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ABSTRACT: Chemical modifications of histones play a pivotal 
role in the epigenome and regulation of gene expression, and their 
abnormality is tightly linked to numerous disease states in humans. 
Therefore, chemical tools to manipulate epigenome hold promise 
for both therapy and the elucidation of epigenetic mechanisms. We 
previously developed the chemical catalyst LANA-DSH, which 
binds to nucleosomes via a LANA peptide ligand, and selectively 
acylates proximal histone H2BK120 to the catalyst moiety by acti-
vating acyl-CoAs. Thus far, however, histone acylation by a chem-
ical catalyst system in living cells has not yet been demonstrated. 
Here, we report a chemical catalyst system, composed of a nucleo-
some-binding catalyst (PEG-LANA-DSH) and a cell-permeable 
thioester acyl donor (NAC-acyl), that can promote regioselective 
lysine acylation of histones in living cells. Whereas LANA-DSH is 
rapidly decomposed in cells, attachment of polyethylene glycol 
(PEG) to the LANA moiety can prevent this undesired degradation. 
Increasing the size of PEG conferred LANA with greater in-cell 
stability, but reduced catalytic activity, indicating that there is an 
optimum PEG length balancing stability and catalytic activity. The 
optimized PEG-LANA-DSH catalyst 11 efficiently promoted 
H2BK120 acetylation in living cells, which subsequently sup-
pressed ubiquitination of H2BK120, a mark regulating various 
chromatin functions, such as transcription and DNA damage re-
sponse. Thus, our chemical catalyst system will be useful as a 
unique tool to manipulate the epigenome for therapeutic purposes 
or further understanding epigenetic mechanisms. 

The eukaryotic epigenome is defined by multiple chemical modifi-
cations of biomacromolecules, including DNA methylation and 
histone post-translational modifications (PTMs), and plays a piv-
otal role in regulating gene expressions. Dysregulation of the epige-
nome is tightly linked to numerous disorders in humans, such as 
type 2 diabetes, Alzheimer disease, and various types of cancer.1-3 
Thus, new methods to manipulate the epigenome hold promise for 
both therapy and elucidation of epigenetic mechanisms. The levels 
of histone PTMs are regulated by the interplay of two groups of 
enzymes; writers which introduce PTMs (e.g. histone acetyltrans-
ferase, HAT) and erasers which remove them (e.g. histone deacety-
lase, HDAC). One approach to manipulate histone PTMs is use of 
small molecule inhibitors of these chromatin-modifying enzymes. 

So far, several HDAC inhibitors have been approved for the treat-
ment of cancer, and further candidates are under clinical evalua-
tion.4 

 

Figure 1. Histone-acylation catalyst LANA-DSH is unstable in liv-
ing cells. (a) Schematics of site-selective histone acetylation by 
LANA-DSH. LANA-DSH binds to nucleosomes, activates the ac-
etyl donor (NAC-Ac), and acetylates H2BK120. (b) Structures of 



 

LANA5-15-DSH 1, LANA5-22-DSH 2, NAC-Ac 3, LANA5-15-FITC 
4, and LANA5-22-FITC 5. (c) Representative images of LANA-
FITC (4 and 5) with DAPI and DIC in fixed HeLa S3 cells. Scale 
bar = 25 µm. (d) Representative images of 4 and 5 in living HeLa 
S3 cells. (Left) 100 µM of LANA-FITC was introduced with Dex-
tran-Rhodamine (loading control) by bead-loading. (Right) 50 µM 
LANA-FITC was treated with cells for 30 min. Scale bar = 25 µm. 
(e) HPLC traces of chart of 5 with fluorescence detection (ex = 494 
nm, em = 518 nm). Authentic peptide 5 (orange), and recovered 
peptide from the cells (blue). (f) Serum stability assay of 4 and 5. 
Each peptide was incubated with or without 25% human serum-
containing medium at 37 ºC for indicated time.   

  
In recent years, new chemical biology approaches that 

introduce histone PTMs entirely through artificial means without 
reliance on chromatin-modifying enzymes have emerged.5 These 
include protein semi-synthesis using native chemical ligation,6 ri-
bosome-mediated protein synthesis using an expanded genetic 
code,7 chemistry-coupled posttranslational mutagenesis,8-9 and 
synthetic histone acylation by chemical catalysis.10-11 Among these, 
the chemical catalysis approach is unique in that it does not require 
any genetic manipulations, and thus has great potential for thera-
peutic use. We previously developed the synthetic histone acylation 
catalyst LANA-DSH, which binds to nucleosomes via a LANA 
peptide ligand, and demonstrated in test tubes that LANA-DSH se-
lectively acylates lysine 120 of histone H2B (H2BK120), a lysine 
residue proximal to the catalytically-active DSH moiety (Figure 
1a).10 Thus far, however, in-cell histone acylation by LANA-DSH 
has not yet been demonstrated. Here we report a new catalyst sys-
tem comprising PEG-LANA-DSH and NAC-Ac, enabling selec-
tive H2BK120 acetylation in living cells. 

