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SUMMARY

N6-methyldeoxyadenosine (6mA or m®A) is a DNA modification preserved in prokaryotes to
eukaryotes. It is widespread in bacteria, and functions in DNA mismatch repair, chromosome
segregation, and virulence regulation. In contrast, the distribution and function of 6mA in
eukaryotes have been unclear. Here we present a comprehensive analysis of the 6mA landscape in
the genome of Chlamydomonas using new sequencing approaches. We identified the 6mA
modification in 84% of genes in Chlamydomonas. We found that 6mA mainly locates at ApT
dinucleotides around transcription start sites (TSS) with a bimodal distribution, and appears to
mark active genes. A periodic pattern of 6mA deposition was also observed at base resolution,
which is associated with nucleosome distribution near the TSS, suggesting a possible role in
nucleosome positioning. The new genome-wide mapping of 6mA and its unique distribution in the

© 2015 Published by Elsevier Inc.
"Correspondence: chuanhe@uchicago.edu.

Current address: Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, MA 02138,
USA

ACCESSION NUMBERS
Sequencing data have been deposited into the Gene Expression Omnibus (GEO) under the accession number GSE62690.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and one table and can be found with this article

online at http://dx.doi.org/10.1016/j.cell.

AUTHOR CONTRIBUTIONS

Y.F., G.Z.L., and C.H. conceived the project. Y.F., G.Z.L., and K.C. designed and performed experiments with help from, X.D., M.Y.,
ZH.,J.L., XL, XW., and Q.J. G.Z.L. conducted bioinformatics analysis. D.H. helped on data analysis. L.C.D. helped on high-
throughput sequencing, L.M. helped with experiment design. Y.F., G.Z.L., and C.H. wrote the manuscript with input from K.C. and
L.M.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.cell

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuetal. Page 2

Chlamydomonas genome suggest potential regulatory roles of 6mA in gene expression in
eukaryotic organisms.

INTRODUCTION

Covalent modifications of individual bases in DNA can encode inheritable genetic
information beyond the four canonical DNA bases (Bird, 2007). Methylations of DNA,
including 5mC (Sasaki and Matsui, 2008) and 6mA (Wion and Casadesus, 2006), are the
most abundant modifications in both prokaryotic and eukaryotic organisms. The well-
studied 5mC modification in multicellular eukaryotes regulates diverse cellular and
developmental processes (Law and Jacobsen, 2010; Smith and Meissner, 2013); however,
the biological function of 6mA in eukaryotes is still unclear.

6mA is known to be present in the genomic DNA of viruses, bacteria, protists, fungi, and
algae, and has been detected in plant DNA and mosquito DNA (Ratel et al., 2006). In
bacteria, 6mA plays crucial roles in the regulation of DNA mismatch repair (Messer and
Noyer-Weidner, 1988), chromosome replication (Lu et al., 1994), cell defense, cell cycle
regulation (Collier et al., 2007), transcription and virulence (Low et al., 2001). The maps of
6mA in several bacteria strains have been obtained by using single-molecule real-time
(SMRT) sequencing (Fang et al., 2012; Murray et al., 2012).

Besides bacteria, certain unicellular eukaryotes also contain 6mA in their genomes. For
instance, the protozoan Tetrahymena (Hattman et al., 1978), Oxytricha fallox (Rae and
Spear, 1978), and Paramecium aurelia (Cummings et al., 1974) have relatively abundant
6mA but little 5mC. On the other hand, green algae Chlamydomonas reinhardtii (Hattman et
al., 1978) and Volvox carteri (Babinger et al., 2001) possess both 6mA and 5mC. Although
common in bacteria, no corresponding restriction endonucleases have been reported in these
species. Therefore, 6mA in these unicellular eukaryotic genomes has long been suspected of
possessing functions other than exclusion of foreign DNA or viruses (Ehrlich and Zhang,
1990). Additionally, evidences for the existence of 6mA in plants, insects, and mammals
have also been reported.

Chlamydomonas reinhardtii (referred to hereafter as Chlamydomonas) is a unicellular green
alga that has been widely used as a model organism to study photosynthesis, eukaryotic
flagella, and biomass production (Merchant et al., 2007). The high level (~0.3-0.5 mol%) of
6mA in the nuclear DNA of Chlamydomonas (Hattman et al., 1978) prompted us to study its
distribution and function, which could help to decipher the long mystery of 6mA in
eukaryotes and to develop bioengineering tools that may facilitate biomass and biofuel
production (Radakovits et al., 2010).

In this study, we employed/developed several methods for mapping 6mA sites in genomic
DNA. We first applied 6mA immunoprecipitation sequencing, or 6mA-IP-seq, which is an
antibody-based profiling method to obtain the genome-wide distribution of 6mA. We then
developed a 6mA-CLIP-exo strategy of employing photo-crosslinking followed by
exonuclease digestion to achieve a much higher resolution. Lastly, we developed a
restriction enzyme-based 6mA sequencing, or 6mA-RE-seq, to detect 6mA sites at single
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nucleotide resolution in genome-wide. Application of these three approaches to the
Chlamydomonas genome revealed that 6mA marks more than 14,000 genes, accounting for
84% of all Chlamydomonas genes. This methylation is highly enriched around transcription
start sites (TSS) with a bimodal distribution and significant local depletion at TSS. We used
RNA-seq to quantify gene expression, and found that the presence of 6mA is correlated with
actively expressed genes. This pattern is distinct from that of 5mC, which accumulates
mostly in gene bodies in Chlamydomonas. At single nucleotide resolution, we also
discovered that 6mA is enriched around TSS but exhibits an unexpected, strongly periodic
pattern, suggesting controlled deposition of 6mA in association with nucleosome spacing.
Nucleosome profiling revealed that 6mA around TSS occurs primarily within the linker
DNA between nucleosomes. Our data show that 6mA is an abundant DNA mark associated
with actively expressed genes in Chlamydomonas. These methods and results should
stimulate future functional investigations of 6mA in Chlamydomonas and other eukaryotic
organisms.

