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ABSTRACT

Site-specific incorporation of unnatural amino acids (UNAAs) into proteins using an orthogonal translation
system (OTS) has expanded the scope of protein-coding chemistry. The key factor affecting UNAA embedding
efficiency is the orthogonality of the OTS. Compared to traditional cell systems, cell-free systems are more
convenient to control the reaction process and improve the utilization rate of UNAA. In this study, a linear DNA
template-based cell-free unnatural protein synthesis system for rapid high-throughput screening and evolution
was proposed. A total of 14 cell extracts were selected for screening out cell extract with high expression level.
The result showed that ECAR7 AA ASer cell extract was optimal for the cell-free system. In addition, the
screening results of four UNAAs, p-propargyloxy-l-phenylalanine (pPaF), p-azyl-phenylalanine (pAzF), p-acetyl-1-
phenylalanine (pAcF), and p-benzoyl-l-phenylalanine (pBpF), showed that 0-aaRS and o-tRNA of pPaF had good
orthogonality. A new pair of corresponding 0-aaRS and o-tRNA for pBpF was screened out. These results proved
that this method could speed up the screening of optimal OTS components for UNAAs with versatile functions.

1. Introduction

Unnatural amino acids (UNAAs) embedded in protein synthesis is a
powerful tool for biosynthesis. Using UNAA containing a special side
chain to replace natural amino acid can provide a variety of new
physical and chemical properties and biological functions of the protein
[1,2]. UNAAs contain multiple reactive side chains that site-specifically
bind to proteins or peptides by orthogonal tRNA (o-tRNA) and amino-
acyl tRNA synthase to enrich protein structure and function [3,4]. At
present, there are more than 150 UNAAs embedded into proteins
through orthogonal translation systems (OTSs), which are widely used
in protein labeling, enzyme activity improvement, biotherapeutics, and
biocatalysis [5]. Site-specific binding of probes such as biotin and
fluorescent groups can contribute to high-throughput analysis of pro-
teins, protein-protein interactions, and protein-nucleic acid interactions
[6-10]. Genetically encoded UNAAs have been used to synthesize
antibody-drug conjugates (ADCs), which can preferentially deliver
cytotoxic drugs to cells presenting tumor-associated antigens to achieve
improved drug efficacy and safety. In addition, protein combined with
UNAAs can also be used as a new biological macromolecule material,
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protein drugs, and large molecule covalent inhibitors [11,12]. The
UNAA incorporation plays an important role in the development of
protein engineering.

UNAAs embedding methods mainly include global suppression based
on natural translation system [2], termination codon suppression based
on OTSs [13], code shift suppression [14], meaningful codon redistri-
bution, and unnatural base pair [15]. Currently, the most commonly
used method is the amber suppression method based on UAG termina-
tion codon. This method is often used to embed UNAAs based on the
OTS, including UNAA and its orthogonal o-tRNA/o-aaRS (orthogonal
aminoacyl-tRNA synthetase) pairs. The orthogonality of OTS is the key
to limit the embedding efficiency of UNAAs [16,17], which require the
development of 0-aaRSs with higher catalytic rates and stronger affinity
for o-tRNA. At present, high-quality libraries of different aaRS mutants
are critical for obtaining and screening highly active specific aaRSs. In
the E. coli system, aaRS library can be generated and screened through
the multiplex automated genome engineering (MAGE) and fluorescence
activated cell sorting (FACS) [18]. However, some UNAAs are hard to
pass through the cell membrane, generate toxicity to cells, and inhibit
cell growth, and therefore, it is not easy to screen out effective OTS
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Fig. 1. Schematic diagram of experimental design. The design of linear sequences. These sequences included aaRS, tRNA and sfGFP. Optimal aaRS and tRNA were
designed for four UNAAs, including P-propargyloxy-l-phenylalanine (pPaF), p-azyl-phenylalanine (pAzF), p-acetyl-l-phenylalanine (pAcF), and p-benzoyl-l-
phenylalanine (pBpF). The same base modification was added at both ends of the upstream and downstream primers. The upstream primers were designed before the
T7 promoter sequence, and the downstream primers were designed after the T7 terminator. The linear DNA template-based cell-free unnatural protein synthesis
system was further performed. This system could be applied in unnatural protein synthesis, antibody-drug conjugates, and orthogonal translation system screening.

