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ABSTRACT: Histone post-translational modiﬁcations
(HPTMs) provide signaling platforms to recruit proteins or
protein complexes (e.g., transcription factors, the so-called
“readers” of the histone code), changing DNA accessibility in
the regulation of gene expression. Thus, it is an essential task
to identify HPTM readers for understanding of epigenetic
regulation. Herein we designed and prepared a novel HPTM
probe based on self-assembled multivalent photo-cross-linking
technique for selective enrichment and identiﬁcation of HPTM
readers. By use of trimethylation of histone H3 lysine 4, we showcased that the functionalized HPTM probe was able to capture
its reader with high enrichment eﬃciency and remarkable speciﬁcity even in a complex environment. Notably, this approach was
readily applicable for exploring crosstalk among multiple HPTMs. Combining the probes with a mass spectrometry-based
proteomic approach, our approach reached a fairly high coverage of known H3K4me3 readers. We further demonstrated that
the HPTM probes can enrich a new type of HPTM readers and uncovered several novel putative binders of crotonylation of
histone H3 lysine 9, expanding the repertoire of readers for this epigenetic mark. More broadly, our work provides a general
strategy for rapid and robust interrogating HPTM readers and will be of great importance to elucidate epigenetic mechanism in
regulating gene activity.

T

readers given that the noncovalent interactions between
HPTMs and readers are usually rather weak and transient and
that HPTMs are highly dynamic. To address these issues, probes
based on peptide carrying photo-cross-linking groups were
reported recently.8,9 These probes can convert weak noncovalent interactions into irreversible covalent bonds by photocross-linking reactions, further strengthening the capture of
HPTM readers. However, these probes may suﬀer from low
photo-cross-linking eﬃciency and speciﬁcity for capturing target
proteins.9,10 Meanwhile, inﬂexible positions and spatial
orientations of the photo-cross-linker in the peptide skeleton
potentially aﬀect the recognition and labeling for the HPTM
reader.

