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Abstract

Different combinations of histone modifications have been proposed to signal distinct gene
regulatory functions, but are poorly addressed by existing technologies. Here, we apply high-
throughput single-molecule imaging to decode combinatorial modifications on millions of
individual nucleosomes from pluripotent stem cells and lineage-committed cells. We identify
definitively bivalent nucleosomes with concomitant repressive and activating marks, as well as
other combinatorial modification states whose prevalence varies with developmental potency. We
show that genetic and chemical perturbations of chromatin enzymes both preferentially affect
nucleosomes harboring specific modification states. Finally, we combine this proteomic platform
with single-molecule DNA sequencing technology to simultaneously determine the modification
states and genomic positions of individual nucleosomes. This single-molecule technology has the
potential to address fundamental questions in chromatin biology and epigenetic regulation.

The activity of genes and regulatory elements is modulated by their cell type-specific
chromatin organization. The fundamental building block of chromatin is the nucleosome.
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Nucleosomal histones are chemically modified at many amino acid positions (1, 2), which
has led to the hypothesis that combinatorial marks specify distinct regulatory outcomes (the
‘histone code”) (3). However, our understanding of the histone code and other models (4)
has been constrained by our limited ability to detect, quantify and map combinatorially-
modified nucleosomes. Chromatin immunoprecipitation (ChlP), a predominant method in
chromatin biology, can identify the genomic location of a specific modification, but cannot
effectively distinguish whether coincident marks co-exist on the same nucleosome or
originate from different alleles or cells. Mass spectrometry can only compare marks if they
are adjacent on the same histone peptide and does not address genomic location (5).
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Although alternative approaches (6), such as flowing nucleosomes through nanochannels
(7), show promise, they have limited throughput and/or do not provide genomic information.

Here we address these limitations by establishing a single-molecule-based assay for
investigating combinatorial histone modifications (Fig. 1A, S1, S2, S3). We begin by
isolating mono-nucleosomes from cells and ligating fluorescent, biotinylated oligonucleotide
adaptors to their free DNA ends. We capture the ligated nucleosomes in a spatially
distributed manner on PEG-streptavidin coated slides, and incubate with fluorescently-
labeled antibodies to histone modifications. We then use total internal reflection (TIRF)
microscopy to record the position and modification state of each nucleosome. As proof of
principle, we captured adaptor-ligated mono-nucleosomes from HEK293 cells, and
incubated with antibody to histone H3 lysine 9 acetylation (H3K9ac). We used a TIRF
microscope to simultaneously detect nucleosomes by their fluorescent adaptors (Alexa555,
green), and to distinguish the subset with H3K9ac by the antibody label (Alexa647, red)
(Fig. 1B).

We imaged millions of nucleosomes and decoded their modification state. We found that
while the nucleosome positions were fixed, the H3K9ac antibodies repeatedly bind and
dissociate at a specific subset of these nucleosome positions (Fig. S2). Summation of
individual binding events over time revealed that ~1% of the nucleosomes are marked by
H3K9ac (Fig. 1C). In contrast, when we treated cells with histone deacetylase inhibitors
(HDACI), the fraction of acetylated nucleosomes increased to 7% (Fig. 1C, 1D). When we
repeated the analysis with recombinant unmodified nucleosomes, just 0.1% of nucleosomes
scored (Fig. 1E, S4). We also fluorescently labeled antibodies to H3 lysine 4 tri-methylation
(H3K4me3), lysine 27 tri-methylation (H3K27me3), lysine 27 di-methylation (H3K27me2)
and lysine 27 acetylation (H3K27ac), and confirmed their specificities by imaging
unmodified recombinant nucleosomes as well as marked peptides, and by probing arrays of
modified peptides (Fig. 1E, 1F, S4, S5).

In embryonic stem cells (ESCs), developmental gene promoters appear to be concomitantly
marked by repressive (H3K27me3) and activating (H3K4me3) histone modifications (8, 9).
This “bivalent’ chromatin state has been suggested to poise these genes for alternate fates,
but remains controversial (10). Sequential ChIP and IP — mass spectrometry provide
evidence for coexistence of the opposing marks (8, 11), but cannot identify definitely an
individual bivalent nucleosome. We leveraged our single-molecule platform to quantify
directly the co-existence of these key marks on nucleosomes derived from pluripotent ESCs,
from ESCs differentiated to embryoid bodies (EBSs), or from fully committed lung
fibroblasts.

