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Abstract: The chemical synthesis of a protein from four
fragments or more applying native chemical ligation could be
achieved stepwise, in one-pot, convergently, or on a solid
support. With the increasing demands of applying protein
synthesis to highly complex targets, examining these
approaches becomes essential to achieve highly efficient syn-
thesis. Different chemical synthetic strategies are compared for
the preparation of the H2B protein having different post-
translational modifications. The analogues include H2B that is
ubiquitinated at Lys34, Lysi20, glycosylated at Serll2, and
doubly modified with ubiquitin and N-acetylglucosamine. This
study demonstrates that the applied convergent strategy for the
synthesis of most of these complex targets was better than the
one-pot approach in terms of yield and purity. Some guidelines
are offered for future synthetic endeavors of similar challeng-
ing proteins.

The chemical synthesis of a protein target from four peptide
fragments or more by applying native chemical ligation
(NCL)™ could be achieved sequentially, in one-pot,?! con-
vergently® or on a solid support.”) With the increasing
demands of applying protein synthesis to highly complex
targets in terms of size and molecular composition,”! examin-
ing these different approaches becomes essential to achieve
highly efficient synthesis and deliver the target protein in high
homogeneity and workable quantities. In such synthetic
endeavors, the most efficient approach must be sought and
the most suitable reactive C-terminal functionality found for
some of the peptide building blocks, which should be tuned or
controlled depending on the adopted strategy. This is also true
for the orthogonal protecting groups, which are employed
along the synthesis to control the site of the attachment with
other peptide fragments and/or a specific modification such as
glycosylation. Herein we present the challenges and the
different solutions in the synthesis of singly or doubly
modified H2B with ubiquitin (Ub) or/and N-acetylglucos-
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amine (GlcNAc) applying stepwise, one-pot, and convergent
approaches.

Post-translational modifications (PTMs) of histones play
important roles in regulating chromatin structure, transcrip-
tion, and DNA damage repair.’! For example, ubiquitination
of H2B at Lys120 (H2BK120Ub) activates H3K79 methyl-
ation by DOT1 histone methyl transferase.”’ Interestingly,
recent studies revealed that H2BK34Ub can directly stim-
ulates histone H3K4 and K79 for methylation in vitro and in
cells.®l On the other hand GlcNAcylation of histone H2B at
Ser112 (H2BS112GIcNAc) was recently found to promote
ubiquitination of K120 to generate doubly modified histone
(H2BS112GlcNAc-K120Ub), and its fate and interacting
proteins still unclear.”) To better understand how these
modifications achieve their function at the molecular level
there is a need to prepare these analogues in high homoge-
neity and workable quantities.'” For example, our group
reported the semisynthesis of H2BK120Ub and the chemical
synthesis of H2BK34Ub, which were instrumental for a vari-
ety of biochemical and biological studies.**!'!l Nevertheless,
the challenges that we faced during the total synthesis of
H2BK34Ub and the needs to prepare other analogues of this
histone triggered us to examine alternative synthetic strat-
egies to find the optimal synthetic approach for the specific
site of modification. Herein we report on the total chemical
synthesis of histone H2BK34Ub by sequential ligation,
H2BS112GIecNAc, H2BK120Ub, and H2BS112GlcNAc-
K120UDb by a convergent and one-pot approach. This enabled
the direct comparison between these different strategies for
future scale-up preparation of these analogues and should
offer some guidelines for future synthetic endeavors of similar
challenging proteins.

Our previous chemical synthesis of HA-H2BK34Ub
employing the convergent strategy®! has the limitations to
achieve workable quantities owing to the low yield of some of
the peptide fragments, which required special protection of
the d-mercaptolysine!"” as well as poor yield in the oxidation-
ligation™ step, which led to the overall yield of this target of
about 1%. To circumvent these problems, we decided to
examine a sequential synthesis with as many as ligation in
one-pot manner. The polypeptide was divided into four
segments, HA tag H2B(1-20), H2B(21-57), H2B(58-96), and
H2B(97-125), (Scheme 1). The HA tag was included to enable
detection of these constructs in our ongoing biochemical and
biophysical studies. The fragments HA-H2B(1-20) and H2B-
(21-57) were prepared with Nvoc-protected at e-amine of C-
terminal Lys to minimize lactamization during the ligation
step.P* To accomplish isopeptide chemical ligation (ICL)
with the Ub-thioester at K34, we incorporated 6-mercapto-
lysine®! in the H2B(21-57) fragment. The N-terminal Ala
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Scheme 1. Synthesis of HA-H2BK34Ub using a sequential strategy.

