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Protein evolution has emerged as a crucial tool for generating proteins with novel characteristics. A key step
in protein evolution is the mutagenesis of protein-coding DNA. Error-prone PCR (epPCR) is a frequently
used technique, but its low mutation efficiency often requires multiple rounds of mutagenesis, which
can be time-consuming. To address this, we developed a novel DNA mutagenesis strategy termed
deaminase-driven random mutation (DRM). DRM utilizes the engineered cytidine deaminase A3A-RL and
the engineered adenosine deaminase ABE8e to introduce a broad spectrum of mutations, including C-
to-T, G-to-A, A-to-G, and T-to-C, in both the protein-coding strand and the complementary strand.
This approach enables the generation of a multitude of DNA mutation types within a single round of
mutagenesis, resulting in a higher DNA mutagenic capability than epPCR. The results show that the DRM
strategy exhibits a 14.6-fold higher DNA mutation frequency and produces a 27.7-fold greater diversity
of mutation types compared to epPCR, enabling a more comprehensive exploration of the genetic
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Introduction

Proteins have been extensively utilized in diverse fields,
including scientific research and industrial production."?
However, the limitations of natural proteins in meeting the
demands of these applications have become increasingly
apparent. To overcome these constraints, protein evolution has
emerged as a vital tool for generating proteins with novel
characteristics, thereby expanding their potential uses.’*?
Protein evolution is a complex, dynamic process by which
protein sequences, structures, and functions undergo changes
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over time, driven by genetic variations, mutations, and natural
selection.®” This evolutionary process enables proteins to adapt
to new environments, acquire new functions, and diverge into
distinct families with specialized roles.®® A crucial step in
protein evolution is the mutagenesis of protein-coding DNA,
which introduces genetic variations that can lead to changes in
protein sequences, structures and functions.’®* Through this
process, proteins can acquire enhanced stability, altered
substrate specificity, or improved catalytic activity.'>**

Several technologies have been developed to induce DNA
mutagenesis, including radiation mutagenesis, chemical
mutagenesis, and biological mutagenesis."*** Radiation muta-
genesis utilizes high-energy radiations to break chemical bonds
in DNA, resulting in a range of mutations, such as base
substitutions and deletions.'®” However, this approach has
significant drawbacks, including the requirement for expensive
equipment and the potential health risks associated with
exposure to high-energy radiation.” Chemical mutagenesis has
been employed in microbial strain improvement and plant
breeding, leveraging chemical agents like ethyl methanesulfo-
nate (EMS) and acridine orange to generate DNA mutations.'**°
EMS introduces alkyl groups to DNA bases, leading to base
substitutions or frame shifts during replication, while acridine
orange can intercalate between DNA bases, causing base
insertions or deletions.”*** Additionally, nucleobase analogs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be incorporated into DNA during replication, resulting in
mispairing of nucleobases.**** Nevertheless, chemical muta-
genesis also poses health risks to researchers and suffers from
low mutation efficiency, necessitating multiple rounds of
treatment to achieve a diverse range of mutations.” These
limitations render chemical mutagenesis inadequate for
meeting the demands of DNA mutagenesis in protein evolution.

Error-prone PCR (epPCR) is a widely utilized biological
mutagenesis technique for generating DNA mutations during
protein evolution.>*® This method exploits the inherent error-
prone nature of Tag DNA polymerase in the presence of
manganese ions (Mn>*), which reduces the enzyme's fidelity
and leads to base mutations during PCR amplification.”**° The
frequency of base mutations typically increases with rising
concentrations of Mn>".** However, excessive Mn”" can signifi-
cantly impede PCR amplification efficiency, resulting in low
yields of PCR products and limiting the effectiveness of the
method. Furthermore, the relatively low mutation efficiency of
epPCR often necessitates multiple rounds of mutagenesis to
achieve a diverse array of mutation types, which can be time-
consuming and labor-intensive.** This limitation underscores
the need for a novel strategy that can efficiently introduce a wide
range of mutations into target DNA sequences without
compromising PCR yields or posing health risks to researchers.

