ChromID identifies the protein interactome at chromatin marks
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Abstract

Chromatin modifications regulate genome function by recruiting protein factors to the genome.
However, the protein composition at distinct chromatin modifications remains to be fully
characterized. Here, we use natural protein domains as modular building blocks to develop
engineered chromatin readers (eCRs) selective for DNA methylation and histone tri-methylation at
H3K4, H3K9 a H3K27 residues. We first demonstrate their utility as selective chromatin binders
in living cells by stably expressing eCRs in mouse embryonic stem cells and measuring their
subnuclear localisation, genomic distribution and histone modification-binding preference. By
fusing eCRs to the biotin ligase BASU, we establish ChromID, a method for identifying the
chromatin-dependent protein interactome based on proximity biotinylation, and apply it to distinct
chromatin modifications in mouse stem cells. Using a synthetic dual-modification reader, we also
uncover the protein composition at bivalent promoters marked by H3K4me3 and H3K27me3.


http://www.nature.com/authors/editorial_policies/license.html#terms




methylation readers MBD1 and MeCP220



Functional analysis validates the interaction preference of eCRs with specific chromatin
modifications

Next, we explored the genome-wide binding patterns of all eCRs by biotin-ChIP-seq?2. By
visual inspection of the binding tracks we observed eCR-specific signals corresponding to
the distribution of target histone modifications and DNA methylation, indicating correct
localisation to these marks (Fig. 1d-f and Supplementary Fig. 3a-b). Their selective binding
preference to chromatin modifications was also confirmed by genome-wide enrichments and
direct comparison to histone modifications, DNA methylation and endogenous reader



addition, we also detect that H3S10-phosphorylation prevents binding of the CBX1-eCR to
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to methylated DNA in HT-SELEX experiments*. To test the specificity of these interactions
for DNA methylation readout, we repeated these experiments using the mutant 5mC-reader
(MBD1-1xMBD-R22A) fused to BASU. We did not detect any significantly enriched
proteins with the mutant 5SmC-reader, suggesting that the identified proteins associate with
DNA methylation (Fig. 3d and Supplementary Fig. 10a-c).

Engineered readout of combinatorial histone PTMs enables identification of proteins
associated with monovalent and bivalent chromatin

Nucleosomes bivalently modified by H3K4me3 and H3K27me3 are found at developmental
gene promoters and are thought to poise their expression for timely activation®:48.
Addressing the genomic distribution and/or protein composition of bivalently modified sites
and other combinatorial modifications has been a major challenge due to lack of tools that
enable simultaneous detection of both marks. To overcome this limitation, we first
characterised synthetic readers engineered for simultaneous detection of H3K4me3 and
H3K27me3 on the same nucleosome. eCRs containing the CBX7-Chromodomain or the
dPC-Chromodomain fused to the TAF3-Phd domain were stably expressed in ES cells as
described above (Supplementary Fig. 11a-b). Genome-wide binding analysis indicates
preferential binding of these bivalent eCRs to genomic sites marked by both H3K4me3 and
H3K27me3 modifications, while regions containing either H3K4me3 or H3K27me3 were
not enriched to the same levels (Fig. 4a-c and Supplementary Fig. 11c-e). Monovalent eCRs
with affinity to H3K4me3 or H3K27me3 only, showed reduced enrichments to bivalent
regions, while being predominantly recruited to sites modified by H3K4me3 or H3K27me3,
respectively (Fig. 4a-b and Supplementary Fig. 11c and f). To test the requirement of both
domains for the observed binding, we introduced mutations in either the TAF3-Phd
(DW890/891AAL9) or the CBX7-Chromo domains (W35A28) of the bivalent reader. We
observe loss of binding at bivalent sites for both mutant variants (Supplemental Fig. 12a-c).
To further evaluate the requirement of both histone modifications for recruitment of the
bivalent readers, we have introduced the TAF3-CBX7-bivalent eCR to £ed-KO ES cells
lacking H3K27me3. In the absence of H3K27me3, the bivalent reader fails to bind to the
genome (Supplemental Fig. 12d-e), further supporting the finding that its binding is
dependent on multivalent readout of both modifications by the two reader domains. Taken
together, the modular architecture of eCRs opens new possibilities to study and manipulate
combinatorial modifications in living cells.

