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O6-alkylG adducts are highly mutagenic due to their capacity to efﬁciently form O6-alkylG:T mispairs during replication, thus triggering G→A transitions. Mutagenesis is largely prevented by repair
strategies such as reversal by alkyltransferases or excision by nucleotide excision repair (NER). Moreover, methyl-directed mismatch repair (MMR) is known to trigger sensitivity to methylating agents via
a mechanism that involves recognition by MutS of the O6-mG:T replication intermediates. We wanted to investigate the mechanism by
which MMR controls the genotoxicity of environmentally relevant
O6-alkylG adducts formed by ethylene oxide and propylene oxide.
Recently, the alkyltransferase-like gene ybaZ (eATL) was shown to
enhance repair of these slightly larger O6-alkylG adducts by NER. We
analyzed the toxicity and mutagenesis induced by these O6-alkylG
adducts using single-adducted plasmid probes. We show that the
eATL gene product prevents MMR-mediated attack of the O6alkylG:T replication intermediate for the larger alkyl groups but
not for methyl. In vivo data are compatible with the occurrence of
repeated cycles of MMR attack of the O6-alkylG:T intermediate. In
addition, in vitro, the eATL protein efﬁciently prevents binding of
MutS to the O6-alkylG:T mispairs formed by the larger alkyl groups
but not by methyl. In conclusion, eATL not only enhances the efﬁciency of repair of these larger adducts by NER, it also shields these
adducts from MMR-mediated toxicity.
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lkylating agents react covalently with DNA, producing
a large variety of adducts. Despite their low abundance, O6alkylguanine adducts are responsible for most biological consequences induced by alkylating agents, both in terms of mutagenesis and toxicity. Whereas mutagenesis results from the
capacity of these adducts to mispair efﬁciently with T during replication (1–4), the way these adducts induce toxicity is more cumbersome. Indeed, cytotoxicity involves the mismatch repair
(MMR) system that recognizes the mutagenic O6-methylguanine:
T (mG:T) replication intermediates. There is strong evidence from
in vitro experiments that MutS proteins recognize mG:T mispairs
more efﬁciently than mG:C pairs (5–9). In vivo data also show that
mG:T mispairs are processed by MMR more efﬁciently than mG:
C pairs (10). Similarly, MMR recognizes UV lesion-containing
mismatches and may thus explain a decrease in UV-induced mutagenesis (11). The mechanism by which processing by MMR of
O6-mG:T mispairs leads to cytotoxicity and apoptosis is still not
fully understood. In eukaryotes, two models are currently proposed: Either MutS binding triggers apoptosis directly in the absence of any further MMR processing activity via the ATM/ATR
DNA damage signaling cascade (7, 12) or MMR provokes cycles of
futile processing of the newly replicated T-containing strand that
may lead to strand breaks [see commentary by Karran (13)]. Recent work has shown the involvement of Exo1 function together
with MutSα recognition as an important modulator of the mam18050–18055 | PNAS | October 19, 2010 | vol. 107 | no. 42

malian cellular response to carcinogenic and chemotherapeutic
agents that induce O6-mG adducts (14).
Both mutagenesis and toxicity triggered by O6-mG lesions involve replication. Thus, to reduce the genotoxic effect of these
lesions, cells possess efﬁcient error-free repair mechanisms that
remove these adducts before replication. Efﬁcient repair is mediated either by direct reversal of the lesion by alkyltransferase
proteins (AT), a pathway that is particularly efﬁcient for O6-mG
adducts, or via nucleotide excision repair (NER) for the larger
alkyl adducts (15, 16). Recently, we have shown that the ybaZ gene
in Escherichia coli, a member of the alkyltransferase-like protein
(eATL) family (for a recent review, see ref. 17), stimulates the
repair by NER of O6-alkylguanine adducts (16). Whereas eATL
binds to O6-alkylguanine adducts, it is devoid of any alkyltransferase activity (18, 19) and thus, unlike Ada or Ogt, does not
act as a repair factor per se. eATL merely promotes repair via an
“enhanced NER” pathway by facilitating the recruitment of the
NER factors to the O6-alkylguanine lesion sites that are otherwise
poor substrates (16), akin to the stimulation of photoproduct excision by the binding of photolyase in the absence of light (20).
Similarly, the Atl1 gene in Schizosaccharomyces pombe stimulates
alkylating agent repair by the NER pathway (21, 22).
In the present paper, we have investigated the modulation by
MMR and eATL of the genotoxicity of deﬁned O6-alkylguanine
adducts in E. coli produced by ethylene oxide and propylene oxide,
which together with their precursors ethylene and propylene are
important raw materials and chemical intermediates (23, 24).
Adducts under investigation here are O6-hydroxyethylguanine
(heG), O6-1-hydroxypropylguanine (1hpG), and its isomer O6-2hydroxypropylguanine (2hpG). Natural sources and endogenous
metabolic processes such as lipid peroxidation and oxidation of
methionine can also lead to the formation of such adducts (25).
The toxicity and mutation frequency induced by the different
adducts were determined in strains proﬁcient or deﬁcient in MMR
and eATL. We show that the eATL gene product precludes MMRmediated toxicity of O6-hydroxyethyl and O6-propylguanine
adducts but not for methyl. We also provide evidence that MMRmediated toxicity of O6-mG adducts requires mutH function,
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Results and Discussion
Overview and Strategy of the Work. In the present work, we wanted

