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N,O-Benzylidene Acetal Dipeptides (NBDs) Enable the Synthesis of
Difficult Peptides via a Kinked Backbone Strategy
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Abstract: Proteins with highly hydrophobic regions or
aggregation-prone sequences are typically difficult tar-
gets for chemical synthesis at the current stage, as
obtaining such type of peptides via solid-phase peptide
synthesis requires sophisticated operations. Herein, we
report N,O-benzylidene acetal dipeptides (NBDs) as
robust and effective building blocks to allow the direct
synthesis of difficult peptides and proteins via a kinked
backbone strategy. The effectiveness and easy accessi-
bility of NBDs have been well demonstrated in our
chemical syntheses of various challenging peptides and
proteins, including chemokine, therapeutic hormones,
histone, and glycosylated erythropoietin.

The past decades have witnessed a dramatic increase in
studies aimed at deciphering the roles of posttranslational
modifications (PTMs) on proteins in regulated biological
processes,[1,2] such as acylation and methylation for histone
epigenetic regulation,[3–5] glycosylation for controlling pro-
tein stability and biofunction,[6–10] phosphorylation for nerve
disease-related protein aggregation[11–13] and enzyme
activities,[14] as well as lipidation for regulating protein
secretion and cell apoptosis.[15,16] These findings highlight the
indispensable effects of PTMs in protein biofunctions.
Unfortunately, progress in this field has been hampered by
the limited access to homogeneous proteins with site-specific
PTMs due to the inherent limitations of current recombinant
protein expression technology.[17] On the other hand, chem-
ical protein synthesis, which allows for site-specific installa-
tion of modified amino acid residues, has become a powerful
tool to address homogeneity issues and has permitted

further studies on the relationship between PTMs and
protein function.[18,19]

To chemically synthesize proteins with customized either
natural or unnatural modifications, peptide chemical ligation
is the key strategy for convergent protein chemical synthesis.
Over the past decades, the development of ligation tech-
nologies, including native chemical ligation (NCL),[20] Ser/
Thr ligation (STL),[21,22] Cys/Pen ligation (CPL),[23] α-ketoa-
cid-hydroxylamine ligation (KAHA)[24] and diselenide-sele-
noester ligation (DSL),[25] in combination with late-stage
desulfurization reactions,[26,27] has enabled the joining of
unprotected peptide segments at different amino acid sites
and led to effective synthesis of a variety of homogeneous
proteins. Moreover, the invention of expressed protein
ligation,[28] on-resin ligation[29] and one-pot sequential
ligation[30] has further expanded the application scope and
accelerated protein synthesis process. Despite these achieve-
ments, chemical ligation of unprotected peptides bearing
highly hydrophobic regions remains a challenging mission.
To overcome this obstacle, various innovative strategies,
such as ligation embedding aggregation disruptor,[31] solubi-
lizing tags installation,[32–36] removable backbone
modification[37] and tunable backbone modification,[38] have
been developed to alter the hydrophobic nature by adding
hydrophilic tags and enable solubilizing peptides in the
ligation solvent.
However, there is a widespread unsolved problem of

“difficult peptide” synthesis during solid-phase peptide syn-
thesis (SPPS).[39–43] These side chain protected peptides are
prone to aggregate on resin, causing serious peptide
deletion/truncation. In 1995, Mutter introduced pseudopro-
line dipeptides (ψpro),[44] Johnson introduced 2-hydroxy-4-
methoxybenzyl (Hmb) protecting group[45] and in 2004, Kiso
introduced O-acyl isopeptide[46] respectively to inhibit hydro-
gen-bonded interchain association and disrupt peptide back-
bone conformation. Although above strategies are widely
employed for disrupting peptide aggregation during SPPS in
academia, their applications in industries still remain limited
nowadays, probably because the syntheses of those building
blocks are not very cost-effective.
Herein, we report the NBDs as effective and convenient

