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ABSTRACT: For epigenetics research, preparing homogeneous proteins bearing site-specific posttranslational modifica-
tions (PTMs) is essential to understand the behavior of chromatin. Total chemical protein synthesis is a very powerful
method to obtain target proteins with various modifications at site-specific positions. To produce large proteins efficiently,
one-pot ligation of multiple peptide fragments was previously reported through repetitive deprotection of protecting
groups for N-terminal Cys with palladium complexes. However, this method demanded more than a catalytic amount of
metal complexes, and, in general, it had been challenging to achieve catalytic cycles of metal complexes especially for reac-
tions on proteins. Here, we report an efficient and facile method of chemical protein synthesis using Ru catalyst. The use of
10-20 mol% of Ru complexes enabled us to remove the protecting groups on peptides or proteins under peptide ligation
conditions, and this complex showed more than 50-fold activity compared to the previous palladium complexes due to the
great stability toward thiol moieties. By using this Ru catalyst, we accomplished total chemical synthesis of linker histone
H1.2 (212 amino acids) and heterochromatin protein 1o (HP1a) (191 amino acids), which are important components of
heterochromatin, through one-pot multiple peptide ligation. This method prompted the preparation of H1.2 and HP1a bear-
ing various patterns of PTMs. Moreover, we found that R53Cit at H1.2 reduced its binding affinity toward nucleosomes and
four consecutive phosphorylations at N-terminus HP1a controlled its binding ability against DNA. We envisage that homo-
geneously modified proteins prepared by our method would facilitate epigenetics research and be applied for the elucida-

tion of various biological phenomena.

INTRODUCTION

In epigenetics research, it is critical to elucidate the func-
tions of posttranslational modifications (PTMs) on pro-
teins that are located in the cell nucleus to understand the
regulating mechanism of transcription.! Total chemical
protein synthesis has prompted the preparation of target
proteins bearing site-specific PTMs and functional mole-
cules.2 For example, this technique was used to prepare
modified core histone proteins (H2A, H2B, H3, and H4) to
elucidate the properties of PTMs.3-¢ To obtain chemically
synthesized proteins, the target protein was divided into
multiple peptide segments and each peptide segment was
synthesized mainly by 9-fluorenylmethyloxycarbonyl sol-
id-phase peptide synthesis (Fmoc-SPPS),” but it was diffi-
cult to extend the peptide length beyond 50 amino acids.
To join divided peptide fragments, native chemical ligation
(NCL) is the most widely employed peptide ligation meth-
od.8 This reaction uses the chemoselectivity of N-terminal
cysteine (Cys) with a C-terminal thioester to form an am-
ide bond between divided fragments. However, assembly
of multiple peptide fragments to obtain medium-size pro-
teins (e.g., >20 kDa) required multiple reaction steps and
purification, which led to low overall yields and time-
consuming works. To address this issue, one-pot multiple
peptide ligation methods to eliminate the intermediate
purification steps have been developed, but these methods
were mainly exploited for assembling of three or four
fragments to afford small proteins.?

Applications of metal complexes for chemical reactions
on proteins, such as bioconjugation and decaging of pro-
tecting groups, have been well studied because metal com-
plexes create unique reactivities.1%11 Recently, Brik and
coworkers paved the way for the application of palladium
(Pd) complexes for total chemical protein synthesis.3d12
They employed various protecting groups that were labile
with Pd complexes to protect N-terminal Cys and accom-
plished one-pot ligation of peptide segments.3d12b12d Qur
group employed allyloxycarbonyl (alloc) groups for the
protection of N-terminal Cys, which were removed by us-
ing Pd/3,3’,3"-phosphanetriyltris(benzenesulfonic acid)
trisodium salt (TPPTS) complexes.3 Furthermore, we used
the triple function of 4-mercaptophenylacetic acid (MPAA):
1) A thiol additive to accelerate NCL reactions, 2) A scav-
enger for w-allyl Pd complexes; 3) A quencher of remaining
Pd complexes after the alloc deprotection. This multifunc-
tionality of MPAA enabled the first one-pot five-segment
ligation to afford full-length histone H2AX. However, it was
very challenging to achieve the deprotection of the alloc
groups with only a catalytic amount of metal complexes
under NCL conditions because of the presence of the ex-
cess amount of MPAA (MPAA: 100 mM), which possessed
poisoning effects that degraded the activity of metal com-
plexes. Generally, decaging or cross-coupling reactions on
proteins required more than catalytic amounts of metal
complexes,10211a probably because of the presence of func-
tional groups on proteins such as thiol and imidazole
groups, which coordinate to metal complexes. Moreover,



some metal complexes (e.g, Pd/TPPTS complexes) are
very unstable under aerobic conditions, and our previous
one-pot ligation method required strict deoxygenated con-
ditions.!3 Furthermore, it was reported that some metal
complexes caused the aggregation of proteins.1* Therefore,
metal complexes that show catalytic activity even under
NCL conditions, tolerated air atmosphere and minimized
the possibility of the formation of protein aggregates, have
been highly demanded to achieve efficient and facile total
chemical protein synthesis.

To overcome these challenges, we focused on Ru com-
plexes that can be used to catalytically deprotect alloc
groups of small molecules under physiological condi-
tions.1> We found that Ru complexes can show more than
50-fold activity compared with previous Pd/TPPTS com-
plexes for the deprotection of the alloc groups on peptides
under NCL conditions. A new one-pot peptide ligation
method using Ru catalyst was applied for the total chemi-
cal synthesis of linker histone H1.2 (length: 212 amino
acids, size: 22 kDa) and heterochromatin protein la
(HP1a) (Iength: 191 amino acids, size: 22 kDa), which are
essential components of heterochromatin. Especially, the
use of the Ru catalyst prevented aggregation during the
synthesis of HP1a, although we observed some aggregates
using Pd complexes. H1.2s bearing PTMs, such as citrulli-
nation or phosphorylation, were synthesized to investigate
the effects of these PTMs on the binding affinity toward
nucleosomes. Furthermore, HP1o, bearing phosphoryla-
tion, acetylation, or ubiquitination, were chemically syn-
thesized to examine the influence of those modifications
on the binding toward DNA and the formation of complex-
es with DNA.

RESULTS AND DISCUSSION

Explorations of phosphine ligands for Pd. In previous
research, we employed TPPTS, a water-soluble phosphine
molecule, as a ligand for Pd to form Pd/TPPTS complexes
for the deprotection of the alloc groups, and we found that
2.0 equiv. of Pd/TPPTS complexes were required to re-
move the alloc groups under NCL conditions (peptide: 2
mM, MPAA: 100 mM, TCEP: 40 mM in Gn-HCI (6 M) at pH
7.0).13 To explore more active Pd complexes, we screened
phosphine ligands for Pd and evaluated the efficiency for
the alloc removal. We selected bis(3-sulfonatophenyl)(2-
trifluoromethylphenyl)phosphine (o-Danphos),t¢ 3-
phosphanetriymono(benzenesulfonic acid) monosodium
salt (TPPMS), and triphenylphosphan-3,3’,3"'-
tricarboxylate (TPPTC)'? as three-valent water-soluble
phosphine ligands (Scheme 1). The electron density of Pd
coordinated by c-Danphos becomes lower compared to
Pd/TPPTS complex due to the presence of the substitution
of the trifluoromethyl (CF3) group.!¢ On the other hand, the
electron density of Pd coordinated by TPPMS or TPPTC
increases because of the reduction of the number of sul-
fonyl groups or the replacement of the sulfonyl groups
with carbonyl groups, respectively.’® Furthermore, we
tested 3-(di-tert-butylphosphonium)propane sulfonate
(DBPPS), an alkyl phosphine that has much higher electron
density than TPPTS. When we examined the deprotection
yield of the alloc groups of peptide 1 using these Pd-
phosphine complexes, the Pd/TPPTS complex showed the