to investigate how mismatch repair (mutS) and eATL (ybaZ)
modulate the toxicity and mutagenesis of various O6-alkylguanine
adducts. The alkyl residues under investigation here are O6hydroxyethyl (heG) and the O6-hydroxypropyl isomers (1hpG and
2hpG) that are formed by the reaction with DNA of ethylene and
propylene oxides, respectively (Fig. 1A) (23, 24). These larger
adducts are compared with the more extensively studied O6methylguanine (mG) adduct (1–4). Double- or single-stranded
plasmids carrying single O6-alkylguanine adducts are introduced by
transformation into bacteria; the transformed colonies are selected
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Fig. 1. Experimental outline. (A) O6-alkylguanine adducts used in the
present study: O6-methylguanine (mG), O6-hydroxyethylguanine (heG), O61-hydroxypropylguanine (1hpG), and O6-2-hydroxypropylguanine (2hpG).
(B) The relative transformation efﬁciency characterizes the toxicity of a single adduct during replication. For this purpose, single-stranded plasmid
constructs are transformed into E. coli cells. Transformants are selected on
ampicillin-containing plates. The relative transformation efﬁciency is determined as the ratio of colonies produced by a given amount of adductcarrying plasmid DNA over the same amount of control plasmid DNA. (C)
Determination of the induced mutant fraction. A 14-mer oligonucleotide
(dotted rectangle) that carries the O6-alkylguanine adduct on the third G
within an SmaI restriction site (underlined) was inserted by ligation into
a gapped-duplex structure as described in Materials and Methods. Following
introduction into E. coli, the transformation mixture is cultivated in
ampicillin-containing LB medium and the plasmid pool is extracted. During
replication, the O6-alkylguanine adduct will mostly mispair with T and yield
SmaI-resistant plasmid progeny (SmaIR). In contrast, accurate repair before
replication or occasional C insertion during replication will yield SmaIsensitive plasmid progeny (SmaIS). In addition, with double-stranded constructs, replication of the undamaged strand yields SmaIS plasmid progeny.
The mutant fraction can be quantiﬁed following agarose gel electrophoresis
as the ratio of the intensities SmaIR/(SmaIS + SmaIR).
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on the basis of their resistance to ampicillin. When introduced into
bacteria, the adduct-bearing constructs are potentially subject to
repair and replication. It should be noted that the plasmid constructs are fully methylated at their GATC sequences and will thus
be subject to methyl-directed mismatch repair following replication, as evidenced in the following sections.
The toxicity of a given adduct can be quantiﬁed by the “relative
transformation efﬁciency” (RTE), that is, the efﬁciency of the
single-stranded plasmid carrying a given adduct to form colonies
compared with the colony-forming efﬁciency of the same quantity
of lesion-free control construct (Fig. 1B). Only the single-stranded
constructs are sensitive probes for assessing the intrinsic toxicity of
a given adduct. Indeed, with double-stranded probes, potential
repair of the adduct before replication as well as preferential
replication of the undamaged strand masks the potential replication delay imposed by the lesion-containing strand (26).
The induced “mutant fraction” is determined, using either single- or double-stranded DNA probes, by plasmid pool restriction
analysis, as described previously (Fig. 1C) (16). Brieﬂy, upon introduction into E. coli cells, the O6-alkylguanine adduct located
within the unique SmaI restriction site contained in the plasmid is
processed by repair pathways and/or undergoes replication. Due to
the high miscoding capacity of these adducts (1–4), unrepaired
adducts will yield plasmid progeny containing a majority of G→A
transitions at the adduct site, thus inactivating the SmaI restriction
site. With single-stranded constructs, the mutant fraction may
reach 100% if the adduct is fully miscoding. In contrast, with
double-stranded constructs, as replication of the undamaged
strand yields wild-type progeny, the maximal theoretical mutant
fraction is 50% provided no repair occurs before replication.
eATL Prevents MMR-Mediated Toxicity. Single-stranded plasmid
vectors carrying a single O6-alkylguanine adduct were introduced
into various E. coli strains by transformation. To investigate the
potential interplay between eATL and MMR in the absence of
repair, all strains are defective in AT (ada, ogt) and NER (uvrA)
repair and carry additional mutations in either mutS (MMR−) or
ybaZ (ATL−). The RTE is determined as outlined (Fig. 1B). When
MMR is inactivated in a background that is already defective in
both AT and NER pathways, all adducts exhibit an RTE close to
80%, indicating that these adducts display low if any replicationhindering properties (Fig. 2A). In an MMR-proﬁcient strain, the
RTE corresponding to the mG adduct is strongly reduced (<10%),
as documented previously (27). In contrast, the RTE values remain
high for all other adducts (50–60%) despite the presence of an
active MMR system. Interestingly, inactivation of ybaZ (ATL−
strain) strongly sensitizes all of these adducts for attack by MMR,
leading to low RTE values (<10%). These data highlight the protective effect of eATL against the toxic processing by the MMR
system of the larger O6-alkylguanine:T replication intermediates.
Indeed, eATL protection is effective for heG and hpG adducts but
not for mG, suggesting a stronger afﬁnity of eATL for heG and hpG
compared with mG. This inference is supported by biochemical
data presented below. The data also show that, in the absence of
protection by eATL, MMR not only targets mG:T mispairs but also
heG:T and hpG:T mispairs with similar efﬁciencies. Surprisingly,
there are reports mentioning that O6-ethylguanine (eG) adducts are
not processed by MutS (5, 28), in contrast to what is found here for
heG. Moreover, eG, unlike heG, is not repaired by the alkyltransferase pathway (28). These surprising differences between the
apparently similar eG and heG adducts may be explained by the
recent ﬁnding that these two adducts exhibit a drastically different
partition between the syn and anti conformation of their alkyl
moiety (29). Therefore, apparently minor chemical changes appear
to trigger major biological consequences.
Sequencing of individual mutant colonies reveals that all
mutations are G→A transitions at the position carrying the O6alkylguanine adduct. In the absence of repair by AT and NER and
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GENETICS

