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Development of nucleus-targeted histone-
tail-based photoaffinity probes to profile the
epigenetic interactome in native cells

Yu Wang1,6, Jian Fan2,6, Xianbin Meng3,6, Qingyao Shu2,6, Yincui Wu1,
Guo-Chao Chu 4 , Rong Ji1, Yinshan Ye1, Xiangwei Wu 4, Jing Shi2,
Haiteng Deng 3, Lei Liu 4 & Yi-Ming Li 1,5

Dissection of the physiological interactomes of histone post-translational
modifications (hPTMs) is crucial for understanding epigenetic regulatory
pathways. Peptide- or protein-based histone photoaffinity tools expanded the
ability to probe the epigenetic interactome, but in situ profiling in native cells
remains challenging. Here, we develop a nucleus-targeting histone-tail-based
photoaffinity probe capable of profiling the hPTM-mediated interactomes in
native cells, by integrating cell-permeable and nuclear localization peptide
modules into an hPTM peptide equipped with a photoreactive moiety. These
types of probes, such as histone H3 lysine 4 trimethylation and histone H3
Lysine 9 crotonylation probes, enable the probing of epigenetic interactomes
both in HeLa cell and hard-to-transfect RAW264.7 cells, resulting in the dis-
covery of distinct interactors in different cell lines. The utility of this probe is
further exemplified by characterizing interactome of emerging hPTM, such as
AF9 was detected as a binder of histone H3 Lysine 9 lactylation, thus
expanding the toolbox for profiling of hPTM-mediated PPIs in live cells.

Histone post-translational modifications (hPTMs, e.g., acetylation,
methylation, and phosphorylation) play key roles in regulating the
diverse protein-protein interactions (PPIs) involved in almost all
chromatin-related regulatory events, including transcription, DNA
replication, and chromatin remodeling1–3. To fully understand the
function of each hPTM in complex cellular events, the set of its phy-
siological binding partners (i.e., interactome) needs to be compre-
hensively determined, as exemplified by the recent identification of
Menin as a key interactor of methylation of histone H3 lysine-79
involved in gene transcriptional regulation4,5. Given that hPTMs are
typically highly dynamic and mediate weak or transient PPIs, classical

biochemical methods for studying PPIs, such as affinity chromato-
graphy and immunoprecipitation, often result in a lack of information
on interactors and cannot easily distinguish direct binding partners
from indirect ones6–9.

Photo-crosslinking allows the conversion of weak and transient
interactions into covalent linkages, providing a powerful platform to
examine PTM-mediated PPIs10–13. The recent emergence of peptide- or
protein-based histone photoaffinity probes that deployed PTMs of
interest at stoichiometric levels with a photo-crosslinking group has
greatly expanded the ability to probe the epigenetic interactome14–17.
These probes can generally be categorized into those that operate in
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an in vitro setting and those that manipulate in live cells (Fig. 1a). The
former can be constructed through chemical flexibility and atomic
customization, but its application requires lysis of cells, which usually
leads to dilution of nucleoproteins and potential dissociation of pro-
tein complexes18–20; the latter allows in situ profiling of the chromatin
interactome, but their assembly in live cells through genetic code
expansion or split intein-based technology requires prior genetic
manipulation, impeding their application in cells that are not readily
amenable to transfection21–24. Thus, chemically tailored tools that
enable in situ profiling of hPTM-specific interactomes in the context of
live cells without genetic perturbations (native cells) remain to be
developed.

Here, we develop a histone-tail-based photoaffinity probe capable
of profiling the epigenetic interactomes in native cells, by integrating
cell-permeable and nuclear localization peptidemodules into anhPTM
peptide equippedwith a photoreactivemoiety via a readily chemically-
customized synthesis (Fig. 1b). A simple coincubation of this probe
with native cells enables its selective accumulation in the nucleus, after
which hPTM-mediated interactomes can be covalently captured in situ
upon photo-irradiation. We demonstrate the advantage and practi-
cality of these probes bymapping interacting proteins of hPTMs, such
as histoneH3 lysine 4 trimethylation (H3K4me3) and histoneH3 Lysine
9 crotonylation (H3K9cr) in hard-to-transfect cells (e.g.,macrophages).
The results further reveal that the interactomes of hPTMs are distinct
in different cell lines. Our work also provides a technique platform to
characterize the binding partners of emerging hPTM, such as the dis-
covery of AF9 as an interactor of histone lactylation.

Results
Development of nucleus-targeted cell-permeable histone-tail-
based photoaffinity probes
To probe the hPTM-mediated interactomes in live cells, we sought to
develop a cell-permeable histone-tail-based photoaffinity probe cap-
able of targeting the nucleus by incorporating a nuclear localization
signal (NLS) peptide and a cell-penetrating peptide (CPP) module into
the histone-derived peptide carrying a defined hPTM and a proximal
photoreactive group (e.g., diazirine). We first synthesized H3K4me3-
based probe 1, which carried the SV40-NLS sequence (NLSSV40, I
PKKKRKV) and TAT-CPP (KRKKRRQRRRG) at the C-terminus of the H3

peptide (residues 1–15), along with a diazirine-modified lysine at
position 7 of H3 (Fig. 2a)25,26. Probe 1 was assembled on Rink amide-AM
resin (0.38mmol/g) using standard Fmoc solid-phase peptide synth-
esis (SPPS), during which Fmoc-Lys(Me3)-OH and Fmoc-Lys(Mtt)-OH
were incorporated at residues 4 and 7 of H31–15, respectively, and
rhodamine B (RhoB) was coupled to the N-terminus of probe 1 for
imaging (Supplementary Fig. 1). After completion of the chain elon-
gation, the Mtt protecting group on Lys7 was removed by a mixture of
HFIP/EDC (v/v = 1:1), resulting in the release of its side chain ε-amine,
ontowhich a diazirine photo-crosslinker (i.e., 3-(3-methyl-3H-diazirine-
3-yl)propionic acid) was attached27,28. Following cleavage from the
resin and HPLC purification, purified probe 1 was obtained in 35%
isolated yield (481mg from 0.25mmol resin), and its identity and
purity were confirmed by LC-MS analysis (Supplementary Fig. 2, obs.
5465.0Da, calc. 5465.6Da). Using a similar approach, we also prepared
probe 2 (containing no NLSSV40, Supplementary Fig. 3) and probe 3
(containing no NLSSV40 and TAT, Supplementary Fig. 4) for the sub-
sequent comparison of the cellular permeability and nuclear targeting
ability of probe 1.