The differences in genomic binding observed for the monovalent and bivalent eCRs
encouraged us to perform ChromID with eCRs specific to H3K4me3, H3K27me3 and
bivalent nucleosomes. In total, 136 unique proteins that directly or indirectly interact with
the chromatin marks were found significantly enriched across these three datasets
(Supplementary Fig. 13a-b, Supplementary Table 1 and 2). A total of 125 proteins were
detected at H3K4me3 (TAF3-eCR), enriching for GO terms related to transcriptional
regulation and H3K4me3 (Fig. 5a), including several transcription factors, bromodomain
proteins, histone modifier and chromatin remodelling complexes, as well as members of the
Transcription Factor 11D (TFIID), Integrator-, Mediator- and Super Elongation-complexes
(Supplementary Fig. 13a-b and Supplementary Table 1). Notably, we also detect proteins
involved in co-transcriptional processes such as the RNA-specific adenosine deaminase
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ADAR1 and the histone mRNA 3" end processing factor CASP8AP2/FLASHA° to be
associated with H3K4me3, which we confirmed by comparing genomic co-localisation of
FLASH and H3K4me3 at transcribed histone genes (Fig. 5b).

The H3K27me3-reader enabled us to identify 20 high-confidence hits, enriching for GO
terms associated with Polycomb repressive complexes and histone methyltransferases (Fig.
5a, Supplementary Fig. 13a-b and Supplementary Table 1). Among those hits we observed
well-studied subunits of PRC1 and PRC2 (RING2, EZH2, MTF2 and JARD2). Notably, we
also identified factors involved in H3K9 methylation like SETDBL1 or the zinc finger
proteins WIZ and ZNF518B, suggesting a potential crosstalk between proteins bound at
H3K9me3 and H3K27me3 sites. Notably, this is not due to unspecific localisation of the
H3K27me3 readers to H3K9me3 or vice versa, since we do not observe this cross-reactivity
from our ChlP-seq data (Supplementary Fig. 13c). Furthermore, by performing ChromID
with the H3K27me3-specific readers in ES cells lacking H3K27me3 (£ed-KO), we would
expect that such unspecific interactions would persist. However, we fail to detect any
enriched proteins, indicating that the reported interactions indeed originate from H3K27me3
sites (Supplementary Fig. 13d).

Finally, the combinatorial recognition of bivalent H3K4me3 and H3K27me3 loci by the
CBX7-TAF3-eCR enabled us to discover 33 high-confidence factors associated with bivalent
chromatin, enriched in GO terms related to transcriptional activation and repression (Fig. 5a,
Supplementary Fig. 13a-b and Supplementary Table 1). These included catalytic subunits or
components of the MLL1/MLLZ2, the NSL histone acetyltransferase and the TFIID basal
transcription factor complex, although TFIID components were detected at lower levels
compared to results obtained with the monovalent H3K4me3 reader. Other factors include
enhancer of Polycomb homolog (EPC1 and EPC2) and components of the NuA4 histone









are enriched using highly-stringent washing and elution conditions, ensuring effective
removal of background signals and reproducible detection and multi-sample comparison.

We expect ChromID to be used to chart the protein interactome at multiple chromatin
modifications and in numerous cell types in order to understand how the chemical language
on chromatin directs protein recruitment in a spatiotemporal manner. The applicability of
ChromlID in living cells, as well as eCRs as synthetic readers, further opens the possibility to
perform similar experiments in a tissue-specific manner in living animals to chart the epi-
proteome during dynamic cellular processes and development.

