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B

ase excision repair (BER) proteins, from bacteria to humans,
are challenged with combing the genome for DNA base
lesions to maintain the integrity of our genetic material (1, 2).
This challenge is remarkable, given the low copy number of these
proteins and that they must discriminate among small differences between modified and natural bases. For MutY, a BER
repair protein in Escherichia coli with a human homolog, there
are ⱕ30 proteins in the E. coli cell (1) to interrogate 4.6 million
bases; the ratio of binding affinities for the target lesion, an
8-oxoguanine:adenine mismatch, versus well-matched native
base pairs is ⱕ1,000 (3). Endonuclease III (EndoIII) recognizes
a less-prevalent lesion, hydroxylated pyrimidines, with equally
low specificity; the copy number of EndoIII within E. coli is ⬇500
(1). How these glycosylases fix their substrate lesions, once
found, has been well characterized (1, 2), as are the structures of
MutY and EndoIII bound to DNA (4, 5). Yet, how these lesions
are efficiently detected before excision is not established.
Location of damaged bases in the genome is likely the
rate-limiting step in BER within the cell (6). Current models for
genome scanning to detect lesions involve protein sliding along
the DNA, squeezing the backbone, slipping bases out to allow for
interrogation, or finding transiently opened sites (7, 8). However,
given the low copy number of these proteins and their need to
sift through the genome to find often subtle base lesions, the time
required for this search is long.
A subset of these BER proteins contains [4Fe4S] clusters,
common redox cofactors in proteins (1, 2). Increasingly, iron–
sulfur clusters are found associated with varied DNA-binding
proteins and located far from the enzymatic active site, with no
apparent function. For BER proteins, [4Fe4S] clusters were first
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thought to play a structural role. When not bound to DNA, these
proteins are found in the [4Fe4S]2⫹ state and are not easily
oxidized or reduced under physiological conditions (9). However, for MutY and EndoIII, we have demonstrated by using
DNA-modified electrodes that DNA binding shifts the 3⫹/2⫹
cluster potential into a physiological range, ⬇100 mV vs. normal
hydrogen electrode for each BER enzyme (10, 11); DNA binding
stabilizes the protein in the ⫹3 form.
Given the sensitivity of DNA-mediated charge transport (CT) to
mismatched and damaged bases, we have proposed that DNA
repair glycosylases containing a redox-active [4Fe4S] cluster, including EndoIII and MutY, use DNA CT as the first step in
substrate detection by signaling one another to search cooperatively
for damage in the genome (10, 11). DNA-mediated CT can proceed
over long molecular distances on a short timescale (12). Oxidative
damage to DNA has been demonstrated, with oxidants covalently
tethered and spatially separated from damage sites at distances of
⬎200 Å and with negligible loss in efficiency (13). Reductive CT has
been shown to have an equally shallow distance dependence both
in electrochemical studies (14) and in assemblies in solution (15).
Previous studies establish that CT through DNA is possible in
biological environments that include nucleosomes (16) and cell
nuclei (17). DNA CT is, however, extremely sensitive to perturbations in the intervening base pair stack, such as DNA mismatches