best activity among them (Figure S1). When the electron
density of Pd decreases, nucleophiles are known to attack
n-allyl Pd complexes faster because of the increased elec-
trophilicity of the m-allyl Pd complexes. In previous re-
search, Pd/c-Danphos complexes showed higher activity
for deprotection of the allyl groups under aqueous condi-
tions compared to Pd/TPPTS complexes.!® However, prob-
ably because of the increased cone angle of o-Danphos due
to the presence of the CF3 group at its ortho-position and
the decreased electron density of Pd, the phosphine ligand
was preferentially detached from Pd through ligand ex-
change with excess MPAA, which led to little catalytic ac-
tivity of Pd/c-Danphos complexes under NCL conditions.
Even when the electron density of Pd was increased by
changing the phosphine ligands (e.g, Pd/TPPMS or
Pd/TPPTC complexes), we did not observe the quantitative
removal of the alloc group. We considered that the deacti-
vation of the Pd complexes by MPAA could proceed in
preference to scavenging of m-allyl Pd complexes because
the reaction rate of the attack of nucleophiles toward =-
allyl Pd complexes could become slower due to the de-
creased electrophilicity of the m-allyl Pd complexes. There-
fore, TPPTS had the most suitable phosphine ligands
among those tested here, and we concluded that it would
be difficult to remove the alloc groups under NCL condi-
tions with only a catalytic amount of Pd complexes.

Scheme 1. Candidates for phosphine ligands for Pd.
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Exploration of Ru complexes bearing bidentate lig-
ands. Under NCL conditions involving high concentration
of MPAA, the metal complexes lost activity simultaneously
with the deprotection of the alloc group because of the
excess MPAA. Therefore, it was important to increase the
stability of the metal complexes under NCL conditions to
achieve catalytic reactions on peptides or proteins. To ac-
complish this goal, we focused on Ru complexes rather
than Pd complexes. Electron-rich Pd (10 outer electrons)
forms a strong bond with thiol moieties because of the -
back donation from Pd to the empty relatively low-energy
d orbitals of the sulfur.20 On the other hand, electron-
deficient Ru (8 outer electrons) favors ionic interactions to
fill its d-band, and does not form a strong coordination
bond with soft nucleophiles. Moreover, electron-rich Pd is
more sensitive to electronic modification by sulfur poison-
ing, which causes significant changes in catalytic activity,
than electron-poor Ru.2! Some researchers reported that
Ru catalysts tolerated sulfur poisoning and catalyzed the
allyl transfer to thiol moieties.?2 In 1999, Mitsudo and
coworkers investigated metal-catalyzed allyl transfer reac-
tions using thiol moieties as nucleophiles.23 Although Pd or
Ir complexes did not show any reactivities with the sub-
strates, Cp*Ru(cod)Cl (Ru-1: Cp* = n°-



Table 1. Deprotection of the alloc group of peptide 1 with Pd or Ru complexes under NCL conditions.
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Conversion yields [%]2

Entry  Metal complexes Quantity (mol%) Additive 10 min 30 min 1h 2h 3h
1 Pd/TPPTS 10 - 11 11 12 12 12
2 Ru-1 10 - 28 56 76 86 94
3 Ru-2 10 - 41 76 92 >95 -
4 Ru-3 10 - >95 - - - -
5 Ru-4 10 - >95 - - - -
6 Ru-3 5 - >95 - - - -
7 Ru-4 5 - >95 - - - -
8 Ru-4 5 TCEP (10 mM) 8 9 10 - -
9 Ru-5 5 - <5 <5 <5 <5 6
10 Ru-6 5 - 7 10 14 17 17
11 Ru-7 5 - 19 40 60 76 80
12 Ru-8 5 - <5 18 47 64 71
13 Ru-9 5 - 18 36 53 73 76
14 Ru-10 5 - 93 >95 - - -

aThe conversion yields were calculated from peak areas analyzed by HPLC (shown in Figure S2).

pentamethylcyclopentadienyl, cod = n*-1,5-
cyclooctadiene) was not deactivated by thiol moieties, and
catalyzed allyl transfer to the thiol groups. Kitamura and
coworkers reported half-sandwich Ru complexes bearing
N,O-bidentate ligand ([Cp*Ru(QA)allyl]PFs (Ru-2: QA=2-
quinolinecarboxylate) and [CpRu(QA)allyl]PFs (Ru-3:
Cp=n°-cyclopentadienyl)), which enabled efficient catalytic
S-allylation of thiol moieties.2* Furthermore, Meggers and
coworkers employed these complexes to remove the alloc
groups of small molecules under physiological conditions
containing glutathione (GSH) and air.!> They incorporated
a dimethylamino group into quinoline to increase the elec-
tron density of the Ru complexes. [CpRu(QA-
NMey)allyl]PFs (Ru-4: QA-NMe2=4-(N,N-dimethylamino)-
2-quinolinecarboxylate) showed more activity than Ru-3
under the same conditions and was applied for cellular
experiments. However, these Ru complexes have not been
used for peptides or proteins, which have higher molecular

weight and possess functional groups at side chains, such
as thiol and amine groups. Therefore, we decided to test
whether these metal complexes could sustain the catalytic
activity for the removal of the alloc group on a peptide un-
der NCL conditions and air atmosphere. Ru-1 is commer-
cially available, and Ru-2, Ru-3, and Ru-4 were synthe-
sized according to previous reports (see the Supporting
Information). After the preparation of each Ru complex, we
tested the alloc deprotection on peptide 1 with 10 mol% of
metal complexes under NCL conditions in the presence of
air (Table 1, Figure S2), and the conversion yields were
calculated based on high-performance liquid chromatog-
raphy (HPLC). In previous research, 2.0 equiv. of
Pd/TPPTS complex was required to attain quantitative
removal of the alloc groups under NCL conditions.’3 When
the amount of the Pd complex was reduced to 10 mol%,
the conversion yield reached to only 12% after 3 h (Table
1, entry 1), indicating that TON of Pd/TPPTS complexes



under NCL conditions was 1.2. In contrast, Ru-1 and Ru-2
sustained the catalytic activity even in the presence of a
high concentration of MPAA (entries 2 and 3), and quanti-
tative removal of the alloc groups was achieved after 2 h
upon treatment with 10 mol% Ru-2 (entry 3). Further-
more, only 5 mol% of Ru-3 or Ru-4 rapidly catalyzed the
alloc deprotection, and the reaction reached completion
within 10 min (entries 6 and 7). We did not observe any
side reactions, such as the transfer of the allyl groups to
functional groups at side chains of peptide 1 (Figure S2),
indicating that MPAA functioned as the main scavenger for
n-allyl Ru complexes. The slow reaction rate of Ru-2 com-
pared to Ru-3 could be explained by the sterically hin-
dered Cp* disturbing nucleophilic attack of MPAA toward
n-allyl Ru complex, which was already reported.’s We
should note that the activity of the Ru complexes dimin-
ished in the presence of TCEP (entry 8), suggesting that
trivalent phosphine greatly reduces the activity of Ru com-
plexes. We decided to screen other Ru complexes for the
alloc deprotection under NCL conditions. First we assessed
the effect of replacing the N,0-ligand with an N,N-ligand,
and synthesized [Cp(n?2-bipy)(n3-allyl)Ru™][PFs]. (Ru-5:
bipy=bipyridine) and [Cp(n?2-phen-NMez)(n3-allyl)Ru
"1[PFs]2 (Ru-6: phen=phenanthroline).2> However, the
catalytic activities of Ru-5 and Ru-6 were much lower than
those of Ru-3 or Ru-4 (entries 9 and 10) probably because
of the rigid structures, which inhibited the oxidative addi-
tion.