building blocks for chemical syntheses of difficult peptides
or proteins via a kinked backbone strategy (Figure 1).
Briefly, the insertion of highly twisted moieties during the
SPPS process prevents the peptide aggregation on resin by
kinking the Ser/Thr side chain with the amide buried in the
main chain. These new building blocks allowed us to achieve
the syntheses of several previously inaccessible peptides/
proteins directly via SPPS, and help avoid the aspartimide
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formation problem in the synthesis of glycoprotein bearing
N-glycans.
The idea of NBDs stemmed from our long-term pursuit

of controlling peptide chain behaviors to avoid aggregation
and truncation. Previously, we found that the N,O/S-
benzylidene acetal intermediate after STL and CPL could
effectively prevent peptide aggregation due to self-
assembling[31] and could be used to introduce solubilizing
tags[38] as the ligation embedding aggregation disruptor, and
tunable backbone modification, respectively. Thus, we
envisioned that the installation of a pre-formed NBD
building block might kink the peptide conformation and
facilitate “difficult peptide” synthesis on resin for SPPS. To
primarily validate our hypothesis, extensive NMR studies
were performed, and the highly twisted structures of NBDs
were confirmed (Figure S7–S8). One set of trans (major)
and cis (minor) rotamers were elucidated with S-configu-
ration stereochemistry at the position of N,O-benzylidene
acetal carbon.[47] Such dramatic conformation of NBDs
suggested that they could interfere the interaction of peptide
backbone after their installation to the growing peptide
during SPPS.
To examine the substrate scope of NBDs, firstly, the

salicylaldehyde ester of each amino acid 1–19 (except for
Pro) was prepared by hexafluorophosphate azabenzotriazole
tetramethyl uranium (HATU)-mediated condensation be-
tween protected Fmoc-amino acid and 4-meth-
oxysalicylaldehye (Figure 2A). Then, precursor 1–19 reacted
with a trifluoroacetic acid (TFA) salt of Ser 20 or Thr allyl
ester 21 under 5% pyridine-acetic acid buffer in dichloro-
methane (DCM) for few hours to afford NBDs 22a–40.
Following this synthetic Scheme, 26 representatives of Xaa-
Ser/Thr NBDs were facilely prepared in gram scale with 70–
95% yields, showing impressive compatibility to amino acid
building blocks with various types of side chains. Even for
Cys and His with delicate protecting groups, related NBDs
31 and 34 could be easily obtained. Notably, the NBD
synthesis could be further scaled up to a sub-kg level, where
we successfully achieved 143.6-gram preparation of Thr-Thr
NBD 40 with only one purification step (85%). The
excellent tolerance of functional groups and the scalability
in NBDs syntheses ensure its efficiency in production and
wide applications, which will be crucial for investigating and

manufacturing therapeutic peptide/protein with difficult
sequence.
Then we started to develop a practical NBD-incorpo-

rated SPPS (NBD-SPPS), evaluating their effectiveness and
stability during peptide elongation (Figure 2B). First, the
allyl group of NBD 26 was selectively removed within
30 min by a catalytic amount of Pd(PPh3)4 and stoichiomet-
ric 1,3-dimethylbarbituric acid (DBBA) in DMF, generating
NBDs with free carboxylic acids. Next, without any
purification, the crude mixture of 26 after deallylation was
activated by HATU and the NBD was directly coupled to
the resin-bound peptide prepared by SPPS. Followed by the
standard Fmoc-SPPS, the desired peptide 41 was con-
structed with insertion of an NBD peptide, which was
pleasingly confirmed by LC–MS analysis of protected crude
peptide 41b from soft cleavage of 41 by
hexafluoroisopropanol(HFIP)/DCM. A representative 16-
mer peptide example 41b with Ile-Thr NBD clearly showed
that no decomposition of NBD was found in LC–MS
analysis during the long-time process of SPPS, even includ-
ing multiple overnight couplings (Figure 2C, Figure S4.1–6).
Meanwhile, the acid-labile N,O-benzylidene acetal in the
NBD was cleaved upon global deprotection of 41 by TFA
cocktail, affording peptide 41a as well as salicylaldehyde
(Figure 2C). Similar results were also observed with sub-
stitution of Ile-Thr NBD by Leu-Ser and Val-Thr ones
(42&43, Figure S4.2–4.3). Those results indicated a remark-
able compatibility of NBD structures with routine Fmoc-
SPPS containing amino-acid coupling and Fmoc-deprotec-
tion. The product with native peptide linkage could be
subsequently restored under common conditions of global
deprotection. Impressively, the one-pot deallylation-activa-
tion method rendered a convenient and robust way to
introduce the twisted NBD structure in SPPS, simplifying
the operation procedure and broadening its potential
applications in challenging target synthesis.
To evaluate the effectiveness of NBD, we selected