DNA modifying enzymes, particularly deaminases, have
emerged as powerful tools for introducing base mutations into
DNA.**7¢ For instance, the apolipoprotein B mRNA editing
enzyme catalytic subunit 3A (A3A) can deaminate cytosine (C) to
uracil (U), resulting in C to thymine (T) mutations in DNA.**
Recently, an engineered variant of tRNA-specific adenosine
deaminase, ABE8e, was developed to efficiently deaminate
adenosine (A) to inosine (I) in DNA, which is then interpreted as
guanine (G) during PCR amplification, leading to A-to-G
mutations.**® Building upon this foundation, our research
focused on an engineered A3A variant (A3A-RL), which exhibits
comparable deamination activities towards cytosines in diverse
sequence contexts.”” By combining the use of cytosine deami-
nase (A3A-RL) and adenosine deaminase (ABES8e), we can
introduce C-to-T, G-to-A, A-to-G, and T-to-C mutations in both
the protein-coding strand and the complementary strand,
thereby expanding the scope of mutagenesis.

Leveraging the characteristics of A3A-RL and ABES8e, we
developed a novel DNA mutagenesis strategy termed
deaminase-driven random mutation (DRM) that enables the
generation of a multitude of DNA mutation types within a single
round of mutagenesis. This approach has the potential to
dramatically shorten the time required for protein evolution by
introducing a wide range of mutations in a single step, thereby
accelerating the discovery of novel proteins with improved or
entirely new functions. The DRM strategy offers a powerful tool
for protein engineering, allowing researchers to efficiently
explore the vast sequence space of proteins and unlock their full
potential for various applications in biotechnology, medicine,
and beyond.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Experimental methods

Materials and reagents

2/-Deoxynucleoside triphosphates (dATP, dGTP, dCTP, and TTP)
were obtained from Sangon Biotech (Shanghai, China). Accu-
rate Taq DNA polymerase was purchased from Accurate Biology
(Wuhan, China). Q5 High-Fidelity master mix was purchased
from New England Biolabs (Ipswich, MA, USA). Tween-20,
manganese(n) chloride (MnCl,), magnesium chloride (MgCl,),
ethylene diamine tetraacetic acid (EDTA) and Tri (hydrox-
ymethyl) aminomethane hydrochloride (Tris-HCI) were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All the solvents and chemical reagents were
of analytical grade.

Preparation of DNA template for epPCR and DRM

A 321-bp double-stranded DNA (MT-1) was used as a template to
evaluate the DNA mutagenic capabilities of epPCR and DRM. To
synthesize MT-1, 1 ng of pUC19 plasmid was used as a template
for PCR amplification. The PCR reaction was performed in a 50
uL solution containing 25 pL of Q5 high-fidelity master mix
(New England Biolabs) and 2 pL each of MT-F and MT-R primers
(10 uM). The sequences of MT-1 and the primers are listed in
Table S1.f The PCR program consisted of an initial denatur-
ation at 95 °C for 3 min, followed by 30 cycles of 95 °C for 30 s,
65 °C for 30 s, and 68 °C for 30 s, with a final extension at 68 °C
for 10 min. The PCR products were separated by agarose gel
electrophoresis and then purified using an agarose gel extrac-
tion kit (Zymo Research).

Expression and purification of A3A-RL and ABESe proteins

To produce A3A-RL proteins, the coding sequence of A3A-RL
was cloned into the pET-41a (+) plasmid between the Xbal
and Xhol restriction sites, with a human rhinovirus 3C protease
(HRV 3C) digestion site inserted between the glutathione S-
transferase (GST) tag and the A3A-RL protein (Fig. S17). The
resulting plasmid (pET-41a-A3A-RL) was transformed into E. coli
BL21(DE3) pLysS cells for protein expression. The coding
sequence and amino acid composition of A3A-RL are listed in
Tables S2 and S3,t respectively. Protein expression, purification,
and culturing of transformed E. coli cells were performed as
previously described.**' The detailed procedures are provided
in the ESI.1 Purified A3A-RL proteins were stored at —80 °C in
a solution containing 50 mM NaCl, 50 mM Tris-HCI (pH 7.5),
0.5 mM dithiothreitol, 0.01 mM EDTA, and 0.01% Tween-20.
For ABE8e protein production, the coding sequence of ABE8e
was cloned into the pET-49b plasmid between the Mlul and
Xhol restriction sites, with an HRV 3C digestion site inserted
between the GST tag and the ABESe protein (Fig. S2t). The
resulting plasmid (pET-49b-ABES8e) was transformed into E. coli
BL21(DE3) pLysS cells for protein expression. The coding
sequence and amino acid composition of ABE8e are listed in
Tables S2 and S3,} respectively. Protein expression, purification,
and culturing of transformed E. coli cells were performed as
previously described.**** The detailed procedures are provided
in the ESL{ Purified ABE8e proteins were stored at —80 °C in
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a solution containing 50 mM Tris-HCI (pH 7.5), 40% glycerol,
and 0.5 mM dithiothreitol. The purified proteins were analyzed
by SDS-PAGE (Fig. S2 and S371) and their concentrations were
determined using a BCA protein assay kit (Beyotime, Shanghai,
China).