and lesions (18–20). DNA-mediated electrochemistry has therefore
been used in the development of sensors for mutational analysis
(19) and protein binding (21).
Because this chemistry occurs at a distance and is modulated
by the structural integrity of the base pair stack, these reactions
may be useful within the cell for long-range signaling to proteins.
In that context, we have established previously the long-range
oxidation of the DNA-bound BER enzymes in spectroscopic
studies monitoring oxidation of the [4Fe4S] clusters by guanine
radicals in the duplex (22). Importantly, we have also shown the
injection of an electron into the base pair stack from the
DNA-bound BER enzymes, with the electron trapped by a
well-coupled modified base in the duplex (23). Both with respect
to hole injection into the DNA-bound proteins and electron
injection into the DNA from the DNA-bound proteins, EndoIII
and MutY behave equivalently, as expected, given their similar
DNA-bound redox potentials and structures. Here, we now
explore whether DNA-mediated CT may provide a means to
facilitate the detection of damage in vivo.
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Base excision repair (BER) enzymes maintain the integrity of the
genome, and in humans, BER mutations are associated with cancer.
Given the remarkable sensitivity of DNA-mediated charge transport (CT) to mismatched and damaged base pairs, we have proposed that DNA repair glycosylases (EndoIII and MutY) containing
a redox-active [4Fe4S] cluster could use DNA CT in signaling one
another to search cooperatively for damage in the genome. Here,
we examine this model, where we estimate that electron transfers
over a few hundred base pairs are sufficient for rapid interrogation
of the full genome. Using atomic force microscopy, we found a
redistribution of repair proteins onto DNA strands containing a
single base mismatch, consistent with our model for CT scanning.
We also demonstrated in Escherichia coli a cooperativity between
EndoIII and MutY that is predicted by the CT scanning model. This
relationship does not require the enzymatic activity of the glycosylase. Y82A EndoIII, a mutation that renders the protein deficient
in DNA-mediated CT, however, inhibits cooperativity between
MutY and EndoIII. These results illustrate how repair proteins
might efficiently locate DNA lesions and point to a biological role
for DNA-mediated CT within the cell.
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Fig. 1. A model for DNA-mediated CT in DNA repair. In this model, DNA
repair proteins containing [4Fe4S]2⫹ clusters—for example, EndoIII (green)
and MutY (orange)— bind DNA, activating them toward oxidation to the
[4Fe4S]3⫹ state. The sequence of events is as follows: Guanine radical formation can oxidize a repair protein in a DNA-mediated reaction, stabilizing the
oxidized protein bound to DNA (A). A second protein binds near the first
protein (B and E). CT to a distally bound protein can occur if the intervening
DNA is undamaged (C and F). The newly reduced protein has a diminished
affinity for DNA and diffuses away (D). If a lesion site is present between the
proteins (G), the DNA-mediated CT step is inhibited, and the oxidized protein
remains bound. The sum of the DNA-mediated CT steps between proteins
constitutes a full search of the genome.

