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DNA base damage is an important contributor to genome instability, but how the formation and repair of these lesions is

affected by the genomic landscape and contributes to mutagenesis is unknown. Here, we describe genome-wide maps of

DNA base damage, repair, and mutagenesis at single nucleotide resolution in yeast treated with the alkylating agent methyl

methanesulfonate (MMS). Analysis of these maps revealed that base excision repair (BER) of alkylation damage is signifi-

cantly modulated by chromatin, with faster repair in nucleosome-depleted regions, and slower repair and higher mutation

density within strongly positioned nucleosomes. Both the translational and rotational settings of lesions within nucleosomes

significantly influence BER efficiency; moreover, this effect is asymmetric relative to the nucleosome dyad axis and is reg-

ulated by histonemodifications. Our data also indicate thatMMS-inducedmutations at adenine nucleotides are significantly

enriched on the nontranscribed strand (NTS) of yeast genes, particularly in BER-deficient strains, due to higher damage

formation on the NTS and transcription-coupled repair of the transcribed strand (TS). These findings reveal the influence

of chromatin on repair and mutagenesis of base lesions on a genome-wide scale and suggest a novel mechanism for tran-

scription-associated mutation asymmetry, which is frequently observed in human cancers.

[Supplemental material is available for this article.]

DNA base lesions are the most frequent class of DNA damage, aris-
ing from reactive oxygen species, spontaneous base hydrolysis,
deamination, or endogenous and exogenous alkylating agents.
Base lesionsmust be efficiently repaired by the base excision repair
(BER) pathway to avoidmutagenesis or cell death, outcomeswhich
can contribute to carcinogenesis, neurodegenerative diseases, and
aging (Wallace et al. 2012; Akbari et al. 2015). BER is initiated by
lesion-specific DNA glycosylases that cleave the N-glycosidic
bond of damaged bases to generate an abasic site. For example,
alkyladenine glycosylase (AAG) and 3-methyladenine DNA glyco-
sylase (Mag1) are responsible for recognizing and cleaving the ma-
jor type of alkylation damage,N-methylpurine (NMP) lesions (e.g.,
3-methyladenine [3meA] and 7-methylguanine [7meG]), in hu-
man and yeast cells, respectively (Bauer et al. 2015). The resulting
abasic site is cleaved by apurinic/apyrimidinic endonuclease (APE1
in humans), followed by repair synthesis and DNA ligation (Bauer
et al. 2015).

While it is well established that nucleotide excision repair
(NER), which repairs helix-distorting DNA lesions such as UV pho-
toproducts, is significantly modulated by cellular chromatin (Nag
and Smerdon 2009), the effects of chromatin on BER in vivo are
poorly understood. In vitro studies using purified BER enzymes
have shown that each step in the BER pathway is significantly in-
hibited within a strongly positioned nucleosome, particularly

when the lesion has an inward rotational setting or translational
position near the nucleosome dyad (i.e., the position of intersec-
tion of DNA with the central dyad axis of the nucleosome)
(Rodriguez et al. 2015). However, it is not clear to what extent nu-
cleosomes affect BER in vivo, since nucleosome positioning in eu-
karyotic genomes is generally weaker than the positioning
sequences used for in vitro studies (Mao et al. 2017) and the pres-
ence of cellular chromatin-remodeling enzymes can facilitate BER
in nucleosomes (Hinz and Czaja 2015; Rodriguez et al. 2015).
Moreover, nucleosomes in vivo are marked by different histone
post-translational modifications, which could potentially alter re-
pair efficiency (Rodriguez et al. 2016).

Our understanding of how chromatin and other genomic fea-
tures influence the formation and repair of DNA base damage,
such as DNA alkylation, has been limited by the lack of genome-
wide methods for mapping this class of DNA lesions. Unlike
NER, which has been extensively studied using novel genome-
wide methods (Hu et al. 2015; Mao et al. 2016; Yu et al. 2016),
there are currently no published studies measuring BER of DNA
base lesions on a genomic scale. One recent studymapped the rep-
licative incorporation of uracil (a form of base damage) across the
yeast genome using a method called Excision-seq (Bryan et al.
2014). However, this technique required very high, nonphysiolog-
ical levels of uracil incorporation (Wyrick and Roberts 2015) and
did not measure subsequent repair of uracil lesions. Alternative
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methods have been proposed for map-
ping DNA base damage (Li et al. 2015;
Riedl et al. 2016), but these have yet
to be applied on a genome-wide scale.
Moreover, little is known about how
chromatin or other genomic features in-
fluence mutagenesis associated with
DNA base damage across the genome,
due to a lack of relevant genome-wide
mutation data.

In this study, we developed a novel
method known as N-methylpurine-se-
quencing (NMP-seq) to map methyl
methanesulfonate (MMS)-induced alkyl-
ation damage across the yeast genome at
single nucleotide resolution. We focused
onDNA alkylation damage, as it is an im-
portant class of base lesions in eukaryotic
cells that arises from endogenous (e.g., S-
adenosyl methionine) and exogenous
damaging agents, including chemother-
apeutics such as temozolomide (Fu et al.
2012), and because it is commonly used
as a model lesion for BER studies (e.g.,
Li and Smerdon 2002a; Li et al. 2015).
We also analyzed the genome-wide dis-
tribution of mutations arising from
MMS treatment in wild-type and repair-
deficient strains and compared the pat-
terns of mutagenesis with the observed
variations in lesion formation and repair
across the genome.

Results

A map of alkylation lesions at single

nucleotide resolution across the yeast

genome

To precisely map alkylation NMP lesions
throughout the genome, we developed
the NMP-seq method (Fig. 1A). NMP-
seq is adapted from methods previously
used for mapping ribonucleotide lesions
(Ding et al. 2015) and UV-induced cyclo-
butane pyrimidine dimers (Mao et al.
2016). The major difference between
these methods is that NMP-seq employs the AAG and APE1 BER
enzymes to generate single-strand breaks containing free 3′OH im-
mediately upstream of the NMP lesions 3-methyladenine (3meA)
and 7-methylguanine (7meG) (see Fig. 1A), two DNA lesions
which comprise >90% of all alkylation DNA damage induced by
the model alkylating agent MMS (Friedberg et al. 2006). Free
3′OH ends generated by AAG and APE1 cleavage are then ligated
to a biotinylated A adaptor, which is used to purify, PCR-amplify,
and sequence the resulting DNA fragments. By mapping the se-
quencing reads back to the genome sequence, the location of the
NMP lesion can be precisely determined.

