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ABSTRACT

RNA-binding proteins (RBPs) play diverse roles in
regulating co-transcriptional RNA-processing and
chromatin functions, but our knowledge of the reper-
toire of chromatin-associated RBPs (caRBPs) and
their interactions with chromatin remains limited.
Here, we developed SPACE (Silica Particle Assisted
Chromatin Enrichment) to isolate global and regional
chromatin components with high specificity and sen-
sitivity, and SPACEmap to identify the chromatin-
contact regions in proteins. Applied to mouse em-
bryonic stem cells, SPACE identified 1459 chromatin-
associated proteins, ~48% of which are annotated
as RBPs, indicating their dual roles in chromatin
and BRNA-binding. Additionally, SPACEmap strin-
gently verified chromatin-binding of 403 RBPs and
identified their chromatin-contact regions. Notably,
SPACEmap showed that about 40% of the caRBPs
bind chromatin by intrinsically disordered regions
(IDRs). Studying SPACE and total proteome dynam-
ics from mES cells grown in 2iL and serum medium
indicates significant correlation (R = 0.62). One of
the most dynamic caRBPs is Dazl, which we find
co-localized with PRC2 at transcription start sites
of genes that are distinct from Dazl mRNA bind-
ing. Dazl and other PRC2-colocalised caRBPs are
rich in intrinsically disordered regions (IDRs), which
could contribute to the formation and regulation of

phase-separated PRC condensates. Together, our
approach provides an unprecedented insight into
IDR-mediated interactions and caRBPs with moon-
lighting functions in native chromatin.
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INTRODUCTION

RBPs participate in regulating transcription as well as other
aspects of co-transcriptional RNA regulation (1,2). Indeed,
it is known that transcriptional and post-transcriptional
processes are integrated to coordinate alternative splicing
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and polyadenylation (3,4), RNA stability (5,6) and subse-
quent translation in the cytoplasm (7). Furthermore, RBPs
promote biomolecular condensate formation, and were re-
ported to contribute to the functionality of enhancers, tran-
scription factors and RNA Pol II (8-10). Considering all
these potential RBP-chromatin interactions, the question
is which RBPs join the repertoire of chromatin-associated
proteins. This is particularly important as changes in the
dynamics of RBPs are generally implicated in cancer and
neurodegenerative diseases (11,12).

Global UV-crosslinkable RNA interactome capture
based on oligo-dT capture, click chemistry or organic phase
separation have identified over ~2300 candidate RBPs (13).
However, these methods are not able to distinguish those
RBPs that associate with chromatin (chromatin-associated
RBPs, caRBPs). ChIP-seq has been used to assess the as-
sociation of dozens of RBPs with chromatin (2,14), but its
application is limited by the availability and specificity of
antibodies. Thus, methods are needed that provide a global
view of caRBPs with high specificity and throughput.

Traditionally, chromatin is isolated by cellular fraction-
ation and precipitation (15). However, the results are am-
biguous due to the abundant cytoplasmic contaminations
that remain in the nuclear fraction and precipitate to-
gether with chromatin. In order to enhance specificity,
DNA-labelling by ethynyl deoxy-uridine (EdU) was imple-
mented to isolate chromatin fragments by click-chemistry
and streptavidin beads (16,17). However, incorporation of
modified nucleotides into DNA can’t preserve the natural
conditions of chromatin. Additionally, current chromatome
methods are unable to determine the chromatin-protein
contact sites, which is essential to reliably understand how
proteins are integrated to the chromatin network.

Here, we present SPACE (Silica Particle Assisted Chro-
matin Enrichment), a straightforward and highly sensitive
method that relies on silica magnetic beads for chromatin
purification. To demonstrate the power of the method,
we evaluated SPACE by studying the global chromatin
composition of mES cells. We successfully identified pre-
viously reported DNA- and chromatin-binding proteins,
as well as many caRBPs. Surprisingly, RBPs comprise
~48% of the proteins obtained from the chromatome. To
understand how RBPs bind to chromatin, we developed
SPACEmap. We found that intrinsically disordered regions
(IDRs) are frequently employed by chromatin proteins, in-
cluding caR BPs, for chromatin-binding. Taken together, we
demonstrate that the various applications of SPACE pro-
vide flexible, highly sensitive and accurate approaches for
studying dynamics of chromatin-associated proteins, which
has proven particularly valuable to expand the knowledge
of RBP-chromatin interactions.

MATERIALS AND METHODS
Mass spectrometry and proteomics data analysis

The details of sample preparation using SPACE, SPACE-
SICAP and ChIP-SPACE procedures are provided in the
Supplementary Material. Briefly, the cells were crosslinked
using formaldehyde 1% final concentration in the medium
of the cells (v/v) within 10 min. Then the cells were washed
with PBS, and frozen. After the SPACE process (described

in Supplementary Material), the proteins were digested on
the beads using trypsin and LysC. Following sample prepa-
ration, peptides were separated on a 50cm, 75 pm L.D.
Pepmap column over a 120 min gradient for SPACE and
SPACE-SICAP, or a 70 min gradient for ChIP-SPACE.
Peptides were then injected into the mass spectrometer (Or-
bitrap Fusion Lumos) running with a universal Thermo Sci-
entific HCD-IT method. Xcalibur software was used to con-
trol the data acquisition. The instrument was run in data-
dependent acquisition mode with the most abundant pep-
tides selected for MS/MS by HCD fragmentation. RAW
data were processed with MaxQuant (1.6.2.6) using de-
fault settings (18). MSMS spectra were searched against the
UniProt (Swissprot) database (Mus musculus) and database
of contaminants. Trypsin/P and LysC were chosen as en-
zyme specificity, allowing a maximum of two missed cleav-
ages. Cysteine carbamidomethylation was chosen as the
fixed modification, and methionine oxidation and protein
N-terminal acetylation were used as variable modifications.
Global false discovery rate for both protein and peptides
were set to 1%. The match-from-and-to and re-quantify op-
tions were enabled, and Intensity-based quantification op-
tions (IBAQ) were calculated.

Quantitative proteomics, statistical and computational anal-
ysis

The protein groups were processed in RStudio using R ver-
sion 4.0.0. The proteins only identified by site, Reverse and
potential contaminants were filtered out. For all datasets
in this study Gene Ontology (GO) and other information
were downloaded from UniProt and DAVID Gene Ontol-
ogy database. For the SPACE experiments (related to Fig-
ures 2 and 3), the crosslinked samples were compared with
non-crosslinked samples by SILAC ratios calculated using
MaxQuant. In total we did two forward (heavy SILAC is
crosslinked and light STLAC is not crosslinked) and six re-
verse experiments (light SILAC is crosslinked and heavy
SILAC is not crosslinked). We considered proteins iden-
tified using at least one forward and one reverse experi-
ments (>2 assays in total) for statistical analysis. Bayesian
moderated 7-test P-values and Benjamini—-Hochberg (BH)
adjusted P-values (adj. P-value) were calculated by limma
package (19). The limma package calculated fold-changes
(FC) as follows: logoFC = mean(log2(crosslinked /non-
crosslinked)). We, therefore, considered log, FC >1 and adj.
P-value <0.01 as highly significant, and log,FC >1 and
adj. P-value <0.1 as significantly enriched proteins using
SPACE. The SPACE experiments were carried out using
varying cell numbers. We used 2.5 million cells for forward
SILAC labelling experiments. We also used 500 000, 100 000
and 20 000 cells for reverse SILAC labelling experiments
(related to Figure 2A and Supplementary Figure S2F). We
also performed statistical analysis using proteins identified
by two out of two replicates for each cell number. The statis-
tical thresholds were applied as described above to identify
the enriched proteins.

