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Exogenous artificial DNA forms chromatin structure with active
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Yeast artificial chromosomes (YACs) are important tools for sequencing, gene cloning, and transferring large quantities of
genetic information. However, the structure and activity of YAC chromatin, as well as the unintended impacts of introducing
foreign DNA sequences on DNA-associated biochemical events, have not been widely explored. Here, we showed that abundant
genetic elements like TATA box and transcription factor-binding motifs occurred unintentionally in a previously reported data-
carrying chromosome (dChr). In addition, we used state-of-the-art sequencing technologies to comprehensively profile the
genetic, epigenetic, transcriptional, and proteomic characteristics of the exogenous dChr. We found that the data-carrying DNA
formed active chromatin with high chromatin accessibility and H3K4 tri-methylation levels. The dChr also displayed highly
pervasive transcriptional ability and transcribed hundreds of noncoding RNAs. The results demonstrated that exogenous arti-
ficial chromosomes formed chromatin structures and did not remain as naked or loose plasmids. A better understanding of the
YAC chromatin nature will improve our ability to design better data-storage chromosomes.

yeast artificial chromosome, DNA storage, epigenetics, chromatin accessibility, histone H3K4 tri-methylation

Citation: Zhou, J., Zhang, C., Wei, R., Han, M., Wang, S., Yang, K., Zhang, L., Chen, W., Wen, M., Li, C., et al. (2022). Exogenous artificial DNA forms
chromatin structure with active transcription in yeast. Sci China Life Sci 65, 851–860. https://doi.org/10.1007/s11427-021-2044-x

INTRODUCTION

Yeast artificial chromosomes (YACs) play an important role
in genome sequencing (Sasaki et al., 2005), gene cloning

(Kouprina and Larionov, 2008), and transgenesis (Lamb and
Gearhart, 1995). Yeast cells can carry an additional YAC up
to several megabase pairs in length (Marschall et al., 1999).
YACs have chromosome elements with autonomously re-
plicating sequences (ARS) and centromeric sequences as
mini-chromosomes. YACs also persist in the host cell, with
approximately one copy per haploid genome (Tschumper
and Carbon, 1983). The presence of a centromere sequence
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confers high segregational stability to YACs during mitosis
(Hieter et al., 1985). YACs have also been considered to be
yeast centromeric plasmids (YCps) (Gnügge and Rudolf,
2017). YAC copy number across individual cells varies, and
many cells contain more than one. Asymmetric segregation
of YACs during mitosis occurs at a frequency of about 10%
per plasmid pair (Gnügge and Rudolf, 2017). In vivo, chro-
mosomal DNA is wrapped around histones, which con-
tributes to the formation of chromatin with three-
dimensional structures (Keung et al., 2015). Chromatin ac-
cessibility and histone modification reflect the epigenetic
state of the chromatin (Klemm et al., 2019; Lee et al., 2021)
and differ significantly from that found in the plasmids.
Studying the epigenetic features of exogenous DNA in yeast
can provide a better understanding of YACs.
Due to the storage capacity of long DNA molecules and

the high stability of replication, YACs have been a powerful
tool for genome synthesis and pathway assembly in the ra-
pidly progressing field of synthetic biology. In 2010, Gibson
et al. assembled a 1.08 Mb artificial genome forMycoplasma
mycoides JCVI-syn1.0 into a YAC, allowing for the suc-
cessful creation of the first microorganism controlled by a
chemically synthesized genome (Gibson et al., 2010). Be-
cause of the high-efficiency of homologous recombination in
Saccharomyces cerevisiae, subsequent genome synthesis has
almost always used YACs as vectors for large DNA assem-
bly; for example, the M. mycoides JCVI-syn3.0 minimal
genome (Hutchison Iii et al., 2016), the codon recorded
genomes of Escherichia coli (Fredens et al., 2019; Wang et
al., 2016; Zhou et al., 2016) and the redesigned S. cerevisiae
chromosomes (Kannan and Gibson, 2017; Shen et al., 2017;
Wu et al., 2017; Xie et al., 2017; Zhang et al., 2017). Al-
though yeast episomal plasmids (YEps) and yeast integrating
plasmids (YIps) have been widely used in pathway con-
struction for chemicals and pharmaceuticals production (Luo
et al., 2019; Ro et al., 2006), constructing large pathways
with YAC may also prove to be a valuable application of this
tool (Srinivasan and Smolke, 2020). In 2021, Postma et al.
constructed an orthogonal, supernumerary chromosome with
YAC for modular pathway assembly in S. cerevisiae (Postma
et al., 2021). The work paved the way for de novo designer
YACs as a platform for rewiring native cellular processes.
Recently, our group constructed a 254 kb YAC for data

