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Light-based footprinting of a eukaryotic genome
Linnea Ögren†, Isabella Muylaert†, Kerryn Elliott, Erik Larsson*

Identification of protein-bound DNA sites is key to understanding genome function and regulation, but studying 
protein-DNA interactions in living, unperturbed cells remains challenging. UV footprinting has been used to study 
such interactions in vivo by detecting changes in DNA photoproduct formation at protein-bound sites, but only 
on a limited scale. Here, we describe whole-genome deamination sequencing (Deam-seq), wherein photoprod-
ucts (pyrimidine dimers) induced by UV irradiation are revealed as mutations, enabling generation of quantitative 
photofootprints of the yeast Saccharomyces cerevisiae at ultradeep coverage. By comparing cellular and naked 
DNA, we find that this approach can resolve protein occupancy at high resolution without preference toward ac-
cessible regions. Cell/naked differential signals commonly aligned with predicted regulatory sites, ChIP peaks and 
DNase I protection footprints, and supported that yeast DNA binding proteins typically exhibit protective effects 
on UV damage. Our results provide proof of concept for using light and sequencing to study protein-DNA interac-
tions in their native cellular context at genome scale.

INTRODUCTION
Gene regulation is fundamentally driven by protein-DNA interac-
tions, making their identification essential to understanding ge-
nome function. This has motivated development of a multitude of 
methods for genome-scale mapping of protein binding sites, based 
on several complementary principles with different strengths and 
weaknesses. Existing approaches include chromatin immunopre-
cipitation sequencing (ChIP-seq) and its derivatives, which has pro-
duced a wealth of information about the regulatory role of specific 
proteins (1–3). An important complement to ChIP-seq are so-called 
digital footprinting techniques, such as deoxyribonuclease sequenc-
ing (DNase-seq), assay for transposase-accessible chromatin using 
sequencing (ATAC-seq), and dimethyl sulfate sequencing, which 
combine sequence analysis with genome-scale DNA accessibility 
data to allow for nontargeted detection of protein-protected genom-
ic sites without antibodies (4–8).

An additional, long-established DNA footprinting principle is ul-
traviolet (UV) footprinting (9–11). Unlike other approaches that rely 
on DNA accessibility, UV footprinting detects quantitative changes in 
DNA photoproduct formation, typically cyclobutane pyrimidine di-
mers (CPDs), arising due to altered positioning and flexibility of DNA 
bases imposed by bound proteins. While not all proteins are amenable 
to analysis, the approach has several unique and complementary 
characteristics: Since UV light reaches the genome everywhere re-
gardless of chromatin state (12), and since UV damage formation is 
altered specifically at points of protein-DNA contact, the native cel-
lular environment can in principle be assayed at high resolution in a 
minimally disruptive way, without fixation, ectopic gene expression, 
or addition of chemical agents (13).

However, despite its potential, traditional UV footprinting has been 
severely limited in terms of scale and precision. Genome-wide CPD 
mapping methods have offered a sparse global view of damage for-
mation, revealing how specific DNA binding proteins modulate UV 
damage but only after aggregating data across hundreds of binding 
sites (12, 14–16). While targeted CPD sequencing methods have been 

used to quantitatively or semiquantitatively assay select genomic re-
gions (17, 18), a requirement for quantitative data at base resolution 
has hampered the application of digital UV footprinting at the ge-
nome scale.

In this work, we describe a simple workflow, whole-genome de-
amination sequencing (Deam-seq), in which UV-induced CPDs are 
revealed as C > T mutations detectable by conventional sequenc-
ing (Fig. 1A). The fraction of mutated reads, or variant allele fre-
quency, offers a quantitative measure of damage formation at each 
position, which may be further refined using unique molecular iden-
tifiers (UMIs). We use Deam-seq to generate a deep UV footprint 
of the yeast Saccharomyces cerevisiae, comparing cellular (protein-
bound) to naked (deproteinated) DNA, providing proof of concept 
for genome-scale protein-DNA interaction mapping in vivo using 
light and sequencing.

RESULTS
Genome-scale UV footprinting using Deam-seq in yeast
At physiological temperature and pH, cytosine slowly deaminates into 
uracil, at a half-life of about 30,000 years (19). In contrast, cytosines 
within CPDs have a short deamination half-life, sometimes in the order 
of hours (20), which can be exploited to reveal CPDs in DNA (21, 22). 
We hypothesized that by inducing CPDs with UV light at sufficiently 
high density, and by using a high sequencing depth, this principle would 
enable whole-genome quantitative CPD profiling in yeast.