We obtained Gene Ontology (GO) data from UniProt
and DAVID databases and merged them with our protein
datasets. We categorized the enriched proteins to potential
true positive (PTP) if they are involved in a function or a
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biological process that is related to chromatin. Otherwise,
we considered them as potential false positive (PFP) groups
(related to Figure 2C and Supplementary Figure S2A). To
categorize the proteins, we searched for specific keywords
which were described in detail in Supplementary Mate-
rial. The enriched proteins were also categorized to known
DNA /chromatin-binders and proteins that are ‘present in
the nucleus’ (but not DNA /chromatin-binders). The rest of
the proteins were considered as ‘unexpected’. The details of
the keywords and columns were described in Supplemen-
tary Material.

SPACE-SICAP (related to Figures 2 and 3) was car-
ried out using five replicates. Proteins identified using at
least two replicates were considered for statistical anal-
ysis. The crosslinked samples were compared with the
non-crosslinked samples by SILAC iBAQ values. The
crosslinked samples and non-crosslinked samples were nor-
malized separately using quantile-normalization from pre-
processCore package. If maximum two out of five replicates
had no values (missing values), they were imputed using the
mean of the other replicates. If all five replicates in the non-
crosslinked samples were missing, minimum iBAQ values
were used for the imputation. Bayesian moderated z-test P-
values and BH adj. P-values were calculated by limma pack-
age. We considered logoFC > 1 and adj. P-value < 0.01 as
highly significant, and log FC >1 and adj. P-value <0.1 as
significantly enriched proteins using SPACE-SICAP.

SPACE and SPACE-SICAP results were compared with
total proteome (20), DmChP (17) and chromatin pelleting
(21). Published data were downloaded and re-analysed us-
ing MaxQuant. All the datasets were produced using mES
cells grown in 2iL medium. DmChP dataset contains eight
EdU-plus experiments, and seven EdU-minus experiments.
For the sake of consistency among the datasets, we re-
analysed DmChP data using MaxQuant label-free quantifi-
cation by iBAQ values. We filtered proteins identified us-
ing at least two EdU-plus experiments for statistical anal-
ysis using limma package. The crosslinked samples and
non-crosslinked samples were normalized separately using
quantile-normalization. If all seven EdU-minus replicates
were missing, they were imputed with minimum intensities.
We considered logy FC >1 and adj. P-value <0.01 as highly
significant, and log; FC >1 and adj. P-value <0.1 as signifi-
cantly enriched proteins using DmChP. Chromatin pelleting
dataset contains three replicates, and intrinsically doesn’t
have a negative control. Thus, proteins identified with at
least two replicates were considered for the comparisons
with the other datasets. The proteins were categorized as
described previously to known ‘DNA /chromatin-binders’,
‘present in the nucleus’ and “unexpected’ proteins. Fisher’s
exact test was used to show statistically significant differ-
ences between the datasets with *** for P-value < 0.001, **
for P-value <0.01 and * for P-value <0.05.

For the SPACEmap experiment (related to Figure 4),
the crosslinked fraction was compared with the released
fraction by peptide intensities using three replicates for
each fraction. The samples were normalized using quantile-
normalization from preprocessCore package. If all three
replicates of the released fraction or the crosslinked frac-
tions were missing, they were imputed with minimum in-
tensities. Moderated ¢-test P-values and BH adj. P-values
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were calculated by limma package. Log; FC >1, adj. P-
value <0.1 and log;FC >1, adj. P-value <0.01 were con-
sidered as significantly enriched and highly significantly en-
riched peptides, respectively.

For the comparative SPACE experiment and total pro-
teome analysis (related to Figure 5), the 2iL. (heavy SILAC)
samples were compared with serum samples (light SILAC)
by ratios calculated using MaxQuant. Moderated z-test
and BH adj. P-values were calculated by limma package.
Logy(2iL/serum) >1 and adj. P-value <0.1 were considered
as significantly enriched proteins. Interaction network de-
termined only by experiments was downloaded from String
database and visualized by Cytoscape 3.8 (22).

For the Dazl ChIP-SPACE experiment (related to Fig-
ure 6), the RNase-treated and non-treated samples were
compared by label-free iBAQ values using three replicates
for each condition. Moderated #-test P-values and BH adj.
P-values were calculated by limma package. Log,(RNase-
untreated/treated) >1 and adj. P-value <0.1 were consid-
ered as differentially enriched proteins.

Dazl ChIP-seq experiment and data analysis

Details of the ChIP procedure and data analysis were de-
scribed in Supplementary Material. Briefly, mES cells were
grown in 2iL medium. The cells were detached and fixed by
1.5% formaldehyde in PBS for 15 min. Chromatin was sol-
ubilized by sonication and sheared to <500 bp fragments,
with the peaks about 200-300 bp. Dazl immunoprecipita-
tion was carried out using CST antibody #8042 overnight
at 4°C. Following washing steps, chromatin was eluted, and
DNA was purified by SPRI beads. Library was prepared
for the Illumina platform. Sequencing was carried out us-
ing 100nt reads on paired-end mode by HiSeq4000. Reads
were trimmed, aligned to the mouse genome (mm10) using
Bowtie2 (23), and duplicated reads were removed with (24).
The ChIP quality was evaluated by cross-correlation us-
ing the ‘SPP’ tool (25) as suggested by ENCODE ChIP-seq
guidelines. Peak calling was performed using MACS2 (26).
Reproducibility of the ChIP replicates and final peak selec-
tion was assessed using the IDR pipeline at a 1% IDR cutoff
for the final list of the peaks. Dazl peaks annotation into ge-
nomic features was done using ChIPseeker R package (27)
with 3kb around TSS set for promoter region window. The
ChIP-seq profiles of Suz12, Aebp2 and H3K27me3 were ob-
tained from published data (28), and were compared with
Dazl ChIP-seq by deepTools 2 (29).

Dazl iCLIP and data analysis

The iCLIP assay was carried out as previously described
(30). Briefly, mESCs were grown in 2iL medium. Cells were
UV cross linked, lysed and IP performed using 1:70 DAZL
antibody (CST #8042) in IP. RNasel was used at 0.4U/mg
cell lysate per IP. Finalised libraries were sequenced as
single end 100 bp reads on Illumina HiSeq 4000. Pro-
cessing of DAZL iCLIP raw data was carried out using
iMaps (https://imaps.genialis.com/). The demultiplexed and
quality-controlled data was mapped to mm10 genome as-
sembly using STAR (2.6.0) (31) with default settings. Both
PCR duplicates and reads that did not map uniquely to the
genome were discarded.
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Cell culture

The 46C mES cells were cultured using either 2i + LIF
(2iL) medium or standard mESC serum medium + LIF.
The 2iL medium consists of DMEM:F12 for SILAC, Glu-
tamax, N2 supplement, non-essential amino acids, B27 sup-
plement, B-mercaptoethanol (all from Gibco), CHIR99021
3uM (Sigma-Aldrich), PD0325901 1uM (Sigma-Aldrich)
and LIF 100 ng/ul (proteintech). The 2iL medium repre-
sents the ground-state of the mouse ES cells while serum
state represents the meta-stable state. To label the cells with
heavy amino acids, 3Cg >N, L-arginine and '*C4 °N, L-
lysine were added to the 2iL. medium. To label the cells with
light amino acids, '>?Cg '*Ny4 L-arginine and '>Cy '*N, L-
lysine were added to the medium.

