
HIstone H4 TaIL MoDIFIcatIon DYnamIcs anD BInDIng ProteIn Vol. 4 (2015), A0039 

© 2015 �e Mass Spectrometry Society of Japan Page 1 of 11

Original Article

Middle-Down and Chemical Proteomic Approaches to 
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PTM Binding Proteins Using Photo-Reactive Crosslinkers
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Mass spectrometric proteomics is an e�ective approach for identifying and quantifying histone post-
translational modi�cations (PTMs) and their binding proteins, especially in the cases of methylation and 
acetylation. However, another vital PTM, phosphorylation, tends to be poorly quanti�ed because it is easily 
lost and ine�ciently ionized. In addition, PTM binding proteins for phosphorylation are sometimes resis-
tant to identi�cation because of their variable binding a�nities. Here, we present our e�orts to improve the 
sensitivity of detection of histone H4 tail peptide phosphorylated at serine 1 (H4S1ph) and our successful 
identi�cation of an H4S1ph binder candidate by means of a chemical proteomics approach.
Our nanoLC-MS/MS system permitted semi-quantitative label-free analysis of histone H4 PTM dynamics 
of cell cycle-synchronized HeLa S3 cells, including phosphorylation, methylation, and acetylation. We show 
that H4S1ph abundance on nascent histone H4 unmethylated at lysine 20 (H4K20me0) peaks from late S-
phase to M-phase. We also attempted to characterize e�ects of phosphorylation at H4S1 on protein–protein 
interactions. Specially synthesized photoa�nity bait peptides speci�cally captured 14-3-3 proteins as novel 
H4S1ph binding partners, whose interaction was otherwise undetectable by conventional peptide pull-
down experiments.
�is is the �rst report that analyzes dynamics of PTM pattern on the whole histone H4 tail during cell cycle 
and enables the identi�cation of PTM binders with low a�nities using high-resolution mass spectrometry 
and photo-a�nity bait peptides.
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INTRODUCTION

Histone post-translational modi�cations (PTMs) play 
vital roles in various cellular processes, and their distribu-
tions, combinations, and intermolecular interactions con-
stitute the so-called ‘histone code.’ 1) To decipher the histone 

code, precise mapping and quanti�cation of histone PTMs 
are essential, as is the determination of the consequences 
of the PTMs in the context of chromatin. A deeper under-
standing of such epigenetic principles will, in turn, promote 
the development of methods for bene�cial intervention in 
the human epigenome.

Mass spectrometry is now the best option for studying 
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PTMs. However, the robust identi�cation and quanti�ca-
tion of multiple PTMs on a protein remains challenging, 
and histones are among the most complicated target.2) �e 
largest number of combinatorial PTM patterns on histones 
that has been detected was achieved by means of a combina-
tion of two-dimensional liquid chromatography (LC) and 
top-down proteomics in a thorough study.3) Sensitivity and 
throughput can be improved by shortening the target pep-
tide sequences, but this sacri�ces combinatorial information 
on PTMs. For histone H4, a middle-down analysis with 
digestion by AspN proteinase covers the whole N-terminal 
tail, which contains most of the rewritable histone code.4,5) 
As a further complication, the coincidence of multiple 
PTMs on a protein can also hamper quanti�cation. So we 
improved quantitative accuracy by adopting e�ective means 
collectively; optimization of device materials in the LC-MS/
MS system,6) careful LC maintenance and operation, thor-
ough alignment of retention time between LC-MS datasets,7) 
and strict quality control of the whole experiments.

We have chosen the cell cycle as a model of dynamically 
changing biological process, because cellular PTM states 
are globally a�ected throughout the cycle. For example, in 
S-phase, histone H4K5/K12 acetylation is supposed to be 
elevated along with the synthesis of nascent histones.8) And 
it is well known that H4K20 monomethylation is accom-
plished in G2/M-phase.9)

PTMs cause switching of cellular signaling with the aid of 
interacting proteins.10,11) Our next challenge is to character-
ize the relationships between PTM states and any resulting 
cellular phenomena. To achieve a better understanding of 
the role of individual PTMs, we need to discover how a PTM 
a�ects the chromatin state, such as recruitment of PTM-
binding proteins, change in electrical charge, or conforma-
tional change of histone tail. �e pull-down proteomic ap-
proach has been quite successful in identifying high-a�nity 
binders such as trimethyllysine readers12–14) owing to their 
low KD values (sometimes in the sub-micromolar range). 
In contrast, reader proteins for other PTMs, such as acetyl-
lysine or phosphoserine/threonine, show quite variable 
binding a�nities15) and their KD values sometimes exceed 
102 µM. To overcome those limitations, which are inherent 
to conventional pull-down analysis as a result of varia-
tions in a�nity, crosslink-assisted pull-down has recently 
emerged as a new technique.16–21) Unlike formaldehyde or 
amine crosslinkers, which are added extraneously to the 
lysate, crosslinkers incorporated directly into peptide baits 
can capture ‘true’ binding partner covalently.

