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Ultraviolet (UV) light induces different classes of mutagenic photoproducts in DNA,
namely cyclobutane pyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs), and
atypical thymine—adenine photoproducts (TA-PPs). CPD formation is modulated by
nucleosomes and transcription factors (TFs), which has important ramifications for
Ultraviolet (UV) mutagenesis. How chromatin affects the formation of 6-4PPs and
TA-PPs is unclear. Here, we use UV damage endonuclease-sequencing (UVDE-seq)
to map these UV photoproducts across the yeast genome. Our results indicate that
nucleosomes, the fundamental building block of chromatin, have opposing effects on
photoproduct formation. Nucleosomes induce CPDs and 6-4PPs at outward rotational
settings in nucleosomal DNA but suppress TA-PPs at these settings. Our data also indi-
cate that DNA binding by different classes of yeast TFs causes lesion-specific hotspots
of 6-4PPs or TA-PPs. For example, DNA binding by the TF Rap1 generally suppresses
CPD and 6-4PP formation but induces a TA-PP hotspot. Finally, we show that 6-4PP
formation is strongly induced at the binding sites of TATA-binding protein (TBP),
which is correlated with higher mutation rates in UV-exposed yeast. These results indi-
cate that the formation of 6-4PPs and TA-PPs is modulated by chromatin differently
than CPDs and that this may have important implications for UV mutagenesis.

6-4 photoproducts | thymine-adenine photoproduct | TA photoproduct | nucleosome |
transcription factor binding site

Exposure to ultraviolet (UV) light induces mutagenic lesions in cellular DNA, including
cyclobutane pyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs), and atypical thy-
mine-adenine photoproducts (TA-PPs) (1-4). CPDs and 6-4PPs form between neigh-
boring pyrimidine bases, with CPDs comprising 75 to 90% of UV damage and 6-4PPs
comprising 10 to 20% of UV damage (1). Although CPD and 6-4PP formation both
involve creating covalent bonds between neighboring pyrimidine bases, the necessary
photochemistry is quite different (S7 Appendix, Fig. S1A). CPDs form in a rapid
UV-induced [2+2] cycloaddition reaction between the C5-C6 double bonds of neigh-
boring pyrimidines. In contrast, 6-4PPs are created in a slower two-step reaction that
proceeds through a UV-induced oxetane (or azetidine) intermediate (1). TA-PPs also form
via a distinct photochemical reaction (S Appendix, Fig. S1B), in this case between neigh-
boring thymine and adenine bases (3, 5), but the abundance and genomic distribution
of TA-PPs in UV-irradiated cells are unknown. To what extent these differences in pho-
tochemistry influence the formation of these distinct UV photoproducts in chromatin is
also not well understood.

The efficiency of CPD formation is modulated by distortions in the DNA structure
caused by DNA-bound proteins (6, 7), which has important ramifications for UV
mutagenesis in skin cancers (8). For example, the wrapping of DNA around the histone
octamer induces a ~10 base pair (bp) periodicity to CPD formation in nucleosomes, with
elevated CPD formation at outward rotational settings, where the DNA minor groove
faces away from the histone octamer, and suppressed CPD formation at inward rotational
settings (6, 7, 9—12). Similarly, the binding of many transcription factors (TFs), including
yeast Reb1 and Abf1, suppresses CPD formation (10), while binding by the ETS family
of TFs in human cells induces a DNA conformation that is more susceptible to CPD
formation (13-15). Modulation of CPD formation by DNA-bound proteins has impor-
tant ramifications for UV mutagenesis, as somatic mutation rates in human skin cancers
are elevated at ETS binding sites (8, 14-16) and are modulated by the rotational setting
of nucleosomal DNA (11, 12).

The formation of 6-4PPs is also thought to be modulated by DNA-bound proteins
but in a manner distinct from that of CPDs. Previous studies have indicated that, unlike
CPD formation, 6-4PP formation is elevated in linker DNA relative to nucleosomal
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Significance

Ultraviolet (UV) light is the
primary etiological agent for skin
cancer because it induces lesions
in DNA. Previous studies have
shown that the formation of the
major class of UV damage
[cyclobutane pyrimidine dimers
(CPD) lesions] is significantly
modulated by chromatin. UV also
induces less common 6-4
photoproducts (6-4PP) and
atypical thymine-adenine (TA)
photoproducts in DNA, but the
effects of chromatin-bound
proteins on their formation are
unclear. Here, we report maps of
these rare and atypical
photoproducts across the yeast
genome. Our data indicate that a
number of DNA-bound proteins
significantly alter the formation
of 6-4PP and TA photoproducts,
in a manner distinct from that of
CPD lesions. We further show
that 6-4PP hotspots promote UV
mutagenesis.
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DNA and shows weak or nonexistent rotational periodicity
within nucleosomes (17, 18). This has been attributed to the
fact that 6-4PPs cause a greater distortion in the DNA structure
than CPDs, so that 6-4PPs may not be readily accommodated
or form in the tightly wrapped nucleosomal DNA (6). However,
a recent bioinformatics analysis of a genome-wide High sensi-
tivity-damage-sequencing (HS-Damage-seq) map of 6-4PPs (19)
suggests that 6-4PPs may show rotational periodicity in nucle-
osomes in UV-irradiated human cells (11). In addition, 6-4PP
formation has also been reported to be modulated by TFs,
including TATA-binding protein (TBP) in yeast (20) and in vitro
(21) and Nuclear Transcription Factor Y in human cells (19,
22). However, whether 6-4PPs hotspots at these or other TF
binding sites are associated with elevated UV mutation rates is
unknown.

UV light also induces rare atypical TA-PPs at thymine—adenine
sequences (3, 4). We have recently shown that TA-PPs make sig-
nificant contributions to UV mutagenesis in yeast and may also
induce somatic mutations in human skin cancers (23). It has been
reported that DNA binding by TBP may modulate TA photo-
product formation in vitro (21). However, the extent to which
DNA-bound proteins or nucleosomes modulate TA photoproduct
formation in cellular DNA is unclear.

Methods for mapping genome-wide distribution of CPD lesions
have proven to be powerful tools for elucidating how DNA-bound
proteins modulate CPD formation (10, 13-14, 15). Here, we use
amethod called UV damage endonuclease-sequencing (UVDE-seq)

(24) to characterize the genome-wide formation of 6-4PPs and TA
photoproducts at single-nucleotide resolution in UV-irradiated yeast
cells.