 We first examined whether LANA-DSH can be applied 
for in-cell histone acylation. We used two types of LANA-DSH 
catalysts, LANA5-15-DSH 1 and LANA5-22-DSH 2, and NAC-Ac 3 
as a cell-permeable acetyl donor (Figure 1b).12 As reported previ-
ously,10 these catalysts efficiently promoted acetylation of 
H2BK120 in recombinant nucleosomes (Figure S1). However, we 
could not detect H2BK120 acetylation by the catalyst system in liv-
ing cells. Since LANA is composed of natural amino acids, we hy-
pothesized that LANA-DSH catalysts were rapidly decomposed in 
living cells. To examine in-cell stability of LANA, we synthesized 
LANA5-15-FITC 4 and LANA5-22-FITC 5 (Figure 1b). Using fixed 
mitotic cells, we confirmed that both compounds have affinity to 
chromatin (Figure 1c). However, when these compounds were in-
troduced into living cells, they did not show any chromatin locali-
zation (Figure 1d). We analyzed 5 recovered from living cells by 
HPLC and found that the compound was almost completely decom-
posed (Figure 1e). Further, both 4 and 5 were immediately decom-
posed in the presence of human serum in vitro (Figure 1f). These 
data indicate that LANA-DSH catalysts are decomposed by prote-
ases in living cells. 

 Conjugation with poly(ethylene glycol) [PEG] moieties  
(i.e., pegylation) has been used to improve the pharmacokinetic and 
pharmacodynamic properties of peptides and proteins.13 We ex-
pected that conjugation of a PEG moiety with a proper size to 
LANA should increase stability towards proteolysis. We thus syn-
thesized LANA5-22-FITC conjugated with three PEG chains, whose 
molecular weight was ca. 150 (PEG150-LANA-FITC 6), 550 
(PEG550-LANA-FITC 7), 750 (PEG750-LANA-FITC 8), or 2000 
(PEG2000-LANA-FITC 9) (Figure 2a). As a negative control, we 
also synthesized PEG0-LANA-FITC 10 without the PEG chains 
(Figure 2a). We compared stability of these compounds in the pres-
ence of human serum. While 10 and 6 were decomposed within 30 
min, 7, 8, and 9 were much more stable (Figure 2b).  

 

 

Figure 2. Conjugation of PEG stabilizes LANA in living cells. (a) Structures of PEG-LANA-FITC (6–10). (b) Serum stability assay of 6–
10. Each peptide was incubated with 25% human serum-containing medium at 37 ºC for indicated times. (c) Representative images of PEG-
LANA-FITC 6–10 in living cells. HeLa cells expressing H2B-HaloTag were stained with HaloTag TMR Ligand and loaded with PEG-
LANA-FITC. Scale bar = 10 µm. (d) Stability of 7–9 in living HeLa cells. Fluorescence images of PEG-LANA-FITC-loaded cells were 
acquired every 30 min and nuclear intensities were measured. Graphs represent relative fluorescence intensities (averages with standard 
deviations; n = 12 each). (e) Photobleaching was performed using HeLa cells loaded with 7–9. Average intensities with standard deviations 
(n = 20) are shown with curves after fitting (black lines). Half-time recoveries are also indicated. 



 

