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The mirror-image DNA polymerase Dpo4 is a valuable enzymatic tool in biomedical research; however,
its chemical synthesis has been hindered by low efficiency. Here, we describe an efficient chemical syn-
thesis of p-Dpo4 using a one-pot multi-segment condensation strategy, which was achieved using
Fmoc-masked peptide thioester. By minimizing the need for isolating and handling intermediates through
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one-pot three- and four-segment ligations, we were able to obtain p-Dpo4 with higher efficiency,
achieving an improved overall yield of 9.8%, representing a twofold improvement from previous work. Our
work provides a practical and streamlined approach for the synthesis of mirror-image proteins with larger
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Introduction

Mirror-image proteins (p-proteins), composed entirely of
p-amino acids and achiral glycine, have emerged as valuable
tools in biomedical research due to their unique biochemical
properties.’™ These unique biochemical properties make
mirror-image proteins useful biological tools with applications
in drug discovery, protein crystallography, and the develop-
ment of mirror-image biochemical systems.*” The original
studies on mirror-image proteins began with Kent et al.® who
pioneered the chemical synthesis of mirror image enzymes to
develop and explore biochemical systems based on bio-
molecules of opposite chirality. Unlike natural i-proteins,
these chirally inverted p-enantiomers can only be obtained by
chemical synthesis.**>" While recent advances in chemical
protein synthesis have enabled the routine production of mod-
erately sized p-proteins (typically 100-200 residues),*"%*'°
the preparation of larger p-proteins (e.g., those containing
more than 300 amino acids) still often suffers from low
efficiency.””"! A representative example is the 352-residue
p-enantiomer of Sulfolobus solfataricus P2 DNA polymerase IV

“Hefei National Research Center for Interdisciplinary Sciences at the Microscale,
University of Science and Technology of China, 230027 Hefei, China.

E-mail: scwei@ustc.edu.cn

bDepartment of Chemistry, Tsinghua University, Beijing 100084, China

“School of Food and Biological Engineering, Engineering Research Center of Bio-
process, Ministry of Education, Hefei University of Technology, 230009 Hefei, China
tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d50b00243e

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2025

sizes and underscores the utility of one-pot multi-segment condensation in chemical protein synthesis.

(p-Dpo4),** which can be used as a tool to develop therapeuti-
cally promising nuclease-resistant r-nucleic acid aptamers
through mirror-image systematic evolution of ligand by expo-
nential enrichment (miSELEX) technology.** In a recent study,
p-Dpo4 was assembled from nine peptide segments, requiring
more than 15 steps of intermediate purification during its
preparation.* These tedious and time-consuming purification
procedures heavily complicated the synthetic workflows and
compromised the overall efficiency (with a low yield of less
than 5%), limiting the practical accessibility of this molecular
tool.

In this context, here we report the study on the use of a
one-pot multi-segment condensation strategy to facilitate the
chemical synthesis of b-Dpo4. Through the strategic
implementation of one-pot three-segment and one-pot four-
segment ligations to minimize the need for isolation and
handling of intermediates, p-Dpo4 was obtained with an
improved overall yield of 9.8%, which is 2-fold higher than
that of the previous study.** Our work provides a practical syn-
thetic route for obtaining a useful mirror-image protein tool
for biomedical research and underlines the utility of one-pot
multi-segment condensation in streamlining the chemical syn-
thesis of D proteins with larger sizes.

Results and discussion

The p-Dpo4 protein (352 amino acids) with an N-terminal
Hise-tag was strategically divided into nine peptide segments
(segments 1-9), each spanning 20 to 50 residues (Fig. 1A). To
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Fig. 1 (A) The amino acid sequence of Hisg-b-Dpo4. The full-length protein is divided into nine segments and ligation sites are highlighted in bold.

(B) Synthetic route of Hisg-D-Dpo4.

enable native chemical ligation (NCL), seven cysteine residues
(42, 123, 155, 207, 229, 268, and 313) were introduced as tem-
porary ligation sites (which were later reverted to alanine after
ligation), with a subsequent plan to revert these positions to
alanine post ligation.*”™® A Hise tag was incorporated at the
N-terminus of p-Dpo4 to facilitate final protein purification
(Fig. 1A).