6mA is a Stable Modification in Chlamydomonas Genomic DNA

To accurately quantify the level of 6mA in genomic DNA, we applied an LC-MS/MS assay
using pure 6mA nucleoside as an external standard (Figures S1A, S1B) (Jia et al., 2011). In
agreement with the previous data (Hattman et al., 1978), we detected ~0.4 mol% of 6mA
(6mA/A) in the genomic DNA isolated from Chlamydomonas cultured in mixotrophic
conditions, i.e. Tris-Acetate-Phosphate (TAP) medium under constant light (Figure 1A).

To determine if 6mA is stable during cell growth, we monitored the 6mA level during a
multiple fission cell cycle in naturally synchronized cells induced by a 12 hr/12 hr light/dark
cycle in minimal media cultures (Bisova et al., 2005). Under such growth conditions, cells
grow in size during the light phase (G1 phase), and then undergo two to three rapid rounds
of alternating DNA replications and cellular divisions (S/M phase) from 1 hr to 5 hr after
entering the dark phase. Cells were mostly synchronized and rapidly divided under this
light-dark phase transition according to cell counting measured by flow cytometry (Figure
1B). The proportion of 6mA in genomic DNA was measured before and after the switch
from light to dark. Our results showed that the overall 6mA level in genomic DNA
decreased by ~40% in 2 hr after dark, corresponding to the time period when DNA was
replicated. This level then rose quickly back to the original level within 2 hr. This result
indicated that 6mA is installed on the newly synthesized DNA within a short time period
after DNA replication and is stably maintained during cell proliferation (Figure 1B).

Genome-wide Mapping of 6mA with 6mA-IP-Seq

Although the existence of 6mA in Chlamydomonas has been known, its distribution/
localizations are unclear. To generate a de novo map of the genome-wide distribution of
6mA, we applied 6mA-I1P-seq. Similar to the methylated DNA immunoprecipitation
(MeDIP) (Weber et al., 2005) that has been widely applied to enrich 5mC-containing DNA
fragments, we sought to use a 6mA-specific antibody to enrich the 6mA-containing DNA
fragments. An antibody that recognizes the N6-methyladenine base has recently been applied
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to genome-wide profiling of 6mA sites in RNA (Dominissini et al., 2012; Meyer et al.,
2012). By performing dot-blot assay on synthesized 6mA-containing DNA oligonucleotide,
we confirmed that this anti-6mA antibody can also specifically recognize 6mA in both
single-stranded and double-stranded DNA (Figure S2).

We then isolated genomic DNA from Chlamydomonas, and fragmented it into 200-400 base
pairs by sonication. The fragmented DNA was ligated to an adapter with specific index
sequence (Figure 2), which was then denatured to single-stranded DNA, and
immunoprecipitated using the anti-6mA antibody. The captured DNA was eluted through
the competition with 6mA single nucleotide, and PCR amplified to construct the DNA
library (Figure 2). Simultaneously, an input library was obtained by PCR amplification of
the ligated DNA before immunoprecipitation. Both libraries were subjected to high-
throughput sequencing. The obtained sequencing reads were mapped to a reference genome
of Chlamydomonas (JGI version 9.1), and 6mA sites were identified using a peak-detection
algorithm (Zhang et al., 2008). The false detection rate (FDR) was estimated to be below
0.01.

6mA Bases are Highly Enriched around TSS with a Bimodal Distribution

We performed 6mA-1P-seq on Chlamydomonas cultured under mixotrophic (constant light)
or heterotrophic (constant dark) conditions in TAP medium during the pre-stationary phase.
For each condition, we performed two biological replicates. After peak calling, we identified
25,803 and 28,982 high confidence 6mA peaks in light samples, and 22,005 and 21,016
peaks in dark samples (FDR<0.01), respectively. Among them, more than 95% of the peaks
mutually occur in both replicate samples, indicating the high reproducibility of our approach
(Figure S3A). About 88% of the peaks are common under both light and dark conditions,
suggesting a faithful installation/maintenance mechanism of 6mA at specific genomic
regions. Consistent with the previous measurements that 6mA was only detected in
Chlamydomonas nuclear DNA but not chloroplast DNA, all the 6mA peaks were mapped to
the nuclear genome but not the chloroplast genome. To our surprise, we observed that 6mA
is highly enriched around the transcription start sites (TSS) of 14,868 genes, constituting
84% of all the genes in the Chlamydomonas genome (Figure 3A). A closer examination of
the distribution revealed that the 6mA sites enriched around TSS (-500 to +800 bp, ~91% of
all 6mA peaks) exhibit a bimodal distribution with a significant local depletion at TSS. The
summit of the peak tends to locate within 500 bp downstream of TSS (Figure 3A). The rest
of the 6mA peaks (~9%) not associated with TSS do not show specific patterns, and reside
in both gene bodies and intergenic regions. The average peak width of the identified peaks is
around 320 bp, which is consistent with the fragmentation size of our sequenced DNA
(200-400 bp). We cannot quantify the number of methylation sites under each 6mA peak;
however, some peaks are noticeably broader with certain peaks containing multiple sub-
peak summits, suggesting the presence of multiple methylation sites in these regions (Figure
3B). Thus, our observation revealed a region-specific bimodal methylation pattern of 6mA
highly enriched around TSS.
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6mA-CLIP-exo with Immunoprecipitation, Photo-crosslinking, and Exonuclease Digestion