components [4,19]. Therefore, more and more studies are using cell-free
protein synthesis systems to embed UNAAs [20]. As the cell-free system
is open, it is convenient to control the reaction process and improve the
utilization rate of UNAA, which has a broad application prospect in
ligand-protein interaction, biotherapy, and other aspects [21].

Since cell-free protein synthesis (CFPS) system has the advantages of
short production cycle, no cell membrane barrier, and the toxin toler-
ance, it is conducive to the redistribution of the genetic code, fine
regulation of the reaction process, and further expansion of protein
functions [14,22], which is suitable for evaluating the catalytic effi-
ciency of OTSs [23]. In addition, the cell-free system can directly use
linear polymerase chain reaction (PCR) products as the template for
gene expression, which can speed up the rate and make it more conve-
nient for the synthesis of target proteins by CFPS system. In recent years,
studies have been conducted to establish mutant libraries with linear
PCR products as templates for rapid screening and evolution, such as
promoters, genetic circuits [24], and ribosome binding site (RBS) [25].
The preparation, protein expression and activity screening of linear PCR
products can be completed in one day, which has the potential for
high-throughput screening. At present, some studies have succeed in
embedding UNAA with expression template based on linear PCR prod-
ucts, which significantly reduces labor intensity [26], but these have not
been thoroughly studied. A linear DNA template-based framework for
site-specific unnatural amino acid incorporation has not yet been
constructed.

Therefore, this paper proposed a linear DNA template-based cell-free
unnatural protein synthesis system for rapid high-throughput screening
and evolution (Fig. 1). The linear PCR products as the expression tem-
plates of target proteins and OTS fragments were combined to embed
UNAAs into the target proteins. The embedding strategy of 4 UNAAs in
cell-free systems, the fast screening method of 0-aaRS, and the addition
sequence of OTS components were explored. In this way, the potential of
the linear DNA template-based framework for site-specific unnatural
amino acid incorporation and orthogonal element screening had been
proved.
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2. Materials and methods
2.1. Strains

A total of 14 E. coli extracts were selected in this study, including K-
12 series (K-12 [27] (Addgene #61440), K-12 AtnaA [28], K-12
AtnaAAsdaB [28]), commercial series (BL21 (DE3) (Biomed, China),
BL21 AserB [29] (Addgene #34929), Rosetta (DE3), Rosetta-gami B
(DE3), Origami, Origami B) (Biomed, China), rEc series (rEc. 13 [30]
(Addgene #69494), rEc. 13. AA [30] (Addgene #69495)), ECAR7 series
(EcAR7 AA ASer [31]) (Addgene #52055), C321 series (C321 [32]
(Addgene #48999), C321. AA [33] (Addgene #68306)). The informa-
tion of bacteria used to prepare cell extracts was shown in Table S1.

2.2. UNAAs, plasmids and primers

P-propargyloxy-l-phenylalanine ~ (pPaF),  p-azyl-phenylalanine
(pAzF), p-acetyl-l-phenylalanine (pAcF), and p-benzoyl-l-phenylalanine
(pBpF) were purchased from Sigma. His-tag antibody was purchased
from Sigma. DNA plasmids used in CFPS were obtained from cultures of
E. coli DH10B strain (Biomed Biotechnology, China) using Plasmid Mini
kits (Omega Bio-Tek, America). All plasmids used in this experiment
were sequence-verified. All linear PCR products were amplified with pfu
high fidelity DNA polymerase (Beyotime Biotechnology, China). Primers
were purchased from GENEWIZ Biotechnology with no modifications
(Table S2).