Optimization of the concentrations of Mn>" in epPCR

To determine the optimal concentration of Mn>* for epPCR, six
sets of experiments were conducted under identical conditions,
with the exception of varying Mn>" concentrations. The PCR
amplification was performed in a 50 pL reaction mixture con-
taining 5 pL of 10x buffer, 0.2 mM dNTPs, 0.2 mM each of dATP
and dGTP, 1 unit of Accurate Tag DNA polymerase, 0.4 uM MT-F
primer, and 0.4 uM MT-R primer. The primer sequences are
provided in Table S1.f The reaction mixture also included
0.5 mM MgCl, and varying amounts of MnCl,, resulting in final
Mn>" concentrations ranging from 0 to 0.9 mM. The PCR
amplification protocol consisted of an initial denaturation step
at 95 °C for 10 min, followed by 30 cycles of denaturation at 95 °
C for 30 s, annealing at 65 °C for 30 s, and extension at 72 °C for
30 s. A final extension step was performed at 72 °C for 10 min.
The resulting PCR products were analyzed by agarose gel
electrophoresis.

Optimization of the deamination reaction in DRM using A3A-
RL or ABES8e

To achieve an optimal mutation rate and generate diverse
mutation types in DRM, we optimized the deaminase concen-
tration and deamination reaction time. Typically, 40 ng of MT-1
double-stranded DNA (dsDNA) was first denatured to single-
stranded DNA (ssDNA) by heating to 95 °C for 10 min in
a 20% dimethylsulfoxide (DMSO) solution and then chilled in
ice water. The deamination reaction using different concen-
trations of A3A-RL was then carried out at 37 °C for various
times in a 20 uL solution containing 20 mM 2-morpholinoe-
thanesulfonate (MES) (pH 6.5), 2 uL of DMSO, and 0.1% Triton
X-100. The deamination reaction was terminated by heating at
95 °C for 10 min. Subsequently, 5 ng of deaminase-treated DNA
was used as the template for PCR amplification. PCR amplifi-
cation was performed in a 50 puL solution containing 10 uL of 5x
reaction buffer, 1 unit of Accurate Tag DNA polymerase, 0.2 mM
dNTP, 0.4 pM MT-F primer, and 0.4 pM MT-R primer (Table
S1t). The PCR reaction consisted of an initial denaturation at
95 °C for 5 min, 30 cycles of 95 °C for 30 s, 65 °C for 30 s, 72 °C
for 30 s, and an additional 10 min of elongation at 72 °C.

Similarly, 40 ng of denatured MT-1 dsDNA was used as
a template in the deamination reaction using ABESe. Briefly, the
ABES8e deamination reaction was performed in a 10 pL solution
containing 50 mM Tris-HCI (pH 7.5), 10 mM DTT, 20% DMSO,
and different concentrations of ABE8e. The mixtures were
incubated at 37 °C for various times and quenched by heating at
95 °C for 10 min. Then, 5 ng of ABES8e-treated DNA was
amplified using PCR, as described above.

The resulting PCR products were subjected to colony
sequencing to determine the mutation rate and mutation types
in DRM. Colony sequencing was performed according to
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previous studies.** Briefly, PCR products were ligated into the
pClone007 Versatile Simple vector (Tsingke, Beijing, China).
The resulting vectors were then transformed into E. coli DH5a.
cells. Individual clones were randomly picked, lysed in TE
buffer, amplified by PCR using MT-F and MT-R primers (Table
S1t), and the PCR products were then sequenced using an
ABI3700 (Applied Biosystems, Inc.). Ten positive clones from
each sample were picked and subjected to sequencing.