suggesting that toxicity involves MMR processing steps beyond
MutS binding. In addition, in vitro, the eATL protein efﬁciently
prevents binding of MutS to the O6-alkylG:T mispairs formed by
these alkyl groups but not by methyl. In conclusion, eATL acts at
the crossroads of NER and MMR; it decreases the genotoxicity of
these larger O6-alkylguanine adducts at two stages: (i) by enhancing the efﬁciency of repair by NER (16) and (ii) by preventing
MMR-mediated toxicity.

NER+ background, as mG lesions are only minimally susceptible
to excision repair (16). The single mG lesion exhibits an elevated
level of relative transformation efﬁciency and a high mutant
fraction in both mutS and mutH strains compared with the mut+
strain (Table 1). These data show that toxicity of O6-mG adducts
is strongly dependent upon the function of both MutS and MutH
proteins, strongly suggesting that toxicity requires mismatch repair steps downstream from MutS binding.
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Fig. 2. eATL protects O6-alkylguanine:T mispairs from MMR-mediated toxic
processing. Single-stranded plasmid vectors carrying a single O6-alkylguanine
adduct were introduced into various E. coli strains by transformation. All
strains used are defective in both AT (ada, ogt) and NER (uvrA) repair and
additionally carry a mutation in mutS (MMR−) or ybaZ (ATL−). (A) The RTE is
determined as the efﬁciency of the single-stranded plasmid carrying a given
adduct to form colonies on ampicillin plates over the efﬁciency of the same
quantity of lesion-free control construct. In an MMR− strain, all adducts exhibit an RTE of ≈80%, illustrating the low replication-hindering capacity of
these adducts. In an MMR-proﬁcient strain, survival of the mG adduct is
strongly reduced (<10%), whereas it remains high for all other adducts (50–
60%). Interestingly, inactivation of ybaZ (ATL−) strain strongly sensitizes all
adducts to levels < 10%. It can thus be concluded that eATL efﬁciently protects
all adducts (except mG) from the attack by MMR of the O6-alkylguanine:T
replication intermediate. (B) Determination of the mutant fraction induced
by the O6-alkylguanine adducts as described in Materials and Methods. In an
MMR-defective background, all adducts exhibit mutant fractions close to
100%. When MMR processing is proﬁcient (AT−NER−ATL+MMR+), the mutant
fraction is strongly decreased for mG but not for the other adducts. Further
inactivation of eATL sensitizes all adducts to MMR (AT−NER−ATL−MMR+).