he nucleosome is composed of an octamer of four core
histone proteins, including H2A, H2B, H3, and H4,
around which a segment of DNA is wrapped. The N-terminal
tails of the core histones are decorated by a variety of posttranslational modiﬁcations (PTMs) such as acetylation,
methylation, phosphorylation, and so on.1−3 These PTMs are
believed to function as key elements of an epigenetic code that
can be read by various speciﬁc binding partners, termed as
“readers”. In fact, the recruited readers determine functional
outcome of certain HPTMs and dynamic changes in chromatintemplated processes. Thus, the identiﬁcation of HPTM readers
is essential to understand the mechanism of epigenetic
regulation.4 Nonetheless, a large fraction of HPTM readers,
especially for those new types of HPTMs, remain poorly proﬁled
because of a lack of new approaches.5,6
Peptide-based aﬃnity puriﬁcation as the traditional method
has been adopted for the identiﬁcation of histone readers.7
However, it is still a big challenge for the low abundance of
© 2018 American Chemical Society
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mg/L ampicillin. Expression of recombinant protein was
induced overnight by isopropyl β-D-thiogalactoside (0.4 mM)
at 20 °C in the LB medium supplemented with ZnCl2 (0.1 mM).
Cells were harvested by centrifugation, and the pellets were
resuspended in lysis buﬀer (50 mM Tris-HCl pH 8.0, 150 mM
NaCl, 5 mM β-mercaptoethanol, 10% glycerol), followed by
homogenization and centrifugation (15 000g) at 4 °C. The
fusion protein was puriﬁed using glutathione aﬃnity chromatography and Superdex-200 gel ﬁltration chromatography (GE
Healthcare) to remove any contamination. The recombinant
proteins were detected by SDS-PAGE analysis and characterized
by HPLC-MS/MS. Mass spectrometric data of the recombinant
protein are shown in Figure S1. Protein concentrations were
determined by BCA Protein Assay Kit.
Synthesis and Characterization of HPTM Probes. For
the fabrication of the probes, stock solutions of histone PTM
peptides (1 mM) and HS-PEG-Bpa (1 mM) were mixed and
added to the solution of gold nanoparticles (50 μL), and the
mixture was shaken at room temperature for 12 h. Then, the
functionalized gold nanoparticles were washed with H2O (50
μL) twice, and then the fabricated probes were stored at 4 °C for
further use. UV−vis spectroscopy, MALDI-TOF MS, and
transmission electron microscopy (TEM) were used to conﬁrm
the probes. The ligand density was determined for HPTM probe
by cleaving the ligands from AuNPs and then quantitated by LCMS analysis.
HPTM Probes for Enrichment of Target Proteins.
Capturing of BPTFPHD by HPTM Probes. BPTFPHD (7 μM)
was mixed probe H3K4me3 (4 pmol) in 50 μL of binding buﬀer
(50 mM Tris-HCl, pH = 7.8, 200 mM NaCl, 2.5 mM KCl, 2.5
mM MgCl2, 1 mM ZnCl2, 2 mM DTT), and the mixture was
incubated on a rotary mixer at 4 °C overnight. Then, the mixture
was irradiated at 365 nm on ice for 15 min using UVP Crosslinker (Analytik Jena). The mixture was centrifuged, followed by
removing the supernatant. Next, the pellet was suspended in the
binding buﬀer to discard non-cross-linked targets. Finally, the
loading buﬀer containing 12% 2-mercaptoethanol was added to
the pellet and incubated for 30 min at 95 °C. The mixture was
then centrifuged for 2 min and the supernatant was loaded onto
the 12% gel to detect by SDS-PAGE. For comparison, probe
H3K4 and probe PEG600 were also used for photoaﬃnity