Previous research showed that the rate-determining
step of the alloc removal using Ru-3 or Ru-4 was the oxi-
dative addition of the allyl groups toward Ru when strong
nucleophiles, such as thiol moieties, were employed.’s To
accelerate the uncaging of the alloc groups and further
improve the stability under NCL conditions, we focused on
P,0-bidentate ligands to replace N,0-ligands and increase
the electron density of Ru complexes. Bruneau and
coworkers reported Ru complexes coordinated by o-
diphenylphosphino benzoate (0-DPPBz) or diphe-
nylphosphinobenzene sulfonate (o-DPPBS), which cata-
lyzed regioselective C- and O-allylation reaction.2¢ Howev-
er, these Ru complexes bearing P,0-ligand had not been
employed for the allyl transfer to thiol moieties. We syn-
thesized previously reported [Cp*Ru(k2-0-DPPBz)allyl]PFs
(Ru-7) and [Cp*Ru(x2-0-DPPBS)allyl]PFs (Ru-8).26 There
was no significant difference between Ru-7 and Ru-8 (en-
tries 11 and 12) for the alloc deprotection of peptide 1
under NCL conditions. To reduce the electron density of
the phosphine ligand and enhance the nucleophilic attack
of MPAA toward Ru complexes, we synthesized Ru com-
plexes coordinated by 0-DPPBz bearing CF3 groups (Ru-9),
but no improvement of these Ru complexes over Ru-8 was
observed (entry 13). Considering the effective deprotec-
tion of the alloc group using Ru-3 compared to Ru-2 (en-
tries 3 and 4), we synthesized [CpRu(k2-o-DPPBz)allyl]PFs
(Ru-10) for the first time, which was coordinated by Cp.
The deprotection efficiency was dramatically improved
using Ru-10, and the reaction reached completion within
30 min (entry 14), indicating that Ru-10 showed the high-
est catalytic activity among Ru complexes coordinated by
P,0-bidentate ligands.

Calculation of TON and investigation of differences
between Ru complexes. We examined TON and turnover
frequency (TOF) of Ru-3, Ru-4, and Ru-10, which removed
the alloc groups quantitatively with 5mol% catalysts. We
reduced the amount of each Ru complex to 1mol% and
tested the removal of the alloc group of peptide 1 under
NCL conditions (Figure 1, Figure S3). Ru-3 (TOF: 19 min-1)
and Ru-4 (TOF: 20 min-!) showed similar TOF value, but
the TON of Ru-4 (TON: 70) was slightly higher compared
to Ru-3 (TON: 56), because of the presence of the NMe:
group in Ru-4, which increased the electron density of Ru
and its stability against excess MPAA.
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Figure 1. Investigation of TON and TOF. (A) Calculation of
TON and TOF of 1 mol% Ru-3, Ru-4, or Ru-10 for the depro-
tection of the Alloc group of peptide 1 (2 mM) in NCL buffer
[Gn-HCI (6 M), NaH2P04 (200 mM), MPAA(100 mM) at pH 7.0].

The reaction rate using Ru-10 (TOF: 6 min-!) as a catalyst
was slower than Ru-3 or Ru-4 due to the lower electro-
philicity of m-allyl Ru complexes, but Ru-10 sustained its
catalytic activity for a longer time because of its stability,
and showed similar catalytic activity (TON: 72) to that of
Ru-4 and higher than that of Ru-3. The different electro-
philicities of Ru catalysts were well consistent with calcu-
lations based on density functional theory (DFT). The low-
est unoccupied molecular orbital (LUMO) level of o-DPPBz
was more than 0.5 eV higher than QA and QA-NMe: (-1.44
eV vs. -2.15 eV vs. -1.94 eV) (Figure S4). This higher n-
accepting ability of QA or QA-NMe: led to the higher elec-
trophilicity of Ru-3 or Ru-4 and the attack of MPAA to-
ward 7-allyl Ru complexes became faster than Ru-10. To
summarize, compared to the activity of Pd/TPPTS com-
plexes (TON: 1.2), Ru-4 and Ru-10 showed more than 50-
fold activity, and catalytically removed the alloc groups of
peptides under aqueous conditions and even in the pres-
ence of 5,000 equiv. of MPAA, which normally poisoned the
metal catalysts.

To further explore the difference between Ru-4 and
Ru-10, we added these Ru complexes to a solution contain-
ing peptide 1 in the absence of MPAA, a scavenger for -
allyl Ru complexes (Figure S5). When 10 mol% of Ru-4
was tested, peptide 1 was completely consumed within 30
min, and single or double allyl transfer to functional
groups of peptides was observed (Figure S5). Based on
MS/MS analysis of each HPLC peak (Figure S6), it was
found that the allyl groups were transferred to amine
groups or thiol groups of N-terminal Cys, not to other ami-
no acids, such as Lys, Tyr, or Thr. When 10 mol% of Ru-10
was examined, the starting material remained for over 1 h



reaction, and the allyl transfer to peptide 1 barely occurred
(Figure S5). These results indicated that Ru-4 was more
reactive with nucleophiles than Ru-10 because of its more
electrophilic r-allyl Ru complex, which presented the pos-
sibility of side reactions, such as allyl transfer to the func-
tional groups of peptides via Ru-4. However, in the pres-
ence of excess MPAA (pK. 6.6),27 this strong nucleophile
attacked =-allyl Ru complex before peptides and sup-
pressed the undesired reactions as seen by comparing
HPLC data shown in Figures S2 and S5.

Inactivation of Ru complexes by MPAA. To achieve
one-pot multiple peptide ligation, deactivations of metal
complexes before the following NCL were critical steps.!3
Therefore, we decided to investigate the deactivation of
Ru-4 or Ru-10 under NCL conditions (Figure S7). Metal
complex solutions containing 100 mM MPAA at neutral pH
were rotated for a certain time (3, 10, or 30 min), and
powdered peptide 1 was added, then the removal of the
alloc groups with each metal complex was analyzed by
HPLC (Table 2). 200 mol% of Pd/TPPTS complex was rap-
idly deactivated by MPAA and lost activity within 10 min
(entry 1). In contrast, 10 mol% of Ru-4 and Ru-10 against
peptide 1 showed stability under NCL conditions (entries 2
and 3), and Ru-10 was more stable than Ru-4 because of
the higher electron density of Ru. We concluded that the
greater stability of these Ru complexes over Pd complexes
contributed to the catalytic activity for the removal of the
alloc groups of peptides.

Table 2. Inactivation of metal complexes with MPAA.