HZB 98- 125)

SH

residues in peptide H2B(21-57) and H2B(97-125) were
substituted with Cys to give peptide 3 and 1, respectively,
and in H2B(58-96) with Thz to give peptide 2. Fragments 2, 3,
and 4, which carry activated C-termini, were synthesized
using the N-acylurea method.'” To minimize the lactamiza-
tion side product in fragment 4, which we observed during
previous synthesis, we protected the side chain Lys with Nvoc
group. Overall the synthesis of all the fragments through
Fmoc-SPPS was straightforward and gave the pure peptides
in very good yields (Supporting Information). The sequential
synthesis of HA-H2BK34Ub started with the ligation of 1 and
2 in the presence of mercaptophenylacetic acid (MPAA) and
2-carboxy(ethyl phosphine) hydrochloride (TCEP-HCI).
After the completion of the reaction, the crude mix-
ture was subjected with

MeONH,-HCl at pH=4

for 8 h, which underwent

Thz ring opening to furnish A
peptide 5, H2B(58-125).
Prior to the next ligation NHR, Cys
the pH was adjusted to 0 Ky © 0
about 7 by wusing 4M  (Garzmiz20
NaOH. Freshly prepared NbZJ et
solution of fragment 3 in NHR,
Gn-HCl buffer was added to (SN .
20

this reaction mixture for the
second ligation, which pro-
ceeded smoothly.

Subsequently,

HA-H2B(1-20)

the o-

mercaptolysine at K34 was Ry= Nvoc ;; mﬁz’pw;s
opened with MeONH,-HCI 3)NCL,8

4) Desulfurization

at pH~4 for 12h to give
H2B(21-125), followed by
pH adjustment to about 7
to enable ICL with ubiquitin
thioester in one pot. How-  H2BS112GIcNAc in one pot.
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ever, under standard ligation condition, we did not observe
any formation of the desired product. Instead, after 8 h we
observed the hydrolysis of Ub-MPAA to Ub-COOH as well
as a major product of Ub-NHOMe, owing to the excess of
MeONH,, while H2B(21-125) remains intact.'®!

To overcome this problem we decided first to deprotect N-
terminal Cys bearing the Acm group instead of performing
Thz opening. However under these conditions and in
presence of AgOAc, 50% AcOH, we observed d-mercapto-
lysine thiazolidine opening along with Acm deprotection.
This has prompted us to purify H2B(21-125) after unmasking
o-mercaptolysine at K34 to furnish peptide H2B(21-125) in
about 40% yield. The peptide Cys(Acm)-H2B(22-125) and
Ub-thioester were reacted for 8 h under standard ligation
conditions to afford the Cys(Acm)-H2B(22-125)K34Ub in
about 50% yield of isolated product (Supporting Informa-
tion, Figure S9). Subsequently the peptide underwent smooth
Acm deprotection to afford peptide 6 in 60% yield. Final
ligation of fragments 4 and 6 for 5 h resulted in the formation
of HA-H2B(1-125)K34Ub. One-pot desulfurization!'” fol-
lowed by Nvoc deprotection furnished the full length HA-
H2BK34Ub in 32 % yield of isolated product over two steps
(Supporting Information, Figure S10). Through this sequen-
tial synthesis we achieved full-length protein HA-H2BK34Ub
in about 4 % overall yield, which is four-fold higher than our
previous approach.

We were then curious to compare the convergent and one-
pot approaches to synthesize HA-H2BS112GIcNAc
(Scheme 2). The required fragments 1a, 2, 3a, and 4 were
synthesized by Fmoc-SPPS in good yields. For example, the
synthesis of fragment 1a (Supporting Information, Figure S2)
bearing the glycosylated Ser was achieved in circa 45 % yield
on Rink amide resin by using Fmoc-Ser(GlcNAc)-OH.'!
After having these fragments in hand, we initiated the
synthesis of HA-H2BS112GlcNAc through convergent strat-
egy (Scheme2A) by ligating peptide 1a and 2 for 4h.
Subsequently, Thz-opening furnished peptide 8 in 62 % yield.
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Scheme 2. A) Synthesis of HA-H2BS112GIcNAc applying a convergent strategy. B) Synthesis of HA-
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Peptide 7 was prepared in 56 % yield by ligating fragments 4
and 3a, for 6 h. Subsequent oxidation with NaNO, in Gn-HCl
buffer at pH 3 gave the corresponding acyl azide. Further
switching was facilitated with MPAA to give HA-H2B(1-57)-
MPAA. Prior to the next ligation, we adjusted the pH to 6.5
using 4M NaOH. Ligation with peptide 8 for 8 h furnished the
desired product HA-H2B(1-125)S112GlcNAc in 52% yield,
In this case we also observed lactam formation as a side
at K57, despite Nvoc protection,

product in less than 8%
possibly because of partial
deprotection of this group
during the oxidation step.
Final desulfurization and
Nvoc deprotection gave
the desired product HA-
H2BS112GIcNAc in overall
circa 17% yield of isolated
product (Supporting Infor-
mation, Figure S11).