enrichment of BPTFPHD following the same procedure
described above. The same procedure was also applied for
probe H3T3phK4me3 used for study of crosstalk among
HPTMs and enrichment of BPTFPHD from cell lysate using
HPTM probes.
Enrichment of Endogenous Binders from Nuclear Extracts
by HPTM Probes. We extracted nuclear proteins from Hela cells
using nuclear extraction reagents (Nucleoprotein Extraction Kit,
Sangon Biotech). Brieﬂy, the Hela cells were washed twice with
PBS (0.1 M phosphate, 0.15 M NaCl, PH 7.2) and harvested
into a tube (1.5 mL). After removing PBS, hypotonic buﬀer
(protease inhibitor added beforehand) was added and incubated
10 min on ice. Then, the solution was centrifuged at 800g for 5
min, and the supernatant was discarded. The precipitation was
washed by hypotonic buﬀer on a mixer for 30 s followed by
centrifugation at 2500g for another 5 min. After centrifugation,
the supernatant was removed. Next, the precipitation was
resuspended in Lysis Buﬀer and incubated for 20 min. Finally,
nucleoprotein was collected by centrifugation at 20 000g for 10
min. The prepared nucleoprotein (0.6 mg) was incubated with
probe H3K4me3 (16 pmol) in 200 μL of binding buﬀer (50 mM
Tris-HCl, pH = 7.8, 200 mM NaCl, 2.5 mM KCl, 2.5 mM

To overcome these challenges, in the present work, we sought
to take advantage of self-assembled (SAM) multivalent photocross-linking technique to design a novel HPTM peptide probe
for the selective enrichment and identiﬁcation of histone
readers. Several key points were considered to improve
enrichment yield and speciﬁcity of the probe: (a) HPTM
peptide and photo-cross-linker are immobilized on the surface of
gold nanoparticles (AuNPs) via SAM technique to ensure the
eﬀective interaction between HPTMs and readers and thereby
to avoid the hindrance of photo-cross-linking groups to speciﬁc
recognition, compared with traditional peptide probes carraying
photo-cross-linker.9 (b) The probe enables us to covalently
capture those low aﬃnity of reader proteins by activating photocross-linker, which allows us to tune optimal spatial position by
changing the length of supports. Notably, the multivalent eﬀect
of photo-cross-linkers disaplyed on AuNPs can further improve
the cross-linking eﬃciency of target proteins.11 (c) Polyethylene
glycol (PEG), which enables to reduce the nonspeciﬁc binding
proteins due to its unique chemical properties,12 is selected as
linker to support photo-cross-linker and to space the HPTM
peptides. (d) AuNPs have the properties of nonporous structure
and excellent monodispersity, which could minimize nonspeciﬁc
binders and improve loading capacity of proteins and thus have
been widely employed in the detection of protein kinase
activity,13 immunoassay,14 and identiﬁcation of damaged-DNA
readers.12 More importantly, AuNPs, as scaﬀolds, allow us to
simultaneously immobilize diﬀerent functional groups on one
spot in order to build a modular unit via SAM technology,15
which makes it possible to readily assemble multiple HPTM
peptides and photo-cross-linkers to a well-deﬁned structure,
improving the aﬃnity enrichment of binding proteins. The
functionalized probe is therefore expected to promote the
enrichment of HPTM readers. Indeed, using this probe, we can
identify known HPTM readers, thereby validating our strategy.
In addition, we ﬁnd new binders of epigenetic signature,
expanding the known repertoire of HPTM-mediated protein−
protein interactome.