in the absence of MMR, all adducts exhibit a mutant fraction close
to 100%, indicating an almost absolute preference for T insertion
across the O6-alkylguanine adducts by the replicative polymerase
(Fig. 2B). When MMR processing is proﬁcient, the mutant fraction
is strongly decreased for mG but not for the other adducts. However, upon inactivation of eATL (ybaZ strain), the mutant fraction
for all adducts severely drops from 80–90% to ≈25%, showing that
MMR speciﬁcally mediates killing of the mutagenic replication
intermediates (thus acting as a mutation avoidance strategy). Indeed, it is noteworthy that MMR speciﬁcally targets the G*:T
intermediates and not the G*:C intermediates, as conﬁrmed in
vitro by the binding of MutS to G*:T- but not the G*:C-containing
oligonucleotides (see below).
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MMR-Mediated Toxicity of O6-mG Adducts in E. coli Involves Mismatch
Repair Steps Beyond MutS Binding. Whereas it is clear that MMR-

mediated toxicity requires binding of MutS protein to O6-alkylG:
T replication intermediates, it is not known whether mismatch
repair steps beyond MutS binding are necessary. To investigate
this possibility, we determined the relative transformation efﬁciency and mutant fraction of single-stranded plasmids carrying
a single mG adduct in mut+, mutH, and mutS strains. These
experiments were performed in an AT− (ada, ogt) but otherwise
18052 | www.pnas.org/cgi/doi/10.1073/pnas.1008635107

Evidence for Multiple Cycles of Mismatch Repair Processing. For the
O6-mG construct, in a strain defective in MMR, we determined the
RTE and mutant fraction to be 88% and 97.4%, respectively (Fig.
2). From these values, we can estimate the amounts of error-free
and mutagenic replication product to be ≈2.6% and 85.7%, respectively. In an MMR+ strain, the observed RTE and mutant
fraction values are equal to 8.8% and 20%, respectively. The
amounts of error-free and mutagenic replication product derived
from these values are thus 7% and 1.8%, respectively. The comparison between the ﬁgures obtained in the MMR− and MMR+
strains shows a dramatic decrease in mutagenic replication product
(from 85.7% to 1.8%) and a concomitant threefold increase in
error-free replication product (from 2.3% to 7%). We interpret
these data as follows: (i) they illustrate a massive attack by MMR of
the mutagenic replication intermediate and (ii) the 2.3% value of
error-free replication in the MMR− background is an estimation
of the amount of correct C insertion mediated by the replicative
polymerase during a single cycle of synthesis across the lesion. We
propose that the threefold increase in error-free replication
product observed in the MMR+ background results from a minimum of three cycles of excision synthesis across the lesion. For all
other lesions, there is a similar enrichment in the fraction of errorfree replication product when comparing the strain in which
MMR is proﬁcient to the MMR-deﬁcient strain. These repeated
cycles of massive attack of the G*:T replication intermediates
are reﬂected by the high toxicity (low relative transformation
efﬁciency) observed for these adducts in the mismatch repairproﬁcient strain (AT−NER−ATL−MMR+; Fig. 2A).
Mutagenesis Induced in Double-Stranded Plasmids. With doublestranded probes, there is no observable decrease in colony-forming
ability (compared with an undamaged construct), as uncoupled
replication of the undamaged strand will compensate for any
replication hindrance in the lesion-containing strand (26). In
contrast, monitoring the mutant fraction can yield important clues,
although the effects will be less pronounced than with singlestranded DNA due to dilution of the mutagenic replication
products by error-free replication products of the undamaged
strand. Even in the absence of both AT and nucleotide excision
repair pathways, when MMR is functional the induced mutant
fraction is greatly reduced (to less than 10%) for all adducts
compared with the values measured in the MMR-deﬁcient background (≈30–35%) (Fig. 3). However, a more careful examination
of the data reveals that the mutant fraction is particularly low for
Table 1. Involvement of both mutH and mutS functions in
MMR-mediated toxicity of O6-methylG adducts in E. coli
RTE (%)
Strain/adduct
Mut+
mutS
mutH