2.3. Cell extract preparation

First, single colonies were selected and inoculated in 10 mL 2 x YTP
medium. The 1 mL overnight culture was then inoculated in 200 mL 2 x
YTP medium. When the OD600 value reached 0.6-0.8. 50 mL of bac-
terial solution was inoculated in 1 L LB medium and cultured under the
optimal culture conditions. Monitored the growth status during the
cultivation. In the middle and late stages of the logarithmic growth
phase (about 3-4 h), centrifuged the cell culture at 8000 rpm for 10 min
to collect cells. The bacteria were washed with S30A buffer and
centrifuged twice. Added 1 mL S30A to 1 g bacteria and suspended the
cells. The cryogenic cells were broken twice with a high-pressure
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Fig. 2. The design of the aaRS fragment and tRNA fragment with sequence modification. (A) Schematic diagram of sequence design. High GC protective sequences
were added to the ends of the o-tRNA and the o0-aaRS linear DNA sequence to reduce the degradation of linear DNA in the cell-free system. Two different high GC
protective sequences were added to both ends of the primer. The same base modification was added at both ends of the upstream and downstream primers. The linear
product had a T7 promoter and RBS, ensuring that it was suitable for CFPS expression. (B) The expression of linear o-aaRS was detected by Western blotting. The
expression of linear o-tRNA was detected by agarose gel electrophoresis. The number 1 and 2 meant high GC primer 1 and high GC primer 2. The letter M

meant marker.

breaker. Centrifuged at 4 °C at 13,000xg for 30 min, and incubated the
resuspended cells at 37 °C at 120 rpm in the dark for 80 min. After the
dialysis at 4 °C overnight, they were centrifuged and stored at —85 °C in
small aliquots [34].

2.4. Cell-free protein synthesis reactions

The CFPS reaction was performed in a 1.5 mL EP tube at 30 °C with a
final volume of 20 pl. The reaction system included: 2 pl of 10 x salt, 20
mM magnesium glutamate, 0.1 mM PEP, 0.2 pl of T7 RNA polymerase,
0.2 pl of GSH, 0.8 pl of GSSH, 0.8 pl of 19AA, 0.8 pl of NTP, 5 pl of cell
extract, 300 ng DNA template, 700 ng linear aaRS, 1500 ng t-DNA, 5 mM
UNAA, 2% polyethylene glycol (PEG) 8000, and ddH»0 [34]. The sfGFP
fluorescence was detected by a microplate reader.

2.5. Expression template design

The sfGFP, 0-aaRS and o-tRNA sequences were located between the
T7 promoter, RBS, ribozyme sequence and T7 termination on the vector
pET-23a (Fig. S2), respectively. Two types of high GC-ratio protection
sequences were added at both ends of the linear sequence. The amplified
primers could be modified in two ways: GC sequence 1 (GCTGGTGG)
and GC sequence 2 (ATGCAGGTCATCCGAGGGGT) [35].

2.6. Preparation of OTS components

Pfu high-fidelity DNA polymerase was used to perform PCR on o-
aaRS$ and o-tRNA. Primer information was provided in the supplemen-
tary materials (Table S2). The reaction components included: 38 pl
ddH50, 5 pl 10 x pfu buffer, 1 pl dNTPs (10 mM), 1.75 pl template, 2 pl
forward primer, 2 pl reverse primer and 0.25 pl pfu polymerase. The
program was run at 94 °C for 3 min, followed by 35 cycles of 94 °C for
305, 57 °C for 30 s and 72 °C for 2 min/kb. Final extension was running
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at 72 °C for 10 min and 4 °C forever. After PCR, the bands were
confirmed by DNA agarose gel electrophoresis. The entire PCR product
was then recovered, and DNA was recovered using ethanol precipita-
tion. The specific method was to add 1/10 volume of sodium acetate and
1/3 of absolute ethanol to the product, and place it at —20 °C overnight.
Collected the pellet after centrifugation, washed the pellet twice with
70% ethanol, dried the pellet and added an appropriate amount of water
to dissolve the pellet and test the concentration.