Results

UVDE-seq Method for Mapping Rare and Atypical UV Photoproducts.
To map 6-4PPs and atypical UV photoproducts at single-nucleotide
resolution across the genome, we used the UVDE-seq method
(Fig. 14). This method is similar to our published CPD-seq method
for mapping CPD lesions (10, 25) but differs in two important
aspects (23, 24). First, the ultraviolet damage endonuclease (UVDE)
enzyme was used to cleave DNA lesions, due to its broad substrate
specificity in cleaving a variety of UV photoproducts, including
cis-syn and trans-syn CPDs, 6-4PPs, and TA-PPs, as well as other
DNA lesions (e.g., cisplatin adducts) (23, 26-28). Second, CPD
photolyase was used to remove CPD lesions prior to UVDE cleavage,
in order to specifically detect non-CPD photoproducts. This step was
optimized using T4 endonuclease V (T4 endoV) digestion, which
cleaves specifically at CPD lesions, and alkaline gel electrophoresis.
Alkaline gel analysis revealed little, if any, cleavage of the UV-irradiated
genomic DNA (gDNA) by T4 endoV following CPD photolyase
treatment (S/ Appendix, Fig. S2, lane 8), confirming CPD removal
by photolyase. In contrast, UVDE still readily digested the CPD
photolyase-treated DNA (87 Appendix, Fig. S2, lane 9), reflecting
UVDE dleavage of 6-4PPs and other atypical UV photoproducts
(e.g., TA-PP, see below).
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Fig.1. UVDE-seq method for mapping UV-induced 6-4PPs and atypical lesion formation across the eukaryotic genome. (4) Schematic of the UVDE-seq method.
Induction of damage with UVC light induces both CPD lesions (indicated as T=T) and 6-4PPs (indicated as T=C). Treatment with CPD photolyase repairs CPDs,
leaving only 6-4PPs and atypical lesions to be cleaved by UVDE. The first (trP1) adapter is colored green, and the second (A) adapter is in purple. (B) UVDE-seq
reads mapping putative lesions at different dinucleotide sequences. Enrichment of UVDE-seq reads was observed at canonical dipyrimidine sequences (TC,
TT, CC, and CT) as well as atypical TA sequences in comparison to unexposed (No UV) samples. (C) Schematic of control library preparation. Samples were UV-
irradiated and processed through UVDE-seq library preparation including CPD photolyase treatment. Samples were then split, and half were treated with UVDE
to map 6-4PPs, while the others were treated with T4 endonuclease V and Ape1 to map CPD lesions as described in our published CPD-seq method (10). (D
and E) Analysis of reads mapped to putative lesion sites following UVDE-seq (D) and CPD-seq (£) library preparation (see C for more details) for UV-irradiated
yeast cells (UV 0 h) and unirradiated controls (No UV). CPD-seq reads were generally not enriched relative to the No UV control at lesion-forming dipyrimidines,
confirming CPD photolyase treatment is sufficient for the removal of all CPD lesions prior to UVDE treatment.

20of 11 https://doi.org/10.1073/pnas.2216907120 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2216907120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216907120#supplementary-materials

The UVDE-seq method was used to map 6-4PPs and poten-
tially other UV photoproducts in wild-type (WT) yeast cells
immediately following UV irradiation (i.e., 0 h). Analysis of the
UVDE-seq data revealed that reads are specifically enriched at
dipyrimidine sequences in the UV-irradiated cells (UV 0 h) rela-
tive to the No UV control (Fig. 1B and SI Appendix, Fig. S3A),
consistent with UV-induced 6-4PP formation at dipyrimidine
sequences. Moreover, the frequency of UVDE-seq reads associated
with each dipyrimidine sequence matches the expected propensity
of 6-4PP formation (e.g., TC > TT > CC > CT) observed in
previous studies (1). Notably, UVDE-seq reads are also enriched
at TA lesion sites following UV irradiation (Fig. 1B and
SI Appendix, Fig. S3A), consistent with our previous publication
and a prior report suggesting that UVDE cleaves at atypical thy-
mine-adenine (TA) photoproducts (23, 28).

To confirm that UVDE-seq reads at dipyrimidine sequences
reflect 6-4PPs, and not the more abundant CPDs, we prepared
genomic DNA from UV-irradiated yeast cells and processed this
DNA through the CPD photolyase step of the UVDE-seq method
(Fig. 1A). Part of the DNA was then continued through the
remainder of the UVDE-seq protocol, while the other part was
then processed using our published CPD-seq method using T4
endonuclease V to map CPD lesions (Fig. 1C). Analysis of the
resulting UVDE-seq data revealed significant enrichment at dipy-
rimidine and TA sequences (Fig. 1D), consistent with previous
experiments. In contrast, there was little to no enrichment of
CPD-seq reads at dipyrimidine sequences following the CPD
photolyase treatment (Fig. 1E), confirming that CPD lesions were
completely removed by the photolyase treatment during the
UVDE-seq protocol. These control experiments confirm that
UVDE-seq specifically detects 6-4PPs at dipyrimidine sequences.

Rotational Positioning of DNA in Nucleosomes Regulates 6-4PP
Formation in Yeast. While it is well-established that the rotational
setting of the DNA in nucleosomes modulates the formation of
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CPD lesions, the impact of nucleosomes on UV-induced 6-4PP
formation is less clear. It has been previously suggested that 6-4PPs
are elevated in linker DNA and are only weakly modulated in
nucleosomes (6, 17, 18), but a recent bioinformatics analysis
of human HS-Damage-seq data (19) indicated that 6-4PPs are
elevated at outward rotational settings in nucleosomes (11). To
investigate the impact of rotational and translational positioning
of nucleosomal DNA on 6-4PP formation, we analyzed the
frequency of 6-4PPs mapped using our UVDE-seq data in yeast
among a set of ~10,000 strongly positioned nucleosomes (10,
29). To specifically analyze 6-4PPs, we only analyzed UVDE-
seq reads associated with 6-4PP-forming dipyrimidine sequences
(Fig. 1B); UVDE-seq reads associated with TA dinucleotides or
other nondipyrimidine sequences were excluded from this analysis.
To account for effects of DNA sequence bias in nucleosomal
DNA, we also used UVDE-seq to analyze 6-4PP formation on
isolated yeast genomic DNA that was UV irradiated in vitro
(SI Appendix, Fig. S3B). The cellular UVDE-seq data (UV 0 h)
was then normalized using these naked DNA controls, in order
to remove the effects of DNA sequence bias on 6-4PP formation.