Inspired by chromatin immunoprecipitation followed by exonuclease digestion (ChlP-exo),
a method to map the locations at which a protein binds to the genome (Rhee and Pugh,
2012), we introduced photo-crosslinking after the antibody-based 6mA enrichment (Chen et
al., 2015) followed by exonuclease digestion in an attempt to identify 6mA peaks with
higher resolution. DNA/antibody complexes were covalently crosslinked with UV
irradiation before being captured by magnetic Protein A beads. The crosslinked DNA was
ligated to adapter R1 before being treated with two 5’-3” exonucleases, Lambda exonuclease
and RecJf exonuclease, to digest the DNA from the 5" end. The presence of crosslinked
antibody stopped the exonuclease digestion before the crosslinking site. Antibody was then
removed by proteinase K digestion, and DNA fragments were recovered for primer
extension. The dsDNA product was ligated to adapter R2 and sequenced (Figure 2). By
mapping the read ends to the Chlamydomonas genome, we determined the boundary sites of
antibody-protected regions, which contain one or more 6mA sites. As expected, we
successfully improved the resolution to ~33 bp (Figure 3B), and identified 30,899 6mA-
containing sequences with 67% overlapping with 6mA peaks identified from 6mA-IP-seq.
Meanwhile, 73% of 6mA peaks from 6mA-IP-seq contain at least one 6mA-containing
sequence identified from 6mA-CLIP-exo (Figure S3B). These higher resolution 6mA peaks
showed the same enrichment around TSS with a bimodal distribution, a local depletion at
TSS, and a potential periodic pattern (Figures 3C and S3C). A motif search revealed
multiple high frequency sequences (Figure 3D), most of which contain an ApT dinucleotide
motif (Figure 3D), reminiscent of the CpG methylation in most eukaryotic organisms and
suggesting ApT as the general consensus sequence.

Validation of Individual Methylation Sites

The methylation status of 6mA in specific motif sites can be validated by digestion with
restriction enzymes originating from bacteria and viruses that are sensitive to 6mA
methylation. For instance, CviAll is sensitive to 6mA and only digests the unmethylated
CATG sequence (Zhang et al., 1992), whereas Dpnll cuts only the unmethylated GATC
sequence (Vovis and Lacks, 1977). We then applied the restriction-enzyme-digestion assay
followed by quantitative PCR (6mA-RE-gPCR) to quantitatively evaluate the methylation
status on specific motif sequences (Figure 4A). In this assay, we treated the isolated
genomic DNA with CviAll or Dpnll overnight to fully digest the unmethylated recognition
motifs. We then designed PCR primers to specifically amplify the region flanked by the
candidate 6mA site. In principle, the percentage of 6mA in the target 6mA site could be
determined by quantitative PCR (qPCR) amplification of the restriction enzyme digested
genomic DNA using undigested genomic DNA as a control given that 6mA hinders
digestion. This strategy was tested by analyzing nine specific CATG sites and five specific
GATC sites within identified 6mA peaks from 6mA-IP-seq and 6mA-CLIP-exo, along with
two CATG sites and two GATC sites in regions that are not methylated based on 6mA-IP-
seq results. The 6mA-RE-gPCR assay identified 8/9 of these CATG sites and 3/5 GATC
sites within 6mA peaks to be completely or partially (a lower methylation frequency in a
population of DNA molecules) methylated. The control sites not identified by 6mA-1P-seq
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were not methylated by this assay (Figures 4B and 4C). Therefore, this assay provides locus-
specific validation of the 6mA-IP-seq results.

Genome-Wide Identification of Single 6mA Sites Using 6mA-RE-seq

The Chlamydomonas genome is GC rich (G+C content 64%) and around 120 million base
pairs (Merchant et al., 2007). The ~0.4 mol% 6mA/A ratio corresponds to ~85,000 fully
methylated 6mA sites. Our 6mA-1P-seq identified roughly 25,000 peaks with each peak
potentially covering multiple 6mA sites (most of them are fully methylated at ~100%, see
below), consistent with 6mA-1P-seq results showing that most 6mA peaks in the
Chlamydomonas genome cluster around TSS sites. The 6mA-CLIP-exo results revealed
several high-frequency sequences that include CATG and GATC. After we validated these
two sequences as genuine 6mA methylation sites that mark TSS regions in Chlamydomonas,
we sought to develop a high-throughput assay to map 6mA methylation in these selected
sequences genome-wide at single-base resolution and to quantitatively determine the
modification percentage at each site.

Genomic DNA was isolated and treated with CviAll or Dpnll, and then sonicated to around
300 base pair fragments, end-repaired by T4 DNA polymerase, 3’-adenylated, and ligated to
DNA adapters. The unmethylated CATG or GATC motifs would be digested and should be
enriched at the end of the DNA fragments. The methylated motifs should resist restriction
enzyme-mediated digestion and be present in the internal locations of DNA fragments. After
PCR amplification of the fragments, a DNA library can be prepared for high-throughput
sequencing. The ratio of a specific CATG or GATC sites with sequence reads internal
versus at the end represents the relative methylation to unmethylation ratio. An input sample
from genomic DNA without enzyme digestion serves as a control. Through mapping
sequencing reads to the reference genome, we can identify the methylation status for every
CATG or GATC motif genome-wide. We named this approach, as diagrammed in Figure
4D, 6mA-RE-seq and applied it to Chlamydomonas genomic DNA. While the specificity of
Dpnll to non-methylated DNA has been well characterized (Vovis and Lacks, 1977), the
specificity of CviAll in cutting only non-methylated but not hemi- or fully-methylated
sequences was further confirmed using synthetic DNA probes (Figure S4A).