storage (Chen et al., 2021; Lu and Ellis, 2021). This artificial
chromosome contained information obtained from two pic-
tures and one video clip and incorporated five replication
sites and one centromere sequence. We used superposition
with sparsified low-density parity-check (LDPC) codes and
pseudo-random sequences to encode the images. During the
procedure, no additional measures were used to avoid in-
troducing genetic elements with potential biological activ-
ities, such as promoters, regulatory sequences, protein/RNA
binding, and coding sequences. The artificial chromosome

was constructed using transformation-associated re-
combination in S. cerevisiae and was stably replicated (Chen
et al., 2021; Kouprina and Larionov, 2008). We system-
atically examined the stability and fidelity of a data-carrying
chromosome (dChr) through a series of batch cultures in
selective media. After 100 generations, no mutations were
observed in the tested samples. Moreover, dChr in yeast was
reported to have little effect on yeast growth (Chen et al.,
2021). However, more in-depth exploration is required to
determine how dChrs affect gene expression and chromatin
formation in the host organism. As this was the first exo-
genous YAC designed independent of a DNA sequence in
nature, its genetic and epigenetic activity in living cells is
unclear.
Here, we comprehensively mapped the genetic, epige-

netics, and transcriptional characteristics of the dChr con-
structed previously. We found that the dChr forms active
chromatin with high accessibility and high histone H3K4 tri-
methylation (H3K4me3) levels, factors that may facilitate
the widespread transcription of the artificial chromosome. In
addition, we observed that the circular dChr was organized in
the Rabl configuration, which may contribute to dChr self-
replication and maintenance of haploidy in vivo during yeast
replication. Taken together, this work explores the chromatin
state, transcriptional activity, and conformation of an exo-
genous artificial chromosome and provides extensive gui-
dance for the design of in vivo DNA storage methods.

RESULTS

Abundant genetic elements in the data-carrying
chromosome

We performed a local alignment search to compare the data-
carrying sequence with native yeast genome sequences and
found only four hits, all of which were ARS short sequences.
Next, we analyzed the sequence and searched for potential
promoter, TATA box, and transcription factor-binding motif
sequences in the dChr. We found 54 putative promoters and
36 TATA boxes (Figure 1A). We also found transcription
factor-binding motifs that were unintentionally generated in
the dChr, including 100 STP4 and 98 UGA3 motifs (Figure
1B). These motifs play an important role in DNA replication
and transcriptional activation (Sylvain et al., 2011; Tkach et
al., 2012). The number of motifs per unit length of tran-
scription factors in the dChr is comparable to that found in
natural yeast chromosomes (Figure S1 in Supporting In-
formation). These results suggest a high abundance of ge-
netic elements were generated by chance in the artificial
chromosome.
To better understand the molecular and conformational