We used the NMP-seq method to map NMP lesions through-
out the yeast genome following treatment with MMS. Wild-type
yeast cells were treated with 0.2%MMS for 10min, and then geno-
mic DNA was isolated from yeast immediately after MMS treat-

ment (0 h) or after an additional 30-min repair incubation in the
absence of MMS. As a control, genomic DNA was also isolated
from untreated yeast (No MMS). NMP lesions were mapped for
each sample using the NMP-seq method. Analysis of the resulting
NMP-seq data indicated a significant enrichment of sequencing
reads associated with putative lesions at “G” nucleotides for the
MMS-treated samples (10-fold higher) compared to the No MMS
sample (Fig. 1B). There was also an apparent enrichment of se-
quencing reads associated with “A” nucleotides, although the
magnitude of the enrichment was smaller (Fig. 1B). These results
are in accordance with previous studies that have shown that
∼80% of MMS-induced DNA lesions are 7meG, and ∼10% are
3meA (Friedberg et al. 2006); hence, we attribute G-associated
NMP-seq reads primarilywith 7meG lesions andA-associated reads
primarily with 3meA lesions. The enrichment of NMP-seq reads

Figure 1. Genome-widemap of DNA alkylation damage and repair. (A) Experimental strategy formap-
ping N-methylpurine (NMP) lesions using NMP-seq. Isolated genomic DNA fragments are ligated to the
trP1 adaptor (green), cleaved at NMP lesions with human alkyladenine glycosylase (AAG) and AP endo-
nuclease (APE1), ligated to the biotinylated A adaptor (purple), purified, and sequenced. “dd” indicates
dideoxy (i.e., 3′H). (B) Nucleotide distribution of lesion sites associated with NMP-seq sequencing reads.
In MMS-treated samples, there is a significant enrichment of sequencing reads at “G”, and to a lesser ex-
tent, “A” nucleotides. (C ) Nucleosome organization surrounding the transcription start sites (TSSs) of
5762 yeast genes modulates repair of 7meG lesions. Top panel depicts the average number of 7meG le-
sions per G nucleotide following 2-h repair in WT yeast strain.Middle panel depicts the fraction of 7meG
lesions remaining following 1- or 2-h repair in WT relative to a matched 0-hmag1Δ control. Lower panel
depicts the average nucleosome center positioning score (Brogaard et al. 2012). (D,E) Snapshot of the
distribution of 7meG lesions at 0 h (mag1Δ) and following 2-h repair (WT) for the ACS1, FLC2, RQC2,
and CHL1 genes. Dark brownbars indicate positioned nucleosomes, and the associated number indicates
the nucleosome dyad score. Only well-positioned nucleosomes (NCP score≥ 1) are depicted.
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associated with 3meA lesions (relative to T-associated reads) was
more apparent when yeast cells were treated with a higher dose
of MMS (0.4% for 10 min) (Supplemental Fig. S1). Consequently,
we used this dose (0.4% MMS) for all subsequent NMP-seq exper-
iments. NMP-seq reads associated with other nucleotides (i.e., C or
T) could represent rare alkylation lesions on pyrimidine bases
(Friedberg et al. 2006), background due to low levels of AAG cleav-
age at undamagedDNA, or incomplete blocking of 3′OHgroups by
terminal transferase (Fig. 1A). The number of 7meG and 3meA
NMP-seq reads decreased in the WT 30-min time point (Fig. 1B),
likely reflecting ongoing BER of these NMP lesions.

Repair of NMP lesions is significantly modulated by the

stereotypic organization of nucleosomes within yeast genes

To characterize the effects of genomic and chromatin contexts on
repair of NMP lesions, we used NMP-seq to map NMP lesions fol-
lowing 1 or 2 h of repair in WT cells treated with 0.4% MMS. We
focused on repair of 7meG lesions because this is the predominant
class of lesion induced byMMS and thus could bemore readily an-
alyzed during theNMP-seq repair time course.We analyzed the av-
erage distribution of 7meG lesions adjacent to the transcription
start sites (TSSs) of 5762 yeast genes. To account for potential se-
quence biases across yeast genes, the frequency of 7meG reads
was normalized by the number of G nucleotides at each position
relative to the TSS (i.e., from −500 bp upstream of, to +650 bp
downstream from the TSS) on both DNA strands. The distribution
of normalized 7meG reads adjacent to the TSS showed a striking
distribution following 2-h repair, with low levels of 7meG lesions
immediately upstream of the TSS, and periodic peaks of 7meG le-
sions downstream from the TSS (Fig. 1C, top panel). The distribu-
tion of 7meG lesions after 2-h repair was very similar on the
transcribed strand (TS) and nontranscribed strand (NTS) (Fig. 1C,
top panel; Supplemental Fig. S2), indicating that, unlike UV-in-
duced DNA photoproducts (Hanawalt and Spivak 2008; Hu et al.
2015; Mao et al. 2016), MMS-induced 7meG lesions in WT yeast
are not more rapidly repaired on the TS.

To determinewhether the pattern of 7meG lesions represents
differences in repair efficiency, as opposed to differences in initial
damage levels, we calculated the fraction of 7meG lesions remain-
ing (i.e., unrepaired) following 2-h repair relative to a 0-h control.
Because repair is ongoing even during the 10-min MMS exposure
in the WT strain, we used a matched mag1 deletion strain treated
with the same MMS dose for the 0-h time point. Since Mag1 is
the sole DNA glycosylase that recognizes NMP lesions in yeast
(Bauer et al. 2015), themag1Δmutant should eliminate BER during
MMS exposure and thus represent the initial distribution of NMP
lesions. The fraction of unrepaired 7meG lesions showed the same
trend as before, with low levels of unrepaired 7meG lesions imme-
diately upstreamof the TSS andperiodic peaks of unrepaired 7meG
lesions downstream from the TSS (Fig. 1C, middle panel). A simi-
lar, although less pronounced, trend of unrepaired 7meGs was ap-
parent following 1-h repair (Fig. 1C, middle panel).