This analysis revealed that 6-4PP formation is modulated by
the rotational setting of DNA in strongly positioned nucleosomes
(Fig. 2A). Of note, 6-4PP enrichment relative to the naked DNA
control is specifically increased at outward rotational settings in
nucleosomal DNA (outward rotational settings are indicated by
dashed lines in Fig. 24) and decreased at inward rotational set-
tings. This pattern of 6-4PP formation in nucleosomes has a peri-
odicity of 10.1 bp, corresponding to the helical repeat length of
DNA, and a signal-to-noise ratio (SNR) of 129 (Fig. 24), which
quantifies the strength of the periodicity in nucleosomes (11, 30).
This periodic pattern of 6-4PP formation is essentially absent in
a control set of ~7,500 weakly positioned nucleosomes (SNR ~
10.2; Fig. 2B), indicating that the rotational periodicity in 6-4PP
formation is dependent upon the strength of nucleosome posi-
tioning. In strongly positioned nucleosomes, peaks of 6-4PP
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Fig. 2. Rotational positioning of DNA in nucleosomes regulates 6-4PP formation in yeast and human cells. (A and B) Rotational periodicity of 6-4PPs within ~10,000
strongly positioned (A) and ~7,500 weakly positioned (B) yeast nucleosomes, derived from a published map of yeast nucleosome positions (29). Dashed lines
correspond to outward rotational settings. UVDE-seq reads for 6-4PPs in UV-irradiated yeast cells (UV 0 h) were normalized to UVDE-seq reads for 6-4PPs from
naked DNA controls, in order to account for DNA sequence biases in nucleosomal DNA and calculate 6-4PP enrichment. The peak periodicity and signal-to-noise
ratio (SNR), which quantifies the strength of the periodicity (11, 30), are shown for 6-4PP enrichment in nucleosomes. (C) 6-4PPs data from panel A plotted against
CPD enrichment within strongly positioned yeast nucleosomes, using published CPD-seq data (10). (D) Analysis of translational periodicity of 6-4PP enrichment
in nucleosomal DNA (blue) relative to linker DNA (red) in strongly positioned (29). Dashed lines at =73 and +73 represent the border between nucleosomal and
linker DNA. (E and F) Translational periodicity of £ 6-4PP or F CPD enrichment in a 1,000-bp window centered on strongly positioned nucleosomes (29). Red
indicates likely location of linker DNA. Peak translational periodicity and its SNR was calculated using mutperiod (30).
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enrichment at outward rotational settings precisely coincide with
peaks of CPD enrichment (Fig. 2C), based on analysis of our
published yeast CPD-seq data (10). However, the magnitude of
damage enrichment at outward rotational settings is weaker for
6-4PPs than for CPDs (Fig. 2C).

In contrast, 6-4PP formation is not elevated in linker DNA
immediately adjacent to either strongly or weakly positioned nucle-
osomes (Fig. 2D and SI Appendix, Fig. S4). To further investigate
this question, we analyzed the effects of translational positioning on
6-4PP enrichment in a 1,000-bp window centered on each strongly
positioned nucleosome. This analysis indicated that 6-4PP forma-
tion is not elevated in linker DNA (red line segments in Fig. 2E)
but is actually slightly higher in nucleosome core DNA (blue line
segments), presumably due to 6-4PP enrichment at outward rota-
tional settings. Analysis of published CPD-seq data showed a similar
pattern of elevated damage levels in nucleosomal DNA relative to
linker regions (Fig. 2F). We also examined 6-4PP formation in
nucleosomal DNA and nucleosome-free regions (NFRs) near the
transcription start site (TSS) of yeast genes. 6-4PP enrichment in
UV-irradiated cells (relative to the naked DNA control) is elevated
at positioned nucleosomes but also shows a small peak in damage
induction in the NFR (87 Appendix, Fig. S5A), which can be attrib-
uted to 6-4PP induction at TBP-bound TATA sites (see below).

One possible caveat is that 6-4PPs are rapidly repaired by the
global genomic-nucleotide excision repair (GG-NER) pathway in
yeast, being removed within minutes after UV irradiation (31).
Although the UV 0 h cells were harvested and frozen immediately
after UV irradiation, it is possible that some 6-4PPs were repaired
during cell harvesting and freezing, particularly in accessible linker
DNA. To test this possibility, we repeated the UV 0 h UVDE-seq
experiments in a GG-NER-deficient 72416A mutant strain
(SI Appendix, Fig. S6A). Analysis of 6-4PP formation in strongly

positioned nucleosomes (relative to the naked DNA control)

showed a rotational periodicity of 6-4PP formation in rad16A
mutant cells (S7 Appendix, Fig. S6B) similar to that observed in
WT cells. Moreover, 6-4PP formation was slightly elevated in
nucleosomal DNA relative to linker DNA in 72d16A cells
(SI Appendix, Fig. S6 Cand D), similar to WT cells. This analysis
indicates that the lack of 6-4PP induction in linker DNA is not
a consequence of repair, since essentially the same pattern of 6-4PP
formation is observed in GG-NER-deficient cells.

TA Photoproducts Show a Unique Pattern of Damage Formation
in Nucleosomes. UV light also induces the formation of atypical
TA photoproducts (3, 4), but the impact of DNA-bound proteins
and chromatin on their formation is poorly understood. To
accurately map TA-PPs in yeast chromatin, we developed an
improved version of our method, which we call UVDE-High
Sensitivity-seq (UVDE-HS-seq), which reduced background
reads associated with aberrant DNA cleavage during the CPD
photolyase step (Materials and Methods). Analysis of UVDE-
HS-seq reads revealed that they are specifically enriched at
dipyrimidine sequences and TA dinucleotides in the UV-irradiated
cells (UV 0 h) data (S Appendix, Fig. S7 A and B), consistent with
our previous UVDE-seq data (Fig. 1B). Importantly, the No UV
control showed relatively lower read counts than those from the
previous iteration of UVDE-seq, most notably in T-containing
dinucleotide sequences. This reflects a reduction in background,
which is important for accurately mapping the low abundance TA
photoproducts across the genome.