Domain analysis

For details of domain analysis please see Supplemen-
tary Material and Supplementary Figure S4F—H. Briefly,
we searched domains and intrinsically disordered regions
(IDRs) in the proteins from the crosslinked and released
SPACEmap fractions using InterProScan v5.47-82.0 (32).
We excluded matches that did not represent domains or
IDRs and merged highly overlapping retained matches to
obtain consensus matches for further analysis. Next, we
searched domains and IDRs that matched peptides from
the crosslinked and released SPACEmap fractions. We pos-
tulated that a domain or an IDR matched a peptide if it
overlapped with the peptide or resided <10 amino acids
from the ends of the peptide. Because some domains are
rich in arginine and lysine residues. As a result, tryptic
peptides are too short for mass spectrometry. Finally, we
clustered domains that were matched by peptides from the
crosslinked fraction to obtain more general domain types.

RESULTS

Designing SPACE and related methods to enrich for
chromatin-associated proteins

Silica matrices (columns or beads) are widely used to pu-
rify DNA in diverse contexts, but they have not been ap-
plied to chromatin purification yet. We reasoned that some
regions of DNA are likely to remain accessible even af-
ter formaldehyde crosslinking of proteins. Initially, we tried
to purify crosslinked chromatin by silica columns, how-
ever, the yield was almost zero (data not shown); there-
fore, we used silica magnetic beads instead of columns.
SPACE—which stands for Silica Particle Assisted Chro-
matin Enrichment—exploits the capacity of silica magnetic
beads to purify formaldehyde-crosslinked chromatin in the
presence of chaotropic salts (Figure 1A). We prepared non-
crosslinked negative controls in a similar way to routine
DNA purification, which is normally free of contaminat-
ing proteins. We ran the proteins in the lysis buffer, wash-
ing buffers, the non-crosslinked control, and the crosslinked
sample on an SDS-PAGE to check the stringency of the
washes (Supplementary Figure S1A). By applying SILAC-
labelling and mass spectrometry, crosslinked samples and
non-crosslinked controls are pooled before adding silica
magnetic beads. Thus, we are able to determine whether a

protein is isolated due to the crosslinking or non-specific as-
sociations to the beads and other proteins.

SPACE is stringent, yet fast and flexible, and requires lit-
tle starting material. Starting with as few as 20 000 cells,
SPACE takes ~1 h from the cell lysis to the start of pro-
tein digestion; it employs denaturing reagents to efficiently
remove contaminants (4M guanidinium isothiocyanate, 2%
Sarkosyl, 80% ethanol and 100% acetonitrile) and extensive
RNase treatment (RNase A, 100 ug, 30 min at 37°C) to re-
move RNA-dependent interactors. The method is readily
extended to identify chromatin-binding sites of proteins by
a two-step digestion strategy (SPACEmap, Figure 1B). Ad-
ditionally, SPACE can be combined with SICAP (Selective
Isolation of Chromatin-Associated Proteins) (20) as a dou-
ble purification and highly stringent variation of the method
(Supplementary Figure S1B), or with ChIP to identify co-
localized protein on chromatin (ChIP-SPACE) which is ex-
plained subsequently.

SPACE shows increased specificity and sensitivity in compar-
ison to other methods

We first applied SPACE to mouse embryonic stem (mES)
cells cultured in 2iL using 2 forward replicates (heavy
SILAC crosslinked), and 6 reverse replicates (light SILAC
crosslinked). We considered proteins quantified with at
least one forward experiment and one reverse experiment
(=2 experiments in total) for statistical analysis. We iden-
tified 1459 significantly enriched proteins (1349 proteins
with log, FC > 1, adj. P-value < 0.01 in addition to 110
proteins with log;FC > 1 and adj. P-value < 0.1) com-
pared with the non-crosslinked controls (Figure 2A, B,
Supplementary Table S1_SPACE). We assessed the correla-
tion between all replicates (Figure 2B), which ranged from
0.46 to 0.91 (median R = 0.66). We then rigorously char-
acterised the enriched proteins using keyword searching
in gene ontology terms and protein information obtained
from UniProtand DAVID databases (Figure 2C and Sup-
plementary Figure S2A). We considered proteins that are
related to chromatin functions or processes as potential true
positive (PTP) which comprise 83% of the enriched pro-
teins based on relative iBAQ values (as an estimation of
protein abundances). Apart from those, proteins involved in
translation, metabolic process, cell adhesion, protein fold-
ing, protein transport and miscellaneous proteins that are
not present in the nucleus make up 3.3% of the enriched
proteins. We considered these proteins as potential false
positive (PFP) as they are not known to be involved in
chromatin-related processes. Thus, using SPACE potential
true positive biological processes are enriched 25-fold over
potentially false positive terms. As examples, we identified
45 proteins that are involved in pluripotency or ES cell pro-
cesses, including Oct4, Sox2 and Nanog as the core circuitry
of pluripotency. In addition, we identified 11 proteins that
are part of the polycomb group proteins (Supplementary
Figure S2A).

To evaluate the specificity of the method, we grouped
proteins into three categories based on their gene ontol-
ogy annotations (Figure 2D): 1) 554 (38%) known DNA or
chromatin-binding proteins; 2) 686 (47%) proteins present
in the nucleus but not annotated as DNA- or chromatin-
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Figure 1. Overview of SPACE and SPACEmap. (A) In SPACE, 1: Cells are crosslinked by 1% formaldehyde, and resuspended in the lysis buffer containing
guanidinium, and iso-propanol. Then silica magnetic beads are added to the lysate. 2: Chromatin binds to the magnetic beads and is separated from the
lysate. The beads are washed with lysis buffer and ethanol. 4: Chromatin is eluted by sonication and is treated with RNase A. 4: Chromatin is captured again
on the beads to be washed again with ethanol and Acetonitrile. Then the crosslinking is reversed, and trypsin/LysC are added to digest the chromatin-
associated proteins on the beads. (B) In SPACEmap, chromatin is recaptured in step 4, however, the crosslinking is not reversed. 5: trypsin is added to
digest the chromatin-associated proteins. 6: using another round of SPACE released peptides are separated from crosslinked peptides. Both crosslinked
fractions and released fractions are injected to the mass spec to be compared quantitatively. After mass spectrometry and data acquisition, the raw files are
analysed by MaxQuant to identify and quantify the proteins. Further statistical, domain and GO analysis are performed using R in RStudio.

binders; 3) and 219 (15%) other ‘unexpected’ proteins,
a large proportion of which are involved in translation.
Weighted by relative iBAQ, it is apparent that known
chromatin-binding proteins and proteins present in the nu-
cleus are most abundant in the enriched proteins (59% and
36% respectively; Figure 2D), and the unexpected proteins
have relatively low abundances (5%). Compared with the
6467 proteins detected in the total proteome of whole-cell
lysates (total proteome), SPACE clearly enriches for canon-
ical chromatin proteins, with additional representation of
nuclear proteins that have not been previously identified to
bind chromatin.