We then turned our
attention towards the one-
pot synthesis of this ana-
logue (Scheme2B). The
required four segments for
this strategy (1a, 2, 3b, 4)
were synthesized using
Fmoc-SPPS in about 50 %
yield (Supporting Informa-
tion). As with the conver-
gent synthesis, the ligation
of segment 2 and la pro-
ceeded smoothly to furnish
the desired product Thz-
H2B(59-125) followed by
Thz conversion to Cys.
After adjustment of the pH
from 4 to 7, peptide 3b was
added to the reaction mix-
ture to afford Thz-H2B(22-
125). After the completion
of ligation (5h), Thz was
converted into Cys to
enable the last ligation
step. Peptide thioester 4
was then added to the
crude reaction mixture of 9.

After 6h, the desired
polypeptide, HA- H2B-
(1-125)S112GIcNAc ~ was
obtained. This crude reac-
tion mixture was then sub-
jected to Nvoc deprotection
and desulfurization, in one-
pot manner, to give final
protein HA-H2BS112Glc-
NAc in 16% yield of iso-
lated product, with only one
purification step (Support-
ing  Information,  Fig-
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ure S12). Next we attempted the synthesis of HA-
H2BK120Ub applying the one-pot and convergent
approaches. The required four building blocks (1b, 2, 3b, 4)
were synthesized by Fmoc-SPPS in about 50% yield. To
obtain the HA-H2BK120Ub applying the one-pot approach
(Scheme 3B), the first ligation reaction was carried out
between 1b and 2, which proceeded smoothly to give the
desired peptide Thz-H2B(59-125)K120Ub within 4 h. This
was followed by Thz deprotection to give Cys-H2B(59-
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Scheme 3. A) Synthesis of HA-H2BK120Ub applying a convergent strategy. B) synthesis of HA-H2BK120Ub in
a one-pot strategy.
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Scheme 4. A) Synthesis of HA-H2BS112GIcNAc-K120Ub applying a convergent strategy. B) Synthesis of HA-
H2BS112GIcNAc-K120Ub in a one-pot strategy.
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125)K120Ub, 10. To this reaction mixture and after pH
adjustment, peptide 3b was added to enable a second ligation
reaction, which gave the Thz-H2B(22-125)K120Ub inter-
mediate. Subsequently, treatment with MeONH, yielded Cys-
H2B(22-125)K120Ub 11, to which peptide fragment 4 was
added for final ligation. After 6 h, the desired ligated product
HA-H2B(1-125)K120Ub was obtained. This crude reaction
mixture was then dialyzed and subjected to Nvoc deprotec-
tion and desulfurization, in one-pot manner to give final
product HA-H2BK120Ub in 14 % yield of isolated product
applying only one purification step (Supporting Information,
Figure S15).

To compare the one-pot synthesis of the HA-
H2BK120Ub with the convergent approach, we then under-
took the synthesis of HA-H2BK120Ub in convergent fashion
(Scheme 3 A). The ligation reaction between peptides 1b and
2 was followed by deprotection of Thz to furnish peptide 10 in
61 % yield. On the other hand, fragment 3a was ligated with 4
in presence of MPAA and TCEP to give the desired peptide
hydrazide 7. Subsequent oxidation of 7 with NaNO, furnished
the acyl azide intermediate, to which peptide 10 along with
MPAA was added to give the HA-H2B(1-125)K120Ub in
51% yield. Desulfurization and Nvoc deprotection of this
ligation product by radical method afforded the target protein
HA-H2BK120UDb in overall 17 % yield (Supporting Informa-
tion, Figure S16).