To perform whole genome Deam-seq, intact cells or naked DNA 
were exposed to UVC (254 nm) radiation at 3 or 1.5 kJ/m2, respec-
tively, ensuring comparable lesion density between conditions (see 
Materials and Methods). Using a UVC irradiation chamber with mer-
cury low-pressure amalgam lamps, the cellular exposure time was 
~45 s. These doses are comparable to previously reported ranges 
(0.5 to 2 kJ) used in low-throughput UV footprinting experiments (13, 
23). DNA was isolated immediately after irradiation, and cytosines 
within CPDs were converted into uracils through accelerated deami-
nation at elevated temperature. CPDs were next repaired by photoly-
ase (24) and Illumina sequencing libraries built using a uracil-tolerant 
polymerase and UMI-containing standard adapters (Fig. 1A).

The protocol was performed on two cellular samples and two na-
ked DNA samples, allowing for identification of differential signals 
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in cellular compared to acellular conditions, complemented with 
two non–UV-exposed control samples (Fig. 1B). The UV-exposed 
samples were sequenced at a UMI-corrected depth varying between 
9741 and 10,910× based on mapping to the of the S. cerevisiae refer-
ence (sacCer3) genome (25) (Fig. 1C). Preexisting genetic variants 
present in the nonexposed controls and potentially problematic re-
gions exhibiting deviating coverage were excluded, retaining 92.6% 
of the genome for further analysis (see Materials and Methods).

Deam-seq generates quantitative data for most 
informative positions
Deam-seq interrogates pyrimidine-flanked cytosines (YC or CY, re-
ferred to below as PyC), thus covering 75% of possible CPD types (CC, 
TC, and CT), and we found that 29% of yeast genomic base positions 
contain an informative PyC on either strand. These PyC sites exhibited 
massive detectable damage as revealed by C > T substitutions, ranging 
from 166 to 190 million in total in each of the UV-exposed samples, 
compared to 9.4 and 6.3 million in the nonexposed controls (Fig. 2A). 
Mutations were not elevated in UV-exposed samples at other (non-
PyC) positions, in further agreement with UV-induced CPDs being 
the principal source of substitutions (Fig. 2A).

Crucially, nearly all individual genomic PyCs exhibited high dam-
age counts in the UV-exposed conditions, with 94.7 to 95.5% of sites 
having ≥20 substitutions and the majority (63.1 to 64.2%) having 
≥60 substitutions, each essentially representing a unique damaged 
fragment (Fig. 2B, replicates combined; example region in Fig. 2C). In 
contrast, only 0.7 and 0.1% of PyCs in nonexposed DNA showed 
≥20 and ≥60 substitutions, respectively, attributable to sequenc-
ing errors.

Relative substitution frequencies at PyC sites (the fraction of se-
quenced fragments with detectable damage at a given position) de-
pended on sequence context as expected (26), averaging 0.51 to 0.55% 
in the UV-exposed conditions, to be compared to 0.03% in nonex-
posed DNA, further supporting a high signal-to-noise ratio (Fig. 2D). 
Accounting for the total sequencing output, this corresponded to a 

substitution density of one per 616 to 675 bp sequenced in the UV-
exposed conditions and one per 13,307 bp in nonexposed DNA. 
Substitution frequencies showed no notable correlation with DNA 
accessibility, as measured by DNase-seq (5), across 250 bp genomic 
windows, consistent with the UV damage burden being overall un-
affected by chromatin state (fig. S1).

Genome-wide PyC substitution frequency profiles were strongly 
correlated between replicates (Pearson’s r = 0.97 comparing the two 
cellular samples), while cellular and naked DNA deviated more as 
expected (r = 0.90; Fig. 2E). Collectively, our results support that 
Deam-seq, at the current sequencing depth, generates reproducible, 
quantitative data for individual bases genome-wide.

Distinct Deam-seq signals at upstream regulatory sites
To reveal changes in UV damage propensity imposed by DNA bind-
ing proteins in living cells, we compared substitution frequencies in 
the cellular condition with those in naked DNA at individual bases. 
To that end, cell/naked differential ratios (log2) were computed for 
all assayed positions genome-wide (3,299,902 PyC sites) while cor-
recting for context-dependent ratio bias (fig. S2).

To get an initial overview, a 100 kbp genomic region was visual-
ized together with DNase I–protected footprints (5), indicative of 
protein-bound sites, and predicted transcriptional regulatory sites 
(27) (Fig. 3A). This confirmed a high degree of reproducibility be-
tween replicates and based on this, we combined the replicate sam-
ples in most downstream analyses for simplicity. Both stimulatory 
and protective effects were observed, but the strongest differential 
signals were often negative, reaching as low as −4.0 (log2) in this 
region (16.2-fold reduction) and −5.1 (log2) genome-wide (35-fold 
reduction; fig. S3).