features of the dChr in vivo, we used state-of-the-art
next-generation sequencing technologies to profile the
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epigenome, transcriptome, and proteome. We employed (i)
the assay for transposase-accessible chromatin using se-
quencing (ATAC-seq) and chromatin immunoprecipitation
with sequencing (ChIP-seq) to understand the chromatin
state; (ii) cap-analysis of gene expression (CAGE), mRNA-
seq, and long-read isoform sequencing (Iso-seq) to study the
transcriptional characteristics; and (iii) in-depth proteome
analysis using LC-MS/MS to identify the translated proteins.
To compare the impact of the YACs between host cells with
and without the data-carrying sequence, yeast with an empty
vector, pZJ-Ura, was used as a control (Figure 1C). All data
were generated with 2–3 biological replicates (Table S1 in
Supporting Information). To validate the potential tran-
scriptional start sites (TSSes) and promoters previously
identified by computational sequence analysis in the dChr
(Figure 1A), we used CAGE analysis. CAGE is an efficient
method for genome-wide mapping of potential TSSes and is
widely used to detect the locations of TSSes (Shiraki et al.,
2003). We detected 1,606 TSSes across the yeast native
genome, 97.6% (1,568 of 1,606) of which were previously
reported as yeast gene TSSes. This result confirmed the high
quality of our CAGE data. In addition, we found 20 de novo
TSSes in the dChr as well as TATA boxes near these TSSes
(Figure 1A and D), which demonstrated that TSSes were
incorporated into the dChr DNA sequence. PolII may bind to
these TSSes and further activate the transcription machine,

producing stable RNAs.

Data-carrying chromosome forms highly accessible
chromatin with active histone modifications

As there was no expectation that YAC would not form
chromatin, we hypothesized that the data-carrying DNA
might also form chromatin. To test this hypothesis, we pro-
filed dChr chromatin accessibility using ATAC-seq and then
profiled chromatin activity using histone H3K4me3 ChIP-
seq (Figure S2A in Supporting Information). Data-carrying
DNA chromatin accessibility was significantly lower than
that of mitochondrial (mt) DNA, which does not possess
histones (Figure 2A). This suggested that data-carrying DNA
is not naked but is instead wrapped around histones. In ad-
dition, data-carrying DNA chromatin accessibility was dis-
tinctly higher than that of wild-type yeast DNA (Figure 2B),
demonstrating that the dChr was more accessible than the
wild-type yeast chromosome.
Like chromatin accessibility, H3K4me3 histone mod-

ification has been reported as an active epigenetic marker for
promoter elements (Chong et al., 2020). We performed
H3K4me3 ChIP-seq and found that H3K4me3 was enriched
in wild-type yeast gene promoters (Figure S2B in Supporting
Information). In addition, we found that there were 44 ChIP-
seq peaks in the dChr after immunoprecipitation of the

Figure 1 Genetic elements in the data-carrying DNA. A, Circle plot displaying the elements in the data-carrying chromosome. The locations of the five
designed ARSs are marked in blue. B, Number of top 10 motifs in dChr. C, Schematic diagram of sequencing technologies and yeasts used in this study. Yeast
with pZJ-Ura was used as a control to compare the effects of data-carrying DNA on the host. “*” CAGE was performed using only yeast with dChr. D, IGV
visualization of CAGE signals in a dChr example region. TATA boxes and TF motifs are also shown.
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H3K4me3-marked chromatin. The average H3K4me3 level
was higher in the dChr than in the wild-type yeast chromo-
some (Figure 2C and D). This finding demonstrated that the
data-carrying artificial DNA could form chromatin with
H3K4me3 modifications. Moreover, no global changes of
H3K4me3 level in the wild-type yeast chromosomes were
found when comparing yeasts with and without the data-
carrying DNA (Figure 2C; Figure S2C in Supporting In-
formation), indicating that the data-carrying DNA did not
affect the chromatin state of wild-type yeast chromosomes
significantly.
ATAC-seq and H3K4me3 ChIP-seq signals were also en-

riched in promoters (Chong et al., 2020; Klemm et al., 2019).
We found that the peaks in the CAGE, ATAC-seq, and
H3K4me3 ChIP-seq signals overlapped significantly (Figure

2E). Visualization of the signals in the dChr with Integrative
Genomics Viewer (IGV) showed the same results (Figure
2F) and also indicated that functional promoters were present
in the dChr. Taken together, data-carrying DNA formed
chromatin with histones in vivo, and the artificial chromatin
displayed an active epigenetic state with high chromatin
accessibility and H3K4me3 modification levels as well as
active promoters.