By applying 6mA-RE-seq to two biologically independent samples of Chlamydomonas
grown under constant light or dark conditions, we obtained a high-resolution 6mA map of
all CATG and GATC motifs in the Chlamydomonas genome. As expected, most of the
sequencing reads were initiated with ATG or GATC for samples digested by CviAll or
Dpnll, which resulted from the digestion of unmethylated CATG or GATC sites,
respectively (Figures S4B and S4C). Meanwhile, the intact CATG or GATC motifs that
appear internal to the sequencing reads were counted as specific 6mA sites. We developed a
bioinformatics algorithm with which to calculate the methylation level of individual 6mA
sites within corresponding genomic sequences by calculating the ratio of reads obtained
from fragment terminals to total reads of each site. We successfully identified 24,970 and
19,778 C6mMATG sites with high confidence (FDR<0.01) in light and dark samples,
respectively. In the same samples, 4,967 and 4,174 high confidence GEGMATC sites were
found in the same samples. Among the methylated sites discovered, 15,883 C6mMATG sites
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and 3,337 G6mATC sites were identified from both light and dark samples, showing
consistency of the method and reinforcing 6mA as a persistent DNA modification in
Chlamydomonas (Figure 5A). These single 6mA sites include methylation sites that we have
also validated using 6mA-RE-gPCR (Figures 4B, 4C, and Table S1). The sites without
methylation based on 6mA-IP-seq and 6mA-RE-gPCR results were determined to be
unmethylated by 6mA-RE-seq as well (Figures 4B, 4C, and Table S1). Approximately 78%
(13,076/15,883 for C6mATG, and 2,069/3,337 for GGMATC) of the total detected sites
overlap with 6mA peaks identified by 6mA-1P-seq (Figure 5B). We plotted base-resolution
6mA sites that overlap with corresponding 6mA peaks as identified from 6mA-1P-seq. The
6mA peaks are highly enriched around the identified single 6mA sites, with peak summits
right on top of the single 6mA sites (Figure 5C). In addition, most of these methylation sites
are close to 100% methylated, as indicated by the ratio of internal versus terminal
sequencing reads (Figures S5A and S5B).

We performed an extended motif search based on the newly identified sites to examine if
there is any additional preference of nucleotides flanking the CATG or GATC sequence;
however, no additional consensus nucleotides were observed (Figure S5C). Considering the
high frequency of CATG and GATC all over the genome (588,209 CATGs and 144,087
GATCs), the methylated sites occupy only 3-4% of all available motifs. However, the
identified CATG and GATC methylations represent ~30% (24,970/85,000) and ~6%
(4,967/85,000) of all genomic 6mA sites, respectively. On the other hand, there are ~28% of
the 6mA-1P-seq peaks that do not contain any CATG or GATC sequences along the entire
genomic regions, indicating the presence of other 6mA sites in distinct sequence contexts
besides these two motifs. Interestingly, individual 6mA sites located at these two different
sequence contexts tend to cluster in short regions (Figure S5D). We also observed multiple
CATG and GATC motifs in a single peak identified from 6mA-IP-seq, and the peak length
linearly correlates with the number of CATG or GATC motifs present in the region (Figure
S5E). Taken together, these results indicate that 6mA methylation occurs mainly to ApT in
multiple sequence motifs that tend to cluster together.

Periodic Distribution of 6mA near TSS Sites

To further understand the methylation specificity, we calculated the density of individual
fully methylated 6mA sites around TSS (over 90% 6mA sites are close to fully methylated).
Strikingly, we observed an apparent periodic pattern of 6mA distribution near the TSS
region (Figure 5D). To rule out the possibility that a biased distribution of the CATG or
GATC sequences caused the periodic distribution pattern, we normalized the 6mA site
frequency according to motif occurrence within each region (Figure S5F). Of particular note
is an obvious discontinuity between peaks upstream and downstream of TSS, which
corresponds to a local depletion at TSS (Figure 5D). Fourier analysis of the periodic profile
showed that the frequency is one per 130-140 bp for both downstream and upstream 6mA
peaks (Figure 5E and 5F). The observed periodic pattern is similar to the one observed in the
6mA-CLIP-exo result which is independent of sequence bias (Figure S3C). The pattern is
also conserved in both biologically independent samples, and is independent of culture
conditions. Both motif sequences show exactly the same pattern (Figures S5G). For
comparison with the fully methylated sites, we also analyzed the distribution of partially
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methylated sites (< 60% methylated measured by 6mA-RE-seq, corresponding to less than
10% of all 6mA sites). These partially methylated sites are evenly distributed without any
obvious pattern or periodicity (Figure S5H). It is possible that the occurrence of these sites is
governed by different mechanisms than those associated with the periodic, peri-TSS sites in
Chlamydomonas.

6mA Preferentially Locates at Linker DNA between Two Adjacent Nucleosomes

The periodic distribution pattern of 6mA around TSS prompted us to study its correlation
with nucleosome positioning. We performed nucleosome foot printing followed by high-
throughput sequencing (Chodavarapu et al., 2010) to reveal the exact position of each
nucleosome in the Chlamydomonas genome. Briefly, micrococcal nuclease (MNase) was
used to digest unprotected DNA between nucleosomes while leaving the nucleosome-
occupied DNA intact; the intact DNA was then subjected to library preparation and high-
throughput sequencing. After MNase digestion, the purified DNA showed a clear band with
~150 bp length; the DNA is composed of the nucleosome-protected segments (Figure S6A).
These DNA segments were fully sequenced by paired-end sequencing. The length
distribution is enriched around 147 bp (Figure S6B), which perfectly matches the reported
value for Chlamydomonas (Lodha and Schroda, 2005). When we mapped the nucleosomes
and 6mA locations to the Chlamydomonas genome, we found that most of the 6mA sites
locate between two adjacent nucleosomes (Figure 6A). We then analyzed the statistical
distribution of nucleosomes relative to individual 6mA sites, which revealed that the peaks
of the closest nucleosomes are enriched ~75 bp upstream and ~78 bp downstream of the
6mA sites (Figure 6B). This pattern further supports that 6mA is mostly present in regions
corresponding to the linker DNA between two adjacent nucleosomes (Figure 6C). The
analysis of nucleosome-6mA correlation also showed that the downstream nucleosomes
possess a progression with a steady phase of 170-180 bp periodicity (Figure S6C), while the
upstream nucleosomes are relatively loosely phased, and this tight periodicity disappears
around 2 to 3 nucleosomes away from the 6mA site.