High-throughput sequencing library construction for epPCR
and DRM

For the epPCR method, a 50 pL reaction mixture was prepared,
containing 40 ng of MT-1 dsDNA, 5 pL of 10x buffer, 0.5 mM
MgCl,, 0.7 mM MnCl,, 0.4 mM dATP and dGTP, 0.2 mM dCTP
and dTTP, 1 unit of Accurate Tag DNA polymerase, 0.4 uM MT-F
primer, and 0.4 M MT-R primer (Table S1}). The PCR ampli-
fication program consisted of an initial denaturation at 95 °C
for 10 min, followed by 30 cycles of 95 °C for 30 s, 65 °C for 30 s,
72 °C for 30 s, and a final elongation at 72 °C for 10 min.

For the DRM method, 40 ng of MT-1 dsDNA was denatured to
ssDNA by heating to 95 °C for 10 min in a 20% DMSO solution
and then chilled in ice water. The deamination reaction was
carried out using 2 uM A3A-RL at 37 °C for 3 h in a 20 pL
solution containing 20 mM MES (pH 6.5), 2 uL of DMSO, and
0.1% Triton X-100. The deamination reaction was terminated by
incubating at 95 °C for 10 min. Subsequently, 5 ng of
deaminase-treated DNA was used as the template for PCR
amplification. Next, 40 ng of PCR products (amplified from A3A-
RL-treated MT-1 DNA) were used for the ABE8e deamination
reaction, which was carried out in a 10 pL solution containing
50 mM Tris-HCI (pH 7.5), 10 mM DTT, 20% DMSO, and 8 uM
ABES8e. The reaction mixture was incubated at 37 °C for 3 h and
then quenched by heating at 95 °C for 10 min. Finally, 5 ng of
ABES8e-treated DNA was amplified using PCR.

The resulting PCR products from either epPCR or DRM were
end-repaired and adenylated using a Hieff NGS Ultima Endprep
Mix kit (Yeasen Biotechnology Co., Ltd, Shanghai). The pre-T5
and pre-T7 (Table S1}) was then ligated to both ends of the
repaired DNA using a Hieff NGS Ultima DNA Ligation Module
kit (Yeasen), and the resulting DNA was purified using 0.9x
KAPA Pure beads. The DNA products were then amplified by
PCR with 10 cycles using P5-index primer and P7-index primer
(Table S1t). The PCR amplification was carried out in a 50 pL
solution containing 25 pL of Q5 high-fidelity master mix (New
England Biolabs), 2 pL each of P5-index primer and P7-index
primer (10 pM). The PCR amplification program consisted of
an initial denaturation at 95 °C for 10 min, followed by 10 cycles
of 95 °C for 30 s, 65 °C for 30 s, and 68 °C for 30 s, and a final
elongation at 68 °C for 10 min. The PCR products were purified
with 0.8x KAPA Pure beads and examined using 1.5% agarose
gel electrophoresis. Library quality was assessed on an Agilent
Bioanalyzer 2100 system. Finally, the library was sequenced on
an Illumina NovaSeq 6000 platform (Gentlegen gene Co., Ltd,
Jiangsu, China). The schematic diagram of library preparation
for epPCR and DRM are shown in Fig. S3.t

© 2025 The Author(s). Published by the Royal Society of Chemistry
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High-throughput sequencing data analysis

High-throughput sequencing data analysis was conducted in
a Linux environment utilizing Miniconda for package and
environment management. FastQC (v0.12.1) was employed to
assess the quality of the raw sequencing data, providing metrics
such as base quality, GC content, and sequence duplication
rates. Low-quality bases and adapter sequences were trimmed
using Trim Galore (v0.6.10). The cleaned reads were then
aligned to the reference sequence with BWA MEM (v0.7.18).
Sequencing depth was calculated using the depth function of
Samtools (v1.16.1). Following sequence merging with FLASH
(v1.2.11), the proportions of mutation bases and analyses of
base distribution and variant frequencies were performed in R
(v4.3.2).

Random mutation of the coding DNA of EGFP

To introduce mutations into the coding DNA of EGFP, both
epPCR and DRM were employed, and 40 ng of EGFP DNA was
used as template. For epPCR, PCR amplification was performed
in a 50 pL reaction mixture containing 5 pL of 10x buffer,
0.5 mM MgCl,, 0.7 mM MnCl,, 0.4 mM dATP and dGTP, 0.2 mM
dCTP and dTTP, 1 unit of Accurate Tag DNA polymerase, 0.4 uM
of EGFP-F primer, and EGFP-R primer (Table S1t). The PCR
program consisted of an initial denaturation at 95 °C for
10 min, followed by 30 cycles of 95 °C for 30 s, 65 °C for 30 s, and
72 °C for 75 s, with a final elongation at 72 °C for 10 min. The
DRM protocol for EGFP DNA mutagenesis was identical to that
used for MT-1 DNA mutagenesis.