Online Methods

Molecular cloning

Reader domains were amplified from cDNA or synthesized (IDT technologies) based on
available domain annotations (Uniprot). Coding sequences are introduced in-frame to the
RMCE-targeting vector parbit-v6 by Gibson assembly. The final construct expresses the N-
terminal biotin-tagged domain of interest fused in-frame to a cassette containing an NLS
signal followed by eGFP, an internal ribosome entry site (IRES) and the puromycin-N-
acetyltransferase gene. All coding sequences are under control of a constitutive CAG
promoter. BiolD2-HA and the 13X-Linker were PCR amplified from MCS-13X-Linker-
BiolD2-HA plasmid (addgene #80899), HA-BASU was PCR amplified from BASU-RaPID
plasmid (kindly provided by P. Khavari; equivalent to Addgene #107250). PCR-amplified
products were cloned into RMCE-targeting vector L1-CAG-NLS-IRES-pac-1L (parbit-v9)
by Gibson assembly. For bacterial expression of eCR-eGFP-6xHis fusion proteins,
sequences spanning the domains of interest along with the NLS and eGFP were PCR
amplified from parbit-v6 and subcloned into a modified pET-28 vector encoding an in-frame
C-terminal 6xHis affinity tag.



recombination-reporter (addgene #6585260). 72 hours after transfection, single GFP-positive
cells were sorted by flow cytometry and validated by Sanger sequencing. Neuronal
differentiation of ES cells was performed as previously described®?.,

Flow cytometry
Cells were resuspended in DPBS and incubated with LIVE/DEADTM Fixable Near-IR
Dead Cell Stain (Invitrogen, L34975) to discriminate cell viability. Samples were analysed
on a FACSCanto (BD Biosciences). Cells were gated for viable and individual cells, channel
voltages for eGFP (Alexa Fluor 488-A) and live/dead (APC-Cy7A) signals were set
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imaging were GFP (ex BP 470/40, em BP 525/50) and N3 (ex BP 546/12, 600/400).
Confocal images were acquired with an HCX PL APO Leica 63x oil immersion objective
with HyD detectors. Z stacks were acquired per site using a 0.3 pm step size. Time-lapse
fluorescence microscopy was performed with a confocal spinning disk imaging system
(Olympus IXplore SpinSR10,) equipped with a CSU-W1 unit (YOKOGAWA) and a 60x
UPLSAPO UPIan S Apo silicon oil objective of 1.3 NA (Olympus Corporation). 11 z planes
were acquired per site (1um step size) every 5 min for approximately 12.5 hours. A 488nm
laser was used to excite the GFP probe while emitted light was filtered by a 525/50 band
pass filter and captured by a Prime BSI Scientific CMOS camera (2048 x 2048 pixels,
Teledyne Photometrics). Images were deconvolved using Huygens Professional 19.10
software (Scientific Volume Imaging) using up to 40 iterations of the Classic Maximum
Likelihood Estimation algorithm with a theoretical PSF. Background correction was
automatic. The signal-to-noise ratio setting was adjusted empirically to 16 to give
satisfactory results. Image analysis was performed on the resulting image series using FIJI
(version 2.0.0) and the Bio-Formats Importer plugin. Appropriate single z-planes were then
selected for further image analysis and display.

Fixed-cell immunofluorescence

Cells were seeded and grown as described above, fixed in 4% formaldehyde in PBS for 10
min at room temperature, washed three times in PBS, permeabilized for 5 min at room
temperature in PBS supplemented with 0.1% Triton X-100 and 0.25% BSA (Sigma-
Aldrich), and washed twice in PBS. Corresponding primary antibodies anti-H3K9me3:
ab8898 (abcam), anti-H3K27me3: C15410195 (diagenode), anti-GFP: 11814460001
(Millipore) and secondary antibodies (Alexa Fluor 488 anti-mouse and 568 anti-rabbit 1gGs
from ThermoFisher) were diluted in PBS containing 2% FBS and 0.02% BSA. Primary
antibody incubations were performed overnight at 4°C. Secondary antibody incubations
were performed for 1h at room temperature. Following antibody incubations, cells were
washed once with PBS and incubated for 10 min with PBS containing 4°,6-diamidino-2-
phenylindole dihydrochloride (DAPI, 0.5 pg/ml) for 10 min at room temperature to stain
DNA. Randomly selected cells were imaged with sequential acquisition settings on a Leica
SP5 inverted confocal laser scanning microscope.