We captured nucleosomes and determined their positions as above, chemically cleaved their
fluorophores, and then incubated them simultaneously with H3K4me3 (green) and
H3K27me3 (red) antibodies (Fig. S6, S7). TIRF imaging revealed that ~6.5% of
nucleosomes from ESCs carry H3K27me3 (Fig. 2A, S8, S9). This fraction is somewhat
higher in EBs and lung fibroblasts, consistent with prior reports that this repressive mark
expands during differentiation (2). The fraction of nucleosomes marked by H3K4me3 is
relatively constant (ESCs: ~2%; EBs: ~1.6%; lung: ~1.6%). Single-molecule counting
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revealed that 0.5% of nucleosomes in ESCs carry both marks and thus are truly bivalent
(Fig. 2A, 2D, S8). In contrast, in both EBs and fibroblasts, bivalent nucleosomes are much
less prevalent and actually depleted relative to random expectation (Fig. 2A).

A bivalent nucleosome could reflect symmetric co-occurrence of H3K4me3 and H3K27me3
on the same histone tail, or asymmetric marking on opposite tails. To address this, we
extracted individual histone molecules from ESCs, biotinylated them, spatially distributed
them on our surface and detected H3K4me3 and H3K27me3 modified tails (Fig. 2E). We
found that 0.4% of H3K27me3-modified tails also carry H3K4me3. For comparison, just
0.04% of H3K27me3-modified tails scored for H3K27ac, a combination that is chemically
prohibited (Fig. S8). The 10-fold excess in detection of bivalent H3 tails relative to
background suggests that symmetric bivalent nucleosomes do exist in ESCs. Nonetheless,
we estimate that 94% of bivalent nucleosomes are asymmetric, while just 6% are modified
on the same tail (Fig. S8).

Genomic loci marked by bivalent chromatin in ESCs are frequently deregulated in cancer
cells (12). Moreover, the Polycomb and trithorax complexes that catalyze H3K27me3 and
H3K4me3 are often mutated in cancer (12). We therefore investigated these modifications in
cancer cells (Fig. 2B, 2C, S8). We detected bivalent nucleosomes in three cell lines that lack
known Polycomb or trithorax mutations, T-cell acute leukemia (DND-41), embryonic kidney
(HEK293), and glioblastoma (GSC8), at levels higher than in our differentiated models (EB,
lung), but lower than ESCs. When we next examined a leukemia line (SKM-1) with a loss-
of-function (LOF) mutation of the PRC2 subunit EZH2 (13), we observed very few
H3K27me3-marked nucleosomes (~1%; Fig. 2C). We also examined a lymphoma cell line
(Karpas422) with a gain-of-function (GOF) EZH2 mutation that increases its catalytic
activity (14). We detected H3K27me3 on ~15% of nucleosomes. Bivalent nucleosomes are
also prevalent in the lymphoma cells, with roughly half of all H3K4me3-marked
nucleosomes carrying H3K27me3 (Fig. 2C, 2F, S8). The proportion of bivalent nucleosomes
is ~4-fold greater than expected from random overlap, suggesting that the mutant EZH2
preferentially catalyzes H3K27me3 on nucleosomes that are marked by H3K4me3. This is
consistent with the increased H3K27me3 over active promoters seen in EZH2 GOF
lymphomas (15). When we treated these lymphoma cells with an EZH2 inhibitor (16),
H3K27me3 was preferentially lost from bivalent nucleosomes (Fig. 2G). This may reflect
increased nucleosome turnover and/or preferential demethylation in such regions.

We next explored higher-order combinations of H3K27ac (marks active enhancers (2)),
H3K27me2 (intergenic regions (17)), H3K4me3 and H3K27me3 (Fig. 3A, S11). Monitoring
four or more histone modifications on single nucleosomes is carried out in successive steps
of antibody incubation and imaging, which are separated by a wash step to remove
antibodies. Single molecule counting reveals that the proportions of nucleosomes marked by
each of the four modifications are similar in ESCs and lung fibroblasts, with the exception
that H3K27 methylations increase modestly in the differentiated cells (Fig. 3A). When we
considered these modifications in combination, however, we observed considerable
differences between cell types (Fig. 3B, S11).
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ESC chromatin is enriched for the bivalent combination, and for the pairwise combination of
the two active marks, H3K4me3 and H3K27ac. The other pairwise combinations are present
in roughly the same proportions as would be expected by chance overlap. The lung
fibroblasts are enriched for the pairwise combination of active marks, like the ESCs, but not
for the bivalent nucleosomes. However, the lung fibroblast chromatin is depleted for the
other combinations (Fig. 3B). This includes the three pairwise states for H3K27
modifications, which are by definition asymmetric. These distinct combinatorial
modification patterns likely relate to alternate chromatin environments in the respective cell
types, most notably the hyper-dynamic nature of ESC chromatin (18) (Fig. S12).