Moreover, we compared the proteins that are composi-
tionally biased due to the basic aminoacid or IDRs in their
structure (reference = UniProt) between total proteome and
SPACE (Supplementary Figure S2B). As a result, SPACE

proteins are more enriched in basic aminoacids and IDRs
in comparison to the total proteome.

We also calculated SPACE/total proteome iBAQ ratios
to estimate how abundantly a given protein binds to chro-
matin (Figure 2E). We classified the proteins into four
groups, with the higher SPACE/total proteome ratio the
higher class. Interestingly, classes 3 and 4 are more enriched
in known DNA-chromatin-binding proteins, and they con-
tain less unexpected proteins. In other words, having a high
SPACE/total proteome ratio for a given protein suggests a
high chromatin-binding chance. Nevertheless, relatively low
SPACE/total proteome ratios should not be considered as a
disproving of chromatin-binding ‘per se’. It is possible that
a protein of interest is not efficiently crosslinked to chro-
matin, and it is partially removed during the purification
procedure.
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Figure 2. Chromatin composition in mES cells identified by SPACE. (A) SPACE experiments were carried out by varying number of cells. Each experiment
was repeated twice. The bars show the proteins quantified by both replicates using each cell number. The dark blue stacks are highly significantly enriched
in comparison to the non-crosslinked control (adj. P-value < 0.01 and logo FC > 1). The blue stacks are significantly enriched in comparison to the non-
crosslinked control (adj. P-value < 0.1 and log2FC > 1). The grey stacks are not significantly enriched. (B) All the experiments were integrated, and proteins
quantified by at least 1 heavy SILAC crosslinked (forward experiments) and 1 light SILAC crosslinked (reverse experiments) were considered for statistical
analysis. The volcano plot shows the proteins that are very significantly enriched in comparison to the non-crosslinked controls with (adj. P-value < 0.01
and logo FC > 1), proteins that are significantly enriched in comparison to the non-crosslinked controls (adj. P-value < 0.1 and logo FC > 1) and proteins
that are not significantly enriched with dark blue, blue, and grey, respectively. The matrix shows the Pearson correlations coefficient among the experiments.
(C) The enriched proteins by SPACE were categorized based on their biological processes into potential true positive and potential false positive. (D) The
enriched proteins were categorized into three groups: 1: ‘known DNA or chromatin binding proteins’ (dark green), 2: ‘Other proteins present in nucleus’
(pale green), 3: Proteins that do not fall into the previous categories are so-called ‘unexpected’ (yellow). The left two bars compare protein counts between
the total proteome of mES cells and SPACE. The right two bars compare the relative iBAQ of the proteins. The total proteome data was obtained from
published data (20), and re-analysed. Fisher’s exact test was used to show the statistical differences. (E) SPACE /total proteome iBAQ ratios for each protein
was calculated. The proteins were classified into four equal groups based their ratios. The frequency of 1: ‘known DNA /chromatin-binders’ (dark green),
2: ‘proteins present in Nucleus’ (pale green) and 3: “‘unexpected’ proteins (yellow), was shown in each class. (F) Chromatin pelleting, DmChP, SPACE and
SPACE-SICAP results of mES cells were compared based on the protein counts and relative iBAQ of the enriched proteins. Chromatin pelleting (21) and
DmChP (17) data were obtained from published data. The enriched proteins were categorized into 3 groups, as mentioned previously in panel B. Fisher’s
exact test was used to show the statistical differences: *** P-value < 0.001, ** P-value < 0.01 and * P-value < 0.05.
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To be more rigorous, we established an extremely strin-
gent SPACE-SICAP double purification strategy: the ini-
tial SPACE purification is followed by SICAP in which
DNA is biotinylated with terminal deoxynucleotidyl trans-
ferase and captured by protease-resistant streptavidin mag-
netic beads (Supplementary Figure S1). SPACE-SICAP en-
riched 1,266 enriched proteins by at least 2 replicates, about
~13% less than SPACE alone (Supplementary Figure S2C,
D and Table S1_SPACE-SICAP). A DNase-treated control
confirmed that the identification of chromatin-associated
proteins depends on the presence of DNA: just 138 pro-
teins were found, of which 101 were RBPs (Supplemen-
tary Figure S2D). DNase treatment is not 100% efficient.
There are some regions of the genome that are not accessible
for DNase, because they are highly protected by proteins.
As a result, 138 proteins including histones are enriched
even after DNase treatment. As the intersect of SPACE and
SPACE-SICAP, we identified 908 proteins (Supplementary
Figure S2E).

The traditional method for chromatin isolation is subcel-
lular fraction and centrifuge-assisted chromatin sedimenta-
tion. A recent method established to obtain a global view of
chromatin composition is DmChP, which is based on pro-
longed EdU labelling to pull down DNA using Click chem-
istry. We compared chromatin pelleting (21), DmChP (17),
SPACE and SPACE-SICAP to evaluate their specificity and
sensitivity for isolating chromatin proteins from mES cells.
As described previously, the proteins were categorized to 1)
known DNA or chromatin-binders; 2) proteins known to
be present in the nucleus but not annotated as DNA- or
chromatin-binders and 3) ‘unexpected’ proteins. In addition
to the number of the proteins, it is important to consider the
abundance of the proteins to have a comprehensive view
of specificity. We made the comparison based on protein
counts and relative iBAQ values (as an estimation of pro-
tein abundance), and we used Fisher’s exact test to show the
significant statistical differences. Based on protein counts,
SPACE and SPACE-SICAP have better performance in iso-
lating relevant proteins and removing unexpected proteins
in comparison to chromatin pelleting, as evident by Fisher’s
exact test (Figure 2F).

Statistically, we didn’t observe significant differences in
the specificity of SPACE, SPACE-SICAP and DmChP (Fig-
ure 2F). While number of enriched proteins using SPACE
is ~50% more than DmChP (1459 versus 982 enriched pro-
teins), input material for SPACE is >10-fold less than Dm-
ChP (30 million versus 2.5 million cells per replicate for
DmChP and SPACE, respectively). This indicates SPACE
is more sensitive for chromatome studies which is not sur-
prising, because SPACE doesn’t necessitate EdU labelling
of DNA, Click chemistry and streptavidin pull down.

Limitation of input material is a burden for many chro-
matin proteomic studies, especially those using primary tis-
sue samples or cell sorting. We, therefore, aimed to assess
the sensitivity of SPACE by progressively decreasing the
number of input cells from ~2 500 000, 500 000, 100 000
and finally 20 000. We identified a reduced, but still substan-
tial, number of proteins. The distribution of enriched pro-
teins between ‘known chromatin proteins’, ‘present in the
nucleus’ and ‘unexpected’ categories are very similar among
these samples (Figure 2A and Supplementary Figure S2F).
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Thus, SPACE is accurate and sensitive enough to be used
for chromatome studies with limited input material.