Downstream from the TSS, peaks of unrepaired 7meG lesions
had a periodicity of ∼164 bp (1-h repair) and ∼160 bp (2-h repair),
which matches the estimated 160- to 165-bp nucleosome repeat
length in yeast (Cui et al. 2012). This suggests that the heteroge-
neous distribution of unrepaired 7meG reads following 2-h repair
may reflect the inhibitory effect of nucleosomes on BER. To test
this hypothesis, we analyzed a published map of nucleosome
dyad positions in yeast (Brogaard et al. 2012). This analysis re-
vealed that the peaks of unrepaired 7meG lesions downstream

from the TSS coincided with the principal dyad locations of the
+1, +2, +3, and +4 nucleosomes (cf. bottom panel with top and
middle panels of Fig. 1C), while low levels of unrepaired 7meG up-
stream of the TSS largely coincided with nucleosome-depleted re-
gions (NDR) present in many yeast promoter regions (Yuan et al.
2005). We also analyzed a published yeast DNase-seq data set
(Zhong et al. 2016), which is an alternative measure of chromatin
structure and accessibility. Comparison with the DNase-seq data
revealed that peaks of unrepaired 7meG lesions corresponded to
regions with a low density of DNase-seq reads (i.e., low chromatin
accessibility due to positioned nucleosomes), while low levels of
unrepaired 7meG in the NDR upstream of the TSS coincided
with high levels of DNase-seq reads (Supplemental Fig. S3). This
analysis indicates that differences in chromatin accessibility due
to the stereotypic organization of nucleosomes across yeast genes
significantlymodulate the repair of 7meG lesions. Similar patterns
of repair were also detected at individual genes (Fig. 1D,E).

To confirm that the observed patterns of unrepaired 7meG le-
sions were due to nucleosome-dependent variations in BER effi-
ciency, we repeated the repair time course in a mag1Δ strain.
Analysis of the mag1Δ NMP-seq data revealed that the levels of
7meG lesions showed only a marginal decrease following 1- or 2-
h incubation (Supplemental Fig. S4A). Presumably, this reflects on-
going DNA replication and trans-lesion synthesis in the mag1Δ
strain (Johnson et al. 2007), which would cause an apparent
decrease in the levels of NMP lesions. Importantly, analysis of
the 1- and 2-h mag1Δ data indicated that there was no correlation
between the fraction of 7meG lesions remaining and nucleosome
positions in themag1Δmutant (Supplemental Fig. S4B,C), indicat-
ing that Mag1 is required for the patterns of 7meG repair observed
in WT cells. In summary, this analysis indicates that the stereo-
typic nucleosome organizationwithin genes (e.g.,−1 nucleosome,
NDR, +1 nucleosome, etc. [Jiang and Pugh 2009; Rando and
Winston 2012]) significantly modulates the efficiency of BER of
7meG lesions, with slower repair associated with the central
dyad locations of nucleosomes and faster repair in NDRs.

BER efficiency is regulated by the translational and rotational

settings of the lesions within strongly positioned nucleosomes

in vivo

To better understandhow the positioning of anNMP lesionwithin
a nucleosome affects its repair in vivo, we analyzed the repair of
7meG lesions among a set of ∼10,000 strongly positioned nucleo-
somes (nucleosome score > 5) in the yeast genome (Brogaard et al.
2012; Mao et al. 2016). Analysis of 7meG lesions remaining (i.e.,
unrepaired) following 2-h repair revealed a greater fraction of unre-
paired lesions near the nucleosome dyad relative to more distal re-
gions of nucleosomal DNA (Fig. 2A) or the adjacent linker DNA
(Supplemental Fig. S5A), indicating that the translational position-
ing of DNA lesions relative to the nucleosome dyad affects repair
efficiency. A similar trend was observed following 1-h repair
(Supplemental Fig. S5B), although the effect was less pronounced.
Following 2-h repair, the fraction of unrepaired 7meG lesions also
correlated with the rotational setting in strongly positioned nucle-
osomes. There was a smaller fraction of unrepaired lesions at
outward rotational settings (dotted vertical lines in Fig. 2A) and a
correspondingly higher fraction of unrepaired lesions at inward ro-
tational settings. In contrast, there was no effect of translational or
rotational setting on the fraction of 7meG lesions remaining
in mag1Δ cells (Fig. 2B; Supplemental Fig. S5C), indicating that
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the patterns present in WT cells represent differences in BER
efficiency.

Analysis of ∼7500 weakly positioned nucleosomes in the
yeast genome (nucleosome positioning score < 1) revealed a
much less pronounced effect of translational positioning on re-
pair, as there was only a slightly higher fraction of lesions remain-
ing near the nucleosome dyad (Fig. 2C). Similarly, there was only a
relatively small difference in 7meG lesions remaining at outward
versus inward rotational settings within weakly positioned nucle-
osomes. These data indicate that the impact of nucleosomes on
BER efficiency in vivo is dependent upon nucleosome positioning
strength.

Analysis of 7meG removal for each individual DNA strand
within the high-resolution Brogaard et al. nucleosome map
(Brogaard et al. 2012) also revealed a striking asymmetry relative
to the nucleosomal dyad (Fig. 2D). The fraction of unrepaired

7meG lesions following 2-h repair among strongly positioned nu-
cleosomes in the yeast genome (Brogaard et al. 2012) was analyzed
for each individual DNA strand aligned in a 5′ to 3′ orientation. For
both the plus and minus strands, positions upstream (or 5′) of the
nucleosome dyad showed a significant effect of rotational setting
on the fraction of unrepaired 7meG lesions, while this effect was
less pronounced at positions downstream (or 3′) from the nucleo-
some dyad (Fig. 2D). Quantification of the data confirmed that
there was a higher relative difference in unrepaired 7meG lesions
at “In” relative to “Out” rotational settings for positions 5′ of the
nucleosome dyad relative to positions 3′ from the dyad (P < 0.05)
(Supplemental Table S1). In parallel, we analyzed chromatin acces-
sibility along the DNA strands within strongly positioned nucleo-
somes using a high-resolution yeast DNase-seq map (Zhong et al.
2016). There was a more pronounced effect of rotational setting
on DNase I accessibility at positions 5′ of the nucleosome dyad

Figure 2. Repair of 7meG lesions is regulated by their rotational and translational setting within strongly positioned nucleosomes. (A) Fraction of 7meG
lesions remaining following 2-h repair inWT relative to 0-hmag1Δ control among∼10,000 strongly positioned nucleosomes (nucleosome score > 5) across
the yeast genome is plotted relative to the distance from the central dyad axis of the nucleosome (“dyad”). Nucleosomes overlapping with theMAG1 gene,
which is deleted in themag1Δ control strain, were excluded from this analysis. Vertical dotted lines indicate “Out” rotational settings. (B) Translational and
rotational setting among strongly positioned nucleosomes does not affect the fraction of 7meG lesions remaining following 2-h repair in amag1Δmutant
relative to a 0-h control. (C) Same as in part A, except the fraction of 7meG lesions remaining is plotted among ∼7500 weakly positioned nucleosomes
(nucleosome score < 1). (D) Effect of rotational setting on 7meG repair occurs primarily 5′ of the nucleosome dyad. Data are plotted similarly to part A,
except the plus and minus strands are shown individually and aligned in a 5′ to 3′ orientation. Bottom panel: weighted strand average of fraction of
7meG lesions remaining for the aligned plus and minus strands. (E) The effect of rotational setting on DNase-seq read density, a measure of chromatin
accessibility, also is more prominent 5′ of the nucleosome dyad. Bottom panel: average DNA-seq reads for the aligned plus and minus strands. (F) At
“Out” rotational settings (indicated with arrows), the 5′ half of the nucleosomal DNA (pink/red) faces the solvent, while the 3′ half of the nucleosomal
DNA (green) faces the other DNA gyre. Image was created using PyMOL (http://www.pymol.org/) to visualize PDB ID 1kx5.
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relative to positions 3′ from the dyad (P < 0.05) (Fig. 2E;
Supplemental Table S1), consistent with our 7meG repair data
(and a recent study [Zhong et al. 2016]).