The resulting PCR products were purified using 0.6x KAPA
Pure beads and then cloned into the pETDuet-1 plasmid
between the Spel and BamHI restriction enzyme digestion sites
(Fig. S471). The recombinant plasmid was transformed into E.
coli DH5a. strains, which were then cultured on LB agar plates
supplemented with ampicillin at 37 °C for 12 h. A total of 400
clones were randomly selected and further cultured in LB
medium containing 10 g per L tryptone, 5 g per L yeast extract,
and 10 g per L NaCl. The cultures were grown at 37 °C with
shaking at 180 rpm in the presence of 10 ug per mL ampicillin.
When the optical density at 600 nm (ODgg) reached 0.5, 1 mM
IPTG was added to induce EGFP protein expression. The
induction was carried out at 20 °C for 16 h. The E. coli cells were
harvested by centrifugation at 5000 g for 5 min and washed
twice with PBS buffer. Equal amounts of harvested cells were
resuspended in PBS buffer and transferred to 96-well plates. The
green fluorescence intensity was measured using a MD Spec-
traMax i3x system (Molecular Devices).

Results and discussion
Principle of the DRM method

epPCR has been frequently used to introduce random muta-
tions into protein-coding DNA for protein evolution. However,
the low mutation rate of epPCR often requires multiple rounds
of mutation to generate diverse mutation types. Therefore, there
is a need for a more efficient mutation strategy. Here, we
propose a deaminase-driven random mutation (DRM) strategy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that combines the deaminase activities of A3A-RL and ABES8e to
generate diverse mutation types in protein evolution. In DRM
approach, A3A-RL randomly deaminates cytosines in both the
protein-coding strand and its complementary strand, resulting
in C-to-U transition in both strands (Fig. 1A). After PCR ampli-
fication, these mutations give rise to C-to-T and G-to-A muta-
tions in the protein-coding strand (Fig. 1B). Simultaneously,
ABES8e randomly deaminates adenines in both strands, result-
ing in A-to-I transition in both strands (Fig. 1A). After PCR
amplification, these mutations give rise to A-to-G and T-to-C
mutations in the protein-coding strand (Fig. 1B). Therefore,
the combined use of A3A-RL and ABE8e enables the generation
of C-to-T, G-to-A, A-to-G, and T-to-C mutations in the protein-
coding strand, providing a versatile tool for introducing
diverse DNA mutation types.

Development of DRM

To achieve random mutation using the DRM strategy, it is
essential to optimize the deamination reaction to avoid exces-
sive deamination of cytosines and adenines. To this end, we
investigated the impact of different concentrations of A3A-RL
and ABES8e, as well as varying reaction durations, on the
deamination of cytosines and adenines within the MT-1 DNA
sequence.

For A3A-RL, 40 ng of MT-1 DNA was treated with different
concentrations of the enzyme for various durations at 37 °C.
The deaminase-treated DNAs were amplified and subjected to
colony sequencing (Fig. 2A). The results showed that the average
number of deaminated cytosines increased with the increased
A3A-RL concentration and reaction durations (Fig. 2B and C).
Specifically, treatment with 2 pM A3A-RL resulted in an average
of 2.6, 4.3, 10.9, and 19.6 deaminated cytosines after 1 h, 2 h,
3 h, and 4 h treatment, respectively (Fig. 2B). When treated with
different concentrations of A3A-RL for 3 h, the average number
of deaminated cytosines was 3.1, 4.6, 14.9, and 30 for 0.02 uM,
0.2 uM, 2 uM, and 20 uM A3A-RL, respectively (Fig. 2C). For
ABES8e, 40 ng of MT-1 DNA was treated with different concen-
trations of the enzyme for various durations at 37 °C (Fig. 24).
The results showed that the average number of deaminated
adenines increased with the increased ABE8e concentration
and reaction durations (Fig. 2D and E). Specifically, treatment
with 8 pM ABES8e resulted in an average of 1.4, 3.0, 13.6, and
20.7 deaminated adenines after 1 h, 2 h, 3 h, and 4 h treatment,
respectively (Fig. 2D). When treated with different concentra-
tions of ABE8e for 3 h, the average number of deaminated
adenines was 1.7, 2.3, 4.7, and 13.2 for 0.008 uM, 0.08 uM, 0.8
uM, and 8 uM ABES8e, respectively (Fig. 2E).