Analysis of UVDE-HS-seq reads associated with 6-4PPs-forming
dipyrimidine sequences revealed a nearly identical pattern of 6-4PP
formation in nucleosomes as our original UVDE-seq analysis
(SI Appendix, Fig. S7 C-F). However, analysis of TA-PP formation
using the UVDE-HS-seq method revealed a unique pattern of
damage formation in strongly positioned nucleosomes (Fig. 34).
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Fig.3. TA photoproducts show a unique pattern of damage formation in nucleosomes. (A) Rotational periodicity of cellular TA-PPs within all (~10,000) strongly
positioned yeast nucleosomes (29). Data plotted as number of UVDE-seq reads at TA sequences normalized by the number of TA dinucleotides. Dashed lines
correspond to outward rotational settings. (B) Rotational periodicity of TA-PP enrichment (TA-PP in UV-irradiated cells relative to the UV-irradiated naked DNA
control) in strongly positioned yeast nucleosomes (29). Peak periodicity of TA-PP enrichment and its signal-to-noise ratio (SNR) are indicated. (C) Normalized
TA-PP (Left) and TA-PP enrichment (Right) are elevated at inward rotational settings relative to outward rotational settings. Rotational settings derived from a
previous study (32). ***P < 0.0001, based on Mann-Whitney test. (D) Translational periodicity of normalized TA-PPs in nucleosomal (blue) and linker DNA (red)
in ~10,000 strongly positioned nucleosomes (29). Dashed lines at —=73 and +73 represent the border between nucleosomal and linker DNA. (£) Translational
periodicity of TA-PPs across multiple yeast nucleosomes, with a 1,000-bp window centered on each strongly positioned nucleosome. TA-PP enrichment from
UV-irradiated cells is depicted. Regions of linker DNA are shown in red. Peak translational periodicity of TA-PPs, and its SNR are indicated. (F) Model showing
TA-PP formation (purple explosion) is elevated at inward rotational settings, while CPD formation (green explosion) is elevated at outward rotation settings in
nucleosomes. Nucleosome image was generated from PDB ID 1id3 and visualized using PyMOL.
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Unlike CPDs and 6-4PPs, TA-PP formation is decreased at out-
ward rotational settings in nucleosomes (Fig. 34, dashed lines
indicate outward rotational settings), even after normalizing to the
naked DNA control (Fig. 3B). Instead, TA-PP formation is ele-
vated at inward rotational settings in strongly positioned nucle-
osomes, resulting in a ~10.2 bp periodicity of TA-PP formation in
nucleosomes (SNR of 53.8).

To confirm that TA-PP formation is modulated by rotational
setting in nucleosomes, we compared the normalized TA-PP
formation at all positions in nucleosomes associated with an
outward rotational setting (minor-out) to those positions asso-
ciated with an inward rotational setting (minor-in), using pre-
viously published rotational positioning data in nucleosomes
(32). This analysis revealed that in UV-irradiated cells, TA-PP
formation is significantly elevated at minor-in positions relative
to minor-out (P < 0.0001, Lef panel of Fig. 3 C). Moreover,
TA-PP enrichment in UV-irradiated cells relative to the naked
DNA control is also higher at minor-in positions relative to
minor-out (P < 0.0001; Right panel of Fig. 3 C). This periodic
pattern of TA-PP formation is largely absent within weakly posi-
tioned nucleosomes (SI Appendix, Fig. S8A). Taken together,
these data indicate that positioned nucleosomes promote TA-PP
formation at inward rotational settings and suppress TA-PP for-
mation at outward settings.

TA-PP enrichment is also elevated at positions near the central
nucleosome dyad positions (Fig. 3B). Analysis of TA-PP forma-
tion in linker DNA adjacent to strongly positioned nucleosomes
revealed that TA-PP enrichment in linker DNA is lower than that
within nucleosomes (Fig. 3D). This pattern of TA-PP formation
is not apparent when analyzed among a control set of ~7,500
weakly positioned nucleosomes (87 Appendix, Fig. S8B), indicat-
ing that it is dependent on the strength of nucleosome position-
ing. Analysis of TA-PP formation across a 1,000-bp window
centered on strongly positioned nucleosomes (Fig. 3E) confirmed
that TA-PP enrichment is elevated in nucleosome core DNA rel-
ative to linker DNA with a periodicity of 165 bp, corresponding
to the known nucleosome repeat length of ~160 to 165bp in yeast
(33). TA-PP enrichment is also lower in NFRs upstream of TSS
of yeast genes relative to neighboring nucleosomes (87 Appendix,
Fig. S5B). Taken together, these findings suggest the following
conclusions: 1) Neither 6-4PPs nor TA-PPs are elevated in linker
DNA and 2) 6-4PDs are elevated at outward rotational settings
in nucleosomes, similar to CPDs, but TA-PPs are suppressed at
minor out positions (Fig. 3F).

Transcription Factor Binding Modulates 6-4PP and TA-PP
Formation in Yeast. Since TF binding can affect the formation
of UV-induced CPDs and 6-4PPs in human cells (13-15, 19,
22, 34), we investigated to what extent TF binding modulates
the formation of 6-4PPs in yeast. We analyzed the enrichment of
6-4PPs in UV-irradiated cells relative to the naked DNA control
(using UVDE-HS-seq data) in the binding sites of 32 distinct
TFs identified by high-resolution ChIP-exo data from yeast (35,
36). This analysis identified four TFs (i.e., Hap3, Hap5, Lys14,
and TBP) that strongly induce 6-4PPs and two TFs (i.e., Rapl
and Rebl) that strongly suppress 6-4PP formation (Fig. 4A).
Closer inspection of 6-4PP enrichment at 339 Rebl binding
sites (identified by ChIP-exo) confirmed that 6-4PP formation
is primarily suppressed by Rebl binding (Fig. 4B). In contrast,
there is little, if any, modulation of 6-4PP formation at a control
set of low occupancy Rebl sites (S Appendix, Fig. S9A), even
though these sites have a nearly identical DNA motif (10, 37).
Taken together, these data indicate that 6-4PP modulation is
specifically associated with Rebl binding. Unlike Rebl, DNA
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binding by both the Hap3 and Hap5 TFs strongly induces 6-4PP
formation in yeast (Fig. 44). Since these TFs bind DNA as a
complex (along with Hap2), we analyzed 6-4PP formation at all
Hap2/3/5 binding sites identified by ChIP-exo (36). The results
confirmed that 6-4PP formation is strongly induced (~sevenfold)
at Hap2/3/5 binding sites in UV-irradiated cells relative to the
naked DNA control (Fig. 4C).