Here, we present our work�ow for analyzing the combi-
natorial PTM dynamics of histone H4, extracting signi�cant 
PTM changes, and identifying the resulting protein–protein 
interactions.

First, we evaluated our label free semi-quanti�cation 
method by examining the well-de�ned cell cycle-dependent 
PTM of the H4 tail. We showed that the technique was ro-
bust and that our equipment had advantages in detection of 
phosphorylation, which accounted for only 1% of all the H4 
tail ion signals. Despite this low abundance, our label-free 
semi-quanti�cation technique successfully characterized 
the PTM dynamics in the cell cycle. Next, we developed a 
highly sensitive and speci�c crosslinking-assisted pull-down 
method to capture weak PTM–protein interaction by using 
specially designed photoreactive peptide baits, and we iden-

ti�ed a potential H4S1ph-interacting protein.

EXPERIMENTAL

Cell culture and cell cycle synchronization
Human epithelial cervix carcinoma cell line HeLa S3 cells 

obtained from the RIKEN BRC Cell Bank were grown in 
suspension in RPMI-1640 medium modi�ed with HEPES 
and L-glutamine (Sigma-Aldrich, St. Louis, MO, USA) and 
supplemented with 10% fetal bovine serum (FBS), 2 mM 
GlutaMAX I (Gibco Life Technologies, Grand Island, NY, 
USA), 100 U/mL penicillin, and 100 µg/mL streptomycin. 
Cultures were maintained at a density of 6×105 to 8×105 
cells/mL and synchronized by double thymidine block-
ing.22) Brie�y, 2 mM thymidine (Sigma-Aldrich) was added 
to the media, which were kept for 20 h (1st block). �is was 
followed by thymidine-free culture for 12 h, succeeded by 
a second treatment with 2 mM thymidine for 15 h. A�er 
the second portion of thymidine had been removed (G1/S 
release), the cells were collected sequentially at two-hour 
intervals. Each sample was checked for its synchrony and 
cell cycle pro�le (DNA content) by means of �ow cytom-
etry with propidium iodide staining. Samples for histone 
PTM analysis were collected by centrifugation and quickly 
washed with cold phosphate-bu�ered saline (PBS). �e re-
sulting cell pellets were immediately frozen in liquid N2 and 
stored at −80°C before histone extraction.

Extraction of histones
Histones were isolated by using the Histone Puri�cation 

Mini Kit (Active Motif, Carlsbad, CA, USA) according to 
the manufacturer’s instructions. Protein concentrations in 
the eluted samples were measured by means of the 660 nm 
Protein Assay (Pierce, �ermo Fisher Scienti�c, Rockford, 
IL, USA).

AspN endoproteinase digestion
Puri�ed histone (2.5 µg) or bovine histone (Roche Ap-

plied Science, Mannheim, Germany) were denatured and 
reduced with 2 mM tris(2-carboxyethyl) phosphine (TCEP; 
Pierce) in 16% acetonitrile at 50°C for 15 min. �e samples 
were then alkylated with 5 mM iodoacetamide (Sigma-
Aldrich) at room temperature for one hour in darkness. �e 
histones were then digested with 50 ng of AspN endopro-
teinase (Sequencing Grade; Roche) in 85 mM phosphate buf-
fer (pH 8.0) at 30°C overnight. �e resulting peptides were 
desalted with a C-tip (AMR Inc., Tokyo, Japan) and dis-
solved in 0.2% aqueous tri�uoroacetic acid (TFA) contain-
ing 2% acetonitrile for subsequent liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis.