We synthesized all segments (1-9) using standard Fmoc
(9-fluorenylmethyloxycarbonyl)-based solid-phase peptide syn-
thesis (SPPS), purified by reversed-phase high-performance
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liquid chromatography (RP-HPLC) and verified by electrospray
ionization mass spectrometry (ESI-MS) analysis (Fig. 2). To
facilitate the one-pot C-to-N sequential ligation strategy, seg-
ments 4, 5, 7, and 8 were designed with C-terminal aryl thio-
ester precursors to facilitate one pot ligation.*>*® The
N-terminal cysteine of segment 5 was protected with the Fmoc
group for preventing cyclization,>® while segments 7 and 8
similarly carried Fmoc-protected N-terminal cysteines to
enable sequential ligation with segment 9. Additionally,
orthogonal protection was implemented for Cys86 and Cys123

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Analytical RP-HPLC chromatogram (1 = 214 nm) and ESI-MS spectra of segments 1-9. (A) Segment 1. (B) Segment 2. (C) Segment 3. (D)
Segment 4. (E) Segment 5. (F) Segment 6. (G) Segment 7, “*" corresponds to the trifluoroacetate of 7. (H) Segment 8. (I) Segment 9.

using acetamidomethyl (Acm) groups,®” ensuring compatibility
with the Fmoc-based ligation strategy (Fig. 1B).

We have successfully achieved the efficient synthesis of the
105-amino-acid fragment 14 by adopting a one-pot ligation-
Fmoc deprotection-thioester transfer strategy (Fig. 3A).
Initially, three functional modules were meticulously prepared
through Fmoc-SPPS: a 32-amino-acid (AA) fragment 4 (Cys
(Acm)123-Ala154-COSC¢H,CH,COOH) with a C-terminal thio-
ester precursor, a 51-AA thioesterified fragment 5 (Fmoc-
Cys155-Leu206-COSCsH,CH,COOH) with the N-terminal Fmoc
protection intact, and a 22-AA fragment 6. Considering the
relatively hydrophobic nature of its sequence, Acm was
selected as the cysteine protecting group in fragment 4 to
minimize its impact on solubility. Notably, the N-terminal
Fmoc group on Cys155 of fragment 5 was retained as a remova-
ble protecting group for the terminal cysteine, which effectively
suppressed the thioester-induced intramolecular cyclization of
fragment 5. Subsequently, an acetylacetone-mediated acti-
vation method was employed to directly transform the crude
peptides of fragments 4 and 5 into MPAA thioesters
(COSC¢H,CH,COOH).*® This approach remarkably reduced
the separation and purification steps in precursor preparation,
thus facilitating a more streamlined one-pot ligation process.

With all three peptides in hand, we commenced the
process by conducting native chemical ligation (NCL) between
fragment 5 (1.0 equiv.) and fragment 6 (1.0 equiv.) (Fig. 3B).
The ligation reaction was carried out in a ligation buffer solu-
tion with a pH of 6.9, containing 100 mM MPAA. The reaction
progress was monitored by RP-HPLC. After 10 hours, the lig-

This journal is © The Royal Society of Chemistry 2025

ation reaction reached completion. Immediately following the
NCL reaction, without any intermediate separation steps, 20%
(by volume) of piperidine was directly added to the ligation
system. This addition enabled the efficient removal of the
Fmoc group at the N-terminus of the ligation product by
adjusting the pH of the system to approximately 11. The reac-
tion progress was continuously monitored by RP-HPLC, and
within 10 minutes, all Fmoc groups were completely removed,
yielding fragment 12 (Fig. 3B and C). Subsequently, the pH of
the system was precisely adjusted back to 6.9. This step proto-
nated the piperidine in the system, ensuring that it would not
interfere with the subsequent second NCL reaction. Then, frag-
ment 4 was added to the reaction system, and the reaction pro-
gress was continuously monitored using RP-HPLC. After
another 10 hours, the reaction concluded, resulting in the for-
mation of the ligation product 13 (Fig. 3D). After this reaction,
without any purification procedures, the pH of the system was
adjusted to the range of 2-3, and 5 equivalents of acetylace-
tone(acac) were added. The reaction mixture was then incu-
bated at 37 °C for 1 hour. Subsequently, 100 mM MesNa was
introduced, and the pH was adjusted to 5.0. The reaction was
maintained at 37 °C for an additional hour. Under these con-
ditions, the majority of the peptide hydrazide 13 was success-
fully converted into product 14 (Fig. 3E).