MF (%)
O6-methyl-G adduct

15.4 (±4.9)
69.9 (±2.7)
65.6 (±5.3)

8.4 (±4.0)
95.2 (±2.4)
93.9 (±0.9)

The RTE (relative transformation efﬁciency) and MF (mutant fraction)
were determined as described in Materials and Methods. All strains are
AB1157 derivatives defective for ada and ogt. Only the MMR genotype is
indicated. The average value and SD of three experiments are indicated.
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Conclusion
O6-alkylguanine adducts represent a unique and unusually hazardous class of adducts, as they are both highly mutagenic and cytotoxic. Whereas the high mutational potency of O6-methylguanine
is related to its capacity to mispair efﬁciently with T during replication, its toxicity is indirect as it is mediated by the MMR system. In
mammalian cells, the O6-methylguanine:T mispairs generated
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Fig. 3. Modulation by eATL and MMR of the induced mutant fraction using
double-stranded DNA probes. The elevated mutant fraction (30–35%) induced by all adducts in the MMR-defective strain is severely reduced when
MMR is proﬁcient. This reduction is less pronounced for heG and hpG
adducts compared with mG except when eATL is also inactivated. Processing
by MMR of the mutagenic G*:T replication intermediates is thus counteracted by eATL for heG and hpG but not mG, reﬂecting the differential afﬁnity of eATL for the various adducts in vitro.
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:T

Fig. 4. eATL prevents binding of MutS to O6-alkylguanine:T mispairs. The
incubation buffer for MutS binding assays contains cold competitor DNA
(1 kb ladder; New England Biolabs) at a concentration of 10 ng/mL to minimize unspeciﬁc binding of MutS to double-stranded DNA. The DNA probes
are 32P-radiolabeled oligoduplexes containing G, mG, heG, 1hpG, and 2hpG,
paired to C (:C) or to T (:T). Oligonucleotides were ﬁrst incubated with eATL
at 0 nM (lanes 2 and 8), 125 nM (lanes 3 and 9), 250 nM (lanes 4 and 10), and
500 nM (lanes 5, 6, 11, and 12). Reactions were next supplemented with
MutS at a ﬁnal concentration of 1 μM (lanes 2–5 and 8–11). eATL interferes
with MutS binding for all adducts except mG. The same results are observed
when the order of addition of eATL and MutS is reversed.
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shift assays to monitor the binding of eATL or MutS proteins to
double-stranded oligonucleotide substrates containing either
a single G*:C or G*:T base pair, G* being unmodiﬁed G, mG, heG,
or hpG (Table S1). eATL protein was puriﬁed (Fig. S1, lane 3) and
found to trigger a clear band shift for all substrates tested except for
the normal G-containing oligonucleotides in the absence of cold
competitor DNA (Fig. S2). The concentration of eATL that causes
a band shift of 50% of the input oligonucleotide is taken as an
indication of the relative binding afﬁnity (Table S2). The afﬁnity of
eATL decreases in the order hpG > heG > mG (Fig. S2), in good
agreement with the inferences derived from the genetic data (Fig.
2). In addition, for a given adduct the binding afﬁnity is similar
whether the adduct faces C or T in the complementary strand,
suggesting that eATL essentially recognizes the O6-alkylG residue
with little inﬂuence from the pairing base.
Next, we conducted band shift assays with puriﬁed His6-MutS
protein (a gift from W. Yang, National Institutes of Health,
Bethesda, MD) using the same substrates (Fig. S3). The gel shift
assays that involve MutS protein include cold competitor DNA to
minimize the nonspeciﬁc binding of MutS to double-stranded
DNA. Under these conditions, eATL is still able to induce a clear
gel shift of the hpG-containing substrates but not the mG-containing substrates, whereas the heG substrates exhibit a weak
smear (Fig. S4). MutS protein binds with the highest afﬁnity to the
unmodiﬁed G:T mispair (50% band shift at ≈125 nM) and with
slightly lower but similar afﬁnities to all O6-alkylG:T mispairs (50%
band shift at ≈250 nM). Nonspeciﬁc binding of MutS to all G*:C
constructs can be observed at high MutS concentration (Fig. S3).
Finally, we performed competitive binding experiments between
eATL and MutS protein to G*:T substrate oligonucleotides in the
presence of cold competitor DNA (Fig. 4). The substrates are ﬁrst
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Competition Between MutS and eATL (YbaZ) for Binding to O6Alkylguanine Adducts. We conducted electrophoretic mobility