To avoid excessive deamination of cytosines and adenines in
the DRM strategy, we conducted the deamination reactions with
2 uM of A3A-RL and 8 uM of ABES8e for 3 h at 37 °C. These
conditions were chosen to balance the level of deamination and
minimize the risk of excessive mutations. Moreover, it is worth
noting that the mutation rate can be controlled by adjusting
either the deaminase concentration or the deamination reac-
tion time, highlighting the flexibility of the DRM strategy as an
approach for DNA mutagenesis.

Chem. Sci., 2025, 16, 8752-8763 | 8755
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Fig.1 Principle of DRM method. (A) A3A-RL catalyzes the deamination of C to U, which is paired with A during DNA replication, resulting in C-to-
T mutation. ABE8e catalyzes the deamination of A to |, which is paired with C, leading to A-to-G mutation. (B) Schematic illustration of the DRM
method. In the DRM process, dsDNA is first denatured at 95 °C, resulting in the generation of ssSDNA. The ssDNA is then subjected to successive
deamination by A3A-RL and ABE8e, which catalyze the conversion of C to U and A to |, respectively. This leads to the formation of U and | in both

strands of the ssDNA, ultimately resulting in C-to-T, G-to-A, A-to-G, and T-to-C mutations during subsequent DNA replication.

Optimization of Mn>* concentration in epPCR

In epPCR, Mn*" is added to reduce the fidelity of Tag DNA
polymerase. Mn”* can affect the size of the polymerase's cata-
lytic center and destabilize the interaction between the poly-
merase and DNA, resulting in more frequent base
mismatches.*** Traditionally, the base mutation rate increases
with higher concentrations of Mn>".°** However, excessive
Mn>" can inhibit PCR amplification in epPCR. To maximize
mutation frequency while ensuring adequate PCR product
yield, we optimized the Mn** concentration used in epPCR. A
series of PCR reactions were conducted under identical

8756 | Chem. Sci, 2025, 16, 8752-8763

conditions with varying Mn** concentrations (Fig. 3A). We also
utilized A3A-RL and ABES8e to conduct the DRM under opti-
mized conditions (Fig. 3B). The results indicated a progressive
decrease in PCR products as Mn>" concentration increased
(Fig. 3C). Notably, no PCR product was detected at 0.9 mM Mn*"
(Fig. 3C). Consequently, 0.7 mM Mn*" was selected as the
optimal concentration, balancing mutation rate and detectable
PCR productyield. In contrast, the deamination reactions in the
DRM method did not adversely affect PCR amplification,
producing more PCR products than epPCR using 0.7 mM Mn>*
(Fig. 3C and D).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mutation frequencies produced by epPCR and DRM

To assess the DNA mutagenic capabilities of epPCR and DRM,
we subjected 40 ng of MT-1 DNA to both methods (Fig. 4A). The
resulting PCR products were used for library construction and
analyzed via high-throughput sequencing (Fig. S3f). Both
methods yielded comparable sequencing depths, with approx-
imately 2 million clean reads each (Fig. S57).

The mutation frequency, defined as the proportion of reads
containing mutated bases relative to the total number of reads,

was used to compare the DNA mutagenic capabilities of epPCR
and DRM. The epPCR method yielded a relatively low mutation
frequency, with approximately 5.0% of PCR products harboring
mutated bases, corresponding to around 0.1 million mutants
(Fig. 4B). Three parallel experiments using epPCR resulted in
mutation frequencies of 4.95%, 4.29%, and 5.76% (Fig. 4C-E).
In contrast, the DRM method exhibited a significantly higher
mutation frequency, with 73.12% of PCR products containing
mutated bases, equivalent to approximately 1.46 million
mutants (Fig. 4B). Three parallel experiments using DRM
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Fig. 3 Optimization of Mn?* concentration in epPCR. (A) Schematic

illustration for the reaction of epPCR. (B) Schematic illustration for the

reaction of DRM. (C) Evaluation of the PCR products in epPCR using different concentrations of Mn2* in the PCR reaction. (D) Evaluation of the

PCR products in DRM.
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yielded mutation frequencies of 72.55%, 74.20%, and 72.60%
(Fig. 4F-H). These results demonstrate that DRM generates
a substantially larger proportion of PCR products with base
mutations compared to epPCR.