Conversion yields [%]a

Entry Metal complexes (mol%) 3 min 10min 30 min

1 Pd/TPPTS 200 69 <5 -
2 Ru-4 10 >95 18 <5
3 Ru-10 10 >95 >95 20

aThe conversion yields were calculated from peak areas ana-
lyzed by HPLC (shown in Figure S7).

The inactivation mechanism of Ru complexes coordinat-
ed by bidentate ligands was revealed by NMR and MALDI-
TOF mass analysis. A premixture of MPAA and DIEA was
added to the solution of Ru-3 in acetone-ds, and the whole
mixture was stirred for 1 h at room temperature. We ob-
served some precipitates in the solution, and the superna-
tant and the precipitates were separated. When the super-
natant was analyzed by 'H NMR, free QA detached from Ru
was observed (Figure S8). The precipitates were then dis-
solved in a mixture of CD3CN and D20. The NMR spectrum
of the precipitates showed peaks derived from MPAA and
Cp, suggesting that these were derived from Ru complexes
(Figure S9). After the measurement of molecular weight by
MALDI-TOF mass analysis, we identified the precipitates as
a binuclear Ru complex coordinated by MPAA (Scheme 2,
Figure S9).28 Therefore, the deprotonated MPAA caused
the ligand exchange with Ru-3 and detached the QA, an
original ligand, from Ru to form the binuclear Ru complex.

To summarize, the alloc deprotection of peptides by the
Ru catalysts under NCL conditions proceeded very fast,
and the reaction reached completion within 10 min. Simul-
taneously, the Ru catalyst slowly lost catalytic activity

through ligand exchange with MPAA to form a binuclear
complex, enabling the following NCL (Scheme 2). Newly
synthesized Ru-10 coordinated by P,0-ligands showed the
highest catalytic activity and the greatest stability under
NCL conditions among tested Ru complexes. However,
considering the facile deactivation by MPAA, we decided to
employ Ru-4 to attain total chemical synthesis of proteins
through one-pot multiple peptide ligation.

Scheme 2. Simultaneous catalytic alloc deprotection and
deactivation of Ru-4.
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Chemical synthesis of histone H1.2. To demonstrate
the utility of Ru-4 catalyst for chemical protein synthesis,
we selected linker histone H1.2 as a target protein, which
interacts with nucleosomes to form chromatosomes and
contributes to the formation of a higher-order chromatin
structure.2-32 Previous papers reported that various PTMs
can be decorated on H1.2, such as acetylation, phosphory-
lation, and citrullination, and some of these modifications
play roles in chromatin decondensation, which may pro-
mote reprograming of cells.33 However, it had been difficult
to achieve the chemical synthesis of H1.2 compared to core
histone proteins (<140 amino acids), because of its large
size (212 amino acids). Therefore, we aimed to establish a
synthetic method to access H1.2 through one-pot multiple
peptide ligation using Ru-4.34

As shown in Figure 24, Cys mutations for NCL reactions
were incorporated at Ala sites and divided into five pep-
tide segments of H1.2 (peptides 3, 4, 6, 8, and 10), which
were synthesized by Fmoc-SPPS (Figure S10). The N-
terminal Cys of peptides 4, 6, and 8 were protected by the
alloc groups, and the one-pot five-segment ligation using
Ru-4 was performed. All the NCL reactions and the remov-
al of alloc groups were conducted in NCL buffer (6.0 M
guanidinium chloride, 200 mM NaH:P0s4, 100 mM MPAA)
at 37 °C.



A)
Sequence of H1.2 (212 amino acids):

SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVA(C«A)SKERSGVSLAALKKALAA(C+A)GYDVEKNNSRIKLGLKSLVSKGT

LVQTKGTG(C+A)SGSFKLNKKAASGEAKPKVKKAGGTKPKKPVYGAAKKPKKAAGGATPKKS(C«A)KKTPKKAKKPAAATVTKKVAKS PKKAKVAK
PKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKK
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Figure 2. Chemical synthesis of linker histone H1.2 using the Ru catalyst. (A) Synthetic strategy. 1) NCL condition: peptides (2 mM),
MPAA (100 mM) in denaturing buffer at pH 7.0, 37 °C. Removal condition: Ru-4 (20 mol%), 37 °C, 20 min. 2) Peptide (0.8 mM),
TCEP (300 mM), GSH (150 mM), VA-044 (20 mM) in denaturing buffer at pH 7.0. (B) Reaction tracking of the one-pot ligation with
catalytic amount of Ru-4 (20 mol%) for the alloc deprotection by analytical HPLC (gradient: 10-46% for 30 min) at 220 nm. Com-
pounds 5’°, 7°, and 9’ are the alloc-protected peptides 5, 7, and 9, respectively. # = MPAA. * = Allyl-MPAA. a) 1st NCL (¢t = 2 min). b)
1st NCL (t = 2 h). c) 1st deprotection. d) 2nd NCL (¢t = 2 h). e) 2nd deprotection. f) 3rd NCL (¢ = 2 h). g) 3rd deprotection. h) 4th NCL

(t =2 h). (C) HPLC profile (left, gradient 20-50% for 30min) and MALDI-TOF mass spectrum (right) of purified peptide 12. Calcu-
lated mass of 12 [M+2H]?+: 10638.8; Mass Found [M+2H]2+: 10639.4.

Peptides 3 and 4 (1.1 equiv. relative to peptide 3) were 4 (0.2 equiv.) was added to the reaction solution, and the
dissolved in NCL buffer, and the NCL reaction reached mixture was stirred for 30 min to remove the alloc group
completion within 2 h to afford peptide 5 (Figure 2B). Ru- and deactivate Ru-4. After completion, a small amount of




TCEP solution was added to reduce disulfide bonds and be
consumed completely before the next the alloc removal
with Ru-4. Powdered peptide 6 was then added to initiate
the second NCL reaction. These operations were repeated
for the second deprotection and the third NCL and depro-
tection (Figure 2B). Finally, powdered peptide 10 was
added to initiate the fourth NCL reaction. HPLC analysis
after 2 h showed a major peak corresponding to the de-
sired ligated peptide 10 (Figure 2B). The reaction product
was purified by HPLC, and the desired peptide 10 was ob-
tained in 23% yield from 3. The purity of peptide 10 was
confirmed by HPLC and MALDI-TOF MS analysis (Figure
S11). Compared to the previous one-pot ligation method
with Pd/TPPTS complex,!3 the total amount of metal com-
plexes was reduced to 0.6 equiv. (Pd: more than 6.0 equiv.),
and strict deoxygenated conditions established by argon
bubbling were not required during the reactions. Further-
more, the concentrations of reactants were little changed
because only small amounts of additives were necessary to
attain this one-pot peptide ligation. The mutated Cys resi-
dues were converted into original Ala residues by free-
radical desulfurization.3s The reaction reached completion
within 5 h and the desired full-length H1.2 (12) was ob-
tained almost quantitatively (Figure 2C). As a result, we
accomplished the total chemical synthesis of H1.2 in 20%
total yield.