■

EXPERIMENTAL SECTION
Materials and Instruments. Thiolated polyethylene glycol
(HS-PEG) with benzophenone at the terminal (HS-PEG-Bpa)
was obtained from ToYong Biotech Ltd. AuNPs was purchased
from BBI solutions. Histone peptides with and without lysine
trimethylation or crotonylation and threonine phosphorylation
modiﬁcation were synthesized and puriﬁed by Beijing SciLight
Biotechnology Ltd. Co. Bovine serum albumin (BSA) was
purchased from Sigma-Aldrich. HPLC solvents used for MS/MS
analysis of proteins (water, acetonitrile, etc.) were purchased
from Thermo Fisher Scientiﬁc Ltd. Concentration of protein
samples was measured by BCA assay (Thermo Fisher Scientiﬁc
Ltd.). Antibodies against SND1 and KAT6B were obtained from
Abcam. MALDI-TOF-mass spectra were acquired by MALDI−
MS with a Bruker Autoﬂex III TOF/TOF mass spectrometer
and protein samples by Nano-LC-Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientiﬁc, Waltham, MA). Unless
noted otherwise, all chemical reagents were purchased from TCI
and Sigma-Aldrich.
Expression, Puriﬁcation, and Characterization of
Recombinant Proteins. The second PHD domain from
human BPTF was cloned into pGEX-6p-1 vector with a
glutathione Stransferase (GST) tag fused at the N-terminus.
The plasmids were transformed into E. coli BL21 (DE3) cells,
and they were cultured at 37 °C in LB medium containing 100
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MgCl2, 1 mM ZnCl2, 2 mM DTT) on a rotary mixer at 4 °C
overnight. Then, the mixture was irradiated at 365 nm on ice for
15 min using UVP Cross-linker (Analytik Jena). The mixture
was centrifuged, followed by removal of the supernatant. Next,
the pellet was suspended in the washing buﬀer containing 4 M
urea in PBS with a vortex mixer for 10 min. The mixture was
again centrifuged, and the washing step was repeated three
times. Finally, the loading buﬀer containing 12% 2-mercaptoethanol was added to the pellet and incubated 30 min at 95 °C.
The mixture was then centrifuged for 2 min, and the supernatant
was loaded onto the 12% gel to detect by SDS-PAGE. The gel
was then destained and digested followed by identiﬁcation using
HPLC-MS/MS.
Mass Spectrometry Analysis of Isolated Proteins.
Preparation of Samples for Nano-HPLC-MS/MS Analysis.
The captured proteins were separated by SDS-PAGE and
visualized by silver staining. Then, the corresponding bands
were excised and subject to in-gel digestion as described
previously.16 Each tryptic digest was redissolved in 7 μL of
HPLC buﬀer A (0.1% (v/v) formic acid in water) following
desalting. After centrifugation at 12 000g for 2 min, the
supernatant (5 μL) was injected into a Nano-LC system
(EASY-nLC 1200, Thermo Fisher Scientiﬁc, Waltham, MA).
Each sample was separated by a C18 column (50 μm innerdiameter ×15 cm, 2 μm C18) with a 60 min HPLC-gradient at a
ﬂow rate of 300 nL/min. The HPLC elute was electrosprayed
directly into an Orbitrap Q-Exactive Plus mass spectrometer
(Thermo Fisher Scientiﬁc, Waltham, MA). The source was
operated at 2.2 kV. The mass spectrometric analysis was carried
out in a data-dependent mode with an automatic switch between
a full MS scan and an MS/MS scan in the orbitrap. For full MS
survey scan, the automatic gain control (AGC) target was 1 ×
106, and scan range was from 350 to 1750 with the resolution of
70 000. The 10 most intense peaks with charge state 2 and above
were selected for fragmentation by higher-energy collision
dissociation (HCD) with normalized collision energy of 27%.
The MS2 spectra were acquired with 17 500 resolution. The
exclusion duration for the data-dependent scan was 10 s, and the
exclusion window was set at 1.6 Da.
Data Processing. The resulting MS/MS data were searched
using Proteome Discoverer software (v1.4) with an overall false
discovery rate (FDR) for peptides of less than 1%. Proteins
demonstrating the average score (n = 3) < 2 were removed from
the identiﬁcation list. Peptide sequences were searched using
trypsin speciﬁcity and allowing a maximum of two missed
cleavages. Carbamidomethylation on cysteine was speciﬁed as
ﬁxed modiﬁcation. Oxidation of methionine and acetylation on
protein N-terminal were set as variable modiﬁcations. Mass
tolerances for precursor ions were set at ±10 ppm for precursor
ions and ±0.02 Da for MS/MS.
Western Blot Analysis. The enriched proteins were loaded
and separated on an 8% SDS-PAGE gel and transferred to a
nitrocellulose membrane (Pall Corporation, 0.22 μm). The
membranes was ﬁrst blocked with 5% nonfat milk and incubated
with primary antibodies overnight at 4 °C at the following
dilutions: SND1 1:1000; KAT6B 1:500. After the membranes
were washed, they were incubated with goat antimouse HRP
conjugated secondary antibody (1:5000) or goat antirabbit
HRP-conjugated secondary antibody (1:5000) for 2 h at room
temperature.
AutoDock Analysis. AutoDock 4.0 was used to dock the
peptide H3K9cr into the structures of KAT6B. The structure of
KAT6B was taken from the Protein Data Bank (PDB) (PDB:

5U2J). Before the docking simulation, the peptide was placed
into the middle of KAT6B surface as the start point of docking.
The parameters for docking were set as follows: the Lamarckian
genetic algorithm (LGA) runs were set at 100, and the maximum
number of energy evaluations was set at 25 million. The
simulation box was ﬁxed at the center of the substrate and the
box size was set at 60 Å in all three dimensions. The
conformation with the highest binding energy of small molecule
was considered as the best conformation.

■

RESULTS AND DISCUSSION
Designed and Prepared Novel HPTM Probes for
Eﬀective Enrichment of HPTM Readers. To proﬁle
HPTM readers using photo-cross-linking-based aﬃnity enrichment and mass spectrometry-based proteomic tool, we
developed HPTM probes based on the above considerations.
A brief description of the strategy is outlined herein (Figure 1).

Figure 1. Workﬂow of the capture and enrichment of HPTM readers by
self-assembled multivalent photoaﬃnity peptide probes.

HPTM-carried peptides, photo-cross-linking moiety modiﬁed
PEG, and gold nanoparticles were mixed to create a multivalent
AuNPs-based photoaﬃnity HPTM probe by SAM technology.
Then, the developed probe was used to capture HPTM readers
from cell lysate based on its high isolation eﬃciency and speciﬁc
recognition property and subsequently subject to UV irradiation
ensuring the covalent bonding between cross-linkers and readers
to occur. Next, harsh washing buﬀer (4 M urea in PBS) was used
to stringently remove nonspeciﬁc interaction partners, allowing
selective isolation of binders. Finally, the captured proteins were
cleaved from AuNPs and detected by gel imaging or HPLC-MS/
MS. Notably, the novel HPTM probe perform photo-crosslinking and enrichment in one-pot, which facilitate the rapid and
robust capture of target proteins. In addition, the multiple
ligands on AuNPs were easy to be assembled, accelerating the
optimization of the probe design.
HPTM Probes Enable Robust Target Enrichment by
Tuning the Position and Density of Cross-Linker.
Trimethylation of histone H3 lysine 4 (H3K4me3) is exclusively
found on the promoter regions of actively transcribed genes and
is one of the well-characterized HPTMs.17 Thus, we choose
H3K4me3 as a model to design the HPTM probe in this work.
BPTF (bromodomain and PHD ﬁnger transcription factor), as a
well-established H3K4me3 reader, can speciﬁcally recognize
H3K4me3 tails by its PHD domain (BPTFPHD).18 We therefore
expressed the second PHD domain of BPTF, which was
identiﬁed by mass spectrometry (Figure S1), as a substrate to
test the ability of the probe for capturing HPTM readers.
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Figure 2. (A) Enrichment of BPTFPHD by multivalent photoaﬃnity probes (resolved by SDS-PAGE). Lane 1: cross-linked BPTFPHD enriched by
probe H3K4me3, Lane 2: negative control experiment with no UV irradiation, Lane 3: cross-linked BPTFPHD enriched by probe H3K4, Lane 4: crosslinked BPTFPHD enriched by probe PEG600, Lane 5: BPTFPHD (3 μg) input as a control. (B) Enrichment eﬃciencies of BPTFPHD with probes
H3K4me3, No UV, H3K4, and PEG600, respectively. Enrichment eﬃciency was calculated as follows: (silver staining intensity of the captured
protein)/(silver staining intensity of the reacted protein) × 100 (%). The enrichment eﬃciency of probe H3K4me3 was deﬁned as 100%. Data were
averages ± SD (n = 3).

Figure 3. Enrichment of BPTFPHD mixed in BSA (A) and cell lysate (B) using probe H3K4me3 (resolved by SDS-PAGE). Lane 1: cross-linked
BPTFPHD enriched by the probe, Lane 2: negative control experiment without UV irradiation, Lane 3: negative control experiment without
enrichment, Lane 4: BPTFPHD input as a control.

Next, we prepared the AuNPs-based HPTM probe displaying
H3K4me3 (H3 1−10, including a cysteine terminal for S−Au
bonds) as a bait and benzophenone as a photoreactive group. To
acquire an optimal spatial position of benzophenone for an
eﬃcient covalent linking of readers, we investigated the eﬀects of
varied length of modiﬁed PEG on the enrichment eﬃciency (the
value from 400 to 1000 mean the molecular weight of PEG).
PEG containing longer chain obtains a higher yield of the target
protein (Figure S2A,B), which suggests that PEG with a longer
chain provides a more ﬂexible spatial position for the cross-linker
to access the readers more closely. However, further extension of
the PEG length to 800 and 1000 did not signiﬁcantly boost the
yield of target, and thus, PEG600 was selected for the following
study.

To assess the eﬀect of ligand density on the enrichment yield
toward target protein, we designed probes with H3K4me3
peptide and cross-linker at diﬀerent molar ratios (1:1, 2:1, 4:1,
and 6:1). Among the four probes tested, the one with a 2:1 ratio
of H3K4me3 and benzophenone achieves the highest enrichment eﬃciency (Figure S2C,D). Thus, we prepared HPTM
probe with this optimized ratio. The synthesis of the
functionalized probe was further characterized and conﬁrmed
by the detection of UV−vis, MALDI-TOF MS, and TEM
(Figures S3−S5). In addition, the ligand density was determined
for probe H3K4me3 by cleaving the ligands from AuNPs and
then quantitated by LC-MS analysis, resulting in 19.2 molecules
of H3K4me3 and 9.3 molecules of photo-cross-linking group per
AuNP (Figure S6). The representative visible absorbance of
11388
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HPTMs and their readers. Previous studies have shown that
phosphorylation of H3T3 (H3T3ph) has a profound impact on
binding of PHD domain of H3K4me3 and may repel the
interactions.19 We designed the probe H3T3phK4me3 to
evaluate the crosstalk between the two modiﬁcations using
PHD domain of BPTF. The target captured by probe
H3T3phK4me3 was obviously decreased (Figure 4), compared