several short sequences, all of which were known as difficult
peptides, including PD-1 N-terminus (41–52) 44,[31] pro-
grammed death-ligand 1 C-terminus (PD� L1, 121–132)
45,[48] Interleukin-2 C-terminus (IL2, 125–133) 46,[49,50] pep-
tide derived from influenza virus hemagglutinin (HA) 47[51]

and from human growth hormone (hGH) 48[52] (Figure 3).

Figure 1. Design of the N,O-benzylidene acetal dipeptides.
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Figure 2. Synthesis and application of N,O-benzylidene acetal dipeptides (NBDs). A. Scope and limitation of NBDs preparation. a&bExcept for His
NBD; cPartial decomposition of side chain protection and serious tailing during purification; dPrepared by one-pot salicylaldehyde ester formation
and Ser/Thr ligation. B. Scheme of NBD-incorporated SPPS via convenient one-pot deallylation and activation method. C. LC traces of the selected
peptide cleaved from resin with/without protecting groups. NBD position was highlighted in peptide sequence. MeOSAL: 4-Meth-
oxysalicylaldehyde. For more examples, see Figure S4.1–4.3.
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Figure 3. Comparison of conventional SPPS, ψpro-SPPS and NBD-SPPS in syntheses of difficult peptides. The insertion of NBDs was highlighted in
peptide sequences. aA121C mutation for potential chemical ligation; b,c and dConformations were predicted by AlphaFold.[64] Protein structure was
present in transparent white as reference of synthesized difficult peptides (2M2D, 5C3T, 1IRL, 3HHR, 1EO8 and 2I86).
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Owing to abundant β-sheets structures in the immunoglobu-
lin-like (Ig-like) domain of PD-1, its peptide fragments are
highly prone to aggregate during SPPS so that modifications
for peptide backbone interference were necessary during the
chemical synthesis of PD-1.[31] Through introduction of
Val� Thr NBDs, the crude 44 from NBD-SPPS exhibited
higher purity compared to that obtained by conventional
SPPS where truncation of Leu occurred (Figure S4.4-4).
Similarly, satisfactory quality was observed in the synthesis
of PD� L1 C-terminus 45 with insertion of one Ile� Thr
NBD, while serious truncation was present without using
NBD. These results provide solid evidence that NBDs can
act as useful reagents for the effective synthesis of difficult
peptides with β-sheet structures, especially in the Ig-like
domain of other immune cell receptors such as PD-1,[53]

PD� L1,[54] CTLA-4[55] and TIGIT.[56] Interestingly, when
ψpro dipeptides were employed in the synthesis of these two
difficult sequences, they showed the similar results with
NBDs in preventing aggregation.
In addition, the challenging sequence 46 with α-helix

structures was successfully constructed as well by solely
applying Ser-Thr NBD. Without the introduction of NBD in
SPPS, the peptide suffered from serious truncation issues
reflected by MS analysis (Figure S4.6-3), though its UV
spectrum was similar to that from NBD-SPPS. In synthesis
of another α-helix case 47, introducing an Ala� Ser NBD
also improved the overall quality of the crude product
obtained from NBD-SPPS compared to that from the
standard SPPS. Meanwhile, we selected a “SPPS-inacces-
sible” 16-mer peptide 48 derived from hGH with therapeutic
interest, which was a highly aggregation-prone peptide and
even required NCL for its synthesis.[57] As shown in Figure 3,
the insertion of the Gly-Ser NBD rendered the construction
of 48 smoothly. The successful synthesis of these demanding
sequences through NBD-SPPS demonstrated the feasibility
of utilizing NBDs in handling difficult short peptides. In
comparison with ψpro during the synthesis of 46 and 48,
NBDs exhibited better results than ψpro ones, indicating the
powerfulness of NBDs in difficult peptide synthesis.
Furthermore, SPPS of medium-size difficult peptides