SPACE reveals RBPs as major chromatin components

Strikingly, RBPs comprise a large proportion of the en-
riched proteins. Based on GO molecular functions, 696
RBPs are found in the SPACE dataset (48% of the en-
riched proteins), which comprise 74% of the enriched pro-
teins weighted by iBAQ (Figure 3A). In other words, our
SPACE data reveals 487 new caRBPs in addition to 209 pre-
viously characterised caRBPs. To understand if the RBPs in
our dataset are associated with newly transcribed RNAs, we
compared our results with RICK (33) and CARIC results
(34) (Figure 3B and Supplementary Figure S3A). Both of
these methods work by incorporating Ethynyl Uridine (EU)
into the newly synthesized RNA. Then UV-crosslinking is
applied to crosslink the RBPs to RNA, and nascent RNAs
are captured using Click-chemistry. Interestingly, ~43%
(244 + 272 + 118 = 634, Supplementary Table S1) of the
enriched proteins by SPACE data overlap with RICK and
CARIC. However, some of these proteins are not annotated
as RBPs based on GO molecular functions.

To compare the estimated abundance of nascent-RBPs
with the other enriched proteins, we then ranked the SPACE
proteins based on their iBAQ values and compared the
accumulation of 1) known chromatin proteins (including
known chromatin-binder RBPs), 2) the overlapping pro-
teins with RICK and CARIC, 3) other RBPs and 4) other
proteins (Figure 3C). Interestingly, proteins in group 2 (pro-
teins associated with newly synthesized RNAs) are ranked
higher than group 3 and group 4; indicating that they are
more abundant in the context of chromatin.

Among the known chromatin-binders in SPACE pro-
teins, RBPs comprise 38% of the protein count (208 out of
554) and 74% by relative iBAQ. Focusing on the ‘proteins
present in nucleus’, we find that RBPs comprise 57% and
73% by counts and abundance, respectively. Finally, there
are 96 RBPs among 219 ‘unexpected’ proteins which com-
prise 78% by relative iBAQ (Figure 3D).

We also developed SPACE-SICAP as a more stringent
version of SPACE. We considered 908 proteins which are
common to SPACE and SPACE-SICAP datasets (Supple-
mentary Figure S3B, C). Again, we observed a strong en-
richment of RBPs among chromatin-associated proteins,
as 53% of the 908 proteins are RBPs. Altogether this re-
sult indicates dual DNA- and RNA-binding functionality
in chromatin-associated proteins. Previously, Conrad et. al.
(35) identified 80 DNA-RNA-binding proteins (DRBPs) in
human cells using serial interactome capture (serIC). We
also identified 55 and 66 out of 80 DRBPs using SPACE and
SPACE-SICAP, respectively (Supplementary Figure S3D).

To inspect RBP interactions with chromatin more thor-
oughly we sought to identify chromatin-binding sites of
RBPs.

SPACEmap locates the specific chromatin-binding regions of
proteins

To better understand how proteins are integrated into chro-
matin, we took an approach similar to RBDmap that iden-
tifies peptides crosslinked to RNA (36). However, instead
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Figure 3. SPACE reveals RBPs as a major component of chromatome. (A) The frequency of RBPs in the entire proteins enriched by SPACE were shown as
counts and relative iBAQ. (B) Comparing proteins enriched by SPACE with RICK (33) and CARIC (34) datasets. The latter two datasets enrich RBPs that
interact with newly transcribed RNA. (C) Enriched proteins by SPACE were ranked by their relative iBAQ. The rates of accumulation in the dataset were
compared among 1: known DNA /Chromatin-binders, including known caRBPs (continuous green line), 2: proteins that overlap with RICK and CARIC
(dash purple line), 3: other RBPs (dot-dash purple line) and 4: other proteins (dot black line). (D) The proportion of RBPs in DNA /chromatin-binding
proteins (left bars), protein present in nucleus (middle bars), and unexpected proteins (right bars) were shown as count and relative iBAQ.

of digesting the proteins with LysC or ArgC and then
trypsin, we treated them twice with trypsin. Trypsin cleaves
at both argininyl and lysinyl residues, so more peptides
are digested and released in the first step, allowing us to
identify crosslinked sites at higher resolution. Further, we
used formaldehyde crosslinking, which is reversible (instead
of UV-crosslinking used in RBDmap) which allowed for
straightforward mass spec analysis.

To separate peptides crosslinked to DNA (crosslinked
fraction), we digest proteins using large amounts of trypsin
without reversing the crosslinking. As a result, most of the
proteins are degraded and their peptides are released from
the proteins (released fraction). Thus, crosslinked parts of

the proteins to chromatin are purified (Figure 1B). We then
carried out another round of SPACE, we heated the sam-
ples to reverse the crosslinking, and to detach the peptides
from DNA in the crosslinked fraction. Both fractions were
digested again by trypsin and compared with each other to
identify the peptides that were significantly enriched in each
fraction. Peptides enriched in the crosslinked fraction are ei-
ther crosslinked directly to DNA, or indirectly via another
peptide to DNA (Supplementary Figure S4A). Peptides in-
directly crosslinked to DNA remain in the crosslinked frac-
tion if the bridging peptides are long enough to connect
DNA to the other peptides. In addition, two crosslinking
sites are needed to build the bridge. Therefore, we antici-
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pate the chance of enriching indirectly crosslinked peptides
to DNA is lower than directly crosslinked peptides to DNA.
In both cases, the peptides enriched in the crosslinked frac-
tion are considered as the contact sites of the proteins with
chromatin.

We identified 20,896 peptides, of which 5932 were en-
riched in the crosslinked fraction and 5753 in the released
fraction (adj. P-value < 0.1 and log, FC > 1, Figure 4A).
4230 peptides from 1174 proteins were captured by the
original SPACE method and in the crosslinked fraction of
SPACEmap (Figure 4B, Supplementary Table S2_overlap
with SPACE). Of these, ~89% (3748 peptides) mapped to a
known protein domain or predicted intrinsically disordered
region (IDR) or both (Supplementary Table S2_mapped
peptides and mapping details).

We compared the peptides from Oct4 (Pou5fl), Sox2
and Nanog with annotations of their DNA-binding regions
(Figure 4C). The POU-specific domain of Oct4 extends
from residues 131-205 (UniProt coordinates), and the pre-
cise DNA-binding residues are at positions 150, 157, 173—
179 and 186189 (37). Two peptides corresponding to posi-
tions 151-170 and 180-188 containing almost all the DNA-
binding residues are enriched in the cross-linked fraction.
Seven other peptides from the non-DNA-binding regions
of Oct4 were not enriched. Thus, the Oct4 peptides in the
crosslinked fraction accurately match with Oct4’s known
DNA-binding sites (Figure 4C, left).