Next, HeLa cells were treatedwith probes 1–3 (15μMin serum-free
DMEM) for 1 h at 37 °C and then washed three times with cold
phosphate-buffered saline (PBS) to remove the remaining probe. After
nuclear staining with Hoechst, the cellular uptake of the three probes
was assessed by confocal laser scanning microscopy (CLSM)29. As
shown in Fig. 2b, weobserved obvious red fluorescence in cells treated
withbothprobe 1 andprobe 2but not in those treatedwith probe 3; for
probe 1, the red fluorescent signal mainly accumulated in the nucleus,
whereas for probe 2, it was dispersed in the cytoplasm. These results
suggested that both the NLS and CPP modules were required for the
successful nuclear targeting of probe 1 in native cells.

To investigate the impact of different CPPs on the cellular uptake
of the histone probes, we prepared probe 4 (containing linear R10,
Supplementary Fig. 5), probe 5 (containing cyclic R10, Supplementary
Figs. 6 and 7) and probe 6 (containing cyclic TAT, Supplementary
Figs. 8 and 9) and evaluated their permeability inHeLa cells30,31. Probes
1, 3 (the control), 4, 5, and 6 (15μM) were incubated separately with
HeLa cells for 30min under the same conditions. After thorough
washing with PBS, the red fluorescence of the cells was quantified by
flow cytometry analysis32, which showed that compared with probe 3

Fig. 1 | Schematic for profiling the hPTM-mediated interactomes. a Previous
strategies that function in an in vitro setting (a test tube) or rely on prior genetic
manipulation. b The nucleus-targeted cell-permeable histone-tail-based photo-
affinity probes enable it to penetrate into cells and selectively accumulate in the

nucleus. The hPTMs-mediated interactomes could be captured in native cells upon
UV irradiation. Some elements of Fig. 1a, b were created in BioRender. Chu, G
(2024) https://BioRender.com/u07k630.
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(without CPP sequence), treatment with probes 1, 4, 5, and 6 increased
the relative fluorescence intensity of the cells from 1.35% to 17.27%,
39.63%, 46.60% and 18.78%, respectively (Fig. 2c and Supplementary
Fig. 10). Of these, probe 5 containing the cR10 CPP showed the best
cellular uptake, a result that was further confirmed by confocal ima-
ging (Supplementary Fig. 11). In addition, probes with different NLS

sequences (i.e., probe 7 with NLSc-Myc and probe 8 with NLSTUS) were
produced to test the nuclear targeting ability (Supplementary Fig. 12,
13)33. Through CLSM analysis, we observed that probes 7 and 8 accu-
mulated less in the nucleus than probe 1 (Fig. 2d), suggesting that the
NLSSV40 sequence of probe 1 has better nuclear targeting capability.
Based on the above results, we selected cyclic R10 and SV40 as theCPP

Fig. 2 | Chemical synthesis andvisualizationofnucleus-targeted cell-permeable
histone-tail-based photoaffinity probes. a Synthetic scheme and structure of
probes 1 to 8. b Confocal microscopy images of HeLa cells treated with probes 1–3
for 1 h at 37 °C. Probes 1–3 were visualized using Rho B fluorescence (red channel),
and Hoechst 33258 was utilized for nuclear staining (blue channel). 2D intensity
profiles corresponding to the lines displayed on the images (line scans) are
depicted to the right of the micrographs. Scale bars: 20μm. Confocal microscopy

images shown in (b) are representative of independent biological replicates (n = 3).
c Cellular uptake analysis of probes in HeLa cells by flow cytometry. Cells were
treated with probes 1 and 3–6 for 30min at 37 °C. d Confocal microscopy images
and line scans of HeLa cells treated with probes 1, 7, and 8. Scale bars: 20μm.
Confocal microscopy images shown in (d) are representative of independent bio-
logical replicates (n = 2). Source data are provided as a Source Data file.
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and NLS modules, respectively, to construct histone probes in sub-
sequent studies (Supplementary Fig. 14).

Nucleus-targeted histone-tail-based photoaffinity probes enable
the capture of interactors that recognize H3K4me3 markers
To examine whether our probes could capture hPTM-mediated
interacting proteins, probes 9 (with the H3K4me3 marker, Supple-
mentary Figs. 15 and 16) and 10 (without hPTMs, Supplementary
Fig. 17), both devoid of the N-terminal rhodamine B, were synthe-
sized for in vitro photo-crosslinking experiments (Fig. 3a). For this
purpose, 12 μM 9 or 10 was mixed with a known H3K4me3 reader
protein SPIN1 (6 μM) at 4 °C for 2 h, and then the mixture was
exposed to 365 nm UV irradiation for 15min34. SDS-PAGE analysis
showed the formation of the expected crosslinked band corre-
sponding to the conjugate of probe 9 and SPIN1 (i.e., ‘9-SPIN1’),
whereas no obvious crosslinked band was observed for probe 10
(Fig. 3b). As a control, we tested the crosslinking of SPIN1 with probe
11 (Supplementary Fig. 18), which does not contain NLSSV40 or cR10,
in contrast to 9. The expected ‘11-SPIN1’ crosslinked band was
detected with an intensity similar to that of ‘9-SPIN1’, indicating that
the introduction of NLSSV40 and cR10 does not interfere with the
interaction of SPIN1 with H3K4me3 (Fig. 3b). In addition to SPIN1, we

tested the crosslinking of probe 9 or 10 with other two known
H3K4me3 readers, namely, ING2PHD (PHD domain of ING2) and
KDM4ATudor (Tudor domain of KDM4A), both of which were effec-
tively labeled by probe 9 but not by probe 10 after UV irradiation
(Fig. 3c and Supplementary Fig. 19)35–37. Furthermore, to test whe-
ther probe 9 could capture hPTM-mediated interacting proteins in a
complex environment, we performed photo-crosslinking assays in
cell lysates using SPIN1 and KDM4ATudor. As we anticipated, the
immunoblotting analysis indicated that the expected crosslinked
bands (i.e., ‘9-SPIN1’ and ‘9-KDM4ATudor’) were efficiently formed
after UV irradiation (Fig. 3d, e). To compare the conjugation effi-
ciency of probe 9 and probe 10, we calculated the (band intensity of
10-SPIN1 conjugate)/(band intensity of 9-SPIN1 conjugate), which
showed that the efficiency of probe 10 with SPIN1 was 6% of that of
probe 9 (Supplementary Fig. 20). Similarly, the efficiency of probe
10 with KDM4ATudor was 23% of that of probe 9 (Supplementary
Fig. 20). Taken together, the above results demonstrated that probe
9 has ability to specifically capture H3K4me3-mediated interacting
proteins.