Prominent signals were typically in intergenic regions and often 
coincided with either DNase I protection footprints, predicted tran-
scriptional regulatory sites, or both, supporting that Deam-seq can 
reveal protein-DNA interaction events at high resolution (Fig. 3A; clo-
seups show yhr127w and pex28 upstream regions). This was confirmed 
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Fig. 1. Whole-genome UV footprinting with Deam-seq. (A) Graphical overview of the Deam-seq protocol: UVC irradiation of cells or naked DNA (3 or 1.5 kJ/m2, respec-
tively), C > U conversion at CPDs by incubation at 60°C for 48 hours, CPD repair, library preparation, and high-coverage sequencing to determine per-base damage fre-
quencies (variant allele fractions). (B) Deam-seq was performed on S. cerevisiae cultures as well as naked DNA, allowing cellular/naked differential footprinting signals to 
be determined. The experiment was performed in duplicates. (C) Sequencing depths following mapping to the yeast sacCer3 reference genome, before and after dedu-
plication using unique molecular identifiers (UMIs).
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by systematic analysis of cell/naked peaks genome-wide, revealing that 
strong differential signals were markedly enriched in DNase I foot-
print density (Fig. 3B).

Next, we investigated Deam-seq signals around transcription start 
sites (TSSs) genome-wide (28) by visualizing the strongest cell/naked 
differential signal (positive or negative) in each 20 bp window from 
−1000 to +1000 bp (x axis) and in each bin of 20 expression-sorted 
genes (y axis; Fig. 3C). This confirmed that the strongest effects were 
in upstream regions, principally between −400 and −100 bp from the 
TSS, with lowly expressed genes showing weaker signals (Fig. 3C and 
fig. S4). This is consistent with most signals originating from regula-
tory proteins at upstream activating sequences, which are typically 
located between 100 and 500 bp from the TSS (29, 30).

Nucleosome positioning is reflected in Deam-seq data
A weak but consistent periodic cell/naked differential signal was ob-
served directly downstream of TSSs (Fig. 3C), plausibly explained by 
the fact that yeast nucleosomes exhibit ordered/synchronized posi-
tioning downstream of the TSS and depletion immediately upstream 
(31, 32). Fast Fourier transform analysis of the average cell/naked ratio 
in downstream regions revealed a distinct periodic signal of 166.7 bp, 
roughly in agreement with the combined length of nucleosomal and 
linker DNA (33) (fig. S5, A and B). A weaker 10.2 bp periodicity was 

also seen, compatible with the known average helical period for DNA 
in the nucleosome core particle (34) (deviating from 10.5 bp in free 
DNA) and with CPD formation propensity differing slightly depend-
ing on the rotational setting of bases relative to the nucleosome core as 
shown previously (14, 35).

Performing the same analysis on experimentally derived nucleo-
some center positions (31) revealed similar signals, in particular for 
strongly positioned nucleosomes (166.8 and 10.2 bp; fig. S5, C to E), 
further validating that nucleosome positioning is reflected as peri-
odicities in Deam-seq data.

Deam-seq informs on the binding of specific 
transcription factors
To gain more insight to how Deam-seq can resolve protein binding 
events, we investigated genome-wide binding sites predicted from 
sequence for 102 transcription factors (27), which were further clas-
sified based on overlap with DNase I protection footprints (5). This 
provided a crude partitioning into bound and unbound sets, allow-
ing us to test whether Deam-seq signals were indicative of protein 
occupancy at predicted sites for specific factors.

Many factors exhibited large differences in Deam-seq cell/naked 
signal amplitude (mean absolute ratio across the binding motif) in 
the DNase-protected set (n = 51 at P < 0.01, Bonferroni corrected; 
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Fig. 2. Quantitative characteristics of yeast whole-genome Deam-seq data. (A) Hundreds of millions of C > T substitutions, indicative of CPDs, were observed spe-
cifically in UV-exposed samples and at genomic cytosines flanked by a pyrimidine on either side (PyC) as expected. (B) Plot showing the fraction of all PyCs in the genome 
exhibiting n or more substitutions (replicates combined). Specifically in the UV-exposed conditions, most genomic PyC sites had ≥60 substitutions (each indicating a 
unique damaged DNA fragment) supporting the quantitative nature of the data. (C) Stacked bar graph showing per-base substitution counts for all samples in an example 
genomic region (chrI:50,000-50,120). High counts are seen only in UV-exposed samples and specifically at PyC sites as expected (indicated in black in the sequence). Rare 
detections at non-PyCs represent sequencing noise. (D) Substitution frequency distributions for genomic PyC sites subdivided by trinucleotide context. (E) Scatterplot 
comparing the genome-wide PyC substitution frequency profile of UV-exposed cells (replicate 1; x axis) to other conditions (y axis; data downsampled to 0.5% of ge-
nomic PyC sites for visualization purposes).
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data S1), supporting a capability of Deam-seq to differentiate occu-
pied from nonoccupied sites (Fig. 4A). Strong differential damage 
signals were seen, for example, for Abf1, Rap1, and Reb1, all with se-
quence motifs containing consensus PyC bases (Fig. 4, A and B). All 
these factors exhibited strong cell/naked damage modulation effects at 
specific base positions in their core motifs when considering the aver-
age across DNase-supported sites (Fig. 4B). Non–DNase-supported 
sites displayed only faint effects, with the remaining signal putatively 
explained by imperfect occupancy classification from DNase I data 
(Fig. 4B). Notably, all three factors displayed mainly protective effects, 
in agreement with earlier data on Reb1 and Abf1 based on shallow 
CPD-seq data (14).