Next, we incorporated PTMs into H1.2. As candidates of
modifications, we chose citrullination of Arg at 53 (R53Cit)
and phosphorylation of Ser at 172 (S172ph). It was report-
ed that the R53 site was modified to Cit by PAD4, which
regulates pluripotency, and the chromatin structure be-
came decondensed and cells were reprogrammed.36
S172ph was observed specifically during interphase and
mitosis and might have an influence on the stability of
chromatosome.3” However, there were no reports of creat-
ing H1.2 bearing site-specific PTMs and the influence of
these PTMs of H1.2 on the binding affinity for nucleosome
has not been investigated. To synthesize modified H1.2, we
prepared a peptide segment of H1.2 bearing R53Cit (8a) or
S172ph (3a) by Fmoc-SPPS (Figure S10). According to the
synthetic scheme shown above, the divided peptide seg-
ments were assembled in a one-pot manner with Ru cata-
lyst (Figure S11). After completion of peptide ligation, the
Cys residues were converted into Ala residues (Figure S12).
As a result, we accomplished the chemical synthesis of
citrullinated H1.2 (12a) and phosphorylated H1.2 (12b) in
a similar total yield to nonmodified H1.2. Thus, our facile
and rapid synthetic method helped the efficient chemical
synthesis of three types of full-length H1.2.

Reconstitution of chromatosomes. We examined the
formation of chromatosomes using our synthetic H1.2. The
recombinant H1.2 or synthetic H1.2 (12) was mixed with
Nap1, a histone chaperone to suppress aggregation during
the reconstitution of chromatosomes,3® and each mixture
was incubated at 37 °C. The nucleosome solution was then
added to each mixture to reconstitute chromatosomes. The
synthetic H1.2 formed chromatosome in a similar way to
recombinant H1.2 (Figure S13), suggesting that synthetic
H1.2 was refolded properly to form the chromatosomes.
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Figure 3. Gel band shift assay for reconstitution of chromato-
somes. (A) Schematic representation of the reconstitution of
chromatosomes. (B) Representative gel image of the H1 bind-
ing assay. Increasing amounts of wt H1.2, H1.2 bearing R53Cit,
or H1.2 bearing S172ph (0 puM: lanes 1, 6 and 11; 0.3 pM:
lanes 2, 7 and 12; 0.45 uM: lanes 3, 8 and 13; 0.6 uM: lanes 4, 9
and 14; 0.7 uM: lanes 5, 10 and 15) were mixed with nucleo-
somes (0.1 uM) in the presence of Nap1 (0.3 uM). After incu-
bation at 37 °C, the complexes were detected by nondenatur-
ing 5% PAGE with ethidium bromide staining. (C) Quantifica-
tion of EMSAs using synthetic H1.2s. (D) Position of R42 (red)
of X. laevis histone H1.0b, which is identical to R53 of human
H1.2, in chromatosomes (PDB: 5NLO0).39

Next, we investigated the effect of R53Cit or S172ph on
the binding affinity for nucleosome by electrophoretic mo-
bility shift assay (EMSA) (Figure 3B). There was a slight
difference between 12 and 12b with phosphorylation, but
12a with citrullination reduced its binding affinity for nu-
cleosomes, and its conversion yield was reduced by ap-
proximately 30% compared to nonmodified H1.2 (Figure
3C). R53 interacts with the phosphate backbone of the mi-
nor groove of linker DNA in chromatosome (Figure 3D).
We concluded that H1.2 with R53Cit reduced its binding
ability toward nucleosomes because of the lack of electro-
static interaction between Arg and DNA.3¢ Our research
demonstrated for the first time the direct effect of PTMs of
H1.2 using homogeneously modified H1.2.



Chemical synthesis of HP1a. To broaden the applica-
bility of the Ru-catalyzed alloc removal for chemical pro-
tein synthesis, we selected heterochromatin protein la
(HP1a) as a second target. This “non-histone chromosomal
protein” contains two globular domains, a chromo domain
(CD) and a chromo shadow domain (CSD), which are con-
nected by a hinge region (HR).#0-43 CD recognizes the tri-
methylation of Lys 9 within histone H3 (H3K9me3), which
is a hallmark of transcriptionally silenced chromatin.** CSD
is a domain responsible for self-dimerization of HP1a, and
also provides the interface to interact with proteins bear-
ing the PXVXL/I binding motif, such as shugoshin 1
(Sgo1).*s In the presence of H3K9me3, CD interacts with
this modification and CSD forms intermolecular bridging,
which condenses chromatin to form transcriptionally si-
lenced states.*6 HP1a was reported to be more extensively
decorated with PTMs than other HP1 homologues (HP1pB
and HP1y),4” and these PTMs affected the interaction pat-
tern, distribution, and localization of HP1c.43 Therefore,
the elucidation of the functions of PTMs on HP1a was es-
sential to understand the behavior of dynamic chromatin.

In accordance with Figure 4, full-length HP1a was divid-
ed into five peptide segments (peptides 13, 14’, 15, 16,
20), and each fragment was synthesized by Fmoc-SPPS
(Figure S14). C-Terminal Asp 58, bearing thioesters of pep-
tide 20, was protected by the allyl group#*® to inhibit hy-
drolysis of thioesters and isomer formation via intramo-
lecular cyclization.*® The N-terminal Cys of peptides 14’
and 15 were protected with the alloc groups, and acetam-
idomethyl (acm) groups were introduced at N-terminal
Cys of peptide 16 and inner Cys of peptides 13 and 14'.
However, we encountered a difficulty in the synthesis of
peptide 14’ without any solubilizing tag. This peptide con-
tained many hydrophobic amino acids and a small number
of basic amino acids, and was barely soluble especially in
acidic aqueous solutions, which prevented the conversion
of C-terminal acyl hydrazides into thioesters. To improve
the solubility, we decided to install a solubilizing tag bear-
ing phenylacetamidomethyl (phacm) group, which was
removed in the same deprotection method as Acm
groups.!2¢ Alloc-Cys(Phacm-Fmoc)-OH was newly synthe-
sized (see the Supporting Information), and incorporated
during Fmoc-SPPS in place of Fmoc-Cys(Acm)-OH, and
three protected Arg residues were coupled (Scheme S1).
After the deprotection of the alloc groups with Pd(PPhs)4
complexes, the remaining amino acids were coupled and
the peptide was cleavage with TFA cocktails. The crude
peptide 14 bearing three Arg residues was directly dis-
solved in acidic buffer, the acyl hydrazine was successfully
converted into thioesters using acetylacetone and 4-
mercaptophenol,>® and we obtained peptide 14 bearing a
solubilizing tag (Figure S14).

Peptides 13, 14, 15, and 16 were assembled in a one-pot
manner using Ru-4 catalyst (Figures 4B and S15). The re-
moval of the alloc groups proceeded with only 20 mol% of
Ru-4, and, after three NCL steps and two deprotection
steps, the desired intermediate peptide 17 was obtained in
35% isolated yield (Figure S16). Free-radical desulfuriza-
tion was then conducted to convert mutated Cys residues
into original Ala residues (Figure S17). To remove the Acm
groups and solubilizing tag, we first employed sodium tet-

rachloropalladate (NazPdCls).5¢12d As a result, after the
addition of this Pd complex (5.0 equiv. toward peptide 18),
some aggregates appeared in the reaction solution, which
led to low recovery rates after HPLC purification.

Therefore, we used silver acetate (AgOAc) instead of
NazPdCls.5! This time, aggregates were not observed after
the overnight reaction and the desired product 19 was
isolated in 62% yield (Figure S18). Finally, peptide 20 was
ligated with peptide 19, and the reaction reached comple-
tion after 2 h (Figure 4C). When we successively added
Pd/TPPTS complex to remove the ally groups at Asp 58,
some aggregates appeared again. When Ru-4 was used for
deprotection of the allyl group, the desired full-length
HP1la (21) was obtained without aggregation in 53% iso-
lated yield. These results suggested that it would be diffi-
cult to apply Pd complexes for the total chemical synthesis
of HP1a due to the aggregation probably caused by inter-
molecular bridging of inner Cys of HP1a by Pd complexes
and hydrophobic interactions among CSDs, which empha-
sized that the choice of metal complex is important to pro-
duce desired proteins in a chemical method.