Nanog harbours a Homeobox domain that extends from
residues 96 to 155. We identified three enriched peptides
corresponding to positions 51-66, 76-87 and 76-89 (Fig-
ure 4C, middle). All three peptides are located in the IDR
adjacent to the homeodomain at the N-terminal region of
Nanog (Supplementary Figure S4B). The crystal structure
of the Nanog homeodomain suggests protein-DNA inter-
face is located between residues 136-152-Helix H3 (38);
here, we lack tryptic peptides encompassing this region ow-
ing to the large number of lysine and arginine residues.
Our result suggests there is a protein-chromatin interface
in the IDR close to the homeodomain. Thus, whereas crys-
tal structures provide detailed information about interac-
tions involving ordered protein regions, SPACEmap com-
plements with insights into chromatin interactions from
IDRs which might otherwise be missed.

Finally, Sox2 contains an HMG box domain located at
residues 43-111. We identified six Sox2 peptides, two of
which were enriched in the crosslinked fraction. The peptide
encompassing residues 83-97 is located within the HMG
box, whereas the peptide from residues 274-293 is located
in the IDR of Sox2 near the C-terminus of the protein (Fig-
ure 4C, right, and Supplementary Figure S4C). Our result
predicts an additional chromatin-interacting element near
the C-terminal domain of Sox2 (274-293).

Subsequently, we examined crosslinked fraction matched
to a domain or an IDR at peptide and protein levels to
understand how RBPs bind to chromatin. We found that
~44%, of RBPs have at least one crosslinked peptide that
maps to an IDR (Figure 4D, Supplementary Figure S4D,
Table S2_mapping details). Strikingly, ~53% of ‘known
chromatin proteins’ have at least one crosslinked peptide
that maps to an IDR (Figure 4E, Supplementary Figure
S4E). A recent study (39) has indicated that IDRs interact
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with DNA using low-affinity interactions also interfacing
with histones. Initially, IDR-guided weak interactions may
allow accelerated recognition of broad DNA regions. Sub-
sequently, DNA-binding domains could stably bind to spe-
cific DNA motifs (39).

We also observed p-loop domains among the top 5 en-
riched domains (Figure 4D, E). Although p-loop domains
are associated with phosphate-binding such as nucleotide-
triphosphates (NTPs), they emerged as avid RNA-binding
and ssDNA-binding domains (40). As such, our result con-
firms p-loop interactions with chromatin in living cells. In
addition, classical RNA or DNA-binding domains such as
RRM, helicases and helix-turn-helix (HTH) domains are
highly enriched in the crosslinked fraction (Figure 4D, E).

To further understand the general characteristics of
crosslinked fraction peptides, we compared their amino
acid composition with the released fraction peptides, as
well as the peptides from the total proteome. Negatively
charged residues glutamate and aspartate are depleted
in the crosslinked fraction peptides that map to the do-
mains, whereas hydrophobic residues such as leucine, va-
line, alanine and isoleucine are enriched (Figure 4F). The
crosslinked fraction peptides that map to IDRs are en-
riched in glutamate, as well as proline (Figure 4G), which
agrees with the fact that proline and glutamate are the most
disorder-promoting residues (41). It is surprising that glu-
tamate is depleted from crosslinked peptides mapped to
domains but enriched in those mapped to the IDRs. It is
likely that the glutamate residues in the IDRs are involved
in protein-protein interactions on chromatin. Alternatively,
glutamate residues may destabilize the interactions between
the proteins and the target binding sites on DNA to accel-
erate target recognition. Yet, the precise role of glutamate
or proline in interactions between IDRs and DNA or chro-
matin remains to be understood.

During the SPACEmap procedure, the crosslinked pro-
tein complexes are broken down, and only peptides re-
main crosslinked to DNA. As a result, abundant pro-
teins are removed more efficiently, and they are prohib-
ited from associating with DNA during the purification
procedure. Therefore, SPACEmap is even more stringent
than SPACE for identification of chromatin-binding pro-
teins. Intersecting SPACE and the crosslinked fraction hits
yielded 1174 proteins (Figure 4B). Among them, we found
594 RBPs of which 191 proteins were previously known
as DNA /chromatin-binders. Thus, SPACEmap provides
strong evidence of chromatin-binding for 403 RBPs (Sup-
plementary Table S2_SPACEmap verified caRBPs). Alto-
gether, SPACEmap stringently verifies chromatin-binding
proteins and faithfully detects their chromatin interface.

SPACE elucidates features of mES cells in the ground and
metastable states

To demonstrate the quantitative capacity of SPACE, we
compared mES cells grown in 2iL (the ground-state) and
serum medium (the metastable state) in order to iden-
tify caRBPs in different pluripotency conditions. We iden-
tified 1,880 proteins in total (Figure 5A): 100 proteins
were significantly more abundant in 2iL and 87 in serum
(LogoFC > 1 and adj. P-value < 0.1, Supplementary
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Figure 4. Locating chromatin-binding sites of the proteins. (A) The volcano-plot shows peptides enriched (logyFC > 1 and adj. P-value < 0.1 or adj.
P-value < 0.01) in the crosslinked fraction (red) and in the released fraction (blue). (B) The overlap of the proteins identified by the crosslinked fraction
(red) and enriched by the original SPACE data. The upper bar shows number of peptides corresponding to the overlapping proteins, and proportion of the
peptides that are mapped to any regions (domains or IDRs). The lower bar shows proportion of the peptides that are mapped to domains, IDRs or both. The
peptides are overlapping with the protein domains/regions or residing < 10 amino acids from them. (C) The plots show crosslinked and released peptides
in Oct4, Sox2 and Nanog. The peptides significantly enriched in the crosslinked and released fractions are red and blue, respectively. Non-significantly
enriched peptides are grey. The pink bars indicate the aminoacid positions of the DNA-binding domains. The green bars denote IDRs. The red boxes
show the enriched peptides in the crosslinked fraction. (D) Top 5 domains/regions among the RBPs identified by the crosslinked fraction peptides that
are mapped to domains/regions (panel B). (E) Top 5 domains/regions among the known DNA /chromatin proteins identified by the crosslinked fraction
that are mapped to domains/regions (panel B). (F) Aminoacid composition of the peptides mapped to domains in the crosslinked fraction relative to the
peptides mapped to domains in the released fraction (left) and total proteome (right). The peptides overlap with protein domains or reside < 10 amino
acids from them. (G) Aminoacid composition of the peptides mapped to IDRs in the crosslinked fraction relative to the peptides mapped to IDRs in the
released fraction (left) and total proteome (right). These peptides overlap with protein IDRs or reside <10 amino acids from them.
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Figure 5. Chromatin composition in 2iL and serum conditions of mES cells. (A) The volcano-plot shows proteins that are significantly more abundant
in 2iL and serum by red and blue, respectively (adj. P-value < 0.1 and logoFC > 1). The rest of the proteins were depicted by grey. Proteins involved in
pluripotency, mES cell self-renewal or differentiation were marked by black dots. (B) Comparing total proteome analysis with SPACE. The yellow lane
indicates differentially regulated proteins detectable only by SPACE. The total proteome data was obtained from (20), and re-analysed. (C) Experimental
interaction network of the proteins involved in pluripotency, mES cell self-renewal or differentiation. RBPs were marked in purple borders.