The circular data-carrying chromosome is arranged in
the Rabl configuration in the nucleus

The dChr was designed with five ARS and one centromere
(Figure 1A), which are responsible for maintaining the
haploid copy during yeast replication (Chen et al., 2021). A

Figure 2 Data-carrying chromosome forms highly accessible chromatin with active histone modifications. A, Average normalized ATAC-seq signals
among the chromosomes. The normalized signal is calculated by RPKM (reads per kilobase per million mapped reads for each chromosome). The gray dots
represent the control yeast without dChr; the red dots represent the yeast with dChr. Two biological replicates are shown. B, Distribution of normalized
ATAC-seq signals around ATAC-seq peaks in dChr. Two biological replicates are shown. C, Average normalized H3K4me3 ChIP-seq signals among all
chromosomes. The normalized signal method is the same as the ATAC-seq signal. D, Distribution of normalized H3K4me3 ChIP-seq signals around
H3K4me3 peaks located in dChr. E, Venn diagram showing the overlap between ATAC-seq, ChIP-seq, and CAGE peak regions in dChr. F, IGV visualization
of CAGE, H3K4me3 ChIP-seq, and ATAC-seq signals for dChr. Peaks are visualized only on the pZJ-Ura sequence on the right side of the plots in the
control.
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previous study demonstrated that the yeast chromosome was
organized in a Rabl configuration (Kim et al., 2017; Pouo-
kam et al., 2019; Wang et al., 2015) and featured centromeres
from different chromosomes grouped together spatially.
However, how the dChr maintains haploidy and chromatin
conformation in vivo is unclear.
We used Hi-C (Kim et al., 2017; Pouokam et al., 2019) to

investigate the organization of the dChr in the host nucleus.
First, we focused on the dChr cis-interaction map. The
contact probability of wild-type yeast chromosomes decayed
with genome distance, consistent with previous studies (Kim
et al., 2017; Lieberman-Aiden et al., 2009; Zhang et al.,
2020). However, the contact probability of the dChr in-
creased substantially after the initial decrease (Figure S3A in
Supporting Information). This result was confirmed by vi-
sualizing the dChr interaction heatmap (Figure 3A). There
was a clear, high contact frequency from the beginning to the
end of the dChr sequence, indicating a circular conformation
in vivo. Next, we inspected the trans-interaction (inter-
chromosome) matrix and confirmed the yeast chromosomes
exhibited a Rabl configuration (Figure 3B and C). The dChr
uniformly interacted with wild-type yeast chromosomes and
showed no preference for interacting with specific chromo-
somes (Figure S3B and C in Supporting Information). In
addition, the centromere of the dChr co-organized with those
of the wild-type yeast chromosome (Figure 3B–D), con-
tributing to the Rabl conformation. These findings suggested
that the synthetic artificial centromere DNA sequence plays
an important role in vivo. The organization of the dChr in the
nucleus suggested that the artificial centromere could func-
tion in sister chromatid segregation during yeast replication
and thereby maintain the haploidy of the artificial chromo-
some.