(20–40 mer) was performed with or without NBDs. The first
case is peptide 49, a model antigen from HA, which could
be applied for anti-virus vaccine development.[51] The
installation of Ala-Thr NBD or ψpro dipeptide afforded
significantly purer 49 than that from the conventional SPPS.
The advantage of NBD-SPPS was particularly evident in the
synthesis of Jung-Redemann 26-mer peptide 50.[58] In the
absence of Ser-Thr NBD or ψpro dipeptide, no desired
product could be observed, while 15% isolated yield of the
corresponding peptide was obtained from NBD-SPPS.
These results emphasized the efficiency of both NBDs and
ψpro dipeptides in synthesizing aggregated prone peptides.
Next, a frustrating outcome was obtained in the standard
SPPS of Amylin 51, a glycemic-regulating peptide hormone.
This target posed more challenges as there was significant
amino-acid deletion occurring during its synthesis. However,
by sequentially installing Leu-Ser, Ser-Ser and Ala-Thr
NBDs, the full length of Amylin 51 was successfully
synthesized with impressive purity and isolated yield. On the

other hand, ψpro dipeptides could provide the desired
product with slight truncations (Figure S4.11-4). Finally, we
envisioned that our powerful NBD-SPPS could be further
adopted for gram-scale preparation of therapeutic peptides.
For this purpose, the synthesis of Aviptadil (VIP) 52 was
evaluated. VIP is a peptide drug currently used in clinical
practice to treat various inflammatory diseases and has the
potential to relieve acute respiratory distress syndrome
(ARDS) caused by COVID-19. Fortunately, 1.21 g of 52 was
successfully prepared in 37% yield by simply employing two
NBDs in NBD-SPPS. By contrast, fine-tuning and tedious
HPLC conditions were required for the conventional SPPS
of 52, otherwise it would easily co-elute with truncated side
products.
Encouraged by results of NBD-SPPS in synthesizing

difficult peptides, we turned to investigate the performance
of NBD in the direct synthesis of small proteins with highly
demanding sequences (Figure 4A). To this end, protein 53,
which is the linear form of the plant-based storage protein
Crambin (1–46), would be an ideal case to start with. It was
so prone to aggregation that direct SPPS of 53 was
impossible and it had to be prepared by utilizing NCL
between multiple fragments.[59] Indeed, our attempt to
synthesize it by the standard SPPS failed with tremendous
residue deletion. Delightfully, through introducing only one
Ala-Thr NBD, the linear form of Crambin 53 was directly
assembled with SPPS. Apparently, the NBD insertion
greatly suppressed the interaction of polypeptide chain and
thus improved the quality of the final synthetic protein,
enabling its HPLC purification in 27% yield. Unexpectedly,
when ψpro dipeptide-SPPS was employed, 53 was obtained
in poor quality since significant truncations were found
during the synthesis (Figure S4.13-4). Then 53 was subjected
to a refolding procedure to provide folded Crambin 53a in
45% yield (Figure S4.13-7).
Subsequently, the synthesis of a natural HIV-suppressive

factor RANTES (1–68) 54, also known as chemokine ligand
5, was performed. It has been proven that the synthesis of 54
was extremely difficult and required the combination of
ψpro dipeptides and the expensive ChemMatrix resin.[60]

Remarkably, by coupling four NBDs, RANTES could be
smoothly constructed even with the conventional polystyr-
ene resin. Moreover, the quality of crude peptide from
NBD-SPPS fulfilled the requirement of HPLC purification
and afforded 98 mg of 54 in 19% yield. On the other hand,
the failure to synthesize 54 using SPPS without NBDs
undoubtedly emphasized the key role of NBDs in prevent-
ing peptide aggregation regardless of polymer-support types.
Moreover, when employing equal amounts of ψpro dipep-
tides at the identical sites for its synthesis on the polystyrene
resin, the final product encountered with inseparable
impurities issues, which was consistent with the reported
case (Figure S4.14-4).[60]