The overall isolated yield of this four-step one-pot process,
involving three-fragment ligation, Fmoc-deprotection, a
second ligation, and thioesterification, was 18.1%. This inno-
vative scheme effectively avoided the use of custom-made,
non-commercial TFA-Thz protecting groups, which were uti-

Org. Biomol. Chem., 2025, 23, 3443-3449 | 3445
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Fig. 3 One-pot three segment ligation of segment 14. (A) Synthetic route of segment 14. (B) Analytical RP-HPLC trace (1 = 214 nm) of segment 12.
(C) ESI-MS spectrum of segment 12. (D) ESI-MS spectrum of segment 13. (E) Analytical RP-HPLC trace (1 = 214 nm) of segment 14 and the ESI-MS
deconvoluted spectrum of segment 14. “##" corresponds to the dibenzofulvene-piperidine adduct.

lized in previous methodologies. Moreover, it streamlined the
previously cumbersome synthetic route. The original route,
which involved 8 reaction steps, 3 HPLC purification steps,
and 3 lyophilization treatments, was simplified to just four
reaction steps, along with only 1 HPLC purification and 1 lyo-
philization.** This substantial simplification of the synthetic
process led to a remarkable reduction in the total time
required for fragment acquisition. It took merely two days to
obtain fragment 14, which was three to four times faster than
the original synthetic route, vividly demonstrating the distinct
superiority of the one-pot method.

Inspired by the outcome achieved with segment 14, we
further explored the one-pot strategy for the synthesis of com-
pound 15 (Fig. 4A). The sequence of 15 was strategically parti-
tioned into 4 segments, as depicted in Fig. 1: 7 (Cys229-
Arg267, 38AA), 8 (Cys268-Tyr312, 44AA), 9 (Cys313-Thr3s2,
39AA), and 14 (Cys123-Leu228, 105AA). These segments were
successively ligated to generate the target polypeptide. Both
segments 7 and 8, prepared as MPAA thioesters, were syn-
thesized through the acetylacetone-mediated activation of pep-
tidyl hydrazides,*® which were derived from the crude peptides
following Fmoc SPPS and cleavage. Segment 14, a MesNa thio-
ester, was obtained via a previously described one-pot ligation
process (Fig. 3). The synthesis was initiated by the ligation of
peptides 8 (1.0 equiv.) and 9 (1.0 equiv.) to yield peptide 10
(Fig. 4B). The reaction was conducted in pH 6.9 buffer contain-
ing 100 mM MPAA, and its progress was monitored by

3446 | Org Biomol Chem., 2025, 23, 3443-3449

RP-HPLC. After 10 hours, the ligation reaction reached com-
pletion, and then the in situ removal of the Fmoc group at the
N-terminus was carried out in a one-pot manner. The Fmoc
group was smoothly removed within 10 minutes by adding
20% (by volume) piperidine by adjusting the final pH to
approximately 11, and the reaction progress was monitored by
RP-HPLC. Subsequently, the pH of the reaction mixture was
adjusted to 6.9 for the next ligation step. Without any purifi-
cation, peptide 7 (1.0 equiv.) was directly added for ligation
with 10 to obtain 11 in a one-pot reaction (Fig. 4C). The sub-
sequent Fmoc deprotection and pH adjustment were carried
out following the same procedure as that for fragment 10.
Finally, 14 (1.3 equiv.) was added for the final ligation under a
pH of 6.9, affording polypeptide 15 with an isolated yield of
41.7% (Fig. 4D).

During this one-pot process, the formation of the main by-
product was ascribed to the reaction of 9 with an excess of 14.
Notably, the overall yield (41.7% in one-pot) was significantly
enhanced compared to the reported multi-step synthetic route
(18.9%). Furthermore, the purification and lyophilization steps
has been substantially reduced from six times to two times,
thereby greatly improving the overall synthetic efficiency of
p-Dpo4.

Hydrazide-based native chemical ligation (NCL) between 1
(1.1 equiv.) and 2 (1 equiv.) was carried out at pH 6.6 for
12 hours. Subsequently, desulfurization was performed to
yield 20 (Fig. S2 and S37). After activation with NaNO, at pH 3,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 One-pot three segment ligation of segment 15. (A) Synthetic route of segment 15. (B) Analytical RP-HPLC trace (1 = 214 nm) of segment 10.
(C) ESI-MS spectrum of segment 11. (D) Analytical RP-HPLC trace (4 = 214 nm) of segment 15 and the ESI-MS deconvoluted spectrum of segment
15. "#" corresponds to the excess of 14 ligated with 9. “##" corresponds to the dibenzofulvene-piperidine adduct.

a clean conversion of the hydrazide 20 to the MesNa thioester
21 was detected (Fig. S41). Similarly, 3 was transformed into 17
through the same activation and thiolysis procedure (Fig. S17).
Then, 17 was ligated with 16 at pH 6.5 for 16 hours, smoothly
and cleanly forming 18 with an isolated yield of 78%
(Fig. S6t). Subsequently, free-radical-based desulfurization of
18 was conducted using the VA-044-based method for
14 hours. This process successfully converted all six ligation-
site Cys residues back to Ala with an isolated yield of 79%
(Fig. S77). Thereafter, the Acm protecting group on Cys86 was
removed by PdCl, with an isolated yield of 75% (Fig. S8t).