Highly pervasive transcription of the data-carrying
chromosome

Both the ATAC-seq and H3K4me3 ChIP-seq results suggest
that the dChr can be actively transcribed. To confirm this
observation, we used RNA-seq to determine the tran-
scriptome profile of the dChr. Indeed, the dChr showed
highly pervasive transcription (Figure 4A and B), and its
average expression level was higher than in the wild-type
yeast chromosome (Figure S4A in Supporting Information).
This result was consistent with the finding that the data-
carrying DNA formed more highly accessible chromatin and
had higher H3K4me3 levels than wild-type yeast chromo-
somes.
We next wondered what transcript isoforms were tran-

scribed by the dChr. To answer this question, we performed
Iso-seq using PacBio single-molecule real-time sequencing.
Full-length Iso-seq can capture the whole transcript isoform
in a single sequencing read without breaking the mRNA

fragment (Sharon et al., 2013), making it more precise for
identifying novel isoforms (Treutlein et al., 2014). We found
488 de novo isoforms in the dChr, most of which contained
only one exon (473 of 488) (Figure S4B in Supporting In-
formation). The average length of the dChr isoforms was
~3.6 kb (but ranged from 159 to 10,132 bp), which was
longer than the wild-type yeast isoforms (~1.3 kb) (Figure
4C). The Iso-seq data confirmed that many long isoforms
were transcribed from the dChr.
While systematically analyzing the transcriptional profile,

we also examined whether any transcripts from the dChr
were translated into polypeptides. As genome-encoded
functional short peptides naturally exist, and long noncoding
RNAs (ncRNAs) can also contain internal sequences that
code for small proteins (Choi et al., 2019), we set the
minimum length cutoff to 10 codons in open reading frames
(ORF) Finder (http://www.bioinformatics.org/sms2/orf_-
find.html). The entire dChr sequence includes 9,202 pre-
dicted proteins (Supplementary Materials), none of which
overlapped significantly (>7 a.a.) with genome-encoded
proteins. This thus rationalizes the feasibility of LC-MS/MS
analysis of the data-carrying yeast, which revealed a total of
13,261 peptides that mapped to 1,999 proteins. Despite the
sufficient coverage of our proteomic analysis, indicated by a
broad range of protein abundance (6 orders of magnitude)
(Figure S5 in Supporting Information), none of the 9,202
predicted proteins were detected. The large number of trans-
cripts from dChr were indeed ncRNAs.

DISCUSSION

In this study, we described the transcriptional landscape and
epigenetic modifications of a fully exogenous YAC con-
taining an audio-visual data sequence in vivo for the first
time. Our results are useful for informing the design of many
such data-storage chromosomes in the future. A previous
study showed that the data-carrying yeast had a phenotype
similar to that of wild-type yeast (Chen et al., 2021). The
dChr was highly and pervasively transcribed, consistent with
the pervasive nature of transcription in eukaryotes (Lu and
Lin, 2019; Tudek et al., 2015).
ncRNAs are derived from sense or antisense coding re-

gions and intergenic regions in yeast (Tudek et al., 2015).
They also possess regulatory functions, such as regulating
yeast colonies and biofilms (Wilkinson et al., 2018). We
asked how the expression of wild-type yeast genes was af-
fected by the inserted dChr. RNA-seq data showed that many
genes involved in amino acid biosynthesis were down-
regulated, and the up-regulated yeast native host proteins
involved in protein folding and unfolded protein binding
included HSP30, HSP42, HSP104, SSA4 (Figure S4C and D
in Supporting Information). A previous study showed that
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the abundance of HSP42 and HSP104 increased in response
to DNA replication stress (Tkach et al., 2012). Our results
suggest that the dChr might increase replication pressure in
its host yeast, although only 5.7% of total yeast genes ex-
perienced significant differences in expression: 81 genes
were up-regulated and 202 were down-regulated. Moreover,
one may ask whether the transcriptome and proteome were
influenced by transcripts originating from dChr. However,
determining whether there is uncharacterized interactions
between transcripts and the native genome or host RNAs
requires further in-depth study.
The LDPC coding rule apparently was not designed to

avoid genetic elements. As a result, TATA boxes and tran-
scription factor-binding motifs were unintentionally in-
corporated into our dChr sequence. Despite the production
of a large number of long ncRNAs, many of which were of
high yield, dChr had only a slight impact on the internal
transcriptional and proteomic activities of yeast. This could
be because the heterologous protein was expressed below
the detection limit. That yeast fitness can be maintained in
the presence of a data-carrying chromosome is encoura-
ging, but as this is only the first case report, more data with
additional cases of dChr use is needed to confirm this
finding.