Results
A CT Model to Detect DNA Damage. We have proposed that BER
proteins bearing [4Fe4S] clusters exploit DNA-mediated CT as
a fast, sensitive method to detect damage (Fig. 1). This redox
signaling model is initiated when one 2⫹ protein (donor) binds
DNA (Fig. 1 B and E), promoting electron transfer from the
donor protein to a distal protein (acceptor; Fig. 1 C and F)
already bound in the 3⫹ state. The newly oxidized donor protein
remains DNA-bound while the reduced acceptor diffuses away
(Fig. 1 D and F). Integral to this model is a differential DNA
affinity for the [4Fe4S]3⫹ and [4Fe4S]2⫹ forms of the protein.
We have demonstrated this differential affinity by measuring a
⫺200-mV potential shift associated with DNA binding that
corresponds thermodynamically to ⱖ1,000-fold difference in
DNA affinity between the oxidized and reduced proteins (24).
Importantly, the DNA-mediated CT reaction between two
repair proteins can be considered a scan of the integrity of the
intervening DNA, because DNA-mediated CT can only proceed
through a well-stacked duplex. As illustrated in Fig. 1G, when the
repair protein, already oxidized, is bound near a base lesion,
15238 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0908059106

DNA-mediated CT does not provide a pathway for reduction
and subsequent protein dissociation. The protein instead remains bound to the duplex, so that on a slower timescale, the
protein can processively diffuse to the target site; now, however,
sliding is needed only across a small region, and the low target
specificity of the protein is sufficient for recognition (3, 25, 26).
Essentially, then, our proposal for base lesion detection by using
DNA CT yields a redistribution of the BER enzymes onto local
regions of the genome that contain lesions. Critical to this
mechanism is DNA-mediated signaling among proteins bound at
long range so that the proteins, despite their low abundance,
cooperate with one another in localizing onto target sites.
To exploit DNA-mediated CT, some proteins must exist in the
oxidized state. There are many oxidants in the cellular milieu,
and the level of oxidative stress will govern the proportion of
oxidized protein. Indeed, we have shown that these proteins (22)
and others (27) can be oxidized by guanine radicals, the first
genomic signal of oxidative stress (28), via DNA-mediated CT.
A basic model of genome scanning involving only facilitated
diffusion without CT but where interrogation is assumed to be
instantaneous yields a genome-scanning time of at least 46 min
for MutY (SI Text), wholly insufficient, given the doubling time
in E. coli of 20 min. This calculated scanning time is based on
measured values of protein diffusion constants, intracellular
protein concentration (1), and genome size by using a model of
1D diffusion with short, localized hops (7). Recent calculations
of global searches by low-copy number proteins suggest a still
slower search time (29), and the nanomolar dissociation constant
excludes 3D mechanisms. This estimate significantly understates
the problem, moreover, because the actual interrogation time is
not instantaneous, and protein traffic on the DNA necessarily
interferes with sliding.
In our model, the DNA is essentially scanned by the electron,
with the repair proteins facilitating electron migration. Thus, we
calculate a genome-scanning time for MutY in E. coli that is
significantly more efficient through DNA CT. Because an injected
charge equilibrates on the nanosecond timescale (12), and protein
diffusion occurs in microseconds to milliseconds (7), the ratelimiting step in this process is the 3D diffusion of this reduced
protein within CT range of the oxidized DNA-bound protein.
Hence, scanning can be modeled as a random walk of the electron
(or hole) on the DNA, where the step time for the walk is the
average time for a reduced protein to approach within range to
carry out DNA-mediated CT to the oxidized protein. In our
calculation, we conservatively use 3D diffusion of the reduced
protein within the cellular volume to approach its target site on the
DNA. We also use experimental values for protein concentrations
(1), genome size, and protein-binding affinities (2).
Importantly, because this model involves cooperation among
the repair proteins, we can use the total concentration of these
proteins within the cell, rather than copy numbers for MutY or
EndoIII individually. Thus, MutY, present in ⱕ30 copies, benefits from 500 copies of EndoIII (1). We do, however, neglect
contributions from any other proteins that might participate in
DNA-mediated signaling; other DNA-bound proteins that are
redox-active may exhibit similar potentials (e.g., SoxR, OxyR,
IscR), and CT reactions involving these proteins too would
substantially speed the search process.
Our model relies on the fact that DNA-mediated interprotein
CT is much faster than protein diffusion, and that the oxidized
repair proteins have higher nonspecific DNA affinity than the
reduced proteins; both assumptions have experimental support
(12, 24). As we did for facilitated diffusion, we assume here also
that intervening DNA-binding proteins do not inhibit scanning.
In fact, one advantage of DNA CT over other search mechanisms is that the electron travels through the DNA base pairs,
and no proteins need to be displaced (16).
Fig. 2 shows how the interrogation time varies as a function of
Boal et al.

An Atomic Force Microscopy (AFM) Assay to Measure Protein Redistribution onto Mismatched DNA. Although we have previously car-

ried out studies establishing hole and electron injection across the
protein–DNA interface (23, 24), our model also predicts that
DNA–protein CT would promote the redistribution of repair
proteins in the vicinity of base lesions or mismatches. We can assay
for this redistribution by AFM. A mixture of DNAs, both long (3.8
kb) DNA duplexes containing a single CA mismatch and short (2.2
and 1.6 kb), well-matched duplexes of the same total sequence were
prepared (30); the longer sequence was obtained by ligation of the
two shorter sequences. This mixture of matched and mismatched
DNA strands was incubated with EndoIII and examined by using
established AFM techniques (Fig. 3) (31). Only clearly identifiable
long or short strands were counted. Protein assignments were
verified through analysis of their 4-nm heights in the images;
without protein, features of this dimension are not observed, and