Deam-seq differentiates bound and unbound Reb1 sites
We next focused on Reb1, a myb-family transcription factor that rec-
ognizes the motif TTACCC[GT], which can activate transcription but 
also mediate transcription termination and modulate nucleosome 
occupancy at promoters (36, 37). Base-level investigation of differ-
ential Deam-seq signals at all genomic predicted Reb1 sites (n = 
1914) including flanking DNA confirmed prominent damage mod-
ulation at the core motif for a subset of the regions (up to 32.9-fold 
inhibition, −5.0 log2; Fig. 4C).

Deam-seq cell/naked signals at Reb1 sites co-occurred strongly 
with DNase I protection footprints and Reb1 ChIP-exo peaks (38) 
and were typically observed in gene upstream regions (Fig. 4, C 
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and D). Furthermore, Deam-seq differential signal strength corre-
lated significantly with ChIP-exo amplitude across the sites (fig. S6). 
Deam-seq thus distinguishes between bound and unbound Reb1 
sites, with the extent of damage modulation likely reflecting differ-
ences in site occupancy.

Genome-wide signal loss at Reb1 sites after Reb1 
nuclear depletion
To confirm that UV damage modulation signals at predicted Reb1 
sites were due to interactions with Reb1, we used a yeast strain in 
which Reb1 is conditionally depleted from the nucleus to the cyto-
plasm via the anchor-away (AA) system in the presence of rapamy-
cin (39, 40). In agreement with Reb1 being a cell-essential protein 
(41), we found that rapamycin inhibited growth of Reb1 AA cells 
but not control cells (Fig. 5A).

We next generated genome-wide Deam-seq footprints of the Reb1 
AA cells, either rapamycin-treated or untreated (control), plus a na-
ked DNA reference. Manual inspection showed that cell/naked dif-
ferential Deam-seq signals at Reb1 sites were highly concordant 
between untreated Reb1 AA cells sites and our main dataset (Fig. 5B). 

However, rapamycin-induced nuclear depletion of Reb1 typically led 
to loss or strong attenuation of signals at Reb1 sites, with prominent 
changes normally being restricted to within the core motif, support-
ing that Deam-seq could resolve Reb1 binding at high resolution 
(Fig. 5B).

Visualization of all predicted Reb1 sites genome-wide revealed 
global loss of differential Deam-seq signals at these loci after rapamy-
cin treatment, systematically confirming our initial observations, and 
de novo motif discovery in genomic loci exhibiting strong Deam-seq 
changes revealed the canonical Reb1 motif (TTACCC[GT]) as expect-
ed (Fig. 5, C and D). Loss of Deam-seq signal at upstream Reb1 sites 
correlated with reduced mRNA transcription after Reb1 depletion 
(42), with stronger signal loss being associated with greater downregu-
lation (fig. S7). Deam-seq also suggested that nucleosome occupancy 
was altered at Reb1 sites in the presence of rapamycin (fig. S8). Fur-
thermore, by evaluating binding sites for 102 transcription factors, we 
found that Deam-seq signal changes after rapamycin treatment were 
highly selective to Reb1 sites, with Reb1 and YDR026c, a Reb1 homo-
log (43), showing by far the strongest enrichment (P = 6 × 10−108 and 
1.1 × 10−28, respectively, Bonferroni corrected; Fig. 5E and data S2).

3

−3

0

2
1

−2
−1

Cell/naked Deam-seq ratios (log ) at Reb1 motif sites (n = 1,914) DNase I cleavage

51 bp 51 bp

C

Distance to
TSS (bp)

0 5000

NaN

DNase I Footprints

ChIP-exo peaks

B

25 bp

M
ea

n 
ce

ll/
na

ke
d 

ra
tio

 (
lo

g
) 4

−4

0

−2

2

Abf1

No overlap (n = 1143)
DNase I overlap (n = 548)

TTT A CCCG

ACGA
G T CAG TC

TTACCCG
T

25 bp

Reb1

No overlap (n = 1343)
DNase I overlap (n = 571)

4

−4

0

−2

2

4

−4

0

−2

2

25 bp

Rap1

No overlap (n = 198)
DNase I overlap (n = 99)

TCA C CCAG TAG ACC

A

0.8

1.6

D
ea

m
-s

eq
 s

ig
na

l d
iff

er
en

ce
+

/−
 D

N
as

e

2001500

1.2

50 100

0.4

0 n = 102 factors

Reb1 motif sites
D

Reb1

Abf1

Rap1

P = 0.01

−log (P)