Figure 3 The circular data-carrying chromosome is organized into a Rabl configuration in the nucleus. A, Hi-C interaction heatmap of dChr (1 kb
resolution). B, Genome-wide interaction heatmap of the yeast with (top right corner) and without dChr (bottom left corner). C, Magnification of the boxed
regions in (B), showing interaction heatmap for XV, XVI, and dChr chromosomes. Arrows indicate centromere-centromere interactions and where XV
centromere region frequently interacts with XVI centromere regions. D, Further magnification of the boxed regions in (C) showing interactions between XVI
and dChr. The arrows indicate high frequency interaction loci between the XVI centromere region and dChr centromere regions. E, Schematic diagram of
chromatin conformation for yeast genome and dChr.

Figure 4 Highly pervasive transcription of the data-carrying chromosome. A, IGV visualization of RNA-seq signals for dChr. Control and data-carrying
yeasts were both sequenced with three biological replicates. B, The five regions were randomly selected for RT-PCR analysis; all regions could be reverse-
transcribed, and β-actin expression was used as a positive control. C, The black curve represents isoform lengths from the wild-type yeast genome, and the red
curve represents isoform lengths transcribed in dChr. The Wilcoxon test was performed. ***, P<0.001.
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MATERIALS AND METHODS

Strains and cell culture before library preparation

Yeast strains yMH007 (containing dChr) and yMH104 (Chen
et al., 2021) were cultured in tubes containing 4 mL SC-Ura
liquid medium in a shaker incubator overnight at 30°C.
yMH104 contains pZJ-Ura with basic elements including
CEN6/ARS4 and a marker gene URA3, as well as elements
of a bacterial artificial chromosome. After incubation, liquid
culture was diluted with 50 mL fresh SC-Ura liquid medium
to an optical density at 600 nm (A600) of 0.2. After culturing
at 30°C until the A600 reached 1.0–1.2, sufficient yeast cells
for downstream applications were harvested: RNA extrac-
tion, ChIP-seq, ATAC-seq, Hi-C, and CAGE-seq.

Local alignment search and genetic elements prediction

The blastn algorithm (designed for cross-species comparison
with shorter queries) of the BLAST search local alignment
tool was used to search for sequences analogous to those in
our dChr. The entire dChr data-carrying sequence (not in-
cluding the vector sequence) was used as a query against the
S. cerevisiae S288C genomic sequence.
Putative promoters were predicted using a promoter pre-

diction webserver (Knudsen, 1999). TATA boxes were
identified in the dChr sequence by searching for the con-
sensus sequence TATA(A/T)A(A/T)(A/G) (Basehoar et al.,
2004). Transcription factor-binding motifs were found using
FIMO (Grant et al., 2011) in MEME Suite version 5.4.1
(Bailey et al., 2015).

RNA extraction and reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA from yeast was purified according to the in-
structions for the Qiagen RNeasy Mini Kit (QIAGEN, Ger-
many). Reverse transcription was performed using the First
Strand cDNA Synthesis Kit (GeneCopoeia, USA). Equiva-
lent cDNA, as well as RNA and ddH2O, was used to carry
out PCR using the primers listed in Table S2 in Supporting
Information. The cycling parameters were 95°C for 5 min,
30 cycles of 95°C for 15 s, 54°C for 15 s and 72°C for 30 s,
followed by a 5 min incubation at 72°C. After amplification,
5 μL of each PCR product was loaded onto 1% agarose gels
for electrophoresis.