Since Reb1 and other TFs in yeast have previously been shown
to modulate the formation of UV-induced CPD lesions (10), we
used our published CPD-seq data to compare CPD and 6-4PP
enrichment at each class of TF binding sites. This analysis revealed
a weak but significant correlation (r = 0.48, P = 0.019) between
overall CPD and 6-4PP enrichment among the different classes
of TF binding sites (Fig. 4D). However, closer inspection of TFs
that had a similar level of CPD and 6-4PP enrichment overall
(e.g., Rebl or Hap3/5) revealed key differences in the detailed
patterns of UV damage formation (87 Appendix, Fig. S9 Band C
and Fig. 4 F and F). Although both 6-4PP and CPD formation
are decreased in Reb1 sites, closer inspection revealed that 6-4PP
formation is primarily suppressed at CC dinucleotides at the 3’
end of the Reb1-bound TTACCC motif (Fig. 4E), while CPD
formation is primarily suppressed at the 5"TT dinucleotide (10).
Similarly, although both 6-4PP and CPD formation are elevated
at Hap2/3/5 binding sites, 6-4PP formation is primarily induced
(~sevenfold) at a conserved CC dinucleotide on the plus strand
of the binding motif (CCAAT), while CPD formation is primarily
induced (~eightfold) ata TT dinucleotide on the minus strand of
the binding motif (Fig. 4 F and G). 6-4PP formation is also
induced at this TT dinucleotide, although to a lesser extent
(~threefold; see Fig. 4 Fand G). Analysis of individual Hap2/3/5
binding sites revealed that most binding sites have both elevated
CPDs and 6-4PPs in UV-irradiated yeast relative to the naked
DNA control (8] Appendix, Fig. $10). Additionally, overall CPD
and 6-4PP enrichment differed markedly at a number of other
TF binding sites, including those of TBP and Lys14 (Fig. 4D).

We performed a similar analysis of TA-PP formation using the
UVDE-HS-seq data, focusing just on 7 classes of TFs with a suf-
ficient number of binding sites to reliably detect patterns of
TA-PP (Fig. 5A4). While we did not observe any significant change
in overall TA-PP formation at the binding sites of most TFs, this
analysis revealed that TA-PPs are induced (~threefold) at the center
of Rap1 binding sites (Fig. 5 A and B). Closer inspection revealed
that TA-PPs are induced at a TA dinucleotide at positions +1/+2
in the Rapl binding motif, a sequence that occurs in approxi-
mately half (88 out of 163) of Rap1 binding sites (Fig. 5C). There
is also enrichment of TA-PPs at the neighboring —1/0 position in
the binding motif; although only 2 out of 163 binding sites have
aTA dinucleotide at this position. Similar analysis of the CPD-seq
data at Rapl binding sites indicates that CPD levels are also
induced (-twofold) at positions +2/+3 in the binding motif
(Fig. 5 C, Lower), partially overlapping with the location of the
TA-PP hotspot. However, CPD levels elsewhere in the Rap1 bind-
ing motif are generally suppressed. Since TA dinucleotides are
palindromes, TA-PP can form on either DNA strand. Analysis of
strand-specific TA-PP formation (Fig. 5D) revealed that TA-PPs
are specifically induced (~fivefold) at the TA dinucleotide on the
plus strand (e.g., 5'-CACCCATACA-3’) and are suppressed (-0.5-
fold) at the TA dinucleotide on the minus strand (e.g.,
5'-TGTATGGGTG-3"). Comparison of overall TA-PP enrich-
ment with CPD or 6-4PP enrichment at different classes of bind-
ing sites (Fig. 5 £ and F) revealed no significant correlation (r =
-0.19 and r = -0.31, respectively, P> 0.05), suggesting that TA-PP
formation at TF binding sites is distinct from canonical photo-
products. In summary, these findings indicate that DNA binding
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Fig.4. DNAbinding by yeast TFs Hap2/3/5 and TBP induce 6-4PP formation, while Reb1 suppresses 6-4PP. (A) Plot of 6-4PP enrichment (6-4PPs in UV-irradiated
cells relative to the UV-irradiated naked DNA control) relative to total count of 6-4PPs at core binding sites (within 4 bp of binding site midpoint) of 32 different
TFs. TF binding site data are derived from published ChIP-exo experiments (35, 36). Only TF binding site classes with at least a count of 150 6-4PPs in both the
cellular and naked DNA experiments are depicted. (B and C) Formation of 6-4PPs within (B) Reb1 and (C) Hap2/Hap3/Hap5 binding sites across the yeast genome.
Enrichment of each class of photoproducts in UV-irradiated cells relative to the naked DNA control is plotted. (D) Same as panel A, except that 6-4PP enrichment
is compared to CPD enrichment at the same binding sites. Pearson correlation coefficient (r) calculated using Graphpad Prism. (E and F) Closer examination of
6-4PP (Middle) and CPD (Bottom) enrichment within (E) Reb1 and (F) Hap2/Hap3/Hap5 binding sites. Top panel is the consensus sequence of each set of binding
sites, created using weblogo (38). (G) Schematic showing that 6-4PP formation (blue explosion) is elevated at CC dinucleotide (and to a lesser extent at the TT
dinucleotide) in Hap2/Hap3/Hap5 binding sites, while CPD formation (green explosion) is elevated only at the TT dinucleotide on the opposite DNA strand.

by Rap1, an essential TF that regulates ribosomal protein expres-
sion and telomeric silencing (39), results in a strand-specific induc-

tion of TA-PPs (Fig. 5G).

6-4PP Hotspot at TBP-Bound TATA Sites Coincides with a
Mutation Hotspot in UV-Irradiated Yeast. Previous studies have
indicated that CPD hotspots at ETS and CTCF binding sites in
human cells coincide with mutation hotspots in skin cancers (14,
15, 34, 40, 41); however, whether 6-4PP or TA-PP hotspots are
also associated with mutation hotspots is unknown. To test this
hypothesis, we analyzed a data set of ~46,000 single-nucleotide
variants identified by genome sequencing of yeast cells repeatedly
exposed to UV light (23). While we identified 6-4PP or TA-PP
hotspots at Rap1, Lys14, Hap2/3/5, and TBP binding sites (Figs. 4
and 5), we focused only on TBP binding sites, as there are too
few Rapl, Lys14, and Hap2/3/5 binding sites to reliably measure
UV mutation frequency. Analysis of UV photoproduct formation
at 713 TBP-bound TATA sites, derived from ChIP-exo data in
yeast (35), revealed a striking peak of 6-4PP enrichment in UV-
irradiated cells relative to the naked DNA control (Fig. 64). In
contrast, there is no apparent enrichment of CPDs or TA-PPs

https://doi.org/10.1073/pnas.2216907120

(Fig. 6 Band C). Notably, TBP binding sites coincide with, and
can potentially account for, the peak of 6-4PP formation in NFRs
of yeast genes (SI Appendix, Fig. S5C). High-resolution analysis of
damage formation at TATA sites revealed that 6-4PPs are primarily
induced at TT dinucleotides on the opposite strand at positions
-1/0 and 0/+1 relative to the TATA motif midpoint (S] Appendix,
Fig. S11).