DNase I overlap
No overlap

0.8

1

ChIP-exo overlap
No overlap

P = 8.6e−166

C
um

ul
at

iv
e 

fr
ac

tio
n

Cell/naked Deam-seq ratio
(abs. mean log )

0

0.2

0.4

0.6

0 31 42

P = 1.1e−1740.8

1

0

0.2

0.4

0.6

TTACCCG
T

Fig. 4. Deam-seq discriminates bound and unbound transcription factor binding sites. (A) Genome-wide predicted sites for 102 transcription factors were tested for 
differences in Deam-seq signals in DNase-protected versus unprotected subsets (Wilcoxon rank-sum test based on the average absolute cell/naked log2 ratio across the 
core motif ). The Bonferroni-corrected P value is indicated on the x axis and the signal difference (DNase-protected versus unprotected) is on the y axis. (B) Deam-seq dam-
age modulation profiles (cell/naked log2 ratios) visualized at base level across the core motifs of selected factors. Average signals in DNase-protected versus unprotected 
sites are shown separately, where the former shows distinct damage signatures with predominantly protective effects. (C) Heatmap showing Deam-seq cell/naked dif-
ferential signals at predicted Reb1 sites (TTACCC[GT]) including flanking sequences (51 bp). The sites are sorted by mean absolute signal strength at the core motif. Over-
laps with DNase I protection footprints and Reb1 ChIP-exo data, as well as the distance to the closest transcription start site (TSS), are indicated. The gray heatmap shows 
base-level DNase I cleavage data. (D) Cumulative distribution of the Deam-seq signal strength at Reb1 sites with or without DNase I footprint or ChIP-exo peak overlap 
(Wilcoxon rank-sum test).



Ögren et al., Sci. Adv. 12, eaec0059 (2026)     24 June 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 10

While most high-confidence Reb1-bound sites with clear Reb1-
dependent Deam-seq signals also exhibited DNase I protection foot-
prints (Fig. 5D), a sizeable subset (15%) still lacked DNase support. 
These sites were in regions with overall low DNase I cleavage activity 
and more strongly positioned nucleosomes, indicating that detection 
of protection footprints may be challenging in these contexts (fig. S9). 
Together, these results further underscore that Deam-seq can provide 
high-resolution data on protein-DNA interactions in  vivo using a 
principle that complements accessibility-based footprinting methods.

DISCUSSION
Although the unique properties of UV light as a footprinting agent have 
long been recognized, historically the approach has only been used on a 

limited scale, hampered by the lack of large-scale, quantitative data on 
photoproduct formation at base resolution. Enabled by Deam-seq, we 
have here generated a complete photofootprint of S. cerevisiae, demon-
strating how light can be used to map protein-DNA interactions in vivo 
at the scale of a eukaryotic genome. Our broad assessment of the results 
supports that Deam-seq can provide high resolution data for a diversity 
of proteins.

Whole-genome Deam-seq leverages accelerated deamination 
of cytosines within CPDs to interrogate all cytosine-containing 
CPDs (CC, TC, and CT), a limitation thus being the exclusion of TT 
dimers. This is offset by a simple, robust workflow wherein CPDs 
are revealed as mutations easily mappable by any standard high-
throughput sequencing protocol, along with the ability to gener-
ate quantitative data in the form of allele fractions, indicative of the 
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proportion of damaged fragments at interrogated positions. Stan-
dard UMI-containing sequencing adapters can optionally be used to 
further improve quantification. While the current sequence cover-
age was enough to produce informative data, quantification could 
also be further improved with even deeper sequencing, underscor-
ing the method’s reliance on high depth as a key limitation.

When comparing cellular DNA to naked DNA, we found that 
strong changes in damage formation were predominantly protec-
tive, aligning with earlier results in yeast based on sparse CPD-seq 
data averaged over large numbers of protein binding sites (14). How-
ever, this contrasts with results from human cells, where stimulatory 
and protective effects appear more evenly distributed (12, 15, 17). 
Differences in base positioning and flexibility are considered key 
determinants of photolesion formation modulation by DNA binding 
proteins, suggesting that the differing effects should reflect evolution-
ary protein-intrinsic properties. However, this discrepancy merits 
further investigation.

Some proteins have a stronger influence on DNA photoproduct 
formation than others, which is a general limitation of UV foot-
printing (12, 14, 15). Likewise, the resolution of Deam-seq varies 
across the genome due to differences in PyC density, and factors 
lacking such sites in their binding motifs are not assayable. While 
the impact of sequence context is more pronounced in UV foot-
printing, other digital footprinting techniques also face sequence 
biases, such as cleavage preferences in DNase I footprinting (44) 
and Tn5 transposase bias in ATAC-seq (45–47). These limitations 
underscore the importance of employing orthogonal approaches, 
where UV footprinting leverages a distinct mechanism that does 
not depend on DNA accessibility.