Table S3_comparative SPACE). We also compared the
SPACE results with the total proteome from the total cell
lysate. We found 1,768 proteins in the intersection of SPACE
and total proteome, and there was a strong correlation
in log2 fold-change values between them (Figure 5B and
Supplementary Figure SSA, B; R = 0.62). This indicates
chromatin-binding is largely regulated at the protein expres-
sion level. However, there are proteins that are differentially
regulated at the level of chromatin-binding, while their ex-
pression (total amount) does not change (Figure 5B, the yel-
low lane). As an example, b-Catenin binds to chromatin in
2iL medium ~3-fold higher than serum condition. While,
in total b-Catenin is up-regulated ~1.5-fold. Thus, activa-

tion of Wnt pathway by inhibiting Gsk3b (CHIR99021) is
significantly detectable by SPACE.

To understand how the global network of pluripotency is
regulated in 2iL and serum conditions, we looked for pro-
teins with known functions in maintaining embryonic stem
cells or exiting from pluripotency. We identified 68 proteins
that are positively or negatively involved in the self-renewal
of pluripotent stem cells. The network in Figure 5C de-
picts previously known experimental interactions between
a subset of them (Log, FC > 0.6 and adj. P-value < 0.1).
Among them are chromatin proteins that physically interact
with the core circuitry of pluripotency (Nanog, Oct4, Sox2).
Our data suggests that the network of protein interactions
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surrounding the core pluripotency circuitry shifts substan-
tially between the 2iL and serum conditions. In agreement
with previous studies, our results indicate that Tfcp2ll,
Prdm14, Cbfa2t2, Zfp42 (Rex1), Klif4, Trim24 and Esrrb
(42,43) bind to chromatin preferentially in 2iL conditions,
whereas Lin28a and Zfp281 bind more abundantly to chro-
matin in serum conditions. Our results are in line with the
role of Lin28a and Zfp281 in transitioning from naive to
primed state of pluripotency (44,45). Interestingly, differen-
tial regulation of Zfp281 is only detectable by SPACE but
not total proteome (Figure 5B). Thus, SPACE reveals how
the ES cells respond to the cellular conditions more thor-
oughly than a total proteome analysis. The reason is that
SPACE measures both quantity of the proteins, and their
binding to chromatin. While a total proteome analysis mea-
sures only the quantity of the proteins.

Among the differentially enriched proteins there are 70
RBPs (adj. P-value < 0.1 and log2FC > 1, Supplementary
Figure S5C). Lin28a is a well-characterised RBP that pre-
vents ES cell differentiation by suppressing let-7 (46). To-
gether with Prdm14, they are also known for their roles
in DNA-demethylation by recruiting Tet proteins in mouse
ES cells; thus, their presence among chromatin-binders
was expected (47,48). Our data also indicates Dazl as a
caRBPs with highly differential chromatin-binding ability
(log, FC > 2) in 2iL condition. Additionally, Dazl has a very
high SPACE/total proteome iBAQ ratio (1.55, Supplemen-
tary Figure S5D). These findings led us to examine Dazl’s
chromatin-binding by other methods.

Dazl a 3’-UTR-binding protein is recruited to transcription
start sites on chromatin

Dazl is best known for targeting the 3’ untranslated regions
(3’ UTRs) of mRNAs to regulate their translation, espe-
cially in germ cells (49,50). We first assessed Dazl’s cellu-
lar localization by immunofluorescent staining using a val-
idated antibody, which confirmed that it is present both in
the nuclei and cytoplasm of mES cells (Supplementary Fig-
ure S6A). We then performed chromatin immunoprecipita-
tion and sequencing (ChIP-seq) to investigate the genome-
wide locations of Dazl binding sites Figure 6A), revealing
~1300 reproducible peaks. Considering Dazl has known 3’
UTR-binding properties, we were surprised to find that 75%
of peaks are found within a 1 kb of window centred on
transcription start sites (TSS); many target genes are devel-
opmental regulators, including Hox genes (Supplementary
Figure S6B), several Wnt ligands and Frizzled receptors. As
most of the Dazl target genes are involved in development
and differentiation of mES cells, we compared Dazl, Suz12,
Aebp2 and H3K27me3 profiles (Figure 6A, the heatmap).
Interestingly, we observed very similar binding patterns,
demonstrating that Dazl co-localizes with PRC2 on chro-
matin, especially at the promoters of genes related to the
differentiation programs and exiting from pluripotency.
We also performed individual-nucleotide crosslinking
and immunoprecipitation (iCLIP) to identify the RNA-
binding sites of Dazl across the transcriptome (51). We iden-
tified 2,550 peaks in mRNAs, 2099 of which were found in
3" UTRs, and only 166 located within 3000 nucleotides of
the 5" end of mRNAs (Supplementary Table S4_Dazl ChIP,

iCLIP and ChIP-SPACE). Thus, the RNA binding sites
were positioned at different locations in genes compared to
DNA-binding sites, which were located mainly in promoters
(Figure 6B). Moreover, most of the genes containing DNA-
binding sites of Dazl in their promoter or gene body did
not overlap with the genes containing RNA-binding sites
of Dazl within their transcripts; only 61 out of 1144 genes
(5%) with a gene-proximal ChIP-seq-defined peak on their
genes (gene body and 3 kb upstream of the TSS) also have
an iCLIP-defined peak on their respective transcripts. These
results suggest that the chromatin- and RNA-binding func-
tions of Dazl are mechanistically independent.

Next, we examined our SPACEmap data to understand
how Dazl binds to chromatin. We observed that out of the
seven peptides that were present in SPACEmap data, only
one peptide was enriched in the crosslinked fraction, cor-
responding to Dazl’s RRM domain (Figure 6C). RRM do-
mains are known to participate in RNA-binding and DNA-
binding; therefore, it remains to be seen whether Dazl binds
to chromatin via a bridging RNA, or if it directly binds to
the DNA itself. The first option might be plausible, despite
the harsh RNase treatment, if RNA is incorporated into a
multi-protein Dazl-containing complex that can partly pro-
tect it from RNase.

To study Dazl complexes on chromatin, we took a re-
gional approach to identify proteins co-localised on chro-
matin with Dazl. Here, we developed ChIP-SPACE (Sup-
plementary Figure S6C), a faster and less laborious method
than ChIP-SICAP (20,52) as it excludes DNA end-labelling
and streptavidin purification and used it to identify Dazl
chromatin partners. Following ChIP, we treated our sam-
ples with and without RNase A, then purified chromatin
fragments by SPACE. 442 proteins were enriched in com-
parison with the IgG control (moderated #-test BH adj. P-
value < 0.1 and log, FC > 1, Figure 6D, E). Sorting the en-
riched proteins based on their abundance (iBAQ) revealed
histones followed by Dazl as the most abundant proteins.
In addition, we identified several histones H1, as well as
three members of the PRC2 complex: Ezh2, Eed and Suz12.
Moreover, we identified pluripotency transcription factors
such as Oct4, Klf4, Trim28, Esrrb and 253 SPACEmap-
verified caRBPs. These findings indicate that Dazl is part
of a conglomerate of caRBPs and transcription factors that
are colocalizing with PRC2 and the linker Histone H1 in the
vicinity of TSSs (Figure 6F).