Cooperation Between EndoIII and MutY Inside the Cell. This CT

scanning model can also be tested in vivo by assaying for the
cooperation among repair proteins facilitated by DNA-mediated
signaling. If these proteins are able to help each other in their
search for damage by using DNA CT, knocking out the gene for
EndoIII or reducing its capability to carry out CT should lead to
a decrease in MutY activity in vivo. Assays for MutY and
EndoIII activity inside E. coli cells have already been developed
(32). The assay for ‘‘helper function’’ used here employed
engineered mutations in the lacZ gene to report the frequency
of a particular base pair substitution. The strain that served as

Fig. 3. Measurements of repair protein distributions on DNA by AFM. A zoomed-in view (Left) of representative AFM images of DNA strands incubated
overnight with WT EndoIII. A higher density of proteins is apparent on the longer DNA strands containing the single CA mismatch. (Right) Quantitation of protein
density ratios (⬍10% uncertainty). A CA mismatch is contained on the long strand except for the sample indicated by matched DNA, where both the long and
the short strands are fully matched.
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N, the maximum distance over which DNA-mediated CT proceeds, and ox, the percentage of proteins oxidized. Remarkably,
with 20% oxidized protein, permitting DNA CT over 200 bp
yielded an interrogation time of 8 min, and over several hundred
base pairs it yielded scan times of less than a minute. These values
are well within the 20-min doubling time of E. coli.
The dependence of interrogation time on the percentage of
proteins oxidized is also noteworthy (Fig. 2). The scanning
efficiency resembles a switch that is turned on at low levels of
oxidation, when DNA repair is needed. Activation of this switch
depends on the redox buffering capacity of the cell and the level
of oxidative stress.

CHEMISTRY

Fig. 2. Scanning time as a function of maximum distance of DNA-mediated
interprotein CT (N) and the fraction of repair proteins that are in the 3⫹ state
(% ox) by using the CT scanning model. At 10% oxidized protein with a
maximum CT distance of 500 bp, the time required to interrogate the genome
is ⬇5 min.

still larger heights indicate salt precipitates. Although a CA mismatch effectively inhibits DNA CT (19), it is not a lesion that is
preferentially bound by EndoIII; a gel-shift assay on 21-mers with
and without a central CA mismatch showed no detectable difference in EndoIII binding. Thus, without DNA CT between bound
EndoIII molecules, one might expect an equal density of proteins
on the short and long strands.
We found that EndoIII shows a significant preference for the
longer strands containing the CA mismatch. Examination of the
number of proteins bound to 300 long strands and 465 short
strands revealed a greater density of proteins bound to the long
strand: ratio of long to short was 1.6 (Fig. 3). If instead we
examine the distribution of EndoIII on long versus short strands,
where all strands are matched, we see a small preference for the
short strands; the ratio of protein densities, long to short, was 0.9.
When we calculate the strand preference based on DNA CT, this
protein density ratio depends on the DNA CT length and/or the
length of the DNA over which protein can diffuse before
dissociating. By using a signaling/sliding length of 90 bp and
allowing free sliding off the DNA ends, we calculated a protein
density ratio of 1.6, where half of the protein population is near
the mismatch.
AFM measurements as a function of oxidation of proteins
bound to DNA, using H2O2 as oxidant, revealed an additional
increase in the ratio of EndoIII bound to mismatch-containing
strands. Examination of more than 250 long CA mismatchcontaining strands and 300 shorter matched strands incubated
with EndoIII and treated with 5 M peroxide revealed a ratio
of bound protein densities, long to short, of 2.4; when both long
and short strands were matched, the ratio was 0.83 (Fig. 3).
These results are consistent with our model. DNA-mediated
CT will drive the redistribution of repair proteins away from
undamaged regions such that the proteins will cluster near
damaged sites. As a result, we see the proteins redistribute
preferentially onto the DNA strands containing the mismatch,
even though a CA mismatch is not a substrate for EndoIII.
Moreover, as predicted by the model, the redistribution of
EndoIII is more pronounced in the presence of oxidative stress.