Liquid chromatography-tandem mass spectrom-
etry

Liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) was performed by using an LTQ Orbitrap 
Elite ETD mass spectrometer (�ermo Fisher Scienti�c, 
Waltham, MA, USA). �e micro-high-performance liq-
uid chromatography/nanospray ionization MS/MS sys-
tem consisted of a Paradigm dual-solvent-delivery system 
(Michrom BioResources, Inc., Auburn, CA, USA) for 
HPLC, a HTS PAL auto sampler (CTC Analytics, Zwin-
gen, Switzerland), and a LTQ Orbitrap Elite ETD mass 
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spectrometer (�ermo Fisher Scienti�c) equipped with a 
nanospray ionization (NSI) source (AMR). All devices were 
connected by nanoscale fused-silica capillaries (nanoViper; 
�ermo Fisher Scienti�c). Digested histones were automati-
cally injected from a high-durability syringe (AMR) into a 
micro-precolumn C18 PepMap 100 Peptide Trap cartridge 
(5×0.3 mm i.d.; �ermo Fisher Scienti�c) on a Cheminert 
PAEK injector valve (CTC) for concentration and desalt-
ing. A�er desalting with 0.2% aqueous TFA containing 2% 
acetonitrile, the sample was loaded into a reversed-phase 
L-column2 micro C18 column (3 µm, 200 Å, 150×0.2 mm 
i.d.; CERI, Tokyo, Japan) for separation. Mobile phase A 
was 2% aqueous acetonitrile and mobile phase B was 90% 
aqueous acetonitrile, both containing 0.1% formic acid. �e 
gradient conditions in the chromatographic run were set up 
as follows: B 4% (0 min)→10% (40 min)→28% (100 min)→95% 
(102 min)→95% (110 min)→4% (112–120 min). Eluent from 
the HPLC at a �ow rate of 1.0–1.2 µL/min was introduced 
into the mass spectrometer by the NSI interface through an 
injector valve with the peptide trap cartridge and the col-
umn. An NSI needle (PicoTip FS360-50-30, New Objective 
Inc., Woburn, MA, USA) attached directly to the reversed-
phase column was used as the NSI interface, and the volt-
age was 2.0 kV. �e capillary was heated to 200°C. Assist 
nitrogen gas was used by the T3 Spray (AMR). �e mass 
spectrometer was operated in a data-dependent acquisi-
tion mode in which MS acquisition in the mass range m/z 
430–1000 was automatically switched to MS/MS acquisi-
tion under automated control of Xcalibur so�ware (�ermo 
Fisher Scienti�c). MS scans were selected by the Orbitrap, 
with a resolution R=240,000, and those in the subsequent 
MS/MS scans were selected by an ion trap operated in au-
tomated gain control (AGC) mode, where the AGC values 
were 1×106 and 1×104 for full MS and MS/MS, respectively. 
For fragmentation, electron transfer dissociation (ETD) 
and collision induced dissociation were used. For ETD, the 
four most abundant ions of the full MS scan was selected as 
precursor ions and subjected to MS/MS scan with an isola-
tion width of m/z 3.0; the reaction-time parameter was set at 
100 ms. Dynamic exclusion was enabled with a repeat count 
of two over a duration of 10 s, an exclusion window of 25 s, 
and an exclusion mass width of 5 ppm. For CID, normalized 
collision energy parameter was set at 35. Other parameters 
were set same as ETD.

Label-free semi-quanti�cation
Peptides were detected and quanti�ed by using Progen-

esis QI so�ware (version 2.0; Nonlinear Dynamics Ltd., 
Newcastle-upon-Tyne, UK). Retention time alignment was 
manually �ne-tuned a�er the autoalignment. We then 
performed peak detection to select +2 to +6 ions as peptide 
peaks. A merged peak list generated by Progenesis QI was 
searched against the MASCOT database search (version 
2.5.1; Matrix Science Ltd., London, UK). Data were analyzed 
using JMP Pro 10 so�ware (version 10.0.2; SAS Institute Inc., 
North California, USA).

Database searching
Tandem mass (MS/MS) spectra were extracted by Pro-

teome Discoverer version 1.3 (�ermo Fisher Scienti�c). All 
MS/MS datasets were analyzed by using MASCOT so�ware 
(version 2.5.1; Matrix Science Ltd., London, UK). MASCOT 

was set up to search Swissprot_2014_08.fasta (selected for 
Homo sapiens; 20,194 entries or other mammalia; 13,077 
for Bovine histones) with a fragment-ion mass tolerance of 
0.80 Da and a parent ion tolerance of 5 ppm. �e maximum 
number of missed cleavage sites was set to 1. Carbamido-
methylation (57.021464) of cysteine was speci�ed as a �xed 
modi�cation. Citrullination (0.984016) of arginine, oxida-
tion (15.994915) of methionine, methylation (14.01565) of 
lysine and arginine, dimethylation (28.0313) of lysine and 
arginine, trimethylation (42.04695) of lysine, acetylation 
(42.010565) of lysine and the peptide N-terminus, and phos-
phorylation (79.966331) of serine, threonine, and tyrosine 
were speci�ed as variable modi�cations. Criteria for pep-
tides identi�cation were MASCOT signi�cance threshold 
expected score<0.05.