Finally, the effect of probe 9 on cell viability was measured
using the MTT assay38, with untreated cells as the negative control
and cisplatin treatment as the positive control. As shown in Fig. 3f,

Fig. 3 | Nucleus-targeted histone-tail-based photoaffinity probe to capture
readersofH3K4me3 invitro. aChemical structureof probes9 to 11.b, cSDS-PAGE
analysis of the labeling of SPIN1 and KDM4Aby probe 9. Probes 10 and 11were used
for comparison for SPIN1 (b), andprobe 10wasused for comparison forKDM4A(c).
Gel images shown in (b, c) are representative of independent biological replicates

(n = 2). d, e Cell lysate profiling using probe 9 with probe 10 as a comparison.
Labeled proteins were analyzed by immunoblotting using an anti-His6 antibody.
Immunoblotting images shown in (d, e) are representative of independent biolo-
gical replicates (n = 2). f Viability of HeLa cells treated with 60μM probe 9. Data
were plotted as mean ± SEM of three independent biological replicates.
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the relative cell viability of cells after treatment with 60 μM probe 9
for 12 h was approximately 90%, and UV irradiation for 15 min
resulted in a slight decrease in relative cell viability to 87.9%, which
was significantly higher than that of cisplatin-treated cells (less than
20%), suggesting that treatment with probe 9, either alone or in
combination with UV irradiation, had minimal effect on cell viabi-
lity. This result was further confirmed via live/dead cell staining
analysis (Supplementary Fig. 21).

Chemical proteomics profiling of the H3K4me3 interactome
using our probe in HeLa cells
Encouragedby the ability of probe9 todetect theH3K4Me3 reader,we
nextmoved to a proteome-wide analysis in native cells. We established
label-free quantitative (LFQ) mass spectrometry workflow to deter-
mine the interactome of H3K4me3 in native HeLa cells using probe 9
and probe 10was used in parallel as a negative control (Fig. 4a). Briefly,
HeLa cells were incubated with 9 or 10 (15μM) at 37 °C for 12 h and

Fig. 4 | Determining the in situ interactome of H3K4me3 in HeLa cells.
a Schematic for the LFQ proteomics workflow to determine the interactome of
H3K4me3 by probe 9. Probe 10 was used for comparison. Some elements of Fig.
4(a) were created in BioRender. Chu, G. (2024) https://BioRender.com/u07k630.
b Volcano plots of the quantitative mass spectrometry results. Significantly enri-
ched hits (p <0.05, >1.5-fold-change) are colored blue. Some established H3K4me3
reader proteins are highlighted and labeled in red. A two-sided test was used. c GO

analysis (cellular components) of significantly enriched hits (p <0.05, >1.5-fold-
change) in Fig. 4b. The number of proteins in each GO term is shown. d Venn
diagram comparison of identified H3K4me3 reader proteins in the present study
and two previous studies, respectively. e Number of identified H3K4me3 reader
proteins containing PHD, Chromo, WD40, and Tudor domains in the present study
and two previous studies. Source data are provided as a Source Data file.
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then washed with cold PBS to remove any remaining probe that was
not taken up by the cells. Following UV irradiation for 20min, cell
pellets were harvested and lysed by RIPA lysis buffer, and the probe 9-
or 10-labeled proteomeswere then enriched using streptavidin-coated
magnetic beads. After thorough washing to remove nonspecific
interactions, the enriched proteins were eluted from beads in the
loading buffer. The samples were then separated by SDS-PAGE and
analyzed by LFQ mass spectrometry39. Each proteomics assay was
performed in triplicate. We analyzed candidates that were significantly
enriched by probe 9 compared to probe 10 (fold-change >1.5, false
discovery rate <0.05)23.

Analysis of the proteomics data revealed that a total of 381 pro-
teins were significantly enriched by probe 9, 67% of which were dis-
tributed in the nucleus according to subcellular location analysis of the
UniProtKB database (Fig. 4b and Supplementary Fig. 22), and Gene
Ontology cellular component (GOCC) analysis also suggested that
most of them were present in the nucleus (Fig. 4c). Among these
enriched proteins, 18 previously reported H3K4me3 readers were
identified, such as established proteins containing the PHD domain
(e.g., CXXC1 and TAF3), chromodomain (e.g., CHD1 and CHD3),WD40
domain (WDR3), Tudor domain (SPIN1) and others (e.g., TOP1 and
NPM1) (Fig. 4b and Supplementary Table 1)40–47. Of the 18 proteins,
TAF2 (a component of the TFIID complex) and INO80B (a core com-
ponent of the chromatin-remodeling INO80 complex) indirectly
interacted with H3K4me341,48. Moreover, Gene Ontology biological
process (GOBP) analysis of these high-confidence probe 9-labeled
proteins revealed that the hit proteins were mainly involved in key
nuclear functions, such as chromatin organization (e.g., H3K4me3-
specific chromatin reader SPIN1), chromatin remodeling (e.g.,
chromatin-remodeling factors CHD1), and positive regulation of tran-
scription (e.g., transcriptional activator CXXC1) (Supplementary
Fig. 23)40,42,45. In contrast, using (FC < 0.67; false discovery rate <0.05)
as a cutoff, we did not find any known H3K4me3 interactors.

We also found that our probe-enriched proteins of H3K4me3 in
live cells covered four domains, namely, the PHD, chromo, WD40, and
Tudor domains (18 in total), which is quite different from previous
work (Supplementary Table 2 and Fig. 4d, e)17,23. Moreover, we noted
that the subunits of the transcription factors TFIID complex (TAF3,
TAF2), FACT complex (SSRP1) and INO80 complex (INO80B, INO80B)
were only captured by our probe41,46,48, which may be due to the fact
that in situ profiling of our probe is more favorable to capture the
subunits of the complexes, whereas lysing the cells may lead to dis-
sociation of the complexes. In addition to the previously known
H3K4me3 readers, we also identified several potential interactors in
significant hit proteins, which contained the CCHC or C2H2-type zinc
finger domain (e.g., ZCCHC10, ZCCHC17, ZNF136) (Table S1). Note that
zinc finger CW domain-containing proteins (e.g., ZCWPW1 and
ZCWPW2) have been reported as a class of interactors of H3K4me349.
Taken together, the above results suggested the capability of our
probe for profiling H3K4me3 interactomes in native cells.