Table 1. Assay for DNA repair in E. coli by MutY (CC104)
Strain
CC104†
CC104 nth⫺
CC104 mutY⫺
CC104 mutY⫺/nth⫺

lac⫹
revertants*
20 ⫾ 9
54 ⫾ 5
300 ⫾ 33
270 ⫾ 29

Increase, x/CC104
—
2.7
15
13.5

*The lac⫹ revertants are reported as the average number of lac⫹ colonies that
arose per 109 cells plated on minimal lactose media. These data represent a
single set of experiments, with 10 replicates per strain assayed concurrently.
Values are reported as the mean ⫾ SD
†CC104 strains reflect the rate of GC-to-TA transversion mutations and serve as
a reporter for MutY activity in E. coli.

an assay for MutY activity, CC104, substitutes a cytosine for an
adenine in the lacZ Glu-461 codon, which is essential for
␤-galactosidase activity. Because MutY prevents GC-to-TA
transversions (33), reversion of this original mutation back to
WT lacZ reflects a deficiency in MutY activity. Analogously, the
CC102 strain (32) serves as an assay for EndoIII activity by
monitoring GC-to-AT transitions (34).
In the CC104 MutY activity reporter strain (Table 1), 20 ⫾ 9
lac⫹ revertants were observed per 109 cells, whereas inactivation
of mutY in CC104 (CC104 mutY⫺) caused the number of lac⫹
revertants to increase 15 times (300 ⫾ 33), as expected (32, 33).
When the gene encoding EndoIII (nth) was inactivated in CC104
(CC104 nth⫺), the lac⫹ reversion frequency observed was 54 ⫾
5, more than a factor of two increase over CC104. Thus, loss of
EndoIII does have a small but significant effect on MutY activity
in vivo. This loss in activity is consistent with a loss in helper
function by EndoIII, as predicted; the lower activity of MutY
without EndoIII could reflect the lack of cooperative searching
via DNA CT. An alternative explanation, however, is that MutY
and EndoIII share some overlapping ability to repair lesions. In
this case, the lac⫹ reversion frequency of the CC104 mutY⫺/nth⫺
strain (270 ⫾ 29) should be greater than that of CC104 mutY⫺,
but they are, within error, equivalent.
This in vivo relationship between EndoIII and MutY has been
observed previously, although in different experimental contexts. Small increases in mutational frequency have been detected when mutY is inactivated in CC102 (SI Text) (32) or when
nth is inactivated in CC104 (34). In the latter case, it was
proposed that this could be due to some intrinsic ability of
EndoIII to repair oxidatively damaged guanine residues. Reported EndoIII repair activities do not prevent GC-to-TA
transversion mutations (34), and thus are not relevant to the
CC104 assay.
We can furthermore test directly whether the loss of MutY
activity in the CC104 assay is the result of overlapping glycosylase activities by determining whether the number of lac⫹
revertants is still suppressed by an EndoIII mutant that is
biochemically incompetent to carry out the glycosylase reaction.
A mutant of EndoIII (D138A) that is known to be deficient in
glycosylase activity (35, 36) was introduced on a plasmid into
both the CC102 and CC104 strains along with appropriate vector
controls (Table S2). Because this mutant cannot perform the
base excision reaction, D138A fails to reduce the high reversion
frequency observed with CC102 nth⫺. However, D138A is able
to complement the CC104 nth⫺ strain. Thus, the glycosylase
activity of EndoIII is not required for its helper function to aid
MutY in repairing lesions inside the cell. Nonetheless, it appears
that EndoIII lacking D138 can bind DNA and contains an intact
[4Fe4S] cluster (37). Based on our model, D138A should be
competent to carry out DNA-mediated CT, and thus serve as a
helper to MutY, as we observe.
15240 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0908059106