Bait peptide synthesis
Standard Fmoc amino-acids were purchased from Nova-

biochem (Merck KGaA, Darmstadt Germany), including the 
amino acids of which the side chains were protected such 
as Arg(Pbf), Asp(OtBu), Lys(Boc), Ser(tBu), and Tyr(tBu). 
Fmoc-4-azide-L-phenylalanine {Fmoc-Phe(4-N3)-OH}, 
Fmoc-O-benzyl-L-phosphoserine [Fmoc-Ser{PO(OBzl) OH}-
OH], and Fmoc-4-benzoyl-L-phenylalanine (Fmoc-Bpa-OH) 
were purchased from Watanabe Chemical Industries (Hiro-
shima, Japan). 3-(3-Methyl-3H-diaziren-3-yl) propanoic acid 
(4,4-azopentanoic acid) was chemically synthesized as 
previously reported.23) Peptides were synthesized by a stan-
dard Fmoc solid-phase peptide synthesis method in an auto-
mated peptide synthesizer (ResPep SL; intavis AG, Cologne, 
Germany) on a scale of 10 mmol of TentaGel rink-amide 
resin (0.23 mmol/g loading: intavis). Brie�y, the coupling 
reaction was completed by activation of the amino ac-
ids with (benzotriazol-1-yloxy) tripyrrolidinophosphonium 
hexa�uorophosphate (PyBOP) and N-methylmorpholine 
(NMM). Fmoc removal was carried out by treatment with 
20% piperidine/N,N-dimethylformamide. Phosphoserine 
and 4,4-azopentanoic acid were manually reacted with the 
resin by double coupling with (1H-benzotriazol-1-yloxy)
(dimethylamino)-N,N-dimethylmethaniminium hexa�uo-
rophosphate (HBTU), 1-hydroxybenzotriazole (HOBt), and 
N,N-diisopropylethylamine (DIEA) for 30 min. Cleavage 
from the resin was performed by treatment with 95% TFA, 
2.5% water, and 2.5% triisopropylsilane (TIPS) for six hours 
on ice. �e crude peptides were obtained by precipitation 
with cold diethyl ether and centrifugation. �e supernatant 
was decanted and the pellet was washed twice with cold 
diethyl ether. �e crude peptides were dissolved in aqueous 
acetonitrile containing 0.1% TFA then puri�ed by reverse-
phase HPLC (RP-HPLC) on a C18 column (AR-300; Nacalai 
Tesque, Kyoto, Japan) with a 30-min linear gradient of ace-
tonitrile/water containing 0.1% TFA. Peptide identity was 
con�rmed by nanoLC-MS: m/z 655.82 [M+4H]4+, calculated 
m/z 655.82 [M+4H]4+ for dzH4S1; m/z 675.81 [M+4H]4+, 
calculated m/z 675.81 [M+4H]4+ for dzH4S1ph; m/z 460.25 
[M+4H]4+, calculated m/z 460.25 [M+4H]4+ for H4S1-Bpa; 
m/z 480.25 [M+4H]4+, calculated m/z 480.25 [M+4H]4+ for 
H4S1ph-Bpa. All masses are monoisotopic.

Biotinylation of peptide probes by click chemistry 
cycloaddition

Photoa�nity peptides with C-terminal azide groups were 
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treated with equimolar amounts of dibenzylcyclooctyne–
PEG12–biotin conjugate (Jena Bioscience, Jena, Germany) 
to form C-terminally biotinylated baits for subsequent a�n-
ity puri�cation. �e cycloaddition reaction mixtures were 
incubated overnight at 37°C. �e identity of the reaction 
products was con�rmed by HPLC and MALDI-TOF MS: 
m/z 3695.76 [M−N2+H]+, calculated m/z 3696.08 [M−N2+H]+ 
for dzH4S1-PEG12-biotin; m/z 3775.52 [M−N2+H]+, calcu-
lated m/z 3776.06 [M−N2+H]+ for dzH4S1ph-PEG12-biotin; 
m/z 2941.45 [M+H]+, calculated m/z 2941.42 [M+H]+ for 
H4S1-Bpa-PEG12-biotin; m/z 3021.48 [M+H]+, calculated 
m/z 3021.40 [M+H]+ for H4S1ph-Bpa-PEG12-biotin. �e cal-
culated masses are average masses.

MALDI-TOF MS
MALDI-TOF MS was performed by using a MALDI-7090 

mass spectrometer (Shimadzu, Kyoto, Japan). Synthetic 
Peptides were spotted onto the HCCA Pre-spotted µFocus 
MALDI plate 384 circles 900 µm (HST Inc., NJ) and air-
dried. All analyses were carried out in the positive re�ector 
mode. Mass spectra were externally calibrated using Pro-
teoMass™ Peptide and Protein MALDI-MS Calibration Kit 
(Sigma-Aldrich).