Generation of recombinant nucleosomes

Core histones (Xenopus H3 and H4, human H2A and H2B) and truncated histone H3 for
native chemical ligation (NCL) were expressed in E. coli and purified as previously
described8:62, NCL reactions to generate H3K4me3, H3K4me1, and H3K9me3-modified
histone H3 were carried out as described %2 with truncated H3 lacking residues 1-31 after the
initiator methionine and containing a threonine-to-cysteine substitution at position 32 and a
cysteine-to-alanine substitution at position 110 (H3A1-31 MT32C C110A) and the
corresponding synthetic thioester peptide spanning residues 1-31 of histone H3.1 and
containing the desired modification (Peptide Protein Research Ltd., Fareham, UK). For
generation of H3K27me3-modified histones, a similarly truncated Xenopus H3 construct
was used, lacking the first 44 residues and carrying a threonine-to-cysteine mutation at
residue 45 (H3A1-45 MT45C C110A). Histone octamers were assembled and reconstituted
into mononuclesomes carrying 601 DNA as described?8.
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Bacterial expression of eCR-eGFP-His fusion proteins

His-tagged eCR-eGFP fusion proteins were expressed in BL21 (DE3) £. coliby induction
for 3 h at 37°C with 0.5 mM IPTG in the presence of 20 uM ZnCls. Cells were lysed by
sonication in lysis buffer (20 mM Tris HCI pH 8, 500 mM NacCl, 0.1% NP-40, 0.5 mM
PMSF). His tagged protein was bound to Sepharose 6 Fast Flow Ni-NTA resin (GE
Healthcare), washed with 300 mM wash buffer (50 mM NaH,PO,4 pH 8, 300 mM NaCl, 20
mM imidazole, 0.1 mM PMSF) and 1 M wash buffer (1 M instead of 300 mM NaCl), and
eluted in 50 mM NaH,PO,4 pH 8, 300 mM NaCl, 250 mM imidazole. Fractions containing
the desired eCR-eGFP fusion protein were pooled and dialysed against BC100 (20 mM
HEPES KOH pH 8, 100 mM KCI, 10% glycerol, 0.5 mM DTT).

Nucleosome pulldown assays

For pulldown assays with recombinant modified nucleosomes and eCR-eGFP fusion
proteins, streptavidin sepharose high performance beads (GE Healthcare) were blocked with
1 mg/ml BSA in pulldown buffer (20 mM HEPES KOH pH 7.9, 150 mM NacCl, 10%
glycerol, 1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 0.1% NP-40, 0.1 mg/ml BSA) before
three washes with pulldown buffer. All centrifugation steps were carried out at 1,500 g for 2
min at 4°C. All incubation steps were carried out at 4°C. Beads were incubated overnight
with 3 pg of assembled recombinant nucleosomes in pulldown buffer. After three washes,
bead-bound nucleosomes were incubated with increasing amounts of eCR-eGFP fusion
proteins for 2 h. Beads were then six times washed with pulldown buffer by 5-min
incubation under rotation before elution of bound proteins by boiling with 1.5x SDS sample
buffer (95 mM Tris HCI pH 6.8, 15% glycerol, 3% SDS, 75 mM DTT, 0.15% bromophenol
blue). Protein binding was analysed by Western Blotting with anti-His antibody (Sigma,
H10229), and corresponding histone modification antibodies.

ChrnlpP2 Neol|dMChrvernight


https://github.com/FelixKrueger/TrimGalore

mapped using QuasR% in R to the mouse genome (version mm9) using the BOWTIE
algorithm allowing for two mismatches and only unique mappers were used (-m 1 --best --
strata). Identical reads from PCR duplicates were filtered out.