Mutation types produced by epPCR and DRM

We further analyzed the DNA mutation types generated by
epPCR and DRM to gain a deeper understanding of the muta-
genic capabilities of these methods. The mutation type is
defined as the number of reads with unique base mutation
patterns, providing insight into the diversity of mutations
introduced by each method (Fig. 5A). The epPCR method
generated a limited number of mutation types, with a total of
631 different mutation types (Fig. 5B). We performed three
parallel experiments, which yielded 348, 970, and 574 mutation

8758 | Chem. Sci,, 2025, 16, 8752-8763

types, respectively (Fig. 5C). Although there was some variation
in the number of mutation types between these experiments,
the overall number of mutation types remained relatively low.
In contrast, the DRM method exhibited a significantly higher
capacity for generating diverse mutation types. Approximately
17211 different mutation types were identified, indicating
a much broader range of mutagenic outcomes compared to
epPCR (Fig. 5B). We also conducted three parallel experiments
using the DRM method, which resulted in 13 510, 18 752, and
19 370 mutation types, respectively (Fig. 5D). The consistency of
these results across multiple experiments underscores the
robustness of the DRM method in introducing a wide array of
mutation types.

These results collectively demonstrate that DRM not only
generates a higher frequency of mutations but also introduces

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a significantly more diverse range of mutation types compared
to epPCR. This enhanced mutagenic capability makes DRM
a more versatile tool for applications requiring the introduction
of a broad spectrum of genetic variations.

Mutation distribution by epPCR and DRM

We conducted a comprehensive examination of the distribution
of base mutations introduced by both the epPCR and DRM
methods. The results showed clear differences in the muta-
tional profiles generated by these two approaches. The epPCR
method was found to primarily introduce mutants carrying

© 2025 The Author(s). Published by the Royal Society of Chemistry

a relatively small number of base mutations, with the majority
of mutants harboring between 1 and 9 base mutations (Fig. 6A).
Specifically, the percentage of mutants containing between 1
and 3 base mutations accounts for approximately 78.56% of the
total number of mutants. This suggests that epPCR tends to
introduce mutations in a more targeted and limited manner. In
contrast, the DRM method introduced a much broader range of
base mutations, with mutants carrying from 1 to 75 base
mutations (Fig. 6B). This extensive range of mutational
outcomes indicates that DRM is capable of introducing a wide
array of genetic changes, from subtle single-base mutations to
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more profound multi-base mutations. The higher number of
base mutations observed in DRM is likely a key contributor to
its greater diversity of mutations compared to epPCR, as it
allows for a more comprehensive exploration of the genetic
landscape. To validate the consistency of our results, we con-
ducted three parallel experiments, which yielded similar
results, thereby confirming the reproducibility of our observa-
tions (Fig. S6 and S77).

Overall, the results demonstrate that while both epPCR and
DRM can introduce mutations, DRM generates a significantly
broader and more diverse spectrum of mutations due to its
ability to introduce a wider range of base mutations. This
highlights the potential of DRM as a powerful tool for exploring
the vast genetic landscape and uncovering novel genetic vari-
ants with potential applications in various fields.

EGFP mutants produced by epPCR and DRM

To assess the efficiency of epPCR and DRM in generating
protein mutants, we randomly mutated the EGFP coding DNA
using both methods and compared the fluorescence intensity of
E. coli cells expressing EGFP mutants to that of cells expressing

8760 | Chem. Sci, 2025, 16, 8752-8763

wild-type EGFP protein (Fig. 7A). Mutants with fluorescence
differing by more than 10% from the wild-type EGFP protein
were considered true mutants.