Photocrosslinking and streptavidin a�nity en-
richment of biotinylated proteins

Probes were incubated for 15 min at 4°C with 2 mL of 
HeLa S3 whole-cell lysate (5 mg/mL) in ProNET LIVE! cell 
lysis bu�er PBS (ESI Source Solutions, Woburn, MA, USA) 
supplied with Complete EDTA-free protease inhibitor cock-
tail (Roche) and PhosSTOP phosphatase inhibitor cocktail 
(Roche). 14-3-3 binding inhibition experiments were con-
ducted with the addition of R18 peptide (Sigma-Aldrich) at 
the concentration of 10 µM. �e samples were then irradi-
ated at 365 nm by using a Bio-Link BLX-E UV lamp (Vilber 
Lourmat, Marne La Vallée, France) for 10 min on ice. �e 
irradiated lysate was incubated with Dynabeads streptavidin 
C1 (Invitrogen, Carlsbad, CA, USA) for 1.5 h at 4°C with 
gentle rotation. It was then washed sequentially with PBS 
containing 0.8% sodium dodecylsulfate (SDS), PBS contain-
ing 0.1% Tween 20 (PBST), 5 M NaCl containing 0.1% Tween 
20, and �nally with PBST again. �e enriched proteins were 
eluted by boiling with 1× LDS sample bu�er (Novex, San 
Diego, CA, USA) containing 50 mM dithiothreitol (DTT) at 
96°C for 3 min.

Detection of crosslinked products, and sample 
preparation for protein identi�cation

Each eluted protein sample was split into two; one por-
tion was used for Western detection and the other was 
subjected to in-gel digestion followed by mass spectrometric 
analysis. �e samples were separated on NuPAGE 10% Bis-
Tris gel (Invitrogen) and transferred onto poly(vinylidene 
di�uoride) (PVDF) membranes by using iBlot apparatus 
(Invitrogen). �e membranes were blocked with Tris-
bu�ered saline (TBS) containing 0.1% Tween 20 and 1% 
bovine serum albumin (BSA), then hybridized with strep-
tavidin–poly(horseradish peroxidase) conjugate (SA-HRP; 
Pierce Protein Biology Products, Rockford, IL, USA) in Can 
Get Signal Immunoreaction Enhancer Solution 1 (Toyobo 
Corp., Osaka, Japan) for two hours. �e proteins were then 
detected by using Luminata Forte Western HRP substrate 

(EMD Millipore, Bellerica, MA, USA) with a LAS-3000 im-
ager (FUJIFILM, Tokyo, Japan). �e same samples separated 
simultaneously in other wells on the gel were subsequently 
�xed in a 50% methanol–7% acetic acid solution. �e gel 
was stained with SYPRO Ruby protein gel stain (Molecular 
Probes, Eugene, OR), and the gel regions with the corre-
sponding molecular weight to the chemiluminescent bands 
observed on SA-HRP detection were excised and sliced into 
1 mm3 pieces.

Mass spectrometric identi�cation of in-gel digest-
ed proteins

�e excised pieces were digested with trypsin accord-
ing to a previous method.24) Digested sample were ana-
lyzed by LC-MS, and the MS/MS data were processed with 
the MASCOT database-search so�ware as previously de-
scribed.25,26)

RESULTS

Dynamics of H4 modi�cation during the cell cycle
We synchronized the cell cycle in HeLa S3 cells and we 