2.7. Detection of expression products

First, the expression of 0-aaRS was detected in a cell-free system by
Western blotting using a His-Tag antibody. Second, the fluorescence
value of sfGFP was detected by a microplate reader at a wavelength of
484 nm. Finally, it was necessary to detect the UNAA incorporation by
mass spectrometry. Prior to mass spectrometry, the product was purified
using affinity chromatography.

2.8. Mass spectrometric detection and analysis

After the detection of expression products, the samples were put into
EP tubes and labeled. Then, the samples were sent to the protein plat-
form at Tsinghua University for mass spectrometry analysis. Protein-
Prospector were used to analyze the mass spectrum results
(https:/ /prospector2.ucsf.edu/prospector/mshome.htm).  The  software
could analyze the reliability of the protein and provide information such
as the coverage rate of amino acid sequence, the number of peptide
segments, the abundance of protein, physicochemical properties, and so
on.

2.9. Variance analysis of the orthogonal test

After obtaining the experimental data, the sum of test indexes of the
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Fig. 3. Screening of 14 cell extracts. In this experiment, pPaF was selected for the UNAA embedding screening of 14 kinds of cell extracts. A total of 14 extracts were
selected, including K-12 series (K-12, K-12 AtnaA, K-12 AtnaAAsdaB), commercial series (BL21 (DE3), BL21 AserB, Rosetta (DE3), Rosetta-gami B (DE3), Origami,
Origami B), rEc series (rEc. 13, rEc. 13. AA), EcARY7 series (ECAR7 AA ASer), C321 series (C321, C321. AA).

same level of each factor and the sum of test indexes of all test numbers
were calculated. The average of the same level test index of each factor
was also calculated. Then the sum of square and degree freedom of each
factor and error variation were calculated to obtain the mean square.
Then F-test was used to analyze the results to evaluate the significance of
the factors.

3. Results and discussion
3.1. Design of linear o-tRNA and o-aaRS in CFPS

Linear DNA template-based cell-free systems could greatly improve
the screening efficiency. However, linear DNA fragments were easily
degraded by endonuclease I in the cell-free system [36]. Studies had
found that adding high GC base sequences at both ends of the DNA
sequence protected the DNA from degradation [35]. Using this GC-rich
SP3 primer with the long sequence, Isokomosefe et al. amplified the PCR
product with a high recovery rate, and proved that the PCR product with
sequence modification has transcriptional activity [35]. Therefore, high
GC protective sequences were added to the ends of the o-tRNA and the
0-aaRS$ linear DNA sequence to reduce the degradation of linear DNA in
the cell-free system (Fig. 2A). The expression of linear o-aaRS was
detected by Western blotting, and the expression of linear o-tRNA was
detected by agarose gel electrophoresis (Fig. 2B). Two different modi-
fied sequence were added to both ends of the primer, and OTS element
was successfully prepared after PCR and electrophoresis recovery. The
linear product had a T7 promoter and RBS, ensuring that it was suitable
for CFPS expression. Optimal aaRS and tRNA, for four UNAAs, P-prop-
argyloxy-l-phenylalanine (pPaF) [37], p-azyl-phenylalanine (pAzF)
[38], p-acetyl-l-phenylalanine (pAcF) [18], and p-benzoyl-l-phenylala-
nine (pBpF) [39] were selected (Fig. S1, Table S3, and Table S4). The
four UNAAs were designed for the target OTS, and could be used as
crosslinking amino acids. 23TAG was selected as the embedding site.
The expression verification results of PCR products in CFPS showed that
both aaRS were expressed, but the expression level of aaRS modified by
the sequence 1 was lower than that modified by the sequence 2, which
was more obvious in the difference in the expression level of aaRS for
pPaF and pAzF incorporation. Previous research found that when the GC
content was between 60% and 65%, the protective efficiency of pro-
tective sequences was the best [40]. In this experiment, the GC content
of sequence 1 was 75%, and the GC content of sequence 2 was 60%,
which lead to a better protection efficiency of sequence 2. Besides, the
length of sequence 2 was longer than sequence 1 and was closer to 20 bp,
which could reduce the degradation of native nucleases [40]. These
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results indicated that PCR product-based o-aaRS had a higher efficiency
on the embedding of UNAAs.