The results revealed significant differences in the efficiency
of epPCR and DRM in generating true protein mutants. Among
the 400 mutants analyzed, 13.25% of EGFP mutants generated
by epPCR exhibited lower fluorescence, while 15.75% displayed
higher fluorescence, resulting in a total of 116 true mutants and
32 mutation types (Fig. 7B and C). The 32 mutation types
include 25 mutants with lower fluorescence intensity and 7 with
higher fluorescence intensity (Fig. 7C). In contrast, the DRM
method yielded a substantially higher number of mutants, with
48% of EGFP mutants showing lower fluorescence and 25.5%
exhibiting higher fluorescence, resulting in 294 true mutants
and 151 mutation types (Fig. 7D and E). The 151 mutation types
include 116 mutants with lower fluorescence intensity and 35
with higher fluorescence intensity (Fig. 7E). The fluorescence
intensity of each EGFP mutant is depicted in Fig. S8.7 The
sequences of different mutation types are listed in Table S4.}
Among the 400 clones analyzed, EGFP exhibited a mutation
frequency of 32.25% with epPCR, while a significantly higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mutation frequency of 77.75% was observed with DRM
(Fig. S91). Notably, all EGFP mutants, whether exhibiting lower
or higher fluorescence than wild-type EGFP from both epPCR
and DRM methods, demonstrated a 100% mutation frequency
(Fig. S97). In addition, we did not observe that the cultures
expressing EGFP mutants exhibited fluorescence colors other
than green. This clear difference in the number of true mutants
and mutation types generated by each method underscores the
superior efficiency of DRM in producing protein mutants.

Besides epPCR, other DNA mutagenesis methods like DNA
shuffling and Sequence saturation mutagenesis (SeSaM) have
been developed (Fig. S10t). The DNA shuffling method involves
fragmenting DNA with DNase I, followed by reassembly through
self-priming PCR, which can introduce frame shifts, insertions,
or deletions.”® However, DNase I shows sequence bias, prefer-
ring cleavage near pyrimidine bases, which limits the diversity
of recombined products.> The SeSaM approach fragments DNA
into random-length pieces and then adds deoxyinosine to the
3’-termini of the fragments.®® During PCR, the deoxyinosine is
replaced by one of the four standard nucleotides, generating
base mutations. However, this method also exhibits bias, as
most mutations occur at adenine sites, reducing its effective-
ness in generating mutations at other base positions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Compared to other methods, DRM offers several advantages
in DNA mutagenesis. Firstly, DRM can generate sufficient PCR
products without the interference of Mn**, which can hinder
PCR amplification in epPCR and lead to lower yields. Secondly,
DRM exhibits a much higher DNA mutagenic capability than
epPCR, resulting in an increased mutation frequency and
a greater diversity of DNA mutation types. This enhanced
mutagenic capability allows for a more comprehensive explo-
ration of the genetic landscape, increasing the chances of
discovering novel and useful mutants. Thirdly, DRM's protein
mutant generation capability is superior to that of epPCR,
reducing the time required for protein evolution and enabling
the rapid development of new proteins with desired properties.
Fourthly, the DRM method allows for the modulation of the
DNA mutation rate by adjusting the concentrations and reac-
tion times of deaminases, offering a flexible approach to DNA
mutagenesis. It should be noted that the DRM method requires
two deaminases of A3A-RL and ABES8e, necessitating their
expression and purification. Additionally, since A3A-RL and
ABES8e treatments need be performed sequentially, further
efforts are needed to enable the deamination reaction to be
completed in a single step, which would simplify the overall
procedure.

Chem. Sci., 2025, 16, 8752-8763 | 8761
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Overall, the advantages of DRM make it a more effective
method for generating protein mutants. The ability to produce
high-quality PCR products, coupled with its enhanced muta-
genic capability and superior protein mutant generation
capacity, renders DRM an attractive tool for researchers seeking
to engineer new proteins or improve existing ones. By leveraging
the strengths of DRM, researchers can accelerate the pace of
protein evolution, driving innovation in fields such as
biotechnology, medicine, and synthetic biology.

Conclusion

In summary, we developed a novel method for random DNA
mutagenesis, termed deaminase-driven random mutation
(DRM), which leverages the deamination activities of A3A-RL
and ABE8e. The combined use of these two enzymes enables
the introduction of C-to-T, G-to-A, A-to-G, and T-to-C mutations,
allowing all four bases (A, G, C, and T) to be mutated. Compared
to other DNA mutagenesis methods, DRM exhibits a signifi-
cantly higher DNA mutagenic capability, resulting in an
increased mutation frequency and a greater diversity of DNA
mutation types. Furthermore, DRM generates a broader spec-
trum of mutations, enabling the generation of a multitude of
DNA mutation types within a single round of mutagenesis. This
presents a versatile and efficient strategy for DNA mutagenesis
in protein evolution. By harnessing the power of DRM,
researchers can accelerate protein evolution, driving innovation
and advancements in fields such as biotechnology, medicine,
and synthetic biology.
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