diﬀerent batches of probes was determined with a RSD value of
2.5%, implying a good reproducibility of the functionalized
probes (Figure S7).
HPTM Probes Exhibit High Enrichment Eﬃciency for
Target Protein. To assess the feasibility of the HPTM probe
for the eﬀective enrichment of the target, we further designed a
set of parallel in vitro experiments (Figure 2A). In addition to a
negative control without UV cross-linking, probe H3K4, which
contains k4 instead of k4me3, and probe PEG600, containing
only PEG600, were used for the following control experiments.
The probe was ﬁrst incubated with BPTFPHD and subsequently
irradiated by UV. After removing unreacted proteins by 4 M urea
in PBS, the resultant cross-linked target was cleaved from
AuNPs by 2-mercaptoethanol and then imaged by silver staining
following SDS-PAGE separation. The results demonstrated that
photo-cross-linking of the probe H3K4me3 led to a about 16fold increase in target enrichment eﬃciency, revealing
substantial UV-dependent protein capturing (Figure 2A Lanes
1 and 2, Figure 2B). The high capturing yield of the HPTM
probe may be due to the multivalent eﬀect of photo-cross-linker
and lower hindrance of cross-linkers to speciﬁc recognition.
Moreover, there was no obvious detectable target observed
using probe H3K4 or probe PEG600 (both less than 5% target
enriched compard with probe H3K4me3, Figure 2B), implying
selective recognition and less nonspeciﬁc cross-linking of the
HPTM probe (Figure 2A Lanes 3 and 4). Additionally, the GST
band (bottom one in Figure 2A Lane 5) disappeared while
BPTFPHD was subject to capture by probe H3K4me3 (Figure 2A
Lane 1), suggesting the selective interaction of probe H3K4me3
and BPTFPHD instead of GST. Collectively, these results
demonstrated that the probe H3K4me3 is preferable to capture
its target protein, suggesting this strategy may be used for the
eﬀective enrichment of HPTM readers, especially for those weak
binding partners, with its high enrichment eﬃciency.
HPTM Probes Show Remarkable Speciﬁcity for Reader
Protein. To test whether the HPTM probe could be used to
selectively enrich BPTFPHD in a complex context, we evaluated
its capturing ability in the presence of excess BSA. After crosslinking and enrichment, the pull downs were resolved by SDSPAGE and analyzed by gel imaging. As expected, the probe is
able to robustly enrich BPTFPHD with little interference from
BSA (Figure 3A).
We further assessed the ability of the HPTM probe to
speciﬁcally enrich target binders in complex protomes. BPTFPHD
was mixed with Hela cell lysates followed by cross-linking
reactions using probe H3K4me3. Interestingly, the probe
demonstrated remarkable speciﬁcity to its target protein even
in the complex environment (Figure 3B), and it revealed robust
capturing ability toward binders in an UV-dependent manner
(Figure 3B). Next, the target band was conﬁrmed, and other
bands (above the target in Figure 3B Lane1) were also identiﬁed
as H3K4me3 binders by mass spectrometry. The high speciﬁcity
of the HPTM probe may be explained as (1) PEG on the probe
enables to inhibit nonspeciﬁc binding of proteins; (2) surfaceonly binding of AuNPs provides no size exclusion for capturing
proteins, which make it possible to substantially minimize
nonspeciﬁc binders compared with gels-based aﬃnity probes;
(3) harsh washing buﬀer contributes to remove nonspeciﬁc
binders.
Development of HPTM Probes To Explore Crosstalk
among Combinatorial Histone Modiﬁcations. To expand
the application of the probe, we further used this strategy to
characterize complex interactions between combinatorial

Figure 4. (A) Schematic diagram of photoaﬃnity recognition of
BPTFPHD by the probe H3T3phK4me3. (B) Enrichment of BPTFPHD
using probe H3K4me3 (Lane 1) and probe H3T3phK4me3 (Lane 2).
BPTFPHD input as a control (Lane 3).