The experiments in this study were done using a standard UVC 
irradiation chamber, resulting in an exposure time of ~45 s. Short-
er exposures could plausibly be enabled by alternative UV sources 
such as pulsed YAG lasers, which can generate considerably higher 
light intensities in smaller areas and have previously been used for 
targeted photofootprinting (48, 49). While it should be noted that 
extreme UV intensity can lead to more diverse DNA damage, in-
cluding elevated strand breaks (50), there is thus potential to study 
dynamic events at even higher temporal resolution.

In conclusion, this work demonstrates how light can serve as 
a footprinting agent at the genome scale, enabling the probing of 
protein-DNA interactions under near-native cellular conditions. 
Since Deam-seq targets the main UV mutagenic dimers, the ap-
proach also has future potential for studies of DNA damage and 
mutagenesis in a human cancer context. While substantial reduc-
tions in sequencing costs are required, our results in yeast show 
that light-based footprinting of entire mammalian genomes, in-
cluding the human genome, is in principle attainable.

MATERIALS AND METHODS
Experimental design
The basic experimental design consisted of yeast cultures and na-
ked (deproteinated) DNA samples exposed to UVC in duplicates, 
complemented with two nonexposed control samples (all from the 
same yeast strain). These were all subjected to the Deam-seq pro-
tocol (described below) and sequenced at high coverage. Reb1 AA 
cells with or without rapamycin treatment, as well as correspond-
ing naked DNA, were similarly subjected to Deam-seq.

Yeast strains and culture
BY4741 bar1Δ (MATa; his3Δ1; leu2Δ0; met15Δ0), used for the main 
dataset, was provided by A. Blomberg at the University of Gothenburg. 
HHY168 (W303 MATα tor1–1 Δfpr1::NATI RPL13A-2×FKBP12-
TRP1) and YSK229 (HHY168 REB1-FRB-KanMX6) AA strains were a 
gift of P. Mao (39, 40).

All strains were grown at 30°C on YPD agar or liquid growth me-
dia, and liquid cultures were shaken at 180 rpm. For the main dataset 
experiment, a single colony of BY4741 bar1Δ strain was grown over-
night in 50-ml YPD medium, after which cultures were either exposed 
to UV irradiation (see below) or left untreated as controls.

For AA assays, an overnight culture (as above) of Reb1-AA strain 
(YSK229) was diluted to optical density at 600 nm (OD660) ≈ 0.1, 
grown until OD660 ≈ 0.3, and treated with either rapamycin (1 μg/ml; 
TCI, R0097) in 90% ethanol/10% Tween or only 90% ethanol/10% 
Tween for 1 hour to deplete Reb1-FRB tagged proteins. For spot tests, 
overnight cultures of control AA (HHY168) and Reb1 AA (YSK229) 
strains were diluted to OD660 ≈ 1, and 10-fold serial dilutions were 
spotted on YPD or YPD containing rapamycin (1 μg/ml). The plates 
were incubated for 72 hours at 30°C.

UV irradiation and DNA isolation
For all experiments, cells were pelleted at 4°C, resuspended in cold 
water to OD660 ≈ 1, and 10-ml aliquots were homogeneously spread 
out on 100-mm petri dishes. The dishes were then placed on ice and 
exposed to a total of 3 kJ/m2 UVC light (254 nm) for ~45 s, using 
a Opsytec Dr. Gröbel BSH-02 chamber with mercury low-pressure 
amalgam lights (~90 W/m2). Cell samples were collected and DNA 
extracted immediately after UV exposure. For naked DNA samples, 
DNA was first isolated from nonirradiated cells and ~1 μg in 60 μl fi-
nal volume was spotted on a small petri dish and exposed to 1.5 kJ/m2 
UVC, using the same conditions as above. A lower dose was used for 
naked DNA since pilot experiments revealed approximately twofold 
lower lesion density in cells compared to naked DNA at the same 
UVC dose. DNA isolation was performed using the YeaStar Genomic 
DNA kit (Zymo Research, D2002). To avoid the presence of residual 
chaotropic salts in the eluted DNA, which may lead to irreversible 
denaturation during deamination at 60°C, the columns were dry spun 
for 1 to 2 min after the final wash, followed by elution in 60 μl of 1× 
TE buffer (Invitrogen, 12090015). The DNA was subsequently cleaned 
up with 1.8× AMPure XP beads (Beckman Coulter, A63881) and 
eluted in 60 μl of TE.