6mA May Contribute to the Positioning of Nucleosomes in Chlamydomonas

To further understand the relationship between nucleosome distribution and 6mA, we
plotted their density around TSS. We found that the periodic pattern of average nucleosome
occupancy around TSS in Chlamydomonas has distinct features compared to other species
(Figure 6D): first, the density of nucleosomes around TSS is much lower than that in gene
body regions and upstream promoter regions; second, the periodicity between two
nucleosomes is centered at 183 bp upstream of TSS, but has multiple period values
downstream of TSS, including 171, 151, and 128 bp (Figures S6D). Previous studies of
nucleosome distribution in Chlamydomonas and other organisms revealed that nucleosome-
depleted regions (NDRs) are on average ~155-160 bp around TSS, and nucleosomes
downstream of the NDRs are strictly phased in a 165-185 bp period, depending on the
length of linker region between two adjacent nucleosomes (Huff and Zilberman, 2014;
Lodha and Schroda, 2005). The multiple periodic values we observed could be a result of
convolution between the regular nucleosome periodicity of ~170 bp and the 6mA-influenced
periodicity of 130-140 bp downstream of TSS on DNA. Nonetheless, when we compared
the nucleosome distribution with the 6mA distribution around TSS, we found that they
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correlates with each other with ~180 degree phase shift, consistent with our finding that
6mA preferentially locates at linker regions. To probe the relationship of 6mA distribution
and nucleosome positioning in detail, we divided all the genes into two groups: with or
without 6mA around TSS. Interestingly, nucleosomes phase well for genes that contain 6mA
around TSS, whereas the nucleosome phase pattern was weak for genes without 6mA
(Figures 6E and S6E). Taking these results together, we propose a model in which the DNA
6mA modification either restricts or marks the positions of nucleosomes near TSS in
Chlamydomonas (Figure 6F). The 130-140 periodic pattern of 6mA leads to out-of-phase
distribution and partial occupancy of nucleosomes around TSS. For example, if the distance
between two adjacent 6mA sites is larger than the length of a nucleosome, such as 270 bp,
one nucleosome may reside between two adjacent 6mA, in place depending on the sequence
content. If the distance between two adjacent 6mA sites is shorter than 150 bp, such as 135
bp; nucleosome will be missing, leaving a nucleosome-free region between them (Figures
6A and 6F). The distribution pattern of 6mA may restrict the pattern of nucleosome
positioning for each gene, such that the genome-wide pattern of nucleosome is correlated
with 6mA distribution pattern.

6mMA Marks the TSS Regions of Actively Transcribed Genes

The bimodal localization of 6mA around transcription start sites prompted us to investigate
its relationship with gene expression. We used RNA-seq to analyze the expression of
individual genes. We divided genes into two groups: high expression (80% of all genes) and
low expression (20%), and plotted their 6mA peak abundances obtained from 6mA-CLIP-
exo experiments (Figure 7A). We found a general trend that genes with lower expression
tend to have low occupancies of 6mA around TSS regions. Specifically, among the 16% of
genes without 6mA, ~64% are categorized as low expression or non-active genes.
Correspondingly, on a genome-wide level, genes with 6mA around TSS express
significantly higher than genes without 6mA (Figure S7A). The widely-studied 5mC
methylation typically plays repressive roles in the regulation of gene expression. However,
our results reveal that 6mA marks the TSS regions of actively transcribed genes in
Chlamydomonas. Studies have shown that 6mA can reduce the stability of the DNA duplex
due to the requirement of unfavorable trans-configuration for base-pairing. The presence of
6mA may lower the energy required for opening up the DNA duplex (Engel and von Hippel,
1978). Based on the observed periodic distribution pattern, the tightly controlled deposition
of 6mA is associated with nucleosome phasing around TSS. These 6mA maodifications could
affect nucleosome positioning, or recruit protein factors analogous to methyl-CpG-binding
proteins as potential ‘readers’ to impact transcription initiation (Sternberg, 1985). Indeed,
barley nuclear extract has been shown to contain specific 6mA-binding proteins, and 6mA
embedded within GATC at the promoter region can increase the transcription activity of a
transfected plasmid (Rogers and Rogers, 1995).

To study potential effects of 6mA on gene regulation, we profiled the mRNA transcriptome
of algae cultured under constant light and dark conditions, and found 4,866 differentially
expressed genes. In parallel, we used the restriction enzyme based method to quantify the
methylation level of individual 6mA site under light and dark conditions. 6mA levels in
most genes were similar under both light and dark conditions (Figure S7B). These results
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suggest that 6mA is a general mark of TSS regions that could be actively transcribed.
Transcription factors and other factors may play more direct roles in determining the exact
expression levels of individual genes.