A Mutant Defective in DNA/Protein CT. In our model, it is the ability

to carry out DNA-mediated CT, not the glycosylase activity of
EndoIII, that is critical to its helper function. Thus, perturbing
the path for electron transfer to the DNA would interfere with
this helper function. Aromatic tyrosine and tryptophan residues
often facilitate long-range electron transfers in proteins (38), and
EndoIII contains many of these residues. In particular, Y82 is
conserved in most EndoIII and MutY homologs (39), and an
analogous mutation (Y166S) in the human homolog of MutY is
associated with cancer (37). In the crystal structure, Y82 is
located very close to the DNA backbone (4). Y82A EndoIII was
thus introduced on a plasmid into both reporter strains (CC102
and CC104) and their nth knockouts to explore whether this
mutation attenuates helper function (SI Text). Significantly,
Y82A in the CC104 nth⫺ strain shows an increase in mutation
rate versus the CC104/Y82A and CC104/p controls (Fig. 4). The
number of lac⫹ revertants was found to increase by 53% ⫾ 16%
when comparing CC104 nth⫺/Y82A to CC104/p. When comparing CC104 nth⫺/Y82A to CC104/Y82A, the number of lac⫹
revertants increased by 68% ⫾ 13%. Similarly, for these trials,
the ratio of the number of lac⫹ revertants for CC104 nth⫺/p
versus CC104/p was 165% ⫾ 13%. These results clearly indicate
that Y82A does not restore helper function.
It is noteworthy that inclusion of Y82A EndoIII in CC102 nth⫺
led to a diminished mutation rate, indicating that this mutant is
competent for EndoIII activity inside the cell (SI Text). Interestingly, the observation that Y82A complements CC102 nth⫺
but not CC104 nth⫺ is consistent with the conclusion that the
glycosylase activity of EndoIII is not a source of helper function.
Moreover, the fact that Y82A complements CC102 nth⫺ is
understandable in the context of our model, because of the
higher copy number of EndoIII in E. coli cells than MutY. In our
model, without oxidative stress, we would predict that DNA CT
is not essential for EndoIII repair activity inside the cell. We
would therefore anticipate that the role of EndoIII in helping
MutY search for lesions may be more important than the ability
of EndoIII to find its own lesions.
To establish the biochemical characteristics of Y82A EndoIII,
the protein was purified and its redox and glycosylase activities
examined. Importantly, the mutant enzyme does contain the
[4Fe4S] cluster, characterized by its distinctive absorbance spectrum (Fig. S3). Y82A EndoIII also maintained glycosylase
activity against a 5-OH-dU lesion in a 32P-5⬘-end-labeled 35-mer
duplex (Fig. 4); the activity of the mutant in this assay was equal
to that of WT. Note that this experiment on a 35-mer duplex
measured only the base excision reaction, not the search process.
Similarly, in the E. coli EndoIII activity assay, where we expect
that the search process is not rate-limiting, Y82A EndoIII
activity was comparable to that of WT EndoIII. In contrast,
D138A EndoIII, which instead inhibited the base excision reaction, failed to complement the nth knockout in the EndoIII
activity reporter strain but did complement the nth knockout in
the MutY activity reporter strain, where lesion detection was
limiting.
To test for DNA-bound redox activity, Y82A was examined on
a Au electrode modified with thiol-terminated DNA duplexes.
Significantly, in the cyclic voltammogram, the potential for the
DNA-bound mutant resembles that of the WT (11), but the
signal intensity is diminished (Fig. 4). The protein concentrations were determined based on the 410-nm absorbance of the
[4Fe4S] cluster; the smaller electrochemical signal observed with
Y82A does not reflect a lower concentration of [4Fe4S] clusters.
During several trials, Y82A EndoIII exhibited a signal that was
50% ⫾ 13% smaller than that for WT EndoIII (per [4Fe4S]
cluster). This signal intensity provides a reliable measurement of
reduction/oxidation of the DNA-bound protein. Because the
glycosylase activity on the 35-mer was equal for the mutant and
WT, this diminished signal cannot reflect diminished binding of
Boal et al.