Next, we continued to explore the synthesis of Ubiquitin
(1–76) 55 using NBD-SPPS. Although the direct SPPS of 55
was previously reported,[61] its strategy was complicated
where ψpro dipeptides and HMB building blocks were both
required in the synthesis. However, in our trial, only three
NBDs were sufficient to provide 50 mg of 55 with excellent
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quality in 12% yield after HPLC purification. As a control,
55 with poor purity was obtained from the conventional
SPPS due to the inseparable deletion side-products. Never-
theless, when NBDs were replaced by ψpro dipeptides, 55

was obtained with slightly truncated impurities, highlighting
the importance of HMB during the synthesis (Figure S4.15-
4).

Figure 4. NBD-SPPS for chemical protein synthesis. A. Synthesis of Crambin (1CCM), RANTES (1RTN) and Ubiquitin (1D3Z) through direct NBD-
SPPS. Crude LC–MS traces were present; B. Synthesis of H2B by combination of NBD-SPPS and NCL. LC–MS spectra of purified H2B were
present. NBDs position and NCL sites (if any) were highlighted as orange and blue/white respectively in sequences and protein structures.
Conformation of H2B was predicted by AlphaFold.[64]
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These results are very promising to showcase the
generality of NBDs. We further combined the NBD-SPPS
with NCL-desulfurization for the large-scale synthesis of
proteins with longer sequence (Figure 4B). Histone H2B is a
structural protein that helps organize eukaryotic DNA and
its PTM regulates transcription, replication and repair
activities of DNA. Chemical synthesis of H2B with homoge-
neous PTMs for either investigation of fundamental chem-
ical biology process or development of novel epigenetic drug
is of great interest.[62] The synthesis was previously reported
by Brik using NCL to join four peptide fragments together
in a convergent way.[63] As stated by the author, the usage of
combination of multiple reported approaches was essential
for all the H2B peptide fragments preparation. This
dilemma is believed as a major obstacle for the large-scale
synthesis of therapeutic peptides and proteins. By applying
the NBD reagents, several hundred milligrams of each
fragment could be robustly and conveniently produced in
high yield (159–760 mg, 13%–49%). It should be noted that
without NBDs, all H2B peptide fragments suffered from
serious truncation as described in the literature, which led to
inseparable impurities and rendered the next-stage NCL an
impossible task. With these fragments in hand, a convergent
synthetic scheme was performed as below. Firstly, the first
NCL between 56 and 57 based on NaNO2 activation was
performed to generate 60 in 42% isolated yield. Then 58
was activated by acetylacetone to give rise to the corre-
sponding peptide thioester, followed by the second NCL
with 59 and Thz deprotection to allow the formation of 61 in
51% yield. Afterwards, the third NCL between 60 and 61
provided the ligated product 62 in 54% yield. After
desulfurization, 148 mg of native H2B protein 63 was
produced in 70% HPLC yield with satisfactory character-
ization (Figure 4B). Overall, the effectiveness and robust-
ness of NBDs were well supported in the above unprece-
dentedly large-scale preparation of histone protein by
chemical synthesis.
With success of synthesizing various difficult peptides/

proteins via the NBD-SPPS, we further extended this
strategy to the chemical synthesis of N-linked glycoproteins.
Typically, a conservative � Asn� Xaa� Ser/Thr� sequence is
present in N-glycosylated proteins where the Asn is the
glycosylation site. We hypothesized that the adoption of
Xaa� Ser/Thr NBD in such sequence may prevent the
aspartimide formation during SPPS, which is an unavoidable
problem in the Lansbury-aspartylation-mediated glycopro-
tein synthesis. Thus, we planned to synthesize the Eryth-
ropoietin (EPO) with homogeneous GlcNAclyations to
evaluate whether NBD could be a new tool for the synthesis
of N-linked glycoproteins (Figure 5A).
To further extend the application scope of the NBD-