Preparation of modified HP1a. We then tried to create
HP1lo bearing specific PTMs. First, we focused on phos-
phorylations decorated at Ser residues of the N-terminal
tail of HP1a (S11, S12, S13, S14).52 These modifications
were reported to increase its binding affinity toward
H3K9me3 and disturb the interaction between DNA and
basic patches in HR of HP1a (residues 89-91 and residues
104-107),53 which increased its specificity toward nucleo-
somes containing H3K9me3 marks. S14ph is a prerequisite
for the phosphorylation of its neighboring serine residues,
but the effect of the number of phosphorylated Ser at N-
terminal tail had not been investigated. Moreover, it was
reported that Ser residues of HR in mouse HP1a are phos-
phorylated in cells.525¢ S95ph mediated by NDR1 Kkinase is
required for mitotic progression and Sgol binding to mi-
totic centromeres,>> and Aurora B kinase also mediates
mitotic phosphorylation of HP1a at HR (mainly at $92),56
which dissociates HP1o from mitotic chromatin and re-
duces its DNA-binding activity. To investigate the effect of
the phosphorylation at HR on the DNA binding affinity of
HP1a, phosphorylated HP1a was prepared by simultane-
ous expression of HP1a and specific kinases in Escherichia
colis256 However, the possibility of phosphorylations at
other Ser sites by kinases could not be excluded and ho-
mogeneous HP1la bearing site-specific phosphorylations
were required to investigate the precise properties of each
phosphorylation site. On the other hand, although the re-
sponsible enzymes had not been discovered, Lys 91 and
Lys 106 in basic areas of HP1a were reported as decorated
with acetylation,*” but the influence of acetylation on DNA
binding was still unclear. To construct homogeneously
phosphorylated or acetylated HP1a, we newly synthesized
peptides 15a, 16a, 16b, 16¢, 20a, and 20b by Fmoc-SPPS
(Figure S14). By following the synthetic scheme shown in
Figure 4,
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Figure 4. Chemical synthesis of HP1a using the Ru catalyst. (A) Synthetic strategy. 1) NCL condition: peptides (2 mM), MPAA (100
mM) in denaturing buffer at pH 7.0, 37 °C. Removal condition: Ru-4 (20 mol%), 37 °C, 20 min. 2) Peptide (0.8 mM), TCEP (300
mM), GSH (150 mM), VA-044 (20 mM) in denaturing buffer at pH 7.0. 3) Peptide (0.5 mM), AgOAc (30 mM), H20/AcOH (1:1), 37 °C,
overnight. 4) NCL condition: peptides (1.5 mM), MPAA (100 mM) in denaturing buffer at pH 7.0, 37 °C. Removal condition: Ru-4
(20 mol%), 37 °C, 20 min. (B) Reaction tracking of the one-pot ligation with catalytic amount of Ru-4 (20 mol%) for the alloc
deprotection by analytical HPLC (gradient: 15-51% for 30 min) at 220 nm. a) 1st NCL (¢ = 4 h). b) 3rd NCL after overnight reaction.
(C) Reaction tracking of NCL between peptides 19 and 20, followed by the allyl removal with Ru-4 (20 mol%) by analytical HPLC
(gradient: 15-51% for 30 min) at 220 nm. a) NCL (¢ = 3 min). b) NCL (¢ = 1.5 h). c) Allyl deprotection with Ru-4. (D) HPLC profile
(gradient 15-51% for 30 min) and MALDI-TOF mass spectrum of purified peptide 21. Calculated mass of 21 [M+H]+: 22225.7;
Mass Found [M+H]+: 22226.0. (E) CD spectrum of 21. (F) Chemically synthesized HP1o with PTMs in this study. 21: HP1o without
PTMs. 21a and 21b: HP1a with PTMs at N-terminus. 21¢, 21d, and 21e: HP1o with PTMs at HR. 21f: HP1o with Ub at K154 in CSD.



we constructed double phosphorylated (S13ph, S14ph)
(21a) and quadruple phosphorylated (S11ph, S12ph,
S13ph, S14ph) (21b) HP1a at the N-terminus, singly phos-
phorylated (S95ph) (21c) and triple phosphorylated
(S92ph, S95ph, S97ph) (21d) HP1a at HR and double acet-
ylated (K91ac, K106ac) (21e) HP1a at HR (Figures 4, S16,
$17,518).
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Figure 5. Fluorescence polarization assay. (A) Binding of CD
of recombinant or synthesized HP1a with fluorescein-label
H3 peptide with K9me3. (red: CD of HP1a, blue: N-terminal
tail of histone H3 with K9me3, PDB: 3FDT). (B) Binding of CSD
of recombinant or synthesized HP1a with fluorescein-label
Sgol peptide. (red: CSD of HP1p, blue: Sgol peptide, PDB:
3Q6S).

We also focused on the PTMs decorated at CSD of HP1a.
Ubiquitination (Ub) at K154 of HP1a was a unique modifi-
cation among HP1 homologues, and this modification
promotes degradation of HP1la through the autophagy
pathway, which decondenses chromatin structure to ena-
ble efficient DNA repair.5” K154 is located at the dimeriza-
tion interface of CSDs, and we hypothesized that steric
hindrance of Ub might disturb the dimerization of CSD and
interaction with proteins bearing the PXVXL/I binding
motif, which promoted an open chromatin structure. To
create HP1a with Ub at K154, we synthesized peptides 22
and 23 (Figure S20). Peptide 22, which contained the C-
terminal region of Ub linked by isopeptide linkage at K154
of HP1a, was prepared in a similar way to previous re-
search.>® To achieve one-pot synthesis by combining the
convergent method, peptide 24, bearing acyl hydrazide at
its C-terminus, was also synthesized (Figure S20). As
shown in Scheme S2, peptides 14, 22, 23, and 16-24 were
assembled in a one-pot manner to obtain peptide 25 (Fig-
ure S21, S22), and, after desulfurization followed by the
removal of the Acm groups and a solubilizing tag (Figures
S23, S24), peptide 27 was ligated with peptide 20 followed
by allyl deprotection with Ru-4 to afford HP1a ubiqui-
tinated at K154 (21f) (>30 kDa) (Figures 4, S25). Finally,
we obtained five kinds of full-length HP1a bearing the dif-
ferent patterns of PTMs. We note that these proteins were
rapidly prepared thanks to one-pot ligation of divided pep-
tide fragments using Ru-4 catalyst.