6mA and 5mC Mark Distinct Regions in the Chlamydomonas Genome

As 5mC is also present in high abundance in the Chlamydomonas genome, we wondered if
any relationship exists between these two DNA base modifications. Chlamydomonas has an
unusual pattern of 5mC methylation: overall it has less CpG methylation compared to
multicellular eukaryotes, but possesses all three types of methylation of CpG, CHG, and
CHH enriched in exons of genes, and has only CpG methylation enriched in repeats and
transposons (Feng et al., 2010). We compared bisulfite sequencing data of 5mC with the
6mA distribution that we generated. There is no specific enrichment pattern of 5mC
distribution around TSS regions (Figure S7C), and 5mC generally do not co-localize with
6mA (Figure 7B). 5mC appears mostly in gene bodies with a much broader distribution, and
is absent near TSS regions (Figure 7C and S7C). In addition, 5mC has been proposed to be
negatively correlated with gene expression in general (Jones, 2012); we did not observe a
strong correlation between the gene expression and 5mC occupancy around TSS region
(Figure S7D). This analysis indicates that 6mA and 5mC are two distinct marks in
Chlamydomonas genome: 6mA may contribute to chromatin structures that enable initiation
of gene transcription, while 5mC may contribute to transposon silencing, imprinting, exon
definition and affect transcription elongation (Cerutti et al., 1997).

DISCUSSION

The 6mA and 5mC modifications are both abundant in the genome of the green algae
Chlamydomonas reinhardtii. We showed that the total 6mA level is robustly maintained
during cell proliferation. We applied 6mA-IP-seq and further developed 6mA-CLIP-exo to
profile 6mA genome-wide using antibodies that specifically recognize and enrich N6-
methylated adenine. We found that 6mA mainly resides around transcription start sites with
a bimodal distribution. The results from 6mA-CLIP-exo at higher resolution revealed that
6mA deposition occurs mainly at ApT dinucleotides within multiple sequence contexts. At
least two sequence motifs, CATG and GATC, are confirmed by a restriction enzyme
digestion assay using CviAll and Dpnll that are sensitive to 6mA. We then applied this
restriction-enzyme-based 6mA-RE-seq strategy to Chlamydomonas genomic DNA and
obtained genome-wide 6mA maps at single-nucleotide resolution. The identified 6mA sites
within these two specific sequences account for ~1/3 of the total 6mA in genomic DNA.
6mA sites within other sequence contexts likely show similar distribution patterns (Figures
3D and S3C).

The results from the high-resolution maps of 6mA in two specific sequences not only
validate the IP-based profiling data, but also uncover a periodic pattern of 6mA. This
periodicity may mark special features of transcription initiation in Chlamydomonas, and
could be related to nucleosome positioning around TSS. Indeed, we performed nucleosome
footprinting coupled with high-throughput sequencing, and the results revealed a periodic
pattern of nucleosome occupancy that correlates with the periodicity of 6mA distribution,
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but is ~180 degree out of phase around the TSS region. The individual 6mA sites
exclusively mark the linker DNA between two adjacent nucleosomes. We propose two
possible interpretations for this exclusive behavior. One possibility is that, unlike the
nucleosome-wrapped DNA, the linker DNA is exposed and can thus be accessed for
methylation. The other possibility is that the locations of 6mA sites contribute to the precise
positioning of nucleosomes. Our results favor the latter hypothesis for the following reasons:
first, we have shown that nucleosomes around TSS sites exhibit very low densities. Low
occupancy nucleosomes unlikely serve as determining factors for 6mA deposition since it
occurs at almost 100% at most of these sites. On the other hand, a high density of 6mA
might act to reprogram the positioning of nucleosomes around TSS regions. Second,
nucleosomes are likely more dynamic than the covalent 6mA mark on DNA in the TSS
regions during transcription initiation. Precedence for a role of base methylation in affecting
chromatin structure exists: 5mC has been shown to contribute to nucleosome positioning in
other eukaryotes (Huff and Zilberman, 2014). Additionally, 6mA may mark the TSS region
for more efficient transcription initiation. Although it has been well known that the first
intron is always important for transgenic gene expression in Chlamydomonas (Eichler-
Stahlberg et al., 2009), the mechanism was unclear. We provide evidence that 6mA can
reside in the first intron (Examples shown in Figure 3B). The periodic distribution, its
specific location on the linker DNA between two adjacent nucleosomes at TSS, and its
marking of gene activation all suggest that this unique DNA mark contributes to nucleosome
positioning and transcription initiation.

We have shown that 6mA shares little correlation with 5mC in the Chlamydomonas genome,
indicating that they are controlled through different pathways and likely exhibit distinct
functions. Our transcriptome analysis found an association of 6mA with gene activation;
whereas, 5mC appears to negatively correlate with gene expression. Studies of 5mC have
dominated notions of DNA epigenetics in eukaryotes, in particular in vertebrates, because of
the critical roles played by 5mC. As shown here, 6mA can also be an important mark that
could mark/affect gene activation in eukaryotes. Analogous to 5mC recognition by methyl-
CpG-binding proteins, proteins that specifically recognize 6mA at TSS may exist; these
proteins could interact with or be part of transcription initiation complexes that contribute to
gene activation. It is also possible that 6mA may coordinate with other epigenetic factors
such as histone modifications that are also enriched around the TSS region. Highly dense
and narrow distributions of modifications such as H3K9 acetylation (H3K9ac) and H3K4
trimethylation (H3K4me3) near transcription start sites have been associated with
constitutive expression of genes involved in translation in Arabidopsis (Ha et al., 2011).
Cooperative interactions among 6mA, histone modification, and transcriptional factors could
serve as a general mechanism for transcription activation in Chlamydomonas and possibly
other eukaryotic organisms.

The E. coli Dam DNA methyltransferase methylates the N8 position of adenine at GATC
sites. Compared to prokaryotic 6mA modification in genomic DNA, the 6mA methylation in
the Chlamydomonas genome exists in a more complex manner with multiple potential
sequences mainly centered on ApT, resembling eukaryotic 5mC methylation of CpG. The
methyltransferases that are involved in establishing or maintaining the patterns of 6mA sites

Cell. Author manuscript; available in PMC 2016 May 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fuetal.