SPPS, we also developed the on-resin in situ insertion
strategy to install NBDs. Basically, an Fmoc-amino acid
salicylaldehyde ester reacted with the N-terminal unpro-
tected Ser/Thr residue of resin-bound peptide 64a–68a
under HAc/Pyr buffer to generate 64b–68b with NBD on
resin. All fragments with one or multiple NBDs in this EPO
synthesis were readily prepared by such in situ NBD
insertion method. For glycosylated fragments, the Asp

building block with side chain allylation was coupled to
resin-bound peptide bearing NBD structures. After elonga-
tion of peptide chain, no aspartimide was detected. Then,
on-resin deallylation and Lansbury aspartylation were
performed to obtain site-specific GlcNAclyations on the
protected resin-bound peptide 64 f–66 f. To our delight, 64,
65 and 66 were all successfully prepared in good quality,
implying that NBDs could effectively prohibit aspartimide
formation during the synthesis of glycoprotein fragments.
As for the other fragments without glycosylation, routine
NBD-SPPS from 64b–68b smoothly afforded 67 and 68 in
good yield. Notably, omitting the Ile-119-Ser-120 and Tyr-
156-Thr-157 NBDs of 67 and 68 respectively during SPPS
hardly produced pure materials.
With five fragments in hand, we started to proceed the

total synthesis of glycosylated EPO in a sequential C-to-N
manner. Firstly, the peptide thioester of 67 from acetylace-
tone activation reacted with 68 as the first NCL to form the
ligated product, which was then subjected to Thz opening to
afford the desired 69 in 41% yield after HPLC purification.
Through the similar procedure, the second NCL was
performed between activated 66 and 69, followed by deThz
to generate 70 in 33% isolated yield. After the 3rd NCL
between the peptide thioester of 65 and 70, the ligated
segment was desulfurized followed by deAcm to generate 73
in 51% HPLC yield. In the 4th NCL, 73 was ligated with 64
thioester to provide the EPO linear form 74 in a reasonable
yield. Finally, we performed a refolding process to generate
the well-folded EPO 75 with homogeneous GlcNAclyations,
which was confirmed by UPLC-MS and circular dichroism
(CD) spectra (Figure 5B–5D). In this synthesis, our NBD
strategy offers several advantages, including synthetic con-
venience, inexpensive materials, and no requirements of
tedious synthetic work.
In conclusion, we have designed and developed N,O-

benzylidene acetal dipeptides (NBDs) as easy-to-handle and
highly effective building blocks to enable syntheses of
difficult peptides and proteins. This strategy allows direct
synthesis of a variety of previously inaccessible peptides and
proteins, including glycemic-regulation hormone Amylin,
Crambin, Ubiquitin, and potent leukocyte chemokine
RANTES. Meanwhile, we have demonstrated NBD’s viabil-
ity in suppressing aspartimide formation during the synthesis
of the N-glycosylated EPO, supporting the use of NBDs as a
powerful strategy for the synthesis of N-linked glycopro-
teins.
The wide structure scope (all Xaa residues except

proline are covered), scalability, and cost-effectiveness (with
a sub-kg synthesis of Thr-Thr NBD demonstrated in a cost-
effective manner) of Xaa-Ser/Thr NBDs allowed for the
high yield and unprecedented construction of gram-scale
inflammatory drug human vasoactive intestinal peptide
(VIP) and hundreds of milligram scale histone 2B protein,
which will be crucial for the downstream biological studies
and development of novel therapeutics. We believe that
NBDs, as powerful tools to enable the solid-phase peptide
synthesis of difficult sequences, will be appealing for both
academic research and industrial applications.
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Figure 5. Chemical synthesis of EPO. A. Scheme of on-resin NBDs installation and the following NCL to assemble EPO (1–166); B. UV spectra of
EPO before and after folding; C. Deconvolution spectra of folded and unfolded EPO; D. CD spectrum of folded EPO. The 3D structure was
calculated in silico based on AlphaFold[64] and GlyProt.[65]
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