Only a subset (291 out of 713) of TBP-bound TATA sites have
lesion-forming dipyrimidines at these positions in the TATA
motif, and 6-4PP formation is specifically enriched (-fivefold,
Fig. 6D) at this subset of motifs (i.e., TATAAA consensus). The
peak of 6-4PP formation coincides with a peak of mutation den-
sity in the UV-exposed yeast (Fig. 6E), and mutations in this sub-
set of TATA sites are significantly elevated relative to the expected
mutation frequency based on DNA sequence context (P < 0.001).
In contrast, a control set of 2,182 sites matching the TATAAA
consensus, but located inside of genes (and therefore unlikely to
be bound by TBP), did not show elevated mutation density in
UV-irradiated yeast (P> 0.05). High-resolution analysis of TBP-
bound TATAAA sites revealed that elevated 6-4PP density at posi-
tions —-1/0 and 0/+1 in UV-irradiated cells (but not UV-irradiated
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are depicted. (B) Formation of TA-PPs within Rap1 binding sites across the yeast genome. Enrichment of TA-PPs in UV-irradiated cells relative to the naked DNA
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naked DNA) coincides with significantly higher mutation density
at positions -1 and 0 (P < 0.05, Fig. 6F). Twelve out of the 13
mutations at positions -1 and 0 are T>C substitutions occurring
at the 3’ position of TT dinucleotide. These mutation spectra
match the experimentally derived spectra of a chemically synthe-
sized TT 6-4PPs in yeast (42), consistent with the model that this
mutation hotspot is caused by 6-4PPs. In contrast, 6-4PP enrich-
ment and UV mutation density are not significantly elevated at
TATA sites lacking a dipyrimidine at positions -1/0 or 0/+1 (i.e.,
TATATA sequences; Fig. 6 G and H). Taken together, these find-
ings indicate that TBP binding induces a 6-4PP hotspot at a subset
of TATA sites, which coincides with an elevated mutation rate in

UV-exposed yeast (Fig. 61).

TA-PPs Are Elevated at TAW Sequences, which Coincide with
Elevated Frequency of UV-Induced A>T Substitutions. Previous
studies have indicated that the formation of CPDs and 6-4PPs
is also modulated by the adjacent sequence context (28, 43—45);
however, whether the formation of atypical TA-PPs is similarly

PNAS 2023 Vol.120 No.10 2216907120

modulated by neighboring DNA bases is unknown. Analysis of
our UVDE-HS-seq data for UV-irradiated yeast, normalized for
the genomic frequency of each sequence context, indicates that
6-4PP lesions are elevated when a C or T base is present on the
5" side of the lesion-forming dipyrimidine (YY) and an A base is
present on the 3’ side (Fig. 74), while a 5" G base or a 3’ T base
suppresses 6-4PP formation. These findings are consistent with a
previous report that analyzed preferred sequence contexts adjacent
to 6-4PPs (28). Our data indicate that the observed sequence
context preferences are present in 6-4PPs occurring at different
dipyrimidine sequences (i.e., TC, TT, and CC dipyrimidines),
with the exception of CT sequences (SI Appendix, Fig. S12).
Analysis of 6-4PP formation in UV-irradiated naked DNA shows
a similar trend (S7 Appendix, Fig. S13A4).

Similar analysis of TA-PP formation showed distinct preferences
for neighboring sequence context. The normalized UVDE-HS-seq
dara indicated that TA-PPs are elevated when a 5" pyrimidine base
(CorT) is present, but suppressed with a 5" G base, similar to our
6-4PP data (Fig. 7B) and previous studies of CPD formation (e.g.,
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refs. 28 and 45). However, TA-PPs are highly enriched when the than TA[C/G] (i.e., TAS) sequences. In contrast, 6-4PPs form only
3" base is T or A base (Fig. 7B), while 6-4PPs are disfavored at ~1.2-fold more frequently at YY[A/T] sequences than YY[C/G]
lesion-forming sites with a 3" T base (Fig. 74). Normalized TA-PPs sequences. Similar patterns of TA-PP sequence preferences are
form threefold more frequently at TA[A/T] (i.e., TAW) sequences apparent in the UV-irradiated naked DNA (87 Appendix, Fig. S13B),
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indicating that the preferred sequence contexts are not due to mod-
ulation by cellular DNA-bound proteins but rather reflect intrinsic
sequence preferences of TA-PP formation.

Since previous studies have suggested that TA-PPs cause A>T
substitutions at the 3’ adenine base (23, 46), we wondered whether
UV-induced A>T substitutions would show similar flanking
sequence preferences. To test this hypothesis, we analyzed a data
set of 7,052 A>T substitutions identified by genome sequencing
of yeast cells repeatedly exposed to UV light (23). This analysis
indicates that UV-induced A>T mutations are enriched at both
TAA and TAT sequence contexts (underlined base is mutated),
even after normalizing for the genomic frequency of each sequence
context, mirroring the 3’ sequence preference of UV-induced
TA-PPs (Fig. 7C). In total, UV-induced A>T mutations are 4.7-
fold more frequent at TAW sequences than TAS sequences.
Analysis of normalized A>T mutation frequency in different tetra-
nucleotide sequence contexts indicated that mutation frequency
is highly correlated with normalized TA-PP frequency (S Appendix,
Fig. S14; P<0.0001). Taken together, these findings indicate that
TA-PPs show an intrinsic preference to form at TAW sequences,
which correlates with elevated A>T substitutions at these same
sequence contexts in UV-irradiated yeast (Fig. 7D).

Discussion

While previous studies have demonstrated that nucleosomes and
other DNA-bound proteins modulate the formation of
UV-induced CPD lesions (7, 8, 47), the impact of chromatin on
the formation of less abundant 6-4PPs and atypical TA-PPs across
the genome was previously unclear. Here, we describe genome-
wide maps of 6-4PPs and TA-PPs in yeast, which reveal that both
of these UV photoproducts are significantly modulated in chro-
matin. Our data indicate that 6-4PPs are elevated at outward
rotational settings in strongly positioned nucleosomes, although
to a lesser extent than CPDs, but are not elevated in adjacent linker
DNA. In contrast, TA-PPs show the opposite pattern in nucle-
osomes, being suppressed at outward rotation settings and elevated
at inward settings (Fig. 3F). Our data further reveal that a number
of TFs specifically induce 6-4PP formation, most notably
Hap2/3/5 and TBP, in a manner distinct from CPDs. The yeast
TF Rapl1 specifically induces TA-PP formation in a strand-specific
manner, indicating that atypical TA-PPs can also be modulated
by TF binding. We show that the 6-4PP hotspot associated with
a subset of TBP binding sites precisely coincides with a mutation
hotspot in UV-irradiated yeast. This finding, coupled with our
analysis of sequence preferences of TA-PPs and UV-induced A>T
substitutions, indicates that induction of these less abundant pho-
toproducts can have important ramifications for UV
mutagenesis.