examined the dynamics of modi�cation changes (Fig. 1a). 
Cells were sampled at 8 time points of two-hour intervals 
from G1/S to G1. Cell synchronization was determined 
by �ow cytometry, where cells at each time point showed 
roughly concentrated phase as follows: 0 h: G1/S; 2 h: early-
S; 4 h: middle-S; 6 h: late-S; 8 h: S/G2; 10 h: G2/M; 12 h: M/
G1; 14 h: G1 (Fig. 2a). Histones were then extracted us-
ing a PTM-protective extraction kit based on the previ-
ously reported protocol27) and digested by AspN to give 
23-residue-long histone H4 N-terminal tail peptides (Fig. 
1b) under the denaturing conditions, including reduction 
and carbamidomethylation of cysteine residues, because 
this step was found to be essential to enhance digestion. �e 
digested proteins (∼500 ng) were injected into the LC-MS/
MS system. Not to lose phosphorylated peptides during 
LC, all devices were connected by fused-silica capillar-
ies, and metal devices were avoided.6,28) Histone H4 tail 
peptide ions (+3, +4, +5) with various masses as a result of 
acetylation, methylation, or phosphorylation (Fig. 1b) were 
separated by liquid chromatography and by the masses of 
their precursor ions (Fig. 1c and Table S1). Since the most 
intense signals in our system were associated with histone 
H4 tails with a charge of +4, we analyzed +4 peaks here. 
�ree biological replicates were independently analyzed 
with a standard label-free semi-quanti�cation and inte-
grated by normalizing to histone H4 C-terminal peptides 
DVVYALKRQGRTLYGFGG (+3 and +4) (Table S1). To ad-
just the dynamic range rigorously, the injection volume was 
�ne-tuned to adjust the ion current for the normalization 
of H4 C-terminal peptides. Resulting dynamic range was 
6×105, for the largest peak abundance was 1.1×107 [Histone 
H4, DVVYALKRQGRTLYGFGG, +3, 4 h; CV=2.5% (nor-
malized), 3.4% (raw)] and the smallest was 19.2 (Histone H4, 
SGRGKGGKGLGKGGAKRHRKVLR, 5+, 14 h; CV=120%). 
�e median CV was 29% for identi�ed peptides and 25% 
for histone H4 tails (N=3 peaks in Table S1). Each dataset 
contained quantitative data for about 90,000 peaks, of which 
about 600 had possible peptide identi�cations (MASCOT 
expect score<0.05, Fig. 1c). For H4 tail peptide of +4, we ob-
tained 41, 39, and 46 separated peaks in the three datasets, 
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respectively (Figs. 1c, 1d). All ion abundances obtained were 
given in Fig. S4. Most probable identi�cation for the peaks 
were determined by the number of MS/MS spectra obtained 
in the retention time window of the peak (Table S2, Fig. S4). 
Best MS/MS spectra for the most probable identi�cation of 
each peak were shown in Fig. S5. Note that some peaks had 
small number of assigned MS/MS spectra for the representa-
tive identi�cation because of mixed MS/MS spectra (Table 
S2, Fig. S4). Some isobaric species were separated chromato-
graphically to be quanti�ed as individual peaks (Fig. S2). 
MASCOT search results contained a larger number of com-
binatorial PTMs (at least 53 in Table S3, Fig. 1d) than the 
number of chromatographically separated peaks because of 
co-eluted inseparable isobaric species in the measurement.

To compare the temporal changes among the modi�-
cation species with various abundances, we normalized 
abundances to the maximum abundance of each species 
to obtain relative abundances. By hierarchical clustering, 
pro�les of the relative abundances were clustered by K20 
methylation state and were distinguished by the presence 
of S1ph (Fig. 2b). �e methylation state of K20 was ob-
served to change from unmodi�ed in the S-phase through 
monomethylated in the G2-phase to dimethylated in the M-
phase (Figs. 2b, 3a), as previously shown.9,29–31) K20me2/3, 
R3me1/2 (peaks 2, 5, 6, 7+8, 11+12, 13) increased not only in 
M-phase but also in early S-phase, which can be interpreted 
as hypoacetylation of histone tails in early-S and M phase. 
Accordingly, increase in acetylation is observed on G1/S 
and then deacetylated in early S-phase. Comparing pro�les 
between with and without S1ph revealed histones with 
K20me0 increased in early to mid S-phase were not phos-

phorylated and phosphorylated in late S-phase and then 
methylated to be K20me1 in G2-phase and then to K20me2 
in M-phase in parallel to those without S1ph (Fig. 3a). 
Comparing pro�les between K20me0 and K20me1 revealed 
histones with S1ph increased even a�er the conversion to 
K20me1 (Fig. 3b). �en K20me2 and S1ph co-occurred in 
M-phase. �erefore, phosphorylation is likely to occur from 
late S-phase to M-phase on histones with K20me0. Whereas, 
phosphorylation onto histones with K20me2 increased in 
early S-phase and M-phase like K20me2/3 and R3me1/2 
did. Co-existence of K16ac showed a slight e�ect on their 
temporal changes such as quick decrease from G1/S to early 
S-phase, like other acetylated species did.

�e combinatorial patterns for acetylation were largely 
consistent with previous works29) (Table S3); monoacety-
lation was frequent on K16 and K12; diacetylation was fre-
quent on K16/12 and K12/8; and triacetylation was frequent 
on K16/12/8 and K12/8/5. Nascent histone (represented by 
unmodi�ed K20) preferentially showed di�erent combinato-
rial acetylations, such as K5/12 diacetylation.8)

�e LC-chromatogram and MS spectra of histone H4 are 
shown in Fig. S6. ETD spectra, compared with CID, showed 
high-quality fragmentation and no neutral loss of phospho-
ryl groups (Fig. S6). �e ETD fragments were well assigned 
to the theoretical fragment masses, whereas no identi�ca-
tion was possible from the CID spectra (p<0.05; the ETD 
spectral assignment is shown in Fig. S6).

Identi�cation of potential interaction partners for 
H4S1ph

�ere have been several immunocytological and genomic 

Fig. 1. Work�ow to identify histone modi�cations.

