.

Our method allows us to interrogate the entire genome of many cells for the presence of
mutations. If all the cells in the population have the same mutation rate, the number of
eGFP-MutL foci per cell will follow a Poisson distribution. In chromosomally mutL cells
that express eGFP-MutL from plasmid, less than 1% of the cells has a focus, suggesting that
less than 0.01% of them should have two foci, a frequency that is difficult to accurately
measure. In cells that lack MutH or have an error-prone DNA polymerase, the mutation
frequency is higher, and we see cells with up to three distinct foci. We can use the mean
focus frequency of mutations to predict the distribution of cells with 0 to =3 foci if the
mutation rate were uniform across the population of cells. Under these conditions, the
number of foci per cell should follow a Poisson distribution. Figure 5 shows the actual
distribution of the number of foci for mutH and mutD5 cells compared with two different
Poisson distributions, one calculated from the measured mean number of foci per cell and

Curr Biol. Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Elez et al.

Page 5

the other calculated from the fraction of cells that has no focus, on the assumption that the
foci show a Poisson distribution. The actual number of foci is close to the two calculated
distributions, although there is a slight excess of cells with one focus, compared to the
predictions, and a deficit of cells with two or more foci.

Discussion

We have used the cell’s own mismatch repair machinery to detect the minority of errors that
escapes repair and will produce mutations, because the errors get replicated before they can
be repaired. We suggest that this apparent paradox arises because of a race between two
processes: cleavage of the newly replicated strand that contains the misincorporated base by
MutH and methylation of the GATC motifs on the newly synthesized strand by the Dam
methylase. If MutH wins, the mismatch is removed, and accurate DNA repair prevents
mutation. If Dam wins, both old and new strands are methylated near the site of the
mismatch, precluding MutH cleavage, the mismatch persists, and the next round of
replication converts it into a mutation.

We can estimate how often MutH wins this race by comparing the frequency of eGFP-MutL
foci in chromosomally mutL cells that express eGFP-MutL from plasmid and
chromosomally mutL mutH cells expressing eGFP-MutL. This comparison suggests that
more than 99% of the time, MutH wins the race, a stretch of the newly synthesized DNA is
degraded, and MutH rapidly disappears from the DNA. This result is coherent with previous
genetic studies on mismatch repair effect on replication fidelity [21]. If we assume that cells
take 5 min to methylate newly synthesized DNA and that the time taken for MutH to cleave
DNA near mismatches is exponentially distributed, the mean time that a MutL focus would
be associated with a mismatch destined to be successfully repaired would be <70 s,
assuming that MutS and MutL detect mismatches and become microscopically visible as
soon as the DNA has replicated. We suspect that most mismatches do not recruit enough
MutL molecules to become microscopically visible before they are repaired. Only
unrepaired mismatches, either because of the absence of MutH protein or because of the
“premature” methylation of GATC sequence by Dam methylase that prevents GATC
cutting, allow accumulation of enough fluorescent MutL proteins to be detected as
fluorescent foci.

We present two pieces of evidence that support the idea that the eGFP-MutL foci we see
represent nascent mutations. The first is that the ratio between the mean number of foci per
cell and the frequency of rifampicin-resistant colonies is constant for three different
genotypes whose relative mutation rate varies by a factor of 300. The second is the
quantitative agreement between the number of foci and estimates of the genome-wide
mutation rate.

We used our method to address the long-standing puzzle of whether mutation rates are
uniform within a population. The distribution of cells with a different number of MutL foci
is a close match to a Poisson distribution. This observation rules out the possibility of any
pronounced nonuniformity in the mutation rate within a growing population of £. coli. There
are two important caveats to this conclusion. First, we detect two nascent mutations by
seeing two foci. If two mutations lie close together in space, even if they recruit eGFP-MutL
independently, the two foci cannot be resolved by light microscopy. Thus, we cannot rule
out the possibility that there is local clustering of mutations. Second, because we analyze
only cells with high mutation rates, our conclusion of uniformity of mutation rates holds for
most cells with high mutation rates. We cannot rule out, for example, that a subpopulation in
wild-type cells can become transiently mismatch repair-defective as a result of, for example,
stochastic fluctuations of a limiting component.
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The ability to see mutations as they happen opens many possibilities. In bacteria, these
include the vexed question of whether a subpopulation of cells elevates its mutation rate as
cultures enter stationary phase [22] and the comparison of the mutation rate in species that
do and do not use the preferential methylation of older DNA strands to direct mismatch
repair. Previous attempts to visualize mismatch repair were made in Bacillus subtilis [8], but
the relationship between the frequency of MutL foci and the genomic mutation rate was
difficult to assess because this study was done with nonfunctional fluorescent MutL.
Because the mismatch repair machinery is conserved, it should also be possible to see
nascent mutations in eukaryotes. This would open up many important possibilities, such as
investigating the elevation of the mutation rate in meiosis [23], comparing the rate of
mutation in soma and germline, and investigating the uniformity of mutation rates within
populations of tumor cells.