3.2. Screening of cell extracts

Different cell extracts in CFPS contained different specific factors
that promoted protein expression, folding, or post-translational modi-
fication [41]. Cell extracts with high expression levels could better
distinguish the differences in expression levels of the system and help
with screening. Therefore, 14 cell extracts were screened for more
effective follow-up experiments and proving the potential of this
framework on the rapid screening. The basic cell-free system and pPaF
were used to screen a variety of extracts with different genome modi-
fications. The 14 cell extracts included K-12 series (K-12, K-12 AtnaA,
K-12 AtnaAAsdaB), commercial series (BL21 (DE3), BL21 AserB,
Rosetta (DE3), Rosetta-gami B (DE3), Origami, Origami B), rEc series
(rEc. 13, rEc. 13. AA), EcAR7 series (ECAR7 AA ASer), C321 series
(C321, C321. AA) (Table S1). If the fluorescent value of the cell-free
system after embedding UNAA was higher than that without the
embedding of UNAA, it indicated that the embedding efficiency of
UNAA was better, and the protein expression level was increased. Based
on this point, after embedding UNAA into the target protein sfGFP, it
could be found that K-12 AtnaA, BL21 (DE3), BL21 AserB, Rosetta
(DE3), Rosetta-gami B (DE3), Origami B and ECAR7 AA ASer had better
embedding efficiency. Among these cell extracts, only the protein
expression level of the group with ECAR7 AA ASer cell extract increased
obviously (Fig. 3), indicating that ECAR7 AA ASer was more suitable for
embedding UNAA. This phenomenon resulted from that seven UAGs in
the genome of EcCAR7 strain were mutated into UAA codons, and current
amber suppression method was based on UAG termination codon, which
resulted in a higher embedding accuracy. In addition, this strain also
removed the release factor 1 gene from the genome to reduce the ability
of recognizing the stop codon UAG, which could help o-tRNA recognize
the target codon. Besides, ASer meant phosphoserine aminotransferase
gene was removed from the genome to avoid the hydrolysis of phos-
phorylated proteins. Based on the above results, ECAR7 AA ASer cell
extract was selected for the following research.

3.3. Orthogonal screening of linear OTS elements

After optimizing the key components of the cell-free system suitable
for UNAA embedding, the linear DNA template-based framework was
applied on the rapid screening of OTS translation components. In this
framework, adding OTS as a linear PCR product could eliminate time-
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Fig. 4. Linear OTS was used to embed UNAA to select the orthogonal translation elements with the strongest orthogonality in the cell-free system. (A) The sfGFP
proteins were embedded with UNAAs in cell-free systems. 23TAG was selected as the embedding site. Different UNAAs and different linear OTSs were added,

respectively. The abscissa was different 0-aaRS, and the ordinate was different o

-tRNA. The darker the color in the hot spot map, the larger the fluorescent value. All

the data in the hot spot map were normalized. The largest fluorescent value was set to 1. (B) The embedding efficiency of UNAAs. The ratio of the fluorescent value of
the group with UNAAs to that of the group without UNAAs could be approximately regarded as the embedding efficiency of UNAAs. 23TAG was selected as the
embedding site. The abscissa was different 0-aaRS, and the ordinate was different o-tRNA. The darker the color in the hot spot map, the better embedding efficiency.
(C) Mass spectrometry results of sfGFP with pPaF embedded at the 23TAG site. The results of mass spectrometry showed that pPaF was successfully embedded in the
23TAG site. According to the secondary mass spectrogram, blue was the matched b ion, and red was the matched y ion. In this picture, there was a lot of matching y

ions, so the reliability was very good.