the mutant to the DNA. Instead, this lowered signal intensity
would be expected with an attenuated efficiency of CT from the
cluster to DNA and reflects poor electronic coupling of the
mutant with the DNA duplex. These results therefore indicate
that Y82A EndoIII is defective in DNA-mediated signaling.
Significantly, and consistent with these results, examination of
the distribution of Y82A on mismatched and matched strands by
AFM showed no preference for the mismatched strand; we
observed 0.11 protein per kilobase long strand and 0.13 protein
per kilobase short strand (Fig. 4). In fact, the ratio of protein
densities on mismatched versus matched strands with Y82A,
long to short, was 0.9, essentially equal to that of WT EndoIII
bound to fully matched long versus short strands. Because the
Y82A mutant, biochemically defective only in DNA CT, cannot
redistribute to the vicinity of the lesion, DNA CT must play a
role in finding the lesion both in the AFM experiment and in the
helper function assay. These results together demonstrate a
distinct connection between DNA-mediated CT to the [4Fe4S]
cluster, the detection of DNA defects, and the in vivo relationship observed between MutY and EndoIII.
Discussion
These experiments indicate that MutY and EndoIII cooperate in
their search for damage in the genome and redistribute in the
vicinity of lesions consistent with CT scanning. This cooperation,
or helper function, does not involve the glycosylase reaction.
Furthermore, based on their chromosomal arrangement, the
expressions of MutY and EndoIII do not appear to be linked
(40). There is also no chemical evidence that the proteins
physically bind to one another, and their low abundance within
the cell makes random associations improbable. This cooperaBoal et al.

tion thus arises from a distance. Importantly, what does appear
to be required for helper function is an intact [4Fe4S] cluster as
well as an electroactive protein–DNA interface. Mutation of an
aromatic amino acid residue near the DNA-binding site, Y82A,
leads to a decrease in CT efficiency in vitro, the inability of the
protein to redistribute near lesions by AFM, and diminished
helper function in vivo. These experiments thus establish a link
between DNA-mediated CT and the cooperative search for
damage by these repair proteins both in vitro and in vivo.
BER glycosylases are known to prevent mutations inside the
cell, yet in most organisms, these enzymes are not required for
normal growth and development (2). Recently, it was discovered
that germ-line mutations in human BER homologs result in
genetic predisposition to cancer (37). Specifically, the human
homolog of mutY (MUTYH) is found mutated in a subset of
patients predisposed to colorectal cancer. Many of the cancerassociated mutations in MUTYH are missense, or single-amino
acid, mutations. Although several of the most common mutants
have been characterized biochemically, it remains unclear exactly how these variants lead to disease. Given that initial
detection of lesions is likely the rate-limiting step in BER (6), it
is possible that mutants with defects in protein–DNA CT would
be associated with cancer. Indeed, many of these MUTYH
missense mutations found in colorectal cancer patients result in
loss or gain of aromatic residues near predicted protein–DNA
interfaces (37). Significantly, MUTYH contains two adjacent
tyrosine residues (Y165 and Y166) that closely align with Y82 in
E. coli EndoIII, and inherited mutations in these MUTYH
residues (Y165C and, less commonly, Y166S) are clinically
relevant in cancer. These results thus provide tantalizing evidence for association between defects in lesion detection via
DNA-mediated CT by BER enzymes and human disease.
PNAS 兩 September 8, 2009 兩 vol. 106 兩 no. 36 兩 15241
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Fig. 4. Y82A EndoIII, a mutant in DNA-mediated CT capability. (A) Bar graph showing lac⫹ revertants for CC104/p, CC104 nth⫺/p, CC104/Y82A, and CC104
nth⫺/Y82A strains, where p denotes inclusion of an empty vector. Lac⫹ revertants are reported as the average number of lac⫹ colonies that arise per 109 cells
plated on minimal lactose medium containing ampicillin. Data for the CC104 strains are shown based on five sets of independent experiments, each containing
10 replicates per strain. (B) Autoradiogram after denaturing PAGE of 32P-5⬘-TGTCAATAGCAAGXGGAGAAGTCAATCGTGAGTCT-3⬘ plus complementary strand,
where X ⫽ 5-OH-dU base-paired with G. Protein samples (100 or 10 nM) were incubated with duplexes for 15 min at 37 °C and quenched with 1 M NaOH. Cleavage
of the 32P-labeled strand at the lesion site (X) by EndoIII results in formation of a 14-mer. No significant difference in glycosylase activity (10% uncertainty) is
observed between Y82A and WT EndoIII. (C) Cyclic voltammetry of Y82A EndoIII at an Au electrode modified with SH(CH2)2CONH(CH2)6NHOCO-5⬘AGTACAGTCATCGCG-3⬘ plus complementary strand showing the reduction and reoxidation of the DNA-bound protein. DNA-modified surfaces were prepared
and backfilled with mercaptohexanol, and WT or Y82A EndoIII was tested. Surfaces were then rinsed, and the other protein was analyzed on the same surface.
Over several trials, the electrochemical signal associated with Y82A was 50% ⫾ 13% smaller per [4Fe4S] cluster compared with WT EndoIII, reflecting poor
electronic coupling of the mutant to the DNA-modified electrode. (D) Comparative densities for WT (Left) and Y82A (Right) EndoIII bound to matched versus
mismatched (CA) strands measured by AFM. Although WT EndoIII preferentially redistributes onto the mismatched strand, Y82A shows no preference.