The interactome of H3K4me3 and H3K9cr in RAW264.7 cells
hPTM-mediated interactions play an essential role in regulating the
fate of macrophages as well as the type and duration of macrophage-
mediated inflammatory responses, but the detection of hPTM-specific
interactomes in macrophages using genetic code expansion or ultra-
fast trans-splicing intein-based technology is hampered by the natural
defense against gene transfection50,51. To solve this problem, we
investigated the interactome of H3K4me3 in macrophage cells
(RAW264.7) using probe 9. By taking a similar chemoproteomics
workflow as described above (fold-change >1.5, false discovery rate
<0.05), a total of 302 candidate proteins were significantly enriched in
three biological replicate experiments, of which 201 proteins were
characterized as known nuclear proteins (Supplementary Fig. 24). We
identified 11 H3K4me3 readers with high confidence, including

proteins containing the PHD domain (e.g., TAF3 and BRPF1), Chro-
modomain (e.g., CHD1, CHD6 and CHD9), Tudor domain (SPIN1), and
others (e.g., SSRP1 and SUPT16H) (Fig. 5a)41,42,45,46,52. GOCC analysis
showed that the enriched proteins were mainly in the nucleus (e.g.,
nucleoplasmand, nucleolus) (Supplementary Fig. 25), and GOBP ana-
lysis revealed that these proteins were involved in chromatin organi-
zation (e.g., SPIN1), chromatin remodeling (e.g., CHD1 and INO80B),
translation and mRNA processing (Fig. 5b). These observations
demonstrated that our probe enables the profiling of hPTM-mediated
interactions in hard-to-transfect cells.

We then compared the H3K4me3 interactors identified in
RAW264.7 cells with those in HeLa cells. We found that the interactors
in RAW264.7 cells were also distributed in the PHD, Chromo, or Tudor
recognition domains, among which seven of the same reader proteins
(SPIN1, TAF3, CHD1, NPM1, SSRP1, INO80B, RBM39) were captured in
both cell lines (Fig. 5c, d and Supplementary Table 3), however the
proteins belong to WD40 domain were not significantly enriched in
RAW264.7 cells. Moreover, probe 9 enriched several proteins involved
in chromatin remodeling and chromatin organization in both HeLa
cells and RAW264.7 cells, e.g., CHD1 and SPIN1 in HeLa cells and
INO80B and SPIN1 in RAW264.7 cells. Notably, we found that WD40
family proteins (e.g., WDR3) and TAF2 were detected only in HeLa
cells, which might be due to the expression of WDR3 and TAF2 being
upregulated in malignant cells compared to nontumor cells53,54.
Moreover, SUPT16H, which exerts key roles in nucleosome recon-
struction (component of the FACT complex, histone chaperone), was
captured in RAW264.7 cells, possibly because the transcriptional
elongation of some inflammation-related genes (e.g., LPS-dependent
genes) in macrophages requires destabilization and restoration of
nucleosome structure via histone chaperone, whereas the activity of
these genes was much lower in HeLa cells (Fig. 5d)55,56.

Moreover, we extended our strategy to determine the inter-
actomeof histone crotonylation inRAW264.7 cells. To this end, probes
12 (with the diazirine and crotonylation groups installed at positions 9
and 11 of H3, respectively, Supplementary Figs. 26 and 27) and 13
(without the crotonylation group compared to probe 12, Supplemen-
tary Fig. 28) were prepared by modular solid-phase peptide synthesis
(Fig. 5e). Subsequent proteomic analysis revealed that a total of 359
candidate proteins were significantly enriched, of which 210 proteins
were characterized as known nuclear proteins (Supplementary
Fig. 29).We identified8proteins that directly or indirectly interactwith
histone crotonylationwith high confidence, including ‘eraser’ enzymes
(e.g., Sirt1), DPF family (e.g., DPF2), YEATS family (e.g., AF9) and others
(the subunits of the TFIID complex, TAF3 and TAF2) (Fig. 5f and Sup-
plementary Fig. 30)39,57–59. GOCC analysis showed that the enriched
proteins were mainly located in the nucleus (e.g., nucleus, nucleo-
plasm) (Supplementary Fig. 31) and GOBP analysis revealed that these
proteins are involved in mRNA processing, RNA splicing, etc (Supple-
mentary Fig. 32). We also note that by using other crosslinking probes,
only “eraser” enzymes (e.g., Sirt1, Sirt2, Sirt3)were captured inHela cell
lysates60, whereas only interactors of the DPF family (DPF2, PHF3, and
PHF6) were found in 293 T cell39. In contrast, the proteins enriched by
our probe cover three families, of which proteins such as AF9, TAF3,
and TAF2 were only captured in RAW264.7 cells. These results sug-
gested that the interactomes of hPTMs were quietly distinct in differ-
ent cell lines, and the development of a generalizedmethod to identify
the interactomes in live cells conveniently and rapidly will facilitate
mapping a more accurate proteomic landscape.

Proteomic profiling of the H3K9la-specific interactome in
RAW264.7 cells
Next, our probes were expanded to characterize the interactome of
a recently identified hPTM, i.e., histone lactylation, which serves as
an important epigenetic modification regulating gene transcription
in RAW264.7 cells during hypoxia and bacterial challenge61–63. To
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this end, probes 14 (with the diazirine and lactylation groups
installed at positions 6 and 9 of H3, respectively, Supplementary
Figs. 33 and 34), 15 (without the lactylation group compared to
probe 14, Supplementary Fig. 35) and 16 (with the RhoB groups
installed at the N-terminal compared to probe 14, Supplementary
Figs. 36 and 37) were prepared by modular solid-phase peptide
synthesis (Fig. 6a), and CLSM analysis confirmed the successful

delivery of these probes into the nucleus (Fig. 6b). Subsequent
proteomics analysis revealed that 11 candidate proteins were sig-
nificantly enriched (Supplementary Fig. 38). Among these, AF9 (a
chromatin reader component of super elongation complexes)
caught our attention because its YEATS domain has been reported
to recognize many other histone lysine acylations (e.g., acetylation
and crotonylation)64.

Fig. 5 | Determining the interactome of H3K4me3 and H3K9cr in
RAW264.7 cells. a Volcano plots of mass spectrometry results. Hits significantly
enriched by probe 9 (p <0.05, >1.5-fold-change) are colored blue. Someestablished
H3K4me3 reader proteins are highlighted and labeled in red. A two-sided test was
used.bGOanalysis (biological process) of significantly enrichedhits (p <0.05, >1.5-
fold-change) in Fig. 5a. The number of proteins in eachGO term is shown. cNumber
of identified H3K4me3 reader proteins containing PHD, chromo,WD40, and Tudor