consuming aspects such as protein purification. To verify our hypothe-
sis, UNAA was quickly embedded in sfGFP using a linear OTS fragment.
Orthogonal translation modules expressed from linear DNAs were tested
in CFPS, which could screen out highly efficient OTS for UNAAs. In this
study, the screening system included four sets of UNAA, o-aaRS and o-
tRNA. The OTS was added as a linear PCR product (Fig. 4A). From the
orthogonal screening results of pPaF, it could be clearly found that the
protein expression level of the corresponding o-aaRS and o-tRNA (pPaRS
and pPa-tRNA) group was the highest, which was significantly higher
than that of other groups, indicating that the pair of 0-aaRS and o-tRNA
had good orthogonality. As for the orthogonal screening results of pAzF
and pAcF, it was found that there was no obvious orthogonality between

the corresponding o-aaRS and o-tRNA. In addition, the orthogonal
screening results of pBpF were also different from what was expected.
The protein expression level of the pBpRS and pPa-tRNA was the high-
est, which was significantly different from the reported corresponding o-
aaRS and o-tRNA (pBpRS and pBp-tRNA). This result indicated that
there might be a pair of 0-aaRS and o-tRNA that had better orthogo-
nality. The results above showed that the linear DNA template-based
framework had the potential on the rapid screening of OTS translation
components.

Since the protein expression level did not directly represent the
embedding efficiency of UNAA, the rough embedding efficiency was
evaluated by the ratio of the protein expression level after the addition
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of UNAA to the protein expression level of the corresponding group
without the addition of UNAA (Fig. 4B). The embedding efficiency of the
four types of UNAAs was roughly the same as the orthogonal screening
results above. The screening result of pPaF showed that the embedding
efficiency of the group with the corresponding o-aaRS and o-tRNA
(pPaRS and pPa-tRNA) was the highest, which was the same as the re-
ported result. This result verified the screening efficiency of the linear
DNA template-based framework. As for the screening result of pAzF, it
was found that the corresponding group of pAcRS and pAc-tRNA had the
highest embedding efficiency. However, for the embedding of pAzF, the
orthogonality of these pairs of aaRS and tRNA was not obvious. For the
screening result of pAcF, it was found that the corresponding group of
PBPRS and pPa-tRNA had the highest embedding efficiency, which was
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different from the reported corresponding o-aaRS and o-tRNA (pAcRS
and pAc-tRNA). The two results above indicated that the orthogonality
of the reported corresponding o-aaRS and o-tRNA was not good. and
there was still room for OTS translation components optimization. As for
the screening result of pBpF, the embedding efficiency of the group with
PBPRS and pPa-tRNA was the highest, which was the same as the result
above. This result indicated that new corresponding o-aaRS and o-tRNA
could be screened out by the linear DNA template-based framework.
In addition, mass spectrometry was also used to detect the specific
embedding of UNAAs. The corresponding o-aaRS and o-tRNA, pPaRS
and pPa-tRNA, were selected to embed pPaF into the target protein
sfGFP. The results of the second-level mass spectrometry verified by
mass spectrometry showed that pPaF was successfully embedded at the
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23TAG site (Fig. 4C). The results showed that UNAAs could be
embedded by adding linear DNA template directly in vitro.