Closer examination of the data indicates that the rotational
asymmetry across the dyad for both the repair and DNase I data
sets was largely driven by differences at “Out” rotational settings.
There was a significant difference in the fraction of unrepaired
7meG lesions for “Out” rotational settings 5′ of the dyad relative
to the equivalent settings 3′ from the dyad (P < 0.05); in contrast,
there was no significant difference in the fraction of 7meG lesions
remaining at “In” rotational settings across the dyad (P > 0.05). A
similar trend was observed for the DNase-seq data, as “Out” rota-
tional settings 5′ of the nucleosome dyad were more accessible to
DNase I cleavage than “Out” rotational settings 3′ from the dyad
(P < 0.05), whereas therewas no significant difference in accessibil-
ity at “In” rotational settings (P > 0.05). It has previously been sug-
gested that this asymmetry in DNase I chromatin accessibilitymay
be due to the orientation of the DNA strands relative to the other
DNA gyre (Zhong et al. 2016). Inspection of the nucleosome struc-
ture supports this model, as DNA strands 5′ of the dyad consistent-
ly orient toward the solvent at “Out” rotational settings, while at
the same locations DNA strands 3′ from the dyad consistently or-
ient toward the otherDNAgyre (Fig. 2F) and thus are less accessible
to DNase I and BER factors such as Mag1.

The effect of translational positioning on BER efficiency

is regulated by histone modifications

Histone post-translational modifications (PTMs) such as histone
acetylation alter nucleosome dynamics (Neumann et al. 2009),
and particular histone acetylation sites are associatedwith efficient
NER (Yu et al. 2016); however, it is not known how histone acety-
lation or other histone PTMs affect BER. To address this question,
we analyzed our NMP-seq data using a nucleosome-resolution
map of steady-state histone modifications in yeast (Weiner et al.
2015). This study showed that yeast histone modifications can
be clustered based on their genome-wide distribution into twoma-
jor groups: (1) histone PTMs associated with the 5′ coding regions
of yeast genes (e.g., H3K4me3,H3K9ac, H3K14ac, etc.), and (2) his-
tone PTMs associated with the 3′ coding regions of yeast genes
(H3K36me3, H3K79me3, etc.). Analysis of representative histone
PTMs from each of these groups (i.e., H3K14ac andH3K36me3) re-
vealed significant differences in BER of 7meG lesions among nu-
cleosomes with high or low levels of these histone PTMs. There

was a smaller fraction of unrepaired 7meG lesions following 2-h re-
pair at distal translational positions in nucleosomes with high lev-
els of H3K14ac relative to nucleosomes with low levels of
H3K14ac, while therewas a relatively higher fraction of unrepaired
7meG lesions near the nucleosome dyad (Fig. 3A). A similar trend
was observed for a number of other histone PTMs associated with
group 1 (e.g., H3K4me3, H3K23ac, H4K5ac) (Supplemental Fig.
S6A–C). These results suggest that high levels of pre-existing his-
tone acetylation are associated withmore rapid BER at distal trans-
lational locations within nucleosomes and paradoxically slower
repair at translational positions near the nucleosome dyad.

The opposite trend was observed for nucleosomes with high
levels of group 2 histone PTMs (i.e., H3K36me3). Nucleosomes
with high levels of H3K36me3 had a higher fraction of 7meG le-
sions remaining at distal translational locations relative to the
low H3K36me3 controls following 2-h repair but a lower fraction
of unrepaired 7meG lesions near the nucleosome dyad (Fig. 3B).
Roughly similar trends were observed for a number of other group
2 histone PTMs (e.g., H3K36me2, H3K79me3) (Supplemental Fig.
S6D,E). These resultsmay in part be due to the negative correlation
between H3K36me3 and histone acetylation (Weiner et al. 2015),
since H3K36 methylation functions to recruit histone deacetylase
complexes to the 3′ coding region of yeast genes (Lee and
Shilatifard 2007).

However, not all histone modifications were associated with
distinct patterns of repair. For example, there was no apparent dif-
ference in the pattern of unrepaired 7meG lesions between nucle-
osomes with high and low levels of H3K79 monomethylation
(H3K79me1) (Fig. 3C).While pre-existing histone PTMswere asso-
ciated with distinct patterns of repair associated with translational
positioning in nucleosomes, the effect of rotational setting on re-
pair was not apparent in this nucleosomemap. This is likely due to
the relatively low precision of the MNase-ChIP-seq method in de-
fining nucleosome dyad positions (Weiner et al. 2015).

MMS-induced mutations are enriched near the dyad of strongly

positioned nucleosomes in yeast

Since nucleosome structure causes such striking effects on the re-
pair of NMPs in vivo, we next sought to determinewhether the de-
creased repair efficiency within strongly positioned nucleosomes
ultimately resulted in an increase in MMS-induced mutation den-
sity in these regions. We therefore subjected WT and mag1Δ yeast
to 10 repeated 2-d exposures of 0.016% MMS to accumulate