with probe H3K4me3, indicating binding of PHD domain to
H3K4me3 was considerably compromised by phosphorylation
of H3T3, which may be buried in the binding pocket and
eliminate the hydrogen bonds (Figure 4). So our probe has also
the potential for the exploring of crosstalk among multiple
HPTMs.
High Eﬃcient Enrichment of Endogenous Readers
from Cell Lysates. To date, the chemical-probe-based
enrichment method has become a powerful tool for the proﬁling
of active molecular targets.20−25 To investigate the applicability
of our HPTM probe to capture endogenous readers of
H3K4me3, we used the probe H3K4me3 to enrich their
interactors from the nuclear extracts of Hela cells, followed by
SDS-PAGE and LC-MS/MS analysis. We performed three
replicates to reliably identify binders enriched by the probe.
After excluding proteins that scored an average of 2 (n = 3), the
remaining binders, including those with low score, were able to
be identiﬁed reproducibly (Table S1). Furthermore, we
performed two sets of control experiments (no UV control
and probe PEG control) to eliminate false-positive targets
caused by indirect (by forming complex with known readers)
and nonspeciﬁc binding to probes. We used a ratio (UV/−UV
and UV/PEG spectral counts) of 2.0 as the cutoﬀ to exclude
nonspeciﬁc binding proteins and deﬁned the remaining ones as
the binders of the probe. Our analysis of proteins captured by
probe H3K4me3 showed that most of them contain the domains
including PHD, Tudor, WD40, chromo domains, and so on,
11389
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probes (Table S2).8,17,29 Collectively, these results demonstrate
that our approach is powerful in enrichment and identiﬁcation of
endogenous readers from cell lysates.
Discovery of Putative HPTM Binders. Histone lysine
crotonylation (Kcr) is a newly identiﬁed PTM associated with
active transcription,30 and its erasers, the enzymes that remove
the modiﬁcation, and writers, the enzymes that insert this mark,
have been recently discovered.5,31 However, epigenetic readers
that prefer the speciﬁc histone Kcr remain largely unknown. So it
is of great signiﬁcance for the mining of Kcr readers. To further
expand the practical application of our strategy and characterize
the binders of the new type of HPTM, we prepared the probe
H3K9cr to uncover its potential readers in cellular lysate. The
probe H3K9cr was incubated with nuclear extracts, followed by
cross-linked by UV-irradiation and stringent washing to remove
nonspecically bound proteins. To identify reliable binders of
H3K9cr, we performed the equal screening as H3K4me3. The
isolated proteins were identiﬁed by mass-spectrometry-based
proteomic analysis. As expected, we observed a detailed
repertoire of H3K9Kcr binders including proteins that
contained DPF or YEATS domain, which have been reported
to recognize histone Kcr signature (Figure 5D and Table S3).
Interestingly, all YEATS family were identiﬁed using our probe.
Besides, PHF10, which has been reported to contain a conserved
structure as DPF proteins,32 present in our list, implying it may
be a potential binder of H3K9cr. Strikingly, all reported
H3K9Kcr readers (AF9, ENL, and YEATS4) were indeed
included in our list identiﬁed (Table S3),33−35 verifying our
strategy again.
In addition to identifying known interactors of H3K9Kcr, we
also found several potential binders to this epigenetic mark,
which might indicate crucial biological signiﬁcance. For
example, KAT6B, one histone acetyltransferase associated
with cell cycle progression, stem cell maintenance, and human
disease,36 was reported to promote H3K9 acetylation to regulate
gene expression.37−39 Besides, the DPF ﬁnger of KAT6B was
conﬁrmed to be displayed selectivity for acetylated H3K9.40
Furthermore, Dreveny41 reported that DPF cooperated with
MYST domain of KAT6A to facilitate H3K9 acetylation.
All of these evidences demonstrate that KAT6B may be one
potential binder for H3K9cr. Next, we validated the putative
interaction of KAT6B and probe H3K9cr via photoaﬃnity
enrichment from cell lysate followed by immunoblotting
analysis of captured proteins. As shown in Figure 5E, we
observed preferential binding of KAT6B to H3K9cr over the
unmodiﬁed one. Moreover, to elucidate the molecular basis for
H3K9cr readout by KAT6B, we docked the binding of KAT6B
(PDB: 5U2J) with the peptide H3K9cr. As shown in Figure 5F,
the docking results revealed that a phenylalanine (F287) residue
was critical for the binding owing to its main chain mediating
hydrogen-bonding interaction. Besides, the binding pocket
consist of other residues, including I267, K270, L286, W312,
and so on, which facilite the pocket formation and interact with
H3K9cr via electrostatic and hydrophobic contacts. Together, it
can be seen that this approach has a promising potential for
discovery of binders of new epigenetic markers.