To obtain genome-wide 1kb intervals, we partitioned the entire genome into 1 kb sized tiles.
Intervals overlapping with satellite repeats (Repeatmasker), ENCODE black-listed and low
mappability scores®> (below 0.5) were removed in order to reduce artefacts due to
annotation errors and repetitiveness. To detect eCR-enriched regions, we utilised MACS2
using the eGFP ChlP-seq as background and applying the following parameters: --broad -g
mm --broad-cutoff 0.1. To detect antibody-specific peaks for histone modifications, we


http://compbio.mit.edu/ChromHMM/
http://compbio.mit.edu/ChromHMM/

histones were washed four times with 100 mM ammonium bicarbonate, two times with
water, and three times with acetonitrile. Histone gel pieces were rehydrated with a 25 ng/ul
trypsin solution in 200 MM ammonium bicarbonate (sequencing-grade trypsin from
Promega) and digested overnight at 37 °C. Processing of tryptic peptides, mass
spectrometric measurements and data analysis as previously described®®.

Nuclear extraction for ChromID

Cells were cultured with ES medium and induced for the corresponding time periods (12-24
hours) with 50uM biotin (Sigma) dissolved in DPBS. Cells were grown to about 90%



1x PIC) for 10 min at 4°C. After the washes, beads were isolated from the last TE wash on a
magnetic rack and the proteins were digested with 0.5 ug trypsin (Promega; V5111) in 40ul



mouse reference proteome (UniProtKB/Swiss-Prot and UniProtKB/TrEMBL) version

2018 12 combined with manually annotated contaminant proteins was searched with protein
and peptide false discovery rates (FDR) values set to 1%. Match-between-runs algorithm
was enabled. All MaxQuant parameters can be found in the uploaded parameterfile:
rpx40_mgpar.xml (deposited in the PRIDE repository). Perseus (versions 1.6.1.1) was used
for statistical analysis’2. Results were filtered to remove reverse hits and proteins only
identified by site. Further, only proteins found in at least 3 replicates were kept. Missing
values were imputed from a 1.8 standard deviations left-shifted Gaussian distribution with a
width of 0.3 (relative to the standard deviation of measured values). Potential interactors
were determined using a two sample t-test using sO = 0.1 and 1 (details shown in volcano
plots) and permutation-based FDR = 0.0173 and visualised by volcano plots. Obtained
results were exported and further visualised using the statistical computer language R
(version 3.5.2).

Estimation of protein abundance by data-independent acquisition (DIA)

Cells were grown to about 90% confluency on 10 cm dishes (approximately 15 x 1076
cells), harvested by trypsinisation, and pelleted by centrifugation at 2000 rpm for 5 min. Cell
nuclei were extracted following the nuclear extraction procedure (described above) until
digestion of genomic DNA. Nuclei were then pelleted by centrifugation at 2000 g for 10 min
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Data Analysis

In brief, raw files were analysed in Spectronaut Pulsar (13.9.191106.43655, Biognosys) by
library-free DirectDIA. The basic principles of DirectDIA analysis have been previously
described by’®. The searches were done against the mouse reference proteome (UniProtkB/
Swiss-Prot) and a eGFP reference. Search results were filtered at 1% FDR on precursor and
protein group level. Only the top 3 peptides were used for label-free protein intensity
calculation. The protein group report of significant proteins was further used for plotting in
R.

Functional gene set enrichment and network visualisation

All proteins identified previously were mapped to human STRING identifiers via the gene
names and sequence similarity. Functional gene set enrichment was performed using the
“Proteins with Values/Ranks” functionality in STRINGv117® for each chromatin reader. The
log2 fold changes over background were used. From all terms enriched in any of the
chromatin readers, nine Gene Ontology Cellular Component terms (The Gene Ontology
Consortium, 2019) which were significantly enriched in at least one of the readers were
selected. Cytoscape (version 3.7.1) was used to layout the 79 proteins that were identified in
ChromID experiments and are members of at least one of the selected GO terms.
Visualisation was based on GO term membership only. Each protein was represented by a
pie chart which signifies in which reader the protein was significantly detected after LS-
MS/MS. STRING interaction confidences were added as links between proteins, with a
cutoff set at confidence 0.4. For foreground protein network visualisation, all proteins with a
positive log2 fold change in any of the chromatin readers compared to nBASU were
considered as foreground. Their protein-protein interaction network was retrieved from
STRINGv1176 with an interaction confidence threshold of 0.7. The network was imported
into Cytoscape (version 3.7.1) and visualized using the “Prefuse Force Directed OpenCL
Layout”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Editorial summary