(a) Work�ow. (b) Histone H4 tail and common PTMs. Ac (acetylation), Me (methylation), Ph (phosphorylation). Amino acids with number 
on the top include the sites PTM were considered in our MASCOT search. (c) LC-MS map of the histone H4 tail (+4). Peaks are separated 
by their parent mass and LC retention time depending on their acetylation, methylation, and phosphorylation statuses. Representative re-
sults (Dataset 3) are shown. All maps for each dataset are given in Fig. S3. (d) Summary of the analysis. *: Obtained from Table S3.
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studies on H4S1ph-related cellular events and the genomic 
distributions of the PTM,32–34) but the nature of the e�ector 
protein that directly recognizes and mediates such processes 
is largely unknown.35,36) Phosphorylation has some negative 
e�ects on binding of histone methyltransferase to the H4 
tail37,38); however, to our knowledge, no binder for H4S1ph 
has been positively identi�ed. Here, we synthesized and 
tested several photoa�nity probes for the direct capture of 
H4S1/H4S1ph-interacting proteins (see Fig. 4a for probes 1 
and 2, and Fig. S8 for probes 3–6). Photoreactive moieties 
capable of being activated by UV irradiation were incorpo-
rated in three positions. A benzophenone moiety was incor-
porated into the H4G7 (probes 3–4) or H4G11 (probes 5–6) 
side-chains, whereas a diazirine group was incorporated 
into the H4 tail N-terminus just beside H4S1/S1ph (probes 

1 and 2). Because binding sites should not be sterically 
hindered by the bulky benzophenone moiety, we avoided 
placing Bpa too close to H4S1. By using these probes, we 
conducted crosslink-assisted protein pull-down from HeLa 
S3 lysate. Proteins which are crosslinked to those probes are 
bonded to biotin through the bait peptides, so they can be 
detected with high sensitivity by using SA-HRP (Fig. 4b). In 
the cases of probes 3–6 (G7Bpa and G11Bpa substitution), 
no di�erential crosslinking product between H4S1 and 
H4S1ph was observed (Fig. S8). �erefore, only probes 1 and 
2 showed an obviously di�erential landscape of interacting 
proteins, distinguishing between H4S1 and H4S1ph. Figure 
4c shows evidence for the existence of di�erentially inter-
acting proteins of the H4S1/S1ph N-termini. H4S1-speci�c 
bands are present in the 60 kDa and 40 kDa regions, and 

Fig. 2. Label-free semi-quanti�cation of modi�cation on histone H4 tail during the cell cycle.

(a) Cell cycle synchronization: HeLa S3 cells were synchronized by double thymidine blocking and collected at two-hour intervals a�er re-
lease. Cell cycle synchrony was con�rmed by �ow cytometry. (b) Hierarchical clustering of temporal changes in abundance of modi�cations 
during the cell cycle: Ion abundances of +4 ion peaks were summed and normalized to the maximum abundance (shown in columns) of 
each species. Representative modi�cations for the peaks are selected as annotation from Table S2. Peaks whose PTM assignment showed 
con�icts between datasets were written in italics. Peak number in bold red indicates S1ph containing species.
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H4S1ph-speci�c bands are present in the 30 kDa regions.

Interaction between H4S1ph and 14-3-3
Having performed the pull-down experiment, we identi-

�ed the Dz-H4S1ph-speci�c 30 kDa bands as 14-3-3 proteins 
by means of mass spectrometry (Figs. 5a, b, Table S4); this 
identi�cation was validated by immunodetection using anti-
pan-14-3-3 antibody (Fig. 5c). �is interaction was further 
con�rmed by an inhibition experiment with 14-3-3 bind-
ing peptide R18 (PHCVPRDLSWLDLEANMCLP; known 
to antagonize phospho-S/T binding groove of 14-3-3 at 
KD≈80 nM),39) in which Dz-H4S1ph-speci�c 14-3-3 bands 

speci�cally disappeared (Fig. 5d).

DISCUSSION

We have de�ned PTM dynamics on histone H4 during 
cell cycle using label-free semi-quanti�cation. Among the 
PTMs we quanti�ed, we found S1ph elevated from late S-
phase to M-phase on histones with K20me0. It is notable 
that histones with K20me0 were not phosphorylated in early 
S-phase on contrary to histones with K20me2. �is obser-
vation was acquired by measurement of K20me state and 
S1ph simultaneously by our middle-down procedure and 

Fig. 3. H4S1ph pro�les.