Deam-seq library preparation and sequencing
All DNA samples were deaminated at 60°C for 48 hours, leading to 
rapid conversion of cytosine to uracil or 5-methylcytosine to thymine 
within CPDs. While not relevant in yeast, methylated cytosines can 
thus also be assayed, useful for studies, for example, on human DNA. 
This was followed by treatment with photolyase for CPD repair. The 
photolyase reaction mixture (50 μl) contained 50 mM tris (pH 7.5), 
100 mM NaCl, 1 mM EDTA, 10 mM dithiothreitol, bovine serum albu-
min (100 μg/ml), 400 ng of DNA, and 4 μl of recombinant Escherichia 
coli phrB Protein (Novus Biologicals, NBP2-22657). All reaction mix-
tures were incubated in the dark for 30 min at room temperature, fol-
lowed by UVA light exposure for 2 hours at 8.5 J/m2/s using a Tyler 
Research UV-2 system for photolyase activation. At the end of the pho-
tolyase reaction, DNA was purified using the Genomic DNA clean & 
Concentrator kit (Zymo Research, D4011) and subsequently used for 
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library preparations. All DNA libraries were prepared using the TruSeq 
Nano DNA Low Throughput Library Prep Kit (Illumina, 20015964) 
and ILMN8_UDI-UMI adapters (IDT, TruSeq-Compatible Duplex Y 
adapters), as follows: 200 ng of each DNA sample were sheared to 
550 bp using Covaris (S220), end repaired, and 3′-end adenylated ac-
cording to Illumina instructions. Adapter ligation was performed 
essentially as the manufacturer’s protocol, except for the elution and 
transfer volumes in the round 2 clean up: 22.5 μl (instead of 27.5 μl) and 
20 μl (instead of 25 μl), respectively. Polymerase chain reaction (PCR) 
amplification of the libraries was performed in a 50-μl reaction vol-
ume, containing 20-μl library sample, 25-μl Phusion U Hot Start 
PCR Master Mix (Thermo Fisher Scientific, F533S), and 5-μl PPC 
(Illumina PCR primer cocktail). Note that a uracil-tolerant poly-
merase is necessary at this stage. The PCR program was as follows: 
98°C for 3 min; eight cycles of: 98°C for 10 s, 60°C for 30 s, and 72°C 
for 30 s; 72°C for 5 min; hold at 4°C. PCR products were cleaned up 
according to Illumina instructions. The PCR amplified libraries were 
qualitatively analyzed on an Agilent Technologies 2100 Bioanalyzer 
using a High Sensitivity DNA chip kit (5067-4626) and quantified us-
ing a Qubit 1× dsDNA High Sensitivity (HS) assay kit (Thermo Fisher 
Scientific, Q33231). Libraries pools were sequenced on an Illumina 
NovaSeq 6000, flow cell type S1, using 150-bp paired-end reads and 
extended index reads to account for UMI-containing adapters.

Mapping and variant calling
Reads were mapped to the yeast reference genome (sacCer3 assembly) 
using BWA mem (51) in paired-end mode. Aligned reads were sorted 
using SAMtools and processed using umi-tools to remove duplicate 
UMI barcodes (52). Variants were called using VarScan (53) (options 
mpileup2cns --min-coverage 0 --min-reads2 0 --strand-filter 0 --p-value 
1.00 --min-var-freq 0) together with SAMtools mpileup (options -B -q 
10 -Q25 -d 1000000).

Preprocessing of Deam-seq variant data
All subsequent analyses were performed in MATLAB (MathWorks) 
considering only the numerical chromosomes. The main dataset con-
sisted of cellular, naked and non–UV-exposed samples, all in dupli-
cates (six samples in total). Positions exhibiting deviating read coverage 
were excluded by requiring a coverage between 3000 and 15,000 in the 
cellular samples and above 3000 in the combined nonexposed controls, 
the latter due to uneven read coverage in one of the control samples. 
Only positions passing these filters in all samples were flagged to be 
retained. This inclusion flag was further smoothened using a 500 bp 
moving average filter, requiring the smoothened signal to be >0.9999, 
thus removing oscillations at the boundaries of problematic regions. 
Preexisting genetic variants or positions exhibiting a high fraction 
of calling errors were removed by masking positions with an allele 
frequency >1% in the pooled nonexposed control samples (n = 
1,735 PyC sites genome wide). In the Reb1 AA Deam-seq data, which 
was sequenced at lower depth and lacked a nonexposed control, preex-
isting variants were defined as having an allele frequency >5% in the 
naked DNA sample. Per-position allele frequencies were calculated 
while adding one pseudocount. Only whitelisted positions passing all 
filters were considered in downstream analyses. Likewise, only infor-
mative PyC positions (pyrimidine-flanked cytosines, i.e., CY or YC) 
were considered for most subsequent analyses.