Figure 3. Histone post-translational modifications (PTMs) alter 7meG repair within nucleosomes. (A) Fraction of 7meG lesions remaining following 2-h
repair in WT relative to 0-h mag1Δ control among top 10,000 nucleosomes with highest levels of H3K14 acetylation (High H3K14ac) and 10,000 nucle-
osomes with the lowest levels of H3K14 acetylation (Low H3K14ac), based on data from Weiner et al. (2015), is plotted relative to the distance from the
central dyad axis of the nucleosome (“dyad”). Vertical dotted lines indicate “Out” rotational settings. Nucleosomes overlapping with the MAG1 gene,
which is deleted in the mag1Δ control strain, were excluded from this analysis. (B) Same as in part A, except for H3K36 trimethylation (H3K36me3).
(C ) Same as in part A, except for H3K79 monomethylation (H3K79me1).
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MMS-induced mutations and subsequently sequenced the ge-
nomes of 24 independent clonal isolates of each genotype (Fig.
4A) to determine the location and spectra of the acquired muta-
tions. Treatment ofWTandmag1Δ yeast with a single 2-d exposure
to 0.016% MMS increased CanR mutation frequencies ∼71- and
∼450-fold over untreated yeast, respectively (P = 0.0022 for both
by Mann-Whitney U test) (Fig. 4B), indicating that greater than
98.6% and 99.8%, respectively, of accumulated mutations in the
MMS-treated strains are the result of MMS-induced DNA lesions.
Whole-genome sequencing of MMS-treated WT yeast revealed
that, in accordancewithpreviouslypublishedMMS-inducedmuta-
tion spectra (Roberts et al. 2012), nearly equal numbers of muta-
tions occurred at “A” nucleotides compared to “G” nucleotides
(∼59% and ∼41%, respectively) (see Fig. 4C), despite 7meG lesions
being formed approximately eightfold more frequently than
3meA. This result is consistent with prior studies (Roberts et al.
2012) and highlights the greater mutagenicity of 3meA lesion rela-
tive to7meG(Shrivastavet al. 2010).Compared toWTyeast,mag1Δ
yeast displayed amuch higher overall number ofmutations per ge-
nome (Fig. 4D) and a greater number of A-mutations relative to G-
mutations (∼86% and∼14%, respectively, P < 0.0001) (Fig. 4C), in-
dicating that MMS-treatment is inducing mutagenic NMP lesions
that are normally repaired byMag1 andhighlighting the greater ef-
ficiency of Mag1 in removing 3meA lesions (Bjoras et al. 1995).

Analysis of the trinucleotide sequence context in which
MMS-induced mutations and lesions occurred (Supplemental
Figs. S7, S8) indicated that the relative abundances of G- andA-mu-
tations, as well as 7meG and 3meA lesions, strongly correlated
with the trinucleotide composition of the yeast genome (P≤
0.002; Pearson coefficient > 0.75 for independent comparisons of
G-mutation to G bases in WT yeast and A-mutations to A bases
in mag1Δ by Pearson correlation tests; P = 0.042; Pearson coeffi-
cient = 0.51 for A-mutations compared to A bases inWT yeast), in-
dicating that MMS-induced lesions and mutations occur largely
independent of sequence specificity. Additionally, both 7meG-
and 3meA-induced mutations produce biased base substitutions
(favoring G to A or T and A to G) and occur with little to no se-
quence specificities (Supplemental Fig. S8).

We next determined the frequency of mutations occurring
within ∼10,000 strongly positioned nucleosomes and their sur-
rounding linker DNA, normalizing the number of mutations ob-
served across the nucleosome by the relevant sequence content
of A and G bases. We found that, similar to the patterns observed
with NMP-seq data (Supplemental Fig. S5A), strongly positioned
nucleosomes had significantly higher mutation densities com-
pared to the flanking linker DNA (P = 0.0149), with mutation den-
sity peaking near the dyad axis (Fig. 4E; Supplemental Fig. S9B). In
contrast, mutation densities in weakly positioned nucleosomes
(∼7500 nucleosomes) displayed no significant difference (P =
0.2935) between positions near the nucleosome dyad and those
in the flanking linker DNA (Supplemental Fig. S9A,B). These find-
ings indicate that reduced BER efficiency in strongly positioned
nucleosomes, particularly near the dyad axis, is a key determinant
of MMS-induced mutation density in vivo.

We also examined mutation density among nucleosomes
with differing levels of histone PTMs, since our NMP-seq data indi-
cated that histone PTMs such as H3K14ac and H3K36me3 signifi-
cantly altered the pattern of repair of NMP lesions within
nucleosomes. Consistent with the repair data (Fig. 3B), nucleo-
somes with low levels of H3K36me3 showed a peak of mutation
density near the dyad axis (Supplemental Fig. S9C). In contrast,
the effect of translational positioning on mutation density was

Figure 4. Analysis of MMS-inducedmutations across the genome of WT
and mag1Δ yeast. (A) Individual isolates (n = 24) of WT and mag1Δ yeast
strains were grown on 0.016%MMS-supplemented yeast extract peptone
dextrose adenine (YPDA) media at 30°C for 48 h. Separate lines were then
streaked for singles (not explicitly shown) on additional MMS plates, for a
total of 10 passages. At the end of the passaging, unique isolates were pick-
ed for whole-genome sequencing. (B) CanR frequencies weremeasured for
six independent isolates of WT and mag1Δ strains of yeast (open circles),
which were either untreated (grown on YPDA media) or treated for 2 d
with 0.016% MMS. Black horizontal bars and numbers indicate the medi-
an frequency of CanR for each genotype and treatment. Data were ana-
lyzed using a two-tailed Mann-Whitney U test. (C ) Percentage of A- and
G-mutations in whole-genome sequencing of MMS-treated mag1Δ and
WT strains. (D) Number of mutations per isolate from whole-genome se-
quencing of MMS-treated WT and mag1Δ strains. (E) Strongly positioned
nucleosomes have elevated mutation density relative to flanking DNA re-
gions inWT yeast. Mutations fromMMS-treatedWT isolates were mapped
to strongly positioned nucleosomes (score > 5) and normalized by se-
quence context. An area of ∼180 bp was examined, which consisted of
the main nucleosome (147 bp) and an additional flank on either side
(∼30 bp total). Each DNA sequence was then divided into 11 bins, each
of ∼16 bp. Comparisons of the number of mutations observed between
nucleosome-bound and flanking DNA was performed using χ2 analysis.
(F) Same as in part E, except mutation density in WT yeast was analyzed
for 10,000 nucleosomes with the highest levels of H3K14 acetylation
(H3K14ac) (Weiner et al. 2015).
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less apparent for nucleosomes with high levels of H3K36me3
(Supplemental Fig. S9D). A similar trend was observed for nucleo-
somes with high levels of H3K14ac (Fig. 4F), again consistent with
our repair data (Fig. 3A), although the difference between nucleo-
somes with high and low H3K14ac was less clear (cf. Fig. 4F and
Supplemental Fig. S9E). These findings suggest that variations in
repair efficiency in nucleosomes due to histone PTMs can influ-
ence mutation rates.