domains by probe 9 in HeLa and RAW264.7 cells. dOverlap of identified H3K4me3
reader proteins using probe 9 in HeLa and RAW264.7 cells. e Chemical structure of
probe 12 and probe 13. f Number of identified H3K9cr reader proteins containing
eraser enzymes, DPF, YEATS, and other families in the present study and two
previous studies. Red-colored words indicate H3K9cr reader proteins enriched in
this study. Source data are provided as a Source Data file.
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To further validate the interaction between AF9 and H3K9la, the
binding of AF9 to H3K9la then quantitatively measured by isothermal
titration calorimetry (ITC) assays using the recombinant AF9 YEATS
domain (residues 2–138, hereafter AF9YEATS) and two synthetic H3
peptides (i.e., H31-10K9la and H31-10, Supplementary Figs. 39 and 40).
The dissociation constant (KD value) of AF9YEATS for H31-10K9la was
measured to be 191μM, while the binding affinity between AF9YEATS
and H31-10K9 was too weak to determine (Fig. 6c), suggesting that
lactylation of H3K9 indeed promotes AF9-YEATS binding. To further
investigate the binding of AF9 and H3K9la in vivo, we conducted a co-
immunoprecipitation (co-IP) assay in Raw264.7 cells, both with or
without sodium lactate treatment. We observed that upon stimulation
with sodium lactate (50mM), the levels of H3K9la and AF9 protein
were increased compared to the control group, which did not receive
sodium lactate treatment. Moreover, the co-IP results confirmed that
sodium lactate treatment significantly enhanced the interaction
between H3K9la and AF9 (Fig. 6d and Supplementary Fig. 41). All the
results demonstrate that our finding is biologically relevant. Based on
the reported cocrystal structure of AF9YEATS with the H33-10K9cr pep-
tide (PDB: 5HJB; ‘cr’ refers to crotonylation), we performed molecular
docking of AF9YEATS in complex with H31-10K9la, where the α-hydroxyl
group of the lactic acid moiety may form a hydrogen bond with the
S58 side chain of AF9YEATS, thereby contributing to AF9YEATS binding
(Fig. 6e; Supplementary Figs. 42 and 43)58,65. These results showed that
despite the relatively low binding affinity of AF9YEATS for H3K9la, our

probe enables us to detect and differentiate suchweakprotein-protein
interactions in the complex cellular environment.

Discussion
In this study, we reported a nucleus-targeted histone-tail-based pho-
toaffinity probe for profiling the hPTM-mediated interactome in native
cells. This type of probe, integrating the CPP andNLSmodules into the
hPTM peptide equipped with a photoreactive moiety, can be easily
customized via Fmoc-SPPS-based modular construction. Our studies
showed that simple coincubation of this functional probe with cells
enables its efficient cellular uptake and selective accumulation in the
nucleus, during which hPTM-mediated interacting proteins can be
covalently captured in situ upon UV irradiation. By coupling our probe
with LFQ-based proteomics analysis, we demonstrated the capability
to profile H3K4me3 interactomes in HeLa cells, where 18 established
H3K4me3 interactors that cover all four known (PHD, chromo, WD40,
Tudor) H3K4me3 recognition domain families were identified with
high confidence (Fig. 4b and Supplementary Table 1). Compared with
previously reported probes that work in a cell lysate or in the extracted
nuclei, our probe exhibited comparable ability to capture the inter-
acting proteins (Fig. 4d, e and Supplementary Table 2). Furthermore,
this easy-to-implement chemical probe has a modular and program-
mable design, that is low technical challenge for the majority of bio-
chemistry laboratories. Notably, the use of our probe capability for
noninvasive-treatment of target cells is due to avoiding genetic

Fig. 6 | Determining the in situ interactome of H3K9la. a Chemical structure of
probes 14, 15, and 16.bConfocalmicroscopy images of RAW264.7 cells treatedwith
probe 14 for 1 h at 37 °C. Probe 14 was visualized using TER fluorescence (red
channel), and Hoechst 33258 was utilized for nuclear staining (blue channel). Scale
bars: 20μm. Confocal microscopy images shown in (b) are representative of
independent biological replicates (n = 3). c ITC fitting curves of AF9YEATS with
H31-10K9la (blue) peptide or H31-10 (red) peptide. d Co-IP assay was conducted to

detect the interaction of H3K9la and AF9 in RAW264.7 cells with orwithout sodium
lactate treatment. Immunoblotting images shown in (d) are representative of
independent biological replicates (n = 3). e Structural modeling of AF9YEATS and
H31-10K9la peptide. The AF9YEATS structure was displayed on a gray surface, the
ligand is shown in sphere and sticks, the carbon atoms are green, the oxygen atoms
are red, and the nitrogen atoms are blue. Source data are provided as a Source
Data file.
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manipulation or transfection, which is particularly valuable for cells
where genetic operation is difficult (e.g., hard-to-transfect cells).

The hPTM-specific interactomes of macrophage cells undergo
highly dynamic regulation during immunological processes, and the
natural defense of such cells against gene transfection makes it diffi-
cult to profile the interactomes of hPTMs using genetic manipulation.
With the prepared probe in hand, we performed global profiling of the
H3K4me3-specific interactome in RAW264.7 cells in combination with
a chemoproteomics workflow and identified 11 known interacting
partners (Fig. 5a), similar to the results in HeLa cells, belonging to the
three structural domains of PHD, Chromo, and Tudor (Fig. 5c and
Supplementary Table 3). We also identified various interactors of
H3K4me3 that differed between these two cell types: for instance,
WD40 family proteins and TAF2 were significantly enriched only in
tumor cells, whereas proteins associated with nucleosome recon-
struction, such as SUPT16H, were only captured by the probe from
RAW264.7 cells (Fig. 5c, d). We also successfully identified the inter-
actome for histone crotonylation inRAW264.7 cells using this strategy,
in which only proteins such as AF9, TAF3, and TAF2 were captured in
RAW264.7 cells. These results suggest thatdiverse cell typesmaydiffer
in their hPTM interactome landscapes in terms of protein abundance,
turnover rates, and location due to various cellular functions and that
the development of easily accessible probes is of great importance for
the global screening and comparison of hPTM interactomes in differ-
ent types of native cells. We further probed the interactome of a
recently discovered hPTM (lactylation) using our probe and found that
AF9 is a potential binding partner ofH3K9la (Fig. 6c, d), demonstrating
the utility of chemically tailored probes in addressing cutting-edge
biology issues. Future studies would extend the utility of probes to
profile hPTM-specific interactomes in primary neurons and tissues

Current peptide-based photoaffinity probes lack the context of
the chromatin or nucleosome structure, which may not fully recapi-
tulate the native chromatin environment, thus resulting in some failure
in identifying chromatin interactors. On the other hand, we were able
to identify reliably established binders, suggesting that our nuclear-
targeted peptide-based probes are valuable for determining the
unstructured regional hPTM-specific interactomes (e.g., H3K4me3).
Nevertheless, the extension of the nuclear-targeted approach to
nucleosomes, i.e., by preparing cell-penetrating, nuclear-targeted his-
tones (containing CPP and NLSmodules) to generate nuclear-targeted
nucleosome photoaffinity probes to identify the interactomes of
hPTMs in a physiologically relevant nucleosome context, is clearly an
exciting direction for future studies. We anticipate that the multi-
functional probes described here will help to determine the inter-
actomes of a range of known and emerging hPTMs.We also found that
stable isotope labeling by amino acids in cell culture (SILAC) quanti-
fication was used to profile H3K4me3 interactors in some previous
work17,23, which contributed to a relatively lower false-positive rate
compared with LFQ or a tandem mass tag (TMT) quantitative
analysis39,66. In the future study, we will utilize SILAC quantitative
proteomics combined with our probe to further explore the inter-
actomes of histone PTMs in situ, andwe look forward tomore in-depth
results. Our work showcase here also highlights the advantages of a
chemical protein synthesis platform for the construction of tailored-
designed probes for biological applications67,68.