RNA-seq and Iso-seq

ToFU (Transcript isOforms: Full-length and Unassembled;
see Gordon et al. (2015)) was used for Iso-seq library pre-
paration and sequencing to generate a de novo transcriptome.
RNA-seq library preparation followed standard procedures
(for Illumina and PacBio, respectively). The HiSeq PE150

mode on the Illumina NovaSeq™ 6000 was used for RNA-
seq, and the PacBio single-molecule long-read platform was
used for Iso-seq. RNA-seq raw reads were cleaned by using
Cutadapt (version 2.6) to trim the sequencing adapters. Clean
reads were then mapped to the yeast reference genome (we
merged the sacCer3 genome and the dChr DNA sequence to
obtain our reference genome, and the reference genome was
indexed for mapping) using hisat2 (version 2.0.5), after
which Stringtie (version 2.0) was used to quantify the gene
expression levels. The mapped bam files were converted to
the Bigwig format using bamCoverage from Deeptools
(version 3.3.1). Afterward, the Bigwig files were visualized
in the IGV. The differentially expressed genes were called
using DESeq2 (R package, version 1.26.0) in R (version
3.6.0).

Hi-C library preparation and sequencing

Crosslinking and MboI enzyme (NEB, USA) digestion were
performed by following a previous study (Lieberman-Aiden
et al., 2009). Briefly, cohesive ends were blunted and labeled
by biotin-14-dCTP (TriLINK). Blunt-end ligation was car-
ried out using T4 DNA ligase (Thermo Fisher Scientific,
USA). After purification, the DNAwas sheared to a length of
~400 bp. Dynabeads MyOne Streptavidin C1 (Thermo
Fisher Scientific) was used to pull down point ligation
junctions. The Hi-C library was prepared with the NEBNext
Ultra II DNA Library Prep Kit according to the manu-
facturers’ instructions. Sequencing was carried out on an
Illumina HiSeq X Ten platform (USA) using the PE150
mode. Two replicates were generated for each group of
materials. HiC-Pro (version 2.7.9) (Servant et al., 2015) was
used to analyze the Hi-C data. Briefly, paired-end reads were
first aligned to the reference genome. Unmapped reads were
cut at restriction sites and re-mapped. After removing PCR
duplicates and reads without restriction sites (MobI), the
contact matrixes were used to generate the final valid con-
tacts. Finally, the contact matrix was normalized using ICE.
Hicpro2juicebox (a script from HiC-Pro) was used to convert
the valid contacts to the “.hic” format, and these files were
imported into Juicebox (Durand et al., 2016) for visualiza-
tion.

CAGE-seq library preparation and sequencing

A previous study was used as a reference for CAGE-seq
library preparation (Adiconis et al., 2018). For high-
throughput sequencing, the libraries were prepared following
the manufacturer’s instructions and sequenced on the Illu-
mina NovaSeq 6000 system using the 150 nt paired-end se-
quencing mode. Cwutadapt (version 2.6) was used to find
and remove adapter sequences with the parameters “-a
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A
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AGATCGGAAGAGCGTCGTGTAGGGAAA -m 20 -q 15”.
Bowtie2 was used to map clean reads to reference genome,
and Picard was used to remove duplicates. MACS2 was used
to call significant peaks with the parameters “-f BAMPE -g
1.2e7 - -p 0.05”. bamCoverage was used to convert bam files
to Bigwig files for visualization.

ATAC-seq library preparation and sequencing

Yeast cells cultured from a previous log growth phase
culture were harvested by centrifuge and then washed three
times with phosphate-buffered saline (PBS). Cell pellets
were lysed via incubation for 10 min at 4°C on the rotation
mixer. DNA fragmentation by Tn5 was carried out ac-
cording to standard protocols (Corces et al., 2017). The
final library was sequenced on the Illumina HiSeq X Ten
platform using the PE150 mode. ATAC-seq raw reads were
first trimmed with sequencing adapters, similar to the
process for RNA-seq. Afterward, clean reads were aligned
to a reference genome using Bowtie2 (version 2.3.5) with
the following parameters: “-L 25 -X 2000 -t -q -N 1 –no-
mixed –no-discordant”. PCR duplicates were removed
using Picard (version 1.118), and MACS2 (version 2.2.5)
was used to call significant peaks with “-F BAM -g 1.2e7
-w - -nomodel - -shift -100 - -extsize 200”. The final
mapped bam files were converted to the Bigwig format
using bamCoverage for visualization in IGV.