MMS-induced A-mutations are enriched on the

NTS of yeast genes and are associated with higher

levels of 3meA lesions

Analysis ofMMS-inducedmutations at adenine nucleotides (i.e., A
to G, A to C, or A to T mutations) revealed a novel asymmetry in
mutation density between the TS and NTS of yeast genes. This ef-
fect was particularly apparent in the MMS-treatedmag1Δ strain, as
there were fivefoldmore A-mutations on the NTS relative to the TS
in yeast coding sequences, even after normalizing for the frequen-
cy of “A” nucleotides in the TS and NTS (P < 0.0001 by χ2 test; Fig.
5A). In MMS-treated WT yeast, we also observed a significant en-
richment of A-mutations occurring on the NTS relative to the TS
(P = 0.0023) (Fig. 5B), although the magnitude of the enrichment
was smaller than in themag1Δ strain. In contrast, flanking promot-
er and downstream DNA lacked a significant strand asymmetry in
themag1Δ (P = 0.9014) (Fig. 5A) and wild-type strains (P = 0.5473).
Surprisingly, the densities of A-mutations in both the TS and NTS
in themag1Δ strain significantly differed from that of the promoter
and downstream flanking regions, with A-mutations being elevat-
ed in the NTS and reduced in the TS relative to flanking DNA (Fig.
5A). This suggests that two independent processes occurring on

the NTS and TS may contribute to the transcriptional asymmetry
of MMS-induced mutations.

To investigate the molecular mechanisms underlying the
strand asymmetry inMMS-induced A-mutations, we first analyzed
the initial formation of 3meA lesions in our NMP-seq data sets.
While the levels of 3meA lesions were much lower than 7meG le-
sions overall, we consistently observed higher levels of 3meA le-
sions on the NTS of yeast genes relative to the TS immediately
following MMS treatment (i.e., WT 0-h and mag1Δ 0-h samples)
(see Fig. 5C,D). The magnitude of this difference was relatively
small, ranging from 6%–11% more 3meA lesions on the NTS rela-
tive to the TS after normalizing for the frequency of A nucleotides
on theNTS and TS, butwas consistent acrossmultiple experiments
(Supplemental Fig. S10A–C). There were also consistently higher
3meA lesions on the NTS relative to flanking DNA (∼11%–18%
more 3meA lesions) (see Fig. 5C,D). These differences were magni-
fied in a mag1Δ strain treated with a chronic dose of 0.02% MMS
for 3 h (∼24% more 3meA lesions on the NTS relative to the TS
and ∼17% more 3meA lesions on the NTS relative to flanking
DNA) (see Supplemental Fig. S10D), experimental conditions
that more closely mimic the mag1Δ MMS mutation experiments.
These results indicate that higher 3meA lesion formation on the
NTS of yeast genes likely contributes to transcriptional asymmetry
in MMS-induced A-mutations.

3meA lesions are preferentially repaired on the TS

in a BER-deficient yeast strain

While strand-specific differences in 3meA lesion formation can
explain the elevated levels of A-mutations on the NTS, this mech-
anism cannot explain the significantly lower levels of A-mutations

Figure 5. MMS-induced A-mutations are enriched on the nontranscribed strand (NTS) and depleted from the transcribed strand (TS) of yeast genes,
particularly in a BER-deficient (mag1Δ) strain. (A,B) The density of mutations of “A” nucleotides in the MMS-treated (A)mag1Δ and (B) WT strains was plot-
ted for 5762 yeast genes. The number of A-mutations in the transcribed strand (TS; orange) and nontranscribed strand (NTS; blue) was determined for bins
spanning 501 bp upstream of the transcription start site (TSS), the transcribed region of the gene, and 501 bp downstream from the transcription termi-
nation site (TTS), and normalized by the number of A nucleotides in each bin. (C,D) 3-methyladenine (3meA) lesions are elevated on the NTS immediately
followingMMS-treatment (i.e., 0 h) in (C) WT and (D)mag1Δ strains. The average number of 3meA lesions per A nucleotide was plotted for bins spanning
5762 yeast genes and flanking promoter and downstream DNA sequences, as described in part A. (E,F ) Levels of 3meA lesions are preferentially depleted
from the TS in a mag1Δ strain during a repair time course. The average number of 3meA lesions per A nucleotide in the mag1Δ (E) 1-h and (F) 2-h time
points was plotted as described in part C.
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on the TS relative to flanking DNA, since initial levels of 3meA le-
sions on the TS were generally higher than flanking DNA (Fig. 5C,
D). However, analysis of 3meA lesions in subsequent repair time
points (i.e., 1- and 2-h) in the mag1Δ strain revealed a progressive
loss of 3meA lesions on the TS, both relative to the NTS and flank-
ing DNA (Fig. 5E,F). To compare repair efficiency between TS and
NTS, we analyzed the fraction of 3meA lesions remaining at the 1-
and 2-h repair time points in the mag1Δ strain relative to initial
damage levels (i.e., mag1Δ 0-h). While overall 3meA lesions de-
creased in themag1Δ strain following a 1- or 2-h repair incubation,
presumably reflecting ongoing DNA replication and trans-lesion
synthesis in the mag1Δ strain (Johnson et al. 2007), the levels of
3meA lesions decreased more rapidly on the TS relative to the
NTS or flanking DNA (Fig. 6A,B). While the transcribed region
showed a clear strand-specific difference in 3meA repair, there
was no difference in 3meA removal in the flanking promoter
and downstream sequences (Fig. 6A,B). Moreover, there was no
strand-specific difference in 7meG repair in the mag1Δ strain at
the 1- and 2-h repair time points (Fig. 6C; Supplemental Fig.
S11), indicating the observed repair activity is specific for 3meA le-
sions. These results indicate that in a BER-deficient strain there is
preferential repair of 3meA lesions on the TS of yeast genes, provid-
ing a potential explanation for the significantly lower levels of A-
mutations on the TS in the MMS-treated mag1Δ strain.

Based on these results, we hypothesized that transcription-
coupled nucleotide excision repair (TC-NER) functions as a backup
repair pathway to preferentially remove 3meA lesions from the TS
of yeast genes to prevent MMS-induced mutagenesis and cytoxic-
ity in BER-deficient cells. To test this hypothesis, we analyzed the

MMS sensitivity of yeast mutants lacking both BER (mag1Δ) and
TC-NER (rad26Δ) pathways.While themag1Δmutantwas sensitive
to MMS, as expected, none of the NER-deficient mutants (i.e.,
rad14Δ, rad16Δ, and rad26Δ) were sensitive to low doses of MMS
when BER was functional (Fig. 6D). However, the mag1Δrad26Δ
double mutant showed enhanced MMS sensitivity (Fig. 6D), con-
sistent with a previous study (Lee et al. 2002), indicating that
TC-NER may function in NMP removal in a BER-deficient strain.
In contrast, deletion of RAD16, which causes a specific defect in
the global genome nucleotide excision repair (GG-NER) pathway
and is highly sensitive to UV irradiation (Supplemental Fig. S12)
but does not affect TC-NER, did not showelevatedMMS sensitivity
in amag1Δ background (Fig. 6D). Deletion of RAD14, which elim-
inates both TC-NER and GG-NER, also significantly enhanced the
MMS sensitivity of a mag1Δ strain to an even greater extent than
the mag1Δrad26Δ double mutant (Fig. 6D). Previous studies have
shown that deletion of RAD26 does not completely eliminate
TC-NER in yeast (Li and Smerdon 2002b), which may explain
the higher MMS sensitivity in the mag1Δrad14Δ double mutant.
These data are consistent with themodel that the Rad26-mediated
TC-NER pathway specifically repairs cytotoxic and mutagenic
3meA lesions on the TS of yeast genes.