We next examined how combinatorial chromatin states change upon treatment with a pan-
histone deacetylase (HDAC) inhibitor or with a p300 histone acetyltransferase (HAT)
inhibitor. HDAC inhibition significantly increased levels of H3K9ac and H3K27ac, while
p300 inhibition had the opposite affect (Fig. 3D, S11). Neither treatment altered H3K4me3
or H3K27me3. However, the changes in histone acetylation occurred preferentially on
nucleosomes with specific markings. In the case of HDAC inhibition, increased acetylation
preferentially affected H3K4me3-marked nucleosomes, consistent with HDACs modulating
acetylation levels at active promoters (19). In contrast, H3K4me3-marked nucleosomes were
less affected by p300 inhibition, consistent with a role for this enzyme at enhancers (20).

Phosphorylation of the histone variant H2Ax (yH2AX) is one of the earliest and best studied
marks of DNA damage. We therefore examined yH2AX levels on individual nucleosomes
extracted from ESCs. We found that ~2% of the nucleosomes contain yH2AXx at baseline
(Fig. S13). Combinatorial analysis revealed that yH2AX is specifically enriched on
nucleosomes with activating marks (H3K27ac and H3K4me3). Treatment with HDAC
inhibitors led to concomitant increases in acetylation and yH2AX levels, consistent with
studies documenting high baseline levels of yH2AX associated with decondensed chromatin
in ESCs (21).

Finally, we used single-molecule sequencing technology to read the DNA associated with
each individual nucleosome (Fig. 4A, S14). We captured adaptor-ligated nucleosomes from
ESCs, and queried their H3K27me3 and H3K4me3 status. We then displaced the histone
octamers, leaving behind double-stranded nucleosomal DNA. We enzymatically cleaved the
uracil bases that were incorporated into the non-biotinylated strand of the adaptor, exposing
a known sequence that was used as a priming site for single-molecule sequencing-by-
synthesis (22). We used TIRF microscopy to detect repeated cycles of base addition,
separated by chemical cleavage of fluorescent label and terminator.

Integration of TIRF images for antibody-based detection of modifications with subsequent
sequencing reaction data collected on the same flowcell allowed us to coordinately
determine the modification state and DNA sequence of each nucleosome (Fig. 4). More than
80% of the ~300,000 reads aligned to the mouse genome. We then compared the genomic
localization of individual nucleosomes with their modification states. Of the ~26,000 reads
for which the corresponding nucleosomes scored positive for H3K27me3, 45% aligned to
genomic regions within H3K27me3 ChIP-seq peaks (Fig. 4B). This is consistent with the
30-50% of reads that map to enriched intervals in a typical H3K27me3 ChIP-seq
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experiment. For comparison, just 12% of H3K27me3-negative nucleosomes aligned to
H3K27me3 ChlIP-seq peaks. In a subset of these experiments, we probed the sequenced
nucleosomes for both H3K27me3 and H3K4me3, yielding ~1,000 aligned reads for
concomitantly marked molecules, and thus providing the first definitive localization of
individual bivalent nucleosomes (Fig. 4D, 4E).

We present a critical step towards defining the nature and significance of combinatorial
chromatin modifications. We use single-molecule technology to decode concurrent
modifications on individual nucleosomes and sequence the associated DNA. We identify
individual bivalent nucleosomes with concomitant repressive and activating marks, and map
their genomic locations. We also document other combinatorial modification states whose
proportions change during cellular specification, or upon treatment with epigenetic
inhibitors. The single-molecule assay requires little starting material and is highly scalable
given that many millions or even billions of nucleosomes may be decoded and sequenced in
an automated imaging run.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Single-molecule detection of post-translational modifications on nucleosomes
(A) Experimental scheme: (1) Nucleosomes from cells are prepared by Micrococcal

Nuclease (MNase) digestion. Gel depicts nucleosomal DNA fragments of expected lengths;
(2) Free DNA ends are ligated to fluorescent, biotinylated oligonucleotide adaptors; (3)
Adaptor-ligated mono-nucleosomes are purified on a glycerol gradient and captured on
PEG-streptavidin coated slides. (4) Nucleosome positions on the surface are imaged by
TIRF microscopy, and then the fluorophore is cleaved from the adaptor. (5) Attached
nucleosomes are incubated with fluorescently-labeled antibodies to histone modifications.
Time-lapse images detect repeated binding and dissociation events and are integrated to
score modified nucleosomes. (B-D) HEK293 cells were treated with HDAC inhibitor. (B)
Single-Molecule detection of labeled nucleosomes (Alexa555, green) bound by labeled
H3K9ac antibodies (Alexa647, red). (C) Proportion of nucleosomes marked by H3K9ac
under each condition is determined by single-molecule counting. (D) Western blot confirms
increased H3K9ac in treated cells. (E-F) Recombinant unmodified nucleosomes and
H3K27me3-modified peptide were probed with the indicated antibodies. (F) Single-
molecule detection of labeled H3K27me3 peptide (TAMRA, green) with labeled H3K27me3
antibodies (Alexa647, red) at a single time point.
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Fig. 2. Single-molecule imaging of symmetric and asymmetric bivalent nucleosomes
(A) We queried modifications on nucleosomes from pluripotent ESCs, EBs and lung