Fluorescence anisotropy assay. After refolding of chemi-
cally synthesized HP1a by dialysis, we first tested the in-
teraction of the CD of HP1a with H3K9me3 peptide bear-
ing fluorescein at its N-terminus (residues 1-20) by fluo-
rescence polarization (FP). The binding affinity of 21 [dis-
sociation constant (Ka): 23 pM] was almost the same as
that of recombinant HP1a (Ka: 19 uM) (Figure 5A, S26),
indicating that the CD of synthetic HP1a properly recog-
nized H3K9me3 peptide. We further examined the binding
of Sgol peptide (residues 446-466) bearing fluorescein
toward dimerized interfaces of HP1a CSDs. 21 showed a
similar a Kq value (Kq: 0.47 uM) toward Sgo1 peptide as the
recombinant one (Ka: 0.51 uM) (Figures 5B, S26). These
results indicated that our chemically synthesized HP1a
was properly refolded after dialysis, and recognized
H3K9me3 modification and PXVXL/I binding motif
through CD and dimerized CSDs, respectively. Next, we
investigated the influence of Ub at K154 of HP1a on the
binding affinity toward the Sgol peptide. The Ka value of
21f was increased to 1.87 uM (Figure S26), suggesting that
the affinity was reduced to 3.9-fold compared to canonical
HP1lo. We reasoned that Ub modification disturbed the
intermolecular dimerization of HP1a CSDs probably be-
cause of the steric hindrance of Ub. It was envisaged that
HP1a CSD further reduced its affinity toward its CSD by
being attached with Ub chains, which could induce the de-
compaction of chromatin structure.

Investigation of DNA binding ability of modified
HP1a. The high binding affinity of HP1a against DNA is a
characteristic feature over other HP1 homologues, HP1p
and HP1y.52 To investigate the relationship between PTMs
on the N-terminus, HR, or CSD and DNA-binding ability of
HP1la, EMSAs was conducted using 193-bp DNA. In this
assay, HP1a without PTMs efficiently bound 601 DNA, and
its Kq value was 0.75 uM (Figure 64, B), which was con-
sistent with the previous results.>3 21a, containing doubly
phosphorylated Ser residues at its N-terminus, showed
slightly higher Ku value compared to normal HPla (Ka:
1.32 uM), but 21b, containing quadruple phosphorylation,
significantly lowered the DNA-binding ability of HP1a (Ka:
4.67 uM) (Figure 6A, B). This result indicated that the
number of phosphorylated Ser residues at the N-terminus
of HP1a had an impact on its DNA-binding ability. We also
evaluated the other PTMs on HR or CSD. 21c¢, with double
acetylation of Lys at HR, slightly lowered its DNA-binding
ability (Ka:1.79 pM) (Figure 64, C), but these PTMs were
found to be littele influential. Surprisingly, 21d and 21e
with Ser phosphorylation at HR had little influence on the
affinity of HP1a toward DNA [Ka: 0.95 uM (21d), Ka: 0.82
uM (21e)] (Figure 64, C), although basic patches on HR of
HP1la were the main responsible sites for the interaction
with DNA.53 Considering that phosphorylation at HR main-
ly occurred during mitosis and HP1a dissociated from mi-
totic chromatin,’>5¢ some interacting partners for these
phosphorylation sites or other factors might induce its
dissociation. We found that the binding affinity of 21f with
Ub at CSD was almost identical to that of normal HP1a (Ka:
0.71 uM) (Figure 6A4, C).
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Figure 6. EMSAs using chemically synthesized HP1lo with
PTMs. (A) Representative gel images of the binding of HP1a
toward DNA. Various concentrations of HP1a were incubated
with 193-bp DNA. The complexes were analyzed by 8% na-
tive-PAGE and visualized with SYBR Gold. Quantification of
the EMSAs using HP1a with PTMs at (B) N-terminus, (C) HR
or CSD.

To summarize, the sites and the number of phosphorylated
Ser residues were responsible for control of the DNA bind-
ing ability of HP1a.. Next, we analyzed the particle size of
complexes composed of DNA and HP1a by dynamic light
scattering (DLS). HP1a without PTMs formed large parti-
cles with DNA, and its diameter was around 1,000 nm
(Figure 7). 21a also formed large particles with around
1,000 nm diameter. However, 21b completely inhibited
the formation of complexes, and we could not detect large
particles (Figure 7), which would be caused by the lower
DNA-binding ability of HPla bearing four consecutive
phosphorylation at N-terminus. In interphase, HPla is

decorated by phosphorylation mainly at the N-terminus
region,>s which reduces its DNA-binding ability to prevent
non-specific binding to nucleosomes bearing unmodified
H3K9.52 However, in mitosis, N-terminal phosphorylations
are removed by phosphatases, which would lead to it reac-
quiring its DNA-binding ability, and mainly HR is decorat-
ed by phosphorylation.>> Considering the little influence of
phosphorylation at HR on its DNA binding ability, we as-
sume that a portion of HP1a bearing Ser phosphorylation
at HR could localize to the centromere during metaphases®
involving an interaction between CSD of HP1a and inner
centromere protein (INCENP),* and would help accurate
chromosome alignment and mitotic progression.5®> The
importance of the number and location of phosphorylation
was clarified by our homogeneously prepared HP1a bear-
ing site-specific PTMs.
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Figure 7. DLS measurement of complexes composed of 601
DNA (50 nM) and modified HP1a (10 uM).

CONCLUSION

We attained the total chemical synthesis of histone H1.2
and HPla, which regulate heterochromatin structure,
through one-pot multiple peptide ligation with Ru catalyst.
Generally, it had been difficult to perform metal-catalyzed
reactions on peptides or proteins. However, Ru-4 and Ru-
10 showed excellent catalytic activity even under aerobic
conditions, and the TONs of Ru-4 and Ru-10 exceeded 70
even in the presence of 5,000 equiv. of MPAA, which could
not be accomplished by other metal complexes. We also
found that MPAA functioned as a good scavenger for in-
termediate m-allyl Ru during the alloc deprotection and
prevented the allyl transfer to functional groups of pep-
tides or proteins. Moreover, the Ru catalyst was simulta-
neously deactivated during the alloc removal through lig-
and exchange with MPAA to form a binuclear Ru complex.
Our newly synthesized Ru-10 showed the highest catalytic
activity and greatest stability toward thiol moieties, sug-
gesting that this Ru complex could be used for the other
applications, such as cellular experiments. However, we
employed Ru-4 for chemical protein synthesis due to its
facile deactivation by MPAA. We successfully synthesized
three kinds of full-length H1.2 and seven kinds of HP1a
with different patterns of PTMs through one-pot peptide
ligation using Ru-4 catalyst. Especially for the synthesis of
HP1a, by switching the kinds of metal complexes, we pre-
vented the generation of aggregates during protein syn-
thesis. The chromatosomes were reconstituted by three
types of our synthetic H1.2, and R53Cit contributed to the
reduction of its binding affinity for nucleosome. In the
evaluation of modified HP1a, Ub at K154 reduced its bind-
ing affinity toward the PXVXL/I binding motif by disrupt-



ing CSD dimerization. Moreover, four consecutive phos-
phorylations at the N-terminus of HP1a significantly re-
duced its DNA-binding ability and disrupted the formation
of complexes with DNA, which was not observed using
HP1la containing other patterns of PTMs. Our homogene-
ously prepared HP1a contributed to the understanding of
precise natures of PTMs of H1.2 or HP1a, which could not
be achieved by using heterogeneously modified proteins
by enzymatic methods. The elucidations of PTMs decorat-
ed on not only core histone proteins but other histones and
non-chromosomal proteins are essential to gain deeper
insights in epigenetics. We believe that our facile and effi-
cient synthetic method using Ru catalyst will accelerate the
preparation of various proteins bearing site-specific PTMs
and facilitate our understanding of biological phenomena.