 We next examined the stability of the compounds in liv-
ing cells. PEG-LANA-FITC compounds 6–10 were loaded into 
HeLa cells expressing H2B-HaloTag, and their localization were 
analyzed by fluorescent microscopy. If the compounds are stable in 
living cells, they bind with nucleosomes via the LANA moiety and 
localize to the chromatin regions, which are visualized by H2B-
HaloTag signals. Consistent with the serum stability assay, 10 and 
6 did not localize on chromatin, indicating that these two com-
pounds were immediately decomposed in living cells (Figure 2c). 
In contrast, the signals of 7, 8, and 9 colocalized with that of H2B-
HaloTag, indicating that these compounds are sufficiently stable in 
living cells and retain binding affinity of the LANA moiety to chro-
matin histones (Figure 2c). Time-lapse imaging showed that attach-
ment of longer PEG chains conferred greater in-cell stability to 
LANA-FITC (Figure 2d). The approximate half-lives of 7, 8, and 
9 were calculated to be 1.2 h, 5.3 h, and 20 h, respectively. We 
further examined residence times of the compounds on chromatin 
in living cells by fluorescence recovery after photobleaching 
(FRAP). In cells loaded with PEG-LANA-FITC, a small spot was 
photobleached and the rate of fluorescence recovery was measured 
(Figure 2e). The recovery t1/2 corresponding to the residence time 
of 7 was 0.27 s, indicating that 7 bound with chromatin transiently. 
Residence time of 8 (t1/2 = 0.22 s) or 9 (t1/2 = 0.19 s) was shorter 
than that of 7, suggesting that conjugation with longer PEG may 
reduce affinity of PEG-LANA-FITC with chromatin. Consistently, 
electrophoretic mobility shift assay of 7–10 showed that the conju-
gation with longer PEG chains weakened the binding to recombi-
nant nucleosomes (Figure S2). Judging from the results of the 
FRAP experiments with 7, we estimated the dissociation constant 
(Kd) of 7 in living cells to be ~100 µM (Figure S3, see Supporting 
Information). This value was ca. 60 times higher than that in test 
tubes, suggesting that in-cell reaction may require higher concen-
trations of the catalysts than the reactions in test tubes. Taken to-
gether, these data demonstrate that conjugation of a longer PEG 
chains with the LANA ligand is advantageous for in-cell stability, 
but disadvantageous for LANA-mediated nucleosome binding. 

 We then synthesized chemical catalysts conjugated with 
PEG-LANA ligands (Figure 3a). As the catalyst moiety, we used 
DSSMe, a pro-drugged DSH catalyst,12 which is reduced to the ac-
tive DSH form by biocompatible reductants, such as glutathione 
(GSH) or tris(2-carboxyethyl)phosphine (TCEP), prior to the reac-
tion. The acetylation activity of the three catalysts (PEG550-LANA-
DSSMe 11, PEG750-LANA-DSSMe 12, and PEG2000-LANA-
DSSMe 13) was first examined in test tubes containing recombi-
nant nucleosomes as substrates. All the catalysts promoted acetyla-
tion of H2BK120 in recombinant nucleosomes, although the activ-
ity of PEG-LANA-DSH 11–13 was slightly weaker than that of 
LANA-DSH 1 and 2 (Figure 3b). Next, we addressed whether 
PEG-LANA-DSH catalysts can promote H2BK120 acetylation in 
living cells. The PEG-LANA-DSSMe catalysts were reduced by 
TCEP and loaded into HeLa S3 cells with rhodamine-labeled dex-
tran as a loading control and L-buthionine-sulfoximine (BSO) pre-
treatment for reducing concentration of glutathione. After cells 
were treated with acetyl donor 3 for 8 h at 37 oC, cells with different 
levels of rhodamine signals (high, mid, or low) were sorted by flow 
cytometry (Figure 3c). Experiments using 7 suggested that the 
“high” fraction may contain ~3.2 x 10–16 mol 7 in a cell, which cor-
responds to 427 µM effective concentration in nuclei provided that 
all the catalysts loaded into the cells existed inside the nuclei, while 
the “mid” and “low” fractions may contain 0.67 x 10–16 and 0.054 
x 10–16 mol 7/cell compounds, respectively (Figure S4). Comparing 
the yield of H2BK120 acetylation promoted by three PEG-LANA-
DSSMe catalysts 11–13 in the “mid” cell fraction, we determined 
11 to be the optimum chemical catalyst for in-cell reaction (Figure 
3d). 

Figure 3. Histone H2BK120 acetylation by PEG-LANA-DSH in 
living cells. (a) Structures of PEG-LANA-DSSMe (11–13). (b) LC-
MS/MS analysis of acetylation yield for H2BK120 on a recombi-
nant nucleosome (0.37 µM) treated with 3 (10 mM) and TCEP (0.1 
mM) in the presence of 1, 2, or 11–13 (2 µM) or in the absence of 
any catalysts (control) at 37 ºC for 5 h. Error bars represent the data 
range of two independent experiments. (c) Representative dot plot 
of Rhodamine signals (Horizontal: PE-A) and cell size (Vertical: 
FSC-A). HeLa S3 cells were loaded with PEG-LANA-DSSMe and 
Dextran-Rhodamine, and analyzed by flow cytometer. Judging 
from the strength of Rhodamine signals, “high”, “mid”, and “low” 
fractions were defined and separated. (d–f) H2BK120 acetylation 
yield in living cells determined by LC-MS/MS analysis. HeLa S3 
cells pretreated with BSO (100 µM) were loaded with 11, 12, or 13 
(500 µM), TCEP (2 mM), Dextran-Rhodamine (0.5 mg/mL), 
and/or 3 (10 mM), and incubated with DMEM containing 3 (30 
mM) at 37 ºC for 8 h or indicated time. Acetylation yield of “high”, 
“mid”, or “low” fractions were shown. Control indicates acetyla-
tion yield without any treatment. Error bars represent the data range 
of two independent experiments. 