which were well-established reader domains for methylated
lysine residues in histones (Figure 5A, Table S1). Interestingly,

Figure 5. Visualization of several proteins identiﬁed by probe (A)
H3K4me3 and (D) H3K9cr. Black are known readers for H3K4me3 or
H3K9cr, and white indicate putative binders of these two epigenetic
markers. The detailed binders observed in this study are provided in
Tables S1 and S3. (C) Molecular function analysis of H3K4me3interacting proteins by gene ontology (GO). (B),(E) Western blotting
analysis for the captured binders by probe H3K4me3 and H3K9cr and
their unmodiﬁed counterparts, respectively. Cell lysate was photocross-linked with the probe and enriched proteins were detected by
SND1 and KAT6B antibodies. (F) Molecular recognition analysis for
H3K9cr readout by KAT6B. The gray view depicts the composition of
K9cr-interacting pocket; K9cr is shown as yellow sticks; and black
dashes are hydrogen bonds.

the gene ontology (GO) analysis on these identiﬁed binding
proteins revealed that the majority of them are enriched in
chromatin binding, transcription factor binding, demethylase
activity (Figure 5C), which may potentially read trimethyl-lysine
markers to mediate gene expression.
Moreover, several known readers, such as BPTF, PHF8, and
SND1,18,26,27 were included in the identiﬁcation list (Figure 5A,
Table S1). Indeed, Western blot analysis further veriﬁed SND1,
a newly reported binder of this mark, can be captured by probe
H3K4me3 instead of probe H3K4 (Figure 5B), suggesting the
high selectivity of the probe and thereby validating our method.
Gratifyingly, of the 35 known H3K4me3 readers,28 our screen
included 23 (Figure 5A, Table S2). To our best knowledge, this
is the most comprehensive proﬁling of H3K4me3 binders in a
single cell line compared with previous reports using aﬃnity

■

CONCLUSIONS
In summary, we have developed a novel SAM-multivalent
photoaﬃnity peptide probes for the selective enrichment of
HPTM readers. The functionalized probe provided several
advantages to facilitate the eﬀective isolation of HPTM readers.
First, the probe enabled to speciﬁcally bind the readers by
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assembling HPTM peptides. The binding probability may be
increased because of the intensive immobilization of HPTMs
and nanometer scale of probes. Second, the enrichment of
HPTM readers was improved dramatically by converting those
weak and transient HPTM-reader interactions into covalent
ones. The capture eﬃciency was further increased by optimizing
the position and multivalent eﬀect of photo-cross-linking
groups. Third, the nonspeciﬁc binding proteins were signiﬁcantly reduced by the harsh washing buﬀer and PEG to space the
HPTM peptides. Finally, the functionalized probes were readily
prepared and optimized via the SAM technique, which greatly
accelerates the process of probe develpment. Indeed, our result
showed that the HPTM probe exhibit high enrichment yield and
low nonspeciﬁc capture for target protein. Moreover, using this
approach, our results appear to have reached very high coverage
of H3K4me3 readers conﬁrmed previously. Notably, we
broadend the strategy to mining of H3K9cr binders, further
identiﬁed a number of candidates, and validated a novel putative
binder, expanding the repertoire of readers for this new
epigenetic mark. Our data demonstrated that the SAMmultivalent photoaﬃnity HPTM probe is a powerful tool for
selective enrichment of endogenous HPTM readers. Interestingly, AuNPs served as a multivalent scaﬀold for bringing varied
HPTM peptides into the probe, which has strong potential to
capture trans-histone crosstalk between diﬀerent histone tails
displayed on the same gold nanoparticle. This also may be one
advantage of the strategy over the traditional peptide probes.
Future studies with the strategy will be readily expanded to
discover readers of other new types of HPTMs, to characterize
the dynamic of readers as well as to explore the trans-histone
crosstalk. Moreover, we anticipate that this technology has the
potential to expand our knowledge of PTM readers, and in so
doing elucidate novel epigenetic regulatory mechanisms underlying PTM function.

■
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