EXPERIMENTAL SECTION

One-pot five-segment ligation to afford full-length his-
tone H1.2. Peptide 3 (374 nmol, 3.65 mg) was dissolved in
187 pL NCL buffer (6 M Gn.HC], 0.2 M NaH:POs4, 100 mM
MPAA at pH 7.0) (the concentration of peptide was 2.1
mM). Then, 1.05 equiv. of a powdered peptide 4 (392 nmol,
2.74 mg) was added to the reaction mixture and it was
stirred at 37 °C for 2 h under argon atmosphere (first NCL).
Then, 2.5 pL. Ru-4 solution in acetonitrile (30 mM) (20
mol%) was added to the reaction solution and the mixture
was stirred for 30 min at 37 °C (first deprotection). Then,
3.0 uL TCEP solution (500 mM) was added. After stirring
10 min, a powdered peptide 6 (406 nmol, 1.74 mg) and the
reaction solution was stirred at 37 °C for 1.5 h (second
NCL). 2.5 pL Ru-4 solution in acetonitrile (30 mM) (20
mol%) was added to the reaction solution and the mixture
was stirred for 30 min at 37 °C (second deprotection).
Then, 2.0 puL. TCEP solution (500 mM) was added. After
stirring 10 min, a powdered peptide 8 (409 nmol, 1.05 mg)
and the reaction solution was stirred at 37 °C for 2 h (third
NCL). Then, 2.5 pL Ru-4 solution in acetonitrile (30 mM)
(20 mol%) was added to the reaction solution and the mix-
ture was stirred for 30 min at 37 °C (third deprotection).
Finally, powdered peptide 10 (516 nmol, 3.00 mg) and
15.0 pL TCEP (500 mM) were added and the pH was ad-
justed to around 7.0. The mixture was stirred at 37 °C for 2
h (fourth NCL). For analysis of each reaction, 1.0 pL aliquot
from each reaction mixture was treated with a 15.0 uL
MESNa aq (1.0 M) and 2.0 pL TCEP solution (500 mM),
followed by stirring for 10 s and injection into analytical
HPLC. The peptide solution was diluted by a mixture of
water/acetonitrile containing 0.1% TFA and purified by
HPLC to afford the desired product 11 (2.52 mg, 88 nmol)
in 23% isolated yield. Peptide 11a with citrullination and
peptide 11b with phosphorylation were prepared in a sim-
ilar way on a 260 nmol scale. 11a was isolated in 22%
yield (1.63 mg, 57 nmol), and 11b was isolated in 13%
yield (0.98 mg, 35 nmol).

Reconstitution of chromatosomes. Each amount of H1.2
(12, 123, and 12b) were mixed with the nucleosomes (0.2
uM), which was formed with the 193 bp 601 DNA in the
presence of Nap1 (0.3 uM), in 10 pL of the reaction buffer,
containing 35 mM Tris-HCI (pH 8.0), 70 mM NaCl, 0.01 mM
PMSF, 0.05 mM EDTA, 5% glycerol, 1.2 mM dithiothreitol,
1.1 mM 2-mercaptoethanol, and 5 pg/ml bovine serum

albumin. After incubation at 37 °C for 30 min, 2 uL of 30%
sucrose was added and the samples were loaded onto 5%
native polyacrylamide gels in 1xTrisborate-EDTA (TBE)
buffer (90 mM Tris base, 90 mM boric acid and 2 mM
EDTA). The gel was stained with ethidium bromide. The
band intensities of the chromatosomes and nucleosomes
were quantitated with a LAS-4000 image analyzer (GE
Healthcare) using MultiGauge ver. 3.2 (Fujifilm) and the
efficiency of the formation of the chromatosomes was cal-
culated.

NCL and following the allyl removal with Ru-4 to afford
21. Peptide 20 (0.50 mg, 26 nmol) was dissolved in 17.5
uL NCL buffer (6 M Gn.HCI, 0.2 M NaH2P0O4, 100 mM MPAA,
2 mM TCEP at pH 7.0). A powdered peptide 20 (0.27 mg,
32 nmol) was added to the reaction mixture and it was
stirred at 37 °C for 2 h under argon atmosphere. Then, 0.6
uL Ru-4 solution in acetonitrile (10 mM) was added to the
reaction solution and the mixture was stirred for 20 min at
37 °C. To the reaction mixture was added 5.0 uL. TCEP so-
lution (500 mM) to reduce disulfide bonds. After stirring
for 5 min, the reaction solution was diluted with a mixture
of water/acetonitrile containing 0.1 % TFA and purified by
HPLC to afford the desired full-length HP1a 21 (0.37 mg,
14 nmol) in 53% isolated yield. Proteins 21a, 21b, 21c,
21d, and 21e were prepared in a similar way. 21a was
isolated in 53% yield (0.74 mg, 28 nmol) from a 53 nmol
scale, 21b was isolated in 46% yield (0.32 mg, 12 nmol)
from a 26 nmol scale, 21c was isolated in 60% yield (0.80
mg, 27 nmol) from a 45 nmol scale, 21d was isolated in
60% yield (1.06 mg, 40 nmol) from a 67 nmol scale, 21e
was isolated in 70% yield (0.93 mg, 31 nmol) from a 44
nmol scale, and 21f was isolated in 31% yield (0.41 mg, 11
nmol) from a 36 nmol scale.

Measurement of fluorescence anisotropy. To analyze
the interaction between H3K9me3 peptide and CD of HP1a,
to 4.5 pL. HP1a solution at different concentrations in bind-
ing buffer [20 mM Tris-HCI (pH 7.5), 100 mM NacCl, 2 mM
2-mercaptoethanol] was added 0.5 pL fluorescein-
conjugated H3K9me3 peptide solution (1 pM). The final
concentrations of the mixtures of HP1a were 0.5, 1, 5, 10,
20, 50, 100, and 120 puM. The mixtures were incubated at
25 °C for 30 min. The samples were transferred to a Non-
binding 384 well Black Plate (Greiner Bio-one) and the
polarization was measured by SpectraMax M5 (Molecular
Device) (excitation: 485 nm, detection: 525 nm). To ana-
lyze the interaction between Sgol peptide and CSD of
HP1a, to 4.5 pL. HP1a solution at different concentrations
in the binding buffer was added 0.5 pL fluorescein-
conjugated Sgo1l peptide solution (200 nM). The final con-
centrations of the mixtures of HP1a were 0.02, 0.05, 0.1,
0.2, 0.5, 1, and 3 puM and 10, and 15 uM only for 21f. After
incubation at 25 °C for 30 min, the polarization was meas-
ured by SpectraMax M5 (Molecular Device) (excitation:
485 nm, detection: 525 nm). Curve-fitting was performed
with Graphpad Prism 8 software.

Electrophoretic mobility shift assays (EMSAs). Each
amount of HP1a was incubated with 0.125 pmol of 193 bp
601 DNA in 5 uL of binding buffer containing 20 mM Tris-
HCI (pH 7.5), 50 mM NaCl, 1 mM 2-mercaptoethanol for 15
min at 37 °C. Then, 1 pL of 30% sucrose was added, and
the samples were loaded onto 8% native polyacrylamide



gels in 0.5xTBE buffer. Gels were run at room temperature
at 150 V for 1 h. Gels were stained with SYBR Gold (Invi-
trogen), visualized using a Gel Doc EZ Imager (BIO RAD)
and quantified using Image]. Curve-fitting was performed
with Graphpad Prism 8 software.
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