fibroblasts (lung). Left: Colored bars indicate proportions of nucleosomes with H3K27me3
(red) or H3K4me3 (green). Right: Black bars indicate relative over- or under-representation
of bivalent nucleosomes. Results are presented as the Log?2 ratio of the observed proportion
of bivalent nucleosomes divided by the expected random association of these two marks
(random = fraction H3K27me3 * fraction H3K4me3; Fig. S10). (B) Nucleosomes from a T-
cell acute lymphoblastic leukemia line, HEK293 cells and glioblastoma stem cells were
decoded as in (A). (C) Nucleosomes from an acute leukemia line with a loss-of-function
EZH2 mutation, a lymphoma line with a gain-of-function EZH2 mutation, and the
lymphoma cells treated with EZH2 inhibitor GSK126. (D) Magnified TIRF image overlay
reveals three nucleosomes, one with H3K27me3 (red), one with H3K4me3 (green), and one
with concomitant bivalent modifications (arrow). (E) Image depicts H3K27me3 and
H3K4me3 antibody binding to individual histones isolated from ESCs. (F-G) The
lymphoma cell line with gain-of-function EZH2 was treated with GSK126 for 3 days. (F)
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Nucleosomes were decoded for H3K27me3 and H3K4me3. Shown is image for pre-treated
samples, with arrows highlighting bivalent nucleosomes. (G) Plot depicts proportions of
H3K4me3-negative (left, H3K27me3 only) and H3K4me3-positive (right, bivalent)
nucleosomes that carry H3K27me3. Bivalent nucleosomes are more likely to lose
H3K27me3 following treatment with GSK126.
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Fig. 3. Higher-order modification states across cellular states and inhibitor treatments
(A) Individual nucleosomes from ESCs and lung fibroblasts decoded for H3K4me3,

H3K27me3, H3K27me2 and H3K27ac, as described in Fig. 1. Bars depict fraction of
nucleosomes with the indicated modification. (B) Bars indicate, for each possible
modification pair, relative over- or under-representation, compared to random expectation, as
in Fig. 2A. Opposing modifications are relatively more likely to co-exist in ESCs than lung
fibroblasts. (C) ESCs were treated with DMSO (control), HDAC inhibitor (Sodium butyrate)
or p300 inhibitor (C646). Nucleosomes were isolated and decoded for H3K27me3,
H3K4me3, H3K9%ac and H3K27ac. Plot shows effects of inhibitors on each single
modification or the combination of H3K27ac and H3K4me3.
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Fig. 4. Single-molecule sequencing determines genomic positions of modified nucleosomes
(A) Experimental scheme: (1) Nucleosomes are captured and probed for their modification

state, as in Fig. 1A. Histones are evicted by increasing salt concentration. (2) The enzyme
USER is applied to excise uracil bases incorporated into the non-biotinylated adaptor strand
and expose a known sequence (3) Complementary primer is hybridized to the adaptor. Image
shows single molecule detection of nucleosomal DNA (Alexa647, red) and primer
(Alexab55, green). (4) Direct single-molecule DNA sequencing-by-synthesis (22). Images
reflect two sequencing cycles: incorporation of thymine, cleavage of fluorophore and
terminator, and incorporation of cytosine. (5) Data processing: for each x-y coordinate on
the surface, sequence data is analyzed and integrated with the initial images scoring antibody
binding and modification states of the corresponding nucleosomes. (B) Single-molecule
reads were aligned to the genome. Plot indicates proportions of H3K27me3-modified
nucleosome reads (“‘detected’) or un-modified nucleosome reads (‘undetected’) that aligned
to H3K27me3-enriched regions per conventional ChIP-seq. (C) Proportions of H3K4me3-
modified nucleosome reads that aligned to H3K4me3-enriched regions per conventional
ChlP-seq. (D) The HOXC gene cluster is shown along with H3K27me3 and H3K4me3
ChiIP-seq tracks. Single-molecule reads that aligned to these regions are indicated, along
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with the modification status of the corresponding nucleosome. (E) Analogous data shown
for other developmental loci for which bivalent nucleosomes were definitively identified.
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