DISCUSSION

Here, we present SPACE, a robust, sensitive, and accu-
rate method for purifying chromatin-associated proteins
by silica magnetic beads for proteomic analysis. Strikingly,
SPACE revealed that ~48% of the chromatome are po-
tentially able to interact with RNA. With the continu-
ally expanding register of annotated RBPs, the proportion
of RBPs may be even larger than reported in our study.
To identify the specific protein regions that participate in
contacts with chromatin, we developed SPACEmap, which
showed that ~44% of the potential RBPs bind to chromatin
via their IDRs. Similarly, according to RBDmap nearly
half of the RNA-binding sites map to the IDRs (36). Pro-
teins enriched in IDRs are essential for many chromatin
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Figure 6. Dazl is recruited to silenced transcription start sites in mES cells. (A) Annotation of Dazl ChIP-seq peaks, and the profile of Dazl peaks on the
genome in comparison with Suz12, Aebp2 and H3K27me3 peaks in mES cells. The last ChIP profiles of Suz12, Aebp2 and H3K27me3 were obtained from
(28). (B) Annotation of Dazl iCLIP peaks (top bar), and the intersect of Dazl ChIP-seq and iCLIP-seq peaks at the gene level (bottom Venn diagram).
(C) Dazl peptides identified using SPACEmap procedure are shown by red (enriched in crosslinked fraction), blue (enriched in released fraction) and grey
(statistically non-significant). (D) Proteins enriched by Dazl ChIP-SPACE in comparison to the IgG control were sorted by the abundance of the proteins
(iBAQ). Histones and PRC2 components are shown by yellow and orange dots, respectively. Dazl and transcription factors are shown by red dots. (E)
The volcano plot shows proteins identified by ChIP-SPACE and their sensitivity to RNase A treatment. Proteins that are affected by RNase treatment
are named in the plot. (F) The schematic model of RBP interactions with chromatin based on Dazl data. Chromatin-associated RBPs form a condensed
or confined zone probably via interactions among their IDRs with other components of chromatins. The RBPs that are in the periphery of the zone
are sensitive to RNase treatment. The RBPs in the centre of the zone are resistant to RNase treatment. Transcription factors and other components of
chromatin are probably recruited or trapped by the RBPs.
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functions such as transcriptional regulation and RNA pro-
cessing (53). IDRs are primary drivers of phase separation
of proteins into biomolecular condensates (12,54), which
are important in organizing the local chromatin structure
(55,56). Also, the activation domains of transcription fac-
tors consist of IDRs which enable transcription factors to
phase separate with Mediator co-activators (57). A recent
study has shown that IDRs can generate confinement states
for transcription factors to increase the local concentration
of transcription factors thereby altering transcriptional out-
put (58). Our findings demonstrate that RBPs directly in-
teract with chromatin components, largely via their IDRs.
Probably, RBPs contribute to the condensed or confined
chromatin zone formation using their IDRs to recruit or
trap transcription factors and other chromatin components
(Figure 6F).

We compared the global chromatin composition in 2iL
and serum conditions of mES cells, and we observed Dazl
as one of the most differentially expressed caR BPs, which is
highly upregulated on chromatin in the 2iL condition. Dazl
has been primarily studied in the context of germ cells due
to its substantial roles in controlling the mRNA translation
and stability; especially mRNA of genes that are necessary
for germ cell survival (49,59). To identify Dazl binding sites
on chromatin we used ChIP-seq, and we found that Dazl
associates with the same chromatin sites as PRC2. Thus,
in contrast to a recent study that has shown RBPs often
interact with enhancers, promoters and transcriptionally
active regions on chromatin (2), our result indicates Dazl
mostly binds to the transcriptionally silenced genes in mES
cells (e.g. developmental genes). SPACEmap data reassures
Dazl chromatin-binding and reveals Dazl’s RRM domain
as the chromatin contact site. Our ChIP-SPACE result also
indicates >1/2 of the proteins co-localized with Dazl on
chromatin are verified caRBPs (253/442); providing a large
number of IDRs to drive condensate formation. In addi-
tion, there are 5 Histone H1 in the dataset together with the
core nucleosomes. It has been shown that the disordered
histone H1 tail forms phase separated condensates and
behaves like a liquid glue that clamps condensed clusters
of nucleosomes together (60,61). Thus, our results suggest
caRBPs can generate condensed chromatin zones which are
transcriptionally silent. Recently, an ‘RNA-bridge’ model
was proposed for PRC2 that requires RNA for proper chro-
matin localization (62). Conceivably, caR BPs bind to RNA-
bridges to promote phase-separated PRC condensates and
chromatin compaction. The precise role of caRBPs in phase
separation-mediated PRC condensation remains to be elu-
cidated.

In addition to Dazl, we found Lirel as a RBP which binds
to chromatin preferentially in serum condition. Lirel is a
nucleicacid-binding chaperone that mobilizes LINE-1 ele-
ments in the genome, and its differential regulation in serum
condition and primed state pluripotency is highly intriguing
and warrants further investigation.

SPACE is broadly applicable due to its superior sensitiv-
ity, as 100 000 cells are sufficient to enrich >1000 chromatin
associated proteins in a single-shot injection into the mass
spec. We believe SPACE will be particularly valuable for
quantitative comparisons in timepoint studies, or for anal-
yses of microdissected or sorted cell types. Past studies re-

quired much larger amounts of material (21,63), and they
required the incorporation of modified nucletoides such as
EdU or biotin-dUTP into DNA (17,64,65). Many cell types,
such as mES cells, are particularly sensitive to modified nu-
cleotides (66). In addition, incorporation of modified nu-
cleotides to tissues such as patient samples is impossible or
hardly doable. Additionally, DNA replication is necessary
for global incorporation of EAU into the genome. As such,
EdU-based methods are limited to the actively proliferat-
ing cells. SPACE overcomes all these limitations, while also
being more straightforward and highly sensitive.

Formaldehyde is widely used in the field of chromatin
studies. The small molecules of formaldehyde connect
groups that are ~2 A apart (reviewed in (67)), thus
formaldehyde crosslinking allows for capturing interactions
between DNA-protein and protein-protein on chromatin.
To avoid over-crosslinking, we applied formaldehyde in the
medium of the cells. Thus, aminoacids of the medium com-
pete with formaldehyde molecules. Nevertheless, the pos-
sibility of multi-indirect chromatin-binders should be con-
sidered. We, therefore, developed SPACEmap to make sure
the RBPs are not over-crosslinked to chromatin (explained
in Supplementary Figure S4A). As such, SPACEmap veri-
fied chromatin-binding of 403 RBPs, and determined their
chromatin-contact regions.

All in all, our study demonstrates the capacity of SPACE
for quantitative analyses of chromatin composition across
conditions, and the capacity of SPACEmap to identify the
regions of proteins that contact chromatin. Due to the
ease of its application, its high sensitivity and specificity,
these methods hold a great potential for further applica-
tions that could unravel the dynamics of gene regulation and
genome maintenance in development and diseases. Specif-
ically, studying neurodegeneration using SPACE and its
variants will shed light on the mechanism of the disease, and
reveal novel therapeutic approaches.
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