(a) Temporal changes of K20 methylation state with (closed circle) and without (open circle) S1ph: With respect to accompanying modi�ca-
tions (K16ac or unmodi�ed, and K20me0, 1, 2), relative abundances are plotted. Average of the relative abundances among the datasets. 
Error bars represent standard errors. Di�erences between with and without S1ph are tested by a pooled t-test. (b) Comparison between 
K20me0 and K20me1 abundances with (right panel) or without (le� panel) S1ph: Average ion abundances among the datasets. Error bars 
represent standard errors. Di�erences indicated in the bars are tested by a pooled t-test. * p<0.05; ** p<0.01; *** p<0.005.
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by our sensitive quanti�cation of less abundant H4S1ph 
species otherwise undetectable by antibody-based immu-
nodetection because antibodies typically recognize only 
one single PTM at a time. Since histones synthesized in 
S-phase is largely unmodi�ed at K20,30,40) and S1ph was 
reported as a mark on nascent histone,41) histones with 
S1phK20me0 would mostly be nascent histone. If histones 
with S1phK20me0 are nascent histone, this characteristic 
pro�le of S1ph on nascent histone might be associated with 
replication of late-replicating region. Previous observa-
tions such as cdk1 activation to replicate the late-replicating 
region42) and DNA concentration–dependent H4S1ph ob-
served during Xenopus development43) might be associ-
ated phenomena. Since H4S1ph is involved in double strand 
break repair33) and late S-phase is a vulnerable phase for 
DNA stability,44) H4S1ph in late-S phase might also be asso-
ciated with the double strand break repair.

Our pull-down assay has de�ned 14-3-3 proteins as S1ph 
interaction partners, which is a feasible result as 14-3-3 
recognizes most of phosphorylated proteins.45,46) Actually, 
14-3-3 proteins are known to bind H3S10ph in the nucleus47) 
whereas most fraction of 14-3-3 proteins are located in cy-
toplasm, which implies the possibility that 14-3-3 can bind 
both nuclear H4S1ph and cytosolic nascent H4. Some ad-
ditional PTMs may modify the 14-3-3 binding a�nity with 
or without other interjacent proteins48) but we cannot tell in 
advance which PTM acts as such an a�nity modi�er, herein 
photocrosslinking is helpful in �nding a clue for PTM read-
er discovery. �e phosphorylated H4 N-terminal sequence 
(Ac-pSGRGKGG...) is not a conventional 14-3-3 recognition 
sequence,49) which in turn re�ects our technical improve-
ment in the screening of weak protein–protein interactions. 
Indeed, without cross-linking, we could not capture any 
H4S1ph-speci�c binding proteins by pull-down experi-

ments. Our next challenge will be to identify PTM-related 
proteins with functional relevance using photo-reactive 
probes. In addition to the challenges to good PTM quanti�-
cation, the identi�cation of binding partners of PTMs is not 
an easy process because of the variability of the binding af-
�nities of histone PTM readers. Here, we tried direct incor-
poration of photoreactive moieties into pull-down baits, and 
we realized that the bait design is of critical importance for 
successful identi�cation of interacting proteins. �e impli-
cations are that (i) the crosslinker moiety should not disrupt 
PTM–protein interactions sterically, (ii) that bioisosteric 
design is desirable, and (iii) the crosslinker moiety should be 
located as near as possible to the PTM site. Diazirine is com-
pact and less disruptive to intermolecular interaction than 
benzophenone, which facilitates ideal molecular mimic-
ry.50,51) In the case of the H4 tail, almost every N-terminus is 
physiologically acetylated, so we substituted the N-terminal 
acetyl group with a diazirine-containing moiety just beside 
the H4S1 residue. Irreversible N2 removal from diazirine 
by photoirradiation and the high reactivity of the resulting 
carbene intermediate52,53) resulted in the e�cient capture of 
proteins weakly binding with the target amino acid, other-
wise unsuccessful by benzophenone crosslinking. However, 
incorporation of diazirine is sometimes di�cult depending 
on the amino acid sequence of interest. �erefore, to capture 
a PTM reader robustly, we have to consider the structural 
traits of the PTM itself on a case-by-case basis.

Overall, here we have developed a mass spectrometric 
method for more-comprehensive histone code analysis. 
However, not only H4, but also H3 and H2A/H2B carry 
epigenetic information in cis- or trans-histone manners. For 
further elucidation of the code, extension of the target rep-
ertoire and more-versatile analysis are essential.

Fig. 4. Detection of H4S1/S1ph interacting proteins.

(a) Design of photoreactive peptide probes 1 (Dz-H4S1) and 2 (Dz-H4S1ph). �e N-terminal acetyl groups were replaced with a diazirine-
containing moiety. (b) Scheme for the crosslinking reaction (carbene insertion). (c) Crosslinking pull-down experiment using probes 1 
and 2. Photoa�nity-captured proteins were enriched by biotin-streptavidin a�nity puri�cation and detected by streptavidin–HRP. H4S1-
speci�c (arrows) and H4S1ph-speci�c bands (arrowheads) are indicated.
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