Discussion

While efficient repair of DNA base lesions is critical tomaintaining
genome integrity and preventing mutations, the impact of chro-
matin and other genomic features on BER and mutagenesis in
vivo is not well understood. Here, we utilized a novel method

Figure 6. Transcription-coupled repair of 3meA lesions in a BER-deficient (mag1Δ) strain. (A,B) Fraction of 3meA lesions remaining in amag1Δ 1- and 2-h
sample relative tomag1Δ 0-h control was plotted for bins spanning 501 bp upstream of the transcription start site (TSS), the transcribed region of the gene,
and 501 bp downstream from the transcription termination site (TTS) for 5762 yeast genes. (C) No transcription-coupled repair of 7meG lesions in amag1Δ
strain. Same as in part A, except the fraction of 7meG lesions remaining following 2-h repair in a mag1Δ strain was plotted. (D) MMS sensitivity of yeast
strains containing single or double mutants in MAG1 or the indicated NER genes (i.e., RAD16, RAD26, and RAD14) when spotted on plates containing
the indicated concentrations of MMS.
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known as NMP-seq tomap the initial formation and repair of DNA
alkylation damage across the yeast genome at single nucleotide res-
olution. Our results indicate that BER of MMS-induced alkylation
damage is significantly modulated by cellular chromatin, with
slower repair of lesions at translational positions near the nucleo-
some dyad and at inward rotational settings. Furthermore, we
show that the effect of translational and rotational positioning
on repair is asymmetric relative to the nucleosome dyad and signif-
icantly modulated by histone PTMs. Importantly, slower repair
within strongly positioned nucleosomes correlated with an in-
creased frequency of MMS-induced mutations in yeast, indicating
that chromatin-associated variations in BER efficiency can impact
mutation rates in vivo. Finally, we find that MMS-induced muta-
tions at adenine nucleotides show a striking DNA strand asymme-
try among yeast genes, particularly in the absence of BER, with a
significantly higher mutation frequency on the NTS relative to
the TS. We show that this is due to higher initial 3meA formation
on theNTS of yeast genes and preferential removal of 3meA lesions
from the TS. In summary, our data reveal that chromatin structure,
backup DNA repair activities, and transcription are prominent
sculptors of mutation distributions associated with alkylation
DNA base damage.

We find that repair of 7meG lesions in cellular chromatin is
significantlymodulated by the translational and rotational setting
of the lesion, with faster repair of lesions at “Out” rotational set-
tings and translational positions distal from the nucleosome
dyad, including linker DNA, and slower repair at “In” rotational
settings and translational positions near the dyad. While these
findings are generally consistent with in vitro studies of BER in
“designed” nucleosomes (Hinz and Czaja 2015; Rodriguez et al.
2015), the effects of translational and rotational setting on BER ef-
ficiency have not been previously demonstrated in vivo (Li and
Smerdon 2002a; Li et al. 2015). These nucleosome-dependent dif-
ferences in BER efficiency translate to a striking pattern of BER sur-
rounding yeast genes. Peaks of unrepaired 7meG lesions correlate
with the stereotypic positioning of nucleosomes downstream
from the TSS (e.g., the +1 nucleosome, +2 nucleosome, etc.), while
repair of 7meG lesions occurs much more rapidly in NDRs up-
stream of the TSS. Furthermore, we show that the effects of rota-
tional setting on BER efficiency are primarily confined to the 5′

half of each nucleosomal DNA strand due to strand-specific differ-
ences in chromatin accessibility at “Out” rotational settings. This
asymmetry has not previously been detected in biochemical stud-
ies of BER in nucleosomes but could be tested using defined nucle-
osome substrates in vitro.

Histone PTMs have been shown to regulate other repair path-
ways (e.g., NER andDNAdouble-strand break repair), but their role
in BER is unclear (Mao and Wyrick 2016). Our analysis indicates
that pre-existing histone PTMs cause subtle but significant differ-
ences in BER efficiency among nucleosomes in vivo. For example,
high levels of histone acetylation, such as H3K14ac, are associated
with faster repair at distal translational positions near the DNA
exit/entry sites but paradoxically slower repair near the nucleo-
some dyad. Histone acetylation is often associated with increased
nucleosomal DNA unwrapping, particularly at distal translational
positions (Neumann et al. 2009), which could explain the faster re-
pair of 7meG lesions at these positions in highly acetylated nucle-
osomes. While slower repair near the nucleosome dyad among
highly acetylated nucleosomes seems counterintuitive, a recent re-
port suggests that H3K14ac and other histone acetylations (i.e.,
H3K56ac) inhibit DNA polymerase β activity during repair of le-
sions located near the dyad of nucleosome substrates in vitro

(Rodriguez et al. 2016). The opposite trend was observed for his-
tone PTMs associated with the 3′ coding regions of yeast genes
(e.g., H3K36me3), presumably because these histone PTMs are as-
sociated with histone deacetylation (Lee and Shilatifard 2007;
Weiner et al. 2015). While our data indicate that MMS-induced
mutations inwild-type yeast are significantly elevated near the nu-
cleosome dyad relative to flanking regions among strongly posi-
tioned nucleosomes, this effect appears to be magnified among
nucleosomes with high levels of H3K14ac or correspondingly
low levels of H3K36me3. Notably, in wild-type yeast, MMS-in-
duced mutagenesis mirrors the effect of translational positioning
on BER efficiency within these nucleosomes, suggesting that dif-
ferences in repair due to histone PTMs may be an important con-
tributor to mutation rates. It would be interesting to determine
to what extent this mechanism regulates mutation rate in human
cancers, since it is known that certain histone PTMs correlate with
mutation density in sequenced cancer genomes (Schuster-Bockler
and Lehner 2012).