Although it has long been thought that 6-4PP formation is
elevated (up to ~sixfold) in linker DNA relative to nucleosomal
DNA (6, 17), our data indicate that 6-4PPs are not specifically
elevated in linker DNA in either wild-type or repair-deficient
yeast. A key experimental difference is that the previous study
analyzed 6-4PPs levels in chromatin digested with nuclease after
UV irradiation (17). It is likely that the presence of 6-4PPs lesions
destabilizes weakly positioned nucleosomes (48), which could give
the appearance of elevated damage levels in nonnucleosomal DNA
(i.e., even though the lesion originally formed in a nucleosome).
Alternatively, this discrepancy could be a consequence of differ-
ences in linker length or chromatin organization (i.e., linker his-
tones) in yeast and human cells. This finding has important
ramifications for our understanding of 6-4PP repair since it sug-
gests that a substantial portion of 6-4PP lesions must be
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recognized and repaired by the NER machinery in the context of
nucleosomes. Our data also indicate that 6-4PPs are enriched at
outward rotational settings in nucleosomes, albeit to a lesser extent
than CPDs. These findings suggest that 6-4PP formation in nucle-
osomes largely mimics that of CPD formation, potentially as a
consequence of the same type of structural distortion in nucleo-
somal DNA. As somatic mutations in skin cancers are also elevated
at outward rotational settings in human nucleosomes (11, 12), it
is possible that elevated 6-4PP formation may contribute to
increased mutation rates at these positions in nucleosomes.

6-4PP formation is also modulated by the binding of TFs, being
suppressed at some binding site classes (e.g., Rebl, Rapl, etc.)
and strongly induced at others (e.g., Hap2/3/5, Lys14, TBD, etc.).
While CPDs are similarly affected at some of these binding site
classes (e.g., Rebl, Hap2/3/5), closer inspection revealed that the
pattern of 6-4PP formation at these binding sites is largely distinct
from that of CPDs. These findings indicate that CPD formation
does not predict how 6-4PP formation will respond to TF binding
and thus highlights the importance of mapping UV-induced
6-4PPs along with CPDs. CPD hotspots associated with TF bind-
ing sites in human cells (e.g., ETS, CTCF) have been linked to
mutation hotspots in skin cancers. Whether 6-4PP hotspots also
result in elevated mutation rates was previously unclear. Our anal-
ysis of a compendium of UV-induced mutations in yeast (23)
indicates that the 6-4PP hotspot at TBP binding sites (20, 21)
coincides with a mutation hotspot in UV-exposed yeast (Fig. 61).
These mutations are likely caused by 6-4PPs, as CPDs (and
TA-PPs) are not induced at TBP binding sites, and because the
mutation signature (TT>TC substitutions) matches the published
signature of 6-4PPs in yeast (42). It will be important to determine
whether 6-4PP hotspots in human cells are also associated with
elevated UV mutagenesis.

While UV-induced thymine-adenine photoproducts were first
detected nearly 40 y ago (4), the impact of chromatin or other
DNA-bound proteins on TA-PP formation is almost entirely
unknown. Our genome-wide map of TA-PPs indicates that their
formation is affected by both nucleosomes and certain TFs (e.g.,
Rap1). TA-PP formation in nucleosomes shows a strikingly dif-
ferent pattern than canonical UV photoproducts, as they form
more readily at inward rotational settings and less readily at out-
ward settings, exactly opposite the pattern observed for CPDs and
6-4PPs (Fig. 3F). Similarly, TA-PPs are strongly induced at Rap1
binding sites (Fig. 5G), while CPDs and 6-4PPs are generally
suppressed. Since it has recently been reported that as many as
12% of all UV-induced mutations in yeast may arise due to muta-
genic bypass of TA-PPs (23), these findings have potentially
important implications for UV mutagenesis in chromatin. Indeed,
our analysis indicates that the intrinsic preference for TA-PPs to
form at TAW sequence contexts can explain a similar enrichment
of UV-induced A>T substitutions in these sequence contexts
across the yeast genome. It will be important to determine in
future studies to what extent these patterns of TA-PP formation
affect UV mutagenesis in human skin cancers.

Materials and Methods

UVDE-seq and UVDE-HS-seq Library Preparation and Sequencing. We
adopted the emRiboSeq protocol (49) and our CPD-seq protocol (10, 14) to
create the UVDE-seq method to accurately map 6-4PP formation, as previously
described (23, 24). Briefly, cells were grown in yeast extract peptone dextrose
medium, exposed to 600 J/m? UVC light, and pelleted, and genomic DNA
(gDNA) was isolated. Cells used for naked DNA samples were collected as
described but not exposed to UVC. Following gDNA isolation, naked samples
were spotted onto a microscope cover slide on ice and exposed to 400 J/m? or
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500 J/m” UVClight. All samples were then sonicated, and DNA fragments were
treated with end-repair and dA-tailing modules (New England Biolabs), and a
double-stranded trP1 adapter was ligated to both ends of the fragments. Adapter
and primer sequences (used to confirm ligation) are listed in S/ Appendix,
Materials and Methods. Following trP1 ligation confirmation, free 3'-OH groups
were blocked with Terminal Transferase and either dideoxy ATP or dideoxy GTP.
Samples were then treated with Escherichia coli CPD photolyase under 365
nm UV light for 2 h at room temperature. Those libraries prepared using the
UVDE-HS-seq method were treated with uracil DNA glycosylase inhibitor during
CPD photolyase treatment, under the same conditions. DNA fragments were
purified and treated with Thermus thermophilus UVDE for 45 min at 55 °C. 5’
phosphate groups were removed using shrimp alkaline phosphatase, and DNA
was subsequently denatured at 95 °Cfor 5 min and snap-cooled on ice. Asecond
double-stranded adapter, the A adapter, was then ligated to the 3’-OH created
immediately downstream from the cleaved UV lesion and PCR confirmed. DNA
containing the biotin label on the A adapter was purified using Streptavidin
beads, while the DNA strand lacking the biotin label was removed using 0.15
M NaOH. The remaining single-stranded DNA was then used as a template for
second-strand synthesis, and libraries were PCR amplified using primers com-
plimentary to the trP1 and A adapters. Finally, samples were combined and
submitted for lon Proton sequencing (Life Technologies). The resulting UVDE-
seq reads were mapped to the yeast (SacCer3) genome using bowtie2 (50),
and the corresponding dinucleotide damage site was identified and counted,
as previously described (10, 14). More detail can be found in the S/ Appendix,
Materials and Methods.