Deam-seq allele frequency log2 ratios were calculated between cel-
lular and naked DNA samples, both for individual and pooled repli-
cates. Normalization was performed by subtracting the median cell/

naked ratio for each pentanucleotide context. This pentanucleotide-
based approach to normalization was chosen since a trinucleotide-
based approach was found to be insufficient to efficiently reduce 
sequence bias in cell/naked ratios. Ratios were exported as wig files 
for visualization in IGV (http://broadinstitute.org/igv) (54).

Damage alteration relative TSSs and nucleosome centers
For computation of the cellular/naked ratios in relation to TSSs, coor-
dinates from available SMORE-seq data (28) was used as a basis. The 
data only contain TSS coordinates, which were mapped to ncbiRefSeq 
gene annotations to obtain gene IDs and orientation. The mapping 
was implemented by matching each TSS coordinate with the closest 
open reading frame (ORF) start coordinate (or stop coordinate for 
genes located on minus strand). One of the 5207 TSS coordinates was 
removed because of being at equal distance to two different ORF 
starts. Each gene/TSS was assigned an expression level (fragments per 
kilobase of transcript per million fragments mapped) based on avail-
able RNA sequencing (RNA-seq) data (55), resulting in a final set of 
4831 genes. Genes were sorted according to descending expression 
level. Cell/naked ratios were calculated for 2001-bp regions centered 
around the TSSs. Regions extending outside of chromosomes were 
excluded. For the heatmap in Fig. 3C, the data were divided into bins 
of 20 genes and positions each, with the max absolute cell/naked log2 
ratio calculated for each bin. To elucidate possible patterns in damage 
alteration relative to the TSSs, the average signal around all 4831 TSSs 
was calculated, and a fast Fourier transform was performed on the 
average signal.

To calculate the DNase I footprint (5) density at differential Deam-
seq peaks of varying amplitude (1 to 2, 2 to 3, 3 to 4, and ≥4, log2), 
the genome was first divided into bins of 20 bp. The maximum abso-
lute signal, as well as the exact coordinate of that signal, was determined 
for each bin. The DNase I footprint density was then calculated for 
401-bp regions relative to the detected peaks.

A nucleosome map (31) with scored occupancies was used to ana-
lyze the cell/naked ratios relative to 67,548 nucleosome centers. The 
ratio was calculated for regions spanning 1000 bp around either side 
of the nucleosome centers. The nucleosomes were sorted according to 
descending occupancy score. Average profiles were computed for the 
upper and lower quintiles of nucleosomes based on occupancy score. 
For the heatmap, the data were divided into bins of 200 nucleosomes 
and 20 positions each, with the average ratio calculated for each bin.

Analysis of predicted transcriptional regulatory sites
The predicted transcriptional regulatory sites for 102 transcription 
factors (27) (including all evidence levels) were used for implement-
ing a general analysis of agreement between positions of strong cell/
naked differential Deam-seq signals and DNase I footprints. For each 
factor, a Wilcoxon rank-sum test was used to compare predicted sites 
overlapping with DNase I footprints to those without overlap, based 
on the mean absolute Deam-seq log2 ratio across each site.

Analysis of individual transcription factor binding sites
For selected TFs with low P values (Abf1, Reb1, and Rap1), cell/
naked damage ratios at predicted binding sites were further analyzed. 
Because of lack of strand information in the main transcription fac-
tor binding site dataset (102 factors), binding sites were mapped us-
ing previously reported motif sequences (listed in table S1). All sites 
matching the motif sequences were mapped genome-wide, and dam-
age signatures for each TF were obtained through averaging the cell/

http://broadinstitute.org/igv
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naked ratios over all sites subdivided into those overlapping and not 
overlapping with DNase I footprints. Individual predicted Reb1 sites 
(TTACCCK) were visualized using a heatmap showing regions of in 
total 51 bp centered on the motif sequence. Deam-seq signal ampli-
tude at individual Reb1 sites was calculated by computing the aver-
age absolute cell/naked log2 ratio across the site.

Transcriptional changes after Reb1 depletion
Gene expression and RNA polymerase II occupancy changes after 
Reb1 depletion in Reb1 anchor away cells were determined using 
publicly available data (42). Total mRNA or polymerase II (Pol II) 
coverage counts were determined in rapamycin-treated and control 
cells for each gene based on available wig file data, and log2 ratios were 
computed on the basis of these counts. Genes with low signal (total 
coverage count ≤1000 or ≤4000 in the mRNA or Pol II analyses, re-
spectively) and genes lacking SMORE-seq data were excluded. The 
genes were divided into those with and without Reb1 binding sites 
(TTACCCK) within 200 bp upstream of the transcriptional start sites, 
defined based on SMORE-seq data. Those containing Reb1 sites were 
further subdivided into three subgroups based on mean absolute log2 
Deam-seq signal loss over the Reb1 site after Reb1 depletion. The stron-
gest signal loss was considered when more than one site was present 
in an upstream region.

Statistical analysis
Statistical tests are described in the context of their respective rele-
vant methods text or figure legends.
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