Methods
General materials and methods
All reagents have been purchased from commercially available sup-
pliers and are ready to use without needing to be purified. Wang and
Rink amide-AM resin were acquired from Tianjin Nankai HECHENG
S&TCo., Ltd. in Tianjin, China, while Fmoc-protected amino acids were
sourced fromGLBiochem inShanghai, China. Antibodies used include:
Anti-His6 antibody (Abcam; ab18184), Anti-β-Actin antibody (Cell Sig-
naling Technology; #4970), anti-AF9 antibody (Cell Signaling

Technology; #47577), Anti-H3K9la antibody (PTM BioLab, Inc.; PTM-
1419RM). HPLC purification of peptides was conducted using Shi-
madzu Prominence systems from Shimadzu Corporation, Japan, with
each sample monitored at wavelengths of 214 nm and 254 nm. Pep-
tides were analyzed or semi-prepared using Welch Ultimate XB C18 or
C4 analytical (flow rate was 1.0mL/min) or semi-preparative columns
(flow rate was 4–5mL/min). HPLC purification solvent system con-
sisted of buffer A (0.08% TFA in acetonitrile) and buffer B (0.1% TFA in
H2O). Fast Protein Liquid Chromatography (FPLC) was carried out
using an AKTA system from GE Healthcare Life Sciences, equipped
with Superdex 75 or 200 columns. Each sample was detected at
wavelengths of 280 nm. Standard ESI mass spectra were acquired
using the LC/MS 2020 system from SHIMADZU. For LC-MS/MS, the
Orbitrap Exploris 480 mass spectrometer was utilized.

Chemical synthesis of probes
All probes utilized in this study were synthesized using Fmoc-SPPS-
based modular synthesis with a scale of 0.25mmol resin (for probes
1–10, 12–16, Rink amide-AM resin, with a loading of 0.38mmol/g; for
probe 11 and H31-10K9la and H31-10, Wang resin, with a loading:
0.32mmol/g). In general, the synthesis of peptide was started with
swelling of the resin in DMF for 5–8min. Amino acid coupling was
carried out for 30min at 37 °C, using 4.0 eq. of Fmoc-AA-OH, 8.0 eq. of
DIEA, and 4.0 eq. of HCTU in DMF. The Fmoc group was removed by
exposing the resin to a 20% (v/v) piperidine solution in DMF for 10min
at 37 °C. Following each coupling reaction and Fmoc-deprotection, the
resin was extensively rinsed with DMF and DCM in succession (five
times with DMF, five times with DCM, and another five times with
DMF). Apart from these, some special operations during peptide
synthesis including the Alloc protecting group (0.25mmol resin) were
removed using Pd[P(Ph)3]4 (1.0 eq. 288.9mg) and PhSiH3 (10.0 eq.,
308.5μL) in 5mL DCM for 3 h; TheMtt protecting group was removed
using HOBT in a mixture of HFIP/EDC in a ratio of 1/1 for 5min × 8; the
coupling of diazirine photo-crosslinker onto the lysine side chain was
performed for 30min at 37 °C, using 4.0 eq. of Me-Diazirine-COOH,
4.0 eq. of HATU, 4.0 eq. of HOAT, and 8.0 eq. of DIEA in DMF; the
coupling of crotonic anhydride onto the lysine side chain was per-
formed in the presence of 10 eq. of crotonic anhydride and 5 eq. of
DIEA in DMF; the coupling of L-lactate onto the lysine side chain was
performed in the presence of 2.0 eq. of L-lactate, 2.0 eq. of HATU,
2.0 eq. of HOAT, and 4.0 eq. of DIEA in DMF; the coupling of Rhoda-
mine B onto the N-terminal amine groups of probes was performed in
the presence of 2.0 eq. of Rhodamine B, 2.0 eq. of HATU, 2.0 eq. of
HOAT and 4.0 eq. of DIEA in DMF. A configured TFA cocktail (87.5%
TFA, 5% phenol, 5% H2O, 2.5% Tips) was added to the dried resin and
shaken at room temperature (2 h) to cleave peptides from the resin.
Crude peptides were purified by semi-preparative RP-HPLC, and the
yields for each probe are listed in Supplementary Table 4.

Cell culture
RAW264.7 was purchased from cellcook (CC9001), and HeLa was a
generous gift from Yangzhong Liu (University of Science and Tech-
nology of China, Hefei). HeLa cells were cultured in DMEM supple-
mented with 100μg/mL streptomycin, 10% FBS, and 100U/mL
penicillin (37 °C, 5% CO2). The cells were exposed to a 0.25% trypsin
0.02% EDTA solution and incubated for 30 s. The supplementedmedia
was added to quench trypsin. The collected cell suspension was sub-
jected to centrifugation (1.0 × g, 5min). The medium was then aspi-
rated, and the cell was resuspended in a newmedium for a new round
of adherent growth. RAW264.7 cells were cultured in DMEM contain-
ing 10% FBS in an incubator (37 °C, 5% CO2). The cells were scraped off
the walls of culture flasks with a cell scraper in PBS. The collected cell
suspension was subjected to centrifugation (1.0 × g, 5min). The PBS
was then aspirated, and the cells were placed back into a newmedium
for a new round of adherent growth.
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General procedure for probe delivery
For microscopy experiments, 20,000 cells were seeded into sterile
35mm glass-bottom dishes. The cells were allowed to attach and
proliferate for 24 h in an environment with 5% CO2 at a temperature of
37 °C. Once the cells reached approximately 90% confluency, they
were gently rinsed three times with warm PBS. Afterward, they were
incubated at 37 °C for 60min with a serum-free medium that included
probes 1–8 (15 or 30μΜ infinal concentration for CLSManalysis, 15μΜ
in final concentration for flow cytometry analysis). Cells were then
stained with Hoechst 33258 (2μg/mL) and then imaged by CLSM
analysis.