Page 12

remain to be determined (lyer et al., 2011). It should be noted that Greer and Shi et al.
(Greer et al., 2015) have recently discovered two enzymes, MAD-1 and DMT-1, which can
install or remove 6mA in the genome of Caenorhabditis elegans, respectively.

In summary, our study has demonstrated that 6mA is an abundant DNA modification in the
Chlamydomonas genome. It is enriched specifically around transcription start sites and
preferentially marks actively transcribed genes. A periodic distribution pattern with
depletion at the TSS coupled with an almost exclusive marking of the linker DNA between
adjacent nucleosomes indicates a process of controlled deposition as well as functional roles
in nucleosome positioning and transcriptional initiation. While 5mC is well known to mark
gene repression at promoter and enhancer sites in vertebrates, we show in this work that a
different DNA base modification, 6mA, flanks transcription start sites and marks actively
transcribed genes. The ribose version of 6mA modification (with 2’-OH) exists as the most
abundant internal mMRNA maodification in almost all eukaryotes. It has recently been shown
to be reversible and plays important regulatory functions (Fu et al., 2014). We suspect that
6mA could be widely present in eukaryotic genomes as well; in certain species 6mA may
carry important roles in regulating gene expression; in other organisms, 6mA may play
complementary roles to 5mC at different stages of development.

EXPERIMENTAL PROCEDURES

6mA-IP-seq

Isolated genomic DNA was diluted to 100-200 ng/uL using TE buffer, and sonicated in 130
uL scale to 200-400 bp using a Covaris Focused-ultrasonicator. End repair, 3’-adenylation,
and adapter ligation were performed. The ligated and purified DNA was denatured at 95 °C,
and chilled on ice. A portion of 10 uL DNA was saved as input. The rest of the DNA was
combined with 3 ug of anti-6mA antibody (Synaptic Systems) in 500 uL of 1x IP buffer, and
incubated at 4 °C for 6 hr. At the same time, 40 uL of Protein A magnetic beads was washed
twice in 0.5 mL of 1x IP buffer, and pre-blocked in 0.5 mL of 1x IP buffer containing 20
ug/uL of Bovine Serum Album at 4 °C for 6 hr. The Protein A beads were washed twice
with 0.5 mL of 1x IP buffer, added to the DNA-6mA antibody mixture, and incubated at 4
°C with gentle rotation overnight. The beads were then washed four times with 0.5 mL of 1x
IP buffer. Methylated DNA was eluted twice by 100 uL of elution buffer containing 6mA
monophosphate at 4 °C for 1 hr. The two elusion solutions were combined, to which 20 uL
of NaOAc (3 M, pH 5.3), 500 uL of EtOH, and 0.5 uL of glycogen (20 ng/uL) were added.
The solution was frozen at —80 °C overnight, and centrifuged at 14,000xg for 20 min at 4
°C. The precipitated DNA was dissolved in 7 uL of ddH,0, PCR amplified for 15 to 18
cycles, purified by Ampure beads, and suspended in 16 uL of re-suspension buffer to yield
the sequencing library.

6mA-CLIP-exo

Genomic DNA was sonicated to around 200 bp and immunoprecipitated by using anti-6mA
antibody. The antibody-DNA complex was then covalently crosslinked using UV 254 nm
irradiation, followed by a procedure similar to ChlP-exo (Rhee and Pugh, 2012). The library
was constructed with Illumina-compatible adapters and primers and applied to lllumina
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HiSeq 2000 sequencer with single-end reads. The raw data were aligned by bowtie and the
peaks were called by MACE (model-based analysis of ChlP-exo). See Extended
Experimental Procedures for detailed procedures.

Restriction enzyme digestion was performed by treating 1 ug of gDNA with 5 uL of CviAll
or Dpnll restriction enzyme (5 U/uL) at 25 °C or 37 °C overnight. The digested and non-
digested DNA (200 ng each) were fragmented into ~100 bp by sonication, and sequencing
libraries were constructed according to Illumina TruSeq DNA sample preparation
procedures.

6mA peaks from 6mA-IP-seq and 6mA-RE-seq

Reads were mapped to the Chlamydomonas genome (JGI) Version 9.1, with parameters and
scripts as described in the Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Presence and Conservation of 6mA in Chlamydomonas Genomic DNA
(A) The presence of 6mA in isolated Chlamydomonas genomic DNA is determined by

UHPLC-QQQ-MS/MS. Ratios of 6mA/A are shown (n = 6, mean = S.E.M.).

(B) The level of 6mA decreases at the beginning of S/M phase during DNA replication, and
increases back to the original level at the late stage of S/M phase. During a multiple fission
cell cycle in naturally synchronized cells, cells begin to replicate its DNA 1 hr after dark and
divide two times, leading to ~4-fold increase of the total cell number. Ratios of 6mA/A are
shown on the left axis (n = 4, mean £ S.E.M.) with calibrated cell concentration (cells/uL)

shown on the right axis (n = 2, mean £ S.E.M.).
See also Figure S1.
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Figure 2. Schematic Diagram of 6mA-1P-seq and 6mA-CLIP-exo
For 6mA-IP-seq (left), fragmented genomic DNA (gDNA\) is ligated to a Y-shaped adapter

with specific index sequence, denatured, and immunoprecipitated using anti-6mA antibody.
The captured DNA is eluted with 6mA single nucleotide, and PCR amplified to construct the
DNA library. Simultaneously, the input library was obtained from the ligated DNA before
immunoprecipitation. For 6mA-CLIP-exo (right), fragmented gDNA is incubated with
anti-6mA antibody, crosslinked by 254 nm UV irritation, and immunoprecipitated. The
crosslinked DNA is ligated to adapter R1 on beads, followed by 5’ to 3’ exonuclease
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digestion. Antibody-protected DNA is preserved, and a 2nd-strand DNA synthesis is
performed after protease digestion of the antibody. A second ligation to adapter R2 provides
the template for PCR amplification to construct the library for high-throughput sequencing.
Boundaries were determined by the sequencing ends of the 6mA-CLIP-exo-seq to provide a
high resolution localization of 6mA.