 
For the cells containing a high level of 11, H2BK120 was 

51% acetylated (Figure 3e). A time-course revealed that the con-
version plateaued within 5 h (Figure 3f). This reaction profile was 
consistent with the 1.2 h half-life of 7 in cells as determined from 
the time-lapse experiments (Figure 2d). In cells containing middle 
level of 11, 13% H2BK120 was acetylated (Figure 3e), indicating 
that efficiency of the acetylation reaction was dependent on the cat-
alyst concentration in cells. 

 Finally, to investigate the impact of the synthetically-in-
troduced H2BK120 acetylation on the epigenome of living cells, 
we examined the level of H2BK120 ubiquitination (H2Bub), a 
mark regulating various chromatin functions, such as transcription 
and DNA damage response.14 We hypothesized that the acetyl 
group synthetically introduced at H2BK120 by the chemical cata-
lyst system would function as a protecting group, thus inhibiting 



 

the physiological ubiquitination reaction at the same residue medi-
ated by ubiquitin ligases (Figure 4a). We compared the H2Bub 
level in cells containing high or low level of H2BK120 acetylation 
and found that H2Bub level was significantly reduced in cells with 
high-level H2BK120 acetylation (Figure 4b). In contrast, the acet-
ylation level at histone tail was not affected by high-level 
H2BK120 acetylation (Figure 4c). These data showcase that syn-
thetic H2BK120 acetylation in living cells mediated by the chemi-
cal catalyst system can work as an inhibitor of H2Bub. 

 

Figure 4. Synthetic histone acetylation by PEG-LANA-DSH 11 
blocks H2B ubiquitination. (a) Schematics of possible effects of 
synthetic H2BK120 acetylation. (b), (c) Levels of H2BK120Ac 
(H2Bac), H2BK120Ub (H2Bub), and H3-tail acetylation (H3K9ac 
and H3K18ac) in H2BK120-acetylated or non-acetylated cells. 
HeLa S3 cells pretreated with BSO (100 µM) were loaded with 11 
(500 µM), TCEP (2 mM), Dextran-Rhodamine (0.5 mg/mL), and 3 
(10 mM), incubated with DMEM containing 3 (30 mM) at 37 ºC 
for 8 h for the chemical acetylation reaction and further incubated 
with DMEM in the absence of catalysts and donors at 37 ºC for 36 
h for equilibrating the ubiquitination/de-ubiquitination processes 
mediated by the physiological enzymes in living cellular machinery. 
Histones were purified from “high” or “low” cell fraction obtained 
through sorting by flow cytometer, and analyzed by western blot-
ting. 

 In summary, we developed a chemical system compris-
ing a protease-resistant nucleosome-binding catalyst (PEG-LANA-
DSH) and cell-permeable acetyl donor (NAC-Ac). This chemical 
catalyst system promoted regioselective lysine acetylation of chro-
matin histones in living cells for the first time. Our data indicate 
that increasing the size of PEG conferred the catalyst with greater 
in-cell stability, but reduced its acetylation activity, indicating that 
there is an optimum PEG length balancing the stability and catalyst 
activity. The optimized catalyst 11 efficiently promoted H2BK120 
acetylation in living cells. We found that synthetic H2BK120 acet-
ylation suppressed H2Bub. This mode of inhibitory action is con-
ceptually analogous to regioselective protection of a functional 
group existing in a small organic molecule, a frequently-used strat-
egy in organic synthesis. It is known that the presence of H2Bub on 
nucleosomes can enhance the activity of DOT1L catalyzing H3K79 
methylation,15 and both Dot1L and the H2B E3 ubiquitin ligase ring 
finger protein 20 (RNF20) are required for MLL-rearranged leuke-
mia.16-17 Therefore, our catalyst system can be developed as a 
unique H2Bub inhibitor, which may be applicable for anti- MLL-
rearranged leukemia.  
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