Experimental Procedures

Strain Construction

The construction of egfp fusions to wild-type and mutant mutL and mutS genes expressed
from T7 RNA polymerase promoter on pET-32a type plasmid is described in the
Supplemental Experimental Procedures. Plasmids were transformed into the strains deleted
for the chromosomal mutL or mutS gene to avoid dilution of the fluorescent MutL or MutS
proteins by the nonfluorescent native MutL or MutS, respectively. The T7 phage RNA
polymerase-encoding gene was inserted into the chromosome under the control of an
arabinose-inducible promoter.

Growth Conditions

Cells were cultivated in minimal medium supplemented by 0.2% casamino acids and
ampicillin (100 pg/ml). For microscopy, cells from exponentially growing cultures were
inoculated onto a solid matrix of minimal medium agarose in microscope cavity slides, as
previously described [24].

Live Cell Imaging and Image Analysis

Statistics

Cells were visualized with a 100 objective on an Axiovert 200 inverted microscope (Carl
Zeiss) equipped with a Photometrics CoolSNAP camera (Princeton Instruments) and a
temperature-controlled incubation chamber. Images were taken and analyzed by MetaMorph
software. Focus fluorescence was calculated by subtracting the background fluorescence of
the cell from the maximal pixel intensity of the focus.

We used the observed frequency of cells with a different number of foci to calculate two
predictions for the foci distribution we would expect if the mutation rate were uniform
within the population. The first uses the observed mean number of foci per cell, and the
second assumes that the mutations are Poisson distributed and uses the fraction of cells with
no foci to calculate/m, the mean number of foci per cell according to the formula p(0) = 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram Showing the Outcome of Repair or a Failure of Repair of DNA Replication
Errors
Parallel lines represent DNA strands. Replication error is C (in red) mispaired with A.

Nascent mutation and fixed mutation are encircled in red.
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Figure 2. eGFP-M utLWT Foci in Cells Exhibiting Different Mutation Rates

(Aa—Ae) Fluorescent images of mutL (Aa), mutl mutH (Ab), mutl. mutD5 (Ac), mutL
mutH mutS strains producing eGFP-MutLWT (Ad), and mutL mutH strain producing eGFP-
MutL™ (MutLK159E) (Ae), all grown to early exponential phase in minimal medium.

(B) The percentage of cells with at least one eGFP-MutLWT focus from (A). Error bars
indicate standard error of the mean. n indicates the number of cells examined. See also Table
S1 and Figure S1.
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Figure 3. Lifetime of eGFP-M utLWT Foci

(A and B) Dynamics of eGFP-MutLWT foci appearing and disappearing during growth.
mutl. mutH cells producing eGFP-MutLWT were grown in minimal medium to early
exponential phase, plated on a slide with agarose supplemented with minimal medium, and
examined by time-lapse microscopy.

(A) Representative examples of the consecutive fluorescent images of the same microcolony
after 0, 10, 20, 30, 40, and 50 min of growth.

(B) Evolution of the fluorescence for nine individual foci in the course of time (@) and
evolution of cell background fluorescence through time (O). Time 0 represents the
fluorescence of the same cell, and the same cell area, 10 min prior to the time of initial focus
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detection. a.u. denotes arbitrary units. (C) Persisting eGFP-MutLWT foci in rifampicin-
treated cells. Rifampicin (200 pg/ml) was added to an early exponential phase culture of
mutl. mutH cells producing eGFP-MutLWT grown in minimal medium, and incubation
continued for 15 min. The cells were concentrated and plated on the slide with agarose
supplemented by minimal medium and rifampicin. Representative examples of fluorescent
images taken at 0, 30, 110, and 200 min are shown. Time O corresponds to 30 min
postincubation with rifampicin.
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Figure 4. Number of eGFP-MutL Foci IsLinearly Related to the Mutation Frequency

The plot shows the correlation between eGFP-MutL focus frequency and frequency of
colonies that contain spontaneous mutations to rifampicin resistance (R2 = 0.999) for three
strains with different mutation rates: mutL, mutl mutH, and mutL mutD5, all expressing
eGFP-MutLWT. Assuming 2.0 genomes per cell and a target size of 69 different point
mutations that can lead to rifampicin resistance, we calculate that MutL focus corresponds to
a probability of 69/(2.0 x 3 x 4.5 x 106) = 2.5 x 1076 of observing a mutation to rifampicin
resistance in one of the cell’s descendants. We observe that each focus corresponds to a
probability of obtaining a rifampicin-resistant colony of 8.2 x 1075; this discrepancy is in the
expected direction because we measured the frequency of mutant cells, rather than the
mutation rate, and mutations that arise earlier in the culture give rise to more mutant
colonies than those that arise later [1]. See also Table S4.
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Figure 5. Mutation Ratein the Population Is Roughly Uniform

(A and B) The plot shows the observed and calculated frequency of cells with a different
number of foci for mutL mutH strain expressing eGFP-MutLWT (A) and mutl mutD5 strain
expressing eGFP-MutLWT (B). The expected number of foci was calculated according to the
Poisson distribution based on two different estimates of the mean number of foci per cell:
(1) directly calculating the mean number of foci from the different frequency classes, which
may be a slight underestimate, because if two foci are close together in the cell, they cannot
be resolved from each other, and (2) using the frequency of cells that have no focus and the
relationship p(no focus) = e™7, where m is the mean number of foci per cell.
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