See also Figure S2.
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Figure 3. A Bimodal Distribution of 6mA around Transcription Start Sites
(A) Distribution of 6mA peaks around TSS measured by 6mA-IP-seq. 6mA is enriched

around TSS with a bimodal distribution and a local depletion at TSS. 6mA occupancy
represents the reads coverage averaged by gene number in 6mA-I1P-seq.

(B) Snapshot of 6mA peak determined by both 6mA-IP-seq and 6mA-CLIP-exo in specific
gene loci. 6mA peaks can be detected both upstream and downstream of TSS in single
direction promoter region and bidirectional promoter region. Some enrichment peaks are
located in the first and second introns. Boundaries of 6mA-CLIP-exo-seq on both DNA
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strands were marked by magenta and blue color. Regions between the two nearest
boundaries were determined as a 6mA-containing sequence. Black arrows indicate the
transcription direction.

(C) Distribution of 6mA peaks around TSS measured by 6mA-CLIP-exo. The enrichment of
6mA near TSS shows a similar pattern as that obtained using 6mA-IP-seq. In addition,
several spikes could be observed from the large peak.

(D) The dinucleotide sequence ApT is enriched in 6mA-CLIP-exo peaks, including CATG.
See also Figure S3.
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Figure 4. Single Site Detection of 6mA Using Methylation Sensitive Restriction Enzymes
(A) Schematic diagram of 6mA-RE-gPCR for validation of specific 6mA. Restriction

enzymes CviAll or Dpnll that are sensitive to 6mA methylation in CATG or GATC were
used to digest the unmethylated CATG or GATC sites in genomic DNA, respectively. The
undigested CATG or GATC sites represent the methylated fraction, and can be PCR-

amplified by using primers that cove

r these sites.

(B, C) gPCR results of 11 selected CATG sites and 7 GATC sites validated the accuracy of
6mA-IP-seq. After CviAll- or Dpnll-mediated digestion, gPCR was performed using
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specific primers covering these sites. Relative abundances of undigested CATG or GATC
sites were calculated from the ACt value between digested and undigested DNA samples (n
=3, mean £ S.E.M.).

(D) Schematic diagram of 6mA-RE-seq. gDNA is digested with CviAll or Dpnll, sonicated
to small fragments around 100 base pair, and constructed into sequencing libraries. The ratio
for CATG or GATC internal of sequence reads versus at the end of sequence reads of a
specific genomic site represents the relative methylation to unmethylation ratio. An input
sample from gDNA without CviAll- or Dpnll-based digestion serves as a control.

See also Figure S4 and Table S1.
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Figure 5. Single-Nucleotide Resolution Map of 6mA
(A) Overlap of two 6mA-RE-seq samples under light and dark growth conditions. The

majority of methylation sites were detected in both samples, indicating the consistency of

this method.

(B) A majority of the detected single 6mA sites by 6mA-RE-seq are covered by 6mA peaks
identified by 6mA-IP-seq.
(C) Overlap of 6mA sites identified by 6mA-RE-seq with the 6mA peak identified by 6mA.-

I1P-seq.

(D) 6mA occupancy around TSS normalized to the CATG and GATC distribution. A
periodic pattern of 6mA around TSS could be observed for both C6mATG and GEmMATC

motifs.
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(E) Fourier transformation of 6mA distribution peaks.

(F) Periods of the corresponding frequency in Fourier transformation. The dominant period
length is 134.7 bp.

See also Figure S5.
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Figure 6. 6mA Resides at the DNA Linker Region between Adjacent Nucleosomes
(A) Distribution of nucleosome and 6mA in selected genes. 6mA mainly lies at the boundary

region of nucleosomes. Nucleosome occupancy is shown on the first line, 6mA sites
identified from 6mA-RE-seq are shown on the second line. Genome annotations are shown
on the bottom line.

(B) Nucleosome occupancy around 6mA sites. 0 defines the 6mA site, with downstream
noted as positive. Nucleosomes reside adjacent to but not on the 6mA site. Nucleosomes
downstream of 6mA sites show a constant period of ~170-180 bp.
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(C) Schematic models of the relationship between nucleosome distribution and 6mA in
genomic DNA showing that 6mA mainly distributes in the linker DNA between two
adjacent nucleosomes.

(D) Distribution profiles of 6mA and nucleosome around TSS showing they are mostly
inversely correlated.

(E) Nucleosomes exhibit a more consistent phase in relation to TSS in genes marked with
6mA than genes without 6mA.

(F) Schematic illustration of the relationship between nucleosome positioning and 6mA
location in individual genes. 6mA does not reside on nucleosome-wrapped DNA.

See also Figure S6.
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Figure 7. Correlation of 6mA with Active Genes
(A) The 6mA methylation is correlated with active genes. Two groups of genes with high

(FPKM = 1) and low (FPKM <1) expression levels are plotted with its methylation level
determined from 6mA-CLIP-exo-seq. 6mA occupancy represents the reads coverage that are
normalized to gene counts of each category in 6mA-CLIP-exo. FPKM stands for Fragments
Per Kilobase Of Exon Per Million Fragments Mapped.

(B) No correlation was observed between the distributions of 5mC and 6mA. Distance
between 5mC and 6mA was plotted, showing no correlation between the two.
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(C) Selected examples showing that 5mC mainly appears in the gene body, while 6mA
mainly resides near TSS region. 6mA peaks identified from 6mA-IP-seq are shown on the
first line, 5mC sites identified from previous results are shown on the second line. Genome
annotations are shown on the bottom line.

See also Figure S7.
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