ChIP-seq library preparation and sequencing

Forty milliliters of yeast culture were combined with
1.11 mL of 37% formaldehyde (1% final concentration) in a
50 mL Falcon tube. The lid was tightened to prevent leakage,
and the tube was placed in a silent mixer at room temperature
for 25 min. Afterward, 2.74 mL of 2 mol L−1 glycine was
added and mixed at room temperature for 10 min to stop
crosslink reactions. The mixture was washed three times
with 20 mL of cold (4°C) PBS and resuspended with 3 mL of
PBS that contained protease inhibitor. A standard ChIP-seq
protocol (Kim and Dekker, 2018) was carried out using an
H3K4me3 antibody (Cell Signaling Technology, USA) and
then sequenced on the Illumina NovaSeq6000, using the
PE150 mode. The ChIP-seq analysis was similar to the
ATAC-seq analysis. The ChIPed and input sample pairs were
mapped to the reference genome using Bowtie2, and en-
riched peaks were called using MACS2. The mapped bam
files were finally converted to Bigwig format via bam-
Coverage using RPKM normalization for visualization.

In-depth proteome analysis

Sample preparation for proteome analysis followed the ionic
liquid-based filter-aided sample preparation (i-FASP) pro-

cedure (Fang et al., 2020; Zhao et al., 2017). Briefly, yeast
proteins were extracted using 10% (m/v) C12Im-Cl solution
and reduced with 100 mmol L−1 1,4-dithio-D-threitol at
95°C for 5 min. Subsequently, the cooled samples were
transferred to 10 kD filter devices and washed with a
50 mmol L−1 ammonium bicarbonate (NH4CO3) buffer by
centrifugation. Then, iodoacetamide was added to the final
concentration of 150 mmol L−1 and incubated for 30 min in
the dark. After being washed three times with 50 mmol L−1

NH4CO3 buffer, the samples were digested by trypsin with an
enzyme/protein ratio (m/m) of 1:30 at 37°C for 12 h. The
protein digests were analyzed using a Q-Exactive mass
spectrometer equipped with an ultra-HPLC EASY-nLC 1000
system (Thermo Fisher Scientific). Peptides were separated
by a 15 cm C18 capillary analytical column (150 μm i.d.,
packed with ReproSil-Pur C18-AQ 1.9 μm beads (Dr.
Maisch GmbH, Germany)) over an 85 min elution gradient.
The MS analysis was performed in a data-dependent mode
with full scans (m/z 300–1,800, resolution 70,000@ m/z
200) obtained in an Orbitrap mass analyzer. After peptides
were fragmented by higher energy collisional dissociation,
the fragment ions were transferred into the Orbitrap and
acquired at a resolution of 17,500@ m/z 200.
MS data were processed using the MaxQuant software

(Version 1.6.5.0) against the S. cerevisiae (strain ATCC
204508/S288c) database (Uniprot Proteome, 2020_11, 6,049
entries), combined with 9,202 protein-coding sequences
constructed from the dChr gene sequence, and translated to
ORFs. All other parameters were set to default.

Gene ontology analysis

Gene ontology enrichment analysis for differentially ex-
pressed genes between data-carrying yeast and control yeast
was performed with goseq (R package, version 1.38.0;
(Young et al., 2010)). Only biological process terms were
focused on exclusively, and the top five enriched terms were
selected for visualization. All yeast genes were selected as
background genes.

Data availability

Related sequencing data have been uploaded to NCBI’s
Gene Expression Omnibus and are accessible through the
GEO Series accession number GSE183492. Other data
supporting the findings of the present study are available
from the corresponding author upon reasonable request.
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