In the course of analyzing MMS-induced mutations, we dis-
covered a significantly higher frequency of mutations at adenine
nucleotides on the NTS relative to the TS of yeast genes. This
DNA strand asymmetry was magnified in the BER-deficient
mag1Δ strain, suggesting that rapid removal of 3meA lesions by
Mag1 suppresses this effect. Our data suggest that two distinct
mechanisms contribute to this novel transcriptional asymmetry.

First, there is higher initial 3meA formation on the NTS of
yeast genes, even after normalizing for differences in DNA se-
quence context. Previous studies have suggested that ongoing
transcription can render the NTS more susceptible to chemical
modifications, as theNTS becomes transiently single-stranded dur-
ing transcription-associated R-loop formation (Kim and Jinks-
Robertson 2012); it is possible that a similar mechanism contrib-
utes to the higher frequency of 3meA formation and A-mutations
on the NTS of yeast genes. However, single-stranded DNA also
transiently accumulates on the lagging strand during DNA replica-
tion and A-mutations were not enriched on the lagging strand in
mag1Δ yeast, instead showing a slight (but significant) enrichment
on the leading strand (Supplemental Fig. S13). Thus, either muta-
genesis associated with increased formation of 3meA on single-
stranded DNA occurs in a transcription-specific context or other
mutagenic processes occurring during leading strand synthesis
(possibly strand bias in the usage of error-free polymerases) ob-
scure this mutation signature at the replication fork.

Second, 3meA lesions are preferentially repaired from the TS
of yeast genes. This effect was apparent in a mag1Δ mutant strain,
indicating that TC-NER may serve as a backup strategy to remove
mutagenic and cytotoxic 3meA lesions from the TS of yeast genes.
Previous studies have suggested that NER can serve as a potential
backup repair pathway for DNA alkylation damage in the absence
of functional BER in a variety of organisms, including yeast (Fu
et al. 2012); however, the mechanism underlying this effect was
unclear. Our data are consistent with the model that 3meA lesions
are specifically removed from the TS by TC-NER, which, coupled
with higher initial 3meA formation on the NTS, comprise a novel
mechanism for transcription-associated mutation asymmetry due
to DNA base damage. The TC-NER factor Rad26, which is a homo-
log of the human CSB gene (Friedberg et al. 2006), appears to play
an important role, although Rad26 has also been reported to have
TC-NER-independent functions in cell survival following acute al-
kylation damage (Lee et al. 2002). 3meA lesions are known to stall
replicative DNA polymerases (Plosky et al. 2008) and have been re-
ported to inhibit T7 phage RNA polymerase (Racine et al. 1993);
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however, it is not known towhat extent this occurs with eukaryot-
ic RNA polymerases. We hypothesize that persistent 3meA lesions
may trigger TC-NER in yeast by stalling RNA polymerase II, imply-
ing that TC-NER may play a broader role in repairing nonbulky
DNA lesions than previously appreciated. While our data suggest
that TC-NER repairs certain classes of alkylation damage in yeast,
it is not clear if TC-NER plays a similar role in mammalian cells.
A previous study reported that there was no strand bias in the re-
pair of 3meA lesions at the DHFR gene in a BER-deficient murine
cell line lacking AAG (Plosky et al. 2002), even though NER con-
tributes to NMP lesion removal at this locus. It will be important
to analyze the genome-wide repair of alkylation damage in human
cells, since these findingsmayhave important implications for un-
derstanding the molecular basis of transcriptional asymmetries in
mutations found inmany human cancers (Alexandrov et al. 2013;
Roberts and Gordenin 2014).

Methods

MMS treatment, NMP-seq library preparation, and sequencing

Yeast cells (BY4741) were grown in YPD (yeast extract, peptone,
dextrose) medium to OD600≈ 0.8. MMS (Sigma-Aldrich) was add-
ed to the yeast culture to a final concentration of 0.2% (v/v) or
0.4%, and incubated at 30°C for 10 min with shaking to induce al-
kylation damage. Cell pellets were spun down and washed twice
with sterile deionized water to remove remaining MMS. Aliquots
were taken before adding MMS and immediately after MMS incu-
bation for “No MMS” and “MMS 0-h” samples, respectively. The
remainder of the cells was resuspended in prewarmed YPD medi-
um and incubated in a 30°C shaker, and samples were collected
at different repair times as indicated. For chronic MMS treatment,
yeast cells (OD600≈ 0.6) were grown in YPD containing 0.02%
MMS for 3 h. MMS was then removed, and cells were collected
for DNA isolation.

Yeast genomicDNAwas isolated as previously described (Mao
et al. 2016). The procedure of NMP-seq library preparation is sim-
ilar to our published CPD-seq method (Mao et al. 2016), except
that damaged DNA was incubated with recombinant human
AAG glycosylase (AAG 1-79Δ, a gift from Dr. Leona Samson at
MIT) to cleave NMPs. The resulting abasic sites were further pro-
cessed by incubating DNA with recombinant AP endonuclease
APE1 (NEB) to generate new 3′OHs at NMP sites. The resulting li-
brary was amplified for approximately five cycles by PCR, using
primers complementary to trP1 and A, size-selected with AMpure
XP beads, and sequenced on an Ion Torrent Proton platform
(Life Technologies). Validation of the NMP-seq library, including
trP1 ligation, free 3′OH blocking, and A adaptor ligation, was con-
ducted as previously described for CPD-seq damagemapping (Mao
et al. 2016). DNAadaptor and primer sequences are provided in the
Supplemental Methods.

NMP-seq data analysis

NMP-seq data analysis was performed using a modified version of
the published protocol for analyzing CPD-seq data (Mao et al.
2016). A detailed description of the data analysis methods is pro-
vided in the Supplemental Methods.

Accumulation of MMS-induced mutations in yeast

Diploid wild-type or mag1Δ yeast (BY4743) accumulated muta-
tions by being repeatedly passaged on YPDA media containing
0.016%MMS. Briefly, individual colonies were streaked for singles
on YPDA supplemented with 0.016%MMS, then allowed to grow

for 48 h. Then, a single colony unique to each streak was picked
and struck out onto another MMS-containing YPDA plate. This
was repeated for 10 passages. Total genomic DNA was purified
from 24 independentWT andmag1Δ isolates, sequenced, andmu-
tations called similar to Sakofsky et al. (2014). A detailed descrip-
tion of these methods and the analysis of the mutation
distribution are provided in the Supplemental Methods. All muta-
tions identified are listed in Supplemental Table S2.

Data access

The NMP-seq data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE98031. The MMS-in-
duced mutation sequencing data from this study have been sub-
mitted to the NCBI Sequence Read Archive (SRA; https://www.
ncbi.nlm.nih.gov/sra) under accession number SRP105152.
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