incubated with increasing concentrations of eATL protein (0–500
nM) and then challenged with a constant amount of MutS protein
(1 μM) before gel electrophoresis. The data show that eATL efﬁciently interferes with MutS protein binding to both 1hpG:T and
2hpG:T substrates, whereas eATL is unable to prevent MutS
binding to G:T and mG:T substrates at any of the eATL concentrations tested. The response for the heG:T substrates falls in between, reﬂecting the following order for eATL binding afﬁnities:
mG < heG < hpG. Addition of eATL and MutS in the reverse order
yielded the same results. These in vitro data are in good agreement
with the observation that eATL prevents MMR-dependent toxicity
of the slightly larger O6-alkylguanine adducts and strongly suggest
that eATL is able to shield such adducts from MMR processing in
vivo (Fig. 2). During MMR processing of the G*T replication
intermediates, MutS protein recognizes the G*:T mispairs and
allows subsequent incision of the newly synthesized T-containing
strand. Recognition by MutS of the G*:T mispairs is prevented by
binding of eATL to the G*-containing strand for the heG and
hpG adducts.
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mG adducts (≈1–2%) compared with the slightly bulkier heG and
hpG adducts (≈7%). When eATL is inactivated in the AT−NER−
background, the mutant fraction for the heG and hpG adducts
further decreases to reach the 1–2% value determined for mG
(Fig. 3). Although the effects are quantitatively less pronounced
using double-stranded versus single-stranded probes, they lead to
the same conclusion, namely that eATL protects the G*:T mispairs
formed by heG and hpG but not by mG against MMR processing.
All conclusions drawn from the analysis of the single-stranded
DNA data are thus conﬁrmed using double-stranded probes.

during replication have been shown to be a strong signal for apoptosis mediated by MutSα and MutLα (30–33). O6-alkylguanine
adducts are induced by a variety of SN1-alkylating agents, including
several drugs used for cancer chemotherapy (34). Another drug
used in chemotherapy, 6-thioguanine, also produces G adducts that
signal apoptosis via MMR (9, 35). Consequently, many tumors
deﬁcient in MMR become resistant to these drugs, presumably
because they no longer signal apoptosis following therapy-induced
DNA damage. The mechanism by which MMR triggers apoptosis
is still under debate. Either MutSα binding triggers apoptosis directly in the absence of any further MMR processing activity via
the ATM/ATR DNA damage signaling cascade (7, 12) or MMR
provokes cycles of futile processing of the newly replicated
T-containing strand that may lead to strand breaks [see commentary by Karran (13)]. Indeed, following recognition by MutS of the
O6-alkylguanine:T mispair generated during replication, the MMR
machinery generates a repair gap in the newly synthesized strand.
The DNA polymerase that ﬁlls in the gap will predominantly
reinsert a T residue opposite the O6-alkylguanine adduct. It is likely
that repeated cycles of excision and resynthesis (futile repair) will
ultimately trigger double-strand breaks and cell death (Fig. 5). By
acting at G*:T mispairs, MMR does not accomplish a genuine
repair function, as the adduct per se stays intact in the template
strand. By acting at the T-containing strand of the mutagenic G*:T
replication intermediate, MMR acts as a mutation avoidance
pathway at the expense of toxicity. The present work provides
compelling evidence that, in E. coli, using a plasmid-based probe,
the toxicity of O6-alkylguanine adducts is caused by repeated cycles
of MMR attack of the T-containing strand in the G*:T replication
intermediate.
Our work also highlights the biological roles of eATL in the
processing of O6-alkylguanine adducts in E. coli cells. The O6alkylguanine adducts under scrutiny here are heG and hpG
adducts that form upon reaction of ethylene and propylene oxides
with DNA. It turns out that eATL interferes with the processing of
these O6-alkylguanine lesions at two levels: First, it enhances NER,
eATL prevents MMR-mediated toxicity of O6-alkylguanine
adducts (except for mG)