UVDE-seq Control Library Preparation and Sequencing. A control library to
confirm that there was no contamination of CPDs in our UVDE-seq libraries was
performed as described above, but with the following modifications. Libraries
from UV-irradiated wild-type yeast (BY4741) were prepared and carried through
CPD photolyase incubation. Following CPD photolyase treatment and ethanol
precipitation of genomic DNA, one-half of the library was treated with T4 endonu-
clease Vand APE1 to cleave CPD lesions (as described in ref. 10), and the other was
treated with UVDE to cleave CPD, 6-4PP, and atypical lesions. Following enzyme
treatment, the samples were purified using Ampure XP beads and continued with
library preparation. Sequenced reads were then aligned to the yeast genome
using bowtie2 (50), and dinucleotide damage sites were counted. CPD- and
6-4PP-associated control reads are shown in Fig. 1 D and E. We also sequenced
a No UV control sample for the UVDE protocol, but this sample was not analyzed
further because of aberrantly high sequencing depth for this sample.

UVDE-seq Data Analysis. UVDE-seq sequencing reads were trimmed of
barcode sequences and the 3’ nucleotide of the sequencing read, and then
aligned to the SacCer3 genome using the bowtie2 software (50). The resulting
alignment files were processed with SAMtools (51) and BEDtools (52), and cus-
tom Perl scripts were used to identify the dinucleotide sequence immediately
upstream of the 5" end of each sequencing read. The dinucleotide sequence
on the opposite strand was extracted as a putative 6-4PP (or TA-PP) lesion. To
analyze UVDE-seq reads specifically associated with 6-4PPs, reads associated
with lesion-forming dipyrimidine sequences (i.e., TC, TT, CT, and CC) were iden-
tified and used for subsequent analysis. To analyze UVDE-seq reads associated
with TA-PPs, reads associated with thymine-adenine (TA) dinucleotides were
retained for analysis. Typically, both positions in the dipyrimidine nucleotide
were counted as lesion sites, except for high-resolution analysis in which the
6-4PP was assigned to a half-integer position between the two nucleotides
comprising the lesion (i.e., a lesion formed in a TT sequence at positions 12
and 13 would have a half-integer position of 12.5). Analysis of the enrichment
of UVDE-HS-seq reads associated with 6-4PPs and TA-PPs in different sequence
contexts was determined using BEDtools (52) and custom Perl scripts, after
normalizing for the genomic frequency of each sequence context across the
yeast genome (SacCer3).

CPD-seq Data Analysis. CPD-seq data mapping CPD lesions in yeast or
UV-irradiated naked DNA were derived from a previous publication (10) and
generally analyzed as described previously.

Analysis of UV Photoproduct Formation in Nucleosomes. Analysis of 6-4PP
or TA-PP formation in yeast nucleosomes was performed using a previously
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published high-resolution map of yeast nucleosome dyad positions (29). Strongly
positioned nucleosomes in this map were defined as those having a nucleosome
score of greater than 5, while weakly positioned nucleosomes had a score less
than 1, as previously described (10). Custom perl scripts were used to determine
the enrichment of 6-4PPs in UV-irradiated yeast cells relative to the UV-irradiated
naked DNA control and scaled so that there were an equivalent number of lesions
in both data sets. CPD enrichment was determined in a similar manner using
published CPD-seq data (10). TA-PP formation in nucleosomes was analyzed
in a similar manner, except that we also analyzed normalized TA-PP density in
UV-irradiated yeast, in which TA-PP counts were normalized to the number of TA
dinucleotides overlapping with each position in the nucleosome.

For nucleosome analysis, peak rotational and translational periodicity and their
corresponding signal-to-noise ratio (SNR) were determined using the mutperiod
software package (30). See SI Appendix, Materials and Methods for more details
regarding this analysis.

Analysis of UV Photoproduct Formation in TFBS. We analyzed CPD, 6-4PP,
and TA-PP formation at published yeast TF binding sites identified by ChIP-exo
(36). Analysis of photoproduct formation at TF binding sites was performed using
custom Perl scripts, as previously described (10, 14, 34). We also analyzed UV
damage formation at a set of 713 TBP-bound TATA sites, derived from published
ChIP-exo data (35),and a set of low-occupancy control Reb1 binding sites (10, 53).
Sequence logos were generated using weblogo (38), with default background
nucleotide probabilities. Additional details are described in the SI Appendix,
Materials and Methods.

UVDE Cleavage Optimization by Alkaline Gel Electrophoresis. To verify the
cleavage of UV-induced lesions by UVDE, we performed a global DNA cleavage
assay, essentially as previously described (54). Briefly, wild-type (BY4741) cells
were grown to an 0D, of ~0.8, pelleted, and resuspended in water. Cells were
then exposed to 600 J/m? UVClight, pelleted, and frozen at —80 °C. Genomic DNA
(gDNA) was isolated using a phenol:chloroform:isoamylalcohol extraction and
RNaseA treated. Samples were then treated solely or with varying combinations
of E. coli CPD photolyase, T4 endonuclease V, and T. thermophilus UVDE and
run on a 1.2% alkaline gel at 30 V for 20 h (S/ Appendix, Fig. S2). The gel was
subsequently washed, stained with SYBR gold, and imaged using the Typhoon
FLA7000 imager and ImageQuant software.

Analysis of UV-Induced Mutations in Yeast. We analyzed 45,747 single-nu-
cleotide variants derived from whole-genome sequencing of UV-exposed wild-
type, rad 16/, and rad26A diploid yeast (23). Significant enrichment of mutations
within 5 bp of the TBP binding site midpoint was determined by chi-square anal-
ysis, comparing the observed mutation count within binding sites and outside
the binding sites relative to the expected mutation count based on sequence
context. Analysis was performed both for TATA sites containing dipyrimidines at
positions —1/0 and 0/+1 relative to the motif midpoint and TATA sites not con-
taining dipyrimidines at these positions. As a control, we identified 2,182 sites
that matched the TATAAA site consensus, but were located at least 100 bp in side
of agene (i.e., atleast 100 bp from transcription start and end site of the gene),
and compared the observed to expected mutation count as described above.

For analysis of UV-induced A>T mutations, we analyzed the normalized fre-
quency of only A>Tsingle nucleotide substitutions (23) in different trinucleotide
and tetranucleotide sequence contexts. Correlation with TA-PP frequency was
determined using the Spearman correlation coefficient function in Graphpad
Prism.

Data, Materials, and Software Availability. The UVDE-seq data have been
deposited in the Gene Expression Omnibus (GEO) database under acces-
sions GSE144679 and GSE190471. The UVDE-HS-seq data were deposited in
GEO under accession GSE214217. Software code is available at https://github.
com/bmorledge-hampton19/Yeast_UVDE-seq_Analysis.
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