The protein complexes associated with specific chromatin marks in living cells are
identified using engineered binding proteins.
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phosphorylation on CBX1-2xChromo binding. Results from two independent measurements
are shown.
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Figure 3. ChromlI D identifies proteins associated with H3K 9me3 and DNA methylation.
a) Schematic describing ChromID using engineered chromatin readers fused to promiscuous

biotin ligases (BioL). b) Volcano plot showing ChromID results obtained using the CBX1-
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score is calculated by multiplying the In(p-value) from Fisher's exact test (two-tailed) and
the z-score. d) Heatmap representation of significantly enriched proteins captured with the
5mC-reader (MBD1-eCR-BASU) and compared to results obtained using a mutant 5mC-
reader (R22A-eCR-BASU). Shown are average LFQ intensities (log2-FC) from four
independent measurements. Peptides used to identify MBD1 match the MBD domain used
in the eCR. €) Same as in ¢, but for proteins enriched by MBD1-eCR-BASU.

Nat Biotechnol. Author manuscript; available in PMC 2020 September 02.
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Figure 4. Generation and validation of eCRsreading bivalent H3K 4me3 and H3K 27me3 marks.
a) Genome browser example showing context-dependent localisation of dual-reader eCRs to

bivalent sites decorated by H3K4me3 and/or H3K27me3. Binding is preferentially directed
to bivalent sites, while regions modified by H3K4me3- or H3K27me3-only show less
recruitment. Gene models and the position of CpG islands and repetitive elements are
indicated. b) Scatter plots indicating the distribution (highlighted data points) and
enrichment (colour) for the tested eCRs along the mouse genome based on H3K27me3
and/or H3K4me3 marks. Shown is the enrichment of H3K27me3 and H3K4me3 at 1kb

Nat Biotechnol. Author manuscript; available in PMC 2020 September 02.
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windows covering the entire genome (grey). Coloured data points indicate the top 1%
genomic windows enriched by the indicated eCR. eCRs specific for one modification
separate towards their respective substrates, while the dual reader localises predominantly to
the bivalent-modified sites (See also Supplementary Fig. 11d). c) Average density profiles
around H3K4me3- (red) and H3K27me3-monovalent (blue) or bivalent-peaks (black). Data
indicates increased preference of the dual-reader eCR for the bivalent peaks while binding at
H3K4me3- and H3K27me3-only peaks is strongly reduced (See also Supplementary Fig.
1le).
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Figure 5. ChromID identifiesthe proteins associated with key chromatin marksin mouse ES
cells.

a) Bar plots representing the top 10 cellular component GO terms enriched at H3K4me3-,
H3K27me3- and bivalently-modified chromatin. b) Genome browser example for FLASH/
CASP8AP2 co-localising at transcribed histone genes marked with H3K4me3. ¢) Heatmap
representation of proteins significantly-enriched in either of the ChromID experiments
specific for H3K9me3-, H3K4me3-, H3K27me3- or bivalently-modified chromatin in mouse
ES cells (FDR-corrected, two-tailed t-test, FDR = 0.01, n = 4 independent replicates).
Significance threshold was set to sO = 0.1 and FDR = 0.01. The LFQ intensities (log2-FC)
over nBASU are shown. d) Network analysis based on proteins belonging to major cellular
component GOs terms identified in at least one ChromID experiments (N proteins = 79).
Individual proteins are shown as nodes, edges indicate interactions retrieved from the
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STRING database (interaction score > 0.9). Proteins detected in ChromID experiments
belonging to the selected GO terms, but not called significant by the two-tailed t-test are
shown as grey nodes. Significantly enriched proteins are coloured according to the reader
they have been identified. €) Heatmap representation of identified factors classified based on
their functionality and clustered according to the computed LFQ intensities (log2-FC/
nBASU). Proteins were selected based on min 0.5 log2-FC in at least one ChromID
experiment. TF: Transcription Factor.
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