We then turned our attention towards the more challeng-
ing target HA-H2BS112GIcNAc-K120Ub, which consists of
210 amino acids and two PTMs. To achieve the synthesis of
this target, we incorporated the GIcNAc and Ub in fragment
1c¢, (Supporting Information, Figure S18). We initiated the
one-pot synthesis (Scheme 4B) by ligating fragment 2 with
fragment 1lec, to get the desired peptide Thz-H2B(59-
125)S112GIcNAc-K120Ub. After N-terminal Thz conversion
to Cys the third fragment Thz-H2B(22-57)-Nbz 3b was added
to the reaction mixture and the ligation proceeded under
standard conditions to furnish Thz-H2B(22-125)S112Glc-
NAc-K120Ub, which upon Thz conversion to Cys afforded
Cys-H2B(22-125) 13, ready for the final ligation. The pH of
the crude reaction mixture was adjusted to 7, and the fourth
building block 4 was added under standard ligation condi-
tions. To our delight, the reaction proceeded smoothly to
furnish the HA-H2B(1-125)S112GlcNAc-K120Ub. Subse-
quent one-pot desulfurization and Nvoc deprotection gave
the final protein HA-H2BS112GIcNAc-K120Ub in about
11% yield of isolated product, after only one purification
(Supporting Information, Figure S19).

Next we attempted the synthesis of this analogue using the
convergent approach (Scheme 4 A). The required four frag-
ments (1¢, 2, 3a, 4) were synthesized by employing Fmoc-
SPPS in about 50% yield. The synthesis started by ligating
peptide 1¢ and peptide 2 for 4 h, followed by conversion of
Thz to Cys for 8 h to furnish peptide 12 in 60 % yield. On the
other hand, fragment 3a was ligated with 4, to afford the
desired peptide hydrazide 7, which after oxidation gave the
corresponding acyl azide intermediate. To this we directly
added a mixture of peptide 12 and MPAA to enable NCL
reaction to obtain HA-H2B(1-125)S112GlcNAc-K120Ub in
55% yield. Simultaneous desulfurization and Nvoc gave the
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final protein HA-H2BS112GIcNAc-K120Ub in overall circa
16% yield (Supporting Information, Figure S20). The final
yields of all the different analogues were calculated based on
fragment one used in each synthesis.

Next, we further tested the purity of the H2B analogues
by SDS-PAGE to validate the purity determined by HPLC-
MS. Proteins that were synthesized in a convergent manner
exhibited higher purity than that of one-pot approach
(Supporting Information, Figure S21). This could be due to
the formation of side reactions such as cross-ligation, which
are accumulated with the desired product and were difficult to
purify by HPLC, thus resulting in relatively less pure material.
These proteins were further purified using size exclusion
chromatography and also analyzed by western blot with anti-

A
200 250 300 350 400
t/ min
B
0
= L\ 208 218 s n e ')’20/’)4])
g 2% v
g% [\ /
B
s 87\ /
58 \ /
227\ 7
=l \ //
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1. HA-H2BS112GIcNAc

2. HA-H2BS112GlcNAc-K120Ub

3. HA-H2BK120Ub
D
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15kDa

10kDa

1 2 3 4

1. HA-H2B

2. HA-H2BS112GleNAc

3. HA-H2BS112GIeNAc-K120Ub
4. HA-H2BK120Ub

Figure 1. A) Analytical HPLC and mass analysis of purified protein HA-
H2BS112GIcNAc-K120Ub with the observed mass 23556.7+1.8 Da,
calcd 23554.7 Da, (average isotopes). B) CD analysis of HA-
H2BS112GIcNAc-K120Ub, C) SDS PAGE of purified proteins of HA-
H2BS112GIcNAc, HA-H2BS112GIcNAC-K120Ub and HA-H2BK120Ub,
D) western blot analysis of HA-H2B, HA-H2BS112GlcNAc, HA-
H2BS112GIcNAc-K120Ub, and HA-H2BK120Ub proteins using anti-
H2BK120Ub antibody.
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H2BK120Ub. Interestingly, the doubly modified HA-
H2BS112GIcNAc-K120Ub was recognized in a similar
manner of the singly modified H2BK120Ub. Additionally,
the CD spectrum of HA-H2BS112GIcNAc-K120Ub exhib-
ited similar CD signature to the singly modified H2BK120Ub
(Figure 1).

In summary, we successfully accomplished the total
chemical synthesis of four different analogues of H2B from
four peptide fragments by convergent and one-pot
approaches. Based on repeating the synthesis of each
analogue three times, our results show that the convergent
strategy when applied to complex proteins gave better results
in term of yields and purity of the final target compared to the
one-pot approach.'” Our study is the first example of
exploring different synthetic routes for protein analogues
derived from the same sequence and bearing various modi-
fications. Such a study should give some guideline in selecting
the most efficient approach for preparing challenging protein
targets for biochemical and biophysical studies.

Keywords: convergent synthesis - H2B protein -
native chemical ligation - one-pot synthesis -
post-translational modifications
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