Finally, the purified 19 (1.0 equiv.) was ligated with 21 (2.0
equiv.) at pH 6.5 for 18 hours, affording the full-length
product p-Dpo4 with an isolated yield of 70% (Fig. S9t). The
final product was characterized by analytical RP-HPLC and
ESI-MS (Fig. 5A). Then the p-protein was folded by successive
dialysis against a series of renaturation buffer solutions con-
taining 4 M, 2 M, 1 M, 0.5 M, 0.25 M, and 0 M Gn-HCI, respect-
ively. After dialysis, the folded p-Dpo4 was heated and purified
using Ni-NTA. Additionally, the synthetic p-Dpo4 was charac-
terized by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), which showed a single band at the
expected molecular weight of approximately 40 kDa, identical
to that of recombinant 1-Dpo4 (Fig. 5B).

With the synthetic mirror-image Dpo4 obtained, we utilized
the miPCR system to test its enzyme activity. The miPCR reac-
tions were carried out in 25 pL reaction systems containing
25 mM HEPES (pH 7.5), 5 mM MgCl,, 50 mM NaCl, 0.1 mM
EDTA, 5 mM DTT, 10% glycerol, 3% DMSO, 0.1 mg/mL BSA,
160 puM (each) 1-dNTPs, 0.2 pM (each) r-primers, 60 nM

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Chemical synthesis and characterization of bp-Dpo4. (A)
Analytical RP-HPLC chromatogram (1 = 214 nm) and ESI-MS deconvo-
luted spectra of b-Dpo4. (B) SDS-PAGE analysis of synthetic p-Dpo4 and
recombinant L-Dpo4, stained with Coomassie Brilliant Blue. M, protein
maker. (C) PCR and miPCR amplification of a 128 bp p/L.-DNA sequence
using L/p-Dpo4, analyzed by 3% agarose gel electrophoresis and stained
with 4S Gelred. M, DNA maker. (D) The products of miPCR and PCR
were digested with DNase | and analysed by 3% agarose gel electro-
phoresis. M, DNA maker.

L-ssDNA template, and ~1 pM p-Dpo4 polymerase. Considering
that the mirror-image DNA polymerization was less efficient
than the corresponding natural system, the PCR reaction was

Org. Biomol. Chem., 2025, 23, 3443-3449 | 3447
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carried out in two phases of 15 cycles each, with the addition
of fresh enzyme between the phases. The PCR program set-
tings were as follows: 86 °C for 30 s (initial denaturation);
86 °C for 15 s (denaturation), 54 °C for 15 s (annealing), and
65 °C for 2 min (extension) for 30 cycles; 65 °C for 5 min (final
extension). The miPCR products exhibited a clear band in the
agarose gel with the expected length of 128 bp, and the inten-
sity of the band increased with the number of cycles (Fig. 5C).
To test the chirality of the miPCR product, we used an endonu-
clease (DNase I) to digest the products of the miPCR and PCR.
Both the products of miPCR and PCR were digested with 5 U
DNase I at 37 °C for 30 min and then analyzed by 3% agarose
gel electrophoresis. In this case, the products of miPCR were
completely resistant to digestion by the endonuclease of
natural chirality (Fig. 5D). It shows promising potential for
generating r-nucleic acid aptamers for research and thera-
peutic purposes.

Conclusions

In summary, we reported the efficient total chemical synthesis
of the 352-residue p-Dpo4 with 6 His tag using a one-pot
multi-segment condensation strategy. To simplify the inter-
mediate purification, peptides 4, 5 and 6 were assembled into
14 by one-pot three-segment ligation, and peptides 7, 8, 9 and
14 were then assembled into 15 by one-pot four-segment lig-
ation. In this way, p-Dpo4 can be obtained more efficiently
with an overall yield of 9.8%. Our work provides a practical
means to chemically synthesize mirror-image proteins with
larger sizes.
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