The dispersion of fluorescent probes within living cells was
examined utilizing a confocal laser scanning microscope (Zeiss LSM
880) fitted with a 40x/1.3 Oil DIC M27 objective lens. For the distinct
fluorescent labels, dual lasers were employed: a UV laser for Hoechst
33258 at 405 nmand a green laser for RhoB at 543 nm.Throughout the
confocal laser scanning microscopy (CLSM) examination, the speci-
mens were maintained at 37 °C within a humidified atmosphere.

Flow cytometry analysis
Cells were incubated with FBS free culture medium containing differ-
ent probes. After 30min, cells were washed three times to remove
unabsorbed probes. Cells were resuspended in PBS buffer and ana-
lyzed by flow cytometer (CytoFLEX, Beckman). Thedatawere analyzed
by CytExpert.

Protein expression and purification
The recombinant proteins KDM4ATudor, SPIN1, and AF9YEATS were
expressed in the E. coli BL21 cells and triggered for expression by
0.2mM IPTG at 16 °C for 12 h. The recombinant proteins ING2PHD were
expressed in E. coli Rosetta cells and triggered for expression by
0.5mM IPTG at 18 °C for 12 h. The harvested cells for SPIN1 and
KDM4ATudor were suspended in a buffer containing 20mM Tris and
100mMNaCl (pH = 7.5), while AF9YEATSwas suspended in a buffer with
20mM Tris and 500mM NaCl (pH= 7.5). For ING2PHD, the cells were
resuspended in a solution of 50mM HEPES, 150mM NaCl, and 2mM
DTT (pH= 7.5). Subsequent purification of these proteins was con-
ducted according to established methods32–35.

Briefly, harvested cells were lysed by ultra-sonication in their
respective resuspension buffers containing 1mM fresh PMSF. After
centrifugation at 4 °C with a relative centrifugal force of 11.6 × g for
30min, the supernatant was applied to either aNi-NTA orGST column,
depending on the type of affinity tag present on the protein. Post the
initial wash with 5 volumes of the suspension buffer, the proteins were
eluted using specific elution buffers. For SPIN1 and KDM4ATudor, an
elution buffer consisting of 20mM Tris, 100mM NaCl, and 500mM
imidazole (pH= 7.5)wasutilized for protein recovery. ForAF9YEATS, the
column underwent additional extensive washing with resuspension
buffers containing high salt concentrations of 750mM and 1000mM
NaCl. The protein was subsequently eluted using a buffer composed of
20mM Tris, 500mM NaCl, and 500mM imidazole (pH = 7.5). Follow-
ing elution, the His tag was removed by incubating the protein over-
night with thrombin from Solarbio. For the recombinant ING2PHD,
elution was achieved using a buffer containing 150mM NaCl, 50mM
HEPES, 25mM Glutathione, and 2mM DTT (pH = 7.5). Following con-
centration, the purified recombinant proteins underwent additional
purification through size exclusion chromatography utilizing a
Superdex 75 10/300 column.

Construction of protein expression plasmids
SPIN1. The cDNA encoding the SPIN1 was cloned into the pRSFDuet
vector.

Amino acid sequence. R RNIVGCRIQHGWKEGNGPVTQWKGTVLDQV
PVNPSLYLIK YDGFDCVYGL ELNKDERVSA LEVLPDRVAT SRISDAHLAD

TMIGKAVEHM FETEDGSKDE WRGMVLARAP VMNTWFYITY EKDPV-
LYMYQ LLDDYKEGDL RIMPDSNDSP PAEREPGEVV DSLVGKQVEY
AKEDGSKRTG MVIHQVEAKP SVYFIKFDDD FHIYVYDLVK TS

ING2PHD. The PHD finger domain of human ING2 (residues 208-270)
was cloned into a pGEX-6p-1 vector with an N-terminal glutathione
S-transferase (GST) tag.

Amino acid sequence. DPN EPTYCLCNQV SYGEMIGCDN EQC-
PIEWFHF SCVSLTYKPK GKWYCPKCRG DNEKTMDKST

KDM4ATudor. The cDNAencoding theTudordomain of humanKDM4A
was cloned into the pRSFDuet vector.

Amino acid sequence. ALQSIT AGQKVISKHK NGRFYQCEVV
RLTTETFYEV NFDDGSFSDN LYPEDIVSQD CLQFGPPAEG
EVVQVRWTDGQVYGAKFVASHPIQMYQVEF EDGSQLVVKRDDVYTLDE

AF9 YEATS. Plasmids AF9 (2–138) was cloned into pET28b vector for
bacteria expression was a generous gift from Haitao Li (Tsinghua
University, Beijing).

In vitro photo-crosslinking experiments
In all, 12μΜ probe (probe 9, 10, or 11) was mixed with 6μΜ protein
(SPIN1, KDM4ATudor or ING2PHD) in binding buffer (PBS buffer for
SPIN1; 50mM HEPES, 150mM NaCl, 2mM MgCl2, pH = 7.5 for
KDM4ATudor and ING2PHD) at 4 °C. After incubation for 2 h, the mix-
tures were exposed to UV light at 365 nm using a SCIENTZ UV lamp
(Model: SCIENTZ03-11) for 20min, and then analyzed by SDS-PAGE
and immunoblotting analysis. All photographs of the protein gel were
taken on Fusion FX EDGE SPECTRA (Vilber).

Cellular cytotoxicity assays
HeLa cells were inoculated in 96-well plates and incubated at 6000
cells/well for 24h. After changing the medium containing a different
formulation, incubation continued for 12 h, and then PBS washed to
remove residual probes. The cells were divided into two groups. One
group received 20min irradiationwith 365 nmUVon ice, and the other
group did not receive such irradiation. Subsequently, MTT was intro-
duced into the system, and then the cells were placed in an incubator
for a further 4 h. After that, 150μL of DMSOwas utilized to dissolve the
formazan crystals. The measurement of absorbance at 490 nm was
carried out with the employment of a microplate reader (680 Micro-
plate Reader, Bio-Rad). For the live/dead cell staining assay, Hela cells
were incubated in six-well culture plates for 24 h, followed by the
incubation of different culture mediums for the time range of 0–24 h.
The cells were stained with FDA (10μΜ) and PI (20μΜ) and then
analyzed by fluorescence microscopy (IX71, Olympus).