Iron–sulfur clusters are becoming increasingly recognized as a
motif in proteins that repair, replicate, and transcribe DNA (41,
42). Recent characterizations of archaeal DNA primase, RNA
polymerase, and nucleotide excision repair helicase (XPD)
homologs reveal an iron–sulfur cluster required for normal
enzyme function. Although the precise role of the cluster in these
proteins is unclear, the cysteine residues ligating the cluster are
conserved in eukaryotic homologs of these proteins. It is interesting to consider whether in these proteins, as in BER enzymes,
the iron–sulfur cluster is poised to send and receive redox signals
mediated by the DNA helix. Such long-range signaling among
proteins bound to DNA would make searching for lesions much
more efficient and may generally provide a means of genomewide communication to monitor cellular stresses.
DNA-mediated CT serves as a fast and efficient reaction that is
exquisitely sensitive to lesions in the base pair stack. This chemistry
helps explain how these repair glycosylases may locate their lesions
efficiently in the cell, a key function because mutations in these
enzymes in humans are implicated in colorectal cancer (37). This
mechanism furthermore provides a rationale for iron–sulfur clusters in DNA repair proteins. Other roles for DNA-mediated CT in
biological signaling must now be considered.
Materials and Methods

generate the mismatch); strands containing the single-strand overhang were
generated by PCR using primers with a 2⬘-O-methyl-ribonucleotide to pause
the polymerase and leave the overhang (30). Details regarding experimental
procedures are described in the SI Text. For each AFM experiment, at least six
images and ⬎200 strands were counted by using several preparations of
protein/DNA samples.
MutY Activity Assays. Strain and plasmid construction for the genetics assays
is provided in the SI Text. For the experiments, all strains were first streaked to
selective media. Ten independent colonies of each strain were grown to a
density of 109 cells per milliliter in minimal medium (NCE) supplemented with
glucose. These cells were then plated on NCE medium supplemented with
lactose and incubated for 36 h at 37 °C. The resulting lac⫹ revertants are
reported as the average ⫾ SD per 109 cells per milliliter plated (two highest and
lowest values removed). In experiments where plasmids were used, all media
were supplemented with ampicillin (40 g/mL in NCE; 100 g/mL in LB).
Y82A EndoIII Characterization. Y82A EndoIII was purified as described in the SI
Text. DNA-modified electrodes were also prepared as described previously
(11). Protein solution was introduced to the electrode surface and allowed to
incubate for ⬇20 min until signal reached full intensity. Cyclic voltammetry
experiments were performed with a 50-mV/s scan rate, Ag/AgCl reference
electrode, and Pt wire auxiliary electrode in an electrochemical cell modified
for protein experiments.

AFM Experiments. Strands containing single-base mismatches were constructed by ligating together duplex strands with a single-strand overhang (to
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