G
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T
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In the absence of eATL, MMR-mediated futile repair cycles
induce toxicity
mG, heG, hpG
G
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Fig. 5. How eATL interferes with MMR-mediated processing of O6-alkylG:T
replication intermediates. eATL binds to O6-alkylguanine-containing oligonucleotides and thus inhibits MutS protein binding to the G*:T mispair. As
a consequence, eATL prevents MMR-mediated processing of the G*:T replication intermediates. Data presented in the present paper show that MMRmediated toxicity involves MutH functions rather than just MutS binding and
suggest that repeated cycles of processing trigger toxicity in E. coli. The effect of eATL is observed for the larger O6-alkylG adducts (hydroxyethyl and
hydroxypropyl) but not for methyl, in good agreement with the respective
binding afﬁnities of eATL for the different adducts.
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thus diminishing both mutagenesis and toxicity (16), and second, it
inhibits the action of the MMR system on O6-alkylguanine:T
intermediates, thus lowering toxicity at the cost of mutagenesis.
Although ATL proteins are present in all three kingdoms of life, no
ATL homolog in higher eukaryotes or plants has yet been found
(17, 18, 22). One may speculate that the DNA damage binding
protein complex UV-DDB (36) that recognizes lesions such as
UV-induced cyclobutane dimers, AP sites (apurinic/apyrimidinic
sites), and so forth may act as a functional homolog of ATL. It will
be of interest to see whether such proteins also modulate the
genotoxicity of alkylating agents by acting at the crossroads of NER
and MMR pathways, thus providing insights into the mode of action of this important class of chemotherapeutic drugs. A deep
understanding of how cells deal with the genotoxicity of alkylating
agents is critical to the development and improvement of
cancer therapy.
Materials and Methods
Synthesis of Oligonucleotides Containing DNA Adducts. The 14-mer oligonucleotides (5′-ATA CCCGGG ACA TC-3′) carrying the various O6-alkylguanine
adducts at the underlined G within an SmaI restriction site (in italics) were
chemically synthesized following phosphoramidite methodology by using
a versatile O6-sulfonyl-2′-deoxynucleoside intermediate. Fully protected 2′deoxynucleosides-3′-phosphoramidites (dT, dAPAc, dCPac, dGPac, and 06-MedGibu)
(Glen Research) were dissolved in dry acetonitrile (0.1 M solutions) and then
assembled with an Applied Biosystems model 392 DNA synthesizer using
standard coupling times (1 μmol scale). The oligonucleotides containing O6hydroxyalkylguanine nucleoside were deprotected by a ﬁnal treatment with
30% aqueous ammonia solution at 20 °C over 4 h. After evaporation of the
solvent under vacuum, all of the oligonucleotides were puriﬁed by reversephase HPLC, quantiﬁed by UV measurements at 260 nm, and lyophilized. Their
purity was checked by analytical RP-HPLC and denaturing PAGE after 32P
labeling. The purity and the integrity of the oligonucleotides were conﬁrmed
by MALDI-TOF mass spectrometry measurements.
Plasmid Constructions. Single-adducted plasmids were constructed by ligation
of the lesion-containing oligonucleotide into a “gapped-duplex” plasmid as
previously described (37, 38). The single-stranded DNA plasmids were derived from the corresponding double-stranded constructs using a procedure
described previously (38). In brief, this procedure involves the construction of
double-stranded plasmids carrying a single lesion in one strand and randomly distributed uracil residues in the complementary strand. The uracilcontaining strand is selectively degraded using the following enzymatic
mixture: uracil-DNA-glycosylase to remove the uracil residues, incision of the
resulting AP sites by exonuclease III, and full digestion of the nicked strand
by the 3′-5′ exonuclease activity associated with T7 DNA polymerase (38).
The resulting single-stranded plasmids are analyzed and quantiﬁed by
agarose gel electrophoresis. All restriction enzymes and other enzymes were
obtained from New England Biolabs and were used as recommended by the
manufacturer in the provided buffers.
Strains and in Vivo Manipulations. All strains are derivatives of AB1157 [F-, thr1, ara14, leuB6, Δ(gpt-proA)62, lacY1, tsx-33, supE44, galK2, l-, rac-, hisG4,
rfbD1, mgl-51, rpsL31, kdgK51, xyl-5, mtl-1, argE3, thi-1, qsr-]. The following
alleles were introduced into the AB1157 or AB1886 (AB1157, uvrA6) background by P1 transduction: Δada25::Cm and ogt1::Kan (39); mutS::Tc; ybaZ::
cat (16); mutH::Tc (a generous gift from M. Marinus, University of Massachusetts Medical School, Worcester, MA).
Determination of the Toxicity and Mutant Fractions. The toxicity of a given
adduct can be characterized as the relative transformation efﬁciency, that is,
the efﬁciency of the single-stranded plasmid carrying the given adduct to
form colonies on ampicillin plates compared with the efﬁciency to form
colonies of the same quantity of lesion-free control construct. With singlestranded constructs, we typically transform 20 ng of plasmid into CaCl2competent cells and plate appropriate dilutions on LB plates containing
50 μg/mL of ampicillin (38). Determination of the relative transformation
efﬁciency involves at least three independent transformations.
The mutant fraction induced by a given adduct is determined as follows,
using either single- or double-stranded plasmid constructs. The single O6alkylguanine adducts are located within a unique SmaI restriction site. Mutagenic replication can be monitored quantitatively as the inactivation of this
restriction site (Fig. 1B). We use CaCl2-competent cells for experiments with