3.4. Adding order of orthogonal translation components

Considering that the effective time and interaction relation were
significantly different between different OTS components, it was
necessary and meaningful to explore the influence of the adding order of
the OTS components in the system. The pPaF with better embedding
efficiency was used to be embedded into 23TAG-sfGFP to explore the
effect of different OTS adding order on the protein expression level of
the system (Fig. 5). The number O meant the addition of the component
was at the start of the reaction, and the number 1 meant the addition of
the component was 1 h after the start of the reaction. According to the
fluorescent value of the reaction, the embedding efficiency of the group
A was the highest, that was, all OTS components were added in the
initial reaction at the same time. The result showed that, when per-
forming UNAA embedding experiments, it was necessary to ensure that
all OTS components participate in the reaction at the beginning of the
reaction. In addition, analysis of variance was used to analyze the key
factors affecting the expression of the system (Fig. 5D). Sum of square
(SS), degree freedom (df), mean square (MS) and F statistic (F) were
displayed. F(0.05) was the F statistic at 95% confidence coefficient. In
this experiment, since each group had the same df, F statistic represented
the disturbance of each factor to the system. The larger F statistic was,
the larger the disturbance was. The results of F-test indicated that the
adding order of UNAA (F = 16.81, 1 and 11 df) and aaRS (F = 33.87, 1
and 11 df) had a significant impact on the embedding efficiency of the
cell-free system. The adding order of tRNA (F = 3.85, 1 and 11 df) and
DNA (F = 0.38, 1 and 11 df) was not significant. Among the four OTS
components, the adding order of aaRS had the largest effect on the cell-
free system. This result also indicated that the method established in this
study could quickly and easily screen out the optimal OTS corresponding
to UNAA.

4. Conclusion

The most critical factor limiting the efficiency of UNAA embedding
was the efficiency of OTS components. Therefore, it was important to
establish a method to quickly, effectively and conveniently screen out
the orthogonal OTS for an unknown UNAA in an acellular system,
improve the embedding efficiency of UNAA, and reduce the heavy work
of mass screening.

In this study, a linear DNA template-based cell-free unnatural protein
synthesis system was proposed for rapid high-throughput screening out
the orthogonal translation components and key factors affecting the
efficiency of UNAA embedding. In this framework, linear PCR products
were added as the template of 0-aaRS and o-tRNA. Both ends of the
linear PCR product were modified with GC-rich sequences to achieve
higher expression rates. The effectiveness of the linear DNA template-
based framework has been proved by several experiments. First, a
total of 14 cell extracts were selected for screening out cell extract with
high expression level. The result showed that ECAR7 AAASer cell extract
was optimal for the cell-free system. After the optimization of the cell-
free system, four types of UNAAs and corresponding o-aaRS and o-
tRNA were orthogonally screened by the linear DNA template-based
framework. From the difference between fluorescent value and rough
embedding efficiency, the orthogonality of pPaRS and pPa-tRNA was
proved. The corresponding o-aaRS and o-tRNA of pAzF and pAcF were
found not to be orthogonal. In addition, a new pair of corresponding o-
aaRS and o-tRNA for pBpF was screened out by this linear DNA
template-based framework. This framework could also be used to
explore the influence of the adding order of OTS components on the
system. The results indicated that it was necessary to ensure that all OTS
components participated in the reaction at the beginning of the reaction,
and the adding order of aaRS had the largest effect on the cell-free
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system. Compared with other cell-free UNAA incorporation systems
[26], this system innovated by using linear DNA templates with pro-
tective sequences. This system also successfully realized the screening of
efficient OTS components and the optimization of component addition
order. The results of these experiments showed that the method estab-
lished in this study could quickly and easily screen out the optimal OTS
components corresponding to the target UNAA. The original long
experiment period was shortened to 1-2 days. Based on these advan-
tages, the linear DNA template-based cell-free unnatural protein syn-
thesis system could be applied in the optimization of cell extracts, the
screening of OTS components, and the exploration of OTS components’
addition order, which could greatly improve the embedding efficiency of
UNAAs. This study laid a foundation for accelerating the synthesis and
application development of unnatural proteins.
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