Photo-crosslinking in live cells
HeLa or RAW264.7 cells underwent treatment with a 60μΜ probe for
12 h at a temperature of 37 °C (probe 9 or 10 forHeLa cells, probe 9, 10,
12, 13, 14, or 15 for RAW264.7 cells). After PBS washing to eliminate the
residual probe, the cells were subjected to 365 nm UV exposure (SCI-
ENTZ;Model: SCIENTZ03-11) for 20minon ice. The cells were lysed for
30min in lysis buffer (RIPA buffer containing 1mM PMSF). The cell
lysate was collected and centrifuged at 12 × g for 30min at low tem-
perature. The resulting supernatant was used for subsequent pro-
teomic analysis.

Mass spectrometry data collection and analysis
After photo-crosslinking and lysis, the cell lysates were incubated with
streptavidin agarose beads (Promega) at 4 °C overnight. The beads are
then thoroughly washed with solutions C (150mM NaCl, 1mM DTT,
25mM tris, 0.5% v/v NP-40, pH = 7.6), D (PBS solution containing 0.5%
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w/w SDS, twice), E (PBS solution containing 1M NaCl, twice), F (tris-
buffered, twice) and G (50mM NH4HCO3, pH= 7.6, 10 times) in
this order.

ForH3K4me3 (experimental group: probe 9, control group: probe
10, experimental and control groups were each repeated three times,
biological replicates) and H3K9cr binding proteins (experimental
group: probe 12, control group: probe 13, experimental and control
groups were each repeated three times, biological replicates), the
identification process was as follows. Enriched proteins on the beads
were eluted with loading buffer at 95 °C for 10min, followed by
separation by SDS-PAGE. The protein sample processing protocol was
essential, as described69. The proteins in the gel were then sequentially
treated with 5mMDTT and 11mM IAA. In-gel digestion was performed
overnight using trypsin in 50mM NH4HCO3 solution. Peptides were
extracted with solution H (1:1 CH₃CN/H2O (v/v) solution containing
0.1% TFA) and then concentrated to reduce the sample volume.

For H3K9la binding proteins (experimental group: probe 14,
control group: probe 15, experimental and control groups were each
repeated three times, biological replicates), the identification process
was as follows. Beads digestion was performed overnight using trypsin
in 50mMNH4HCO3 solution. Peptides were extracted with solution H
and then concentrated to reduce the sample volume. Peptides were
dissolved in a solution of 200mM tetraethylammonium bromide
(TEAB) (50μL), followed by the addition of TMTsixplex labeling
reagent (ThermoFisher) (2μL), and the reactionwas carried out for 1 h
at room temperature. Then 5% hydroxylamine (0.5μL, pH 9–10) was
added and reacted for 15min to quench the reaction. Final desalination
with Sep-Pak C18 Vac cartridges (Waters).

A 120min gradient elution at a flow rate of 0.3μL/min was per-
formed using the Thermo-Dionex Ultimate 3000 HPLC system, which
was directly connected to the Thermo Orbitrap Fusion 480 mass
spectrometer. The separationwas carried out on a custom-made fused
silica capillary column (75μm ID, 150mm length; Upchurch, Oak
Harbor, WA) loaded with C-18 resin (300Å, 5μm; Varian, Lexington,
MA). Mobile phase 1 contains an aqueous solution of 0.1% formic acid,
and mobile phase 2 is an acetonitrile solution containing 0.1%
formic acid.

The Sequest HT algorithm in Proteome Discoverer software (PD,
version 1.4)wasused toprocess thedata.Hella cellswerequeriedusing
the human protein database, and RAW264.7 cells were queried using
themouseprotein database. Use the following searchparameters: fully
trypsin specific and allows up to two missed cleavage, oxidation of
methionine (M) was considered as a variable modification, while car-
bamidomethylation of cysteine (C) and TMTsixplex labeling on lysine
(K) and the N-terminal were specified as fixed modifications. The
precursor ion mass tolerance was set to 20ppm for MS scans and
20mmu forMS/MSspectra. Thepeptide falsediscovery rate (FDR)was
determined by the percolator function within PD software, with a 1%
cutoff based on the decoy database. TMT quantification was carried
out inPD software, andquantificationwas restricted toproteinswith at
least two unique peptide matches. Peptides were considered unique if
they were assigned to a specific protein group. Protein ratios were
calculated as the median of all peptide identifications for a given
protein, and the variability of these ratios was used to assess the pre-
cision of the quantification.

ITC measurements
ITC measurement was performed as previously described by using
MicroCal PEAQ-ITC (Malvern) at 15 °C33. The recombinant AF9YEAST
protein and synthetic histone H3 peptides (H31-10K9la and H31-10)
underwent extensive dialysis with ITC buffer: 25mM Tris, 0.5M NaCl,
2mM β-ME, pH= 7.5. Usually, H31–10 peptides at 1.5–3mMwere added
dropwise into AF9YEAST protein at 0.1–0.2mM. There were 20 indivi-
dual injections of each ITC titration, with 1μL for the first and 2μL for

the rest. The PEAQ-ITC analysis software was utilized to process the
data, with the application of the ‘One Set of Sites’ fitting model.

Co-immunoprecipitation
Raw264.7 cells were lysed in lysis buffer (Western and IP cell lysis
bufferwith a protease inhibitormixture), eitherwithout orwith 50mM
sodium lactate treatment. Samples were incubated overnight at 4 °C
with H3K9la antibody and protein A/G magnetic beads for precipita-
tion. The bound proteins were then removed by boiling in SDS buffer
and resolved in SDS/polyacrylamide gels, followed by Western blot
analysis using H3K9la and AF9 antibodies.

Docking
The protein data bank obtains the three-dimensional structure.
(https://www.rcsb.org/structure/5HJB). The crystal model (5HJB),
which represents AF9YEATS in complex with the H3K9cr peptide, was
protonated and optimized through the “Quickprep” plugin in MOE.
The ATP ligand binding site was designated as the docking region. The
protein and molecular structures were protonated under the
AMBER10: EHT forcefield. The interaction between the protein and the
moleculeswas analyzed using the “Dock”plugin inMOE. Formolecular
docking, the induced fit docking protocol was employed, utilizing the
triangle match algorithm to generate the docking poses. The London
δG scoring function was utilized to calculate the binding energy for
each pose, with the top 100 poses being retained. The poses were then
optimized using the induced fit algorithm and the GBVI/WAS δG
scoring function to assess the binding affinity of optimized poses. The
docking poses were aligned with the Histone H3.1 peptide from the
crystal structure 5HJB based on the docking regions. Finally, the con-
formationmost similar to the referencewas selected as the final result.

Statistics and reproducibility
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange [http://proteomecentral.
proteomexchange.org] database under accession code PXD055058,
PXD055061, PXD055055 and PXD045620. The crystal structure for
AF9 YEATS (PDB: 5HJB) was used in this work. Source data are pro-
vided in this paper.
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