Mazon et al.

Downloaded by guest on September 21, 2021

5% glycerol, and 30 mM KCl for 20 min at room temperature. The reaction
mixtures were fractionated by electrophoresis on a 10% nondenaturing PAGE
using standard Tris-acetate-EDTA (TAE) buffer run at 100 V for 50 min at room
temperature using a Mini-PROTEAN (Bio-Rad). Gels were dried on Whatman
3MM paper and radioactive signals were collected and quantiﬁed by phosphorimaging using an FLA-5100 scanner and Multi Gauge software (Fuji). For
MutS binding, conditions were as described above for eATL except that the
binding buffer was supplemented with 5 mM MgCl2 and 10 ng/mL of cold
competitor DNA (1 kb ladder; New England Biolabs), and that the gel and
running buffer were supplemented with 6 mM MgCl2. Experiments involving
eATL and MutS proteins were performed under the same conditions as for
MutS alone. eATL (or MutS) was added ﬁrst to the DNA substrate and incubated for 10 min at room temperature. MutS (or eATL) was added next and
further incubated for 20 min at room temperature.

Electrophoretic Mobility Shift Assays. Double-stranded 37-mer oligonucleotide
substrates containing the different O6-alkylguanine adducts opposite a C or a T
residue were constructed by ligation as outlined in SI Materials and Methods.
eATL was produced and puriﬁed as described in SI Materials and Methods (Fig.
S1). eATL and MutS protein stocks were diluted in 20 mM Tris·HCl (pH 8), 2 mM
DTT, 100 μg/mL acetylated BSA, 10% glycerol, and 300 mM KCl. For eATL DNA
binding reactions (10 μL), radiolabeled double-stranded 37-mer oligonucleotide substrates (1.25 nM) were incubated with the protein at the indicated
concentrations in 20 mM Tris·HCl (pH 8), 1 mM DTT, 50 μg/mL acetylated BSA,
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single-stranded plasmids and electrocompetent cells for experiments with
double-stranded plasmids (38). The transformation mixture is used to inoculate
100 mL of LB medium containing 50 μg/mL of ampicillin, and cultured overnight. Plasmid DNA is extracted from the pool of transformants. The plasmid
pool DNA preparation is subjected to digestion by SmaI or EcoRI as a control.
An equivalent sample is incubated in the absence of restriction enzyme as
a control. The bands resistant to SmaI (covalently closed circular + relaxed
forms) and sensitive to SmaI (linear form) were quantiﬁed following agarose
gel electrophoresis using Bio-Capt software (Vilber Lourmat) to acquire the
image and Multi Gauge software (Multi Gauge v2.3; Fuji) to quantify the intensity of the DNA bands. The mutant fraction was determined as the ratio
SmaIR/(SmaIS + SmaIR).

